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Design, System, Application

Full parameter space exploration of microphase
separation of block copolymer brushes within a
single simulation frameworkT

Tae-Yi Kim,? Ga Ryang Kang,® Myungwoong Kim, @ *°
Vikram Thapar*3© and Su-Mi Hur @& *3¢

Block copolymer brushes where chains are grafted onto the substrate have been of special interest due to
their capability to form various self-assembled nanoscale structures. The self-assembled structures depend
on complex system variables, including block copolymer composition, segregation strength, grafting
density, selectivity of top and bottom surfaces, and solvent quality. In spite of extensive previous efforts on
understanding and controlling the microphase separation of diblock copolymer brushes, an individual study
focuses only on the subset of the parameter space of system variables. This work systematically explores
the full parameter space within a single simulation framework of a coarse-grained model with a
generalized Hamiltonian. The topologically unconstrained free surface allowed in the model enables us to
investigate brush systems under versatile and more realistic conditions. We show that melt brushes with
non-selective surfaces can form previously unexplored structures such as “void” and “curvy” phases at a
moderate grafting density; special emphasis is placed on the system's evolution to make such structures.
Our simulations demonstrate that the surface selectivity further enriches the phase behavior with a diverse
range of phases obtained even at a single composition. We also find out that the phases with a similar
morphology from the top view can vary significantly in their internal structures; such variations are
discussed when examining the effects of grafting density and surface selectivity. Finally, we studied the
influence of exposure to a non-selective solvent on the morphology of block copolymer brushes and
compared the topographical variation on the top at varied solvent qualities.

Functionalized nano-surfaces are at the heart of numerous applications in the fields of microelectronics, biosensing and drug delivery. Multicomponent
polymer brushes with a chain end physically constrained to a substrate have emerged as a viable solution to obtain functionalized surfaces due to their
ability to microphase separate into diverse nanostructures. However, the success of applying polymer brushes has been limited owing to the precise control
of the shape, size, and orientation of the self-assembled structures, which demands comprehensive understanding of the interplay between many system
variables. In this work, we use a single simulation framework incorporating important system variables dictating the self-assembly and investigate the
microphase separation of diblock copolymer brushes. The inspection of the high-dimensional parameter space of system variables allows us to predict the
unexplored phases and significant variations in internal structures, and prove the feasibility of tuning the diverse range of phases at a single polymer
composition. Our simulation approach and reported results could provide a guideline in the custom design of brush systems tailored to applications with

targeted nano-surfaces.
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Introduction

Polymer brushes, in which chain ends are anchored to a
substrate, have attracted increasing attention due to their
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adhesion or wettability.*° Multicomponent polymer brushes,
including block copolymer (BCP) brushes, have been of
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experimental studies due to their reversible switching surface
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properties.’®” Multicomponent brushes can self-assemble
into perpendicularly segregated and laterally homogeneous
layers, and alter the species exposed to the top surface in
response to changes in the surrounding environment by
solvent or pH conditions.'®*' Lateral phase separation,
similar to BCP thin films, enables BCP brushes to access the
design of flat or curved surfaces with nanoscale patterns for
surface interaction modification, biosensing, cellular
manipulation, or electronic and microfluidic devices.**>*
The precise tuning of the shape and size of the self-
assembled structures can provide independent and spatially
decoupled surface control in such applications. Smaller
nanostructures are achievable by using BCP systems with
high segregation strength between blocks; however, the large
surface energy difference in such systems often prevents the
formation of a laterally varying nanostructure in ungrafted
BCP films. Nevertheless, grafted BCPs under asymmetric
wetting conditions can still allow lateral phase separation
with more versatile morphologies.

The morphologies of BCP brushes are governed by
parameter space constructed from system variables including
grafting density, block composition, incompatibility among
blocks, affinity of blocks with the bottom and top surfaces,
solvent quality and selectivity, etc. As it is unfeasible to perform
experimental studies to explore such an immense parameter
space, numerical simulations provide a valuable tool for
establishing a solid theoretical understanding of the
morphological dependencies of brushes on the listed system
variables. A previous study by Matsen and Griffiths using self-
consistent field theory (SCFT) calculations predicted phase
diagrams of melt AB diblock copolymer brushes on a flat
substrate by controlling the block composition, segregation
strength between blocks, and affinity of the grafted block for
the air surface.>® In addition to the perpendicularly separated
uniform phase, laterally separated periodic patterns as viewed
from the top were obtained in a narrow region of the phase
diagram, namely the hexagonal phase with an array of
untethered blocks, the stripe phase with an alternating
sequence of A and B rich domains, and the inverse hexagonal
phase with grafted block domains arranged hexagonally. Their
calculations also showed that the region of the laterally phase-
separated structures was broadened on decreasing the grafting
density and increasing the preferentiality of the grafted block
with the air surface. However, the obtained results are based
on a rigorous assumption that the flat air/polymer surface is
valid only at high grafting densities and large air/polymer
surface tensions. In addition, the effects of the substrate's
affinity with the grafted polymer block were not investigated in
their study. Relaxing the assumption of uniform brush
thickness and introducing selective affinity of the substrate or
the top in a model can produce a more enriched phase
behavior. The morphologies of BCP brushes at different solvent
qualities have also been studied using SCFT,**° lattice Monte
Carlo,*** single-chain-in-mean-field (SCMF),*® dissipative
particle dynamics (DPD),**** hybrid molecular dynamics (MD)
with field representation of non-bonded interactions,***” and
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density functional theory (DFT) simulations.*® Despite such
explorations, obtaining a comprehensive understanding of the
formation of the morphology in brush systems under different
conditions, i.e., melt or exposed to solvent molecules, has been
a key challenge.

