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The self-assembly of symmetric diblock copolymers confined in the channels of variously shaped cross sections (regu-
lar triangles, squares, and ellipses) is investigated using a simulated annealing technique. In the bulk, the studied symmetric
diblock copolymers form a lamellar structure with period Ly . The geometry and surface property of the confining channels
have a large effect on the self-assembled structures and the orientation of the lamellar structures. Stacked perpendicular
lamellae with period L are observed for neutral surfaces regardless of the channel shape and size, but each lamella is in
the shape of the corresponding channel’s cross section. In the case of triangle-shaped cross sections, stacked parallel lamel-
lae are the majority morphologies for weakly selective surfaces, while morphologies including a triangular-prism-shaped
B-cylinder and multiple tridentate lamellae are obtained for strongly selective surfaces. In the cases of square-shaped and
ellipse-shaped cross sections, concentric lamellae are the signature morphology for strongly selective surfaces, whereas
for weakly selective surfaces, stacked parallel lamellae, and several types of folding lamellae are obtained in the case of
square-shaped cross sections, and stacked parallel lamellae are the majority morphologies in the case of ellipse-shaped
cross sections when the length of the minor axis is commensurate with the bulk lamellar period. The mean-square end-
to-end distance, the average contact number between different species and the surface concentration of the A-monomers
are computed to elucidate the mechanisms of the formation of the different morphologies. It is found that the resulting
morphology is a consequence of competition among the chain stretching, interfacial energy, and surface energy. Our results
suggest that the self-assembled morphology and the orientation of lamellae can be manipulated by the shape, the size, and

the surface property of the confining channels.
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1. Introduction

The self-assembly of block copolymers has attracted
tremendous scientific attention due to the formation of various
equilibrium ordered structures and the potential applications
of these structures in nano-technology.!!! Potential applica-
tions of block copolymer microstructures include lithographic
templates for nano-arrays, [21 nanodots, and nanoholes in metal
films, 3 photonic crystals,[* etc. For the simplest diblock
copolymers, ordered bulk phases including body-centered-
cubic arrays of spheres, hexagonally packed cylinders, lamel-
lae and a bicontinuous network structure called gyroid have
been identified experimentally!® and theoretically.[®”] In a
spatially confined environment, the combination of the struc-
tural frustration, confinement-induced entropy loss, and wall
interactions provides opportunities to engineer novel struc-
tures which cannot be obtained in the bulk.
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The self-assembly of diblock copolymers under one-
dimensional (1D) confinement, where the block copolymers
are sandwiched between two parallel surfaces forming poly-
mer thin films, has been well studied.!®15! For bulk lamella-
forming symmetric diblock copolymers, much attention has
been focused on controlling the orientation of the lamellae
with respect to the confining surfaces. The existing research il-
lustrates that lamellar structures perpendicular to the surfaces
(perpendicular lamellae) are preferred when the surfaces are
neutral. As the surface preference to one of the two blocks
is strong enough, lamellae parallel to the surfaces (parallel
lamellae) are the preferred structures. However, when the sur-
face preference is weak, either perpendicular or parallel lamel-
lae are observed, depending on the commensurability between
the film thickness and the bulk period Li .['"*! When the film
thickness is commensurate with Ly , parallel lamellae are pre-
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ferred. On the other hand, perpendicular lamellae are formed
when the film thickness is incommensurate with Ly . Further-
more, it is found that the lamellar period of parallel lamellae
oscillates around L; with changing the film thickness.!'* 1]
In general, the interplay between the confinement and the
strength of surface preference causes morphological devia-
tions from that observed in the bulk for asymmetric diblock
copolymers.!''=13] The self-assembly of a mixture of diblock
copolymers confined between two parallel walls has also been
investigated. %]

In recent years, the self-assembly of diblock copolymers
under two-dimensional (2D) confinement imposed by using
It has been
demonstrated that 2D confinement can lead to richer mor-

nano-channels has aroused significant interest.

phologies due to the very tightly confined geometry com-
pared with 1D confinement.!!”#!1 The interplay of symme-
tries of block copolymers and confining geometries, the prin-
ciples of complex structure formation from confined block
copolymers, and the relationship between the confining con-
ditions and the resulting structures for diblock copolymers
under 2D and three-dimensional (3D) confinements have

been reviewed. 4244

1 In experiments, the phase behaviors
of polystyrene-b-polybutadience (PS-b-PBD) diblock copoly-
mers confined in cylindrical nanochannels of alumina mem-
branes were studied.!'’2!) The diameter of the cylindrical
channels (D) varies from tens of nm to more than one hundred
nm. For symmetric diblock copolymers, concentric lamel-
lar structures are obtained when the channel diameter D is
several times the bulk period L; due to the preferential in-
teraction of the channel wall for one block. When D is
comparable to Lj and D/L; is not an integer, novel mor-
phologies such as stacked-disks or toroids are observed ex-

(181 Concentric lamellae were also observed by

perimentally.
Sun et al. in their study of symmetric polystyrene-b-poly
(methyl methacrylate) diblock copolymers confined in alu-
mina nanochannels,*?! and by Ma et al. in their studies of
polystyrene-b-polyisoprene nanowires!>*! and of polystyrene-
b-polydimethylsiloxane nanofibers[?*! fabricated by confining
block copolymers in a cylindrical poly(methacrylic acid) shell
using an electrospinning technique. The self-assembly of di-
block copolymers in 2D confinement has also been extensively
investigated by theoretical and simulation studies.!>>—37 He et
al.’>) and Sevink er al.!*®! investigated the morphologies of
bulk lamella-forming diblock copolymers confined in cylindri-
cal channels using Monte Carlo and dynamical density func-
tional simulations, respectively. For channels with strongly se-
lective surfaces for one of the blocks, concentric lamellae were
observed.>2% Lamellae normal to the channel axis (perpen-
dicular lamellae) were observed when the surface is neutral to
both of the blocks.[?! Concentric lamellar structures have also
been predicted by Li er al. using self-consistent field theory

calculations in 2D for diblock copolymers under cylindrical
confinement. 28] In subsequent extensive studies, the effects of
the surface field are systematically investigated. The combina-
tion of the surface preference and the structural frustration due
to being incommensurate between D and Li, can lead to other
novel morphologies, such as porous lamellar morphologies,
stacked lamellae parallel to the channel axis (stacked parallel
lamellae), as well as helices besides the concentric and per-
pendicular lamellae for bulk lamella-forming diblock copoly-
mers confined in cylindrical channels as shown in Monte
Carlo[?930-33-35] and dissipative particle dynamics!®3 (DPD)
simulations. Besides the equilibrium morphologies, a varia-
tion of layer thickness with the channel diameter in concen-
tric lamellar structures was also reported./?83%1 Furthermore,
the surface-induced effects on the morphologies of lamella-
forming diblock copolymers in nanorod arrays have also been
studied.*!

Comparing the self-assembled morphologies of lamella-
forming diblock copolymers in 2D cylindrical confinement
with those observed in 1D confinement, it is apparent that the
perpendicular lamellae and concentric lamellae in 2D confined
systems are the counterparts of perpendicular and parallel
lamellae, respectively, in 1D confined systems. Furthermore,
stacked parallel lamellae and multiple non-lamellar structures
are obtained for diblock copolymers under 2D confinement of
a cylindrical channel with weakly preferential surfaces. >34
Among these structures, it is interesting and useful to observe
that the orientation of stacked parallel lamellae can be con-
trolled by simply tuning the selectivity of the channel-wall.
However, in the study of self-assembly of diblock copolymers
under cylindrical channels, it was found that the stacked par-
allel lamellae only occur in a narrow range of channel-wall
selectivity and channel size.[*** Thus it may be difficult to
observe these structures experimentally. Therefore, it remains
a challenge to expand the parameter space in which stacked
parallel lamellae are stable.

