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The phase behaviours of diblock copolymers under cylindrical confinement are studied in two-dimensional space by

using the self-consistent field theory. Several phase parameters are adjusted to investigate the cylindrical-confinement-

induced phase behaviours of diblock copolymers. A series of lamella-cylinder mixture phases, such as the mixture of

broken-lamellae and cylinders and the mixture of square-lamellaec and cylinders, are observed by varying the phase

parameters, in which the behaviours of these mixture phases are discussed in the corresponding phase diagrams. Fur-

thermore, the free energies of these mixture phases are investigated to illustrate their evolution processes. Our results

are compared with the available observations from the experiments and simulations respectively, and they are in good

agreement and provide an insight into the phase behaviours under cylindrical confinement.
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1. Introduction

Geometric confinement naturally occurs in the
self-assembly of block copolymers. The confined sur-
face can break the bulk balance between the entropy
of system and the interfacial energy, therein the blocks
can be reorganized under confinement. Therefore, di-
rectly controlling the confinement conditions can gen-
erate novel microstructures that are not available in
the bulk. This provides an important approach to the
fabrication of microstructures, which have great po-
tential applications in nanotechnology including the
lithographic templates for nanoparticle synthesis, pho-
tonic crystals, and high-density information storage
media.[! 6]

The self-assembled microphases of diblock copoly-
mers have attracted great interest in the confinement
in different integral dimensions in experiment,[7=9]
theory!0=18 and simulation.'>19=29] For example,
the microphases of diblock copolymers have been ex-
tensively investigated for two-dimensional (2D) con-
finement, the cylindrical pore confinement.[!5-26:30]
For the lamella-forming diblock copolymers, the con-
centric lamella (CL) phases have been demonstrated
by the transmission electron microscopy (TEM),!"=?]
the Monte Carlo (MC) simulation,%:2426.27:31] anq

the self-consistent field theory (SCFT).2l In these
cases, the flat lamellae were frustrated into the lamel-
lar structures with the cylindrical symmetry, known
as the CL phases, meeting the requirement of cylin-
drical confinement. The multi-layer CL phase can
be formed when the confinement degree is suitable,
where their thicknesses can be predicted by the strong-
stretching theory (SST),'®! and analysed by the MC
and the SCFT methods.['5:26:32] More complex frus-
trated structures, such as helix and toroids, have been
observed for the cylinder-forming diblock copolymers
by means of the SCFT, the MC and the experimen-
tal methods.[7=9:12:13:23.26] Tp particular, the asym-
metric diblock copolymers confined in the cylindri-
cal nanopores with strong strengths of surface fields
have been studied by using the MC method in the

three-dimensional (3D) space.!23:26]

In their studies,
the volume fractions were selected to be fa = 1/6
and fao = 1/4 in the strong segregation regions, re-
spectively, and confinement degrees were varied to
investigate the phase behaviours. These studies re-
vealed that the structural frustrations could be ob-
served when the cylinder repeat period mismatches
the pore diameter, also depending on the surface field
strength.

However, the diblock copolymers adopted in those

*Project supported by the National Natural Science Foundation of China (Grant Nos. 20574052 and 20774066), the Program for
New Century Excellent Talents in University, China (Grant No. NCET-05-0538) and the Natural Science Foundation of Zhejiang

Province, China (Grant Nos. R404047, Y4090174, and Y405553).

TCorresponding author. E-mail: shibenli@wzu.edu.cn

@© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

028101-1



Chin. Phys. B Vol. 19, No. 2 (2010) 028101

studies are usually limited to two or three fixed phase
parameters. In the present work, the phase diagrams
are arranged as the volume fraction and segregation
degree, as well as the surface field strength and the
We employ the SCEFT calcula-

tion method to investigate the confinement-induced

confinement degree.

phase behaviours of diblock copolymers through their
phase diagrams under the cylindrical confinement in
2D space, and mainly concern the novel phases ob-
served in the phase diagrams and their evolvements
The rest of the
present paper is organized as follows. In Section 2,
the SCFT method is briefly introduced, and the re-

sults are presented in Section 3, in which we discuss

in the pseudo-dynamic processes.

the phase behaviours with different phase parameters
by comparing them with the available simulation re-

sults. Conclusions are drawn in Section 4 finally.
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Here s is the parameter that increases continuously from 0 to 1 along the chain.

