THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCB

Self-Assembled Morphologies of Linear and Miktoarm Star Triblock

Copolymer Monolayers

Hanlin Deng,'l' Weihua Li*" Feng Qiy,” and An-Chang Shi*

"State Key Laboratory of Molecular Engineering of Polymers, Key Laboratory of Computational Physical Sciences, Department of
Macromolecular Science, Fudan University, Shanghai 200433, China

'JFDepartment of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1

> Attract C

//

v

_? 7 AttractA
) 7~

ABSTRACT: Monolayers of linear and miktoarm star ABC triblock copolymers with equal A and C blocks were investigated
using self-consistent field theory. Monolayers of ABC triblock copolymers were formed between two parallel surfaces that were
attractive to the A and C blocks. The repulsive interaction parameter y,cN between the A and C blocks was chosen to be weaker
than the A/B and B/C interactions, quantified by y,gN and ypcN, respectively, such that the B blocks were confined at the A/C
interface, resulting in various B domains with different geometries and arrangements. It was observed that two variables, namely,
the strength of the surface fields and the film thickness, were dominant factors controlling the self-assembly of the B blocks into
various morphologies. For the linear triblock copolymers, the morphologies of the B domains included disks, stripes (parallel
cylinders), and hexagonal networks (inverse disks). For the miktoarm star triblock copolymers, the competition between the
tendency to align the junction points along a straight line and the constraint on their arrangement from the surface interactions
led to richer ordered morphologies. As a result of the packing of the junction points of the ABC miktoarm star copolymers, a
counterintuitive phase sequence from low-curvature phases to high-curvature phases with increasing length of B block was
predicted. The study indicates that the self-assembly of monolayers of ABC triblock copolymers provides an interesting platform

for engineering novel morphologies.

B INTRODUCTION

Block copolymers consisting of covalently bonded blocks of
chemically distinct components have attracted extensive
research interest from both industry and the scientific
community because of their remarkable ability to form various
ordered nanostructures.' > The simplest block copolymer is an
AB diblock copolymer, which can self-assemble into a variety of
ordered phases including hexagonally close-packed (HCP) and
body-centered-cubic (BCC) spheres, hexagonal cylinders,
gyroid and Fddd (O70) networks, and lamellae.””® As the
synthesis techniques advance, block copolymers with diverse
chain architectures can be accessed by experiments, creating a
vast phase space for the fabrication of ordered structures.”” "¢
For example, ABC triblock copolymers, obtained by adding one
additional block of a third component C onto an AB diblock,
have much more complicated phase behaviors because of their
expanded parameter space, which is at least five-dimensional.'”
Furthermore, multiblock copolymers can have various topo-

-4 ACS Publications  © 2017 American Chemical Society

4642

logical variances. For example, linear triblock copolymers can
have three different sequences, namely, ABC, ACB, and BAC,
that exhibit different phase behaviors. A large multitude of
complex ordered morphologies have been observed with linear
and miktoarm star ABC triblock copolymers by experiment and
theory.”'®~*’ For ABC linear triblock copolymers, the ordered
phases can be classified as “nonfrustrated” and “frustrated”
phases according to whether the domain arrangement frustrates
the block sequence.30 In contrast, for ABC miktoarm star
copolymers, the three blocks are joined at a common junction
point, and therefore, there is no explicit block sequence. This
topological constraint drives ABC copolymers to self-assemble
into ordered structures where the junction points are forced to
be aligned along straight lines, resulting in polygon-tiling
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patterns,”*® among other ordered phases. Numerous studies
have demonstrated that ABC triblock copolymers provide a
powerful platform for forming structures beyond those from
AB diblocks.”"

Many practical applications involve thin films of block
copolymers. Accordingly, the equilibrium phase behavior of
block copolymers confined in thin films is of particular
importance and has thus been extensively studied by experi-
ment and theory.”” " In thin films, block copolymers are
usually confined between a bottom substrate surface and a top
deformable air interface. Theoretically, thin films of polymers
are usually modeled as two impenetrable parallel rigid surfaces
on which appropriate surface potentials are imposed, mimicking
the bottom surface interaction and the top interfacial
tension.””*’ Many simulations have provided useful insights
into the understanding of experimental observations.””*" Tt is
also worth mentioning that the self-assembly of block
copolymers under two- or three-dimensional confinement has
also attracted extensive interest.””*

The phase behavior of block copolymers in thin films differs
significantly from that of the corresponding bulk system
because of the effect of the surface interactions on each
block, as well as the geometrical confinement imposed by the
two surfaces.>”*” In other words, the formation of structures is
dictated not only by the characteristic parameters of the block
copolymers themselves but also by the variables due to the film
properties, namely, the film thickness w and the surface
interactions characterized by their affinity (ie., attractive or
repulsive) and strength. For example, for AB diblock
copolymers confined between two identical selective surfaces,
a large number of equilibrium ordered morphologies have been
predicted by self-consistent field theory (SCET).*’ In
particular, the breaking of the translational symmetry along
the normal of the surfaces results in space symmetries of the
morphologies in thin films that are different from those of the
corresponding bulk phases. For example, the gyroid phase in
the bulk transforms into layering network morphologies in thin
films. Furthermore, the geometry of the polymeric domains is
altered by the confinement effect; that is, the order—order
transitions (OOTs) of block copolymer thin films are
considerably affected by the film thickness and surface
interactions.

