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Phase transitions of cylindrical structures of poly(styrene)-poly(isoprene) copolymer (PS-PI) toward
spherical and gyroid structures were explored using DPD simulations and a coarse-grained model.
Cylindrical phases were first obtained within a composition interval (“predominance region”)
0.2 < fps < 0.26 (volume fraction of poly(styrene)). The predominance region of cylindrical structures was
then subject to thermal heating cycles. The thermodynamic instabilities of cylindrical microdomains
induce anisotropic composition fluctuations and phase transitions. A transition from the cylindrical
phase at low composition limit to a spherical arrangement was observed during the thermal heating
process. The cylindrical phase at the intermediate and high composition limit within the predominance
region exhibits a transition towards a gyroid arrangement. The phase transition control during thermal
heating on the cylindrical phases was governed by small variations in composition. The results are

consistent with experimental studies.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The phase behaviour of block copolymers under a thermal
heating process has been extensively studied, both experimentally
and theoretically. Thermally induced phase modification in a block
copolymer has an enormous potential to modify the physical
properties in these materials. Transition from one ordered phase to
another via thermal heating is often called an order-order phase
transition [1,2]. Leibler [3] was the first in predicting the phase
transitions between different kinds of specific structures of a block
copolymer in a weak segregation limit (WSL). According to Leibler’s
mean-field theory, the phase behaviour (separation, segregation
and transformation) depends on the enthalpic-entropic interac-
tions between different polymeric fragments, which had been
expressed by the reduced parameter yN, where y represents the
Flory-Huggins segment-segment interaction parameter and N
refers to the overall degree of polymerization. Fredrickson and
Helfand [4] have extended Leibler’s theory to include composition
fluctuation effects, in this way in the vicinity of weak segregation
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limit the thermotropic phase transitions between different kinds of
equilibrium phases of block copolymers can be predicted. Block
copolymers form a range of defined phases depending on the length
of constituent blocks and thermodynamic interaction between
them. It is well-known that the poly(styrene)-poly(isoprene)
diblock copolymer (PS-PI) can form equilibrium phases such as
alternating lamellae (LAM), body-centred-cubic arrangement (BCC
or spheres), ordered bicontinuous double diamond (Gyroid),
hexagonally perforated layers (HPL) and hexagonally packed
cylinders microdomains (HPC or cylinders) [5]. Order-order phase
transitions of PS-PI block copolymer phases have been reported in
the past years, specifically the order-order phase transition from
cylinders-to-spheres [6-10]. Sakurai et al. [11] have experimentally
confirmed the existence of a phase transition between hexagonally
packed cylinders (HPC) and body-centred-cubic arrangement of PS—
PI system; however, some experimental results on the phase tran-
sition from HPC-to-Gyroid in the same system have been reported
[12,13] lately. Khandpur et al. [ 14] have reported the “predominance
composition” regions of cylindrical phases of block copolymer PS-PI
in their phase diagram. The order-order transitions from cylindrical
phases to nearby structures have not been explored in detail in the
predominance composition region. Experimental evidences suggest
that small variations of compositions of cylindrical microdomains
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can generate, via a thermal heating process, the order-order tran-
sitions from cylinders-to-spheres and cylinders-to-gyroid too. In
this work, we explored the phase evolution processes of cylindrical
structures of the PS-PI system into the predominance composition
region from a mesoscopic point of view using dissipative particle
dynamics simulation where the phase evolution stages and the
transient ordered states are analysed for each time step.

2. Simulation method and coarse-grained model
2.1. The DPD method

Equilibrium phase evolution of the cylindrical structures can be
analysed by means of Dissipative Particle Dynamics simulations.
DPD was first introduced by Hoogerbrugge and Koelman [15,16]
and recently improved by Groot et al. [17]. For a thorough account
of the DPD method, see Refs [18,19]. In DPD, a particle or bead
represents a small segment of a copolymer chain. The basic DPD
algorithm is similar to those used in molecular dynamics: the
difference is that in addition to the conservative force acting
between particles, the total force on a particle i now also contains
a dissipative force and a random force:

F = Z(ﬁ§+F5+F§) (i)

Jj#i

The conservative force FiC is a soft repulsive force that acts
between particles i and j. The dissipative force FIP corresponds to
a frictional force that depends both on the position and relative
velocities of the particles. The random force FiR is a random inter-
action between a bead i and its neighbour bead j. All forces vanish
beyond a cut-off radius r., which is usually chosen as the reduced
unit of length, r. = 1.

