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ABSTRACT: The dissipative particle dynamics (DPD) simulation method is applied to study the
mesoscopic phase formation of cyclic diblock copolymer c-A,B, (m + n = 20). The phase diagram is
constructed by simulating at different interaction parameters and composition fractions. The resulted
phase diagram is similar to that of the linear diblock copolymer; i.e., the ordered structures such as
lamellae, perforated lamellae, hexagonal cylinders, and body-centered-cubic spheres can be identified in
the parameter space. Melted structures such as micelle-like, liquid rod, and random network phases
have also been found in the phase diagram. The observed (yN)opr is in agreement with the theoretical
prediction, if a finite chain length mapping is applied. Cyclization of a linear block copolymer can induce
remarkable changes in the morphology of the organized meso structure. This is attributed to the reduced
chain length of the cyclic block copolymer. The existence of the melted structures between totally disordered
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and the ordered phases emphasizes complex dynamical pathway during microphase separations.

1. Introduction

As a fertile source of soft materials, block copolymers
attract researchers in both academic and application
fields since they have novel properties resulted from
their self-organized microphase-separation structures.!
The synthesis? of a block copolymer with a unique
architecture, such as star, comb, and ring shape, makes
it possible to diversify its applications and investigate
the effect of the chain architecture on its physical
properties.

Cyclic block copolymer has no chain ends but pos-
sesses two junctions between the blocks as compared
with the linear block copolymer, which has two or more
ends and one junction between the blocks. Therefore, it
is expected that the properties of the cyclic block
polymers may be different from those of the correspond-
ing linear ones. For example, cyclic polymers are easy
to process because they have relatively smaller viscosity
compared with the linear polymers. Theoretical studies3—
predicted sensitive differences between the properties
of the linear and the cyclic copolymer in bulk. For
example, Marko? predicted an order—disorder transition
(ODT) in microphase separation at y/N = 17.8 for a 50/
50 cyclic diblock copolymer as compared to the classical
result for linear diblock for which yN = 10.5. It was
attributed to the fact that the closed topology suppresses
concentration fluctuations. Monte Carlo simulation!®
indicated the effect of the cyclic architecture on ODT
by comparing the microphase separation of a symmetric
cyclic diblock copolymer with an equivalent linear one.
There are also some experimental works about the
physical property differences between the cyclic and the
corresponding linear block copolymers, both in solu-
tion!1716 and in the bulk.17-2!

To investigate the phase behavior of a block copolymer
system, various techniques had been used, such as
dynamical Landau theory,?22® self-consistent-field theory
(SCFT),2425 and the Monte Carlo (MC) method. How-
ever, it is difficult to model the equilibrium structures
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of block copolymers by Landau theory and the SCFT?26:27
because the results of experiments2® and Monte Carlo26
simulations indicated that the chain statistics are
markedly non-Gaussian nearly up to the critical point.
Although by MC, one can both study the equilibrium
structures and the dynamical processes;2?-31 unfortu-
nately, there is no hydrodynamic interaction (HI) in-
cluded, even though HI plays an important role in the
kinetics of microphase separation of block copolymers.32
There is another efficient simulation technique, discon-
tinuous molecular dynamics (DMD), which has been
successfully applied to study the phase behavior of
linear diblock copolymers.3? In this method, one need
to find the appropriate box length for a specific packing
fraction using the box length searching algorithm, but
for some specific structures this algorithm is insufficient
to find the correct box length. As an alternative choice,
in this research, we use the DPD method which is a
continuum simulation technique in three dimensions
and correctly represents the hydrodynamic interac-
tions.32 Groot and Madden?* had successfully applied
this method to study the mesophase formation of linear
(A,,B,) diblock copolymer melts. Thus, the DPD simula-
tions of cyclic block copolymers may be needed for
directly comparing the results with those of ref 34, also
for understanding the speciality of the microdomain
formation of the cyclic block copolymers.