In this study, by using diffusion Monte Carlo (MC)
simulations which adapt a coarse-grained model with a
generalized energy functional expressed in terms of density
fields expanded up to third order, we conduct a more
complete and systematic investigation on morphologies of
diblock copolymer brushes (Scheme 1). Previous studies
adapting field-theoretical models to studies of polymeric
materials at free interfaces place a structural fluid that
creates interfacial tension with polymers.*® However, these
approaches require significant computational loads for
simulating phantom particles in domains of no physical
interest. Instead, the generalized virial model, which removes
the restriction on the almost uniform density in the
simulation box, enables us to explore systems at a low
grafting density (¢) and to predict the air/polymer surface
that adapts to changes in the structure. The generalized virial
model enables us to explore systems at a low grafting density
(o) and by freely adjusting the air/polymer surface. To test the
stability of morphologies with lateral phase separation and
the possibility of tuning these morphologies, we construct
phase diagrams of BCP brushes on neutral and wetting
substrates by varying the composition of the grafted A block
(fa) and segregation strength (yN), where y is the Flory—
Huggins parameter and N is the chain length. We predict the
existence of void and curved morphologies which were not
explored in previous studies, and we investigate their
formation induced by the interplay between entropic and
enthalpic contributions. The selectivity of the free surface
and substrate with both A and B blocks is then studied,
reporting the distinct morphologies with lateral phase
separation, obtained in the case of systems with a
B-preferential substrate and neutral top surface. The effect of
grafting density on the phase behavior of BCP brushes is also
probed with examinations focused on the arrangement of
internal A/B interfaces. Finally, the effect of contact with non-
selective solvents of varying qualities, which has been of
interest due to its capability to respond to external chemical
stimuli***° as well as to tune phase segregation behaviors of
BCPs in thin film geometry,*’™* is considered along with the
estimation of the roughness of the brush surface at the top
for the predicted morphologies.

Methods

In this work, we study the microphase separation of A-b-B
diblock copolymers grafted on a flat bottom substrate by
performing Monte Carlo (MC) simulations of a coarse-
grained model. The model adopted here relies on a particle-
based representation of n copolymer chains where each chain
is represented by N coarse-grained beads. As has been
commonly used, the bonded interactions among beads are

This journal is © The Royal Society of Chemistry and IChemE 2021
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(Left) Major system variables affecting microphase separation of diblock copolymer brushes. (Right) The Hamiltonian equation used in

coarse-grained simulations to incorporate the effects of the relevant variables, and the illustration of representative predicted phases.

derived from harmonic springs attached between adjacent
beads in a given chain. The total harmonic potential at a
given temperature (7) is then defined as

H, 3N-1y

kT 2 R 2
where by (i) is a vector connecting the ith and (i + 1)th beads
in a chain, kg is the Boltzmann constant and R, is the end-to-
end distance of an ideal chain. Similar to coarse grained
models that are widely used in predicting the self-assembly
of block copolymers,**™*° namely, self-consistent field theory
and theoretically informed coarse-grained (TICG) models, the
non-bonded interactions modelled in this work are expressed
as a functional of local densities. However, unlike these
models, where the Hamiltonian has a quadratic form in
terms of local densities, we use the more generalized
approach where interactions also contain a third order term.

More specifically, non-bonded interactions among beads are
expressed as

d’r oc¢a¢ uy¢¢¢y
Ho = [ 25 (Z X 00 Ry meh0%)

where ¢, is the number density of polymer species o in a unit
volume R.® and integration is performed over the entire
volume of a simulation box, V. The density summation within
the integral is over all different types of species present in a
system. v,z and w,g, are second and third order virial
coefficients, respectively, describing the interaction between
species a, B and y. This generalized Hamiltonian, which
contains both repulsive and attractive interactions, allows the
coexistence of dense and sparse (or vacuum) regions to
enable the prediction of phenomena at the non-flat free
surface at the top of the BCP film, without the addition of

N-

1
b’ (i) (1)
1

i=
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phantom particles in the air. The above energy functional has
been used to analyse a variety of systems including the phase
behavior of mixed brushes,*>*”*® solvent annealing of
BCPs," and simulation of lipid bilayers.>°

For a two species system (A and B), as is the case in this
study, the expanded form of non-bonded interaction can be
written as

Vaad > VBB¢
e
Hpp = w 5w 3
n [VRe3 AA2¢A + BB§¢B +WAAB¢A2¢B+ ®)
Wepa P Pp”

