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The surface-induced phase transitions in dense nanoparticle arrays of lamella-forming diblock copoly-
mers are investigated by using the real-space self-consistent field theory. The dense nanoparticle array
provides a distinct and strong confinement environment where there are incomplete confinements in
three spatial directions. Several complicated phases with cubic symmetries, such as the monocontinuous
and bicontinuous phases, are identified in the dense nanoparticle arrays. Through adjusting the strength
of surface preference, the disorder phases are induced into the complicated order phases in the nano-
particle arrays with small periods while the ordereorder transitions occurs in those with large periods.
Investigations on the free and entropic energies indicate that these surface-induced phase transitions are
of first-order and the stabilities of order phases are intimately correlated to the strength of surface
preference. Our results enrich the knowledge about the phase behaviors of macromolecules in confined
systems, which may be helpful to fabricate the novel nanomaterials based on the block copolymers.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The linear AB diblock copolymers spontaneously form various
phases in bulk, such as the lamellar, cylindrical, spherical and more
complex phases, depending on two phase parameters, the block
ratios and interaction energies. The phase transitions, including the
ordereorder transition (OOT) and orderedisorder transition (ODT),
occur in the bulk diblock copolymer system, responding to the
alteration of these two phase parameters, especially of the inter-
action energies between the blocks that controlled by the temper-
ature [1e3]. Investigation on such phase transitions is not only
a basic problem involved in interdisciplinary knowledge, but is also
driven by a wealth of potential technological applications [4e6].
However, introducing the confinement surfaces, such as thin films,
cylindrical pores and spherical cavities, can strongly influence the
phase behaviors of diblock copolymers by varying the confinement
sizes and the short-range fields on the confinement surfaces [7].
Therefore, the confinement surface can be regarded as another
phase parameter to control the phase transitions of confineddiblock
copolymers in addition to their bulk phase parameters, which have
been demonstrated to be an efficient approach to obtain the novel
phase structures of diblock copolymers.
All rights reserved.
Usually, the thin films, cylindrical pores or the spherical cavities
provide the confinements with their inner surfaces where the
polymers are packed into a certain space. The thin film offers an
ideal template to test the confinement effects for the diblock
copolymers, which have attracted enormous contributions in the
theoretical, experimental and simulation’s sides [8e23]. Under this
one-dimensional confinement, the bulk parallel lamellae can be
compressed or stretching, or even can be induced into the
perpendicular lamellae or the mix lamellae when the confinement
sizes are changed or the strengths of surface fields are increased to
the suitable values [10e12,15,16,18]. Specifically, Tang has con-
structed the phase diagrams of diblock copolymers in thin films
arranged as strengths of top and bottom surface tensions where
the parallel, perpendicular andmix lamellae have been discussed in
detail [12]. For the confinement-induced effect, it has been
convincingly confirmed that as the system switches between two
parallel lamellae with unequal lamellar layer number, the first-
order phase transition occurs [10]. When the cylinder-forming
diblock copolymers are confined in the thin films, a rich variety of
morphologies, such as the perforated lamellae and the perpendic-
ular lamellae, can be observed through varying the film thicknesses
and strengths of surface preferences [13,14,17,20e22,24]. This
variety of morphologies was well demonstrated in the film
confinementswhen the diblock copolymers are located in the phase
boundaries in bulk phase diagram [24]. For both the lamella- or
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Fig. 1. Calculation model. (a) The sketch map of dense nanoparticle array. The
spherical nanoparticles are packed into a cubic arrangement. (b) A cross-section view
at z ¼ 0.5D. (c) A cross-section view at z ¼ 0.25D. (d) The cubic unit used in the SCFT
calculations. Here, the unit lengths at three directions are Lx, Ly,and Lz(Lx ¼ Ly ¼ Lz ¼ D),
respectively.
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cylinder-forming diblock copolymers, it was believed that the
incommensurability between the film thickness and the polymer
periods, as well as the preferential surfaces, play an important role
in inducing the phase transitions of diblock copolymers in the thin
films.

