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a b s t r a c t

We applied a real-space self-consistent field theory to investigate the concentric lamella structures of
symmetric diblock copolymers confined in the cylindrical nanopores with the preferential surfaces. The
symmetric diblock copolymers are selected to locate in the very weak and strong segregation regions
where the lamellae obviously exhibit the ‘‘soft’’ and ‘‘rigid’’ characteristics, respectively. For the soft
lamellae, the cylindrical confinement induces the soft concentric lamella structure with the same
thickness as the bulk lamellar period, except that the thickness of the innermost layer depends on the
confinement degree. For the rigid lamellae, the cylindrical confinement not only induces the rigid
concentric lamella structure having the linear dependence on the confinement degree, but also results in
several novel morphologies, such as the connective concentric lamella and the broken concentric lamella
structures. The results are quantitatively discussed in a wide range of confinement degree and can be
reasonably understood based on symmetry breaking and structural frustration. In addition, our results
are quantitatively compared to the available observations from the simulations and experiments, which
are in good agreements and may be helpful to experimentally fabricate the ordered nanostructures on
the large scale.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In order to achieve the delicate balance between the chain
stretching energy and the interfacial energy among the block
domains, the diblock copolymers can self-assemble into a variety of
morphologies in the bulk, ranging from the classical equilibrium
structures to the recently reported Fddd structures [1–3]. However,
the geometric confinements, such as the thin film and the cylin-
drical nanopore confinements, can break the bulk balance and
subsequently induce the novel structures of diblock copolymers
through reorienting the commensurability between the confine-
ment surface and the bulk polymer period. An obvious advantage of
introducing confinement is that its geometric structure can be used
to produce the novel morphologies that are not accessible in the
bulk [4]. In general, these confinement-induced structures are on
the nanometer length scale, which are of fundamental interests in
polymer science and have a great potential for applications in
nanotechnology [5–7].
ng@hzcnc.com (L. Zhang).
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The simplest example of a block copolymer is a symmetrically
linear AB diblock copolymer, which exhibits the lamellar
morphology in the bulk over a wide range of segregation degree
[8,9]. Recently, the symmetric diblock copolymers confined in the
cylindrical nanopores are attracting significant interesting in the
experimental and theoretical sides, as well as in the computer
simulations. It has demonstrated that the symmetry breaking and
structural frustration cause a rich variety of microstructures for the
symmetric diblock copolymers confined in the cylindrical nano-
pores. For example, the slab structures have been observed over
a wide range of the pore diameter by means of Monte Carlo (MC)
simulation when the nanopores have the neutral surfaces [10–12].
Furthermore, the slab structure can be undulated in the pores with
the small diameters in the presence of weak preferential surfaces
[13]. In these cases, the symmetry of the bulk lamella plays a domi-
nant role in the self-assembly, and the symmetric diblock copolymer
exhibits the lamellar structure that maintains the orientation normal
to the pore axis. For the moderate degree of the pore diameter, the
incommensurability between the pore size and bulk lamellar period
results in a series of novel morphologies including the lamellae
parallel to the pore axis, helices, catenoid cylinders, and mesh
structures [11,12,14–16]. Furthermore, the symmetry of bulk lamella
can be completely broken by imposing the strong preferential
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Fig. 1. Sketch map of cylindrical confinement and CL structures. a. The pore with
diameter D and infinite length in z direction. b. The concentric lamellae with n¼ 2. The
outermost solid circle represents the pore surface, the inside solid circles represent A–
B interfaces, and the dashed circles represent the assumed A–A or B–B interfaces in the
strong segregation limits. Ri denotes the i-th radius of concentric circle interfaces.
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surface, which requires the lamella to accommodate into a con-
centric lamella (CL) structure. The symmetric diblock copolymer is
a good candidate for observing the CL structures so that the CL
structures were observed in the MC simulation for the first time [17],
and also in the dynamic density functional theory (DDFT) simulation
[10] and the dissipative particle dynamics (DPD) simulation [18].
Subsequently, the CL structures of diblock copolymers were exam-
ined in the experiments by the transmission electron microscopy
(TEM) [19–21]. Recently, the CL structures were investigated quan-
titatively by means of MC method, which is in good agreement with
the strong-stretching theory (SST) [12,13]. Meanwhile, Li et al. have
employed the self-consistent field theory (SCFT) to observe the CL
structures where the confined phase diagrams of diblock copolymers
were also mapped out [22].