R§V2q (r,s) — Nwa (r,5)q(r,s), 0<s< fa,
R§V2q (r,s) — Nwg (r,s)q(r,s), fa<s<1,

—R2V2q* (r,5) + Nwa (r,8) ¢* (1,5), 0 <5< fa,
—RiV?q* (r,8) + Nwg (r,s) ¢" (r,5), fa<s<L

2. Calculation and method

We consider a system of AB diblock copolymers
confined in a cylindrical pore of diameter D and vol-
ume V. The volume fractions of A and B blocks are
fa and fg, respectively. We assume that A and B
segments have equal statistical segment length a, and
each copolymer has the same degree of polymerization
N. The n linear AB diblock copolymers are regarded
as the Gaussian chains with radius of gyration, R,. In
Edward’s theory, a Gaussian chain is assumed to be
related to a diffusion behaviour of a particle, which can
be described by the propagator, ¢(r, s), the probabil-
ity of any monomerappearing at r position. Here, 7 is
the distance from the pore surface along the diameter
direction. Because the two ends of polymer chain are
different, so there is another diffusion form described
as conjugated ¢*(r, s). Here ¢(r, s) and ¢*(r, s) should
hold for the following modified diffusion equations,

(2)

The mean field w(r,s)

originates from the repulsion interaction between the A and B blocks. The initial conditions of Egs. (1) and
(2) are ¢ (r,0) = 1 and ¢* (r,1) = 1. Furthermore, the partition function of a single diblock copolymer can be
expressed as

Q:/drq (r,8)q™(r, s). (3)

Within the mean-field approximation to the many-chain Edward’s theory, the free energy per chain in the unit

of kgT is given as follows:[10:16:18,33]

TL]CBT 1%

where the logarithmic term, —In(Q/V'), represents
the entropy from the chain stretching; the integral
term denotes the comprehensive effect from the re-
pulsion interaction between A and B blocks, and the
confinement fields from inner surface of the cylindrical
pore; xap is Flory—Huggins parameter that character-
izes the repulsion between the A—B monomers; yagpN

denotes the degree of separation; Up and Up represent

Fo_ (Q) ‘e / dr [xaBNéadE — wada — wbs + Uséa + Usés — P (do — da — é5),  (4)

the short-range surface fields from the inner surface of
the confinement acting on A and B monomers, re-
spectively; P is a Lagrange multiplier as a pressure to
ensure the incompressibility of the system.

Once the free energy of the system is given, we can
obtain the equilibrium parameters by minimizing the
free energy with respect to the monomer density and

mean field. This minimization leads to the following
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SCFT equations:

wa () = xaB (o8 (1) — fB) + Ua (r) + P(r), (5)
wp (1) = XxaB (¢ (r) — fa) + U (r) + P(r), (6)

fa
oa (1) = g / dsq (r,s) ¢" (r.3), (7)
b (r) = g [ asars)a o) (8)

These SCFT equations can be successfully solved
by the combinatorial screening method based on the
real-space implementation, which is originally pro-
posed by Drolet and Fredrickson.[?*:35] The real-space
implementation is suitable for the exploration of the
novel morphologies of copolymer without requiring the
assumption of the system symmetry. In the real-space
algorithm, there is assumed a pseudo-dynamic process
to search the equilibrium phases in the given parame-
ters of system. Namely, the initial mean fields wa and
wp are input for Egs. (1) and (2) to obtain ¢ (r,s)
and ¢* (r,s) at the beginning, while @, ¢ (r) and
¢p (1) can be calculated according to Egs. (3), (7) and
(8), and then F'/nkpT are obtained from Eq. (4). In
the next iteration step, the new free energy per chain
F/nkpT can be acquired by updating mean fields and
repeating the above steps. The iteration step Ny con-
tinues until the difference between the new free energy
per chain and the old ones (that is, the convergence
criterion AF /nkpT) reaches zero. Here, we take cri-
terion of AF/nkgT < 107! in the calculation process
to obtain the final equilibrium state. Each minimiza-
tion of the free energies is run several times by us-
ing different random initial mean fields wa and wg to
ensure that the exact equilibrium morphology is ob-
tained.

