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ABSTRACT: A Gaussian chain model of poly (styrene)-poly (isoprene) (PS-PI) block copolymer with a
dissipative particle dynamics (DPD) simulation was employed to study the formation of specific characteristic
structures such as body-centered-cubic (BCC), hexagonal packed cylinders (HPC), ordered bicontinuous double
diamond (OBDD), and lamellar (LAM) via order-disorder transition (ODT). The BCC, HPC, OBDD and LAM
microphases were then subjected to thermal cycles of heating and cooling. The order-order phase transition
(OOT) from HPC to BCC was monitored and two new transitions, OBDD to LAM and LAM to hexagonal
perforated layers (HPL), were detected during the thermal process. Two metastable states (cylinders and HPL)
were observed in the OOT process from the OBDD to LAM microphases. It is shown that all order-order
transitions between the different kinds of structures are thermoreversible. The results were compared with the
predictions of recent theories and with available experimental outcomes and thus provide a test for the predictions
of BCC, OBDD, and LAM microphases.

I. Introduction

Block copolymers form a particularly interesting kind of
amphiphilic material composed of sequences, or blocks, of
chemically distinct repeat units. In the melted phase, these
polymeric materials can self-assemble into a variety of ordered
structures via the process of microphase separation. The
microphase segregation in these materials is driven by enthalpic
and entropic thermodynamic interactions that govern the de-
mixing process of the constituent components. The enthalpic
contributions in the microphase separation process are propor-
tional to the Flory-Huggins segmental interaction parameter �
that describes the repulsive interaction between different
components due to chemical incompatibility between the
polymers. That is, the magnitude of � is determined by selection
of the A-B monomer pair and has a temperature dependency.
� is found to be inversely proportional to temperature and is
usually parametrized as � ≈ dT-1 + �.1,2 The entropic inter-
actions in the microphase separation process describe the
configurational and translational chain displacement and are
regulated by the overall degree of polymerization N, architecture
constraints, and composition.

The mean-field theory (MFT) of Leibler3 predicts that the
behavior of and microphase separation in asymmetric diblock
copolymers depends on the enthalpic-entropic balance and can
be expressed by the reduced parameter �N. When the value of
this parameter attains a critical value, (�N)ODT ) 10.5, stable
ordered structures evolve out of the system in the disordered
state. This phase transition is termed the order-disorder phase
transition (ODT). Depending on the degree of incompatibility
�N, several segregation regimens (weak segregation limit

(WSL), intermediate, and strong segregation limit (SSL)) have
been reported.4 In the weak segregation limit, the block
copolymers are characterized by a widened interface due to
enhanced phase mixing. In the vicinity of this regime, thermo-
tropic phase transitions between different kinds of microdomain
structures of block copolymers can be predicted. Fredrickson
and Helfand5 have extended Leibler’s result for fluctuation
effects, following a procedure developed by Brazovskii.6 This
led to the prediction of the phase transition between different
structures, where the transition from one ordered state is referred
to as the order-order transition (OOT).7,8 The induced thermal
behavior from the characteristic ordered state of block copoly-
mers is thus an interesting topic with respect to microphase
modification.

Recent studies have been reported on the order-order
phase transition of poly(styrene)-poly(isoprene) diblock
copolymers. They are determined experimentally by either
rheology9–12 or small-angle X-ray (or neutron) scattering (SAXS
or SANS)13–16 methods. Most of these studies account for the
order-order transition from cylindrical microdomains to a
spheres arrangement of pure block copolymers and its binary
mixtures. Sakurai et al.17 experimentally confirmed the existence
of an OOT between cylinders and spheres of poly(styrene)-poly-
(isoprene) diblock copolymer, and they observed the thermor-
eversible morphology transition. This fact agrees with Leibler’s
weak segregation limit theory and specifically with the schematic
representation of the phase diagram of upper critical solution
temperature, as shown in Figure 1. According to this figure, it
is possible to predict equilibrium morphology changes and
multiple ordered states from temperature effects in other
structures different from the hexagonal packed cylinders.
Modi,18 Kim,19 and Ryu20 have proposed possible ordering
kinetics of the order-order phase transition from hexagonal
cylinders to a spheres arrangement in a diblock copolymer.
Furthermore, this order-order transition is thermally reversible,
although the kinetics of the spheres-to-cylinder transition is
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considerably slower than that of the cylinder-to-spheres transi-
tion. On the other hand, Kimishima et al.21 indicate that the
cylinder-to-spheres and spheres-to-cylinder thermoreversible
transitions are likely rather straightforward: the cylinder breaks
up into spheres. This process is induced by the thermodynamic
instability between the microdomain interfaces. Though the
order-order transition has been reported in the cylinder-to-
spheres system, the thermal transition process of other ordered
microphases such as LAM, BCC, and OBDD have not been
reported yet in detail. The methods employed to characterize
the OOT process, such as TEM, SAXS, and SANS, required
freezing the sample during the OOT process. This fact generates
disarray in the memory of in situ processes, and therefore, the
metastable states during order-order transition cannot be
observed in detail. The order-order transition phenomenon that
is generated in thermal processes can be explored in more detail
through mesoscopic dynamic simulations than in an experiment.

