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The surface-induced effect on the morphologies of lamella-forming diblock copolymers in nanorod arrays is studied

by using the self-consistent field theory. In the simulation study, a rich variety of novel morphologies are observed

by variations in the strength of the surface field for the diblock copolymers.
are examined for the diblock copolymers in the arrays with distinct preferential surfaces.

Different surface-field-induced effects
It is observed that the

majority-block preferential surfaces have more obvious induced effects than those of minority-block preferential surfaces.

The strong surface fields exhibit different behaviours from those observed in the weak surface fields, by which the

morphologies possess cylindrical symmetries. Results from this research deepen the knowledge of surface-induced effects

in a confinement system, which may aid the fabrication of polymer-based nanomaterials.
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1. Introduction

Linear AB diblock copolymers exhibit a rich va-
riety of self-assembled morphologies in bulk due to
the repulsed interactions between their two different
blocks.

such as lamellar, cylindrical and spherical phases, as

These morphologies include typical phases,

well as a series of complicated bicontinuous phases,
which have been recently reported.!—3) Restricted by
the length of blocks, the self-assembled morphologies
of diblock copolymers are on nanoscales, which facil-
itates the fabrication of nanomaterials in a wealth
of potential nanotechnology applications, including
lithography and laser devices.!*®! Since a confinement
environment naturally exists in the block copolymer
system, its surface field or preferential surface, along
with its geometric shape, should be taken into account

in a confined system.[® In addition to the geometric
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shapes, the surface field plays a basic role in contribut-
ing the required enthalpy energy to the system during
the introduction of the confinement surfaces; this as-
pect has attracted increasing interest over the previous
decade.

Diblock copolymer thin films, i.e., diblock copoly-
mers confined between two parallel walls, have re-
ceived a large number of contributions in the experi-
mental and theoretical fields, and also in the simula-
tion field.["=24 Specifically, bulk lamellae can be in-
duced into the mixed structure: a structure with two
components of lamellae placed parallel and perpendic-
ular to the confined surfaces when the thin film has
strongly asymmetric surfaces.?*=2%! It showed that
the strengths of surface fields or the surface tensions
are crucial to the formation of these mixed lamellae.
Furthermore, diblock copolymers can be induced into

desired morphologies since the thin film has special
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patterned surfaces.['1:23:26] In the studies reported in
the literatures, surfaces have been reported to have
a strong preference to one type of block and pat-
terns have periodic characteristics such that these sur-
faces can be considered as an ideal template. In re-
cent times, many studies have contributed to the ad-
vancement in diblock copolymers confined in cylin-
drical nanopores — a confinement surface with cylin-

drical symmetry.[27—45]

These studies have usually re-
searched the surface fields and confinement sizes based
on characterization by pore diameters. For exam-
ple, Liang et al. investigated morphological depen-
dences on the strength of surface fields by using a
Monte Carlo (MC) simulation.®) In their study, sym-
metric (i.e. lamella-forming) diblock copolymers were
adopted in the strong segregation regime and several
special morphologies, such as stacked-disk and single
helix structures, were observed when the strength of
surface fields was increased for various pore diameters.
Li et al. investigated the effects of surface preference
and pore diameter on the morphologies of symmet-
ric diblock copolymers confined in nanopores by using
MC simulations,[*? in which a rich variety of mor-
phologies, including the parallel lamellae, perpendicu-
lar lamellae and cylindrically concentric lamellae, were
investigated for the symmetric diblock copolymers.
The cylinder-forming diblock copolymers exhibited
more complicated morphologies and phase behaviours
as the surface preference was varied for the various

5.[39:40.42,43] {Jpder nanopore confine-

pore diameter
ments, the bulk cylinders are forced into a series of dis-
torted morphologies, such as a double helix and perfo-
rated tubes, due to cylindrical symmetries originating
from the confinement surface. When diblock copoly-
mers are confined in a spherical space, confinement re-
quires that they can be packed into a crowded environ-
ment, leading to other types of morphologies.[27-46-53]
Usually, the lamella~-forming diblock copolymers in a
spherical space can self-assemble into morphologies
with spherical symmetries while the cylinder-forming
ones have strong body-centred symmetries with multi-
layered structures.[6:51:52] There is evidence that the
morphologies gained from thin film, nanopore and
spherical confinements can be understood based on
the match between the confinement sizes and bulk
polymer periods, as well as by the symmetric require-
ment of confinement surfaces.