In the DPD method, to conserve the momentum, the
dissipative forces depend explicitly on the relative
velocities of the particles. The velocities, however, also
depend on the dissipative forces. This fact makes it
difficult to integrate the equations of motion in DPD
simulations. To overcome this problem, a number of
integration schemes®®~3° have been developed in the
past few years. We have tested the four different
schemes for computational efficiency. Our results on a
system of size 10 x 10 x 10 with particle density p =
3.0 show that integrating over one time step (A¢ = 0.05)
requires 0.03 s for the velocity-Verlet integration scheme
(DPD-VV),36:37 0.018 s for the modified velocity-Verlet
algorithm due to Groot and Warren (GW-VV),%5 0.028 s
for the Shardlow splitting method,3? and 0.024 s for the
Lowe thermostat method?3 (A = 5.0). All these results
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have been averaged over 30 000 consecutive steps. We
can see that the time-consuming of the GW-VV is the
lowest, so we use this classical integration scheme in
our simulations. The method will be described in the
next section.

In this paper, we present the results of DPD simula-
tions of cyclic diblock copolymer systems. The elemen-
tary units in DPD method are fluid elements or soft
beads. A soft bead represents a volume of fluid that is
large on a molecular scale and hence contains at least
several molecules or molecular groups, but still macro-
scopically small.*® Our block copolymer is modeled by
connecting these beads together with the harmonic
springs.?® We have performed the simulations of cyclic
chains with N = 20 at volume fractions f= 0.1, 0.2, 0.3,
0.35, 0.4, and 0.5. Results are summarized in a phase
diagram which displays disordered (DIS), quasi-solid
body-centered cubic (BCC), hexagonal cylindrical (HEX),
and lamellar (LAM) phases in the yN vs f plane.
Moreover, we also find melted structures such as
micelle-like phase (ML), liquid rod phase (LR), and
random network phase (RN). We also find the perfo-
rated lamellar (PL) phase which has been found in
experiments*!42 and in DPD simulations3%34 for linear
block copolymers. The observed (yN)opr is in agreement
with the theoretical prediction, if a finite chain length
mapping is applied. Cyclization of a linear block copoly-
mer can induce remarkable changes in the morphology
of the organized meso structure. This is also attributed
to the reduced chain length of the cyclic block copolymer.
The existence of the melted structures between totally
disordered and the ordered phases emphasizes complex
dynamical pathway during microphase separations.

2. Simulation Method and Model Construction

In the DPD method, the time evolution of the inter-
acting particles is governed by Newton’s equation of
motion.3® The GW-VV algorithm3435 is used here.

r(t + At) = rt) + Atv,(t) + V(A1)
Vit + At) = vi(t) + AALE ()
£t + At) = £(x(¢ + Ab), V(¢ + Ab))
vt + At = v,t) + Y AtE(0) + £+ AD) (1)

We choose 4 = 0.65 and A¢ = 0.06 here according to ref
34.

Interparticle interactions are characterized by pair-
wise conservative, dissipative, and random forces acting
on a particle ¢ by a particle j. They are given by

c C
Fij = 0w (rij)el-j (2)
D
Ff-j = —yw (rij)(vij-eij)eij 3)
R —1/2
Fli; = o0 (r))&,;At e (4)

where rj; = r; — 1}, ryj = |ryl, €; = ry/ry, and v = v; —
v;. The §;;is a random variable with zero mean and unit
variance.

The pairwise conservative force is written in terms
of a weight function w®(r;j); here we choose w®(r;)) = 1
— ryj for r; < 1 and w®r;;) = 0 for rij = 1 such that the
forces are soft and repulsive. Unlike the conservative
force, the weight functions w?(r;)) and w®(r;) of the
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dissipative and random forces couple together to form
a thermostat. Espafiol and Warren*? showed the rela-
tions between the two functions

oP(r) = [w®(r)?

o® = 2ykpT (5)

This precise relationship between the two forces is
determined by the fluctuation—dissipation theorem. We

take a simple choice of w?(r) due to Groot and Warren:
35

1-r% <1

0 r=1 ©)

oP(r) = [wf())? = {

It should be noted that the choice of w?(r;) is not unique;
the simplest form adopted here is just because of its
common usage in roughly all published works.