It is well-known that the PS-PI diblock copolymer can
generate a variety of well defined ordered microphases. A
property of this copolymer is its ability to self-organize in the
melted phase or in solution into a variety of ordered structures
with characteristic dimensions in the range of a few nanometers
up to several micrometers. This polymeric material affords a
unique opportunity for a detailed study of thermodynamics
processes such as microphase transitions and self-assembly
processes (order-order and order-disorder). The self-organiza-
tion process in a PS-PI diblock copolymer is controlled by
the microphase separation thermodynamics that arise from the

repulsive interaction of its chemically dissimilar components
(chemical incompatibility between styrene and isoprene chains)
and is driven by the enthalpy and entropy of demixing of the
constituent components of the block copolymer. The enthalpic-
entropic balance governing the structural self-organization via
a microphase separation process in these materials can be
controlled by the composition of the copolymer. This fact has
been exploited in previous works.22–24

In this work, we explored the microphase evolution process
of equilibrium ordered structures with defined PS-PI diblock
copolymer morphologies from a mesoscopic point of view by
dissipative particle dynamics simulations. The thermotropic
order-order phase transition process and the multiple ordered
states were analyzed for each ordered microphase (BCC, HPC,
OBDD and LAM).

This paper is organized as follows. In section 2, we briefly
present the Gaussian chain model parametrization and mesoscale
simulation method applied to study the PS-PI phase behavior.
Section 3 contains our main results and a discussion of
order-disorder and order-order phase transition processes
monitored from the mesoscopic simulation. This section is
divided into two parts. In the first part, we present detailed
results of the microphase separation process. The ordered
structure formation via the order-disorder transition process
was analyzed by changing the composition of the copolymers.
In the second part, we discuss our findings regarding the
microphase evolution process as a function of temperature
(order-order transition process) from the ordered structures
obtained in the first part of the section. In section 4, our
conclusions are presented.

2. Model and Mesoscale Simulation Method

2.1. Gaussian Chain Model Parametrization of the PS-PI
Copolymer. The molecular structure of the poly(styrene)-poly-
(isoprene) diblock copolymer, designated as PS-PI, was built via
the Polymer Builder Module.25 The polymeric molecule contains
a total of 200 repetitive units in the diblock chain, and its linear
architecture is characteristic of this system (Figure 2a). The
molecular weight of the PS-PI copolymer is in the range
13985-20466. The PS-PI molecular structure was subject to a
study of conformational properties via RIS Metropolis Monte Carlo
simulations. All single and partial double bonds in the block chain
were allowed to rotate during the molecular simulation except those
involving bonds of the rings of the polystyrene fragment. The
PSPS-PI system was described by the Gaussian chain model,26

which was constituted of beads connected through harmonic springs,
where each spherical bead represented a segment with a statistical
distribution of the PS-PI copolymer. In previous papers,22,23 we

Figure 1. Phase diagram of temperature vs composition (volume
fraction) version of that proposed by Leibler3 for diblock copolymers
in the weak segregation limit. In this schematic representation, it is
possible to see equilibrium morphology changing from the lamellar to
the disordered state via cylinders and spheres.

Figure 2. Schematic representation of the bead-spring chain model of the poly(styrene)-poly(isoprene) diblock copolymer: (a) PS-PI diblock
copolymer structure with linear architecture; (b) Gaussian chain model (mechanical model of PS-PI system).
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have shown that the characteristic ratio (statistical distribution) gives
reliable results in order to describe the poly(styrene)-poly(isoprene)
system. Therefore, we have employed this statistical segment level
for mapping the molecular structure of linear diblock copolymers
into Gaussian chain models. The number of beads in each statistical
model was determined using the molar mass of each block
copolymer, molar mass of a repeat unit, degree of polymerization,
and (Cn) the characteristic ratio of each polymeric system. A more
detailed description of the conformational properties and the
mapping of atomistic structures to a mesoscale model is given in
Soto-Figueroa et al.24 In this way the PS-PI copolymer is
represented by a mechanical model constituted of 20 spherical beads
denoted by [PS]n-[PI]m, as sketched schematically in Figure 2b.
In this figure, the mechanical model is constructed with identical
lines of (PSn-PIm) diblock fragments, and the linear diblock
copolymer is described by one linear chain. The Gaussian chain
model developed for the PS-PI copolymer describes the real
molecular structure at the characteristic ratio statistical segment level
where the atomistic details are ignored.