The diblock copolymers undergo another type of incommen-
surability under the cylindrical pore confinements (that is, the two-
dimensional confinement), inwhich the bulk lamellae are distorted
into multiple concentrically cylindrical shells but the cylinder
domain submits to a rich variety of distorted morphologies
[24e36]. For the concentrically cylindrical shells, their transitions
are predicted to be the first-order in Monte Carlo simulation but are
argued to be second-order in the strong segregation region by the
strong-stretching theory [32]. For the cylinder-forming diblock
copolymers, the phase transitions were observed to be controlled
with the ratio between the bulk polymer period and the pore
diameter. An example is that the structural sequence: a string of
spheres, a single cylinder, a straight band, and so on, is observed to
be the first-order phase transition as the pore diameter is increased
[35]. The phase structures gained in the spherical cavity (three-
dimensional confinement) obviously differ from those in thin film
and cylindrical pore confinements. For the lamella-forming diblock
copolymers, the parallel lamellae in bulk convert into a couple of
spherically concentric shells in order to meet the requirement of
spherical symmetries, which have been observed in experiments
[37e40] and reproduced in simulations under the spherical cavity
confinement [41e44]. Specifically, Yu et al. preformed a systematic
Monte Carlo (MC) study on the symmetric diblock copolymers
confined in spherical nanopores, and they revealed the depen-
dence of morphologies on the surface fields and confinement sizes
(that is, the sphere diameter) [43]. The cylinder-forming diblock
copolymers exhibit the diversity in the structures when the
confinement size was varied, due to the incommensurability
between the sphere diameters and the polymer periods [42,44,45].
Our recent research showed the confinement-induced effects on
the phase structures of cylinder-forming diblock copolymers under
spherical confinements where the bulk cylinders can be packed
into the multilayered structures [46]. We note that under spherical
confinement the commensurability requires the number of multi-
layered structures n for either the cylinder-forming or the lamella-
forming diblock copolymers obeys the expression, d=L0z2ðn� 1Þ,
where d is sphere diameter and L0 represents the bulk polymer
periods [43,46]. This expression has the similar format for those
obtained in the thin film confinement where the diameter is
increased to infinite, indicating that the diblock copolymers have
the similar behaviors in the limiting case [8].

Recently, we introduce the nanorod-array confinement where
the confinements are provided by the outer surfaces of nanorods
and consequently the confinements are incomplete in two spatial
directions [47,48]. Under this special confinement, the increasing of
nanorod diameter not only leads to a crowded confinement space,
but also results in the variation of confinement dimensions. The
results indicate that the surface field, that is, the preferential
surface, induces the phase transitions among a series of distorted
lamellar structures in the nanorod array with a certain diameter of
nanorod [47]. Furthermore, investigation on the free energies also
indicates that there is first-order phase transition for the lamella-
forming diblock copolymers in nanorod arrays [48]. Other than the
nanorod-array confinement, the nanoparticle array provides
another type of the outer surface confinement wherein the
confinement dimensions are also fractional but the particle
surfaces are spherical symmetries. We are aware that the dense
nanoparticle array can be constructed by the colloidal crystal
template in experiment, and the unexpected phases can be detec-
ted by the transmission electronic micrograph [38]. It is interesting
to explore how the diblock copolymer behaves in such nanoparticle
arrays. In the present work, we employ the self-consistent field
theory (SCFT) calculation method to investigate the phase transi-
tions for the lamella-forming diblock copolymers confined in the
dense nanoparticle arrays, in which the nanoparticles are
compactly arranged with a periodic cube method. By varying the
strength of surface preference, we mainly concentrate on the ODT
and OOT processes of diblock copolymers in the dense nanoparticle
arrays with several values of array periods. It is expected to
observe the novel phase structures and the corresponding phase
behaviors for the lamella-forming diblock copolymers in this
unique confinement system when the strengths of surface prefer-
ences are increased.

In the next section, we will present the model and outline the
SCFT calculation method. In the third section, we mainly focus on
the novel phase structures and discuss the surface-induced ODTs in
the nanoparticle arrays with small periods and the surface-induced
OOTs in the arrays with relatively large periods, respectively.
Conclusions are presented in the last section.