In our simulations we have chosen the radius of
interaction, the particle mass, and the temperature as
re=m = kT =1 and o = 3.67.34 The particle density p
is kept equal to 3. According to ref 35, only for suf-
ficiently large density above p > 2, all simulation
systems fall on the same scaling curve of the equation
of state. Taking into account the computational ef-
ficiency, a low value that p = 3 is a reasonable choice
where the scaling relation still holds. The only param-
eter to be determined is the conservative interaction
strength «;;, which is chosen according to the linear
relation with Flory—Huggins y-parameters:3

a; ~ oyt 3.27xij (p=3) 7
Here the interaction parameter between the same bead
type o;; equals 25. This value is originated from Groot
et al.3%** to correctly describe the compressibility of
water. Because equal liquid volumes for all components
were actually assumed in DPD, the dimensionless
compressibility is taken the same value for all compo-
nents as matched to water at room temperature, and
then pa;i/ksT ~ 75 is found. The correspondence between
the repulsion parameter o and the Flory—Huggins yx
parameters places our results in the proper context. It
should be noted that by following Groot and Rabone**
one can quantitatively determine the DPD interaction
parameters from the experimental y parameters or
solubility data. Recently, Maiti and McGrother also
presented a procedure to coarse-grain a complex fluid
from its underlying chemistry.*5 However, in this paper
we do not try to relate our results to any particular cyclic
block copolymer systems. Instead, we focus on the
qualitative phase diagram and the physical speciality
due to the particular ring architecture.

Polymers are constructed by connecting the neighbor-
ing beads together via the harmonic springs Ff =
Y ;Cr;;.35 We choose the spring constant C = 4 according
to ref 34. In our simulations, a 3D box of size 20 x 20 x
20 with periodic boundary conditions is adopted. c-A,,B,,
is used to represent the cyclic block copolymer, where
m + n = 20 and the composition fraction of block A is f
= ml/(m + n).

In a typical simulation, the finite system size may
lead to some artificial phases; thus, fine-tuning the box
size is crucially important for truly describing the
physical properties. In the previous DPD simulations,32
Groot et al. pointed out that their simulated systems
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Figure 1. Simulated phase diagram for cyclic block copoly-
mers plotted in yN vs f. Regions of totally disordered phase
(DIS), lamellae (LAM), perforated lamallae (PL), hexagonal
cylinders (HEX), and body-centered-cubic spheres (BCC) are
shown. Between the ordered and the totally disordered regions,
we also find some melted structures, such as micelle-like phase
(ML), liquid rod phase (LR), and random network (RN). The
microphase boundary lines are drawn to guide the eye.

were larger than any of the previous MC simulations.
They also adopted a box with size 20 x 20 x 20;
however, the chain length N = 10. We find that for our
cyclic block copolymers (N = 20) the mean-squared
radius of gyration (R,?) almost has the same value as
that of the linear ones with the chain length N = 10. In
addition, the side length of our simulation box is about
10 times larger than the R,? of the cyclic block copolymer
with NV = 20. Therefore, the finite box size effect may
not influence our results.

3. Simulation Results and Discussion

We expand our simulation parameter space to include
symmetric and asymmetric cyclic block copolymers at
different composition fractions and interactions. There-
fore, the phase diagram can be constructed, showing
disordered, lamellar, perforated lamellar, hexagonal
cylindrical, and body-centered-cubic spherical struc-
tures. Figure 1 displays the resulting phase diagram,
plotted in yN vs f. Note that between the totally
disordered region and the ordered phases there are some
melted structures, such as micelle-like, liquid rod, and
random network. There is no symmetry in these phases;
thus, we describe them as droplets (no matter large or
small) of the minor moiety in disordered phases. The
diagram shows that a direct phase transition occurs
between the disordered phase and the lamellar phase
at f= 0.5. The corresponding (y/N)opr is around 45. For
moderately asymmetric cyclic block copolymers (f = 0.4,
0.35), a perforated lamellar phase is stable below the
lamellar phase. For more asymmetric block copolymers
(= 0.3, 0.2), cylinders are stable. For highly asymmetric
cyclic block copolymers (f = 0.1), BCC spheres form
above the disordered phase. The typical ordered struc-
tures are shown in Figure 2 by calculating the A/B
dividing isosurface of equal A and B density. The
disordered and melted structures are not shown here.

