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Abstract— Using dissipative particle dynamics, a refined phase diagram of the rod-coil diblock copolymer is
constructed in coordinates copolymer composition—repulsion parameter of different types of units. The dia-
gram describes the microphase separation of copolymer blocks and the orientational ordering of rigid blocks.
Simulation of rodlike blocks as rigid bodies makes it possible to reduce computational costs, increase the size
of the simulation cell to 32 X 32 X 32 and the total length of the copolymer chain N to 20, to vary the com-
position of the copolymer chain with a smaller step (up to 0.05), and to investigate the behavior of systems
with high degrees of segregation of blocks (up to x N = 250). Owing to this optimization, the ordering of rigid
blocks not only in the lamellar but also in bicontinuous morphology can be observed for the first time. It is
also shown that the zigzag and bilayer lamellas described not only in numerical but also in laboratory exper-
iments are metastable and disappear with an increase in the size of the simulated system.
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INTRODUCTION

Conducting polymers typically have increased
rigidity because of the presence of conjugated bonds.
One of the ways to improve their solubility, and, as a
result, processability, is to use rod-coil block copoly-
mers. Owing to the conformational asymmetry, such
copolymers form various microdomain structures
used in photovoltaics and related areas [1, 2]. In flexi-
ble copolymers, microphase separation is controlled
by the ratio of lengths of chemically different blocks
and the degree of their segregation. Replacing one of
the flexible blocks with a rigid one reduces the confor-
mational entropy of the copolymer, facilitating the
emergence of stable microstructures. The aspect ratio
of the rod-shaped block becomes an additional factor
determining the pattern of the phase diagram. The
appearance of a mesogenic fragment in the copolymer
enables transition from an isotropic to nematic or
smectic ordering of rods in domains.

To date, for rod-coil diblock copolymers, along
with conventional morphologies (micelles, cylinders,
bicontinuous structures, lamellas), smectic layers [3—
7], arrowhead, z-shaped, wavy, and perforated lamel-
las have been observed [8—24]. For copolymers with
semirigid rods, the existence of single- and double-
layer lamellas as smectics A and C and various transi-

tions between them was predicted in the framework of
the self-consistent mean field theory (SCFT) [22].

The initial theoretical efforts to construct the phase
diagram of rod-coil copolymers were aimed at com-
paring the free energy values for different morpholo-
gies [25, 26]. Under the assumption that the rods form
smectic A, the formation of micelles in the shape of a
hockey puck or hexagonally packed cylinders with a
lamellar core of a rectangular cross section consisting
of rods was predicted. Further mesoscopic molecular
simulation studies [16—18, 23, 24] showed that, in
terms of entropy, smectic C is often more favorable
than smectic A, since the slope of rods in smectic
lamellas is statistically more probable. In addition, in
this case, the density of the junction points of flexible
and rigid blocks on the surface of lamellas decreases
and the conformational entropy of flexible blocks
increases.

Subsequently, the construction of the phase dia-
gram of rod-coil copolymers was carried out mainly by
SCFT [19-22, 27—31] and molecular dynamics [ 16—
18, 23, 24, 32]. In [18], phase diagrams in coordinates
composition—segregation of blocks were systemati-
cally investigated by the Brownian molecular dynam-
ics with Lennard-Jones potentials for three fixed val-
ues of the length of a rigid block. In this case, various
nontrivial morphologies, such as lamellar crystalline,
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arrowhead, alternating arrowhead, hexatic B, smectics
A and C, lamellar nematic, lamellar, lamellar hexago-
nal perforated, lamellar wavy, and cylindrical hexago-
nal, were observed.

The microphase separation of rod-coil copolymers
by dissipative particle dynamics (DPD) was studied
for the first time by AlSunaidi et al. [23, 24]. Varying
the temperature and degree of segregation of the
blocks of copolymer R;C; at a particle density of p, =
4, the authors observed the formation of crystalline
and smectic A phases. Using DPD, the phase diagram
was constructed with a density of p, = 5, the length of
the copolymer N = 10, and the variable composition of
the copolymer and the degree of segregation of its
blocks [32]. Crystalline lamellar, lamellar, gyroid,
cylindrical, and micellar phases were detected. It
should be noted that, owing to the limited length of
chains, the composition of the copolymer was varied
with a large step (Afy, = 0.1). The orientational order-
ing of chains was observed only at the fraction of the
rigid block f, = 0.7, when the rigid fragment contained
seven or more units. On the whole, DPD leads to
phase diagrams close to those obtained by the Brown-
ian molecular dynamics.

To date, the DPD method has been little used to
study the phase behavior of rod-coil copolymers. The
reason is that the simulation was carried out at a high
density of particles, which did not make it possible to
consider cells larger than 20 X 20 X 20 and copolymers
consisting of more than N = 10 units. Relatively short
rigid blocks in such molecules had a relatively low ten-
dency toward orientational ordering, and it could only
be observed in the lamellar morphology.

