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ABSTRACT: The microphase ordering processes for ABC linear triblock copolymers are investigated using
dynamic density functional theory (DDFT). The implementation of the DDFT is verified by comparing
the 2D equilibrium triblock morphologies it predicted with previous theory and experiments. Quenched
from a disordered state, the microphase separation of the ABC triblock copolymers may proceed through
either one-step or two-step ordering mechanism, depending on the composition and the interaction energies
of the three components. When the volume fraction of one species dominates the other two, the microphase
ordering always proceeds through a two-step mechanism with the majority one segregating at first,
provided a three-phase morphology formed at the end. When the volume fractions of the three species
are comparable, for the symmetric interaction case, the microphase separation occurs through a one-
step mechanism, while for the asymmetric interaction case, it occurs through a two-step mechanism with
the most incompatible species segregating at first.

I. Introduction

Block copolymers, which are macromolecules com-
prising blocks that differ in chemical nature, have a
fascinating ability to form a rich variety of nanoscale,
periodic morphologies, which offers great potential in
developing materials with nanoscale structures ranging
from nanoreactors to photonic crystals.1 In the past
decades, experiments2-4 and theories5-8 have focused
on equilibrium block copolymer morphologies. For AB
diblock copolymers, it has been recognized that four
stable microphasessspheres, cylinders, gyroid, and
lamellaesexist under equilibrium conditions.9 Recently,
an O70 network phase was also predicted to be stable
in diblock copolymer melts by field theoretic calcula-
tion.10 The driving force for the formation of these
morphologies comes from minimizing the stretching
energy, originating from the A and B domains due to
the connectivity of the A and B blocks, and the inter-
facial energy, arising from the energetically unfavorable
contacts between the A and B monomers.

The long-range interactions and large relaxation
times involved in block copolymer melts make the
mechanism of phase transformation richer and more
interesting. Furthermore, the study of the order-
disorder transition (ODT) or order-order transition
(OOT) in block copolymers is helpful in designing
suitable processing routes for obtaining specific well-
ordered structures. Therefore, the kinetics of phase
separation in diblock copolymers has been extensively
studied in experiments and theory. Bates and co-
workers first presented the complex phase behavior
near the ODT using a series of poly(ethylenepropylene-
b-ethylethylene) (PEP-PEE)11 and poly(styrene-b-iso-
prene) (PS-PI) diblock copolymers.12,13 They identified
new morphologies such as the hexagonally perforated
layers (HPL) and the bicontinuous cubic phase having
an Ia3hd space group symmetry (gyroid). Recently, a

reversible change between hexagonally arranged cylin-
ders and bcc spheres was observed in PS-PI diblock
copolymers, which involves a mechanism that the
cylinders are transformed into a series of spheres with
the cylinder axes corresponding to the [111] direction
of the bcc spheres upon heating, while upon cooling
these spheres are deformed and interconnected to form
cylinders.14

Computer simulations on kinetics of diblock copoly-
mer phase separation were mainly carried out by cell
dynamic simulations (CDS) based on the time-depend-
ent Ginzburg-Landau (TDGL) equation. The first CDS
for block copolymers was of two-dimensional stripe
pattern,15 which has revealed that hydrodynamic effects
are crucial for the late stage ordering processes. Qi and
Wang have shown that the pathways of the hexagonal
cylinder phase to disordered and bcc sphere phase
involve the disappearance of the amplitude of the
hexagonal waves and the appearance of bcc waves in
ODT and OOT of diblock copolymers.16 Recently, Ham-
ley et al. systematically investigated the effects of the
simulation parameters on the final morphology in three
dimensions.17 They found that sphere, cylinder, bicon-
tinuous, and lamellar morphologies can be generated
by the appropriate selection of ordering temperature
and copolymer composition.