The CL structure not only exists in the diblock copolymer melts,
but also appears in the other systems under cylindrical confine-
ments, including the polydisperse diblock copolymers and diblock
copolymer mixture melts. For instance, the CL structures (concen-
tric strips) were observed using MC simulation in the polydisperse
diblock copolymers under the circle confinement, and the effects of
polydispersity index on the CL structures were investigated for the
different confinement degrees [23]. Zhu and Jiang reported the CL
structures in the A15B7/B7C15 diblock copolymer mixtures under the
cylindrical confinements where the lamella layers are formed with
an arrangement sequence of A–B–C–B–A–B–C–B–A as the surfaces
prefer to A-blocks [24]. Furthermore, the CL structure can even be
observed in the diblock copolymers under the other types of
confinements or even in the selective solvents. For the ABC triblock
copolymers in selective solvents, when the solvents are selective
for the terminal A and C blocks the cylindrical micelles can be
observed by atomic-force microscopy (AFM) and TEM [25]. These
tubular micelles indeed are similar to the CL structure observed in
the diblock copolymer melts. More recently, we preformed an SCFT
calculation to investigate the monolayer of CL structure in a peri-
odic array with the small array period and the preferential surfaces
[26]. The study revealed that the concentric monolayer is due to the
strong cylindrical symmetry originating from either the cylindrical
surface field or the cylindrical confinement.

All these studies have demonstrated that the CL structure is an
interesting morphology extensively existing in the various polymer
systems. However, these previous works mostly concentrate on the
qualitative observations on the CL structures by using the experi-
mental and computer simulation’s methods. This fact reminds us
that further understandings into the characteristics of CL structures
are still necessary for the symmetric diblock copolymers. Here, we
employed the SCFT calculation method to quantitatively investigate
the CL structures of symmetric diblock copolymers under cylin-
drical confinements in the very weak and the strong segregation
regions. Our main purpose is to explore the distinct characteristics
of CL structures as well as the novel structures in these special
regions over a wide range of pore diameter. The present report is
organized as follows. In the next section, we will outline the SCFT
calculation method. In the third section, we discuss the CL struc-
tures of symmetric diblock copolymers confined in the cylindrical
nanopores, in which the CL thicknesses are quantitatively analyzed
by the SST and compared to the available observations in the very
weak and strong segregation regions. Conclusions are presented in
the last section.

2. Calculation method

We consider a system of symmetric diblock copolymers
confined in a cylindrical nanopore, having the diameter D and the
infinite length at z direction, as shown in Fig. 1a. The n linear AB
diblock copolymers are regarded as the Gaussian chains with the
same average volume fractions of A- and B-blocks (f¼ 0.5). In the
external field, the free energy per chain of diblock copolymers
confined in the nanopore with the volume V can be written in the
unit of kBT as follows [27–30],

F
nkBT

¼ �ln
�

Q
V

�
þ 1

V

Z
dr½cNfAfB � uAfA � uBfB þ UAfA

þUBfB � Pðf0 � fA � fBÞ�: (1)

Here, the logarithmic term, �ln(Q/V), represents the entropic free
energy from the chain stretching. The partition function of a single
diblock copolymer, Q, can be expressed as, where the propagator,
q(r, s), denotes the probability of any monomers at position, and
satisfies a modified diffusion equation,

v

vs
qðr; sÞ ¼ R2

gV2qðr; sÞ � Nuqðr; sÞ: (2)

with the initial conditions q(r, 0)¼ 1. Here, Rg is the radius of
gyration for an ideal Gaussian chain with the polymerization index
N. For the diblock copolymer, when 0� s� f, u¼uA, otherwise
f< s� 1, u¼uB. In most cases, the conjugated propagator q0(r, s)
should be used to express the diffusion from the other end of
polymer chain. This conjugated q0(r, s) satisfies Eq. (2) only with the
right-hand side multiplied by �1, and the initial condition, q0(r,
1)¼ q0. In the present work, we used the Crank–Nicholson scheme
to solve the modified diffusion equation, which has been proved to
be an efficient for the various confinement boundaries [28–32].

The integral term gives the energies from the block interacting
with each other and the external fields. The denotation cN repre-
sents the repulsion interaction strengths between two blocks
where c is the Flory–Huggins parameter. The self-consistent fields,
uA(B), are originated from the repulsion interactions between A-
and B-blocks, while fA(B) are the monomer density fields normal-
ized by the local volume fractions of blocks. The denotation P is
a Lagrange multiplier that ensures the incompressibility of system.
Here, we generalize incompressibility constraint to be fAþ fB¼ f0,
and simplify the form

f0ðrÞ ¼

8<
:

0 r ¼ 0 or D
0:5 D > r � D� 0:2Rg or 0 < r � 0:2R
1 D� 0:2Rg > r > 0:2Rg

; (3)

where r is the distance form the pore surface along the radius
direction. The strengths of surface preferences, UA(B), are in the unit
of cN, reflecting the short-range surface–polymer interactions
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Fig. 2. Example of the soft CL structures confined in the small pore with D¼ 16.8Rg.
Here, cN¼ 15 and hA¼ 0.5. a. The free energy per chain F/nkBT as function of iteration
step Ns. The morphologies are also inserted in the corresponding positions. b. The
monomer density profile fA(r) as function of r, and the corresponding thicknesses are
also labeled.
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between the pore surfaces and A(B) blocks, which have the simple
form,

UAðBÞðrÞ ¼
�
�hAðBÞcN r ¼ D� 0:2Rg or r ¼ 0:2Rg
0 0:2Rg < r < D� 0:2Rg

(4)

Here, the coefficients hA(B) are non-negative, and represent the
reduced strengths of surface adsorption fields.