It is of interest to compare our results with the
theoretical predictions and other simulations. Marko®
had discussed the microphase separation of ring block
copolymers using the theory of Leibler® with random
phase approximation (RPA). He showed that the order-
ing of ring diblock copolymers was similar to that of
linear chains with a reduced chain length. He had also
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(c) (d)
Figure 2. Typical simulated meso-structures for cyclic block
copolymers with N = 20: (a) BCC at f= 0.1 and yN = 260; (b)
HEX at f= 0.3 and /N = 180; (c) PL at f= 0.35 and y/N = 110;
(d) LAM at f= 0.5 and yN = 60.

found that for a melt of symmetric diblock rings mi-
crophase separation would take place with a demixing
interaction larger than (yN)opr = 17.8. Following Mar-
ko’s work, Morozov and Fraaije*’ derived similar ex-
pressions for three- and four-monomer probabilities and
calculated the nonlinear response properties of ring
diblock copolymer melt and obtained its phase diagram.
Their resulted phase behavior of the ring diblock
copolymer melt is almost the same as that of the linear
diblocks with the ODT transition temperature shifted
upward. The only difference is a big compositional range
f = 0.33—0.67 where the direct transition DIS — HEX
occurs. This value of (yN)opr can also be located in our
simulated phase diagram at the order—disorder transi-
tion point of the symmetric cyclic block copolymers. We
can see from Figure 1 that, when yN = 40, the block
copolymers are in disordered phase and, when yN = 45,
ordered lamellae appear. Therefore, the value of (yN)opr
is in the range of 40 < (yN)opr < 45 in our simulations.
Monte Carlo simulationl® had also been applied to
calculate the value of (yN)opr. The authors predicted
that the value should be in the range of 40.83 < (yN)opr
< 43.02. They had also adopted N = 20; hence, their
result of (yN)opr is in consistent with ours. The dis-
crepancy between our simulated (yN)opr and the Mar-
ko’s theoretical result may be due to the finite chain
length in our simulations and the RPA they used.8?
Our phase diagram for 20-bead cyclic block copoly-
mers can be compared to Groot and Madden’s simula-
tion of 10-bead linear diblock copolymers.3* They found
lamellar, perforated lamellar, hexagonal cylindrical, and
BCC spherical phases in the yN vs f plot. Furthermore,
they emphesized that the simulation value of (y/N)opr
was higher than the theoretical prediction. It was
attributed to the increasing fluctuation with finite chain
length. On the basis of the argument of Fredrickson and
Helfand,*® they gave an expression for calculating an
effective y parameter, (yN)egr = yN/(1 + 3.9N%3-2v)
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Figure 3. Time evolution of the mean-square radius of

gyration for both the cyclic c-A3B7 and the linear AsB7 block
copolymers.

where v is the Flory exponent. This relation can be used
to extrapolate from the finite chain yN to that of the
infinitely long chain. However, because this weak
coupling relation is not appropriate to cyclic systems,
our yN cannot be directly fitted to (y/V)es via the above
relation.

Comparing the R, of the cyclic block copolymer and
that of the linear block copolymer, we may do a chain
length mapping and give a rough estimate of the (y/N)opr
corresponding to the finite chain length of the cyclic
block copolymers. The mean-square radius of gyration
is defined as

N
R,’C= &Z(ri - rcm)ZD (8)

where r; and r., denote the position vector of each
segment in a chain and the center-of-mass for the whole
chain. Figure 3 shows the calculated [R 2(for both the
cyclic and the linear symmetric block copolymers with
N =20 and y/N = 45. It can be easily seen that the chain
sizes increase rapidly to the equilibrium from their
initial values in both cases. Furthermore, the [R,?Cof
the cyclic block copolymers after equilibrium is nearly
half of the corresponding linear ones: [Rg?0ycic
= 0.463[Rg%0inear- For infinite chain length, we have*95°

1.2,
ngElnear = ENZ MZD 9
2 _ 1,000
R, [ etic = EN 0 (10)

where [20is the mean-square bond length. These two
equations indicate that [R2Uof the cyclic chain should
be exactly half that of the linear one at infinite chain
length. Our simulated result is 0.463, which is only
slightly smaller than 0.5, although only N = 20 is used
here. On the basis of the above relation, we may do a
chain length mapping of the cyclic polymer with N' =
0.463N for our systems. Another value for estimating
the effective yV is the Flory exponent v. From eqs 9 and
10, the value of v is equal to 0.5 if the chains in bulk
are Gaussian. Figure 4 shows that v approaches equi-
librium values 0.559 and 0.554 for the linear and cyclic
diblock copolymer, respectively. These values are larger
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Figure 4. Time evolution of the Flory exponent v, for the
cyclic c-A10B1o and the linear A190B1o block copolymers. In both
cases, yIN = 45.