The FUD and F,-’J? forces act as a thermostat which conserves
momentum and gives the correct hydrodynamics at sufficiently
large time and length scales. They are given by:
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where rj = |7{ — Tj|, T = Tj/ryj, v is the dissipation strength, ¢ is
the noise strength, wP (r;;) and wR (r;;) are weight functions of F{J? and
Fﬁ forces respectively, a;j is the maximum repulsive force between
particle i and j. In order for the DPD system to have a well-defined
equilibrium state obeying Boltzmann statistics, the equilibrium
temperature is defined askzT = ¢2/(27). This condition fixes the
temperature of the system and relates it to the two DPD parameters
v and ¢ (kgT is usually chosen as the reduced unity of energy). The
parameter a; (henceforth referred to as the bead-bead repulsion
parameter or simply as the DPD interaction parameter) depends on
the underlying atomistic interactions and is related to the para-
meter y through [17]:

kBTXij(T)
0.306

In this expression g;j is in units of kgT. In this way, there is
a connection between the molecular character of the PS-PI coarse-
grained model and the DPD parameter. In the DPD simulation, the
dynamic behaviour of the polymeric system is followed by integration

v)
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of the equations of motion using a modified version [18] of the Verlet
algorithm [20]. Integration of the motion equations for the PS-PI
copolymer generates a trajectory through the system phase from
which thermodynamic observables may be constructed from a suit-
able average. From this information, the phase segregation process,
equilibrium phases generation, and order—disorder and order-order
phase transitions can be observed.

2.2. PS-PI copolymer model

The molecular structure of PS-PI copolymer was built by means
of the polymer builder module of Accelrys [21]. The copolymeric
molecule contains 300 repetitive units in the main chain and its
linear architecture is characteristic for this system. The system
molecular weight presents an interval of 20,798-25,842. In our
simulation a coarse-grained model constituted by 30 particles
connected through harmonic springs replaces the PS—PI copolymer
real chain, see Fig. 1. In this work, the quantitative estimate of the
bead-bead interaction for coarse-grained model is described by
means of the interaction parameter x (calculated using the Flory-
Huggins thermodynamic model modified by Fan et al. [22]),
Graphic 1 exhibits the interaction parameter x(T) as function of
temperature. We must comment that established procedures for
mapping between DPD and physical scales and for choosing system
temperature are not yet available and so we use Flory-Huggins
theory (through the x(T) dependence) to introduce the tempera-
ture into the DPD simulations.

All DPD simulations were made with Accelrys DPD package with
a reduced parameter kgT = 1. According to Ref. [17] for p=3, an
interaction parameter a;; = 25 kpT reproduces the compressibility of
water. The interaction parameters between species were then
chosen as: asr_st=ai;=25. When x(T)>0, (incompatibility
between species) we take the temperature dependence y;;(T) = x(T),
scaled by the statistical segment C,, where C, is the characteristic
ratio (polymeric segment) [23]. In this way, the equilibrium phase
behaviour, structure vs temperature variation has been explored.
Equation (v) was obtained by Groot and Warren [17] for moderately
long chains, N = 1-10 and at fixed reduced density 3. We have used
that relation for chain polymers N =10 [24], N=20 [10] and in all
cases the composition intervals for HPC and BCC phase are
approximately the same. So happens in our present case with
N =30. Therefore, one important assumption in the next calcula-
tions is that equation (v) is valid for N = 30 too.

All DPD simulations were carried out in a cubic box (20r, 20r,
20r,) size, containing a total of 8000 representatives chains, spring
constant C=4, and density p = 3. The coarse-grained number was
maintained constant during the DPD simulations. A total of 5 x 10°
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Fig. 1. Schematic representation of block copolymer PS-PI: (a) chemical structure of
a PS-PI chain, n and m represent the polymeric unit number of each block, (b) coarse-
grained model of PS-PI system with linear topology. The number of particles of coarse-
grained model was determined using the molar mass of block copolymer, molar mass
of a repeat unit, degree of polymerization and the characteristic ratio (Cy).
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Fig. 2. Composition region of equilibrium cylindrical phases of PS-PI copolymer obtained for a y at T=300K from Graphic 1 as the block composition (PS/PI) is modified:
(a) correspond to spherical structure, (b, ¢, d) predominance interval of cylindrical phases, and (e) HPL phase.

time steps with step size of A=0.03 were employed to obtain
a reasonable and efficient relaxation for the PS-PI system.