In order to obtain the equilibrium structure, the free energy of
system should be minimized to a stable value. This minimization of
free energy results in a set of self-consistent equations under the
mean field approximation, and can be expressed as

uAðrÞ ¼ cðfBðrÞ � f Þ þ UAðrÞ þ PðrÞ; (5)

uBðrÞ ¼ cðfAðrÞ � f Þ þ UBðrÞ þ PðrÞ; (6)

fAðrÞ ¼
V
Q

Zf

0

dsqðr; sÞq0ðr; sÞ; (7)

fBðrÞ ¼
V
Q

Z1

f

dsqðr; sÞq0ðr; sÞ: (8)

These equations can be numerically solved by the combinatorial
screening method based on the real-space implementation, origi-
nally proposed by Drolet and Fredrickson [28,33]. The real-space
implementation is suitable to explore the novel morphologies of
copolymers without requiring assumptions of the system symmetry.
In the real-space algorithm, an iteration process is assumed to search
the equilibrium morphology of copolymers for the given system
parameters. The iteration step Ns will stop when the difference
between the new free energy and old free energy per chain, that is,
the convergence criterion DF/nkBT, reaches to zero. Here, we take
criterion being DF/nkBT< 10�11in the calculation process to obtain
the final equilibrium states. The SCFT calculations are performed in
a PC cluster with 18 nodes, and we take 0.2Rg as the lattice size in all
calculations, and divide the chain contour length into 200 mono-
mers, which is similar to our previous work [30]. Each minimization
of the free energies is run for several times using different random
initial mean fields uA and uB to ensure that the exact equilibrium
morphology has been obtained.

In the present study, the segregation parameters of symmetric
diblock copolymers are selected to be cN¼ 15, cN¼ 40 and
cN¼ 120, locating in the very weak, relatively strong, and very
strong segregation regions where they exhibit the very soft, rigid and
very rigid lamellae in the bulk, respectively [8,9]. We studied the CL
structures of symmetric diblock copolymers confined in both the
two-dimensional (2D) and three-dimensional (3D) spaces. The
advantage of studying 2D system is that the geometric confinement
can be increased to a large size. Since the CL structure has the
cylindrical symmetry and is in parallel with the nanopore axis, the
2D morphology can be regarded as the cross sections of 3D
morphology, which can provide the basic information about the CL
structures such as the lamella thickness. A sketch map of the CL
structure in 2D space is shown in Fig. 1b where the dkA(B) denote
thicknesses of the A-rich or B-rich layers and k represents the k-th A-
rich or B-rich layer. Therefore, we take this advantage to investigate
the 2D system in the large confinement size that is not accessible in
the 3D space due to the computer capability. Since the diblock
copolymers have a rich variety of morphologies in the nanopores
[16], we introduce the surface fields with the suitable strengths in
order to obtain the CL structures in both the 2D and 3D spaces. For 2D
simulation, there is no periodic boundary for the circle confinement
in the calculations. However, the periodic boundary condition (PBC)
in z direction is selected to construct the infinite length of nanopore
in the 3D simulations, as shown in Fig. 1a. The match between the
bulk lamellar period and the PBC is crucial to avoid an artifact
morphology in a system of infinite size [34–36].
3. Results and discussion

3.1. Soft concentric lamella structures

We select the segregation parameter to be cN¼ 15, and investi-
gate the soft CL structures in this section. In order to obtain the CL
structures as mentioned above, we introduce the adsorption surface
field to the pore surface with the strength of hA¼ 0.5. First, we
investigate the CL structures confined in the cylinders with the small
diameter of D¼ 16.2Rg in 3D space in Fig. 2. Then, we discuss the
structures confined in the cylinder with the large diameter of
D¼ 43.2Rg and D¼ 80Rg in Fig. 3, and the dependence of the inner-
most layer thickness on the pore diameter is quantitatively analyzed
in Fig. 4. All these morphologies as well as those in the next section
are presented in the form of the red and blue colors, representing the
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monomer density distributions belonging to the A- and B-blocks,
respectively.

For the pores with small diameters, we obtained the CL struc-
ture with the aforementioned system parameters and plotted the
free energy F/nkBT via the iteration step Ns in Fig. 2a to illustrate the
evolution process of CL structure, which has been used in
the cylindrical phases confined in the thin films [37]. In Fig. 2a,
there is an adjustment process until Ns z 200 because the initial uA