Because of their rich array of ordered bulk phases, the self-
assembly of ABC triblock copolymers in thin films is of great
interest not only for fundamental research but also for practical
applications. It is well-known that the phase behavior of ABC
triblock copolymers is typically governed by multiple variables,
at least including two compositions f, and fg, with fc =1 — f,
— fp and three interaction parameters y,gN, ypcN, and yacN,
where the Flory—Huggins interaction parameter Xi (i,j=AB,
C) quantifies the immiscibility between components i and j and
N denotes the total number of statistical segments of a
copolymer. When the two confining surfaces are introduced,
the parameter space expands further, thus making the study of
the phase behavior of triblock copolymer thin films a
formidable task. One effective route forward is to explore
some two-dimensional cross sections of the high-dimensional
phase space with respect to two crucial variables while keeping
other parameters constant and focusing on the stability region
of the desired ordered phases.***

It is important to note that the formation of an ordered
structure in a block copolymer is dictated by its thermodynamic
equilibrium as well as its kinetics.'® There are often many

metastable states intervening between the initial disordered
state and the final stable structures. When the self-assembly
process is trapped in one long-lived metastable state with a
large free-energy barrier, the desired stable structure becomes
difficult to reach or requires an extremely long annealing
time.*® In this work, we study the self-assembly of linear and
miktoarm star ABC triblock copolymers with equal A and C
blocks confined in thin films. Specifically, the two surfaces are
set to asymmetrically attract the A and C blocks, with the aim
of confining the self-assembly of the B blocks onto the two-
dimensional (2D) A/C interface, leading to monolayer
morphologies. The domain geometries are regulated by the
composition f [fy =fc = (1 — f5)/2], the film thickness w, and
the field strength V{. In contrast to the spontaneous phase
separation, the surface-field-induced spinodal aggregation of the
A and C blocks is much faster,”” and thus it could speed up the
whole self-assembly process of the desired monolayer

morphologies.
B THEORY AND METHODS

We consider an incompressible melt of ABC triblock
copolymers (linear or miktoarm star) of N segments confined
between two impenetrable surfaces with a separation w. The
three blocks in each copolymer chain contain f,N, fgN, and
fcN (fa + fs + fc = 1) segments, and their repulsive
interactions are specified by three Flory—Huggins interaction
parameters yspN, ¥pclN, and yscN. The radius of gyration of an
unperturbed linear copolymer chain is chosen as the spatial unit
length. Based on the standard mean-field theory for n Gaussian
chains,*** the free energy per chain at temperature T can be
expressed as

1
=—InQ+ — [dr{ D 1, Ng,(x) ¢,(x)
14 / a#p ’ !
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where @, f € {A, B, C} and ¢,(r) represents the local volume
fraction of component « at position r. The quantity Q is the
partition function of a single polymer chain interacting with the
mean fields w,, wg, and wc, which are produced by the
surrounding chains. Additionally, the spatial functions H(r) and
Hg(r) in 1 specify the interaction potentials of the two surfaces
with A (or C) and B, respectively. This choice of the surface
potentials on A and C implies that the surface that attracts A
(or C) is at the same time repulsive to C (or A). As in our
previous study,*”*” the surface potentials are given by

—Vylexp[(o — 4d,)/4] foro<d, <o
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where d, denotes the smallest distance to either of the two

surfaces. All surface potentials are assumed to be short-range
and to vanish for d, > ¢. The variables V{, 6, and 4 quantify the
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strength, range, and steepness, respectively, of the surface
potentials. Here, o and 4 are fixed as 6 = 0.5R; and 4 = 0.5R,,
whereas V;, > 0 is varied to tune the potential strength from
weak to strong in a quantitative manner, indicating that one of
the surfaces is attractive to A and is simultaneously repulsive to
C, the other is attractive to C and is simultaneously repulsive to
A, and the two surfaces are repulsive to B.

Minimization of the free-energy functional with respect to
monomer densities and mean fields leads to the following
standard SCFT equations

wy(r) = % N (x) + s, Neb(v) + H(r) + 5(r)
wp(r) = 2N, (1) + 25 Ngi(r) + Hp(x) + 5(r)
we(r) = 2Ny (x) + 4y Nepy(r) — H(x) + n(x)

1k §
@m=a[:¢%@@%@o

1
Q= [drg 69 gl )

d (1) + Py(r) + ¢(r) =1 (3)

In this set of equations, gx(r,s) and qi(r,s) (K €{A, B, C}) are
end-segment distribution functions, determining the proba-
bilities of finding the s segment at position r along two
nonequivalent directions of each block, respectively. These
distribution functions satisfy the modified diffusion equations,

aq (1'1 5)
KT = quk(r, s) — wi(r, s) qK(l‘: s)
a‘lT (r, s) T i
—KT = quk (r,s) — wK(r, s) qK(l‘; s) (4)

which have different initial conditions for linear and miktoarm
star copolymers. For the linear copolymers, the initial
conditions are,

qA(l‘) 0) = qg(l'; fC) =1
qB(f; 0) = qA(l‘; fA)I qc(l‘; 0) = qB(l‘; fB)

qg(l', fB) = qg(f; 0), ql(l'; fA) = qg(l‘y 0)

©)
whereas those of the miktoarm star copolymers are
q;(l'; fK) = qL(l'; fL) qM(l’; fM)
q (r, 0) =1 (6)

where K (L, M) = A, B,or C,and L # M # K.