3. Results and discussion

All simulations start from a random disordered state, where the
copolymer chains PS-PI are in a homogeneous melted phase. The
block copolymer can take up an enormous number of configura-
tions by the rotation of chemicals bonds into the melt phase and
during the thermal relaxation process. To identify the composition
specific region where the cylindrical phases are formed, we first
scanned the composition interval from 0.1 to 0.5 (volume fraction
of poly(styrene) with increments of 0.01). Fig. 2a-e shows the

equilibrium specific ordered structures BCC, HPC and hexagonally
perforated layers (HPL) obtained at room temperature (298 K)
using the corresponding x(T) from Graphics 1.

The composition region of equilibrium cylindrical phases was so
identified to be in the interval 0.2 < fps < 0.26 volume fraction of
poly(styrene), Fig. 2b-d. The cylindrical phase behaviour depends
on the copolymer molecular weight, styrene-isoprene interaction
parameter and their composition. When volume fractions of both
block chains are not equivalent, the PS/PI interphase tends to
become curve; consequently, the PS/PI interphase becomes more
convex toward the minority component as the composition
between the poly(styrene) and poly(isoprene) microdomains is
more asymmetric [25,26].

Fig. 3. Snapshots of simulations showing the transition process from HPC to spherical arrangement (at the low composition region): (a) undulation process of poly(styrene)
microdomains (T=5.3 x 10%), (b) breakup of cylindrical phase (T=5.9 x 10°), (c) formation of spherical arrangement (T=6.0 x 10°) and (d) stabilization of spherical phase

(T=1.0 x 10%).
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Fig. 4. Snapshot of the evolution process during the transition from-HPC-to-Gyroid phase (at an intermediate composition region): (a) undulation process of PS microdomains in
the PI matrix by anisotropic composition fluctuations due to heating (T= 5.5 x 10°), (b) formation of long-lived transient phase of HPL arrangement (T=6.2 x 10°), (c) intercon-
nection of HPL phases (T = 7.9 x 10°) and (d) formation and stabilization of Gyroid arrangement (T = 1.0 x 10°).

The composition region of the cylindrical phase has two
composition limits (low and high composition limit) that are
contiguous with other stable phases. In the low composition limit,
fps < 0.2, the cylindrical phase has as neighbour the BCC arrange-
ment, Fig. 2a-b, whereas in the high composition limit, fps > 0.26,
the cylindrical structure has as neighbour the HPL phase, Fig. 2d-e.
The location of these phases is in accordance with the experimen-
tally determined phase diagram for PS-PI copolymer reported by
Khandpur et al. [14].

The possibility of order-order phase transitions of all cylindrical
structures of block copolymer PS-PI inside the predominance
composition region was explored into the temperature interval
from 300 to 600 K. The cylindrical phase can undergo a type of
phase modification to produce coexisting intermediate phases that
are spatially periodic. It is a well-known fact that the cylindrical
phase of PS-PI copolymer can develop long-lived transient or
metastable phases during a transition due to energetic barriers and
sluggish molecular motion. The intermediate states during the
transitions were visualized from a mesoscopic point of view in the
DPD simulation.

3.1. Order-order phase transition: low composition region

Starting from the equilibrium phase of HPC arrangement with
a specific composition of 0.20 (volume fraction of poly(styrene)), the
system was annealed at different temperatures and it was verified
that they keep the HPC structure and up to a temperature of 452 K the
transition from HPC-to-BCC phase was observed. This temperature

marks the transition temperature between phases. 5.0 x 10> addi-
tional time steps with step size of At=0.05 are allowed during the
thermal stage to reach the thermodynamic balance of the new
arrangement. For our simulation times (10° steps) we verified that
the system is stable (the fluctuations in reduced temperature are
0.98 < T < 1.03).

The results show that the transformation from the HPC phase to
spherical arrangement by temperature effect proceeds in several
stages: (i) undulation of poly(styrene) cylindrical microdomains,
(ii) breakup of poly(styrene) cylinders (iii) formation of spherical
microdomains and (iv) stabilization of BCC phase, see Fig. 3a-d.
This process is induced by the thermodynamic instability of the
cylindrical phase, i.e., at the transition point a thermodynamic
instability of cylindrical microdomains into poly(isoprene) matrix
due to enthalpic and entropic interactions by temperature effects
induces anisotropic composition fluctuations [5] and breakup of
cylindrical phase in the HPC arrangement and a phase conversion
from HPC-to-BCC. The simulation results are in accordance with the
experimental outcome reported by Kimishima et al. [8].

3.2. Order-order phase transition: intermediate composition region

The HPC phase with a composition of fps = 0.23 was examined
into the temperature interval from 300 to 600 K. The transition
from HPC-to-Gyroid arrangement was detected at a temperature of
500 K.