However, thin film, cylindrical nanopore and
spherical confinement are provided by the inner sur-

faces of confinement boundaries. In recent times, we
investigated the morphologies of diblock copolymers
confined in nanorod and nanoparticle arrays where
confinements are provided by the outer surfaces of the
nanorods or nanoparticles.[®*=%6 For nanoparticle-
array confinement, we investigated order—disorder and
order—order phase transitions in the arrays with large
and small periods, respectively, when the strengths of
the surface field engendered on the nanoparticles were
augmented with small, stepped increments for various
diameters.[%8] These morphologies were found to have
mono- or bicontinuous structures, with cubic symme-
tries, in the nanoparticle arrays which are mainly at-
tributable to cubic symmetries from the nanoparticle
arrays. For nanorod-array confinements, the array pe-
riod plays an important role in inducing morphologies
although they almost have similar cylindrical sym-
metries. In arrays with small periods, monolayered
structures prevail while multi-layered structures ap-
pear in the arrays with large periods.’*%% We ob-
served several continuous phases of diblock copoly-
mers in the nanorod arrays with small periods by
Alterna-

tively, we focused on the confinement-induced effect

varying the strength of the surface fields.

of nanorod arrays on the morphologies of diblock
copolymers in large period arrays and complicated bi-
continuous structures have been observed for several
large nanorod arrays with individual values of surface
fields.5®] In the present work, we extend the results
from our previous works and explore the mechanism
by which the surface field affects the morphologies of
diblock copolymers in nanorod arrays with large peri-
ods. Novel morphologies are expected to be observed
for diblock copolymers confined in such a system when
the strength of surface fields is varied. In Section
2, we outline the experimental model and calculation
method, the results and discussion are presented in
Section 3. Conclusions drawn from our finding are

presented in Section 4.

2. Model and method

The model consists of two parts: the model poly-
mer and the nanorod array. We selected the model
polymer to be a lamella-forming diblock copolymer,
as shown in Fig. 1(a).

The diblock copolymers are regarded as Gaussian
chains with the volume fraction of A-blocks, fa and

polymerization index N. The diblock copolymer has
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the same statistical length, b, and, subsequently, the
radius of gyration RZ = Nb?/6. The repulsion inter-
actions between the A and B blocks are parameterized
with x/N where x is the Flory—Huggins parameter. In
the present work, we specified polymer parameters as
fa =04 and xN = 0.4, having a bulk polymer pe-
riod of Ly = 4.4R,, which are similar to the specifica-
tions applied in our previous work.[>*55 The advan-
tage of this choice is not only that it provides an op-
portunity for comparison with the previous works, but
also that the slightly asymmetric block enables com-
parison of different surface preferences. Furthermore,
the nanorod-array model is presented in Fig. 1(b), in
which only the cross section of the array is plotted
in the x—y plane with the period L, and L, in the
x and y directions, respectively. The nanorod array
is composed of periodically arranged nanorods with
solid and impermeable surfaces, having infinite length
and diameter D. A calculation unit with the peri-
odic boundary condition (the zone with dotted lines)
is introduced to construct the entire array in the sim-
ulation, as shown in Fig. 1(c). The match between the
bulk polymer period and the periodic boundary con-
dition is crucial to avoid an artificial microstructure
in a system of infinite size.[?’) In order to avoid this,
we select L, = 2L to construct the infinite length in
the z axis; and select L, = L, = 3Lg to construct the
infinite size in the x and y axes for the infinite length

array, as shown in Fig. 1(c).
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Fig. 1. Schematic illustration of lamella-forming diblock
copolymers with bulk period Lo in nanorod array. (a)
The lamella-forming diblock copolymers with bulk period
of Lo. (b) The periodic nanorod array is shown with its
cross section in the z—y plane. Here, D denotes the diam-
eter of nanorod, L, and Ly represent the array periods in
the x and y directions, respectively. The zone with dotted
lines represents the calculation unit. (c) The calculation
unit in three dimensions.

Based on a Gaussian chain model, the self-
consistent field theory (SCFT) has been proven to be

a powerful tool for exploring the novel morphologies

of block copolymers. For diblock copolymers in an ex-
ternal field, the free energy per chain can be expressed
in units of kgT for the volume V14057 49

F
= —In (Q> + %/dr[xN(;SA(éB

TL/CBT - 1%
—wapa —wdB — Uada — Undp
— P (¢o — pa — ¢B)]- (1)

Here, ¢a(p) is the corresponding monomer density
field normalized by the local volume fractions of the
blocks, wa (p) is the mean field originating from the re-
pulsion interactions between A- and B-blocks, while P
is a Lagrange multiplier that ensures the incompress-
ibility of the system. We generalize the incompress-
ibility constraint to ¢ + ¢ = ¢ and set ¢g = 0 on
the lattices inside solid rods, ¢g = 0.5 for the lattice
next to the outer surfaces of the rods and ¢9 = 1.0
elsewhere. U (p) is always non-negative and denotes
the strength of the surface field, which reflects the
short-range surface—polymer interactions between the
nanorod surfaces and A(B) blocks located on the lat-
tices next to the surfaces. Therefore, Upp) is only
applied to the lattices next to the surfaces outside
the rods.
the surface field to Ayp) = Uaem)/xN. The sin-

gle chain partition function, @, can be expressed as

Furthermore, we reduced the strength of

Q = [q(r,1)dr in the mean field wx (). The segment
distribution function, ¢(r,s), is the statistical weight
of a chain segment of contour length s containing a
free chain end and with its connected end located at
r, which satisfies the modified diffusion equation in
the mean fields, that is,

0
%q (r,s) = R§V2q (r,s) — Nwq(r,s)

with the initial condition of ¢ (r,0) = 1. Alterna-
tively, another segment distribution ¢’ (7, s) is neces-
sary, which satisfies the modified diffusion equation
multiplied by —1 on the left-hand side of the equation
and with the initial condition of ¢/ (r,1) = 1.