2. Model and method

We consider a system of AB diblock copolymers confined in
a nanoparticle array where the nanoparticles are cubically arranged
and the neighboring nanoparticles contact each other, as shown in
Fig. 1a. This type of nanoparticle array provides a unique confine-
ment, in which the diblock copolymers are incompletely confined
at three spatial directions, similar to the nanorod-array confine-
ment [47,48]. To illustrate this incomplete confinement in detail,
we plotted the cross-section at z ¼ 0.50D, as shown in Fig. 1b. This
cross-section shows that each nanoparticle contacts with its
neighboring ones at eight contact points, which are released at the
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other positions. For example, when the cross-section moves up to
another position, z ¼ 0.25D, as shown in Fig. 1c, the confinement
space becomes larger and the connective point disengages. This
phenomenon is attributed to the spherical symmetry of nano-
particle, obviously differs from the array confinement provided by
the nanorods having cylindrical symmetries [47]. We performed
the SCFT calculation in a cube with the size of Lx ¼ Ly ¼ Lz ¼ L, as
shown in Fig. 1d, in which the nanoparticle diameter is to be D ¼ L.
In the calculation processes, the periodic boundary conditions
(PBCs) are selected to construct the whole nanoparticle array. Since
the mismatch between the PBC and the period of bulk lamella will
result in an artifact structure corresponding to a system of infinite
size, and consequently the match between the periods of bulk
lamella and the PBCs is crucial to obtain meaningful results [11,49].
Here, we choose the calculation unit with the size of L ¼ nL0 where
n is integer, in order to meet such a match.

Based on the Gaussian chain model, the SCFT is a successful
theoretical method for studying phase behaviors of block copoly-
mers. The diblock copolymers in the nanoparticle array are
regarded as Gaussian chains with the volume fraction of A-blocks,
fA, and polymerization index, N. The repulsion interactions
between the A and B blocks are parameterized with cN where c is
the FloryeHuggins parameter. The basic treatment in SCFT is that
the multi-body repulsion interactions between the A and B blocks
are replaced by a mean field uA(B). In a confined space with volume
V and preferential surface, the SCFT free energy per chain of
diblock copolymers (in the unit of kBT) can be expressed as [24,50]

F
nkBT

¼ � ln
�
Q
V

�
þ 1
V

Z
dr½cNfAfB � uAfA � uBfB

� UAfA � UBfB � Pðf0 � fA � fBÞ�; ð1Þ

where 4A(B) is the segment density field, and the single chain parti-
tion function, Q, can be expressed as Q ¼ R

qðr;1Þdrin the mean
fieldsuA(B). The segment distribution function, q(r,s), is the statistical
weight of a chain segment of contour length s containing a free chain
end with its connected end located at r, which satisfies themodified

diffusion equation in themeanfields, that is,
v

vs
qðr; sÞ ¼ R2gV

2qðr; sÞ �
Nuqðr; sÞ with the initial condition q(r,0) ¼ 1. Since the diblock
copolymer is asymmetric, another segment distribution q0(r,s) is
necessary, which satisfies the modified diffusion equation multiply
�1 in left hand, and with the initial condition, q0(r,1) ¼ 1. In the
modified diffusion equations above, Rg is the gyration radius of an
ideal Gaussian chain for the diblock copolymer, and u ¼ uA for
0� s� fA; otherwise,u¼uB. TheCrankeNicholson scheme is used to
solve the modified diffusion equation. U(A,B) represents the surface
preference, which is a short-range surface field with non-negative
value engendering on the lattice next to the boundaries outside the
nanoparticles. Moreover, a Lagrange multiplier, P, is introduced into
the calculations in order to ensure the incompressibility of the
system. We generalize the incompressibility constraint to
40 ¼ 4A þ 4B and 40 ¼ 1 outside the nanoparticles, 40 ¼ 0.5 in the
lattice next to the boundaries, and 40 ¼ 0 inside the nanoparticles.
These generalizations ensure the representation of an impenetrate
boundary and cause the diblock copolymers confined in the nano-
particle array.

In order to obtain the equilibrium phase, the free energy is
minimized to a stable value with respect to the mean fields and the
segment density fields. The minimization of free energy results in
a set of self-consistent equations, which can expressed as

uAðrÞ ¼ cðfBðrÞ � fBÞ � UAðrÞ þ PðrÞ; (2)
uBðrÞ ¼ cðfAðrÞ � fAÞ � UBðrÞ þ PðrÞ; (3)

fAðrÞ ¼ V
Q

ZfA

0

dsq ðr; sÞ q0 ðr; sÞ; (4)

fBðrÞ ¼ V
Q

Z1

fA

dsq ðr; sÞ q0 ðr; sÞ: (5)

These equations can be numerically solved by a combinatorial
screening method based on the real-space implementation origi-
nally proposed by Fredrickson and Drolet [50,51]. The real-space
implementation is suitable for exploring the novel phase structures
of copolymers without requiring assumptions of system symmetry.
In this research, we employ the real-space implementation to
search for the phases with minimum free energies; each minimi-
zation is run several times using different random initial mean
fields uA and uB to ensure that the exact equilibrium structure is
obtained.