Those iteration processes are performed in a PC
cluster with 18 nodes, which is similar to that in our
previous work.!33 We take 0.2R, as the lattice size in
all calculations, and divide the length of the chain con-
tour into 200 monomers. In order to realize the fact
that at the confinement surface the polymer densities
should approach zero, the incompressibility condition
is modified as ¢ (r)+¢p (1) = ¢o (r), and ¢g (r) =1
in the pore, while ¢ () = 0.5 for the lattice next
to the confinement surfaces. The surface preference
Ua () reflects the short-range surface-polymer interac-
tion between the pore surface and A(B) block, which
can be simplified as Uag) (r) = na)xV for the lat-
tice next to the confinement surface. Here, the coeffi-
cient n(p) represents the reduced strength of surface

field. In the present work, all the calculations are

performed in 2D space in order to explore novel struc-
tures in the large confinement sizes that are unable to
be realized in 3D space because of the limitation of
computer capability.

3. Results and discussion

3.1. Phases transition with volume frac-
tion and segregation degree

We investigate the phase transition due to the
variation of the volume fraction fs and segregation de-
gree xap/V in this section. We fix other two phase pa-
rameters, the surface field strength to be Uy = Ug =0
and the pore diameter to be D = 20R,, and then in-
crease fa from 0.15 to 0.45 in steps of 0.05 and xapN
from 15 to 80. We plot the phase diagram arranged as
the fa and xapN in Fig. 1 where the typical phases
are also indicated. Furthermore, we record the free en-
ergy of an especial phase in the pseudo-dynamic pro-
cess to explore its evolvement in Fig. 2, and discuss
the several characteristics of CL phases in Fig. 3.

mircophases
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Fig. 1. Phase behaviours induced by the volume fraction
fa and segregation degree xapN. (a) The morphologies;
(b) the phase diagram. The diblock copolymers are con-
fined in the cylindrical pores with the diameter D = 20Rg
and the neutral surfaces. Here, the black and the gray
colours represent A-block and B-block respectively (Note
that the same forms in the following figures).

Several typical phases with their symbols and de-
notations are shown in Fig. 1(a). As we expected, the
disordered (D), cylinder (C) and lamella phases ap-
pear in the cylindrical pores. However, the classical
spherical phase is not observed due to the 2D struc-
ture, and the cylinders are not hexagonally but cylin-
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drically arranged in the pores because of the cylindri-
cal confinement. Due to the same reason, the lamella
phase in bulk changes into the CL phase, which has
been extensively observed in the previous studies as
mentioned before. It is interesting that we have ob-
served two mixture phases, i.e. the mixture of bro-
ken lamellae and cylinders (BLC) and the mixture of
concentric lamellae and cylinders (CLC). The similar
CLC phase has been observed in the pore with ra-
dius R = 8.5R, where the CL phase appears near the
pore surface because the surface is preferable to one
block.132l Here, the cylinder components of CLC phase
distribute near the pore surfaces in a non-hexagonal
manner, while the CL structures occur in the inner
zone of pore. The BLC phase is somewhat similar
to the CLC phase, which has the cylinder component
near the surface. But, the outer layer of CL struc-
ture is broken and the inner layer changes into the
cylinders.

8.5 ——

8.4 —— fa = 0.15 xapN = 60 D = 20R; 1
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s2i bt T @&
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Fig. 2. Free energy per chain F//nkgT as a function of it-
eration step Ns. The morphologies are inserted at the cor-
responding positions to illustrate the evolvement process
of BLC phase. The BLC phase parameters are selected to
be fao =0.15, xap/N =60 and D = 20R;.

Then, we discuss the phase behaviours in the
confined phase diagram as shown in Fig. 1(b). When
fa > 0.35, the diblock copolymers exhibit the
CL phases for any segregation degree except for
xapN = 15. For a fixed fa, a different block do-
main appears in the centre of CL structure as xapN
increases. The previous work has reported on a sim-
ilar phenomenon observed by varying the confine-
ment degree where the pore surface was preferable
to the block.28l The present observation indicates
that the segregation degree can also result in the
variation of block domain in the pore centre. For
fa < 0.35, the diblock copolymers undergo the rel-
atively complicated phase transitions. For example,

the diblock copolymers begin with D phase for the
weak segregation at fa = 0.20, and evolve into the
C phase and CLC phase, finally to the CL phase
This fact in-
dicates that the confined diblock copolymers tend

with the value of xapN increasing.