As in previous works,23,24 the quantitative estimate of the bead-
bead interaction for a mechanical model has been calculated from
the monomer-monomer interaction using the Flory-Huggins
thermodynamic model.27,28 In this theory, the key parameter is the
so-called Flory-Huggins interaction parameter �(T), which can be
evaluated by means of molecular simulations using the Fan et al.29

model. In this extension of the Flory-Huggins model, the molecules
are not arranged on a planar lattice as in the original Flory-Huggins
theory, but they are arranged off-lattice (three-dimensional).

The interaction parameter between different segments in the
Gaussian model is given by the magnitude of repulsion between
different repetitive units. The fundamental parameters, which
include the heat of mixing associated with styrene-isoprene
molecular interactions and the numbers of possible interaction
partners, i.e., coordination number, Z12(T), and interaction
energies, ∆E12(T), were obtained by averaging a large number
of generated configurations (typically 500000). The bead-bead
interaction between different segments is given by the magnitude
of repulsion between different repetitive units. For example, at
a temperature of 300 K, the styrene-isoprene (monomer-mono-
mer) molecular interaction parameter obtained from a simulation
is � ) 0.3955. Since the average number of repetitive units of
PS and PI beads is 10 units per bead for both polymers, then
the bead-bead interaction parameter is � ) 3.955. Molecular
interaction parameters obtained from Monte Carlo simulations
are comparable with those achieved from experimental data
(solubility parameters)30 using the Flory-Huggins relation.31 More
details regarding the temperature dependence of interaction param-
eters in the range 200-500 K, solubility parameters and experi-
mental data are given in Soto-Figueroa et al.24 It is important to
keep in mind that a reliable and realistic value of �(T) is necessary
since it is used as an input in the DPD simulation. All beads in the
mechanical model are assumed to have equal volume in the
simulations; this is a necessary hypothesis in order to obey the rules
of the Flory-Huggins theory and DPD.32

2.2. Mesoscale Simulation Method: Dissipative Particle
Dynamics. Our overall strategy for investigating the order-order
transition phenomenon consists of first exploring the microphase
segregation process or ordered microphase formation via the
order-disorder transition and then studying the microphase
evolution process during thermal heating via the order-order
transition. We simulate via the dissipative particle dynamics
(DPD) method introduced by Hoogerbrugge and Koelman.33,34

For a thorough account on DPD, see refs33–38. In this kind of
simulation, a particle represents a small segment of a polymer chain
and moves in free space under the three forces acting on it. These
DPD particles are subject to soft potentials and governed by
predefined collision rules. Like molecular dynamics (MD), the DPD
particles obey Newton’s equation of motion.

In the PS-PI diblock copolymer, there are two different
species of DPD particles: poly(styrene) particles (PS) and
poly(isoprene) particles (PI) Each particle was subject to soft

interactions with its neighbors via three forces: conservative
(Fij

C), dissipative (Fij
D) and random forces (Fij

R). All the forces
between particles i and j vanish beyond a cutoff radius rc, which
is usually chosen as the reduced unit of length, rc ≡ 1. The
conservative force for nonbonded particles is defined by soft
repulsion

Fij
C ) [aij(1- rij)r̂ij (rije 1)

0 (rij > 1) ] (1)

where aij is the maximum repulsion strength between particles i
and j and rij ) ri - rj, rij ) rij, r̂ij ) rij/rij. The parameter aij,
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 parameter � of section
2.1. The relationship between aij and � has been has been established
by Groot and Warren36 as

aij ) aii + 3.497�ij for F) 3 (2)

where aij ) 25 leads to the compressibility of water. Note that using
this equation implies that if the species are compatible, �ij ≈ 0 and
aij) 25.

For bonded bead on the copolymers, the interaction force is:

Fij
C ) [-∑

j

Crij r̂ij] (3)

where the sum runs over all particles to which particle i is
connected.