The free energy is minimized to a stable value
with respect to the mean fields and the segment den-
sity fields in order to obtain the equilibrium phase.
The minimization of free energy results in a set of

self-consistent equations, which can be expressed as

wa(r) =x(¢s(r) = fa) —Ua(r)+P(r), (2)
wp (1) =X (¢a (r) = fa) = Us (r) + P(r), (3)

fa
o) =~ [ dsq(r,5) g (v, 5), )

Q Jo
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oB () v dsq (r,s)q (r,s). (5)

Q Jia
To solve the above SCF'T equations, we use a combi-
natorial screening method based on the real-space im-
plementation, which was originally proposed by Drolet
and Fredrickson.[®® In the real-space implementation,
a relaxation process with iteration steps is assumed to
search the equilibrium morphology until the free en-
ergy of system is minimized to a stable value. The
real-space SCFT has been successfully used to obtain
the morphologies of the multi-block copolymers with-
out requiring assumptions about the symmetry of the

(7] During calculations, the free energy crite-

system.
rion is that the free energy difference between two se-
quential iteration steps should be less than 1.0x 1071,
Moreover, each minimization of the free energies is run
several times by using different random initial mean
fields wa and wp to ensure that the exact equilibrium
morphology has been obtained. In the present study,
we consider 0.2R, as the lattice size and divide the
chain contour length into 200 monomers, which is sim-
ilar to that applied in our previous works.[49-54:59] The
SCFT calculations are performed in a PC cluster with

25 crunodes.

3. Results and discussion

In order to examine how the surface field affects
the morphologies of diblock copolymers confined in
nanorod arrays, we selected several arrays with typi-
cal nanorod diameters and increased the strength of
surface field A, from zero to one, a degree com-
parable with the interaction among the blocks them-
selves, with steps of A),) = 0.05. In the present
work, we consider three cases, the small nanorod
case of D/Lg = 0.09, the moderate-sized rod case of
D/Ly = 0.62 and the large rod cases of D/Ly = 1.21
and D/Ly = 1.91, respectively. The morphologies ob-
served in the arrays are presented in the form of three
different colours (red, green and blue), which represent
the density distributions of the monomers belonging to
A-block, B-block and nanoparticles, respectively. The
surface-induced morphologies are shown in Figs. 24,
along with their denominations and the correspond-
ing values of A\;1,). In addition, the structures are
only drawn by either A-blocks or B-blocks, or their
cut views, in order that they are observed in a visible

manner.

3.1. Arrays with small nanorods

We consider the diblock copolymers in the
nanorod array with D/Ly = 0.09, an array with small
rods, and investigate surface-induced effects on their
morphologies, as depicted in Fig. 2. Only three types
of morphologies were observed in the arrays with small
nanorods and the A-preferential surfaces. First, we
observed the parallel lamellae (denoted as PAL) in
such an array in the absence of a surface field. The
PAL morphologies are similar to the bulk lamellae,
indicating that we can ignore the influence of the ar-
We also ob-
served PAL structures in nanorod arrays with other

ray confinement on the morphologies.

parameters where the array period is selected to be the
polymer period.[?* Certainly, the nanorod diameter of
D/Ly = 0.09 is too small to affect the morphologies in
arrays with either large or small periods. It is desirable
to investigate the effects of surface fields on such small
rods when the strength of the surface field is increased.
As expected, a complicated structure was observed
over a range of A\, = 0.05-0.85, as shown in Fig. 2(a2).
To describe this structure clearly, we divide this struc-
ture into the inner and outer zones in the calculation
unit. In the B-block matrix, the A-blocks assemble
into a continuous network with double-layered struc-
tures: one layer is close to the edge of the unit while
the other has a rhombic mesh structure between two
circular structures. Conversely, the B-blocks exhibit
an irregularly continuous cylindrical network in the
inner zone and perpendicular cylinders in the outer
zone. For the entire nanorod array, we subsequently
observed a bicontinuous network along with the cylin-
ders (denoted as BN1-C structure). This complicated
bicontinuous network accompanied by cylinders differs
from the network phase with an orthorhombic struc-
ture observed in the bulk system.[?*! The BN1-C net-
work has the same symmetry as the nanorod array
because of confinement-induced effects. Such a BN1-
C structure transits into a relatively simple structure
when the strength of surface field is increased to a rel-
atively strong range, i.e. Ay, = 0.90-1.00. As shown
in Fig. 2(a3), we observed the PAL once again in the
outer zone. We noted the appearance of a cylindrical
lamella (CL) constructed by double layers in the inner
zone. This CL structure is due to the strong adsorp-
tion effect of the surface field with respect to its cylin-
drical symmetry. Actually, such a cylindrical lamella
has been reported for diblock copolymers confined in