Virial coefficients vaa, Vg, Wasa and wggg are derived from
the mean-field state equation of homopolymers to have
negligible vapor pressure and finite coarse-grained
compressibility of polymer melts. These terms are given by

KeN + 3

Voo = —2 T (4)
3KkaN +2

Woao = = = — (5)
2 N2

where x,N (o €{A, B}) is the isothermal incompressibility of
the A and B blocks and /N is the average chain density, i.e.,
the number of chains in a volume of R.’. The cross-
interaction parameter, v,p, contains the Flory-Huggins
parameter, y, and is defined as

XN van +Vpp

VAB = W\? 72 (6)
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The parameters wa,p and wgg, are expressed as arithmetic
means of virial coefficients wasa and wggp and are explicitly
written as

2w, +w
Warg = AAA 3 BBB (7)

w -+ 2w
Weps = H (8)

To calculate H,y, the local densities must be inferred from
the bead positions. A commonly used “particle-to-mesh” (PM)
technique is applied, where we split the simulation box into
an M number of cubic grid cells and then estimate the
densities of species in these grids. The grid discretization
length is defined as AL. The implementation details are
discussed in the study by Detcheverry et al”" The local
density for grid cell p, ¢,(p) (o €{A, B}), is defined as

NALsD (i ©

where the summation above runs over all beads, and i)
denotes the species of bead i. The delta function here
represents that each bead is assigned to its nearest grid cell
and contributes to ¢,(p).

The interactions of A and B species with the grafting
substrate placed at the bottom along the z-direction are
included using the one body potential acting on each bead i
of type K (K €{A, B}) as defined below

Hs(ri,l<):_ AK ex 2
knT ds/R. O 2d

where z; is the vertical distance of the ith bead from the
bottom. The potential decays over a short distance dg =
0.16R. and the strength of the interaction between the
grafting substrate and the species of type K is characterized
by the product AgN.

Using the model described above, Monte Carlo (MC)
simulations are performed under the NVT ensemble.
Simulations are conducted in a simulation box with L, = 10R.,
L, = 10R. and L, = 3R.. A periodic boundary condition was
applied in the lateral directions, while an impenetrable hard
wall boundary condition was used in the z direction. L, was
chosen to be much larger than the brush height of the studied
systems, so that the BCP brush films coexist with the empty
simulation space forming a free surface. One of the ends of
the A block is grafted to a substrate located at z = 0; the grafted
ends are uniformly distributed with spacing d in the x and y
directions. The spacing d is determined from the grafting
density, d = \/1/o. The relation between the grafting density
() and the average brush thickness (L) is given by o = L x v/N.
For simulations conducted in this work, the values of AL =
0.16R. and N = 128 are used. Under melt conditions, the value
of the average chain density V/N is set to 128. Thus, for the
system of 0.5R. brush thickness, a total of 6400 chains and

(10)
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approximately 0.8 million coarse-grained beads are simulated.
For every simulation, the observed phases are identified from
the morphologies obtained after using sufficiently long MC
cycles (>2 million cycles) for equilibration. In each cycle, single
bead displacement is performed for all beads on average.

Results

Fig. 1a shows the phase diagram of BCP brushes on a neutral
substrate (AA\N = AgN = 0) as a function of yN and f, with
grafted A ends at a relatively low grafting density value of 64
(number of grafting ends per unit R.”). As the chain density is
set to 128 (number of chains per unit R.), the average film
thickness is 0.5R.. Top views of the observed morphologies are
shown in Fig. S1at with species A and B represented in colors
red and blue, respectively. Our phase diagram shows four
different phases of uniform, void, stripe and hexagonal phases.
The uniform phase of well-mixed (disordered) A and B domains
is observed for all values of f, at lower yN due to the small
incompatibility between A and B blocks. The order to disorder
transition values of yN are larger than those of non-tethered
BCPs; thus, a uniformly well-mixed phase is observed for yN =
20 at which non-tethered symmetric BCPs form a lamellar
phase. While the uniform phase at small yN and strongly
asymmetric composition corresponds to a homogeneously
well-mixed one, in the uniform phase at f, values of 0.1 and 0.2
upon increasing the value of yN, demixing of A and B occurs
and two blocks are vertically layered and homogeneous in the
lateral direction. It is notable that A and B interfaces are not in
a planar geometry as demonstrated by the gray contour of the
A/B interface in tilted view shown for f, of 0.2 at yN = 100 in
Fig. 1b; the minority A block forms semi-cylinders parallel to
the substrate. A further increase in f, as approaching towards
symmetric composition results in the formation of voids for a
range of yN values. Voids are represented by
perpendicularly phase separated A and B domains with large
dewetted/empty regions; void morphologies are shown in
Fig. 1b for f, values of 0.5 at yN = 50 and 100 as tilted views
and in Fig. Slat as top views. As f, further increases and the
grafted block (A) becomes the majority block, voids disappear,
and laterally alternative A and B stripes are observed from the
top surface as seen in Fig. S1a.f As depicted in Fig. 1b for a yN
value of 100 and f, = 0.7, A/B interfaces in the stripe phase
become non-planar, but the curvature of such interfaces is
opposite to f, = 0.2 with B domains in hemi-cylindrical shapes
curved toward the free surface. An increase in the area of A
domains on the top upon increasing fy to 0.8 results in the
formation of B dots. Dotted structures tend to hexagonally pack
even though a long-range order is not established in our
simulations; thus, we labelled it as a hex phase. The possibility
of a finite box size effect in our simulation was excluded by
confirming the same morphology prediction observed in
simulations of a larger lateral box size of 15R. x 15R. on varying
fa and yN (Fig. S27).