To investigate the different effects of surfaces preferential to the
minority and majority blocks, we choose a slight asymmetric
diblock copolymer with volume fraction of fA ¼ 0.4 and incom-
patible degree of cN ¼ 40. The diblock copolymers with these
parameters exhibit a rigid lamellar characteristic in the bulk, having
the lamellar period of L0 ¼ 4.40Rg, which is similar to the nanorod-
array confinement cases [47]. This similar choice of polymer
parameters provides an opportunity to compare their main
features of diblock copolymer phase structures between these two
systems. The main purpose of this work is to obtain the surface-
induced phase behaviors of lamella-forming diblock copolymers so
that we reduce the strength of surface preference to be lA(B)¼UA(B)/
cN for either A- or B-preferential surface and increases lA(B) at
a small step of DlA(B) ¼ 0.05. In the present work, we increase the
cubic unit size L from L0 only up to 3L0because the large unit size
requires a dramatic increasing for the computer capability. In all
calculations, we assigned 0.2Rg as the lattice constant; we divided
the chain contour length into 200 segments and performed the
SCFT calculations in a PC cluster with 25 nodes.
3. Results and discussion

We investigate the surface-induced phase transitions of diblock
copolymers confined in the particle arrays with periods of L0, 2L0
and 3L0, in which have the volumes in per calculation unit of about
0.48L03, 3.81L03 and 12.87L03, respectively (see Fig. 1d). It is reasonable
to designate the arrays with periods of L0 and 2L0 as the arrays with
small period and the array with period of 3L0as the array with large
period. The surface fields play important role in inducing the phase
transitions of diblock copolymers in the thin film, cylindrical pore
and nanorod-array confinements [12,29,47,48]. We are expected to
obtain the different structures of diblock copolymers in the arrays
with the small and large periods. The phase structures observed in
the arrays with small and large periods are sorted into several
groups. These structures are presented in the form of three
different colors (red, green and blue), representing the density
distributions of the monomers belonging to A block, B block, and
nanoparticles, respectively. In the subsections, we will first discuss
the phase structures and then investigate the phase transitions of
lamella-forming diblock copolymers in the nanoparticle arrays
with the small periods in subsection 3.1 and the arrays with the
large periods in subsection 3.2.



S. Li et al. / Polymer 51 (2010) 4994e5001 4997
3.1. The ODTs in the arrays with small periods

In the arrays with small periods, there is comparatively crowded
space for assembly of diblock copolymers. For the A-preferential
surfaces, we observe two types of phase structures in the arrays
with small periods, as shown in Fig. 2a. One phase is the disorder
(DIS) phase where the segments are distributed randomly in the
nanoparticle arrays. It is well known that the DIS phase of diblock
copolymers occupies a relatively most phase space in bulk phase
diagram arranged as the volume fraction and incompatibility
degree, which has been investigated by the SCFT and MC methods
[52,53]. In bulk, the DIS phase originates from the obvious asym-
metry about two blocks or high temperature of system. Under the
cylindrical pore or spherical cavity confinements, the DIS phases
have not been reported as far as we know, probably due to the
comparatively large sizes of confinements the previous studies
adopted [24,30,43,46]. For example, Yu et al. reported the most
crowed spherical space with diameter of d ¼ 1.5L0 where the
volume of confinement is about 1.77L03 [43]. Under this crowed
confinement, they observed the parallel lamellae instead of DIS
phases. Here, we reported the DIS phases in the nanoparticle-array
confinements provided by the outer surfaces where the ordered
distribution of segments in bulk lamella disappears into the
disordered ones because of the severe confinement conditions, that
is, the volume of the space constructed by the eight dense arrays is
about 0.48L03. Actually, we have also observed a similar DIS phase of
diblock copolymers confined in the nanorod arrays when the
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Fig. 2. The phase structures in the arrays with periods of L ¼ L0 and L ¼ 2L0 and phase
transitions induced by A-preferential surfaces. (a) The phase structures observed in the
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lA, in the arrays with periods of L ¼ 2L0 and A-preferential surfaces.
diameter of nanorod excesses the 41 percent of nanorod array
period [47]. The other phase is an order phase, designated as SAB-
LNA, in which the B-block domains are packed into a periodic
sphere array (SAB structure) in thewhole nanoparticle array. On the
other hand, the A-block matrix is adsorbed into the nanoparticle
surfaces and connects with the neighboring units at three spatial
directions, constructing a lamella network (LNA structure) in the
whole nanoparticle array. Actually, the SAB-LNA phase is a mono-
continuous structure possessing a cubic symmetry in the whole
array. Certainly, the cubically arranged nanoparticles result in the
cubic symmetry about the diblock copolymers confined in the
array. It is worthwhile to note that the SAB-LNA structure differs
from the well-known sphere phase in bulk system where the
minority block domains are packed into a body-centered cubic
arrangement. Here, we observe the SAB-LNA structure with the
cubic arranged spheres constructing from the B-blocks, which
provides an opportunity to fabricate the nanoparticle arrays
through the self-assembly of block copolymers.