to the lamella phase for the fixed fa as the segre-
gation degree increases. It is reasonable to deduce
that the diblock copolymers have a tendency to be
of lamella phase for the most fa in the strong seg-
regation limit. This deduction is also in agreement
with the bulk phase diagram.(6:37) However, the di-

block copolymers have a more complicated behaviour
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Fig. 3. Illustration of CL phase. (a) The monomer den-
sity ¢a(r) as a function of r, where r is the distance
from the pore surface along the diameter direction. Here,
fa =045, xapN = 40, and D = 20Rg. (b) The ratio A
as a function of segregation degree for fo = 0.30. (c) The
ratio A as a function of segregation degree for fa = 0.45.
The X\ denotes the ratio of the thickness of the outmost
layer to the average one of other A-rich layers inside.

than those in the limit of strong segregation. For in-
stance, the phase is transformed from the C phase to
the CLC and CL phases at xap/N = 40 as fa in-
creases from 0.15 to 0.25. When f, increases, there
is enough connection of A segment to form the CL
structure, which has also been observed by Feng et al.
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in the study of hydrophobic-hydrophilic copolymers
confined in hydrophobic nano-cylindrical tubes.38]
Although this phase diagram is much rougher in
the fa and yagN than the bulk phase diagram,?36:37]
it still has several similar characteristics. First, the
lamella phase occupies the most of phase space in the
bulk diagram, while there is the CL phase in the con-
fined diagram. Meanwhile, the C and D phases occupy
relatively small phase space in the confined one. Sec-
ondly, these confined phases are located at the similar
positions to the bulk ones. However, there are more
complex phases appearing in the phase boundary than
in the phase boundary in the bulk diagram, as shown
in Fig. 1(b). This is due to the fact that the diblock
copolymers located near the confined phase boundary

(13] Since

are easy to deform into the complex phases.
the phase diagram is obtained in the pore with neural
surface, our phase diagram has the symmetry about
the fa, which is different from the previous diagram
with a slightasymmetry about the fa due to the sur-
face preferential to one block.[32

Then, we discuss the evolvement process of BLC
phase, an especial structure on the boundary of the
phase diagram. We select the parameters to be fa =
0.15 and yap/N = 60, and obtain the BLC phase.
Taking advantage of recording the free energy in the
pseudo-dynamic process, the F//nkgT—Ny curve is ob-
tained and used to discuss the evolvement of cylinder
phase of cylinder-forming diblock copolymers confined
in thin film.l'") Here, according to Eq. (4) we have
plotted the free energy per chain F/nkpT as a func-
tion of iteration step Ng in Fig. 2, in which the cor-
responding morphologies are inserted at the suitable
positions for the convenience of illustrating the evolve-
ment. Obviously, there are three stages in the evolve-
ment process of BLC phase. The first stage is to make
a random adjustment at Ny ~ 0-100. In this stage,
the initial mean fields ws and wp are randomly in-
put at the beginning of the evolvement, and then the
free energy fluctuates abruptly. We should note that
the lowest free energy at Ng = 30 originates from the
random adjustment process, which does not represent
the equilibrium state in this stage although the diblock
copolymer exhibits the CL phase with three concentric
layers of A blocks in this stage. Another reason is that
these states do not satisfy the convergence criterion of
AF/nkgT < 10711,
is similar to that observed in the cylinder-forming di-

Actually, this random process

block copolymers in thin film where the lowest values
of free energies have also been observed.['”) The sec-

ond stage is a process of layer breaking at Ny = 100-
520, in which the layers are broken one by one. The
outmost layer begins to break into the cylinders dis-
tributed near the pore surface at Ny = 100. Then,
the second outmost layer is disconnected at Ny = 140,
while the interior layer is separated into four parts
at Ng = 520. The third stage is to make an adjust-
ment of the BLC phase where the broken layers are
adjusted to the final structure. Although all the layers
are separated at Ny = 520, they are not a stable phase
at this iteration step because of AF/nkgT > 107°.
The free energy is slightly fluctuated in this stage un-
til AF/nkgT < 107 at Ny = 10000 (not marked
in the figure). Under this convergence criterion, we
obtain the BLC phase with a minimal free energy, i.e.
F,,/nkgT = 7.891130. From the free energy curve, we
can conclude that the free energy decreases abruptly
at the iteration step of layer breaking. It is an evi-
dence that the free energies are 8.24064, 8.03967 and
7.90862 at Ny = 100, 140, and 520, respectively, when
three layers are broken from the pore surface to its
centre one by one.