The dissipative and random forces are given by

Fij
D ) [-γωD(rij)(vij · r̂ij) r̂ij] (4)

Fij
R ) (σωR(rij)�ij r̂ij) (5)

where γ is the dissipation strength, σ is the noise strength, ωD and
ωR are r-dependent weight functions, vij ) vi - vj, and �ij is a
Gaussian noise term with the following properties: �ij ) �ji, 〈�ij(t)〉
) 0, 〈�ij(t)�kl({t′})〉 ) (δikδjl + δ ilδjk)δ(t - t′). The choice of the
weight functions is not specified by the method, but Español and
Warren35 showed that they should be related in accordance with

ωD(r)) [ωR(r)]2 (6)

in order for the DPD system to have a well-defined equilibrium
state obeying Boltzmann statistics. If the previous equation is
satisfied, the equilibrium temperature is defined as kBT ) σ2/(2γ).
This condition fixes the temperature of the system and relates it to
the two DPD parameters γ and σ (kBT is usually chosen as the
reduced unity of energy). For simplicity, the weight functions are
usually chosen to be similar to the form of the conservative
force, so

ωD(r)) [ωR(r)]2 ) { (1- r)2 (re 1)
0 (r > 1)

(7)

All the forces are pairwise additive, central, and satisfy Newton’s
Third Law, thus conserving linear and angular momentum. In the
mesoscopic simulation of the PS-PI copolymer, the dynamic
behavior of the system is followed by integration of the equations
of motion using a modified version of the Verlet algorithm.39

Integration of the equations of motion for the PS-PI copolymer
generates a trajectory through the system’s phase from which
thermodynamic observables may be constructed from a suitable
average. From this information, the microphase separation process,
ordered structures generation, order-disorder and order-order
phase transition can be observed.

Table 1 shows the parameters used in the following simulations.
Using eq 2 implies that if the species are compatible, �ij ≈ 0, and
therefore aij ) 25. The interaction parameters were accordingly
chosen as aS-S ) 25 and aI-I ) 25, aS-I ) 38, the last value being
deduced from eq 2 with �ij ) 3.955 (the value at T ) 300 K, which
is representative of the interaction PS-PI24). The parameters were
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used for the scan at kBT ) 1. For simulations where kBT * 1, we
still use eq 2, but we have verified that there is no qualitative change
if 0.1 < � < 0.4 (the values we have obtained in our simulations
of ref 24, valid for 300 < T < 400 K).

Because the equilibrium temperature is defined as kBT ) σ2/2γ,
changing kBT implies changing the value σ2/2γ.

All simulations were carried out in a cubic box of (12rc, 12rc,
12rc) size, containing a total of 260 Gaussian chains, a spring
constant C ) 4, and a density F ) 3. DPD simulations for the first
part of this study were made at temperature kBT ) 1. In the second
part, the temperature interval employed was from 1 to 2 in kBT
reduced units. This allows for a reasonable and efficient relaxation
for the poly(styrene)-poly(isoprene) diblock system.

A total of 105 time steps with step size of ∆t ) 0.05 in DPD
reduced units are performed for equilibration. Each simulation on
a PC with a CPU Pentium IV takes about 10 h of CPU time with
a box size of 123. If the box size is increased to 203, the time for
one simulation takes up to 2 days of CPU time.

3. Results and Discussion

3.1. Order-Disorder Phase Transition of PS-PI Copol-
ymer. In this part, we show the formation of different ordered
structures as the composition of PS-PI copolymer varies. The
ordered structures generated in this way will be the basis for
the temperature variation analysis of the order-order transition
to be analyzed next.

In our simulation, all PS-PI diblock systems start from a
random disordered state, where the polymers are in a homo-
geneous melted phase. We scanned the composition interval
from 0.1-0.9 (volume fraction) of poly(styrene) with increments
of 0.05. During the temperature relaxation (the system attains
an equilibrium temperature kBT ) 1, DPD reduced units), we
observed the microphase segregation and the generation of
ordered structures. The transition from a homogeneous disor-
dered phase of chains to a heterogeneous melt of ordered
microphase-separated domains (first order transition) is defined
to be an order-disorder transition (ODT) for the PS-PI system.
As mentioned before, all simulations were carried out in a cubic
box of (12rc, 12rc,, 12rc) size, containing a total of 260 Gaussian
chains. This size could seem small for present computer
capabilities, but because the analyzed composition intervals are
from 0.1 to 0.9 (volume fraction) of PS with increments of 0.05,
it takes much more CPU time to scan the whole interval. To
verify that the morphologies are not influenced by the size of
the box or boundary conditions, selected calculations with a
box of (20rc, 20rc,, 20rc) size containing a total of 2400 Gaussian
chains were performed. Our conclusion is that the morphologies
are stable under an increasing system size. If the box size is
increased to 203, the time for one simulation takes up to 2 days
of CPU time.