For triblock copolymers, rich and complex morphol-
ogies, such as lamellae-sphere and lamellae-cylinder
phases and the “knitting pattern” structure, have been
observed.18-20 However, the mechanisms of how these
microphases are formed in triblock copolymers have
received less attention until now since it is more
complicated than that in diblock copolymers, although
such complex phase ordering kinetics arise from the
standard competition between the long-range interac-
tion due to the covalent connection among different
blocks and their short-ranged chemical incompatibility.
Quenched from a disordered state, the possible ordering
process for a linear ABC triblock copolymer could be
through either a one-step or two-step mechanism, as
illustrated in Figure 1. If after a sudden quench the
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three species separate from each other simultaneously,
it is called one-step mechanism, denoted by MI, while if
at first one species segregates from the other two, and
then the remaining two mixed species separate from
each other, it is a two-step mechanism, MII, which may
be further classified into three subcases: MIIA, MIIB, and
MIIC (see Figure 1), depending on the compositions and
the interaction energies among the three species. The
two-step mechanism is of special interests because the
self-assembly of each block can be controlled indepen-
dently, which facilitates assigning different functional-
ities to different blocks.

Recently, a similar two-step mechanism has been
demonstrated by Yamauchi et al. in the microphase
separation of a poly(isoprene-b-styrene-b-vinyl methyl
ether) triblock copolymer21,22 and subsequently analyzed
by Maniadis et al. using self-consistent-field theory
(SCFT) for triblock copolymers.23 Both the experiment
and theory showed that the two-step mechanism was
successfully achieved by changing the interaction ener-
gies among the three species through either varying the
temperature or adding a selective solvent. Inspired by
these works, it is natural to ask whether there are
simpler ways to achieve two-step microphase separation
and how they are related to the molecular parameters
such as the composition of the triblocks and the interac-
tion energies among the different species. A promising
theoretical tool to investigate these problems is the
dynamic density functional theory (DDFT).

The DDFT for polymers was originally proposed by
Fraaije24,25 and was already used to simulate the
kinetics of diblock copolymer melts. It is capable of
describing the extremely slow defect annihilation re-
laxation and the density pattern of the diblocks evolving
to metastable states, in which isolated defects separate
well-ordered microdomains in the nonlinear regime. The
main idea of DDFT is as follows: the kinetics of the

system is assumed to obey the TDGL equation, and the
chemical potential of the system can be obtained by a
trick using hypothetical external fields, which leads to
a set of self-consistent nonlinear equations that can be
solved by various iteration schemes. Using the Newton-
Broyden method, Reister et al. simulated the spinodal
decomposition of a binary polymer mixture and found
that the results obtained by DDFT can be quantitatively
compared with that by Monte Carlo simulation.26 Yeung
and Shi studied the formation of interfaces in incompat-
ible polymer blends using a combination of gradient-
descent and secant methods.27 Their results showed that
the interfacial width grows as t1/4 at early times and
saturates to the equilibrium thickness at long times.
Morita et al. investigated the morphology and dynamics
of mixture of long and short block copolymers.28 They
clarified that complex domain structures and the mech-
anism of the phase separation dynamics arise from the
competition between the micro- and macrophase sepa-
rations.

In this paper, we explore possible ordering mecha-
nisms for linear ABC triblock copolymers quenched from
a disordered state by using DDFT. The organization
of the paper is as follows: In section II, the model
equations and algorithm are briefly described. In sec-
tion III, to confirm the validity of the algorithm, the
equilibrium morphology of the linear ABC triblock
copolymer in 2D is presented and compared to pre-
vious experiments and theories. We then choose the
triblocks with different but typical interaction param-
eters to investigate possible ordering mechanisms in-
volved in the microphase separation. By systematic-
ally varying the composition of the system, the or-
dering mechanism diagrams are constructed. Finally,
in section IV, the main conclusions of the present study
are given.