In the present work, a more detailed phase diagram
of the rod-coil diblock copolymer for chains of length
N=20in a 32 x 32 X 32 cell with an average particle
density of p, = 3 was constructed. Because of a greater
chain length, the composition of the copolymer in the
phase diagram was varied in increments Af, = 0.05 and
the maximum investigated degree of segregation ¥ V.«
reached = 250 (in [32], Afy, = 0.1 and YN, = 80).
According to our diagram, orientational ordering can
arise not only in the lamellar but also in the bicontin-
uous morphology.

MODEL AND CALCULATION METHOD

Large-scale molecular simulation of copolymers
containing rigid moieties is a challenge [33]. Such sys-
tems relax much more slowly than flexible molecular
chains of the same length with a wide spectrum of
relaxation times, including fast modes of individual
units. Among coarsened mesoscopic methods, dissi-
pative particle dynamics is considered one of the most
promising. Owing to a large step of integration of the
equations of motion and low coefficients of friction of
particles with “soft” potentials, this technique makes
it possible to observe self-organization of macromole-
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cules on relatively large space-time scales. DPD has
already been used to study mixtures of monodisperse
[34, 35], bidisperse [36], and diblock rigid nanorods
[37] with diblock copolymers that form lamellar [34,
36, 37] and hexagonal [35—37] microdomain struc-
tures and to investigate the behavior of carbon nano-
tubes in a concentrated diblock copolymer solution
[38]. The “standard” approach developed by
R.D. Groot and P.B. Warren [39] for flexible-chain
polymers is not sufficient for simulating rigid blocks.
To this end, a number of DPD modifications were
proposed for the introduction of rigidity. One of the
methods involves the adjustment of valence potentials
and the addition of angular potentials [40—46], but it
requires reducing the integration step by 5 to 10 times
to maintain the stability of the numerical solution of
the equations of motion of particles, which slows down
calculations. We use an alternative approach, which
was shown to be efficient, namely, in simulating rod-
like fragments as rigid bodies in the NVE ensemble
according to the algorithm of T.F. Miller et al. [47]. It
excludes the interaction of particles inside a rigid block
from consideration, optimizing the calculation of
forces.

Another problem with the standard DPD method
is that the nematic ordering of nanorods related to
their steric repulsion is difficult. The reason for this is
the “softness” of interparticle interactions compared
to classical molecular potentials, such as the Lennard-
Jones potential. To overcome these difficulties, vari-
ous approaches were developed. In [40—43], the
length of bonds in the rigid block was halved, which
led to an increase in density and the corresponding
strengthening of steric interactions. Unfortunately, the
number of particles and, consequently, the computa-
tional cost equally increased. According to the litera-
ture, the nematic ordering of rigid [23] and semirigid
[48] rods using standard DPD potentials can be
observed only at the length of the rigid rod Ny = 7. In
this paper, simulations were performed using both the
repulsion parameter of identical particles a,, = agg =
25, which is usual for DPD, and a,, = agg = 50. This
facilitates the orientational ordering of rodlike parti-
cles. However, the effect of the repulsion parameter
was relatively weak; therefore, the main results are
given for the standard case.

A more detailed description of DPD can be found,
for example, in our recent work [49] devoted to the
statistical thermodynamics of flexible-chain diblock
copolymers doped with nanorods. For calculations,
the LAMMPS software package was used.

RESULTS AND DISCUSSION

Microphase separation in a block copolymer with a
variable ratio of the lengths of rigid A and flexible B
blocks and constant total chain length N = 20 was sim-
ulated by means of a gradual (with a step of 0.1)
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Fig. 1. (Color online) Rod-coil diblock copolymer phase
diagram in coordinates YN — fj (or apg — fa) at ayp =
agg = 25. Morphology: DIS is the disordered homoge-
neous melt, HEX is hexagonally packed cylindrical
domains, CYL DIS is disordered cylinders or long
micelles, BIC is the bicontinuous morphology, PLAM is
perforated lamellas, and LAM is lamellas.

increase in the repulsion parameter a,p between parti-
cles of different types for the initially disordered state.
This value is related to the Flory—Huggins parameter
% via linear relationship % = (0.306 £ 0.003) (a,g —
aay) [39]. Simulations were carried out in a 32 X 32 x
32 cell, where the cut-off radius of interactions
between DPD particles was taken as a unit of length.

Different microstructures in the system were iden-
tified by the appearance of secondary peaks on the
dependence of the static structure factor of the rigid
block on the wave vector [50]. Orientational ordering
was detected visually, and to quantify it, the value of
the correlation function Sy (7) was calculated depend-
ing on distance r between bonds A—A in rods:

S ={2130m, -, - 1),

where angle brackets mean averaging over 10 ran-
domly selected pairs of A—A bonds belonging to dif-
ferent rods with unit vectors n; and n;. In the absence of
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Fig. 2. (Color online) Correlation function Sy(r) of orien-
tation of bonds in rigid blocks A of copolymer AgB, with
the degree of segregation of rigid and flexible blocks ayg =
(1) 25 (DIS), (2) 27 (DIS), (3) 29 (BIC), (4) 31 (BIC), and
(5 33 (LAM). At a,g = 27.5, microphase separation
occurs to form the bicontinuous structure; at ayg = 30, the
lamellar structure.

the long-range orientational order, Sy — 0 at r — oo,
but in the perfect nematic, Sy = 1.