As shown in Figure 3 and Table 2, the simulation of the
PS-PI diblock copolymer displays a rich variety of character-
istic, stable ordered microphases in the composition interval
analyzed. These include the following: (a) alternating lamellar
(LAM), (b) ordered bicontinuous double diamond (OBDD), (c)
hexagonal packed cylinders (HPC), and (d) body-centered-cubic
(BCC). These results are in accordance with the mean-field

theory of Leibler.3 In fact, his phase diagram for diblock
copolymers in the weak segregation limit only predicts mi-
crophase separation from disorder to BCC, then to hex and then
to the lamellar phase as the composition is varied. Our results
agree with the experimentally determined phase diagram for
PS-PI diblock copolymer by Khandpur et al.40 These ordered
microphase structures obtained via mesoscopic simulation for
the PS-PI system can be compared positively with the
transmission electron microscopic images reported by Aggarwal
and Khandpur et al.40,41 In ref 24 and Figure 3, this has been
analyzed in detail.

The tendency of PS-PI diblock copolymers to self-assemble
into periodic structures depends upon molecular weight, styrene-
isoprene interaction, and, most importantly, composition. The
shape of the poly(styrene)/poly(isoprene) interface varies with
the relative chain length of the component homopolymers. A
symmetric PS-PI diblock copolymer (i.e., when volume frac-
tions of both blocks are equivalent) forms an ordered microphase
with lamellar interfaces (LAM) formed from alternating poly-
(styrene) and poly(isoprene) microdomains, as shown in Figure
3a. When the volume fraction of a component (PS block)
increases in relation to other component (PI block), the interface
tends to become curved. This is because the chains of a
component are more extended, allowing the formation of less
planar interfaces. In this case, the conformational entropy lost
from the majority component is too high. Therefore, to gain
conformational entropy, the chains of the majority component
tend to expand along the direction parallel to the interface.

Table 1. Parameter Values Used in the DPD Simulations for
kBT ) 1a

parameters value

box size 12 × 12 × 12
cut-off radius rc 1
noise strength σ 3
time step 0.05
dissipation strength γ 4.5
density F 3
repulsion strength a 25

a All values are in DPD units.

Figure 3. Representative ordered microphases of the [PS]n-[PI]m linear
diblock copolymer obtained as the composition poly(styrene)/poly(iso-
prene) is changed (see Table 2). Key: (a) LAM (red or green are PS or
PI microdomains); (b) OBDD (the gray regions are PI density surfaces);
(c) HPC (orange regions are the caps of PS cylinders; gray regions are
the PI cylinder density surfaces); (d) BCC (red regions and gray regions
are PS and PI microdomains, respectively).

Table 2. Ordered Microphases Evolution with Equilibrium
Structures of the [PS]n Diblock Copolymer

diblock copolymer [PS]n-[PI]m

composition (volume fraction) PS/PI
microphase morphology
(equilibrium structures)

0.1/0.90 body-centered cubic
0.15/0.85 body-centered-cubic
0.2/0.80 hexagonal packed cylinders
0.25/0.75 hexagonal packed cylinders
0.30/0.70 ordered bicontinuous double
0.35/0.65 lamellar
0.40/0.60 lamellar
0.45/0.55 lamellar
0.50/0.50 lamellar
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Consequently, the PS/PI interface becomes convex toward the
minority component. The interface curvature effect is more
pronounced when the composition between PS and PI blocks
of the PS-PI copolymer is more asymmetric. Therefore, an
OBDD structure at the composition of 0.3/0.7 (volume fraction)
was observed (see Figure 3b). The HPC structure was obtained
at the composition interval between 0.25/0.8 and 0.25/0.75,
(Figure 3c) and the BCC microphase was observed at the
composition interval between 0.1/0.9 and 0.15/0.85 (Figure 3d).
In all cases, the microphases obtained showed rich micro-
domains of a single type of homopolymer poly(styrene)/
poly(isoprene) separated by interfaces. These packings were
more pronounced in the HPC and BCC structures.

3.2. Order-Order Phase Transition of BCC, HPC,
OBBD, and LAM Structures. The ordered microphases in
the PS-PI copolymer are altered through temperature varia-
tions. In other words, the periodic morphology changes of
diblock copolymers are accessible by thermotropic order-order
transitions. A huge number of previous experimental inves-
tigations have reported phase transitions of block copolymers
between cylinders and spheres.11,21,42–44 Most of these phase
transitions have been induced via temperature controls near the
phase boundary at a given volume fraction of each block.
Recently, several reports have proposed that the phase transition
between cylinders to spheres via temperature effects occurs by
way of a breaking-down process.17,20 With this in mind, to
simulate the thermotropic changes of the ordered microphases
of the PS-PI system referred to before, ordered structures with
compositions near the boundaries between different microphases
were put through continuous cycles of thermal heating and
cooling.