Figure 1. Schematic illustration of possible ordering mechanisms for the disorder-to-order transition in linear ABC triblock
copolymer melts. For one-step ordering mechanism, MI, the three components separate simultaneously. The two-step ordering
mechanism is classified into three subtypes: in MIIA and MIIC one end of the triblock (either A or C) separates from the other two
blocks first, followed by segregation of the rest two blocks; in MIIB the middle block B separates from the two end blocks first, and
then segregation of the two end blocks occurs. Three different colors, blue, green, and red, are assigned to A, B, and C blocks,
respectively.
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II. DDFT Method
We consider a system of n linear ABC triblock

copolymers each with chain length N. The volume of the
system is V, and the compositions of the triblock
copolymer are defined by fI (I ) A, B, C). We choose the
DDFT rather than the CDS because the free energy
functional obtained for ABC triblock copolymers through
the random phase approximation (RPA) is only qualita-
tive.29 Furthermore, the DDFT takes into account the
architectural effect of the polymer chains through the
path integral method, in which the polymer chains are
modeled as Gaussian chains. The phase separation
kinetics of the system is assumed to obey the TDGL
equation for the conserved order parameter (model B),30

without considering the effect of hydrodynamics

where φI(r,t) (I ) A, B, C) represents the monomer
density fields of species I at position r and time t; LI is
the segment mobility coefficient of species I, which is
assumed to be a constant. Here we neglect the depen-
dence of the mobility on the density φI(r), and the
entanglement effects are not taken into account. ηI is
the Gaussian thermal noise with the zero mean and
satisfies the fluctuation-dissipation relation

F[φI(r)] is the free energy functional of the system (in
the unit of nNkBT), and then δF[φI(r)]/δφI(r) represents
the chemical potential µI(r) of species I at position r,
which can be calculated by the following trick:31 Since
the system described by eq 1 is not in equilibrium, if a
hypothetical external field UI(r) acting on the I species
was introduced to exactly cancel the current chemical
potential µI(r); i.e., UI ) -µI, which makes the current
density profile φI(r,t) to be in an equilibrium state. By
this way, the question of finding the chemical potential
µI(r) changes to finding the hypothetical external field
UI(r), which can be solved in the frame of the self-
consistent-field theory (SCFT).

In SCFT, the fundamental quantity to be calculate is
the polymer segment probability distribution function,
q(r,s), representing the probability of finding segment
s at position r. It satisfies a modified diffusion equa-
tion32,33

where a is the statistical segment length of the polymer
and ωI(r) is the self-consistent field exerted to the
species I, and γI(s) is 1 if s belongs to block I and 0
otherwise. The initial condition is q(r,0) ) 1. Because
the two ends of the triblock chain are distinct, a second
end segment distribution function q+(r,s) is needed,
which satisfies eq 4 only with the right-hand side
multiplied by -1, and the initial condition is q+(r,N) )
1. Thus, the single chain partition function Q subject
to the mean-field ωI(r) can be written as Q ) ∫ dr q(r,s)
q+(r,s) in terms of q(r,s) and q+(r,s).

The monomer density fields of species I at position r
are calculated as

The hypothetical external field UI(r) is given by the
difference of the mean field created by other polymer
segments and the self-consistent-field ωI(r) that forces
the segment density to a given density profile φI(r)

where øIJ is the dimensionless Flory-Huggins interac-
tion in the unit of kBT. Equations 4-10 form a closed
set of self-consistent equations. The self-consistent-field
ωI(r) is determined by adjusting it iteratively with the
steepest descent method so that the density profiles
calculated by eqs 5-7 coincide with that using eq 1.
Physically, this self-consistent calculation means that
the chain conformations are assumed to be in local
equilibrium with the given density profiles. Once the
set of self-consistent equations, eqs 4-10, are solved,
the chemical potential for the I segment is given by µI
) -UI. When it is substituted into eq 1, the density
profile is updated.