The obtained phase diagram is now briefly compared with
those reported in previous studies. First, our results are

vast
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Fig. 1 Predicted phase diagram of AB diblock copolymer brushes as a function of the mole fraction of the grafted block fy and yN when it is
grafted at the average brush thickness L = 0.5R. on substrates of different wettabilities with (a) AN = 0 and (c) AN = 2. Representative
morphologies in tilted view at yN = 50 and 100 with varying fa are shown in b (AN = 0) and d (AN = 2). A and B blocks are respectively represented
by red and slightly transparent blue, and the interface between A and B blocks is shown by gray.

compared with SCFT studies by Matsen et al>® which
investigated the system with the same average brush
thickness of 0.5R. as used in our study, however, without
allowing topological adjustment at the free top surface.
Similar to their studies, stripe, hex and uniform phases are
observed at different values of yN and f, in our work. The
void phase occupies a large area of our phase diagram, while
SCFT predicts uniform or inverse hex phases for the same
conditions of yN and f,. The envelope of the phase boundary
between the uniform and laterally phase separated structures
is convex and asymmetric, similar to the SCFT of BCP
brushes, but our simulation predicts a wider region of
laterally non-uniform morphologies. Void phases, which have
an exposed surface with a non-uniform topology, are not
observed in our model, when it is modified to have a flat top
surface by placing a hard wall on the top of the brushes while
keeping the brush thickness value at 0.5R.; the obtained
results closely match with those detailed in the SCFT studies
as shown in Fig. S31 for different f, values at yN = 50. Studies
by Wang et al.** use a similar model to that applied in this
work and they have performed the simulations to obtain the
phase behavior of brushes at different solvent qualities of

This journal is © The Royal Society of Chemistry and IChemE 2021

grafted and non-grafted blocks. Their simulations for poor
solvent quality for both A and B blocks corresponded to the
conditions closely related to our melt brushes and showed
the sequence of phase transitions at a relatively low grafting
density comparable to the results obtained in our work
including the formation of voids. However, the structure of
voids has been only briefly described in their work without a
clear description on the mechanism of their formation.

To further elucidate the formation of voids, we show the
structure evolution as observed in our diffusion MC
simulations for f, = 0.5 and yN = 50 in Fig. 2a-d with
representative morphologies and schematic sketches shown
at the top and bottom, respectively. The system is quenched
from a disordered initial configuration to yN = 50. At the
earlier stage, the system forms a uniform phase with
perpendicular phase separation and a flat top surface. As
depicted in the schematic sketch in Fig. 2a, the chains in the
uniform phase are laterally spread out and compressed in
the z-direction with an entropic penalty because the brush
thickness is only 0.5R.. The enthalpic cost also arises from
the large interfacial area of unfavorable AB contacts in the
uniform phase. High entropic and enthalpic costs make the

Mol Syst. Des. Eng., 2021, 6, 1087-1097 | 1091
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Fig. 2 Structure evolution of (a)-(d) the void phase on a substrate of AN = 0 and (e)-(h) the curvy phase on a substrate of AN = 2. Representative
morphologies captured in our diffusion MC simulations (top) and schematic sketches (bottom) are presented. The average brush thickness (L),
segregation strength (yN) and mole fraction (fs) of the systems are set to 0.5R., 50 and 0.5, respectively.

uniform phase unstable and short-lived in our simulations.
The uniform phase quickly transits into a structure with a
region of thin A domains exposed to the free surface and a
thick perpendicularly phase separated region as shown in the
schematic sketch in Fig. 2b. The exposed region develops
laterally resembling island hole terraced structures
commonly observed in non-grafted films. Since there is no
favorable interaction between the substrate and A/B blocks,
the thickness of bare A domains continues to decrease,
eventually dewetting the substrate to form voids (see Fig. 2c).
Unlike non-grafted films, the voids cannot endlessly grow,
due to the entropic penalty induced by the stretching of
grafted A chains and the system eventually equilibrates to a
structure with voids that maintain their size (Fig. 2d). The
quantitative measurement of void size at the later stage of
structure evolution (Fig. S41) demonstrates that while the
number of voids does not change significantly once the voids
are initiated, the average size of voids (dewetted regions on
the bottom) increases substantially and plateaus at a value of
2.8R.2. It is noticeable that the size of the voids is
significantly larger than those in other laterally phase
separated structures such as stripes or hexagonal arrays (Fig.
S57t), benefiting from the fact that the larger voids can reduce
the surface energy of A/B blocks in contact with the top free
surface in addition to the decrease in the enthalpic
interfacial area. The values of such costs associated with
interfacial and surface contacts are respectively related to yN
and incompressibility (xk,N and xgN). Large yN and (kaN, xgN)
imply large penalties for A/B interfacial contacts and contacts
of A and B with the top surface, respectively. Therefore,
increases in yN and (kaN, xgN) result in the formation of a
larger region with voids, as clearly depicted in Fig. S6a and

1092 | Mol Syst. Des. Eng., 2021, 6, 1087-1097

bt at yN = 50 and 100, and Fig. S6a and ct at xaN = xgN
values of 50 and 200 for f, = 0.5.