nanopores in experiment(??! and MC simulations. 2742
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The dependence of CL thickness on the pore diame-
ter has been predicted for multilayered structures.!*?
In this instance, we observed only the CL structure
with double layers since the surface field is not strong
enough for strength and the nanorod is too small for
its diameter. However, it is reasonable to conclude
that the multilayered CL structure in the nanorod ar-

ray will be observed in an array with a large period and

strong surface field. Therefore, the diblock copolymers
assemble into a CL-PAL structure in the entire array.
This CL-PAL structure has been observed in nanorod
arrays with a neutral surface and a relatively large rod
diameter (D/Ly = 0.21-0.27), indicating that increas-
ing the strength of the surface field is equivalent to

increasing the nanorod diameter.%?!

(a2) Aa = 0.05-0.85

(a3) Aa = 0.90-1.00

BN1-C

CL-PAL

(b1) Ap = 0-0.10)

(b3) Ap = 0.45-0.50

PAL UPAL

CPAL

(b4) A, = 0.55-0.75

(b5) Ap = 0.80-1.00

PLR-BN2

BN3-C

Fig. 2. Morphological dependences of lamella-forming diblock copolymers on the strength of surface field A, for the

arrays with D/Lo = 0.09. The values of \,(;,) and denotations of morphologies are listed below the structures. The

red, green and blue colours represent A-blocks, B-blocks and nanorods, respectively.

The slightly asymmetric blocks of the model poly-
mers enable us to compare the different effects of sur-
face fields on the major (B-) and minor (A-) blocks.
For the B-preferential surfaces, figure 2(b) depicts an
evolvement process with the strength of the surface
field. First, we observed a perfect PAL structure at a
weak surface field of A, = 0.00-0.10 [see Fig. 2(b1)].
Then, the PAL structure evolved into a slightly undu-
lating PAL (denoted as UPAL structure) over a wide
range of A, = 0.15-0.40 [see Fig. 2(b2)] and, sub-
sequently, into circularly undulated PAL (CPAL) at
Ap = 0.45-0.50, where the undulated patterns are
circular around the nanorods [see Fig. 2(b3)]. In
this evolvement process, although there is a negligi-
ble variation in pattern with increasing Ay, the di-

block copolymers still maintain the flat characteristic

of PAL. Specifically, the circular undulation appears
at A, = 0.45-0.50 because of the relatively strong sur-
face field with cylindrical symmetry. For A, = 0.00—
0.10, the surface field is too weak to influence the
lamellar patterns, while the surface field with cylin-
drical symmetry is not strong enough to adsorb the
majority blocks around the nanorod with cylindri-
cal distribution, such that the contradiction between
the cylindrical symmetry and flat characteristic of the
PAL structure results in the UPAL structure. The
UPAL structure has been observed in nanorod arrays
with small periods where the undulated orientation
is along the nanorod due to adsorption effects along
the rods.[% Here, the undulation orientation of UPAL
is perpendicular to the nanorod. However, with con-

tinuously increasing Ap, the lamellar structure transits
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into a complicated PCR-BN2 structure, at A\, = 0.55—
0.75 [see Fig. 2(b4)]. In the B-block matrix, two per-
forated lamellae with A-block layers are packed into
a cubic structure, along with a ring inside the cube
(PLR). Perforated lamellae have been extensively re-
ported for the diblock copolymers in thin film.[*3—15]
Here, we observed another type of perforated lamel-
lae, the PLR structure. From the viewpoint of B-
blocks, there is a cubic network in the outer zone while
an irregular lamella with four cylinders is in the in-
ner zone, resulting in a bicontinuous network (BN2).
It should be pointed out that this BN2 is composed
of only B-blocks and differs from the BN1 network
that is formed by two types of blocks.
der the strong surface field, the PLR-BN2 transits
into a structure with a type of cylindrical symme-
try, the BN3-C structure [see Fig. 2(b5)]. It is logical

that the strong surface field adsorbs major blocks into

Finally, un-

the nanorods with cylindrical symmetry, leading to a
cylindrical A-block lamellae near the nanorods in the
inner zone and four solid B-block cylinders in the outer
zone. The remaining parts then form a bicontinuous
network structure (denoted as the BN3 structure), so
as to constitute the BN3-C structure in the whole ar-
ray.