To focus on the self-assembly of B blocks into monolayer
morphologies at the A/C interface, we fix y,zgN = ypcN = 60,
XacN =30, and f, = fc = (1 — f5)/2, and consequently, we
have three adjustable parameters, namely, fg, w, and V, to
control the phase behavior of the linear or star triblock
copolymers under this specific confinement. The SCFT
equations were solved numerically in real space, whereas the
modified diffusion ec}uations were solved using the pseudo-
spectral method.”"** Periodic boundary conditions were
imposed along the x and y directions, whereas reflective
boundary conditions were applied in the z direction. The
calculation box was discretized into a space lattice of N, X N, X
N, = 64 X 64 X 64, and the grid spacing of the chain contour
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was set as As = 0.01. In addition, the Anderson mixing
algorithm was employed to accelerate the convergence
process.”

Within the considered range of parameters, we explored the
possible candidate morphologies using SCFT coupled with a
specialization scheme.”’ Then, we calculated the free energy of
each morphology for a give set of parameters that was
optimized with respect to the box sizes in the xy plane.
Comparison of the free energies between morphologies led to
phase diagrams, revealing the stability of the desired structures
as well as their formation mechanism.

B RESULTS AND DISCUSSION

As mentioned before, we fixed the interaction parameters as
xasN = ygcN = 60 and y,cN = 30, which could lead to
frustrated morphologies favoring the formation of A/C
interfaces.”” Moreover, we chose a symmetric composition of
fa = fc and an asymmetric surface potential attractive to A and
C blocks. With this set of fixed parameters, the phase behavior
of the system was controlled by three variables, namely, the
block ratio fp, the film thickness w, and the potential strength
Vo To focus on the self-assembly of monolayers composed of B
domains under the constraint of A/C interfaces, we restricted
the thin-film thickness within the range 2R, < w < 3.5R;. This
specific confinement made the ABC miktoarm star copolymer
have the topological sequence of ABC along the normal
direction of the film, which is similar as that of the ABC linear
copolymer. Because of the extra constraint from the alignment
of the junction point, the ABC miktoarm star copolymers
should be able to self-assemble into more types of
morphologies. Therefore, we first explored the possible
candidate morphologies for the ABC miktoarm star copolymer
and examined their stabilities, after which we turned to the
study of the phase behavior of the ABC linear copolymer as a
comparison.

Exploring possible candidate phases self-assembled by block
copolymers that correspond to local minima in a complex high-
dimensional free-energy landscape presents a difficult mathe-
matical problem. Even for the seemingly simple AB diblock
copolymers, it required a few decades to obtain a relatively
complete phase diagram through the concerted efforts of
experimenters and theoreticians. Usually, for a given block
copolymer system, special initial conditions for the mean fields
can be designed according to well-established self-assembly of
intensively studied block copolymers. For the current systems,
the phase behaviors of a number of block copolymer systems,
including AB diblock, AB diblock in thin films, and ABC linear
and miktoarm star triblock copolymers, provided helpful
insights for the initialization of the SCFT calculations.

The first set of morphologies consisted of a wetting A layer
on the bottom surface, a wetting C layer on the top surface, and
a sandwiched layer of B domains located at the A/C interface,
and they can be distinguished by the geometry of B domains. In
the monolayer geometry, the B blocks can self-assemble into a
complete layer, hexagonal network, equally spaced cylinders, or
hexagonally arranged disks, which are referred to as lamella
(Lam), perforated lamella (PL), cylinder (C?), and disk
(DW), respectively (Figure 1). The integer number in the
superscript of denotations such as C® and D™ indicates the
number of triphase junction-point lines of each separated B
domain, which is equivalent to the number of lines of the
junction points for ABC miktoarm star copolymer.
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Figure 1. Density plots of considered candidate morphologies for
ABC miktoarm star triblock copolymers confined in thin films whose
two surfaces asymmetrically attract A and C blocks. Components A, B,
and C are indicated by red, blue, and green, respectively. These
morphologies are denoted according to the geometry of the B
domains. Moreover, the integer number in parentheses in the
superscript is used to indicate the number of the junction-point
lines, and an extra number of 1 or 2 is used to distinguish two
nonequivalent arrangements of A and C domains for the same number
of the junction-point lines when the wetting A/C layer is disrupted by
the alignment of the junction points. For example, both C©®-! and
C©2 are derived from the bulk phase of [6.6.6], but they have
nonequivalent arrangements of A and C domains due to the
asymmetric surface potentials. Note that there are two integers
connected by a + sign in c(6+2), indicating that there are two types of B
domains with 6 and 2 junction point lines, respectively.