Meanwhile, the self-assembly of asymmetric cylinder-
forming diblock copolymers under the two-dimensional
(2D) confinement of the cylindrical channels has been ex-

17,18,20,28,29,31,35,36,38—41

tensively studied.! I Xiang et al. ob-

served that large channels (D/Ly > 4.1) lead to hexag-

s.[20] In addition, helical

onally packed cylindrical domain
structures have been observed in channels of small diame-
ter (D/Ly, = 1.1-1.5).1'7] Helices and stacked toroids have
been predicted!??-31:33-36:38401 ip theory and simulations and
confirmed experimentally?'*! to spontaneously form for
cylinder-forming diblock copolymers inside cylindrical chan-
nels. The self-assembled morphologies of a mixture of AB-
diblock copolymer and C-homopolymer in nanorod arrays
have also been investigated.[! Interestingly, helices and core-
shelled structures were predicted to spontaneously form by
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the encapsulation of the graphene nanoribbons!*’! or car-
bon nanorings!*®! into single-wall carbon nanotube, or by the
self-assembly of graphene and metallic particles.!**! The spi-
ral configuration of the graphene nanoribbons*”! or carbon
nanorings*3! takes the least amount of energy and achieves
the maximum occupancy.

In the present paper, we report a systematic investiga-
tion of the self-assembly of lamella-forming diblock copoly-
mers confined in channels of various shaped cross sections.
Our study is motivated by the following observations. First
of all, for two-dimensionally confined block copolymer sys-
tems, most, if not all, of the experiments have been car-
Further-
more, it has found that the geometry and size of the confin-

ried out with pores of noncircular cross sections.

ing channels have a large effect on the structure and symmetry
of the self-assembled morphologies for cylinder-forming di-
block copolymers. '8 Secondly, experimental studies of block
copolymers confined in channels with regular and non-circular
cross sections have been carried out. For example, the self-
assembly of sphere-forming diblock copolymers confined in
V-shaped %11 grooves, i.e., channels of triangular cross sec-
tions, has been investigated.?%>!1 It is found that the V-shaped
groove promotes the formation of a well-ordered fcc close-
packed sphere array with the (111) planes of the array par-
allel to the groove walls, which are different from those ob-
served in bulk or in cylindrical confinement. And the sphere
size in the block copolymer adjusts, depending on the com-
mensurability between the periodicity of the block copolymer
and the film thickness within the V-shaped groove.>!! Finally,
the self-assemblies of cylinder-forming diblock copolymers
confined in various shaped channels,3>>?1 sphere-forming
diblock copolymers confined in square-shaped channels, >3]
and lamella-forming diblock copolymers on sparsely nanopat-
terned substrates>*! as well as in parallel substrates filled with
square-pillar arrays,>> have been systematically investigated
theoretically or with simulation. A variety of nanostructures
not available in bulk were observed. Based on these existing
studies, it is expected that the shape of the confining geom-
etry may have a large effect on the self-assembly of lamella-
forming diblock copolymers.

In the present paper, the cross sections of the confining
channels include regular triangles, squares, and ellipses. In
the bulk, the studied symmetric diblock copolymers form a
lamellar structure with period Ly . It is found that the geome-
try and surface property of the confining channel have a large
effect on the self-assembled structure and the orientation of
the lamellar structure. Morphologies such as stacked perpen-
dicular lamellae, stacked parallel lamellae, multiple tridentate
lamellae, and several types of folding lamellae are obtained,
depending on the channel shape, size, and surface property.
The mean-square end-to-end distance and the average contact

number between different monomers are computed to eluci-
date the formation mechanisms of the different morphologies.

2. Model and method

Our simulation is based on the simulated annealing
method applied to the “single-site bond fluctuation” model of
polymers.!3-38] The simulated annealing is a well-established
procedure for obtaining the lowest energy “ground states” of
disordered systems.>-6% Qur extensive previous studies have
established that the simulated annealing and the lattice model
are appropriate for studying the self-assembly of block copoly-

t.127:29:38.391 For completeness, the model

mers in confinemen
and algorithm are reviewed briefly below.

Specifically, a diblock copolymer AgBg is considered
in this study. For this symmetric diblock copolymer with
f4 = 1/2, it has been found that it forms a lamellar phase
with period Ly = 9.33 in the bulk.[?”! In the present study,
this lamella-forming diblock copolymer is confined in a long
channel of various shaped cross sections. The shapes of the
channel cross sections used in this study include regular tri-
angles, squares, and ellipses. For a channel with a regular
triangle- or a square-shaped cross section, its size is repre-
sented by a characteristic length D,, (n = 3,4) which is related
to the side length of the corresponding regular polygon. For
ellipse-shaped channels, we need two characteristic sizes, Dey
and Dy, to represent the lengths of two axes in the x and y
directions.

The simulations are performed on a model system that
is embedded in a simple cubic lattice of volume V = Ly x
Ly x Lz. The lengths of Ly and L, are related to the char-
acteristic lengths of a given channel. In all cases, the extra
m with m = 2 is added to construct the channel. That is,
Ly=m+D; and Ly = m+ \/§D3/2 for a regular triangle-
shaped channel, L, = L, = m + Dy for a square-shaped chan-
nel, and Ly = m+ De, and L, = m+ D, for an ellipse-shaped
channel. For a given channel, its boundary is constructed by
computing and judging the distance of each lattice site to the
symmetric axis of the channel cross section based on simple
geometric relations. These sites inside the boundary determine
the channel and can be occupied by copolymers and vacancies.
Each monomer occupies one lattice site and the polymers are
self- and mutual-avoiding. The bond lengths are set to be 1
and /2 lattice spacing respectively, so that each site has 18
nearest-neighbor sites. The total monomer concentration in
the system is kept at a constant p = 85%. The lattice sites
outside the channel constitute the channel-wall which cannot
be occupied by the polymers. Periodic boundary conditions
are adopted in the z direction along the channel. The chan-
nel length is set to be Ly = 37 (Lz/Ly, ~ 4), which has been
proven to be the optimum condition.
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In all cases, only nearest-neighbor interactions are con-
sidered. The repulsive interaction between different kinds of
monomers is modeled by parameter €ap = 1.0kgT;.r, Where
kg is the Boltzmann constant and Tt is the reference temper-
ature. The A—A and B-B interactions are set to be zero and
interaction between a monomer and a vacancy is also set to be
zero. The surface preferences (characterized by the polymer-
wall interactions, €as and €pg) are set as —Exs = €ps = OLEAB,
thus the surface of the channel is strongly selective to the A
blocks. For regular triangle- and square-shaped channels, o
is varied from O to 1 with a small step. For ellipse-shaped
channels, the cases with ¢ = 0, 0.1 and 1 are studied.

The start configuration is generated by putting an array of
polymer chains onto the lattice inside the channel. The poly-
mer chains are parallel to the z direction along the channel.
These chains are either in an extended or one-fold conforma-
tion. Starting from the initial state, the ground state of the
system is obtained by executing a set of Monte Carlo simula-
tions at reducing temperatures. Simulations with several dif-
ferent random number generator seeds have been performed to
test the robustness of the observed self-assembled morpholo-
gies. Good reproducibility of the morphologies is obtained. In
the following section, self-assembled morphologies are plot-
ted in terms of the densities of A (pa) and B (pg) blocks
on each lattice site. Unless otherwise specified, the curved
surfaces with py = 0.5 and pg = 0.5 are plotted using the
Mayavi software. To render the morphologies smooth, p; is
defined as p; = N;/Nyn,, where N; and N,,,, are the numbers
of i-monomers (i = A or B) in the nearest-neighbor sites of the
given site and of the total nearest-neighbor sites, respectively.