and uB with Gaussian distributions are randomly inputted in the
beginning of iteration process. This randomly inputting leads to the
decreasing of F/nkBT in the adjustment process, which is similar to
the free energy curves reported for the cylindrical phases confined
in thin films [37]. However, this decreasing does not result in the
well phase separation structure, as shown in the inserted illustra-
tion of Fig. 2a. Meanwhile, the difference between the new and old
free energy is so great (namely DF/nkBT> 10�3) that the free energy
criterion is not satisfied. Therefore, the free energy with the lowest
value is neither a stable nor a meta-stable structure, which is
originated from the adjustment for random inputting. Then, there
is a convergence process, in which the free energy converges to
a stable value, Fs/nkBT¼ 4.113138, until DF/nkBT< 10�11, and the
phase is completely separated. In the convergence process, the free
energy curve nearly exhibits a planar line, which is also shown in
the inserted illustration of Fig. 2a. For the stable equilibrium state,
we investigated the monomer density of A-block as function of r,
the position along the diameter direction starting from the pore
surface, as shown in Fig. 2b. Since the monomer density varies
smoothly, the A- and B-blocks mix in a certain domain, indicating
that the phase separation is not complete due to the weak repulsion
interaction between the blocks. As a consequence, the CL structure
is a soft lamella structure [38]. Furthermore, the thickness of A-rich
or B-rich layer that defined in Fig. 1b should be obtained by
calculating their full wave at half maximum (FWHM), which are
labeled in the corresponding positions. These layers are counted
starting from the pore surfaces with the thicknesses labeled in
Fig. 2b. On the other hand, the bulk lamellar period of L0¼ 3.63Rg

can also be obtained by using SCFT calculation method in 2D space,
which is in good agreement with the theoretical results [39]. The
results show that the outermost layer has the thickness of L0/4
while the inner layers are nearly the same thickness of L0/2.
Therefore, we assume that the soft CL structure has the same
thickness as the bulk lamellar period except for the outermost and
innermost layers.

More detailed data can be provided by the 2D morphologies and
confirm this argument in the pores with the large diameters. An
example structure confined in the pore with D¼ 43.2Rg is shown in
Fig. 3 where the 2D morphology is exhibited in Fig. 3a and the
monomer density profile is plotted in Fig. 3b so that the corre-
sponding thickness can be obtained and labeled. As expected, the
results from Fig. 3b confirm the argument that the CL structure has
nearly the same thickness as the bulk lamellar period for the large
diameter, except for the outermost and innermost layers. Similarly,
we further obtained the layer thicknesses in the pore with D¼ 80Rg,
and plotted them in Fig. 3c. The black dots are the lamella thick-
nesses of dk¼ dkAþ dkB, while the red dots represent the thick-
nesses of A-rich layers dkA. The lines denote the corresponding
average values, indicating that the layer thickness is almost
a constant, dkAþdkB¼ 3.63Rg and dkA¼ 1.82Rg, as labeled in Fig. 3c.
Actually, we have investigated many cases with the different pore
diameters, all of which have the same results. Therefore, we
concluded that the outer layer thickness of CL structure is the same
as the bulk value in despite of varying the confinement degree. This
phenomenon is quite different from the observations on the thin
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film confinements. It is true in the thin film confinements that the
lamella layers near the film surfaces also have the half thickness of
the other layers [27,34,40]. However, the lamellae in the thin film
will compress or stretch their layer thickness with L¼D/(nLþ1/2) to
match the confinement size where nL denotes the lamella number.
For the soft lamellae under cylindrical confinements, the nanopore
confinement not only imposes the cylindrical symmetry on the
bulk lamella through breaking its natural symmetry, but also
reorients the cylindrical symmetry without changing its bulk
repeat period. The observations above indicate that the soft CL
structure with the same thickness can be induced, which may
provide an approach to fabricate these structures on the large size
in the experiment.

Although the outer layer has the same thickness, the innermost
layer thickness varies as the pore diameter increases. Then, we
investigated the innermost layer quantitatively, and plotted the
layer thickness as function of pore diameter in step of 0.4Rg, as
shown in Fig. 4. The data extraction method is similar to those in
Figs. 2b and 3b where the FWHM denotes the layer thickness. We
take the dimensionless parameter D/2L0, that is, a half of the
confinement degree, and dkA(B)/L0 as the axes, respectively. First, we
observed that the A-blocks and B-blocks appear alternatively in the
pore center as the confinement size increases, in despite of the pore
surface preferring to the A-blocks. Then, we observed an interesting
phenomenon that, for each layer number, nL, the innermost layer
thickness varies almost within the same range. In particular, the
thickness is not increased from the zero, but from a fixed average
value, dmin¼ 0.26L0. This thickness is equal to the outermost
A-block layer, illustrating that they have the similar isolated layer
structure. This construct constraints the minimal thickness of the
innermost layer, similar to those observed in the thin films [27,34].
On the other hand, the thickness cannot excess the maximal value,
the A-rich or B-rich layer thickness, dmax¼ 0.49L0. The conclusion
above that the CL structure has the same thickness provides an
opportunity to predict approximately the thickness of innermost
layers, namely they have a simply linear relationship dkA(B)/L0¼D/
2L0�nL. In this approximate prediction, the volume incompressi-
bility can be neglected because the innermost layer occupies only
a small space comparing to the outer layers. These relationships are
also plotted as the solid lines shown in Fig. 4. In this approximation,
the innermost layer thickness increases linearly with the confine-
ment degree, and the predicted results are in good agreement with
the calculation results for the severe confinement degrees, namely
for nL¼ 1.0, 1.5, and 2.0, respectively. There are several deviations
between the calculation and predicted results in the weak confine-
ment degrees. For the weak confinement degree, the increasing of
pore diameter leads to the obvious variation of the confinement
space, therefore their influence on the innermost layer thickness can
not be neglected in the weak confinement degree case, resulting in
the obvious variation.