The self-assembly of the ABC miktoarm star copolymers in
thin films is dictated by the competition between the tendency
to coordinate the alignment of the junction points and the
preference for the formation of A and C wetting layers due to
the surface interactions. When the surface interactions are
strong enough, the self-assembly leads to the first set of
morphologies. On the other hand, the self-assembly becomes
more complicated, leading to complex morphologies in which
the complete A and C wetting layers are replaced by
alternatively arranged A and C domains on each surface to
reduce the energy loss due to the misalignment of the junction
points. The polygon-tiling rule still holds for this confining
system except that the corresponding A or C domains are
deformed to minimize the interaction energy with the top or
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bottom surface. As the length of the B block increases, the
effect of aligning the junction points into straight lines plays a
more important role during the self-assembly, leading to
polygon-tiling-like patterns. With the symmetric composition of
fa = fc the first polygon-tiling pattern is [8.8.4], where the A
and C blocks form two octagonal domains whereas the B
blocks self-assemble into a square domain.”® Accordingly, c®
and R® (where R denotes the ring shape of the B domains)
morphologies are considered as candidates in our calculations.
In contrast to C™¥, the ring morphology R™ has unfavorable
interfacial and entropic energies, but a preferred surface energy.

When fy increases further, the polygon tiling in the bulk
transforms from [8.8.4] to [6.6.6].”° Therefore, it is necessary
to consider some candidate morphologies that have alignments
of the junction points similar to that of [6.6.6] in the bulk,
including C©~1, C©2 C(62) apd R()-2 (Figure 1). Although
both C©~! and C©2 are derived from the bulk phase [6.6.6],
their A and C domains are nonequivalent because of the
asymmetric surface potentials. Obviously, C©2 has a lower
surface energy and is thus more favorable. This symmetry
preference also holds for the ring morphologies RO (not
shown in Figure 1) and R©~2 Note that C®*? s a hybrid
morphology that consists of two types of B domains with 6 and
2 junction-point lines.

Once the candidate morphologies are chosen, their stabilities
can be determined by computing and comparing their free
energies using SCFT calculations, and hence, the relevant phase
diagrams can be constructed. Two phase diagrams, in the fz—w
and fz—V, planes, are presented in Figure 2. In general, the
phase diagrams can be divided into two regions: the region
dominated by the surface interactions and the region
dominated by the effect of aligning the junction points. For
example, the phase diagram in Figure 2a can be divided into the
left-bottom region and the right-top region. In the left-bottom
region, with relatively small fz or w, the surface interactions
govern the self-assembly behaviors, resulting in the formation
of A and C wetting layers on the two surfaces and thereby
constraining the B domains at the A/C interface. Surprisingly,
from left-top to right-bottom, the phase sequence goes from
Lam to PL, C?, and D, which seems counterintuitive
because longer blocks usually tend to form domains with lower
curvatures. Indeed, this transition sequence is still dictated by
the growing tendency of assembling the junction points into
lines as the length of the B block increases. From Lam to D ’
the B domains shrink at the A/C interface as the junction
points become more and more localized, thus benefiting the
reduction of the interfacial energy by replacing the A/B or B/C
interfaces of high interfacial tension with A/C interfaces of low
interfacial tension. In the lamellar morphology (Lam), the
junction points are uniformly distributed. It is interesting to
note that a "mixed” domain exists that contains monomers of
all three blocks in the lamellar morphology and is also observed
in the bulk miktoarm star copolymers.”* From the point of view
of the B domains, it can be regarded as disordered. In addition,
the film thickness has a considerable effect on the phase
transition. Lower film thicknesses give rise to smaller stretching
for the A and C blocks or higher interfacial areas and,
accordingly, favor the phase transition from Lam to DO,
reducing interfacial energy.

The sequence of phase transitions is rationalized by the
packing constraint of the junction points; nevertheless, the
fundamental mechanism that the domains of longer blocks
prefer low interfacial curvature is violated. In other words, for
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Figure 2. Phase diagrams of ABC miktoarm star triblock copolymers
confined in thin films with y,sN = y3cN = 60, yacN = 30, and f, = f¢
= (1 — f5)/2: (a) in the fz—w plane for fixed V, = 0.1 and (b) in the
fs—Vo plane for fixed w = 2.5R;,. The solid symbols indicate the
transition points determined using SCFT calculations, whereas the
solid lines are a guide for the eyes. The dashed line in panel a indicates
the phase path of w = 2.5R,, whereas that in panel b indicates the
phase path of V;, = 0.1.

larger f, the B blocks confined in the spherical domains of DV
experience higher stretching. As fj increases, the entropy loss
becomes more pronounced and, consequently, forces the
morphology to transform into more stable one, namely, one
approaching the bulk polygon-tiling morphologies but at the
expense of destroying the A/C wetting layers. Thus, the phase
transitions enter the right-top region. In addition to the length
of the B block, the film thickness also plays a critical role on
impacting the phase transitions. The main influence of the film
thickness lies in the reduced surface energy relative to the total
free energy as w increases. As the contribution of the surface
interactions is lowered, the effect of aligning the junction points
in a manner that favors the interfacial energy as well as the
stretching energy becomes increasingly dominant, leading to
stable morphologies of R® and C® that resemble closer
alignment of the junction points to the corresponding bulk
phases.