3. Results and discussion
3.1. Channels with regular triangle-shaped cross sections

In this case, typical self-assembled morphologies formed
with the variations of channel size D3 /L, and surface selectiv-
ity a, are shown in Fig. 1 where the A-blocks are shown in red
and the B-blocks in green. As shown in Fig. 1, morphologies
are relatively simple for the limiting cases of @ = 1 and o = 0.
In the limiting case of & = 1, the channel surfaces are strongly
selective to the A-blocks. A wetting A-layer is formed near
the channel wall, and the layer presents a shape of the bound-
ary. Inside the wetting A-layer, the structure formed by the B-
blocks depends on the channel size. For a small channel with
Ds/L;, < 1.2, a B-cylinder with a roughly circle cross section
along the channel is formed. With the increase of the chan-
nel size, the cylinder gradually evolves into a triangular-prism-
shaped B-cylinder at D3 /Li, < 1.5 ~2.4. When D3/L;, 2.6,
the triangular-prism-shaped cylinder evolves into a morphol-
ogy of tridentate lamellae where each branched lamella points
to each vertex point and is perpendicular to the corresponding

side of the triangle. With widening the channel to D3 /L =~
3.7, holes occur in the center of the tridentate lamellae and
they are filled with A-blocks. With the further increase of the
channel size to D3/L;, = 3.9, a structure with the B-domain
is similar to that obtained at D3/Lj, = 1.5 ~ 2.4 but a new A-
cylinder with a circular cross section is formed in the center
of the channel. It is noticed that the tridentate lamellae oc-
cur in a wider range of & (0.3 < o < 1.0) for larger channels
with D3 /Ly, > 2.0 whereas they occur in a narrower a range
for smaller channels with D3/L; < 2.0. The morphologies
with o ~ 1 in Fig. 1 are different from and much more com-
plex than those obtained for the same block copolymer con-
fined in cylindrical channels, where only concentric-lamellae

are observed.!?’]
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Fig. 1. (color online) Self-assembled morphologies formed with the
variations of D3 /L; and o for symmetric diblock copolymers confined
in channels with regular triangle-shaped cross sections. For clarify, the
structure of the B domain is also shown for some special morphologies.
When the same type of morphology is formed at a given D3/L but in
a range of o values, only these morphologies at the two boundary o
values are shown. The color scheme in this and the following figures:
A blocks (red) and B blocks (green).

In the limiting case of o = 0, the surfaces are neutral to
both A- and B-blocks. Stacked perpendicular lamellae are ob-
tained regardless of D3 /L . It is noticed that the shape of each
lamella in a stacked perpendicular lamellar structure is a reg-
ular triangle in accordance with the shape of the confinement
boundary, and the period of lamellae is the same as Lp. It
is also noticed that the stacked perpendicular lamellae only
occur in the case of neutral surfaces, which is different from
that observed for the same diblock copolymer confined in a
cylindrical channel where perpendicular lamellae also occur

for weakly selective channels. >34
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In contrast to the two limiting cases, complex morpholo-
gies are observed for weakly selective surfaces with & = 0.1 ~
0.25. At o = 0.1, the typical morphologies can be classi-
fied into three categories. The first category consists of a
twisted B-cylinder (with D3 /Ly, = 1.2 ~ 1.7), the second cat-
egory consists of deformed perpendicular B-lamellae with a
period much larger than L;, (with D3/L;, = 1.0, 2.0, 2.4, 3.5)
where the lateral size of each B-lamella is slightly smaller
than that of the cross section, and the third category con-
sists of disordered structures (with D3/L;, ~ 2.2, 2.6 ~ 3.3,
3.7 ~ 4.1). These frustrated structures reflect the competi-
tion between the confinement and the surface selectivity. In
arange of ov = 0.15 ~ 0.2, it is interesting to notice that the
stacked parallel lamellae are the majority morphologies where
the number of A-B interfaces in a structure increases with
D/L;. For these stacked parallel lamellae, an A-rich layer
always forms on one side surface of the channel due to the A-
selectivity of the surfaces, and alternative B- and A-rich layers
fill the remaining space of the channel. Therefore, alternative
stripes of A and B domains are present on the other two side
surfaces of the channel as shown in Fig. 1. It is interesting to
notice that a transition of the number of B-rich layers from n to
n+1 occurs when D3 /Ly is slightly larger than an integer. The
frustrated morphology observed at D3 /L, ~ 2.2 and a = 0.15
can be regarded as an intermediate state in the transition pro-
cess. As shown in Fig. 1, the frustrated morphology evolves
into one B-rich layer plus a ring of B-spheres at D3 /Lj, ~ 2.2
and @ = 0.2, and into two B-rich layers at D3 /L; ~ 2.4 and
o = 0.15. When o increases to 0.25, the observed morpholo-
gies are similar to those obtained in the case with & = 1, except
some B-blocks that contact the surfaces.

In order to gain an insight into the effects of the chain
stretching and interfacial energy on the self-assembled mor-
phology and morphological transition, we compute the mean-
square end-to-end distance of chains (d2) and the average
contact number between each A-monomer and B-monomer,
Nap. Figure 2(a) shows the variations of (d2) with D3 /L.
for three typical surfaces, and as a comparison, the bulk value
is also plotted in the figure. For neutral surface (o = 0), it
is noticed that chains are always slightly compressed with re-
spect to the bulk chains, and (d2,) approaches to the bulk value
with the increase of D3/Ly. This result is similar to that in
the case when the same copolymer is confined in cylindri-

(28] For a weakly selective surface with a@ = 0.2,

cal channels.
(d%) is smaller than the bulk value for small channels with
D3 /L1 < 1.2 and is always larger than the bulk value for larger
channels with D3 /Ly > 1.3. When comparing the (d2,) curve
with the morphology shown in Fig. 1, it is noticed that the
chains in the stacked parallel lamellae obtained for weakly se-
lective surfaces are strongly stretched within larger channels.

It is also noticed that the (d2) curve oscillates as a function

of D3/Ly. Tt is interesting to notice that there is a peak in the
(d%) curve at D3 /Ly = 2.0 just before a new B-layer occurring
in the channel. At D3/L;, = 3.0, there is another peak when
the system will create a third B-rich layer. From this observa-
tion, we can deduce that the structural frustration in the form of
chain stretching is released through forming a new B-rich layer
in the system. Before each peak, (d2.) increases with the in-
crease of D3 /Ly inregions of D3 /L, =~ 1.0 ~ 2.0 and 2.6~3.0.
After each peak, (d2.) decreases with the increase of D3 /Ly in
regions of D3 /L, ~ 2.0 ~ 2.6 and 3.0 ~ 3.6. The variation of
(d%) reflects that the layer thickness is adjusted periodically
with the increase of D3/L;. For a strongly selective surface
with & = 1.0, the variation trend of (d2.) is similar to that in
the weakly selective surface case. For 1.5 < D3/Li < 2.4,
chains in the triangular-prism-shaped B-cylinder are stretched
more and more heavily with the increases of D3/L;. At
D3/Ly, = 2.6, the chain stretching is released by the morpho-
logical transition from a triangular-prism-shaped B-cylinder to
tridentate B-lamella. Another chain stretching releasing is ob-
served at D3 /L, ~ 3.9 where a new A-cylinder appears in the
center of the channels. Whereas at D3/L; ~ 3.7, the chain
stretching is not released though a new ring of A-spheres ap-
pears in the center of the channels. This is because the mor-
phologies at D3 /Ly, = 3.7 are closer to those at D3 /L, ~ 3.5
than those at D3 /L ~ 3.9, so that we can define morpholo-
gies at D3/L;, ~ 3.9 as the transition to form a new layer.
Although many morphological differences exist between the
weakly and the strongly selective surface cases, one common
feature is that the (d2,) value in these two cases increases with
increasing the channel size and the periodically morphological
transitions are driven by releasing the structural frustrations in
the form of chain stretching.