In fact, the BLC phase evolvement process can
be explained based on the symmetry breaking. Since
the CL structure has a high cylindrical symmetry, the
conformation of diblock copolymer is adjusted to the
CL structure at the first stage due to the cylindri-
cal symmetry originating from the cylindrical confine-
ment. However, the diblock copolymer is in the form
of cylinder that will self-assemble into the hexagonally
arranged cylinders with non-cylindrical symmetry in
bulk. In order to meet this requirement, the concen-
tric layers begin to break into the cylinders one by one.
In other words, the symmetry breaking results in the
phenomenon that the free energy decreases abruptly in
the iteration step of layer breaking while the cylinders
and broken-lamella components are layered and ar-
ranged in the pore. The symmetry breaking exists ex-
tensively in the confined self-assembly process, which
can be used to reasonably explain the other types of
confinement-induced phases.!18:32:33,39]

As shown in Fig. 1(b), the CL phase is the most
popular phase in the confined phase diagram. The
same phenomenon is also shown in real-space self-
consistent mean-field theory simulations of Li et al.,
where the CL structures were labeled as Ly and Ls.[32
The CL structures have been observed in the Monte
Carlo simulations of He et al.,?”) in the dynamical
density functional simulations of Sevink et al.*?! and
also in the experiments of Russell et al.[*!] Here, we
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discuss this confinement induced phase by investigat-
ing the monomer density and layer thickness in Fig. 3.
First, we select the phase parameters to be fa=0.45,
xapN = 40, and D = 20R,, and plot ¢a(r) as a
function of 7 (in units of Rg) in Fig. 3(a). The sharp
variation of the monomer density reflects that A and
B blocks are separate completely in the cylindrical
pore because of the strong separation, indicating the
rigid characteristic.[*2) For the CL phases, the A- or
B-rich layer appears alternatively in the pore centre
for the different values of fa and xag/V, while minor-
ity A blocks always occur near the neutral surfaces.
The fact exhibits that the surface is preferable to the
minority block in despite of the neutral surface, and
the outmost layer is thinner than the other minority-
block layers inside. This phenomenon is known as
the hard-surface effect,) which has been observed
in the MC and dissipative particle dynamics (DPD)
simulations.[26-31:43] Here, we observe this effect in the
CL phase with the detailed data as shown in Figs. 3(b)
and 3(c), separately, in which the A denotes the ratio
of the thickness of the outmost layer to the average of
the other A-rich layers. The result of A ~ 0.5 quanti-
tatively confirms the argument that the hard-surface
effect takes place as yapIV varies.

3.2. Phase transition induced by surface
field and confinement degree

The phase transition not only can be induced by
fa and xyagNN, but also can be affected by the surface
field 14 (p) and the pore diameter D (which represents
the confinement degree). The previous studies have
concentrated on the effects of surface field and con-
finement degree on the diblock copolymers confined in
the cylindrical pores.[23:25:26:44.45] Tpy thig section, we
select the parameter to be fa = 0.2 and yagN = 60
(that is, the BLC phase in Fig. 1(b)) to investigate
the effects of surface field preferable to the minority
blocks in Fig. 4 and preferable to the majority blocks
in Fig. 5. In both cases, the pore diameter D varies
from 8 R, to 32R, and the reduced strength of surface
field na(p) increases from 0 to 1. Then, we will discuss
the evolvement process of an especial phase in Fig. 6.