Figure 1 shows the phase diagram of the AB rod-
coil diblock copolymer constructed in coordinates
XN — f, (molar fraction of units A in the copolymer)
for a,, = agg = 25. From the point of view of micro-
phase separation, the diagram is morphologically sim-
ilar to the phase diagram of a flexible-chain diblock
copolymer constructed using the DPD technique
[50]. The degree of segregation of units A and B corre-
sponding to the disorder—order transition depends on
the composition of the copolymer and increases with
decreasing length of the rigid block.

At fy > 0.3 (N4 > 6), orientational ordering is
observed in the domains formed by rigid blocks. The
corresponding area of the diagram in Fig. 1 is located
to the right of the solid vertical line.

The behavior of the orientational correlation func-
tion S\ (r) for copolymer AgB), at different segregation
strength of the units of blocks A and B is shown in
Fig. 2. In the case of weak incompatibility (a 5 = 25
and 27), ordering appears only at distances less than
the length of the rod. However, with increasing dis-
tance a,g, at which Sy is nonzero (the correlation
length of the orientational interaction of rods), order-
ing increases markedly. For a,g = 29 and 31, this dis-
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Fig. 3. (Color online) Instant snapshots of rod-coil copolymers in various ordered states. The structure of the interface area is
shown on the left, and the location of rigid (yellow) and flexible (gray) copolymer blocks is shown on the right. Color drawings

can be viewed in the electronic version of the journal.

tance is comparable to the size of the domains and,
when a lamellar microstructure (a,g = 33) is formed,
it exceeds the size of the simulation cell. This indicates
the occurrence of long-range order in the arrangement
of rigid blocks.

The structure of the emerging morphologies is
shown in Fig. 3. In copolymer AsB s with a short rigid
block, hexagonally ordered cylinders (HEX) are
formed. Lengthening of the rigid block leads to the
disordering of cylinders (CYL DIS) for copolymer
A¢B,4 and bicontinuous morphology (BIC) for A;B;.
In copolymer AgB,,, lamellas (LAM) are formed,
which are also stable in copolymers with a longer rigid
block A. A regular bicontinuous structure similar to
perforated lamellas (PLAM) was also found. It is not
yet clear whether this structure is kinetically stable.

The transition from the isotropic to ordered distri-
bution of rigid blocks is observed only in the micro-
POLYMER SCIENCE, SERIESA  Vol. 61
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phase-separated state of the copolymer. In contrast to
the results of [32], this state does not necessarily cor-
respond to the lamellar morphology. In this case, only
smectic C appears, in which a decrease in the density
of chains per unit interface area, which increases the
conformational entropy of flexible blocks, is achieved
by tilting the rods in the lamellas. As follows from
Fig. 3, the direction of the director of the smectic
phase changes from one lamella to another.

In the future, it will be of interest to construct a
phase diagram in coordinates Y N — f, at Ny =7 or §,
varying the length of the flexible block and the full
length of the copolymer chain, since rigid blocks of
such a length are always orientationally ordered.

Figure 4 shows the phase diagram and snapshots of
ordered states similar to those shown in Figs. 1 and 3
but corresponding to a stronger repulsion of identical
units: as, = agg = 50. It is seen that, on one hand, an
increase in the steric repulsion of DPD particles facil-
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Fig. 4. (Color online) The rod-coil diblock copolymer phase diagram and instant snapshots of various morphologies at ay =
agp = 50. The hexagonal packing of rigid blocks is shown by the example of the lamellar structure.

Fig. 5. (Color online) Metastable morphologies arising in a cell of size 20 % 20 % 20: (a) zigzag lamellas (Ny = 10, ayp = agg =
aap = 50) and (b) disordered double-layer lamellas (N5 = 11, app = agg = 25, apg = 50).

itates the orientational ordering of rods which appear
at N, = 6. On the other hand, the viscosity of the sys-
tem and its relaxation time increase significantly. At
N, =8, no noticeable morphology rearrangements are
observed at times on the order of 107 integration steps,
and at N, = 10, the relaxation of microdomain struc-
ture defects in a reasonable time is impossible. At N, >
8, rigid blocks form a structure that is close to a crystal
in the degree of order.

In separate numerical experiments conducted in
cells of a smaller size (20 X 20 X 20), exotic structures
appeared, namely, zigzag lamellas with N, = 10 and
disordered fragments of double-layer lamellas with
N, = 11. They are shown in Fig. 5. The resimulation in
32 x 32 x 32 cells demonstrated that these morpholo-

POLYMER SCIENCE, SERIES A  Vol. 61

gies are metastable and not reproduced, giving way to
flat single-layer lamellas.

Thus, in further DPD simulations of rod-coil
copolymers, it seems more reasonable to use the stan-
dard value of the repulsion parameter a,, = agg = 25
and to verify the stability of arising morphologies in
larger cells.

The refined rod-coil diblock copolymer phase dia-
gram can be used to interpret laboratory experiments
and compare them with theoretical calculations.
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