Figure 2(b) shows the variations of Nag with D3 /Ly, for
the same cases as those shown in Fig. 2(a). As a compari-
son, the bulk value of Nap is also plotted in the figure. As
shown in Fig. 2(b), for neutral surfaces, the value of Nap is
slightly smaller than the bulk value in smaller channels, and
nearly equal to the bulk value in larger channels. Combin-
ing this information and that from the (d2) curve shown in
Fig. 2(a), we can deduce that the existence of the boundary
has little effect on the chain conformation in the case of the
neutral surface. For the weakly selective surface, the value of
Nag is much smaller than that in the bulk. This observation
indicates that the stacked parallel lamellae observed at inter-
mediate ¢ values are the interfacial energy favored structures
compared with the perpendicular lamellae formed in the case
of the neutral surface. On the other hand, the Nag curve with
a = 0.2 is almost a reverse version of the corresponding (d2,)
curve. There are several minima in the Nag curve which cor-
respond to the maxima in the (d2,) curve. This observation is
reasonable considering the fact that the occurrence of a new B-
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layer will surely increase the contact between A and B blocks.
For the strongly preferential surface, the variation of Nap is
quite different from those in the neutral and weakly selective
cases. For this case, the overall variation trend of the Nag
curve decreases with the increase of D3 /Ly . The slope of the
Nap curve is sharp when D3 /L, < 2.4 where the morphology
inside the channel is a circular or a triangular-prism-shaped
B-cylinder. In the region of D3/L; = 2.6 ~ 3.5 where the
morphology is tridentate lamellae, the slope of the Nap curve
decreases. When a new A-cylinder occurs in the center of the
channel, Nap slightly increases but it is still smaller than the
bulk value.

3.0

——bulk (a)

)/ (Nb?)

2
ee

(d,

1.2 1.6 20 24 28 32 36 4.0
D3/ Ly,

——bulk (b)
1.6 ——a =0

—a—a =0.2
—~v—a=1.0

1.2+

NaB

0.8

0.4 W

1.2 16 20 24 28 32 36 4.0
Ds3/Ly,

Fig. 2. (color online) Plots of (a) the mean-square end-to-end distance
of chains (d2,) and (b) the average contact number Nap versus D3 /Ly,
for three typical surfaces in channels with regular triangle-shaped cross
sections. In panel (a), (dge) is plotted in units of the mean-square end-
to-end distance of the corresponding ideal Gaussian chain.

The effect of surface selectivity on the chain conforma-
tion is also investigated. Figures 3(a) and 3(b) show the vari-
ations of (d2.) and Nag, respectively with ¢ at three typical
channel sizes (D3 /L ~1.9, 3.0, 3.9). As shown in Fig. 3(a),
all (d2,) curves have a similar trend, and are larger than the
bulk value for selective surfaces. In each (d2.) curve, there is
apeak at ¢ = 0.1 and a minimum at @ = 0.15 follows. When
a > 0.15, the variation of a (d2) curve depends on D3/L..
For a small channel such as at D3 /L, ~ 1.9, (d2,) decreases
in the region of o = 0.15 ~ 0.5, and the value of (dZ2,) at
o = 0.5 is very close to that at @ = 1. For larger channels with
D3 /Ly, > 3.0, {d%) increases in the region of & = 0.15 ~ 0.3
and the value of (d2,) at o = 0.3 is very close to that at & = 1.

The values of (d2,) at @ = 0 and o = 1 depend on D3 /Ly as
shown in Fig. 2(a). Comparing Fig. 3(a) with Fig. 1, we no-
tice that the peak of a (d2,) curve corresponds to a frustrated
structure and the followed minimum corresponds to a stacked
parallel lamellar structure.

In Fig. 3(b), we see that all Nap curves vary in a similar
way. The Nap value is very close to the bulk value for a neutral
surface. Each Nag curve has a minimum at & = 0.15 where the
corresponding (d2,) curve presents a peak, then almost keeps
the minimum value in the range of 0.15 < o < 0.3, and at
a > 0.3 arrives at a value that is close to the value at o = 1.
From Figs. 3(a) and 3(b), it is deduced that the interfacial en-
ergy is favorable for the formation of complex morphologies
in the range of 0.15 < o < 0.3, and this favorable interfacial
energy has compensated for the entropic loss due to the chain
stretching in these morphologies.
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Fig. 3. (color online) Plots of (a) the mean-square end-to-end distance
of chains (d2,) and (b) the average contact number Nap, and (c) the sur-
face concentration of A-monomer pas versus & in channels with regular
triangle-shaped cross sections.
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The surface concentration of A-monomers is defined as
PAs = Nas/(Nas + Ngs ), where Nas (NVgs) is the average con-
tact number between each A-(B-)monomer and the surface
sites. pas as a function of « is related to the surface en-
ergy and is plotted in Fig. 3(c). From Fig. 3(c) it follows that
pas = 0.5 at & = 0, which is consistent with the fact that the
neutral surface gives no preference to the two blocks. Each
Pas curve increases with o, and reaches a maximum value of
1 at & = 0.5 for the curve with D3 /L = 1.9 and also at o« = 0.3
for the curve with D3 /Li, > 3.0. When pag reaches 1 there is
no contact between B-monomers and the surface, indicating
that the surface selectivity is strong enough. When compar-
ing Fig. 3(c) with Figs. 3(a) and 3(b) separately, it is noticed
that the values of (d2) and Nap almost keep constant when
pas = 1. However, it is also noticed that the o value at which
pas reaches 1 is larger for a small channel with D3 /L ~ 1.9
than that for larger channels with D3 /L > 3.0. This obser-
vation indicates that the surface energy is dominant for even
weakly selective surfaces at larger D3 /L.

The formation mechanism of the morphologies shown in
Fig. 1 could be discussed by analyzing the chain stretching,
the interfacial and surface energies in terms of <d§e>, Nag, and
pas, respectively. In principle, the observed morphology is a
result of the competition among the stretching energy, inter-
facial energy and surface energy. In the neutral surface case,
the surface gives no preference to the two blocks so that the
A- and B-monomers divide the surface equally, which results
in pas = 0.5 as shown in Fig. 3(c). In this case, the surface
energy equals zero and the copolymers prefer to form the bulk
morphology in which the stretching energy and interfacial en-
ergy are peer-to-peer. As aresult, stacked perpendicular lamel-
lae are obtained. In the strongly selective surface case, the
surface energy becomes a dominating factor affecting the ul-
timate self-assembled morphology. The surface is covered by
the surface-preferred A-monomers, and the tridentate lamellae
become the optimal structures inside the outermost A-layer. In
the weakly selective surface case, the competition between the
stretching energy and surface energy makes the interfacial en-
ergy turn into a dominating factor. As a result, multiple frus-
trated morphologies with a lower interfacial energy but a larger
entropic loss due to the chain stretching are formed at o¢ = 0.1.
When the selectivity reaches o = 0.15 ~ 0.2, stacked paral-
lel lamellae, with lower interfacial and stretching energies as
shown in Figs. 3(a) and 3(b), are obtained. This observation
illustrates that the stacked parallel lamellae are the optimized
equilibrium morphologies in these parameter spaces. From
the above discussion, we can see that the polymer—wall in-
teraction is very important and the value of o determines the
ultimate self-assembled morphology. The addition of surface
energy due to the confinement changes the competition be-
tween the stretching energy and interfacial energy compared

with the case of the bulk system. Different self-assembled
morphologies are spontaneously formed with the variation of
a as a result of competition among the stretching energy, in-
terfacial energy, and surface energy. The effect of single-wall
carbon nanotube on the configuration of the insertion materials
has been studied by Jiang et al.,[*”) and Li and Chen.*8! They
found that the Van der Waals interaction plays an important
role in these systems.