than the ideal Gaussian value of 0.5, indicating that the
chain conformations in these two cases deviate from the
Gaussian state due to the chain expansion at interfaces.
From the estimated reduced chain length N' and the
Flory exponent v, we can calculate (yN)opr for the cyclic
block copolymer at finite chain length N = 20 via (yN)esr
= yN/(1 + 3.9N' #3-2") where (yN)egr = 17.8.° The
resulted (yN)opr = 43.8, which is in good agreement
with our simulated value and the MC prediction.1?
According to ref 20, at the same composition fraction
and the same polymerization, cyclization of a linear
block copolymer induces remarkable changes in the
morphology of the organized meso structure. For ex-
ample, at f = 0.22, linear diblock copolymers form a
hexagonal phase, whereas the corresponding morphol-
ogy adopted by cyclic diblock copolymers is a liquidlike
micellar phase. Groot and Madden?* had showed via
DPD simulations that, in a box of size 20 x 20 x 20 at
density p = 3 and yN = 46, the linear block copolymer
AsB7 evolves into a hexagonal phase after 32 000 DPD
time units. Thus, following Groot and Madden, we do
the simulations for both linear AsB; and cyclic c-AsB7
to compare the difference of their respective meso
structures. The results are shown in Figure 5 by
calculating the dividing isosurfaces. Linear AsB; forms
hexagonal cylinders as shown in Figure 5a, which is in
consistent with the result of Groot and Madden. The
result for the c-AsB7 is a structure with randomly
distributed micelles as shown in Figure 5b, which is in
agreement with the experiment observation.?® The
different meso structure of c-AsB; emphasizes the
speciality of the cyclic block copolymer due to its
particular ring architecture. This difference may also
be understood with a chain length mapping as we have
described above. Suppose that (yN)ris the threshold for
HEX appearance of the linear block copolymers. c-AsB~;
with N = 10 corresponds to a linear block copolymer
with roughly chain length N' = 5; thus, (y/N)r shifts to
larger value in this case according to (yN)egr = yN/(1 +
3.9N' 23-2")  Subsequently, we may observe micellar
structure (cf. Figure 1) for c-A3B7 at the same yN with
which linear AsB; resides in the HEX phase. As an
addition, we have done some extra simulations for cyclic
copolymers with chain length N = 10 at volume fraction
f=0.4,0.35, and 0.14 and compared these results with
those of linear ones given by Groot and Madden.3* All
these comparisons are listed in Table 1. Our results
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(b)

Figure 5. Morphology of linear AsB7 and cyclic c-AsB7 diblock
copolymer systems obtained after 5.4 x 10° steps simulation
with yN = 46 and p = 3. (a) Hexagonal phase for the linear
system. (b) Dividing isosurface of cyclic block copolymer c-AsBy,
which shows a micelle-like phase.

Table 1. Input Parameters and Resulted Meso-Phases for
All Comparison Runs between Cyclic and Corresponding
Linear Block Copolymers®

description f o; xN  time phase
A1Bo/AsBg 0.14 57 98 64000 bcc
A3B7 0.30 40 46 30000 hexagonal
A3B7/A4Bg 0.35 40 46 32000 perforated lamellar
A4Bg 040 40 46 30000 lamellar
c-A1Bo/c-AsBg  0.14 57 98 64 000 micelle-like
c-AsB7 0.30 40 46 32400 micelle-like
c-AsB7/c-AsBg  0.35 40 46 36000 random networks
c-A4Bg 040 40 46 36000 random networks

@ The particle density p = 3 and box size is 20 x 20 x 20. The
fraction of A beads in the system is denoted by f. The repulsion
parameter between the equal beads is a;; = 25, and for the unequal
beads this parameter is denoted by a;. Time refers to the
simulation time in the units of rey/m/kgT, where r. is the
interaction radius. All the results for linear block copolymers are
from ref 34.

provide further motivations for experimentally probing
the different morphologies of cyclic block copolymers
which has not been performed so far.