3.2. Rigid concentric lamella structures

In this section, we first investigate the rigid concentric lamellae
with the parameters cN¼ 40 and hA¼ 0.5 confined in the nano-
pores with the small diameter of D¼ 17.6Rg in the 3D space in Fig. 5,
where the effects of surface fields are also discussed. Then, we
concentrate on the quantitative analysis for the rigid CL structures
with the parameters cN¼ 120 and hA¼ 1/3 over a wide range of
pore diameter in Fig. 6. In Fig. 7, the phase diagram and novel
structures of symmetric diblock copolymers with the parameters of
cN¼ 120 and hA¼ 1/6 are investigated over a wide range of pore
diameter.

For the pores with the small diameters, we plotted the free
energy per chain F/nkBT as function of iteration step Ns in Fig. 5a. The
morphologies are also inserted at the corresponding position in the
iteration process for handy illustration. Similarly to Fig. 2a, there is
also an adjustment process when Ns< 60. In this process, the free
energy decreases to the lowest value at Ns¼ 40, and then increases
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until Ns¼ 60.Similarly, the free energy with the lowest value is not
a stable structure because of DF/nkBT> 10�3. However, the inner-
most layer constructed by B-blocks begins to appear at the iteration
step of Ns¼ 40. Unlike the case in Fig. 2a, the free energy curve
displays a platform at Ns¼ 60–290. In the process of Ns¼ 60–290,
the phase is separated and the typical morphology is also inserted in
the corresponding position in Fig. 5a where the innermost layer of
CL structure is constructed by B-block. Then, the free energy
converges to a stable value after Ns¼ 290 until DF< 10�11. In the
final stable state, the symmetric diblock copolymer has the similar
CL structure with the layer number of nL¼ 2, but the A-block other
than the B-block appears in the pore center. From the whole itera-
tion process, we can conclude that the intermediate state appearing
at Ns¼ 60–290 is a meta-stable structure. Actually, the meta-stable
structures have also been observed for the diblock copolymers
confined in the thin films and the nanorod arrays, respectively, by
investigating the iteration processes [30,37]. Then, we investigate
the dependence of structures on the surface preferences. An
example is shown in Fig. 5b where the diblock copolymers are
confined in the pores with D¼ 18.8Rg. The CL structure remains
unchanged in the segregation of cN¼ 40 when the reduced pref-
erence strength hA increases from 1/6 to 1/3. This phenomenon
indicates that the structures are not sensitive to the surface pref-
erence in the relatively strong segregation. In fact, we have checked
all the morphologies with the different pore diameters, and the
similar results have been obtained in the segregation of cN¼ 40.
However, this is not the case in the very strong segregation of
cN¼ 120. For example, when there is a slight surface preference, the
CL structure exhibits somewhat irregular structure, as shown in
Fig. 5b. This irregular CL structure will evolve into a prefect CL
structure when the strength of surface preference is increased to
a suitable value. Therefore, we take this advantage to obtain the very
rigid CL structures in the very strong segregation regions.

For the rigid CL structure, the previous SCFT simulation reported
that its thickness can be slightly changed as the confinement
degree varies [22]. Here, we reported the CL structures in the very
strong segregation of cN¼ 120. In this special segregation, the very
rigid CL structures were obtained by introducing the reduced field
strength of hA¼ 1/3, as mentioned above. The SCFT calculation
results are shown in Fig. 6 where the dkA(B) represents the thickness
of k-th A-or B-rich layer shown in Fig. 1b. Only two cases, the severe
and weak confinement cases, were investigated in the 2D space
where the discrete symbols denote the SCFT calculation results and
the lines are the results from the theoretical predictions.

The theoretical predictions can be done according to the SST [13].
In the strong segregation limit, the A- and B-blocks construct the
interfaces labeled as the solid lines in Fig. 1b, which can be
numbered by j¼ 1,2,.,n, with j¼ 1 being closest to the pore
surfaces. Besides this type of interfaces, the same neighboring
blocks can also form another type of interfaces labeled as the dashed
lines. These 2n� 1 interfaces together with the pore surface are
numbered by i¼ 1,2,.,2n, and form the concentric interfaces with
the radius of Ri(i¼ 1being closed to the pore surfaces). Due to the
symmetry about the blocks and incompressibility of system, the
volume of the (2j� 1)th layer is equal to that of (2j)th layer. More-
over, the interface area per chain is assumed to be constant for the
diblock copolymer system [12]. Namely, the area of the (j)th inter-
face is proportional to the total volume of the (2j� 1)th layer and
(2j)th layer. Then, the two constraints above can be expressed as

R2
2j � R2

2jþ1 ¼ R2
2j�1 � R2

2j; (9)

and

R2
2j � R2

2jþ1

R2
2n

¼
R2j

R2n
: (10)