It is worth while here to summarize several gen-
eral characteristics of surface-induced morphologies of
diblock copolymers in arrays with small nanorods.
First, diblock copolymers have different behaviours
in weak and relatively strong surface fields. Usu-
ally, the diblock copolymers maintain the bulk PAL
structure in the weak surface field while the struc-
tures with cylindrical symmetry appear in relatively
strong surface fields in order to meet the cylindrical
symmetries from the surface field. Then, difference-
induced effects can be observed in the A- and B-
preferential surfaces. Specifically, morphologies in-
duced by B-preferential surfaces are more complicated
than those induced by A-preferential surfaces. We
only observed three types of structures, PAL, BN1-
MC, and CL-PAL structures, in the A-preferential
surfaces while PAL, UPAL, CPAL, PLR-BN2, and
BN3-C structures are observed in the B-preferential
surfaces. Thus, these differences arise from the slight

asymmetry around the blocks.

3.2. Arrays with moderate-sized
nanorods

The confinement size and shape are crucial to
self-assembled morphologies of diblock copolymers in
inner-surface-confinement cases.[®% It is expected that
surface-induced effects on the morphologies of diblock
copolymers under the outer surface confinements may
be observed with different confinement sizes. In this
subsection, we report the investigation of morpho-
logical dependences on the strength of surface field
Aaepy for arrays with D/Lg = 0.62, the arrays with
moderate-sized nanorods, as shown in Fig. 3.

First, we observed a structure, the CL-LN1 struc-
ture, with a monolayer of CL in the inner zone and
a square lamella connecting the neighbouring lamel-
lae, resulting in an irregular lamellar network (LN1)
structure in the outer zone. This CL-LN1 structure
occurs in the absence of a surface field and maintains
its pattern in the weak surface field [see Fig. 3(al)].
Although we have observed a similar CL-LN1 struc-
ture in nanorod arrays with neutral surfaces in our
previous work,[5® the result indicates that the CL-
LN1 structure is insensitive to the weak surface field.
However, when the surface field is strengthened to a
suitable degree, the CL-LN1 structure develops into
another lamellar network structure with an unchanged
CL layer, the CL-LN2 structure, at A, = 0.40-0.65
[see Fig. 3(a2)], where there are four cylinders per-
forating the lamellar network from the outer zones
(LN2 structure). Then, with increasing A,, the con-
nectivity between the neighbouring layers is strength-
ened in the outer zone over a range of A\, = 0.70-0.90
[see Fig. 3(ad)] and passes through an intermediate
morphology at A, = 0.75 [see Fig. 3(a3)], which then
brings about the complete continuity of the lamellar
network at A\, = 1.00 [see Fig. 3(a5)]. To elucidate,
the transition sequence is from CL-BN3 to CL-BN4
and then to SL-BN5 with increasing A,. It should
be pointed out that, although the lamella network
structure changes its pattern in the outer zone dur-
ing the evolvement process, it still retains the bicon-
BN3, BN4 and BN5. It

should be noted here that a similar evolvement pro-

tinuous characteristic, i.e.

cess has been reported in our previous work where
the array has neutral surfaces and the diameter is
increased.[®) Our present observation indicates that

the surface-induced effect can be made equivalent to
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that of the confinement-induced effect by varying the
nanorod diameter. Actually, the cylindrical symmetry
is strengthened with increasing A and, subsequently,

the cylindrical lamellae are fastened. However, since

the surface field is short ranged, the outer zone still
maintains the square symmetry and the difference of
symmetry in the inner and outer zones results in an

evolvement process.

(al) Aa = 0-0.35

(a2) Aa = 0.40-0.65

CL-NL1

CL-LN2

(a3) Aa = 0.70

(a4) Aa = 0.75-0.90

(a5) Aa = 1.00

CL-BN4 CL-BN5

SL-BN6

(b1) Ay = 0-0.30 | (b2) Ap = 0.35-0.45] (b3) A, = 0.50

(b4) Ap = 0.55-0.60

CL-LN1 CL-LN2 DR-LN1

CL-PAL

(b5) Ay = 0.65

(b6) Ap, = 0.70-0.75

(b7) Ap = 0.80-1.00

CL-BNT7 CL-MN1-C

CL-C

Fig. 3. Morphological dependences of lamella-forming diblock copolymers on the strength of surface field A, for the

arrays with D/Lo = 0.62. Here, The values of A,(;) and denotations of morphologies are listed below the structures.

The red, green and blue colours represent A-blocks, B-blocks and nanorods, respectively.

For the the diblock
copolymers maintain the CL-LN1 mixture structure
at A\, = 0-0.30 [see Fig. 3(bl)] and, subsequently,
transit into a CL-LN2 structure at A, = 0.35-0.45
[see Fig. 3(b2)]. This evolvement process is similar
to the observation in the case of surface preferences
to minority blocks, as shown in Fig. 3(al) and 3(a2).
A slight difference is that a wider range of A, is re-
quired to be applied on the surface than those of A,
since the slightly asymmetric blocks require the ma-
jor block to have more adsorption energies than those
of minority blocks at the same value of surface field.
Then, the CL-LN2 structure transits into an inter-
mediate structure at A\, = 0.50 (DR-LN1 structure),
with double rings (DR) in the inner zone and lamellar
network (LN1) in the outer zone [see Fig. 3(b3)]. This
CL-LN2 structure subsequently develops into several