Figure 4 is a phase diagram arranged as 7 ver-
sus D. Here, we reveal several general characteristics
from this phase diagram. The first characteristic is
that the cylinder component distributes cylindrically
near the pore surfaces for the weak value of 7. How-
ever, when the value of na increases up to a certain

degree, the lamella structure occurs for all values of
D. These cylindrical distributions are consistent with
the experimental results for the cylinder-form diblock
copolymers confined in the pore.[”:8] The second char-
acteristic is that the A- or B-rich domain appears al-
ternatively in the pore centre for all given values of na
as the value of D increases, which has been observed in
experiment and accords with the previous results.[7:2%)
As a whole, the middle layers of CL phase are not
influenced by the surface field 7, and the phase be-
haviour seems relatively simple. This is mainly due to
the surfaces preferable to the minority blocks, which
reduces the effect of surface field 7, .

fA702O xaBN = 60 !

wo@©QO

0.75 -@@. © @
£ 050 ﬂ'?‘.@'@"@' (
0.25 -un'O,"\@"@ @

0
D
© ¢
_|:@

8 12 16 20 24 28 32
D(Rg)
Fig. 4. Phase diagram arranged as surface field na versus

confinement degree D. The diblock copolymer parameters
are selected to be fao = 0.20 and xag N = 60.

However, this is not the case for the surfaces
preferable to the majority blocks because of asymmet-
ric blocks for the copolymers as shown in Fig. 5. We
observe the different phase behaviours for the different
confinement degrees in this phase diagram. For ex-
ample, for the severe confinement of D = 12R,, when
there is no field, i.e. ng = 0, we observe the morphol-
ogy with two layers where the outermost layer is in the
form of cylindrically arranged cylinder and the cylin-
drical lamella occurs in the inner layer in the A-block
domain as shown in Fig. 5. When the value of np
increases from 0 to 0.5, the inner layer maintains un-
changed while the cylindrical form of outermost layer
is adjusted from irregular to regular. Continuously
the increasing of ng value leads to the deformation of
both the inner and the outermost layers. Namely, the
broken square lamella structure appears in the out-
ermost layer while the cylinders are square arranged
in the inner layer at ng = 0.75. For the strong sur-
face field of ng = 1.00, the morphology evolves into
the CL structure due to the strong cylindrical sym-
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metry of the surface field. For the moderate con-
finement degree of D = 20R,, the weak surface field
cannot affect the morphology and the diblock copoly-
mers maintain the CLC phase when the value of np
increases from 0 to 0.25. However, it is interesting
that a complicated morphology, a mixture of square-
lamellae and cylinders (SLC), can be observed at
1 = 0.50. Then, the diblock copolymers transit into
the BLC phase at ng = 0.75 and the mixture phase of
concentric-lamellae and cylinders at ng = 1.00. The
SLC phase has an obvious square symmetry because
the cylinder and the square-lamella components dis-
tribute squarely in 2D space. We think that the SLC
phase is due to the competition between confinement
degree and surface field. Since the diblock copolymers
are confined in the cylindrical pore, they exhibit some-
what bulk characteristic, i.e. the flat symmetry, when
the space is suitable (determined by the confinement
On the other hand, the diblock copolymers
exhibit cylindrical symmetry which can be strength-
ened by the surface field.
argument, we investigate the phase behaviours in a
For D = 32R,, a similar
SLC phase also appears at ng = 0.50. However, this

degree).
In order to confirm this
weak confinement degree.

SLC phase is slightly different from those observed in
a moderate confinement degree where there is multi-
layer CL phase appearing in the inner zone, and the
innermost layer is not the squarely symmetrical for
the weak confinement degree, which supports our ar-
gument.

fA *020 xaBN 760 ﬂ'I:'\
«00@@@O®C
0.75 a8 §p 5‘ & }

2 os0 H# (O O =

0.25 -qul
,/ N
H,,,o,r‘) ..\
L 1 L
8 20 24 28 32

D(Ryg)
Fig. 5. Phase diagram arranged as surface field ng versus
confinement degree D. The diblock copolymer parameters
are selected to be fao = 0.20 and xyapN = 60.