Fig. 2b and c show the free energies, F/nkBT, as function of
strength of surface preferences, lA, for the diblock copolymers
confined in the arrays with small periods and A-preferential
surfaces. Fig. 2b indicates that the DIS phase appears in the array
with period of L0 and A-preferential surfaces, which is independent
of the strengths of surface preferences. In other words, the DIS
phase is insensitive to the strength of surface preference in such
crowded confinement space. Furthermore, the nearly unchanged
free energy curve indicates that there is not phase transition in this
case. In addition, we have checked the B-preferential surfaces, and
the similar results were obtained. The insensitivity of DIS phases on
preferential surface is probably due to the crowded space caused by
the small period. Specifically, in this crowed space, the total ener-
gies of surface-polymer interactions are relatively small because
of the relatively small surface of nanoparticles, leading to the
insensitivity of DIS phases on the preferential surface. When the
array period is increased to be 2L0, the diblock copolymers exhibit
the different phase transition behaviors in the nanoparticle arrays
with A-preferential surfaces, as shown in Fig. 2c. Once again, we
observed the DIS phase at the weak strength of surface preference.
However, the DIS phase can transit into an order phase, the SAB-LNA
phase, when the surface preference is increased to the certain
strength. This phase transition is clearly displayed in Fig. 2c,
wherein an abrupt change of free energy occurs at the point of
lA ¼ 0.2. The abrupt jump of free energy indicates a signal of first-
order phase transition for the diblock copolymers confined in the
nanoparticle arrays with small periods. Moreover, it is convincing
that the obvious structural variations appear in this first-order ODT
process. Originally, the segments of diblock copolymers distributes
randomly in the crowded confinement space, exhibiting the DIS
phase, and subsequently the preferential surface enforces the
A-blocks into the surfaces orderly when lAincreases. As a result, the
long-range order structure, that is, the SAB-LNA phase, is induced
through the preferential surfaces when the strength of surface
preference is strong enough.

The slight asymmetry of two blocks enables us to investigate the
phase structures and the corresponding phase behaviors of diblock
copolymers confined in the nanoparticle arrays with different
preferential surfaces. For the arrays with B-preferential surfaces,
we observe another order phase structures in the array with period
of 2L0, as shown in Fig. 3a. In the A-block domain, the bulk lamella
structures are pushed into the unit edges, which forms several
cylinder-like structures and construct the cylinder network (CNA
structure) in the whole array. On the other hand, the B-block
domain distributes near the nanoparticle surfaces, which forms the
concentric lamellae (CLB structure) with a somewhat connectivity
with each other, as shown in Fig. 3a, due to the B-preferential
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surfaces. We note that the CNA-CLB phase is a bicontinuous network
structure where both the A and B block domains are periodically
continuous at three spatial directions. Actually, several bicontin-
uous network structures, such as the plumber’s nightmare struc-
ture, have been reported in the previous works for the diblock
copolymers in the bulk system [54e56], which can be explained by
the mathematical description through the minimal surfaces and
spatial symmetry [57,58]. Here, the CNA-CLB phase is caused by the
preferential surface that provides the adsorption energy instead of
the entropic force.