B-preferential surfaces,

similar structures with increasing Ay, with the un-
changed CL structure in the inner zone, as shown
in Figs. 3(b4)-3(b7). At the first stage, the diblock
copolymers assemble into the structure with the CL
layer in the inner zone and PAL structure in the outer
zone [CL-PAL structure], as shown in Fig. 3(b4). It is
notable that, although this CL-PAL structure is simi-
lar to that observed in Fig. 2(a3), the difference is ob-
vious: the CL structure is constructed by the inner B-
block layers with larger diameter, due to the relatively
strong B-preferential surfaces. This fact reinforces the
fact that the fabrication of a similar structure with re-
versed blocks in nanotechnology for a desired purpose.
When the strength of the surface field is increased to
Ap = 0.65, the CL-PAL structure evolves into an-
other intermediate structure, the CL-BN7 structure,
where there is an irregular CL layer in the inner zone

083601-7



Chin. Phys. B Vol. 20, No. 8 (2011) 083601

while the bicontinuous network appears in the outer
zone [see Fig. 3(b5)]. This intermediate structure was
only observed at a very narrow range and quickly
transited into the second stage [see Figs. 3(b6) and
3(b7)]. This stage exhibits an outstanding charac-
teristic of the four cylinders appearing in the outer
zone. Specifically, there are cylinders with double lay-
ers at A, = 0.70-0.75 and with single A-block layer
at Ap = 0.80-1.00 in the outer zone. Similarly, these
cylinders originate from the strong B-preferential sur-
face that requires the structures to have more cylin-
drical symmetry in the system. Under the thin film or
cylindrical nanopore confinements, the strength of the
surface field mainly changes the orientation of paral-
lel layers®>2] or numbers of cylindrical layers.[41:42]
However, the surface-field-induced effects on the mor-
phologies of diblock copolymers in nanorod arrays are
quite different from those in thin-film and cylindrical
nanopore confinements, in which the morphologies can
be drastically reorganized by increasing Ap.

There are several general characteristics sur-
rounding the evolvement in comparison with the small
nanorod case. First, the cylinders in the outer zones,
either with double layers or a single solid layer, can
be observed in the strong B-preferential surface fields,
other than the strong A-preferential surface fields.
The reason is probably due to the slight asymme-
try about the blocks. As pointed out earlier, the B-

preferential surface field contributes more adsorption
energies to the system than those of A-preferential
surface fields and, therefore, it is easier to assemble
into cylinders at the same value of the surface field.
Secondly, we observed the same complicated evolve-
ment in the A-preferential surface fields at the mod-
erate diameter case, unlike at the small nanorod case,
which may have been caused by nanorods with mod-
erate diameters. The relatively large diameter of a
nanorod provides additional adsorption energy, lead-
ing to the complicated evolvement in the moderate-
sized nanorod case.

3.3. Arrays with large nanorods

In this subsection, we report results of our inves-
tigation of morphological dependences on the strength
of the surface field A, 1,y for arrays with large nanorods
of D/Ly = 1.21, as shown in Fig. 4, and with the
large nanorods of D/Ly = 1.91, shown in Fig. 5,
respectively. For D/Lg = 1.21 and D/Ly = 1.91,
nanorods occupy 12.66% and 31.82% of the total vol-
ume in the whole arrays, respectively, such that their
volume occupancy is drastically increased from 0.07%
in the small nanorod case to 3.35% in the moderate-
sized nanorod case. We expected to observe the dis-
tinguished morphologies of diblock copolymers under
such severe confinements.

(al) da = 0.55 (a2)

a = 0.70-1.00

(b1) Ap = 0.015|(b2) A, = 0.20-0.30

CL-C CL-MN2-C

BCL-C

(b4) A, = 0.40-0.50

(b5) Ap = 0.55

C

PEL

(b6) Ap, = 0.60 (b7) Ap = 0.65

(b8) Ay =0.70-0.95{ (b9) Ay, = 1.00

BNT BN8

MN3-C MN4-C

Fig. 4. Morphological dependences of lamella-forming diblock copolymers on the strength of surface field A, for the

arrays with D/Lg = 1.21. Here, The values of Aa(b) and denotations of morphologies are listed below the structures.