According to these two equations, we can deduce the thickness of
A- or B-rich layer, dkA(B), for the any given pore diameter. For
example, in the small pore diameter with n¼ 1, the layer thick-
nesses are

d1A ¼ R1 � R2 ¼
 

1�
ffiffiffi
2
p

2

!
D
2

and d1B ¼ R2 ¼
ffiffiffi
2
p

2
D
2
:

For the large pore diameter with n¼ 5, we can also deduce the
layer thicknesses, which are

d1A ¼ R1 � R2 ¼
 

1�
ffiffiffiffiffiffi
30
p

6

!
D
2
; d1B ¼ R2 � R4

¼
ffiffiffiffiffiffi
30
p

30
D
2
; d2A ¼ R4 � R6 ¼

ffiffiffiffiffiffi
30
p

30
D
2
; d2B ¼ R6 � R8

¼
ffiffiffiffiffiffi
30
p

30
D
2
; d3A ¼ R8 � R10 ¼

ffiffiffiffiffiffi
30
p

30
D
2
; and d3B ¼ R10

¼
ffiffiffiffiffiffi
30
p

30
D
2
:

The prediction results in Fig. 6 indicate that all the layer thicknesses
increase linearly with the pore diameters and all the inner layers
have the same thicknesses at the n¼ 5case except for the outermost
layer. Actually, according to Eqs. (9) and (10), the inner layers with
the same thickness can be deduced for an arbitrary given n. The
good agreements between the SCFT calculation and SST prediction
results are obtained in Fig. 6, especially for the n¼ 1 case. Since the
outermost A-rich layer is constructed by an isolated layer whereas
the inner A- or B-rich layer consists of two layer as mentioned
before, its thickness is always much smaller than those of the inner
layers. Moreover, the excellent agreements between the simulation
results and theoretical predictions have been obtained for the
outermost layer because their largest diameter decreases the errors
for the simulation results. The difference between the symbols and
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the corresponding lines for d3A(B) indicates that the cylindrical
confinement lead to the deviations of interface areas from those of
bulk values. In contrary to the outermost layer, the thickness of the
innermost A- or B-rich layer is always much larger than that of the
outermost layer, thought it is also an isolated layer. This is because
of the fact that the innermost layer is actually a solid cylinder with
small diameter and the incompressibility of copolymer requires its
larger diameter.

The prefect rigid concentric lamellae may vanish when the
surface preference decreases to a certain degree, as shown in
Fig. 5b. This phenomenon activates us to explore the novel struc-
tures in the strong segregation region of cN¼ 120. Here, we
investigate the morphologies of symmetric diblock copolymers
confined in the pores with the surface preferences of hA¼ 1/6. We
plotted the phase diagram in Fig. 7 that arranged as the lamella
number nL and the innermost layer thickness D/2L0�nL. We take
the advantage of this arrangement to discuss the structural char-
acteristic in two sides. On one hand, due to the severe cylindrical
confinement, although the bulk lamella has a good rigidity, the
strong cylindrical symmetry originating from the severe confine-
ment still break the natural symmetry of bulk lamella in the small
space. Therefore, it is not surprising that the perfect CL structures
appear in cases of the small given values of nL¼ 1.0 and 1.5. When
the lamella number is increased to be nL¼ 2.0, the cylindrical
symmetry still requires the outermost lamella layer to suit the
cylindrical structure, while the inner layers exhibit the natural
symmetry of bulk lamella because of the weak cylindrical
symmetry in the inner area. Thus, these layers exhibit several flat
characteristic similar to the bulk lamellae. As the pore diameter
increases continuously, the more space leave to form the layers, and
more complex structures appear in the pores with large diameters.
For example, we observed a connective CL structure at nL¼ 2.5 and
D/2L0�nL¼ 0.3 where its neighboring layers connect with each
other. For this large pore diameter, the symmetry of bulk lamella is
only partly broken due to the weak surface preference so that the
bulk lamella symmetry dominates in the inner zone of pore. The
bulk lamella symmetry requires the flat characteristic along the x
and y axes, and breaks the axial symmetry. However, the connec-
tion between the neighboring layers break at a suitable value of
nL¼ 2.5 and D/2L0�nL¼ 0.4, and the confined diblock copolymer
exhibits an unperfect CL structure with several flat characteristics,
as shown in Fig. 7. This disconnection is probably due to the greater
spacing between the neighboring layers at the point of (2.5, 0.4)
than that at the point of (2.5, 0.4). As a result, the (2.5, 0.3) point
breaks the axial symmetry more obviously than the (2.5, 0.4) point.
Similar phenomenon were observed for nL¼ 3.0 where the
breaking of axial symmetry occurs at the points of (3.0, 0.3) other
than the points of (3.0, 0.4). By comparing the connective structures
at nL¼ 2.5 and 3.0, the difference is that the connection between
the neighboring layers is more weak at the (3.0, 0.3) point than
those at the (2.5, 0.3) point due to the greater spacing of in the
greater spacing between the neighboring layers at the point of (3.0,
0.3). On the other hand, at the given D/2L0�nL, the innermost A- or
B-rich layer appears alternatively in the pore center, similarly to the
soft CL structures. For D/2L0�nL¼ 0, the morphologies are almost
the prefect CL structures that are independence with the layer
number nL. Under this condition, the confinement size is
commensurate with the bulk lamella period, only the cylindrical
symmetry constrains the formation of structure, which requires the
appearance of the CL structures. However, when the confinement
size is severely incommensurate with the bulk lamella period,
the structural frustration can be observed for the CL structures. For
instance, the broken CL structure appears at nL¼ 3.0 and
D/2L0�nL¼ 0.4, similarly to a club structure with the broken layers.
Based on the analysis above, we concluded that both the structural
frustrations and the symmetry breaking lead to the complex
structures appearing in the phase diagram of symmetric diblock
copolymers in the very strong segregation regions. In addition, we
have checked the free energy curves for all the structures in this
phase diagram. We observed that all the evolution processes can be
also divided into the adjustment and convergence processes,
similar to the curve observed in Fig. 2a. Therefore, we didn’t
observe the meta-stable structures in this phase diagram although
they have complexly stable structure.