For a given value of np, several general charac-
teristics can be obtained by varying the confinement
degree. For the weak surface preference of ng = 0.25,
the diblock copolymers have similar morphologies to

those for neutral surfaces due to the weak interactions
When the surface field
0.50,
we observe the SLC phases for various D. This re-

between surfaces and blocks.
np increases up to a value of 0.50, i.e., np =

sult indicates that the SLC phase is sensitive to sur-
face field, and the cylindrical symmetry is easy to
break at a moderate strength of surface field. For
ng = 1.00, the diblock copolymers assemble into the
morphology composed of a layer of cylindrical lamella
and several layers of cylindrically distributing cylin-
ders, owing to the strong cylindrical symmetry from
the strong surface field. This phase is similar to those
LC phases observed in the previous work.3? The pre-
vious MC studies also confirmed the cylindrical sym-
metry of morphologies for strong surface field in 3D
space where the surface field parameter was selected
to be a = 1.00.123:26]

/4
T T vA T T T T

10.0 A 4
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9.5 4 nB = 0.5 D = 20Rg E

@ @  ;» :
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7.5 T — v T T T
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Fig. 6. Free energy per chain F/nkpT as a function of

iteration step Ns. The morphologies are inserted at the

corresponding positions to illustrate the evolvement pro-
cess of SLC phase. The SLC phase parameters are selected
to be fo = 0.20, xaABN =60, ng = 0.50, and D = 20R;.

The SLC phase is an especial morphology that is
observed for the first time. We perform the further
investigation on this phase and plot the free energy
per chain F'/nkgT as a function of iteration step Nj
in Fig. 6. Here the phase parameters are selected to
be ng = 0.5, D = 20R,, fa = 0.20 and xapN = 60,
and the diblock copolymer exhibits an standard SLC
phase according to the phase diagram. As shown in
Fig. 6, there are three stages to form the SLC mor-
phology, similar to the formation of BLC phase. First,
the evolution process begins with inputting the ran-
dom wa and wg, and the F/nkgT decreases sharply
because the phase begins to separate. When the itera-
tion step NNy is increased to 40, there is a CL structure
with incomplete separation between A and B blocks.
This is not a stable phase because it does not satisfy
the free energy criterion. Then, F/nkgT begins to in-
crease and then decreases when the diblock copolymer
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begins to form CLC morphology within Ny = 40-80.
Similar to the case observed in Fig. 2, the free en-
ergy with the lowest value also originates from the
random adjustment process, which is not a stable or
In the second stage, the diblock
copolymers spend a long iteration step to undergo
the CLC phase until Ny = 1000. Actually, this CLC
phase is a metastable phase in this evolvement pro-

metastable state.

cess. We have observed the metastable phases of di-
block copolymers under other confinements by using

a similar method.[3-33]

The last stage is an adjust-
ment one. In this stage, a part of A-blocks on the
outmost layer turns into ones inside layers because
the surface is preferable to the B blocks so that few
cylinders remain in the outmost layer. At the same
time, the outer layers of CL structure are adjusted
to be square lamella structure while the inner layer
of CL structure remains unchanged. The inner layer
with the smaller diameter is hard to pull into square
lamella, due to the rigid characteristic for the diblock
copolymers.[*2| Therefore, the diblock copolymer ex-
hibits the SLC phase in the equilibrium state.

4. Conclusions

In this paper, we preformed the SCFT calcu-
lation to study the confinement-induced phase be-
haviours for the diblock copolymer melts in 2D space.
The effects of phase parameters including fa, xasN,
Uam) and D on phase behaviour are investigated

in detail. A great variety of novel phases of con-
fined diblock copolymers are observed where the corre-
sponding phase behaviours are also discussed in phase
evolvement.

First, fa and xyap/N can induce complex phase be-
haviours of diblock copolymers under cylindrical con-
finement. We find that the cylindrical-confinement
can induce the CL structure in most phase zones for
the diblock copolymers, especially in the strong segre-
gation zones. A series of complicated phases, such as
the CLC and BLC phases, is observed near the phase
boundary in the phase diagram, indicating that it is
easy to deform the phase of diblock copolymers in this
zone. Secondly, we investigated the phase behaviours
induced by Ux gy and D for the cylinder-forming di-
block copolymer. For the surface preferable to the
majority blocks, the different confinement degrees re-
sult in distinct phase behaviours. We find that the
moderate confinement degree and surface field lead to
the SLC phase, which can be understood by the com-
petition between these two phase parameters.

For the especial and interesting phases, the BLC
and SLC phases, we discussed their evolvement by
recording their free energies in the iteration processes,
respectively. The fact indicates that the BLC and the
They both

undergo three stages from random adjustment to the

SLC have similar evolvement processes.

lamella structure break, and to the slight adjustment
of the final equilibrium phases. Our results are com-
pared with the available observations from the experi-
ments and simulations, which are in good agreements.
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