The red, green and blue colours represent A-blocks, B-blocks and nanorods, respectively.
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In nanorod arrays with neutral surfaces and
D/Ly = 1.21, diblock copolymers assemble into the
CL-C structure, where the concentric lamellae are in
the inner zone and four solid cylinders in the outer
zone. With increasing \,, we observed that diblock
copolymers maintain the CL—C structure over a rel-
atively wide range of A\, = 0-0.55 [see Fig. 4(al)].
This CL-C structure is similar to the microstruc-
ture reported in our previous work.[’”! Due to the
large confinement surface, the weak field imposed
on the surface can obviously affect the CL-C struc-
ture. As we expected, in order to meet the require-
ment of the cylindrical symmetry of surface field, the
major component becomes the mono-continuous net-
work (MN2) structure in the inner zone when the
strength of surface field is increased to A\, = 0.60-1.00
[Fig. 4(a2)]. Thus, we observed the CL-MN2-C mix-
ture structure at a relatively strong surface field. For
the A-preferential surfaces, only two structures take
part in the evolvement process, similar to the evolve-
ment process observed in arrays with small periods
where the severe confinement was also considered. [
Usually, surface-induced effects on severe confine-
ments, such as pore and sphere confinement with
small diameters, cause a relatively simple morpho-
logical transformation.[*243:51] For example, there are
only a few structures, such as parallel and cylindri-
cal lamellae, which take part into the transformation
process with increasing surface field strength.l*?l In
these processes, the symmetries of morphologies com-
monly change to accommodate the surface field. How-
ever, the present observation indicates that the above
evolvement observed in Figs. 4(al) and 4(a2) main-
tains invariable cylindrical symmetry in the process,
which is probably attributable to the short-ranged sur-
face field and the outer surface confinement provided
by nanorods.

Imposing the B-preferential surface field, we find
that a rich variety of microstructures were observed
with increasing A,. Unlike in the case of the A-
preferential surface, the slight increase in Ay can de-
stroy the CL-C structure such that diblock copoly-
mers maintain their structure only at a quite narrow
range of A\, = 0-0.15 [Fig. 4(b1)]. This insensitivity
of A\p to the CL—C structure indicates that the surface
preference for major blocks is crucial to the evolve-
ment process. With increasing Ay, the concentric
lamellae are broken at four positions because B-block
components are adsorbed into the nanorods (BCL)
while the cylinders with double layers appear in the
outer zone, so that we observed the BCL—C structure
at a narrow range of A\, = 0.20-0.30 [see Fig. 4(b2)].
For A\, = 0.35, the broken concentric lamellae graft

on cylinders and evolve into the perpendicular lamel-
lar (PEL) structure [Fig. 4(b3)]. We note that this
structure has also been observed in another type of
arrays with surface preference to the major block at
the confinement dimension d = 0.45.54 Given that
nanorod periods are three times that of the polymer
periods, three layers of PEL appear in the calculation
unit. In other words, the period of the PEL struc-
ture is the same as that of the polymer period, which
is similar to that reported in our previous work.54
At A\, = 0.40-0.50, we observed that the PEL are
broken into the discontinuous PEL [DPEL structure],
which is analogous to cylindrical arrays, as shown in
Fig. 4(b4). Tt is surprising that the PEL structure ap-
pears again at Ap = 0.55 [Fig. 4(b5)]. The PEL and
DPEL structures are observed in a very narrow range
of surface field, reflecting that these microstructures
are very sensitive to the strength of the surface field.
Then, the diblock copolymers develop into a series of
continuous structures with increasing Ay,. Specifically,
diblock copolymers transit into an irregular bicontinu-
ous network (BN7) structure at A\, = 0.60 and quickly
transit into another bicontinuous network at A\;, = 0.65
(BN8), with stronger connectivity between them [see
Fig. 4(b7)]. Subsequently, the strong surface field re-
quires that diblock copolymers have similar symmetry
so that irregular bicontinuous networks disappear in
the array and the regular structure emerges at such
surface field. Therefore, we observed a monocontinu-
ous network (MN3) structure, along with the cylinders
(C), at Ap = 0.70-0.95, in which the minor blocks ex-
hibit the lamellar characteristic and connect with each
other in neighbouring units. On the other hand, the
major blocks assemble into the concentric lamella with
a monolayer in the inner zone and four solid cylinders
in the outer zone [see Fig. 4(b8)]. Therefore, we ob-
served the MN3-C structure at A\, = 0.70-0.95, which
was slightly adjusted into the similar MN4-C struc-
ture [see Fig. 4(b9)]. We believe that the microstruc-
ture depends not only on the surface field and the
confinement dimension but also is determined by sur-
face curves and the periodic arrangement of cylindrical
surfaces.

Hence, we investigated the morphological depen-
dences on the strength of the surface field A, for
arrays with other large nanorods of D/Lg = 1.91, as
shown in Fig. 5. For the degree of D/Ly = 1.91, the
rods occupy too much space in the array such that
the inner structure is difficult to assemble in such
a crowded area. Furthermore, it is easy to assem-
ble the sphere-like (S) structure in the outer zone.
For example, there is the S structure appearing in
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the outer zone for the major blocks with the expec-
tation of the unperfected lamella (UL1) structure,
namely the UL1-S structure, occurring at A, = 0-0.45
[Fig. 5(al)]. With increasing A,, the S structure dis-
appears in the corner of the outer zone, instead of the
emergence of the generic cylinders (GC) for the major-
block component, resulting in the UL1-GC structure
at Ay = 0.50-1.00 [see Fig. 5(a2)]. For the B-block
preferential surfaces, the diblock copolymers maintain
the UL1-S structure at A, = 0-0.10 [Fig. 5(b1)] and
subsequently develop into another UL2-S structure at