3.2.1. Body-Centered-Cubic Microphase: Thermal Study. The
equilibrium ordered microphase with BCC arrangement at
temperature kBT ) 1 (Figure 3d), was put through thermal
heating cycles in the temperature interval kBT ) 1 to kBT ) 2
in DPD units with increments of 0.1. A total of 2.0 × 105 time
steps with step sizes of ∆t ) 0.05 were allowed for temperature
equilibration in each temperature increment. The transition from
the ordered BCC phase to the melted phase was already
observed for kBT ) 1.8. This is shown in Figure 4a-d. Figure
4a corresponds to the initial ordered state, t ) 0, and as time

goes on, the spheres begin to deform (Figure 4b,c) until the
disordered state is attained (Figure 4d) at equilibrium. For higher
temperatures, the effect is the same; the spherical microphase
evolves into a homogeneous disordered state (melt copolymer).
This observation is in accordance with the phase diagram of
temperature vs composition reported by Sakurai et al.8 (which
is the temperature vs composition version of Leibler’s diagram
(Figure 1)).

At the new equilibrium temperature (kBT ) 1.8), a dense
collection of monodisperse copolymer chains (styrene-isoprene)
will be arranged in minimum free energy configurations in the
melt phase. In the heating process of BCC microphases, two
thermodynamics effects (enthalpy and entropy) govern the
microphase behavior. The enthalpy is proportional to the
Flory-Huggins segmental interaction parameter, which is found
to be inversely proportional to temperature. During the tem-
perature increase, the segment-segment interaction parameter
between styrene and isoprene decreases, and therefore it
disfavors an increase in styrene-isoprene contacts, generating
the deformation from spherical arrangements into irregular
spheres (Figure 4b,c) until reaching a melted state (Figure 4d).
The enthalpic factor in the thermal heating process is ac-
companied by an increase in entropy. Entropy is a measure of
the system randomness brought about by thermal motion of
diblock chains. At higher temperatures, the entropy dominates
(the chains configuration becomes less constrained) and the
block chains of PS-PI copolymer mix randomly to form a
homogeneous (disordered) material.

The inverse process from the homogeneous melt phase (kBT
) 1.8 to kBT ) 1) was performed. The spherical ordered BCC
microphase was obtained after the temperature equilibration and
thermoreversibility was confirmed. The thermoreversible transi-
tion process is driven by thermodynamic instability. When the
temperature is reduced, the general tendency of styrene-isoprene
blocks is to segregate; i.e., the enthalpic process of demixing is
favored. The segregation process between styrene and isoprene
chains generate the styrene microdomains nucleation process
(spherical microdomains) in the matrix of the majority com-
ponent (isoprene). During the thermoreversible process, we

Figure 4. Thermally induced phase transition from body-centered-cubic
to homogeneous phase at a temperature kBT ) 1.8: (a) initial BCC
system, t ) 0; (b and c) intermediate images showing the deformation
of BCC state to irregular spheres; (d) melt system of poly(styrene) and
poly(isoprene) chains showing the formation of the homogeneous phase
at the equilibration temperature.

Figure 5. Thermally induced phase transition from the hexagonal-
packed cylinders phase to a body-centered cubic state, on a PS-PI
asymmetric copolymer at temperature kBT ) 1.5: (a) HPC microphase;
(b) undulation process of poly(styrene) microdomains in the poly(iso-
prene) matrix by anisotropic composition fluctuations due to heating;
(c) breakdown of PS undulated microdomains and metastable micro-
domains formation of outstretched spheres; (d) stabilization and
evolution of outstretched spheres to BCC states.
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could not find formation of metastable structures in the BCC
system in the vicinity between spherical and cylinders.