The above arguments are evidenced by the comparisons of
the free energy as well as its different contributions as a
function of f for w = 24R; and V; = 0.1 in Figure 3. The three
contributions of the free energy are the interfacial energy of U/
nkT = (I/V)/dr Datp XapNDo(r) ¢j(r), the entropic energy of
—TS/nkT = —In Q — (1/V)[dr Y, wu(r) ¢,(r), and the
surface energy of E,/nkT = (1/V) [dr {H(r)[a(r) — dc(r)]
+ Hg(r) ¢p(r)}, where @, f € {A, B, C}. The free-energy
comparison for 0.17 < fy < 0.23 reveals the stable phase
sequence from Lam to D'V and then R™. The comparison of
the surface interactions in Figure 3d illustrates that C® and

4646

D® have much lower surface interactions than R and C*
because of their complete A and C wetting layers on the two
surfaces. In contrast, R® and C™ have more favorable entropic
energies as well as interfacial energies because of their
alignment of the junction points. Moreover, R® s less
preferred than C by the contributions of interfacial energy
and the entropic energy because of the energy penalty for
bending B domains into the ring shape. Accordingly, it is
natural for R® to transform into C™ when the contribution of
the surface interactions attenuates as w increases.

The phase diagram in the fz—V; plane in Figure 2b unveils
the influence of the surface potential on the phase transitions in
a quantitative manner. Similarly to Figure 2a, the effects of the
surface interactions and the junction points work in
cooperation to divide the phase diagram into two regions:
the surface-interaction-dominated left-top region and the right-
bottom region dominated by the junction-point-alignment
effect. Obviously more complex morphologies can be explored
for fy > 0.26 beyond the two phase diagrams. However, we are
more interested in the morphologies where various B domains
are softly confined between the A and C wetting layers on the
two surfaces, and thus, we do not extend the phase diagrams to
larger f.

As a comparison, the phase behaviors of ABC linear
copolymers with a set of parameters similar to those used in
Figure 2 were also obtained in our SCFT calculations (Figure
4). One remarkable difference from the phase diagrams in
Figure 2 is that those only composed of three stable
morphologies are much simpler. Obviously, this difference is
due to the absence of the constraint on the arrangement of the
junction points in the ABC linear copolymers. More
importantly, the phase transitions take the reverse sequence,
from lamella (Lam), to cylinder, perforated lamella, and then
lamella again. In fact, this phase sequence provides an analogy
to the common sequence of the AB diblock copolymers in the
bulk from disordered to sphere, cylinder, gyroidal bicontinuous
network, and lamella, and then to gyroid, cylinder, sphere, and
disorder except that the 3D space is reduced to a quasi-2D
space because of the constraint on the B domains from the A/C
interface. In such a quasi-2D space, the phase sequence consists
of only 2D phases featured by the geometry of B domains,
namely, from disordered (i.e, B blocks do not separate from A
and C blocks) to disk (“2D sphere”), equally spaced lying
cylinders (“2D lamella”), hexagonal network (“reverse disk”),
and a complete B layer (“2D reverse disorder”). Except for the
disk phase in the sequence, the other phases are observed in the
phase diagrams of Figure 4. Note that the two “disordered”
phases for small and large f§ are denoted as Lam and that their
regions join together at the top where the triblock chain are
highly stretched, forcing them to form the A/B/C non-
frustrated layering structures because no extra entropy can be
paid to generate the A/C interfaces required by the formation
of the frustrated morphologies.

The absence of the disk phase between the left Lam and C®
is because the difference between y,cN and y,zN = ypcN is not
large enough, which is similar to the phenomenon that the
sphere-on-cylinder phase vanishes as y,gN = ypcN is reduced
for fixed yscN.”* In fact, the ABC linear copolymer with the
considered interaction parameters is quite similar to the
experimental sample of PS-b-PB-b-PMMA or PS-b-PEB-b-
PMMA linear copolymers [where PS represents polystyrene;
PB, polybutadiene; PEB, poly(ethylene-co-butylene); and
PMMA, poly(methyl methacrylate)] whose bulk self-assembly
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Figure 4. Phase diagrams of ABC linear triblock copolymers confined
in thin films with the same parameters as those in Figure 2: (a) in the
fr—w plane for V; = 0.1 and (b) in the fz—V, plane for w = 2.5R,.
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has been intensively studied.”*”>* In particular, an interesting
bulk morphology similar to C® was observed for symmetric
PS-b-PB-b-PMMA with fp; ~ 0.17 by experiment.” In the
phase diagram of Figure 4a, the stability region of C@ can
extend to fy = 0.17 when w < 2.3R,.

Bl CONCLUSIONS

In summary, the phase behaviors of miktoarm star and linear
ABC triblock copolymers in thin films were investigated using
SCFT calculations. The film thickness and the interaction
parameters were judiciously chosen to ensure the formation of
the desired morphologies consisting of A and C wetting layers
on the two surfaces plus inner B domains with variable
geometries tuned by the length of the B block fg and the
strength of the surface potential V;. For the ABC miktoarm star
copolymer, the structure formation is dictated by the
competition between the surface interactions and the tendency
to align the junction points on lines. When the surface
interactions are dominant for large V; or relative small fj
ensuring the formation of the wetting A and C layers on the
two surfaces, a phase sequence from Lam, to PL, C 2), and DO
is predicted as fp increases. Surprisingly, this phase sequence is
counterintuitive because the curvature of the domains increases
as fp increases. This abnormal phase sequence is caused by the
alignment effect of the junction points in the ABC miktoarm
star copolymers. In contrast, when the ABC miktoarm star
copolymer is replaced by the ABC linear copolymer, the phase
sequence is reversed to the normal order. Interestingly, the
phase sequence resembles that of bulk AB diblock copolymers,
but it is dramatically simplified by the reduction in dimensions
from 3D to 2D. In addition, for ABC miktoarm star
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copolymers, as the effect of packing the junction points
becomes increasingly dominant, the A/C wetting layers are
destroyed to form morphologies exhibiting arrangements of the
junction points similar to those of the corresponding bulk
phases, such as C and R™.