Ap = 0.15-0.55 [see Fig. 5(b2)]. When the strength of
the surface field was increased to A\, = 0.60-1.00, we
observed an interesting structure, where quadrangular
PAL are placed in rows at the four corners of calcula-
tion unit in the A-block domain, namely a quadrangu-
lar lamellar (QL) structure [see Fig. 5(b3)]. In these
surface-induced processes, we observed discrete mi-
crostructures, including the S and GC structures in se-
vere confinements, similar to cylindrical and spherical
confinements where discrete microstructures also have

been reported in severe confinements.[39-40:42:46,51,61]

(al) Aa = 0-0.45

(a2) Aa = 0.55-1.00

(b1) Ap = 0-0.10

UL1-S

UL1-GC

UL-S

-

(b2) Ap = 0-0.10 |(b3) Ay = 0.15-0.55

(b4) Ap = 0.60-1.00

UL1-8 UL2-S

QC

Fig. 5. Morphological dependences of lamella-forming diblock copolymers on the strength of surface field A4, for the

arrays with D/Lg = 1.91. Here, The values of Aa(b) and denotations of morphologies are listed below the structures.

The red, green and blue colours represent A-blocks, B-blocks and nanorods, respectively.

Several general characteristics of surface-induced
morphologies of diblock copolymers can be summa-
rized in arrays with large nanorods. On the one hand,
the evolvements are relatively simpler than those ob-
served in the arrays with small- or moderate-sized
nanorods. In particular, there are a few microstruc-
tures which take part in evolvement at the surface in
preference to minor blocks because of the hard wall ef-
fects. On the other hand, the morphologies have more
cylindrical symmetries, such as the MN3-C, MN4-C
and QC in arrays with large diameters and cylindrical
structures prevail at strong surface fields, due to cylin-
drical symmetries originating from the surface fields.

4. Conclusion

In this article, we have reported results of SCFT
calculations used to study the surface-induced ef-
fects on morphologies of the lamella-forming diblock
copolymers in nanorod arrays. Not only did we in-

crease the strength of the surface field by using small
increments, but we also chose the model copolymers
to be used as slightly asymmetric diblock copolymers,
in which the equilibrium period is commensurate to
the period of array. Taking advantage of this choice,
we observed a rich variety of novel surface-induced
morphologies of diblock copolymers confined in the
nanorod arrays with different surface fields and sev-
eral nanorod diameters.

Diblock copolymers exhibited distinguishing mor-
phologies in arrays with weak and strong surface fields
in the simulation study. For weak surface fields,
we observed several bulk-like morphologies, such as
the PAL, UPAL, and CPAL structures, in arrays
with small nanorods, due to the small contact sur-
faces of nanorods. The transition sequences: CL—
LN1, CL-LN2, and CL-LN1, CL-LN2, and DR-LN1,
have been observed in arrays with moderate-sized
nanorods for A- and B-preferential surfaces, respec-
tively. This almost unchanged structure indicates that

083601-10



Chin. Phys. B Vol. 20, No. 8 (2011) 083601

the strong-ranged surface field is difficult to influence
the structural evolvement in the outer zones in ar-
rays with moderate-sized nanorods. For arrays with
large nanorods, we observed novel morphologies, in-
cluding CL-C, BCL-C, PEL, C, UL1-S, and UL2-S
structures, in arrays with weak surface fields. The rel-
atively fewer structures observed in such evolvements
indicate that these structures are insensitive to the
weak surface fields and that the diblock copolymers
have relatively stable morphologies under such con-
ditions. In addition, the diblock copolymers tend to
assemble into the structures with cylindrical symme-
tries in arrays with strong surface fields. These struc-
tures include the BN3-C, CL-BN5, CL-BN6, CL-
MN1-C, CL-C, CL-MN2-C, MN3-C, and MN4-C
structures, as well as several cylinder-like structures,
such as UL1-GC and QC structures. These structures
with cylindrical symmetries basically originate from
the strongly cylindrical symmetries of surface fields,
especially of the surface fields with large contact ar-
eas.

In addition to the various strengths of surface
fields, we also observed several distinguishing char-
acteristics of surface-induced morphologies because of
different preferential surfaces and various nanorod di-
ameters in the simulation study. The diblock copoly-
mers are obviously abundant in morphologies in arrays
with moderate-sized nanorods, with varying strength
of surface fields. The small and large nanorods
provide either too small or too large contact sur-
faces that bring about simple evolvement processes.
These results indicate that arrays with moderate-sized
nanorods are suitable for offering confinement environ-
ments with a rich variety of self-assembled morpholo-
gies. Observations of A- and B-preferential surfaces
showed that B-preferential surfaces more easily af-
fect the morphologies of diblock copolymers, in which
more novel structures were observed due to the ma-
jority blocks of copolymers. These observations on
novel morphologies with outstanding characteristics
may provide meaningful assistance for the fabrication
of nanomaterials based on block copolymers.
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