3.2.2. Hexagonal Packed Cylinders Microphase: Thermal
Study. In the melts, block copolymers can undergo a type of
microphase modification to produce coexisting intermediate
phases that are spatially periodic. It is known that PS-PI diblock
copolymers can develop long-lived transient or metastable
structures during an order-order phase transition because of
energetic barriers and sluggish molecular motion. These meta-
stable structures or intermediate states can be detected and
controlled by a continuous temperature increase during the
simulation. In Figure 5a-d, the results of a thermally induced
phase transition from the HPC microphase to BCC are shown.
The results show that the transformation from the HPC to BCC
microphases via temperature effects proceeds in several stages.
Initially, the HPC microdomains display undulation of the PS/
PI interphase induced by thermodynamic instability (entropic
effects) (Figure 5a,b). The configuration of poly(styrene) chains
(governed by entropic interactions) in the cylindrical micro-
domains and in the PS/PI interphase becomes less rigid due to
temperature effects, and the poly(styrene) chain movements
modify the poly(styrene) microdomain shapes via composition
fluctuation effects. These are known as thermally induced
anisotropic composition fluctuations.20 With the temperature
increase, the anisotropic composition fluctuations reach an
instability critical point. The undulating cylindrical micro-
domains break down and induce the formation of ellipsoids
(Figure 5c). At the equilibration temperature kBT ) 1.5, the
ellipsoid’s transitional state evolves into BCC structures. In this
thermally induced stage, the uniform spherical microdomains
are stabilized (Figure 5d). This behavior is in agreement with
the reported experimental observation by Kimishima and
Hashimoto.21 In this experimental study, they establish the
mechanism of undulation and breakdown for order-order
transitions in a block copolymer. The behavior of the order-order
transition between cylindrical to spherical structures found in
our simulations is in agreement with Figure 1. An equilibrium
structure change for the specific case of a HPC microphase
transitioning to a BCC system by temperature effects via
order-order phase transition can be generated.

The thermoreversible transition process from the BCC state
to HPC arrangement (kBT ) 1.5 to 1) in the PS-PI diblock
copolymer was performed. The reverse microphase transition
of the PS-PI system involves deformation and elongation

of spheres into ellipsoids and coalescence of ellipsoids into
a cylinder. These processes are driven by thermodynamic
instability of the spherical interface caused by increased
segregation.21

3.2.3. Ordered Bicontinuous Double Diamond Micro-
phase: Thermal Study. Although the ordering kinetics of
order-order transitions have been well investigated for the HPC
microphase,20,21 the dynamic transformation of other ordered
structures such as OBDD and LAM have been less explored.
The OBDD microphase of the PS-PI diblock copolymer (Figure
6a) was subject to thermal heating cycles from kBT ) 1 to kBT
) 2. In Figure 6a-f, the results of the thermally induced
microphase transition of the OBDD system are shown. The
transformation from the gyroid to lamellar structures by
temperature effects proceeds via the generation of two coexisting
intermediate microphases (metastable states). Initially the OBDD
microdomains display an undulation process. In this case, the
thermodynamic instability induces an anisotropic composition
fluctuation of poly(styrene) microdomains interconnections and
a decrease of volume in the side interconnections is observed
(Figure 6a,b). As time goes on, the anisotropic composition
fluctuations induce the breakdown of side interconnections in
the gyroid structure, generating metastable microphases with
hexagonal perforated layers (HPL) (Figure 6c). This evolves
into an equilibrium energetic region where the thermotropic
interactions are constant and the poly(styrene) microdomain
motion is slow. This explains why the HPL microphases are
more stable than other metastable structures (Figure 6b,c). When
the system is subject to a higher temperature, kBT ) 2, the HPL
microphase is unstable. The cylindrical metastable microphase
evolves by interfacial instability between poly(styrene) and
poly(isoprene) microdomains (Figure 6d). The cylindrical
structure is unstable due to the anisotropic composition fluctua-
tion increment from temperature effects. This metastable state
displays a fluctuation process between HPL and cylinder
microphases (Figure 6d,e). At the equilibration temperature kBT
) 2, the poly(styrene) cylinder microdomains are joined together
to evolve into undulating lamellar microphases. In this thermal
stage, the uniform LAM microphases are stabilized (Figure 6f).
The phase diagram of temperature vs composition reported by
Sakurai et al.8 (Figure 1) does not consider the OBDD
microphase, and therefore, it does not completely describe the
behavior of the order-order transition process in the vicinity
between the OBDD and LAM microphases.

Figure 6. Order-order phase transition from an ordered bicontinuous double diamond to the lamellar microphase, on a PS-PI asymmetric copolymer
at temperature kBT ) 2. Key: (a) initial OBDD microphase before the thermal heating process; (b) interconnection fluctuations of the OBDD
microphase by anisotropic composition fluctuations due to heating; (c) formation of the first metastable estate, HPL; (d) metastable structure fluctuations
between HPL and cylinder microphases (second metastable estate); (e, f) thermally induced phase transition from the HPL metastable state to
theLAM microphase.
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The reversible transition process from the lamellar state to
the gyroid arrangement (kBT ) 2 to kBT ) 1) was monitored.
The reverse microphase transition involves deformation of the
lamellar microphase (interface undulation effect), formation of
metastable structures (cylinders and hexagonal perforated layers)
and coalescence of the hexagonal perforated layers into the
gyroid structure. The transition is thus thermoreversible.