3.2. Channels with square-shaped cross section

In this case, typical self-assembled morphologies formed
with the variations of D4/L1, and « are shown in Fig. 4. In
the neutral surface case of a = 0, perpendicular lamellae are
observed regardless of D4 /Ly, where each lamella presents to
be of a square shape, and the period of lamellae in a perpen-
dicular lamellar structure has the value ;. For a strongly
selective surface with o = 1, concentric lamellae occur in
which the number of A-B interfaces increases with D4 /Ly .
These observations are similar to those obtained in cylindrical
channels,?®! but a detailed comparison reveals many differ-
ences. For the concentric lamellae, the shape of the outermost
interface between the wetting A-layer and the channel-surface
is always a square in the cross section, which is the shape of
the channel. However, the shape of the inner interface of the
wetting A-layer, i.e. the outermost A-B interface, depends
on D4/Ly. For small channels with Ds/L;, < 2.4, the shape
of the outermost A-B interface is a circle in the cross section
whereas for larger channels it is a square. On the other hand,
except the outermost A—B interface, the shape of the inner A—
B interface is still a circle regardless of D4/Ly . This observa-
tion indicates that the confinement effect is stronger near the
boundary and weaker in the center of the channel. It is also
noticed that the center of the channel is alternatively occupied
by an A-cylinder or a B-cylinder with the increase of the A—
B interface number. As shown in Fig. 4, the transition of the
alternatively occupying always occurs when the channel size
is slightly smaller than an integral multiple of the bulk period
(D4/Ly, =~ 1.8, 2.8), which is different from that in the cylindri-
cal channel case where the transition points occur when D/Ly,
is slightly larger than an integer, where D is the diameter of
the cylindrical channel. The reason could be attributed to the
fact that the volume of a square-shaped channel is larger than
that of a cylindrical channel with D = Dj,.

For the weakly selective surface, a rich variety of complex
morphologies are obtained. At o = 0.1, the self-assembled
morphologies depend on D4/L;. Stacked lamellae paral-
lel to one pair of the channel side surfaces (type-1 parallel
lamellae) are observed when Dy/Ly, is close to an integer
(D4/Lp, = 1.0~ 12,19~ 2.1, 2.9 ~ 3.0). For several type-
I parallel lamellar structures, we compute the order param-
eter profile along the direction perpendicular to the lamel-
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lae, denoted as the x direction, to provide detailed informa-
tion about the morphology. The order parameter is defined
as W (x) = (95()/ (94 (x) + @5.(x)). where ¢i(x) (i = A or
B) denotes the ratio of the number of the i-monomers to the
number of lattice sites in a layer at a distance x to one side
surface of the channel, and ( ) denotes the ensemble average
over all the collected configurations after equilibrium.3% As
shown in Fig. 5, ¥ (x) oscillates between 0 and 1 and the shape
of ¥(x) is square-wavelike, indicating that our simulations are
in the strong segregation regime. It is noticed that the thick-
ness of an A- or B-rich layer is roughly equal to L /2 for an
inner layer, and equal to Ly, /4 for the A-rich layer close to
the surface, insensitive to D4/Ly,. This is consistent with the
results shown in Fig. 4 where type-I parallel lamellae are ob-
served only when the channel size is commensurate with the
bulk period Ly. When the channel size is incommensurable
with L, tilted lamellae, defective single helices (S-helices)
and S-helices are observed in small (D4/L;, = 1.3 ~ 1.7), in-
termediate (D4 /Ly ~ 1.8, 2.2 ~2.7), and large (D4/Ly, ~ 2.8,
3.1 ~ 3.2) channels, respectively. It is also noticed that the
period of the tilted lamellae and the pitch of the S-helices or
defective S-helices are both much larger than L .
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Fig. 4. (color online) Self-assembled morphologies formed with the varia-
tions of D4 /Ly, and o for symmetric diblock copolymers confined in channels
with square-shaped cross sections. For clarity, the structure of domain B is
also shown separately for some special morphologies. For some concentric
lamellar structure, a cross section view is also given. When the same type of
morphology is formed at a given D4/Ly but in a range of ¢ values, only these
morphologies at the two boundary ¢ values are shown.

It is interesting to notice that type-I parallel lamellar
structures can also be obtained at o = 0.2, and even when

Dy /Ly is very far from an integer, such as at D4 /L;, = 2.4, and
2.7. Furthermore, stacked lamellae parallel to the diagonal of
the square (type-II parallel lamellae) are obtained at D4 /Ly, ~
1.8 and 2.8 with o = 0.15 ~ 0.2. Parallel lamellaec imbed-
ded into the channel with a complete wetting A-layer, are ob-
served in a wide range of D4 /L at oo = 0.2 ~ 0.35, as shown
in Fig. 4. These parallel lamellae structures are quite different
from those observed in the case of cylindrical channels.?! In
general, the numbers of A-B interfaces in type-I, type-II, and
imbedded parallel lamellae all increase with D4/L;,. On the
other hand, it is noticed that the distances between two neigh-
boring lamellae in these structures are all much larger than Ly,
for channels with relatively stronger selectivity of & = 0.3 at
Dy/L;, = 3.0 ~3.1. In addition to the stacked parallel lamel-
lae, a series of folding lamellae are obtained in large chan-
nels. As shown in Fig. 4, U-shaped and Ul-shaped lamel-
lae occur at Dy /Ly, = 2.7 ~ 2.9 and D4/L;, = 3.0 ~ 3.1, re-
spectively, in the range of & = 0.2 ~ 0.25. S-shaped lamel-
lae are observed at D4 /L1, ~ 3.0 with @ = 0.25 ~ 0.3 and at
Dy/L;, ~ 3.2 with a = 0.3 ~ 0.35. OlI-shaped lamellae are ob-
served at Dy /Ly, = 3.0 ~ 3.1 with ¢ = 0.25 and D4 /L1, ~ 3.2
with a = 0.35. Especially, lamellae with an AB-layer at the
surface are obtained at D4 /Ly, = 3.2 with o = 0.4. U-shaped
lamellae are obtained in the previous study when the same
diblock copolymers confined in cylindrical channels.!?®! Ex-
cept U-shaped lamellae, the above-mentioned other types of
folding lamellae have never been observed or predicted for the
same copolymers confined in a cylindrical channel.

1.0

ZE/LL

Fig. 5. (color online) Variations of order parameter ¥'(x) for stacked
parallel lamellae with x/L;, at o = 0.1 for different D4 /L, values.