We have shown that BCP brushes on a neutral substrate
form the void phase over a wide range of f, and yN
conditions. We anticipated that voids can be filled by
introducing a substrate with affinity for both A and B blocks,
which may result in retaining the phase behavior as observed
for the flat top surface system. Thus, simulations are
performed for non-zero substrate wettability values of AyN =
AgN = 2, and Fig. 1c shows the obtained phase diagram as a
function of yN and fa. As expected, the void phase is no
longer observed while the other phases (i.e., stripe, hex and
uniform) occur under similar conditions to those on a
neutral substrate. Instead of the void phase transiting to
inverse hex or uniform phases as observed in SCFT results,>*
the void phase in the phase diagram is replaced with laterally
phase separated curved domains. We label such structures in
the phase diagram as curvy phases. Specifically, as shown in
the tilted views in Fig. 1d and the top views shown in Fig.
S1b,t laterally phase separated domains adopt different
curvatures, including (1) a ring-like structure with an outer
shell of A domains around the inner cylindrical B domains
and (2) A domains curved in “S”/“C” shapes with enclosed B
domains. To understand the origin of such structures, we
show their evolution as observed in our MC simulations for
the conditions of f, = 0.5 and yN = 50 in Fig. 2e-h with
representative morphologies and schematic sketches shown
at the top and bottom, respectively. A uniform phase of
perpendicularly layered A/B domains is formed at the initial
stage. Similar to the case of the neutral substrate, the system
proceeds to increase the brush thickness in perpendicularly
separated regions while forming regions of thin A-rich

This journal is © The Royal Society of Chemistry and IChemE 2021
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domains exposed to the free surface (see the schematic
sketch in Fig. 2e). However, unlike the BCP brushes on the
neutral substrate, naked A-rich regions do not evolve to form
voids, as there is a favorable interaction between the
substrate and A/B blocks; the A block remains in such
regions wetting the substrate as shown in Fig. 2f. As naked
regions enlarge in size along the lateral direction, stress
induced by the stretching of grafted A chains increases. To
release the stress, the B block is placed in the middle of the
enlarged region, as depicted in Fig. 2g. At this time, the B
block wets the substrate, making columns of B-rich domains
(Fig. 2g). As shown in the schematic sketch in Fig. 2h, B-rich
domains surrounded by A-rich domains eventually develop
into curved “S”/“C” shaped structures.

We turn our attention to address the impact of selective
surfaces on the self-assembled morphologies. Matsen and
Griffiths investigated the effect of preferential wetting of the
grafted block toward the flat top surface on the phase
diagram of BCP brushes using SCFT*® and compared it with
the experimental work by O'Driscoll et al.*® They found that
the region of periodic morphologies becomes wider with the
shift in phase boundaries. While the bottom surface (i.e. the
grafting substrate) was kept neutral in previous studies, here,
we focus on the effect of both top and bottom surface
selectivity toward the grafted/non-grafted block at the two
composition values of f, = 0.5 and 0.7 for yN = 50. The
selective affinity of the grafting substrate and free surface is
tuned by individually varying AsN, AgN, kaN, and xgN while
keeping the other values fixed. An increase in ApN (AgN)
leads to the selective attraction of the A(B) block with the

()

Increasing the substrate affinity to A

(©)

View Article Online
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grafting substrate and a decrease in k,N (kgN) (i.e., decrease
in surface tension) leads to the selective attraction of the A(B)
block with the top surface. Fig. 3 shows the top and tilted
views of the obtained morphologies at f, = 0.5 for selective
surfaces. In the reference case where both the free surface
and bottom substrate are neutral (Ap\N = AgN = 0 and x,N =
kgN = 200), BCP brushes form a void phase with the
equilibrated morphology as shown in Fig. 2d. As shown in
Fig. 3a, the voids are filled up with A species and the area
where the bare substrate is exposed shrinks in size as we
increase the substrate selectivity towards the grafted A block,
eventually disappearing at a high AN value of 8. A more
diverse range of phases is observed when the substrate is
selective towards the non-grafted B block (Fig. 3b). Upon
increasing AgN, the B block condenses into a near-surface
layer and the system transits from stripe to hex to uniform
phases. The observed laterally phase separated stripe is
developed throughout the whole brush due to the enthalpic
favorability of the non-grafted B block wetting the substrate.
Thus, A/B interfaces are in contact with the grafting
substrates as shown in the schematic diagram of Fig. 4a
unlike the stripes on a neutral substrate presented in Fig. 4b
(fa = 0.7), which are induced by small values of B fractions
with lateral separation only occurring near the top. The hex
phase at AgN = 4 also differs from the hex phase on neutral
substrates (Fig. 4d) as a layer of B is formed underneath the
A domains covering the substrate and partially exposed B
domains from that underlayer are seen from the top as
hexagonal dots (Fig. 4c). At a large affinity value of AgN = 8, a
uniform phase is observed where the graft A blocks cover the