It should be noted that when solving eq 1, it has to
be supplemented by the total incompressibility condition

which implies that the total currents ∑IJI ) 0.28,34 A
common means to enforce the incompressibility of the
system is to introduce a potential field ê(r), which is
also known as the Lagrange multiplier. Therefore, the
current chemical potential is given by

where ê(r) is chosen to be

where λ is large enough to ensure the incompress-
ibility of the system and the resulting density profiles
and free energy should be independent of its particular
value.35

III. Results and Discussion
For the sake of numerical tractability, most of calcu-

lations are carried out in a two-dimensional 28 × 28
cell with periodic boundary conditions. We have verified
that this cell size is sufficient for obtaining accurate
enough morphologies and correct phase separation
dynamics with the parameters used in the simulation.
Larger cell size causes significant increase of computa-
tion time and defects which are difficult to be an-

∂φI(r,t)
∂t

) LI∇2 δF[φI(r)]

δφI(r)
+ ηI(r,t) (1)

〈ηI(r,t)〉 ) 0 (2)

〈ηI(r,t) ηI(r′,t′)〉 ) -2LIkBT∇2δ(r - r′) δ(t - t′) (3)

∂q(r,s)
∂s

) a2

6
∇2q(r,s) - [γA(s) ωA(r) + γB(s) ωB(r) +

γC(s) ωC(r)]q(r,s) (4)

φA(r) ) V
NQ∫0

fAN
ds q(r,s) q+(r,s) (5)

φB(r) ) V
NQ∫fAN

(fA+fB)N
ds q(r,s) q+(r,s) (6)

φC(r) ) V
NQ∫(fA+fB)N

N
ds q(r,s) q+(r,s) (7)

UA(r) ) ωA(r) - øABφB(r) - øACφC(r) (8)

UB(r) ) ωB(r) - øABφA(r) - øBCφC(r) (9)

UC(r) ) ωC(r) - øACφA(r) - øBCφB(r) (10)

∑
I

φI(r,t) ) 1 (11)

µI(r) ) -UI(r) + ê(r) (12)

ê(r) ) λ[1 - φA(r) - φB(r) - φC(r)] (13)
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nihilated. The chain length is fixed to be N ) 100, kBT
) 1, and the statistical segment length of the polymer
a ) 1 in all cases. Taking the typical diffusion coefficient
for a polymer melt to be D ) 10-15-10-13 cm2/s and the
statistical segment length a to be 1 nm, the time step
of the simulation a2/(MkBT) ) a2/D corresponds to be
about 0.1-10 s. Obviously, the microphases presented
in this paper are subject to the 2D restriction in which
one may not obtain those intrinsic 3D microstructures.
However, we believe that the 2D calculation is able to
catch the essential feature of the ordering mechanism
since it is determined only by the segregation sequence
of the species. The results presented here for each
triblock copolymer were averaged for five times with
different initial conditions. To describe the composition
of the triblock copolymers, we use the AxByCz nomen-
clature, where the subscripts x, y, and z are the average
volume fraction of the A, B, and C species, respectively.
The morphology is represented in the form of density
plots with the intensity proportional to the local volume
fraction of the species. Three different colors, blue,
green, and red, are assigned to A, B, and C blocks,
respectively.

A. Equilibrium Morphology of Linear ABC Tri-
block Copolymers. Before investigating the ordering
mechanism of the linear ABC triblock copolymers, the
DDFT is applied to predict their 2D equilibrium mor-
phology and compared to experiments and other theo-
ries. The equilibrium morphology in each run is deter-
mined when the free energy of the system becomes
constant after long enough time. Furthermore, for each
set of parameters, several runs were taken with differ-
ent initial random conditions to ensure that the exact
equilibrium morphology has been obtained.