For the B-preferential surfaces, we investigate the phase transi-
tions in the arrays with period of 2L0, the small period array, as
shown in Fig. 3b and c. Fig. 3b shows F/nkBT as function of lB. The
results indicate that the weak B-preferential surface does not
influence the DIS phase. When lB is increased to a certain value, the
phase transition occurs at lB ¼ 0.45, as shown in Fig. 3b. Similarly,
this phase transition is also of first order, since the second-derivate
of free energy is discontinuous.We are aware that the value of phase
transition point is bigger than those obtained in the A-preferential
surfaces. This fact reminds us that it needs stronger strength of
surface preference to engender the phase transition in this case. This
is due to the entropic effect caused by the asymmetric diblock. The
minority block prefers to the neutral surface, which is called “hard-
wall” effect [59], so that it needs stronger lB to overcome the
spontaneous distribution of minority blocks on the surfaces. In
another word, the hard-wall effect produce an additional entropic
force only for adsorbing the minority blocks (A-blocks), therefore it
need relativelyweak lA to realize the ODT process. Furthermore, we
plotted the entropic energy,�ln(Q/V), as function of lB in Fig. 3c. The
result further indicates thefirst-order phase transition occurs at this
ODT process. On the other hand, it is naturally that the CLB structure
and consequently the CNA-CLB phase, will be more stable with the
increasing lB, because the surface adsorbs the corresponding blocks
more tightly. The evidence is shown in Fig. 3c where the entropic
energy increases with lB.

We would like to summary several characteristics of phase
transitions in the nanoparticle arrays with small periods. The most
outstanding feature is that the preferential surface induces theODTs
in the nanoparticle arrays with small periods. The previous works
have reported that the ODT is the first order for the asymmetric
diblock copolymers but is the second order for the symmetric
diblock copolymer in the thin film and spherical pore confinements
when cN decreases [60,61]. Here, the surface-induced ODT
processes are observed to be the first-order because of the obvious
changes on the free energy curves, accompanying the obvious
structural alterations. In the surface-induced cases, the confinement
entropy loss and interfacial energy have the contribution to the free
energy for the diblock copolymers with the given cN according to
Eq. (1), unlike the thermal-induced ODT cases where the enthalpic
and entropic balance are determined by the incompatibility degree
cN [1]. Although the surface-induced ODT processes are controlled
by the strengths of surfacefield, the induced effects are analogous to
the thermal-induced ODT process. Another characteristic is that the
different preferential surfaces play distinct roles on inducing the
ODT processes in two aspects. On the one hand, the A-preferential
surface induces the monocontinuous phase, the SAB-LNA network
structures, while the B-preferential surface induces the CNA-CLB
phase with the bicontinuous network structure. On the other hand,
the phase transition induced by B-preferential surfaces has a delay
at the transition point from those by A-preferential surfaces. These
ODTs are induced in the confinement environment by the prefer-
ential surface instead of the polymer parameters, which deepens
our knowledge about the phase transitions in confined systems.

3.2. The OOTs in the arrays with large periods

It is expected to observe the novel phase structures and tran-
sitions of lamella-forming diblock copolymers in the nanoparticle
arrays with large periods. The previous work have reported that the
diblock copolymers exhibit complex phase structures and undergo
a series of phase transition processes under the cylindrical and
spherical confinements [24,30,46]. Here, we investigate the phase
structures and the corresponding transition behaviors of diblock
copolymers in the nanoparticle arrays with relatively large periods.
The order phase structures observed are sorted into several groups,
as shown in Fig. 4, and their transition behaviors are presented in
Fig. 5. In order to observe the phase structures clearly, we plotted
the three-dimensional structures by A and B segments distribution,
and their cut views, respectively.

Fig. 4a show the SAA-CLA-CNB phase structure. In this structure,
the A-block domains are constructed by two-layer structures due to
the relatively large confinement space. The outer layer in the
calculation unit is eight spheres in the corner, constructing a cubi-
cally arranged sphere array (SAA structure) in the whole nano-
particle array, while the inner layer is a concentric lamella (CLA
structure) near the nanoparticles with aweak connectivity with the
neighboring nanoparticles at three directions. On the other hand,
the B-block domain exhibits several cylinders connected each other
at the edges of calculation unit, and constructs a cylinder network
(CNB structure) having a cubic symmetry in the whole array.
Therefore, it is a bicontinuous structure packing a sphere array into
a cubic arrangement in the whole nanoparticle array. Fig. 4b shows
another phase structure, the SAA-NLA-HSB structure. Similarly, the
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Fig. 4. The phase structures in the arrays with periods of L ¼ 3L0. (a) The SAA-CLA-CNB