(b)

Increasing the substrate affinity to B

AN =4 AgN =8

)

Decreasing the substrate affinity to B

15N = 100

KsN = 50

Fig. 3 Top and tilted views of morphologies presenting the effects of asymmetric affinity of surfaces on the void phase. With BCP brushes at fs =
0.5, AAN = AgN = 0 and xaN = xgN = 200 as a reference, simulations are conducted with increasing preferential wetting on the grafting substrate
toward (a) A blocks (increasing AaN from 2 to 8 with fixed AgN = 0) and (b) B blocks (increasing AgN from 2 to 8 with fixed Ap\N = 0), or increasing
preferential wetting on the free surface toward (c) A blocks (decreasing kaN from 150 to 50 with fixed xgN = 200) and (d) B blocks (decreasing xgN

from 150 to 50 at xaN = 200).
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(a) (b)

(c) §?§ (d)

Fig. 4 Tilted views and schematic diagrams of stripe and hexagonal
phases formed in symmetric BCP brushes (fa = 0.5) on B (non-grafted
block) selective substrates of (a) AAN = 0 and AgN = 2 and (c) AAN = 0
and AgN = 4. Phases are compared with those observed in asymmetric
BCPs of (b) fo = 0.7 and (d) fa = 0.8 on a neutral substrate (AN = 0).

top, which is different from the uniform phase presented in
Fig. 1 with B at the top. As depicted in Fig. 3¢, an increase in
the top surface selectivity for the A block upon decreasing
xaAN enlarges the voids and grows into a rather striped shape,
thereby reducing the area of B domains in contact with the
top surface. The B selective top surface shifts the system from
a void phase to a uniform phase. Although the uniform phase
has an entropic cost induced due to the brush being
confined in a thickness of only 0.5R. and an enthalpic cost of
large A/B contact, such costs are overcome by surface energy
being lowered by placing B on the top (Fig. 3d). Fig. S7
shows the top and tilted views of the obtained morphologies
for selective surfaces at the asymmetric composition value of
fa = 0.7. When the top and bottom surfaces are neutral, BCP
brushes form a stripe pattern with non-grafted minor B
components lying on the layer of A blocks similar to parallel
cylinders in BCP films, as presented in Fig. 1b. Although the

View Article Online
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stripe structure prevailed when the A block became
preferential to the bottom substrate (Fig. S7af), we have
observed a phase change from stripe to hex with small B
clusters (hemispheres) distributed in the continuous A layer
when the free surface exhibited a preference for the grafted A
block (Fig. S7ct). As B becomes more attractive to the bottom
substrate, the B block wets the substrate, and the system
transits to the hex phase with B cylinders throughout the film
(Fig. S7b¥) and then to the uniform phase with graft A blocks
on the top (Fig. S7ct). As xgN decreases (Fig. S7dft), the upper
B blocks of relatively low compressibility cover up the layer of
dense A blocks, and at xgN = 50, a layered uniform structure
is finally formed, even at an asymmetric composition.

To this point, we have demonstrated that BCP brushes at
a relatively low chain grafting density (o) result in laterally
phase separated structures over a wide region of the phase
diagram. At a higher grafting density, steric crowding among
chains would increase, thereby inducing vertically stretched
chain conformation, and thus resulting in a larger energy
penalty for lateral phase separation. We now investigate the
effect of grafting density on the phase behavior of BCP
brushes. Fig. 5a shows the observed phase diagram of BCP
brushes on the wettable substrate (AN = 2) with respect to fj
and the average brush thickness, L, which is proportional to
the grafting density, ¢. L is varied from 0.5R. to 1.2R. while
xN is fixed at 100. At high grafting densities, the layered
uniform structure marked with a black square (perpendicular
segregation) exists in a wider interval of f, than those in the
BCP brushes with lower grafting densities. As the grafting
density increases, the curvy phases (blue triangle) that were
observed at a lower grafting density (L = 0.5R.) disappear and

(a) (b) f4 =02, xN =100
1.3 9
[ ] [ ] ] - L] [ ] ] [ ] v
1.1 [ ] ] ] [ ] [] ] [ ] ° v
n n | | - | n [ ]
T L(R.)
~d 0.91 [} [ n [ ] [ [ . v v
=4
N/
~ n el n |} o L ] ® v
(c) fa=0.7, xN =30
0.7 4 ] ] ] [} ] [ L] v
[ ] ] ] [ ] ® [ ] v v *
0.54 [] ] A A A A v * *
0.0 0.2 0.4 0.6 0.8 1.0
fa
= Uniform e Void 4 Curvy
¢ Inv.Hex. v Stripe ¢ Hex.