Figure 2 shows all 2D equilibrium microphases
obtained by DDFT, which can be classified into two
groups: classical and complex microphases. The former
group includes the hexagonal lattice phase (HEX), core-
shell hexagonal lattice phase (CSH), and “three-color”
lamellar phase (LAM3). The HEX phase (Figure 2a) is
obtained with the majority species forming the matrix,
while the two minority species being mixed together to
form the hexagonal lattice. The same morphology was
also found by Tang et al. with the same composition
using SCFT.8 Another characteristic morphology of the

triblock copolymers, the CSH phase (Figure 2b), is in
agreement with the experimental findings.4,36 The LAM3
phase (Figure 2c) is formed when the volume fraction
of the three species are comparable. The LAM3 phase
was also predicted by the strong segregation theory7 and
the SCFT8 and was indeed observed recently in a poly-
(styrene-b-isoprene-b-ethylene oxide) melt.37 The latter
group of microphases includes the two interpenetrating
tetragonal lattice phase (TET2), lamellar phase with
beads inside (LAM + BD-I), tetragonal phase with beads
at interface (TET + BD), and lamellar phase with beads
at interface (LAM + BD-II). The TET2 phase (Figure
2d) consists of two interpenetrating tetragonal lattices
of A- and C-rich spheres embedded in a matrix of B.
There are also experiments3,38 and theoretical results29

showing a similar phase. The LAM + BD-I phase
(Figure 2e) is also found in the DDFT calculation, which
agrees with the theoretical prediction of Zheng and
Wang7 and recent experiments by Krausch.39 The TET
+ BD phase (Figure 2f) and LAM + BD-II phase (Figure
2g) can be compared with the experimental findings by
Stadler et al.,40 who studied a poly(styrene-b-butadiene-
b-methyl methacrylate) (PS-PB-PMMA) triblock co-
polymer, in which PS and PMMA are weakly incom-
patible while they both show a pronounced incompat-
ibility toward PB. It was found that the PB midblock
(7 and 12 wt %) forms helical strands surrounding the
PS cylinders (25 and 26 wt %) that are imbedded in the
PMMA matrix, which is an intrinsic 3D structure.
However, if the ultrathin section was along the main
axis of the PS cylinders, a structure similar to the LAM
+ BD-II phase was observed, while if the section was
perpendicular to the PS cylinders, the TET + BD phase
was obtained.

B. Ordering Mechanism of Linear ABC Triblock
Copolymers. In the ordering process of block co-
polymers quenched from a disordered state, it is
the competition between the internal energy and en-
tropic stretching energy that drives the system to an
equilibrium state with the lowest free energy. To
quantitatively measure the segregating sequence of the
three species, we introduce order parameters SIJ to
describe the degree of phase separation between each
pair of species:

Figure 2. Two-dimensional equilibrium microphases of linear ABC triblock copolymers on a 28 × 28 lattice with periodic boundary
condition and chain length N ) 100. For a clear presentation of the final pattern, the linear dimensions of the cell are replicated
two times in each direction. (a) Hexagonal lattice phase (HEX); (b) core-shell hexagonal lattice phase (CSH); (c) “three-color”
lamellar phase (LAM3); (d) two-interpenetrating-tetragonal lattice phase (TET2); (e) lamellar phase with beads inside (LAM +
BD-I); (f) tetragonal phase with beads at interface (TET + BD); (g) lamellar phase with beads at interface (LAM + BD-II).
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where Cn is a normalization constant

where (I, J, K) ∈{(A, B, C),(C, A, B),(B, C, A)}, φI(r) is
the density field of the corresponding species I, and fI
is the average volume fraction of the species I in volume
V. SIJ ) 0 when the two species I and J are completely
mixed, while 0 < SIJ e 1 when they are unmixed, and
the equality holds when the two species phase separate
completely. Therefore, SIJ is a measure of the degree of
phase separation between I and J and is determined
by the product øIJN, where øIJ is the Flory-Huggins
parameter and N is the chain length.