3.3. Comparison to the available observations

On the simulation’s side, we would like to make some compar-
ison to the MC and DDFTobservations. A direct comparison between
the MC (DDFT) and SCFT results is complicated because their system
parameters are different. A symmetric A5B5 diblock copolymer has
been investigated in the MC simulation where the interaction
between the different blocks 3AB is set to be 3AB¼ 0.3kBT [14].
According to the expression for the bond fluctuation model [41],
c z 5(3AB/kBT), we recalculated the parameter used in Ref. [14] is to
be cN z 15, which is located in the weak segregation region. In their
study, the attractive interactions between the A blocks and the pore
surfaces 3AS is varied and the circle lamellae (that is, the CL struc-
tures) have been observed at 3AS> 0.14kBT and D/L0¼1.5�3.1. These
MC results confirm our SCFT observations for the soft CL structures
with the parameters of cN¼ 15, hA¼ 0.50and D/L0¼ 2.0�10.0. In the
DDFT calculation, a A8B8 diblock copolymer was considered for
3AB¼ 2.5kJ/mol and various 3AS[10]. According to the expression of
cAB¼ 10003AB/8.31T (with T¼ 300) [16], we deduced that the model
copolymer adopted in Ref.10 is located in the weak segregation of
cN z 16. In this DDFT study, the dartboard morphology (that is, the
CL structure) has been observed at the moderate degree of surface
field strength, indifferent to the pore diameter. This result further
confirms that our SCFT observations on Figs. 2–4 are the CL struc-
tures with the aforementioned parameters.

For the innermost layers of soft CL structures, the DDFT study has
observed the alternative appearance of distinct blocks in the pore
center for the different radii of 8,14, and 24, which is in accordance to
the nL¼ 2, 3 and 4, respectively [10]. The MC simulation study has
observed this alternative appearance for the soft structures where
the pore diameter is at the range of d/L0¼1.5�3.1 [14]. Furthermore,
both the MC and DDFT studies reported that the outermost layer
thickness holds d1 z L0/4, which are in good agreement with our
SCFT predictions in the weak segregation [10,14]. However, there are
unavailable simulation data to compare with our SCFT observations
on Figs. 3 and 4 in detail, instead of approximately quantitative
comparisons.

For the rigid CL structures, Chen et al. have performed a MC
study on the A10B10 diblock copolymer with 3AB¼ 1.0kBT to inves-
tigate the surface field effects. We recalculated the segregation
degree to be cN¼ 100 in their study, locating in the strong segre-
gation region. For a given surface field strength of 3AS¼ 0.40kBT,
they observed the cylinder barrels with alternative block domains
in the pore center for the pore radii R¼ 16, 22, and 26, respectively.
This result is in agreement with our SCFT observations on Fig. 5
where it provides more detailed data. Actually, the alternative
domains have also been observed in the A12B12 model with 3AB¼ 1/
2.3kBT and A6B6 model with 3AB¼ 1.0kBT [12,13], in which the
diblock copolymers are located in the relatively strong segregations
of cN¼ 52 and 60, respectively. Their results show that the order
parameter varies from �1 (represent the pure B block) to 1
(represent the pure A block) as the pore diameter increases from
1.5L0to about 2.5L0. These results are consistent with our observa-
tions on the rigid CL structures quantitatively analyzed in Figs. 6
and 7. Moreover, the MC simulation also reported that the
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outermost layer thickness obeys d1 z L0/4 for the outermost layer
[12], which is also in agreement with our SCFT observations.

Up to now, there are unavailable data to be compared for the
linear variations of the layer thickness for the symmetric diblock
copolymers in the very strong segregation of cN¼ 120. Fortunately,
Li’s and Wang’s groups have investigated the variations of the layer
thickness for the symmetric diblock copolymers in the segregations
of 52 and 60, respectively [12,13]. In their studies, the authors
reported the MC results for the n¼ 1–3 cases, which were compared
to the SST predictions. Our SCFT results indicate that the layer
thickness depends on the diameters, namely, d1A ¼ ð1�

ffiffiffi
2
p

=2ÞD2

and d1B ¼
ffiffiffi
2
p

2
D
2 for the n¼ 1 case. Therefore, our SCFT results are

not only in good agreement with the MC results, but also consistent
with the SST predictions. For the large pore diameters with n¼ 5,
there are not available MC and DDFT simulation results to be
compared for the large case so that our predicted SCFT results are
only compared to the SSTones in the present work, which are also in
general agreement.