Fig. 5

L(R,) 23 2.5 2.7

(a) Predicted phase diagram of AB diblock copolymer brushes of yN = 100 on the wettable substrate of AN = 2, with respect to the mole

fraction of the grafted A block, fa, and average brush thickness, L. (b) Tilted view of the uniform phase (perpendicularly layered A and B domains
represented by transparent red and blue) and its A/B interface (gray contour) at fo = 0.2 and yN = 100. As the grafting density increases, i.e., the average
brush thickness L, the rippled A/B interface at L = 0.5R. transits to the one with hexagonal arrays of dimples at L = 0.7R. and a planar interface at L =
0.9R.. (c) Tilted (top) and side (bottom) views of the morphology along with contour curves of the A/B interface for a very large L = 2.3, 2.5 and 2.7R, at
xN =30 and fp = 0.7. As the grafting density increases to an extremely large value (L = 2.7R.), the planar interface transits to hexagonal arrays of golf

hole structures.
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Table 1 Second- and third-order model parameters (v ,, Vag Wyao) fOr
simulations of BCP brushes in implicit solvents. The averaged radius of
gyration relative to the size of an ideal chain <Ry>/Rggea Under the given
model parameter is also listed. The values used in SO are the same as
those of the melt conditions, and the solvent quality becomes better as
moving from SO to S4

Voa VaB Waoo <Rg>/Rg,ideal
SO -3.17 -2.7813 0.01849 0.951
S1 -2.75 -2.3594 0.01699 1.095
S2 -2.50 -2.1094 0.01609 1.220
S3 -2.25 -1.8594 0.01520 1.370
S4 -2.00 -1.6094 0.01430 1.558

inverse hexagonal phases (pink hexagon) emerge. The phase
boundaries also shift to a larger value of f, with increasing
grafting density. Wang and Muller have reported a similar
observation of enhanced stability of perpendicular
segregation at a high grafting density in BCP brushes.*’
Matsen and Griffiths also observed that an increase in brush
thickness reduces the region of periodic phases in melt BCP
brushes.*® Additionally, we found that the internal structures
of wuniform phases at asymmetric compositions vary
depending on the grafting density, as shown in Fig. 5b and ¢
showing the tilted (top) and side (bottom) views of
morphologies along with the contour curves of A/B interfaces.
For yN = 100 and f, = 0.2, Fig. 5b shows that the uniform
phase with a laterally rippled A/B interface at L = 0.5R.
transits to a uniform phase with an interface consisting of
hexagonal arrays of B domains at L = 0.7R. as the penalty for
the chain stretching becomes larger. At an even higher
grafting density (L = 0.9R.), the brush forms a
perpendicularly layered morphology with a flat interface.
However, such flat A/B interfaces in the uniform phases are
destroyed when the brush is under an extremely large
grafting density and in a relatively weak segregation strength

(a)
S4,- ] ] ] ® ® ® v
=
= i = ] = L] [ v v
5 S3
R
S
> S2q1 = L] L] A A v v
=)
w
g
= S1{ = L] A A A v <
I
5]
5
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regime. Fig. 5¢ shows the results for a very large L = 2.3, 2.5
and 2.7R. at yN = 30 and f, = 0.7. To maintain a flat A/B
interface with a very large average brush thickness, chains
are extremely stretched, which causes an enormous elastic
free energy. The system reduces the elastic free energy by
retaining some of the chains back to the less stretched
conformation, which results in nontrivial A/B interfaces with
hexagonally ordered holes of B domains (blue). This was also
explained in a previous BCP brush study by Rudov et al.,*
which predicted golf holes, gullies and ridges, and stalactites
depending on the composition of the copolymer at an
extremely high grafting density.

Solvent quality is another parameter that directly affects
the extent of stretching present among chains which then
could alter the phase behavior of BCP brushes. Hence, we
study the morphologies in different solvents on a wettable
substrate of AN = 2 with the brush thickness of L = 0.5R. and
xN = 50. Four different solvents, which are labeled S1 to S4 in
the order of increasing solvent quality, are investigated, and
the results are presented along with those for melt BCP
brushes (S0). The detailed parameters used for the S0-S4
conditions in our implicit solvent model are listed in Table 1
and marked in the colormap of Fig. S8f showing the
averaged size of a single chain on the (Vyq, Waae) parameter
space referring to Park et al.>® For each solvent, the types of
observed phases are shown in Fig. 6a at f, values ranging
from 0.2 and 0.8; the top views of the phases are shown in
Fig. S9a.f The roughness of the top surface of the phases is
also measured by estimating the standard deviation s of the
brush height in the lateral dimensions. Local polymer
densities for cubic grid cells with a size of (0.16R.)* defined
in eqn (9) are used to measure the brush height at each
lateral position as the z-location where the local polymer
density drops below half of the average density value. Fig. 6b
shows the measured roughness (3s) along with the tilted

(b)

=
3
L

Roughness(3s)
o o o
PR P s

o
=
1

o
o

Increasing solvent quality

[ = Uniform 4 Curvy e Inv.Hex. v Stripe ¢ Hex.]