The curves of mean-square end-to-end distance (d2,) and
the average contact number Nag versus Dy /Ly, for three typ-
ical surfaces and the corresponding bulk value are plotted in
Fig. 6. In Fig. 6(a), it is noticed that for neutral surfaces with
o = 0, chains are always slightly compressed with respect to
the bulk chains, which is similar to the cases when the same
copolymers are confined in channels with regular triangle-
shaped cross sections studied in the previous section and in

[29

cylindrical channels.!*”! For weakly (o = 0.1) and strongly

(o = 1) selective surfaces, the variations of (d2,) are similar to
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each other, where each (d2,) curve oscillates with Dy /Ly . For
the strongly selective surface case, the (d2,) curve presents two
peaks at the positions when the channel size is about a half in-
tegral multiple of Ly (D4/Ly ~ 1.5, 2.5), and two minima at
the positions when the channel size is about an integral mul-
tiple of Ly (D4/L1, ~ 2.0, 3.0). The peaks of (d2,) correspond
to conformations where the chains are in a strongly stretched
state, that is, the most frustrated case. On the other hand, the
minima of (d%) are close to the bulk value, indicating that
the conformations of chains are close to that in the bulk. By
comparison with Fig. 4, it is interesting to notice that the de-
crease of (d2) from a peak to a minimum corresponds to a
transition from a concentric lamellar structure with a central
domain of one block to that with a central domain of the other
block. This observation demonstrates that the alternation of
the center blocks is driven by the release of structural frus-
trations due to the chain stretching. For the weakly selective
surface case, the value of (d2) is much larger than the bulk
value when the channel size deviates from an integral multiple
of L. However, when D, /Ly is close to an integer, (d2.) is
slightly smaller than the bulk value. Comparing Fig. 6(a) with
Fig. 4, we notice that the morphologies with larger (d2,) cor-
respond to S-helices or complex structures with larger periods.
The minima of (d2,) correspond to the type-I parallel lamellae
in which the sizes of one A-rich-layer and one B-rich-layer are
close to the bulk period Lj, as shown in Fig. 5.

From Fig. 6(b), it is noticed that each Nap curve is almost
an inverse version of the corresponding (d2,) curve shown in
Fig. 6(a). As mentioned above, the existence of the boundary
has little effect on the chain conformation for the neutral sur-
face case. Therefore, it is reasonable that when o = 0 Napg is
very close to the bulk value. Furthermore, it is also noticed
that in the cases of weakly and strongly selective surfaces, the
values of Nap are also close to the bulk value at D4/Lj = 2.0
and 3.0, while they are much smaller than the bulk value when
D4 /Ly deviates from an integer. Therefore, it is the interfacial
energy, represented by the contact number between A- and B-
monomers, that is favorable for the formation of complex mor-
phologies.

Figure 7 shows the variations of (d2,), Nap and pas with
o at three typical channel sizes (Ds/Li, ~ 1.5, 2, 2.6). As
shown in Fig. 7(a), all the (d2) curves have a similar trend.
That is, the (d2,) value is slightly smaller than the bulk value
at o = 0, each (d2,) curve presents a peak at a small & value
where the chains are strongly stretched, and after the peak, the
value of (d2,) is close to that at o = 1. This trend is different
from that in the case when the same copolymers are confined
in channels with triangle-shaped cross sections but similar to
that in the case when the same copolymers are confined in
cylindrical channels.’?”! The Nap curves shown in Fig. 7(b)
demonstrate that the average contact number between A- and

B-monomers is close to that in the bulk phase for the neu-
tral surface case. Each Nap curve has a minimum at the o
value where the corresponding (d2,) curve (shown in Fig. 7(a))
presents a peak, after the minimum, Nap slightly increases
with the increase of a. From Fig. 7(c), it is noticed that with
the increase of o, each pag curve increases rapidly from 0.5 at
a=0tol atax~0.2.

3-0 T T T T T
—— bulk (a)
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D4/ Ly,
1.2
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o a=0
LOF —4-a=0.1
° 0.8 haw 8 = o u
<
< 0.6
041
0.2 1 1 1 1
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D4/ Ly,

Fig. 6. (color online) Plots of (a) the mean-square end-to-end distance
of chains (d2,) and (b) the average contact number Nap versus Dy /Ly,
in the case of channels with square-shaped cross sections.

Like the result for the triangle-shaped channels, the for-
mation of the morphologies shown in Fig. 4 is also due to
the competition among the stretching energy, interfacial en-
ergy and surface energy. In the neutral surface case, the sur-
face energy equals zero and stacked perpendicular lamellae
are the optimal morphologies. In the strongly selective sur-
face case, concentric lamellae with a lower surface energy
are the signature morphology. In the weakly selective sur-
face case, the interfacial energy becomes an important factor
and multiple frustrated morphologies are formed. However,
it is noticed that the frustrated structures obtained in this case
are much more abundant than those obtained in the case of
triangle-shaped channels. The reason may be attributed to the
difference in confinement geometry. For square-shaped chan-
nels, the confinement space is larger than that for the triangle-
shaped channels when D3 = D4. Therefore, much more free-
dom is provided in a square-shaped channel and the entropic
loss of the frustrated morphologies may be less than that con-
fined in a triangle-shaped channel. This observation implies
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that all of the stretching energy, interfacial energy and surface
energy can strongly affect the resulting morphologies within a
square-shaped channel.
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Fig. 7. (color online) Plots of (a) the mean-square end-to-end distance
of chains (dge), (b) the average contact number Nap, and (c) the surface
concentration of A-monomer pag versus ¢ in the case of square-shaped
cross sections.

3.3. Channels with ellipse-shaped cross sections

For channels with ellipse-shaped cross sections, typi-
cal morphologies as a function of Dey/L; are presented in
Fig. 8. In Figs. 8(a)—(c), 8(d), and 8(e), we fix De,/Ly ~ 2,
Dey /Ly = 1.5, and Dey /Dey = 1.5, respectively, while change
Dey /Ly, in steps of about 0.2. In Fig. 8(a), it is noticed that
stacked perpendicular lamellae are the unique structures ob-
tained for neutral surfaces with & = 0. For the strongly se-
lective surface with & = 1, concentric lamellae always occur
as shown in Fig. 8(b), in which the number of A-B interfaces
seems to be dependent only on the size of the minor axis. For
the weakly selective surfaces with & = 0.1 and De, /L1 & 2 as