We have also investigated the morphology differences
between cyclic and linear block copolymers and com-
pared the domain sizes during the microphase separa-
tion. The mean-square distances between the centers-
of-mass of blocks A and B, [D2[] are calculated for both
the cyclic ¢c-A10B1p and the linear A;¢Bo systems. This

Cyclic Block Copolymer Microphase Separation 1399

0.7 T T T T T T
o8 Wmmmwm ]
linear A1oB ]
05 10510 i
A 04 —
o
(]
v
03} i
0'2 " o L -
o cyclic c_A1pB10
0.0 " 1 n 1 L 1 n
0 10000 20000 30000 40000

time (DPD time unit)

Figure 6. Time evolution of the mean-square distance
between the centers-of-mass of blocks A and B, D[] for both
the cyclic c-A19B1o and the linear A;oB1o block copolymers.

mean-square distance is defined as D?0= [raem —
rB,em)?l) Figure 6 shows the time evolution of D?Ofor
both systems. We can see that this value converges to
0.184 for the cyclic block copolymer and is much smaller
than 0.582 for the linear one. This is also due to the
ring-shape architecture, which increases the number of
contacts between the repulsive segments A and B and
thus decreases the dimension size of the chains micro-
scopically and the domain size at the mesoscopic scale.
The ratio of the periodic domain spacing between the
cyclic diblock copolymer and the linear chain is esti-
mated to be 0.67. This value is comparable to the value
predicted by the MC simulation.l® The half chain
segment—segment distances (HCSSD) for both c-A19B1o
and AjoB1o are also calculated at yN = 45 and 400,
respectively. We then do a Gaussian fit of HCSSD and
compare the chain size differences at the weak and
strong segregation conditions. At yN = 45, the most
probable value of HCSSD is 3.57 + 0.02 for A19B1o and
2.54 + 0.01 for c-Aj9B1o, while at yN = 400, we have
4.14 + 0.02 and 2.98 + 0.01, respectively. These ap-
proximate values show that both kinds of chains are
more stretched at the strong segregation condition,
although in this case Gaussian fitting may not be valid
anymore.

We observe the perforated lamellar (PL) phase be-
tween the cylindrical and lamellar phases at f = 0.35
and 0.4, whereas the SCFT theory predicts a stable
gyroid phase in this region.?! Contrary to the theoretical
predictions, some experimental studies of copolymers®2-54
are more consistent with our simulation results. They
found that the PL phase is stable525% or metastable.5*
However, the existence of PL phase may be possible
because of our finite simulation box size.33 To test this,
we do a simulation with the box size 25 x 25 x 25 at f
= 0.35 and yN = 140 for long times. This system should
be large enough for the gyroid phase to form without
the finite box size effect, but still no gyroid structure is
found. Another interesting thing should also be men-
tioned here is that the perforations in our PL structures
are not always hexagonally spaced, which is in agree-
ment with the DMD results for linear block copoly-
mers.?3 At f = 0.4, perforations are small and transient
and without any symmetry. At volume fractions f =
0.35, the perforations are larger, more stable, and
hexagonally ordered. The absence of gyroid phase in a
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DPD simulation may inherently relate to the method
itself.

When the volume fraction fis at 0.2 and 0.3, we obtain
the hexagonal cylinders. According to ref 32, hexagonal
cylinders form via a metastable gyroid-like structure
and therefore correspond to the nucleation-and-growth
mechanism, whereas the lamellar phase is formed via
a spinodal decomposition. Consequently, the hexagonal
phase appears with an order of magnitude slower than
the lamellar phase, so longer simulation times have
been used at /= 0.2 and 0.3 in this work. At the strong
segregation region when f = 0.3, such as at yN = 220
and 240, a connected tube structure may appear instead
of the expected hexagonal cylinder phase. But when we
start the simulation from the hexagonal configuration
obtained in a smaller yN simulation, the HEX cylinders
will be perfected and stabilized. Therefore, these two
points at f = 0.3 with yN = 220 or 240 are also in the
region of hexagonal cylindrical phase. The appearance
of the connected tubes indicates that the system get
stuck into a local minimum in free energy surface. After
the connected tubes are formed, the connections cannot
be broken despite long simulation times. This shows
that there are high barriers between the local and the
global minima, and the system cannot easily jumped
over the barrier. It may be due to the strong repulsions
between blocks A and B. Such high repulsions make it
difficult to rupture the connections between the tubes.