Fig. 6

(a) Phase diagram of BCP brushes with varying compositions of f5 from 0.2 to 0.8 grafted on the wettable substrate (AN = 2) and exposed

to a non-selective solvent with various qualities from SO (melt) to S4. In the melt brush system, the average brush thickness is L = 0.5R. and yN is
set to 50. (b) Variation in the roughness of free surfaces when BCP brushes of fy = 0.2, 0.5 and 0.7 are exposed to different solvents, SO-S4. The

representative morphologies in SO, S2 and S4 are presented as well.
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views of the representative morphologies at selected f, values
for S0-S4. Finally, at an f, value of 0.7, we show the laterally
averaged density profiles as a function of distance z from the
grafting substrate for S0, S2 and S4 in Fig. S9b.j

Chains stretch vertically further as the solvent quality is
enhanced, thereby increasing the brush thickness as depicted
in the broader density profile in Fig. S9b.f The vertically
stretched chain conformations increase the entropic penalty
to form laterally phase separated structures. Thus, the phase
boundary in f, for lateral phase separation is shifted to a
higher value upon increasing the solvent quality (Fig. 6a).
The stretching of chains also results in flatness of the top
surface of the observed phases resulting in a decrease in the
3s value as the system moves from SO to S4 (Fig. 6b). At f, =
0.2, the type of phase for all the solvents is the same as the
one for melt conditions, ie., a uniform phase, denoted in
Fig. 6a as a black square. However, around symmetric
compositions, the curvy phase under melt conditions (S0)
disappears when the system is placed in a good solvent.
Instead, the morphology with circular A domains exposed at
the top, which tends to be packed hexagonally, is recognized
and labeled as inverse hex (pink hexagon). As depicted in
Fig. 6b, the roughness of the top surface for f, = 0.5 is much
larger than those of the other cases due to the type of
observed phase. In the curvy phase, the thickness varies
sharply with a step edge of A/B domains near the laterally
phase separated curved domains. However, 3s is reduced
significantly in S4 as these curved domains are removed.
Similar to the results for symmetric composition, the types of
phases also change for large f, values upon varying the
solvent quality. The stripe and hexagonal phases observed in
S1 at fy = 0.7 and 0.8 transit to inverse hexagonal and stripe
phases with reduced 3s in S4, respectively.

Conclusions

Diblock copolymers grafted on planar substrates are studied
using a combination of Monte Carlo simulations and a
coarse-grained model with a generalized Hamiltonian, which
allows for topological adjustment at a free surface. We
systematically investigate the dependence of the phase
behavior of the BCP brushes on various system variables. We
construct the phase diagram for various values of block
composition f, and yN and have noted new morphologies
and several differences in comparison with previous studies.
BCP brushes grafted on a neutral substrate (AN = 0) at a
moderately low grafting density phase separate into uniform,
void, stripe, and hexagonal arrays. The uniform phase at an
elevated yN consists of layered A and B domains, but the A/B
interface has a non-planar geometry. Voids, a mixed
morphology with large-sized circular dewetting areas and
perpendicularly separated A and B layers are observed in a
wide range of f, values. When the substrate is attractive to
both blocks, regions with voids in the phase diagram are
replaced with new types of laterally phase separated
structures that are curved in nature, adopting either a ring-
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like structure with an outer shell of A domains around the
inner cylindrical B domains or “S”/“C” shaped A domains
with B domains enclosed within. The phase behavior is
further enriched by introducing the selective top/bottom
surfaces. By tuning the top and bottom surface affinities
towards A/B blocks, the void, hex, stripe, and uniform phases
with either A or B covering the top are obtained even at a
single composition. This implies that a diverse range of
phases can be obtained from a single system of the same yN
and f,. We have also shown that phases with a similar
morphology from the top view can have significantly different
internal structures. Specifically, stripe and hex structures in
symmetric BCP brushes on a non-grafted B block attractive
substrate contain A/B lines and a hexagonal array of circular
B domains throughout the film. These are in contrast to the
stripe and hex phases on a neutral substrate seen at
asymmetric compositions where the periodic domains are
separated from the substrate by a continuous layer of A.
These variations in internal structures have a direct
application in the field of nanopatterning, e.g., etching out
one of the blocks can result in the formation of patterns with
or without a periodic topography. The effect of grafting
density on the phase behavior of BCP brushes is also probed,
focusing on the topology of internal A/B interfaces. The non-
planar A/B interface in the uniform phase at a moderate
grafting density becomes flat at a high grafting density.
However, at an extremely high grafting density, the flat
interface breaks up and forms golf hole structures, thereby
reducing the excessive elastic free energy caused by highly
stretched chains. Finally, we demonstrated that good non-
selective solvents increase chain stretching in the vertical
direction and reduce the roughness of the brush surface,
thus presenting similar effects on the morphology as the
grafting density increases.

One of the future directions is to expand our exploratory
study for diblock polymers grafted on curved substrates, in
particular, for cylindrical/spherical substrates. The grafted
films coated on a curved substrate are useful in synthesizing
colloids with environmentally responsive surface patterns
which then have biomedical applications, e.g., targeted drug
delivery and medical imaging. Naturally, chains will be more
sterically crowded near the surface of the sphere/cylinder due
to the curvature, which will result in extended chain
conformations. Thus, the phase behavior of BCP brushes is
expected to be significantly altered compared to that on a flat
substrate.
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