The results for the self-assembly of the ABC triblock
copolymers under the specific confinement considered in this
work provide insight into the understanding of the confined
self-assembly of block copolymers as well as a platform for the
engineering of monolayer morphologies. On one hand, the self-
assembly mechanism of the B blocks at the A/C interface sheds
light on the self-assembly of block copolymers at interfaces,
which has been widely studied by experiments.”> " On the
other hand, these morphologies with B domains of variable
shapes confined between the complete wetting A and C layers
might have promising potential applications in nanotechnology
because the constraining conditions are favorable for speeding
up their equilibration processes.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: weihuali@fudan.edu.cn.

ORCID

Weihua Li: 0000-0002-5133-0267
An-Chang Shi: 0000-0003-1379-7162

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge funding support from the National
Natural Science Foundation of China (NSFC) (Grants
21574026, 21322407, and 21320102005). A.-C.S. acknowl-
edges support from the Natural Science and Engineering
Research Council (NSERC) of Canada.

B REFERENCES

(1) Bates, F. S.; Fredrickson, G. H. Block Copolymer Thermody-
namics - Theory and Experiment. Annu. Rev. Phys. Chem. 1990, 41,
525—557.

(2) Hamley, I. W. The Physics of Block Copolymers; Oxford University
Press: Oxford, UK., 1998.

(3) Park, C; Yoon, J.; Thomas, E. L. Enabling Nanotechnology with
Self Assembled Block Copolymer Patterns. Polymer 2003, 44, 6725—
6760.

(4) Darling, S. B. Directing the Self-Assembly of Block Copolymers.
Prog. Polym. Sci. 2007, 32, 1152—1204.

(5) Li, W. H; Miiller, M. Defects in the Self-Assembly of Block
Copolymers and Their Relavance for Directed Self-Assembly. Annu.
Rev. Chem. Biomol. Eng. 20185, 6, 187—216.

(6) Matsen, M. W.; Schick, M. Stable and Unstable Phases of a
Diblock Copolymer Melt. Phys. Rev. Lett. 1994, 72, 2660—2663.

(7) Matsen, M. W.,; Bates, F. S. Unifying Weak-and Strong-
Segregation Block Copolymer Theories. Macromolecules 1996, 29,
1091-1098.

(8) Tyler, C. A; Morse, D. C. Orthorhombic Fddd Network in
Triblock and Diblock Copolymer Melts. Phys. Rev. Lett. 2005, 94,
208302.

(9) Matsushita, Y. Creation of Hierarchical Ordered Nanophase
Structures in Block Polymers Having Various Competing Interactions.
Macromolecules 2007, 40, 771—776.

(10) Fleury, G; Bates, F. S. Perpendicular Lamellae in Parallel
Lamellae in a Hierarchical CECEC-P Hexablock Terpolymer.
Macromolecules 2009, 42, 1691—1694.

4648

(11) Lee, S. W.; Bluemle, M. J.; Bates, F. S. Discovery of a Frank-
Kasper ¢ Phase in Sphere-Forming Block Copolymer Melts. Science
2010, 330, 349—353.

(12) Bates, F. S; Hillmyer, M. A; Lodge, T. P.; Bates, C. M,;
Delaney, K. T.; Fredrickson, G. H. Multiblock Polymers: Panacea or
Pandora’s Box? Science 2012, 336, 434—440.

(13) Pang, X. C.; Zhao, L.; Han, W.; Xin, X. K; Lin, Z. Q. A General
and Robust Strategy for the Synthesis of Nearly Monodisperse
Colloidal Nanocrystals. Nat. Nanotechnol. 2013, 8, 426—431.

(14) Pang, X. C,; Feng, C. W,; Xu, H,; Han, W,; Xin, K. K; Xia, H.
P.; Qiy, F; Lin, Z. Q. Unimolecular Micelles Composed of Inner Coil-
Like blocks and Outer Rod-Like Blocks Crafted by Combination of
Living Polymerization with Click Chemistry. Polym. Chem. 2014, S,
2747-27858S.

(15) Pang, X. C; He, Y. J; Jung, J. H,; Lin, Z. Q. 1D Nanocrystals
with Precisely Controlled Dimensions, Compostions, and Architec-
tures. Science 2016, 353, 1268—1272.

(16) Li, W. H,; Miiller, M. Directed Self-Assembly of Block
Copolymers by Chemical or Topographical Guiding Patterns:
Optimizing Molecular Architecture, Thin-Film Properties, and
Kinetics. Prog. Polym. Sci. 2016, $4—55, 47—75.

(17) Bates, F. S.; Fredrickson, G. H. Block Copolymers - Designer
Soft Materials. Phys. Today 1999, 52, 32—38.