During the annealed process, we observed the long-lived tran-
sient phase of HPL arrangement. Four stages were observed during
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Fig. 5. Snapshot of the transition process of cylindrical arrangement (at the high composition region): (a) undulation process of poly(styrene) microdomains (T=5.5 x 10°),
(b) formation HPL arrangement (T = 5.8 x 10%), (c) interconnection of HPL phases (T=7.0 x 10°) and (d) formation and stabilization of Gyroid phase (T = 1.0 x 10°).

the transition process: (i) undulation of poly(styrene) cylindrical
microdomains, (ii) formation of HPL phase (iii) interconnection of
HPL phase (iv) formation and stabilization of gyroid arrangement,
see Fig. 4a-d.

The HPC phase of the composition region of 0.23 (volume fraction
of poly(styrene)) showed cylindrical microdomains more dense
than the HPC phase of low composition region. The composition
increase in the poly(styrene) cylindrical microdomains controls the
transition process. Variations of small composition into weak
segregation limit (WSL) according to Leibler’s mean-field theory
greatly modify the phase thermodynamic behaviour (separation,
segregation and transformation) [3]. In this way, the enthalpic-
entropic interactions between different polymeric microdomains
play a main role in the transition process.

When the HPC phase was annealed up to the transition temper-
ature, the thermodynamic instability of cylindrical microdomains by
temperature effect undergoes a continuous undulation process. The
poly(styrene) cylindrical microdomains avoid their breakup due to
their composition (more dense), however, the cylindrical phase gains
conformational entropy and tends to expand along the direction
parallel to the PS/PI interphase with their neighbours, generating
interconnections among them. In this stage, the long-lived transient
phases of HPL arrangement are generated. The HPL phases are
instable to an temperature raise, and the anisotropic composition
fluctuations between poly(styrene) microdomains promote the
formation of interconnections among them; ordered bicontinuous
double diamond phases or gyroid evolve then.

3.3. Order-order phase transition: high composition region

The cylindrical phase at the high composition limit (composi-
tion around 0.26) of the predominance interval lost their HPC

characteristic arrangement (hexagonal packed) due to an increase
of the poly(styrene) chains into the cylindrical microdomains. The
cylindrical phase changes its orientation with respect to
compositions f=0.2, 0.23, and the cylinders volume increase, see
Fig. 2d. This arrangement was annealed up to a temperature of
540 K; we observed now the transition of cylindrical arrangement
to a gyroid phase. The results show that the transformation from
the cylinder arrangement to the gyroid phase by temperature
proceeds in several stages similar to the observed in the HPC
arrangement of intermediate composition region, see Fig. 5a-d. The
Fig. 5a shows the initial cylindrical configuration, Fig. 5b and c
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Graphic 1. Interaction parameters () vs temperature.
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shows the connection between the cylinders. Finally, Fig. 5d, shows
the final gyroid phase obtained at the end of the simulation.

4. Conclusions

Phase transitions from the cylindrical structure shown by the
diblock copolymer PS-PI inside the composition region,
0.2 < fs; < 0.26, were explored through DPD simulations. Thermally
induced phase modification on the cylindrical arrangements
shows order-order phase transitions from HPC-to-BCC in the low
limit and from HPC-to-Gyroid arrangement at intermediate and
high composition limits. The control of phase transition during
thermal heating was governed by composition small variations in
the poly(styrene) cylindrical microdomains. Thermodynamic
interactions and the composition fluctuations between the PS and
PI pure microdomains are affected by poly(styrene) phase density
increase and therefore the directionality of the transition is
modified too. The results are consistent with experimental studies
and provide a test to predict and control transitions of more
complex phases. A final remark concerning the connection
between temperature and dissipation in DPD: the increase of the
temperature leads not only to better mixing of PS and PI units,
which is reflected in reduction of the parameter x (Graphic 1), also
to faster dynamics, via the random force coefficient ¢ in equation
(iv). Because the equilibrium temperature is defined as kT = 02/27,
changing kgT implies changing the relationship between ¢ and 7.
We have verified that by changing 0 < kgT <2 (reduced units),
which changes automatically ¢, the same effect (transition of
cylinder to sphere, Ref. [10]) is obtained, but with no connection to
physical temperature.

Another point is that the change of the temperature in a real
system would, to some extend, influence the density of the melt.
We have verified that if smaller values of p are used for larger
temperatures, the net effect is only a shift of several degrees in the
transition temperature and the general conclusions are not
affected.
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