monocontinuous structure. (b) The SAB-NLA-HSB phase structure. (c) The SAB-CLB-CAN
phases. The A-block and B-block domains are displayed, respectively.
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A-block domain is a double layer where eight spheres appear in
the corner of unit and composed of sphere array (SAA structure) in
thewhole nanoparticle array. However, the inner layer is close to the
nanoparticle surface and composed of the network lamellae (NLA
structure) in the whole array. The space between the inner and
outer layers is filled with the B-block domain, exhibiting a hollow
sphere (HSB structure) array. Clearly, it is a monocontinuous struc-
ture where the B-blocks are separated with the inner and outer
layers of A-blocks. In fact, the SAA structure and HSB structure
combine into a two layers of solid sphere array. We have observed
multilayer structures of diblock copolymers under the spherical
confinements and nanorod-array confinements when the confine-
ment size is increased [46,48]. It is reasonable to predict that the
multilayer solid sphere might be observed in the nanoparticle
arrays with the larger periods. It is interesting that we observe
a SAB-CLB-CNA phase structure, as shown in Fig. 4c. This SAB-CLB-
CNA structure is very similar to the SAA-CLA-CNB structure shown in
Fig. 4a. Although they have the similar domains, these domains are
filled with the different blocks. It is worthy to point out that the
preferential surfaces adsorb a layer of the corresponding block
domain into the nanoparticle surfaces, resulting in a reversal of the
SAB-CLB-CNA structure to SAA-CLA-CNB structure. The previous
investigations reported the curving lamellae absorbing into the
outer surfaces of nanoparticles [38]. Here, we observe two types of
bicontinuous structures with the same patterns caused by the
preferential surfaces. This observation reminds us that the different
characteristic of nanomaterials may be fabricated with the same
patterns.
These three phase structures obtained have several general
characteristics. First, they all have the cubic symmetries, similar to
the small period cases. This cubic symmetry is mainly due to the
cubically arranged nanoparticles in the whole array, which requires
the diblock copolymers inside having the cubic symmetry in the
outer zones. Secondly, the nanoparticle surface has the spherical
symmetry, and this fact requires the diblock copolymers inside
have the spherical symmetry near the inner zones. These two
different symmetries conflicts in their interfaces between the inner
and outer zones, resulting in the complex phase structures. Another
important characteristic is that the double-layer structures appear
in the large period cases. All three types of phase structures exhibit
the double layers for either A-blocks or B-blocks domains. The
double layer attributes to the large periods while the single layer
can be observed in the small period cases. In addition, the DIS phase
cannot be observed in such large confinement space, which
confirms our above argument that the small confinement space
results in the DIS phase.

Then,we investigate the phase transitions of diblock copolymers
in the nanoparticle arrays with large periods. We plotted the free
energies and entropic energies as function of surface preference
strength in Fig. 5. For theweak preferential surfaces, we observe the
SAA-CLA-CNB phase structures regardless of the surfaces either
preferring to A-blocks or B-blocks. When l � 0.25, the system
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maintains the SAA-CLA-CNB phase structure, which is independent
of either A-preferential or B-preferential surfaces. This fact indicates
that the phase structure is insensitive to the weak strength of
surface preference. However, the different preferential surface
behaves as distinct manners when the strength of surface prefer-
ence is increased. As mentioned before, the A-block prefers to the
neutral surface due to the hard-wall effect [59], which means that
the structures in the arrays with A-preferential surfaces (the short-
range interaction) is probably similar to those in the arrays with
neutral surfaces. For the A-preferential surfaces, the free energy
decreases smoothly as the preference strength is increased. This
behavior indicates that there is not phase transition of diblock
copolymers in the arrays with A-preferential surfaces, which is also
confirmed by the fact that the diblock copolymers maintain the
SAA-CLA-CNB phase structure in the process. But, this is not the
case in the B-preferential surfaces, as shown in Fig. 5a, which two
jump points are observed in the free energy curve. These two jump
points indicate that there are phase transitionswhen the strength of
surface preference is increased. Obviously, these phase transitions
are of first order, since the first-derivates of free energies are
discontinuous. This first-order OOT accompanies an obvious struc-
tural transition in the processwhere the transition sequence is from
SAA-CLA-CNB to SAA-NLA-HSB and then to SAB-CLB-CNA. Here, the
observations on the phase behaviors are similar to our recent study
where the diblock copolymers undergo the first-order OOT for the
diblock copolymers confined in the nanorod arrays [48]. But, we do
not observe the second-order phase transition, unlike the cases of
nanorod-array confinement. We also plotted entropic energies,�ln
(Q/V), as function of surface preference strength, l, in Fig. 5b. The
curves further indicate that the phase transition is of first order.
The increasing of entropic energies indicates that the system
became more stable as l increases, because the surface adsorbs the
corresponding block more tightly for the increasing l. This trend
indicates that the effect of preferential surface not only induces the
OOTprocesses, but also enhances the systemstability in some sense.
Here, the first-order OOTs of diblock copolymers in nanoparticle
arrays have two characteristics which differ from those observed in
the integral confinement-dimension cases. One is that the phases
maintain the invariable symmetry, the cubic symmetry, in the
surface-induced transition processes. However, the symmetry
usually varies in the OOTs of diblock copolymers in the thin film,
cylinder pore, and spherical cavity confinements. For example, the
parallel lamellae structure can transit into the mix lamellae when
the strength of surface preference increases [12]. The other is that
the structural transition occurs between the monocontinuous and
bicontinuous network structures during the OOT processes in the
present work, however, there are not network structural transitions
observed in the cylinder pores and spherical cavities due to the
complete confinement in the certain directions [29,30,43,46].