(18) Mogi, Y.,; Kotsuji, H,; Kaneko, Y.; Mori, K; Matsushita, Y.;
Noda, I. Preparation and Morphology of Triblock Copolymers of the
ABC Type. Macromolecules 1992, 25, 5408—5411.

(19) Mogi, Y.; Nomura, M.; Kotsuji, H.; Ohnishi, K.; Matsushita, Y.;
Noda, I Superlattice Structures in Morphologies of the ABC Triblock
Copolymers. Macromolecules 1994, 27, 6755—6760.

(20) Stadler, R; Auschra, C,; Beckmann, J.; Krappe, U.; Voight-
Martin, L; Leibler, L. Morphology and Thermodynamics of Sym-
metrical Poly(A-block-B-block-C) Triblock Copolymers. Macromole-
cules 1995, 28, 3080—3097.

(21) Breiner, U.; Krappe, U.,; Thomas, E. L,; Stadler, R. Structural
Characterization of the “Knitting Pattern” in Polystyrene-block-
poly(ethylene-co-butylene)-block-poly(methylmethacrylate) Triblock
Copolymers. Macromolecules 1998, 31, 135—141.

(22) Elbs, H.; Abetz, V.; Hadziioannou, G.; Drummer, C.; Krausch,
G. Antiferromagnetic Ordering in a Helical Triblock Copolymer
Mesostructure. Macromolecules 2001, 34, 7917—7919.

(23) Matsen, M. W. Gyroid Versus Double-Diamond in ABC
Triblock Copolymer Melts. J. Chem. Phys. 1998, 108, 785—796.

(24) Tyler, C. A;; Qin, J.; Bates, F. S.; Morse, D. C. SCFT Study of
Nonfrustrated ABC Triblock Copolymer Melts. Macromolecules 2007,
40, 4654—4668.

(25) Zhang, G.J.; Qiu, F.; Zhang, H. D.; Yang, Y. L.; Shi, A. C. SCFT
Study of Tiling Patterns in ABC Star Terpolymers. Macromolecules
2010, 43, 2981—2989.

(26) Li, W. H,; Xu, Y. C; Zhang, G. J; Qiu, F.; Yang, Y. L.; Shi, A. C.
Real-Space Self-Consistent Mean-Field Theory Study of ABC Star
Triblock Copolymers. J. Chem. Phys. 2010, 133, 064904.

(27) Nagpal, U; Detcheverry, F. A; Nealey, P. F.; de Pablo, J. J.
Morphologies of linear triblock copolymers from Monte Carlo
simulations. Macromolecules 2011, 44, 5490—5497.

(28) Li, W. H;; Qiu, F.; Shi, A. C. Emergence and Stability of Helical
Superstructures in ABC Triblock Copolymers. Macromolecules 2012,
45, 503—509.

(29) Liu, M. J,; Li, W. H; Qiu, F; Shi, A. C. Theoretical Study of
Phase Behavior of Frustrated ABC Linear Triblock Copolymers.
Macromolecules 2012, 45, 9522—9530.

(30) Bailey, T. S. Morphological Behavior Spanning the Symmetric
AB and ABC Block Copolymer States. Ph.D. Thesis, University of
Minnesota, Minneapolis, MN, 2001.

(31) Wang, L. Q; Lin, J. P.; Zhang, X. Hierarchical Microstructures
Self-Assembled from Polymer Systems. Polymer 2013, 54, 3427—3442.

(32) Matsen, M. Thin Films of Block Copolymer. J. Chem. Phys.
1997, 106, 7781—7791.

(33) Huang, E.; Russell, T. P.; Harrison, C.; Chaikin, P. M.; Register,
R. A; Hawker, C. J; Mays, J. Using Surface Active Random

DOI: 10.1021/acs.jpcb.7b01987
J. Phys. Chem. B 2017, 121, 4642—4649


mailto:weihuali@fudan.edu.cn
http://orcid.org/0000-0002-5133-0267
http://orcid.org/0000-0003-1379-7162
http://dx.doi.org/10.1021/acs.jpcb.7b01987

The Journal of Physical Chemistry B

Copolymers to Control the Domain Orientation in Diblock
Copolymer Thin Films. Macromolecules 1998, 31, 7641—7650.

(34) Geisinger, T.; Miiller, M; Binder, K. Symmetric Diblock
Copolymers in Thin Films. I. Phase Stability in Self-Consistent Field
Calculations and Monte Carlo Simulations. J. Chem. Phys. 1999, 111,
5241-5250.

(35) Wang, Q.; Nealey, P. F.; de Pablo, J. J. Monte Carlo Simulations
of Asymmetric Diblock Copolymer Thin Films Confined between
Two Homogeneous Surfaces. Macromolecules 2001, 34, 3458—3470.

(36) Huinink, H. P.; van Dijk, M. A.; Brokken-Zijp, J. C. M.; Sevink,
G. J. A. Surface-Induced Transitions in Thin Films of Asymmetric
Diblock Copolymers. Macromolecules 2001, 34, 5325—5330.

(37) Knoll, A.; Horvat, A.; Lyakhova, K. S.; Krausch, G.; Sevink, G. J.
A.; Zvelindovsky, A. V.; Magerle, R. Phase Behavior in Thin Films of
Cylinder-Forming Block Copolymers. Phys. Rev. Lett. 2002, 89,
035501.