3.2.4. Lamellar Microphase: Thermal Study. According to
the diagram in Figure 1, the transition from LAM to other
structures upon raising the temperature proceeds via cylinders
(HPC) and spheres (BCC), except at f ) 0.5 (critical point,
order-disorder transition). This phase diagram does not consider
the metastable microphase of hexagonal perforated layers, and
therefore it is not adapted to describe the behavior of order-order
transition process in the vicinity between lamellar and hexagonal
perforated layers microphases. However, evidence of a thermally
reversible order-order transition between lamellar and perfo-
rated layers microphases was reported by Mani et al.45 Our
simulations are able to describe this transition. In Figure 7a-d,
we show the results of the thermally induced order-order
transition from the LAM to the HPL microphase (in the vicinity
between the lamellar and the gyroid microphase, Table 2),
deduced from a PS-PI asymmetric copolymer (0.35/0.65,
composition) at a temperature kBT ) 2. Results of the mesoscale
simulation show that the transformation from the lamellar
structure to the hexagonal perforated layer microphases by
temperature effects proceeds via a long-lived transient process.
The transformation from the lamellar structure to the HPL
microphases by temperature effects proceeds via anisotropic
composition fluctuations in the PS/PI interface. The thermody-
namic instability of poly(styrene) linear microdomains induce
interconnections between poly(isoprene) alternate layers (Figure
7a,b), and these fluctuations cause alternations between the two
structures (Figure 7b,c). At the equilibration temperature, kBT
) 2, the HPL metastable state reaches high stability (Figure
7d), and perforated lamellar microphases of alternating PS and
PI lamellae with hexagonal-packed PI connectors perforating
the PS phase are obtained.

The reversible process from the HPL state to the lamellar
arrangement (kBT ) 2 to kBT ) 1) was also performed. The
reverse microphase transition involves the instability of the

poly(isoprene) microdomains interconnections, PS and PI mi-
crodomain segregation and coalescence of the HPL state to the
lamellar microphase. The process is thus thermoreversible.

4. Conclusions

We have performed mesoscale simulations to explore the
different phase transitions of characteristic structures of
poly(styrene)-poly(isoprene) diblock copolymer in the bulk
state. By varying the compositions of the poly(styrene)-poly-
(isoprene) diblock system, a display of rich variety of charac-
teristic ordered microphases are observed: body-centered-cubic
(BCC), hexagonal packed cylinders (HPC), alternating lamellar
(LAM), and ordered bicontinuous double diamond (OBBD).

The BCC, HPC, OBDD, and LAM microphases were
subjected to thermal cycles of heating and cooling over an
interval of reduced temperature. The thermodynamic instability
of poly(styrene)-poly(isoprene) microdomains, due to enthalpic
and entropic interactions by the temperature effect induce
anisotropic composition fluctuations (microphase instability) and
hence modify the PS/PI interphase, generating microphase
transformations via order-order process. To show the effect
of temperature, we started from a “quenched” morphology at
kBT ) 1 and then the specimens were subject to thermal
annealing at kBT * 1.

The BCC structure microphases disappear on increasing the
temperature (continuous heating cycles). This microphase did
not present an order-order structure transformation, but only
generates a homogeneous phase (melted phase). In the case of
the HPC microphase, we observed the order-order transition
process from HPC to BCC during the thermal heating process.
The process take place in several stages: microdomains undula-
tion process, microphase modification, breakdown of undulated
microdomains and thermal stabilization of poly(styrene) mi-
crodomains in the new ordered state. This agrees well with the
phase diagram of Leibler’s weak segregation limit theory.

The transformation from the OBDD to lamellar structures
proceeds via the generation of two coexisting intermediate
metastable microphases: hexagonal perforated layers and cyl-
inders. Finally, we found a transition between lamellar and
hexagonal perforated layer microphases.

By performing a cooling process it was shown that the
order-order transition processes between all different kinds of
ordered microphases of PS-PI diblock copolymer are thermor-
eversible. The value of our simulations resides, within the
limitations of a DPD simulation, in that it allows one to visualize
the evolution from one order state to other as temperature is
raised. One of the limitations is that there is no a direct
connection between reduced units and experimental values.
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