In the experimental side, Russell’s group have reported the CL
structures of symmetric diblock copolymers where the PS-b-PBD
are confined in the alumina membranes preferring to the PBD
blocks [19,20]. Using the earlier measurements by the same group
[42], c¼ cSþ cH/T (cS and cH refer to the entropic and enthalpic
contributions, respectively), we estimated the parameters of
c¼ 0.058 and N z 250. Therefore, the diblock copolymers they used
are located in the weak segregation of cN z 14.5. In their study, the
CL structures with nL¼ 2–4 have been observed in the commercial
membranes with the diameters from 100 nm to 350 nm, and the
TEM images show that the PBD and PS domains appear alternatively
in the pore center. They observed that the increasing of the layer
number is not continuous as the pore diameter increase, and the CL
thickness is varied with the pore diameters. These observations are
in accordance with our SCFT results for the soft CL structures where
the layer thickness has the nearly linear dependence on the pore
diameter. Moreover, Sun et al. have observed the CL structures in the
alumina pore in the symmetric diblock copolymer (PS-b-PMMA)
system with the polymerization index of N z 680 [21]. According to
the expression of c¼ 0.0294þ 3.2/T [43], we recalculated the
segregation degree of cN z 24.8at T¼ 453.13, indicating that the
PS-b-PMMA diblock copolymers are located in the weak segrega-
tion. In their experiment, the overall number of CL structures
increases and the PS and PMMA domains appear alternatively in the
pore center when the pore diameter is varied from 25 nm to
400 nm. These experimental observations further confirm our SCFT
predications on the soft CL structures.

In the strong segregation, it is still not available experimental data
to compare for the CL structures and other novel SCFT predicted
structures, such as the connective CL structure. It is suggested that
these novel structures should be observed by controlling the
temperature and pore size to a certain value in the experiment.
Generally, in order to reach the strong segregation, the diblock
copolymers require the large polymerization index N and the Flory–
Huggins parameter c. Therefore, the diblock copolymers with high
molecular weight are necessary to anneal to a low temperature in
order to observe the rigid CL structures or novel structures in the
experiment.
4. Conclusion

We have performed both the 2D and 3D SCFT calculations for the
concentric lamella structures of symmetric diblock copolymers
confined in the nanopores. The soft and rigid CL structures have been
systematically studied by investigating the monomer density profiles,
the free energies and the morphologies. By varying the confinement
degree over a wide range, several distinct characteristics of soft and
rigid CL structures have been quantitatively discussed in detail, and
the novel structures have been predicted for the symmetric diblock
copolymers in the special segregation regions.

For the soft lamellae, it is easy to break the natural symmetry of
bulk lamellae and accommodate the cylindrical symmetry. For the
outer layers, we confirmed that, besides the outermost layer, these
layers have the same thicknesses as the bulk period, which are
independent in the confinement degree. However, we observed that
the A- and B-block domains appear alternatively at the pore centers,
and obtained the nearly linear dependence of the innermost layer
thickness on the confinement degree where the innermost layer
thickness varies within a fixed range. Furthermore, we have done
a simple quantitative analysis for the innermost layer thickness, and
the general agreements have been obtained for the soft CL structure.
We discussed these characteristics of soft CL structures by comparing
to the lamellae confined in the thin films, where the different
morphological behaviors were concluded to be the different
symmetries from their geometric confinements. For the rigid lamella,
the SCFT results indicate that the layer thickness of CL structure varies
linearly with the confinement degree. On the other hand, the layer
thickness has also been quantitatively analyzed by the SST, which is
consistent with the SCFT results. Moreover, the phase diagram
arranged as the layer number and thickness of the innermost layer
has been discussed in the weak surface preference for the special
segregations. Several novel morphologies, such as the connective CL
and the broken CL structures, have been observed in the phase
diagram where their characteristics have been discussed in detail,
and can be understood based on the symmetry breaking originating
from the cylindrical confinement and the structural frustration
between the lamella period and confinement size.

The results indicate that the soft and rigid lamellae have the
distinct morphological behaviors under cylindrical confinement,
especially for their different variations on the thicknesses. The
symmetry can be easy to break for the soft lamellae due to their
relative weak natural symmetry whereas the rigid lamellae exhibit
the strong natural symmetry that is difficult to break, especially
in the pore center. Our results were also quantitatively compared to
the available results from the MC and DDFT simulations and the
general agreements were obtained in the weak and strong segre-
gations. Moreover, our SCFT predictions are in accordance with the
experimental results in the weak segregation, and suggested that
the rigid CL structures and novel structures should be examined in
the diblock copolymers with the high molecular weight at a low
temperature. Our quantitative results for the soft and rigid CL
structures should be useful as designing the polymer nanomaterials.
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