shown in Fig. 8(c), it is noticed that when D, /Ly < 2.1, the
majority morphologies are the stacked perpendicular lamellae
except that at D¢, /L;, ~ 1.2 ~ 1.3 where a B-twisted parallel
lamellar structure is formed. The period of stacked perpen-
dicular lamellae equals Li, at Dey/L, ~ 1.5 ~ 1.9, and it is
much larger than Ly, at Dey/Li. ~ 2.1. In the B-twisted par-
allel lamellar structure, the surface-preferred A-blocks form
two thin layers along the channel and near the wall, while
the B-blocks form a twisted lamella sandwiched between the
two A-layers. When D, is larger than De, (Dey /Ly >2.2),
a series of stacked parallel lamellae along the channel with
flat or curved A-B interfaces, called type-III parallel lamellae,
is observed. Although the orientations of the stacked paral-
lel lamellae are not uniform, one common feature as shown
in Fig. 8(c) is that the number of B-layers in a stacked par-
allel lamellar structure keeps a value of 2, which is consis-
tent with the value of De,/L;. In Fig. 8(d), it is interesting
to notice that stacked parallel lamellae are obtained only at
Dey/L1. = 1.3 and followed by a B-twisted structure and a par-
allel lamellar structure at Dey/Li. = 1.5, while for the other
values of Dy /Ly, stacked perpendicular lamellae and/or undu-
lated perpendicular lamellae (Dey /Ly ~ 2.1, 4.1) are obtained.
Stacked parallel lamellae are not observed for larger channels
in Fig. 8(d) even when the length of the major axis is com-
mensurate with the bulk period Li, (Dey/Li =~ 2.0, 3.0, 4.0).
These results imply that the morphologies of stacked parallel
lamellae occur only when the length of the minor axis of the
ellipse-shaped cross section is commensurate with the bulk pe-
riod Ly. To verify this assumption, simulations with a fixed
ratio of Dey/Dey ~ 1.5 while increasing the two lengths si-
multaneously are performed, and the typical morphologies are
presented in Fig. 8(e). It is interesting to notice that stacked
parallel lamellae along the channel are observed only when
the length of the minor axis is nearly commensurate with the
bulk period at Dey/LL ~1.1,1.9 ~ 2.1, and 3.0. It is also no-
ticed that the number of B-layers in a stacked parallel lamellar
structure increases with De, /Lp. On the other hand, twisted
lamellae (at Dey /L1, =~ 1.3 and De, /Ly ~ 2.0) and imperfect S
helices (at D¢y /Ly, = 2.6 and Dey/Li ~ 4.0) are observed when
the length of the major axis is nearly commensurate with L .
The formation mechanism of these morphologies could
be discussed by analyzing the chain stretching, interfacial and
surface energies. For the case of weakly selective surfaces
with De, /Ly ~ 2, corresponding to the morphologies shown
in Fig. 8(c), the mean-square end-to-end distance and the av-
erage contact numbers of monomers as a function of D, /L1
are shown in Fig. 9. As shown in Fig. 9(a), for perpendic-
ular lamellae with period Li, (d2) is slightly smaller than
the bulk value, indicating that the chains are always slightly
compressed with respect to the unconfined chains. On the
other hand, for other morphologies shown in Fig. 8(c), (d2.) is
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much larger than the bulk value, revealing that the chains are
strongly stretched. This observation indicates that the perpen-
dicular lamellae with a period Ly, is entropy favored with less
stretching energy whereas the other morphologies endure a
high stretching energy. It is also noticed that the (d2.) value for
a type-III parallel lamellar morphology increases with increas-
ing the channel size in the range of D¢y /L ~ 2.2 ~ 3.9. The
reason for this is that the number of B-layers keeps as a con-
stant of 2 within this region, and hence the chains are increas-
ingly stretched with the increase of Dey/Li. When Dey /Ly,
increases to 3.9, two degenerated type-III parallel lamellar
morphologies are observed and only one of them keeps the
only observed morphology at Dey,/L; ~4.1. As shown in
Fig. 9(a), the (d%) values for the two degenerated morpholo-
gies at Dey/Li =~ 3.9 are quite different, and the same be-
havior occurs at Dey /Ly ~ 4.3. From this observation, we
can conclude that the morphological transition between two
type-III parallel lamellar morphologies with different orien-
tations is driven by releasing the structural frustration from
the chain stretching, and the two degenerated morphologies at
Dey /L1, = 3.9 are the coexistent state of structures before and
after the transition.
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Fig. 8. (color online) Self-assembled morphologies of symmetric di-
block copolymers confined in channels with ellipse-shaped cross sec-
tions as a function of Dey /Ly, with (a) Dex /Lt = 2, ¢ = 0; (b) Dex /Ly, =
2,00 =1; () Dex/LL =2, ¢ =0.1; (d) Dex/LL = 1.5, & = 0.1; and (e)
Dey/Dey = 1.5, 0 =0.1.

The variation of the average contact number of an A-
monomer with B-monomers, Nag, is plotted in Fig. 9(b). The

Nap equals the bulk value for perpendicular lamellae with pe-
riod Ly, and it is much smaller than the bulk value for the other
morphologies shown in Fig. 8(c). Comparing Fig. 9(b) with
Fig. 9(a), it is interesting to notice that the Nap curve is almost
an inverse of the (d2.) curve. The more stretching of chains in
a morphology, the smaller Nap is obtained. This observation
illustrates that morphologies with high stretching energies are
enthalpy favored.
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Fig. 9. (color online) Dependences of (a) the mean-square end-to-end

distance (deze), (b) the average contact numbers Nagp, and (c) Nas and

Ngs, on Dey /Ly, with Dex /L ~2 and ot = 0.1.

The variation of the average contact number of an A-
(or B-)monomer, Nas (Ngs) with the channel surface is shown
in Fig. 9(c). Itis noticed that Nag is always larger than Npg due
to the A-selectivity of the surface. The variation tendencies of
both Nas and Npg curves are similar to each other. In general,
Nas and Npg decrease with increasing the channel size except
at Dy /Ly ~ 1.2 ~ 1.3 where the Nag curve presents a peak
while the Npg curve presents a minimum, indicating that the
B-twisted lamellae formed at Dy /L1, ~ 1.2 ~ 1.3 is favored by
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the surface energy. It is also noticed that there are only small
differences in both Nas and Npg between the two degenerated
morphologies at Dey, /Ly, ~ 3.9 and 4.3.

In summary, the formation of an observable morphology
is a competition among the stretching energy, interfacial en-
ergy, and surface energy. In a small channel, the stretching
energy is the dominating factor. Perpendicular lamellae are
the optimal morphology when the length of the minor axis of
the channel is incommensurate with the bulk period. However,
when De, /Ly is slightly larger than an integer, complex mor-
phologies such as B-twisted lamellae and perpendicular lamel-
lae with longer periods could form with favorable interfacial
and surface energies to compensate for the entropic loss due
to the chain stretching. In a larger channel, the confinement
effect is weakened and the stretching energy becomes less im-
portant. Therefore, the interfacial energy becomes the domi-
nating factor. When the length of the minor axis is commensu-
rate with Ly , type-III parallel lamellae are favorable since they
have a lower interfacial energy compared with the perpendic-
ular lamellae. The reason why the stacked parallel lamellae
along the major axis have not been observed even when the
length of the major axis is commensurate with j, may be at-
tributed to the higher interfacial energy coming from the larger
A-B interfaces. On the other hand, when the length of the
minor axis equals a half integral multiple of Ly, which corre-
sponds to an extremely frustrated case, perpendicular lamellae
with their lower stretching energy are expected to be the opti-
mized structure. In fact, for the case with De, /Ly, /1.5, per-
pendicular lamellae are observed when De, < De, as shown in
Fig. 8(d). The (d%) and Nap curves corresponding to mor-
phologies in Fig. 8(d) are plotted in Fig. 10. As shown in
Fig. 10, the (d2,) and Nap values for the perpendicular lamel-
lae are similar to those shown in Fig. 9. However, when the
length of the major axis of the channel is nearly commensurate
with Ly (Dey /L1, = 2.1, 4.1), undulated perpendicular lamellae
are also observed as a degenerated morphology with the per-
pendicular lamellae. From Fig. 10, it is noticed that for the
undulated perpendicular lamellae, their (d2,) values are much
larger than the bulk value, whereas their Nap values are much
smaller than the bulk value. This observation indicates that at
those channel sizes, the entropic effect is weakened and the
interfacial energy is dominating. For the case with a fixed
Dey/Dey = 1.5, corresponding to morphologies in Fig. 8(e),
the variations of (d2,) and Nag with Dey/Li are shown in
Fig. 11. Tt is noticed that like the cases with De, /L1, & 1.5 and
2.0, perpendicular lamellae have favorable stretching energy
having a small (d2.) value. The other observed morphologies
in Fig. 8(e), including perpendicular lamellae with larger L,
stacked parallel lamellae and S helices, own a favorable inter-
facial energy to compensate for the entropic loss in the form
of chain stretching.
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4. Comparison with results of cylindrical chan-
nels