It is necessary to summary the phase behaviors in the large
period cases by comparing them to those in the small period cases.
The similarity is in two aspects: one is that the order phases
observed in their phase transitions are both the continuous network
structures with cubic symmetries, either the bicontinuous struc-
tures ormonocontinuous structures in thewhole arrays; the other is
about the phase transition order where the first-order phase tran-
sition are found in both cases by investigating the discontinuities in
the first-derivative of free energy curves. Although these two cases
have some similarities, the difference is obvious in several aspects.
First, the ODT processes are only observed in the arrays with small
periods, since the crowed space leads to the DIS phases while
disappears in the relatively large space. However, the OOT processes
are observed in the arrays with relatively large periods. Secondly,
the slight asymmetry about the diblock plays different roles on the
phase transitions in the large period arrays with the B-preferential
and A-preferential surfaces. Namely, the OOTs can be induced by
the B-preferential surfaces, which might be insensitive to the
A-preferential surfaces in the large period cases. However, there are
the ODTs are induced in the small period cases, in despite of either
A-preferential or B-preferential surface.

4. Conclusion

We have preformed the SCFT calculations to study the surface-
induced phase transitions of diblock copolymers in the nanoparticle
arrays. The DIS phase and several continuous phases were observed
in the arrays with the small and large periods, respectively, which
differ from the other confinements. The complicated continuous
phases include the SAB-LNA and SAA-NLA-HSB monocontinuous
phases and the CNA-CLB, SAB-CLB-CNA and SAA-CLA-CNB bicontin-
uous phases, exhibiting the cubic symmetries in the nanoparticle
arrays, which can be understood based on the spherical symmetry
originated from the nanoparticles and the cubic symmetry from the
nanoparticle arrays. On the other hand, the surface-induced phase
transitions between these observed phases were investigated by
their free energies and entropic energies. In the arrays with small
periods, the ODT sequence: DIS-(SAB-LNA) and (CNA-CLB) phases
were observed for the A- and B-preferential surfaces, respectively.
The surface-induced ODTs were different from those thermal-
induced ODTs, which can be reasonably explained by the confine-
ment effects. For the arrayswith large periods, we observed the OOT
sequence: (SAA-CLA-CNB)-(SAA-NLA-HSB)- (SAB-CLB-CNA) for the
B-preferential surfaces, in which the structures maintain the fixed
cubic symmetry. Furthermore, the results indicate that the A- and
B-preferential surfaces have the different induced effects because
of the slight asymmetric diblock. The investigations on the free
energies indicated that both the ODTs and OOTs are of first order in
the surface-induced phase transition processes. The results on the
entropic energy not only further confirm the first-order phase
transitions in the ODTs and OOTs, but also indicate that the system
becomes more stable when the strength of surface preference
increases. Our observations reveal the novel phase structures in
adistinct confinement system,whichnotonlyenrich ourknowledge
about the phase behaviors of macromolecules in confined systems,
but also may be helpful to fabricate the novel nanomaterials.
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