(38) Yin, Y. H; Sun, P. C; Jiang, R;; Li, B. H,; Chen, T. H,; Jin, Q.
H.; Ding, D. T.; Shi, A. C. Simulated Annealing Study of Asymmetric
Diblock Copolymer Thin Films. J. Chem. Phys. 2006, 124, 184708.

(39) Hamley, I. W. Ordering in thin films of block copolymers:
Fundamentals to potential applications. Prog. Polym. Sci. 2009, 34,
1161-1210.

(40) Li, W. H; Liu, M. J,; Qiu, F; Shi, A. C. Phase Diagram of
Diblock Copolymers Confined in Thin Films. J. Phys. Chem. B 2013,
117, 5280—-5288.

(41) Lo, T.-Y.; Dehghan, A.; Georgopanos, P.; Avgeropoulos, A.; Shi,
A.-C.; Ho, R.-M. Orienting Block Copolymer Thin Films via Entropy.
Macromolecules 2016, 49, 624—633.

(42) Shi, A. C; Li, B. H. Self-Assembly of Diblock Copolymers under
Confinement. Soft Matter 2013, 9, 1398—1413.

(43) Xia, B. K; Li, W. H; Qiu, F. Self-Assembling Behaviors of
Symmetric Diblock Copolymers in C Homopolymers. Huaxue Xuebao
2014, 72, 30—34.

(44) Li, W. H,; Shi, A. C. Theory of Hierarchical Lamellar Structures
from A(BC),BA Multiblock Copolymers. Macromolecules 2009, 42,
811-819.

(45) Xie, N,; Liu, M. J.; Deng, H. L; Li, W. H; Qiu, F.; Shi, A. C.
Macromolecular Metallurgy of Binary Mesocrystals via Designed
Multiblock Terpolymers. J. Am. Chem. Soc. 2014, 136, 2974—2977.

(46) Li, W. H.; Nealey, P. F,; de Pablo, J. J.; Miiller, M. Defect
Removal in the Course of Directed Self-Assembly is Facilitated in the
Vicinity of the Order-Disorder Transition. Phys. Rev. Lett. 2014, 113,
168301.

(47) Miiller, M.; Li, W. H.; Orozco Rey, J. C.; Welling, U. Kinetics of
Directed Self-Assembly of Block Copolymers on Chemically Patterned
Substrates. J. Phys.: Conf. Ser. 2015, 640, 012010.

(48) Shi, A. C. Development in Block Copolymer Science and
Technology; Wiley: New York, 2004.

(49) Fredrickson, G. H. The Equilibrium Theory of Inhomogeneous
Polymers; Clarendon Press: Oxford, U.K., 2006.

(50) Li, W. H.,; Wickham, R. A. Self-Assembled Morphologies of a
Diblock Copolymer Melt Confined in a Cylindrical Nanopore.
Macromolecules 2006, 39, 8492—8498.

(51) Tzeremes, G.; Rasmussen, K.; Lookman, T.; Saxena, A. Efficient
Computation of the Structural Phase Behavior of Block Copolymers.
Phys. Rev. E: Stat. Phys,, Plasmas, Fluids, Relat. Interdiscip. Top. 2002,
65, 041806.

(52) Rasmussen, K. @.; Kalosakas, G. Improved Numerical
Algorithm for Exploring Block Copolymer Mesophases. J. Polym.
Sci, Part B: Polym. Phys. 2002, 40, 1777—1783.

(53) Thompson, R. B,; Rasmussen, K. @.; Lookman, T. Improved
Convergence in Block Copolymer Self-Consistent Field Theory by
Anderson Mixing. ]. Chem. Phys. 2004, 120, 31—34.

(54) Birshtein, T. M; Polotsky, A. A.; Abetz, V. Theory of the
Lamellar Superstructure of an ABC 3-Miktoarm Star-Terpolymer.
Macromol. Theory Simul. 2004, 13, 512—519.

(55) Bosker, W. T. E.; Cohen Stuart, M. A.; Norde, W. (Quasi-) 2D
Aggregation of Polystyrene-b-Dextran at the Air-Water Interface.
Langmuir 2013, 29, 2667—2675.

4649

(56) Zhao, L.; Feng, C. W.; Pang, X. C; Jung, J.; Stefan, M. C; Sista,
P; Han, R; Fang, N, Lin, Z. Q. Self-Assembly of a Conjugated
Triblock Copolymer at the Air-Water Interface. Soft Matter 2013, 9,
8050—8056.

(87) Cativo, M. H. M,; Kim, D. K;; Riggleman, R. A,; Yager, K. G,;
Nonnenmann, S. S.; Chao, H. K;; Bonnell, D. A,; Black, C. T.; Kagan,
C. R; Park, S. J. Air-Liquid Interfacial Self-Assembly of Conjugated
Block Copolymers into Ordered Nanowire Arrays. ACS Nano 2014, 8,
12755—-12762.

DOI: 10.1021/acs.jpcb.7b01987
J. Phys. Chem. B 2017, 121, 4642—4649


http://dx.doi.org/10.1021/acs.jpcb.7b01987