The self-assembly of lamella-forming diblock copoly-
mers confined in nanochannels with circular cross sec-
tions, i.e., cylindrical channels, has been extensively stud-
ied by experiments,!!8-21-23.241 theoretical calculation, and
simulations.[2%-26:29-30.32-35.371° A" multiple set of concentric
lamellae with the PBD block located at the wall of the
channels was observed in experiment for symmetric PS-b-
PBD diblock copolymers confined in a cylindrical channel
of alumina membranes with a selective channel-wall.!"®! Fur-
thermore, it was noticed that the center of the channels
could be PBD or PS domains depending on the diameter
of channels.?”! Concentric lamellae were observed in theo-
retical and simulation studies for symmetric diblock copoly-
mers confined in cylindrical channels with a strongly selec-
tive channel-wall, which is in agreement with the experimental
results. [25:26-29.30.32-35.37] Eop channels with neutral surfaces,
lamellae normal to the channel axis (perpendicular lamel-

5.126.29.30.33,34.36] For chan-

lae) were predicted in simulation
nels with weakly preferential surfaces for one of the blocks,
novel morphologies, such as porous lamellar (mesh) mor-
phologies, stacked parallel lamellae as well as helices or mixed
morphologies were predicted with simulations, [28-2%-32:33.3]
For channels with regular triangle-shaped cross sections,
the self-assembled morphologies are quite different from those
observed in cylindrical channels. First, concentric lamellar
structures have not been observed in this case for the stud-
ied channel sizes. Instead of concentric lamellae, triangular-
prism-shaped cylinders along the channel axis and tridentate
lamellae are obtained for strongly selective surfaces. This ob-
servation indicates that the block copolymers are to remain in
their bulk structures in channels of low-symmetric cross sec-
tions. The second difference is that the stacked parallel lamel-
lae are obtained for all channel sizes studied in the case of
weakly selective surfaces. The previous simulations!?%34! of
symmetric diblock copolymers confined in cylindrical chan-
nels showed that the stacked parallel lamellar structures oc-
cur only when the channel size is nearly commensurate with
the bulk period and with the surface selective parameter o ~
0.1.1%°1 In that case, slight deviation of the & value from 0.1
will result in the morphological transitions from stacked paral-
lel lamellae to perpendicular lamellae or to concentric lamel-
lae. Furthermore, slight deviation of the channel size from
the commensurability with the bulk period will result in mor-
phological transitions from stacked parallel lamellae to helices

5.2l In channels with regular triangle-

or mixed morphologie
shaped cross sections, stacked parallel lamellae are observed
at a wider parameter space of & ~ (.15 ~ 0.2 regardless of the
size of the channels. However, morphologies such as porous

lamellar as well as helices, observed in cylindrical channels,

have never been observed in triangle-shaped channels. On the
other hand, some common features are observed between the
two types of confinement boundaries. The stacked perpen-
dicular lamellae are observed in both cases for neutral sur-
faces. For the strongly selective surfaces, the surface pre-
ferred monomers form a wetting layer over the channel-wall
and the center domain could be occupied by either A- or B-
block depending on the size of the channels. These results
reflect that the basic principle is the same in all cases, and the
low-symmetry of triangle-shaped cross sections prevents the
system from forming concentric lamellae and helices.

For channels with square-shaped cross sections, the self-
assembled morphologies are similar to those obtained in cylin-
drical channels. Perpendicular and concentric lamellae are ob-
tained for neutral and strongly selective surfaces, respectively.
The novel structures including stacked parallel lamellae, he-
lices and U-shaped folding lamellae are obtained for weakly
selective surfaces. However, there are differences between
these two systems. For the strongly selective surfaces, it is
interesting to notice that the outermost wetting A-layer is a
square-shaped shell, and the outermost B-layer (green shell)
is a shell with different shapes of outer and inner interfaces
as shown in Fig. 4 when D4/Ly, > 2.4. The outer interface
of the outermost B-layer is in a square shape, while the in-
ner, in a circle shape. This observation demonstrates that the
effect of the boundary shape may transfer to the outermost B-
layer from the outermost A-layer. For the weakly selective
surfaces, the stacked parallel lamellae are observed in a wider
parameter space of D/L;, and « in Fig. 4 compared with the
case in cylindrical channels, which could be attributed to the
directed effect of the boundary. Type-II parallel lamellae are
obtained due to the additional orientation freedom in square-
shaped channels. In addition, the multiple folding lamellae,
such as U-shaped, Ul-shaped, OI-shaped, imbedded, lamellae
with an AB-layer at the surface, and type-II lamellae, observed
in Fig. 4, have never been observed in previous studies for the
same copolymer under cylindrical channel confinement. This
result implies that the orientation of lamellae can be manipu-
lated by fabricating differently shaped channels.

Unlike the cylindrical channel, the channel with an
ellipse-shaped cross section has two characteristic lengths,
which also makes the opportunity to control the lamellar ori-
entation by tuning the sizes of Dy and Dy. From our present
work, it is found that the stacked parallel lamellae always oc-
cur when the length of the minor axis is commensurate with
the bulk period in the case of weakly selective surfaces.

5. Conclusions

In the present work, we systematically studied the self-

assembly of lamella-forming symmetric diblock copolymers
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confined in nanochannels of various shaped cross sections us-
ing a simulated annealing method. The cross sections of the
confining channels are of different shapes including regular
triangles, squares, and ellipses. The results reveal that the ge-
ometry and surface property of the confining channels have a
large effect on the self-assembled structure and the orientation
of the lamellar structure. Stacked perpendicular lamellae with
period L1, are observed for neutral surfaces regardless of the
channel shape and size, but each lamella is in a shape of the
corresponding channel’s cross section. For selective surfaces,
the resulting morphologies depend on the shape, size, and se-
lective strength of the channel.

For the channels with regular triangle-shaped cross sec-
tions, the stacked parallel lamellae are always observed when
the surface selectivity is weak (o ~ 0.15 ~ 0.2) regardless
of the sizes of channels. When the surface selectivity is
strong enough, morphologies with a triangular-prism-shaped
B-cylinder are obtained in small channels and tridentate lamel-
lae are obtained in larger channels. These morphologies have
never been observed or predicted previously. For the channels
with square-shaped cross sections, the concentric lamellae are
observed and the outermost AB interface can be in a square
shape for strongly selective surfaces. For the weakly selective
surfaces, novel morphologies such as stacked parallel lamel-
lae, S-shaped, U-shaped, Ul-shaped, Ol-shaped, imbedded,
and lamellae with an AB-layer at the surface are obtained.
Specially, it is noticed that stacked parallel lamellae are ob-
served in a wider parameter range of D/L;, and « than those
in the cylindrical channel case. For the channels with ellipse-
shaped cross sections, the concentric lamellae are the unique
morphology for strongly selective surfaces. For the weakly se-
lective surfaces, the stacked parallel lamellae are the majority
morphologies when the length of the minor axis is commen-
surate with the bulk period, whereas when the length of the
minor axis is incommensurate with the bulk lamellar period,
the stacked perpendicular lamellae are usually obtained.

The chain conformations including the mean-square end-
to-end distance of chains (d2,), the average contact numbers
between different species and the surface concentration of A-
monomers are computed to elucidate the mechanisms of the
formation of the different morphologies. It is found that the re-
sulting morphology is a competition among the chain stretch-
ing, interfacial energy and surface energy. Our study provides
a useful tool to produce new morphologies and to manipulate
the orientation of lamellae in 2D confinement.
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