In our phase diagram, there are also some melted
structures in the region between the totally disordered
and the ordered phases. These structures were found
for linear block copolymers by Groot and Madden.3432
They distinguished processes on three different length
and time scales in the formation of polymer meso-
phases: (1) phase separation on the mesoscopic bead
level, (2) organization of polymers into micelles, and (3)
the organization of these micelles into a superstructure
with its own particular symmetry (cf. Figure 2 of ref
34). In our phase diagram, at f = 0.1, a micelle-like
phase is found between the disordered and BCC phases.
This corresponds to the level 1 ordering in Groot and
Madden’s scheme. At f = 0.2 and 0.3, the micelle-like
phase is also found above the totally disordered phase,
and after that, another type of melted structure, liquid
rod phase, is found before the ordered hexagonal phase.
This may correspond to the level 2 ordering. At /= 0.35,
0.4, and 0.5, we find a percolation of the minority phase
into a random network, as shown in our simulated
phase diagram. Moreover, the level 3 ordering corre-
sponds to the formation of the final ordered superstruc-
tures. The appearance of these melted structures fur-
ther testifies the advantage of DPD that can trace the
complex dynamic processes in the formation of polymer
microphases.

In typical DPD, the bond crossing is needed. If the
chain topology is conserved during the simulation, the
phase separation phenomena may differ from our
present results. This is because the segmental move-
ment during microphase separation is restricted se-
verely especially in the cyclic diblock copolymers if bond
crossing is not allowed. For this reason, it is necessary
to test whether bond crossing can happen in our
simulations with any yN. Figure 7 shows two typical
initially interlinked loop polymers during the simula-
tion. For example, parts a and b of Figure 7 show the
chain conformations of cyclic c-A10B1o at N = 60 after
2 x 10*and 4 x 10* integration steps, respectively. Parts
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(d)

Figure 7. Chain conformations during the simulations of the
cyclic block copolymers: (a) c-A1oB1o at ¢ = 1200 and yN = 60;
(b) c-A190B1o at t = 2400 and yN = 60; (c) c-A2B1s at t = 1200
and yN = 400; (d) c-AsBs at ¢ = 2400 and yN = 400.

c and d of Figure 7 show the cyclic c-AsBig at /N = 400
after 2 x 10* and 4 x 10* integration steps, respectively.
After short time simulation, the interlinked loop poly-
mers separate from each other no matter whether yN
is small or not. This shows that the bond crossing is
always allowed in our simulations. Although it is
unphysical, bond crossing together with the soft interac-
tion is the merit of the DPD, which can significantly
speed up the equilibrium of the system. Of course, one
can disallow the bond crossability,?® if the realistic
dynamic process during the phase separation is empha-
sized. However, in this case the efficiency of DPD will
be sacrificed, which is against the idea of DPD. In the
spirit of multiscale simulation, we may need to combine
the virtue of both coarse-grained and atomistic methods
for obtaining a clear overview of the microphase separa-
tion of block copolymers.

4. Conclusions

The behavior of the microphase separation of cyclic
diblock copolymers is investigated via the dissipative
particle dynamics by varying composition fraction and
value of y at the fixed chain length N = 20. Our
simulated phase diagram shows similar ordered struc-
tures as those of the linear ones, such as lamellae,
perforated lamellae, hexagonal cylinders, and body-
centered-cubic spheres. By locating the order—disorder
transition point in our phase diagram, we find the ODT
region 40 < (yN)opr < 45, which is consistent with the
MC results. The theoretical value of (yN)opr = 17.8
corresponds to infinite chain length. Thus, we do a
mapping of this value to obtain (yN)opr of the finite
length cyclic block copolymer. The resulted (yN)opr =
43.8 is in good agreement with our simulated value.

By comparing the microphase morphology of linear
A3B7 and cyclic c-A3B7 diblock copolymers, we find that
the cyclization of a linear block copolymer can induce
remarkable changes in the organized meso structures,
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which is in harmony with the experiment observations.
This is attributed to the reduced chain length of the
cyclic block copolymer.

In the region between the totally disordered and
ordered phases, we find some melted structures, such
as micelle-like, liquid rod, and random network phases.
These melted structures further demonstrate the com-
plex dynamical pathway during microphase separations.
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