In the mean-field approximation, the parameters that
determine the morphology of the triblock copolymers are
the volume fractions fI, the Flory-Huggins interaction
parameters øIJ (in fact the combined parameters øIJN),
and the topological structures of the block copolymers.4,8

To facilitate examining the effect of these parameters
on the phase ordering mechanism in the triblock
copolymers, we group the system into two classes in
terms of the ø parameters: one with symmetric interac-
tion parameters (øAB ) øBC ) øAC) and the other with
asymmetric interaction parameters (øAB * øBC * øAC).

B.1. Symmetric Interaction Parameters. We first
consider the case of equal interaction energies between
each species (øAB ) øBC ) øAC ) 0.35), in which the effect
of the volume fraction on the ordering mechanism of
ODT is highlighted. Two typical compositions of the
linear triblock copolymer, A0.33B0.33C0.34 and A0.6B0.2C0.2,
which respectively represent symmetric and asymmetric
compositions, are chosen as examples to explore the
ordering mechanism.

Figure 3a shows the time evolution of the morphology
for the symmetric triblock copolymer A0.33B0.33C0.34
quenched from a disordered state at time t ) 0 to a state
with øAB ) øBC ) øAC ) 0.35. It is observed that at early
time, t e 100, the three species A (blue color), B (green
color), and C (red color) simultaneously separate from
each other, which corresponds to the one-step ordering
mechanism MI. In the intermediate stage, t ) 500, both
the domain size and the intensity difference of each
block increase, with many structural defects trapped in
the system, which is typical in this stage of microphase
separation. At later stage of the ordering process, an
ordered LAM3 structure is formed with lamellae widths
DA ) DC = 2DB.

The time evolution of the order parameters SAB, SBC,
and SAC, for the system A0.33B0.33C0.34 quenched at øAB
) øBC ) øAC ) 0.35, is shown in Figure 3b. In the early
stage (with t e 100), fast increase of the three order
parameters reflects a rapid domain formation process.
Indeed, the study of the microphase separation of poly-
(styrene-b-butadiene) in a semidilute solution by time-
resolved small-angle X-ray scattering demonstrated that
the ordering occurs fast in a very early stage which only
lasts with a time period of the order of 102 s.41 Our
DDFT calculation shows the rapid increase of the order
parameters occurs at a time scale less than 102 time

steps, corresponding to be 10-103 s if typical values of
statistical segment length and segment mobility coef-
ficient are used. Furthermore, in this stage the slopes
of the evolution curves of the three order parameters
are almost equal, which means that the three species
separate from each other simultaneously, corresponding
to the one-step ordering mechanism, MI.

In the later stages of the ordering process, the order
parameters only increase gradually with the domains
adjusting themselves to form more ordered structures.
Recently, such distinct regimes of phase ordering kinet-
ics of a triblock copolymer were identified by dynamic
mechanical analysis experiments,42 which experienced
an initial rapid increase of the modulus when quenched
from the disordered state, followed by a slower change
of the modulus in the ordering process.

We also note SAB and SBC are almost equal, while SAC
is higher than both of them but slightly lower than 1,
approaching the limit of complete unmixing of the
species A and C. In the intermediate-segregation region,
with the increase of øN, the local volume fraction of the
majority species in each domain reaches larger values
and the domain spacing increases as well. Therefore,
the reason that SAB and SBC are equal at late stage is
because fA ) fC and øAB ) øBC, while the higher value of
SAC origins from the two end blocks (A and C) forming
two distinct domains separated by the middle block B;
i.e., there are no interfaces between the domains A and
C. Note that at time t ) 2260 the three order parameters
all have sudden increase and form steps on the profiles
of the order parameter evolution, corresponding to the
rearrangement of the microstructures to form a per-
fect LAM3 phase. These inflections are similar to the
discontinuity of the order parameters observed in
OOT. However, we attribute these inflections to the
sudden disappearance of the unfavorable interfaces
(corresponding to the number of contacts between
dissimilar A and C monomers, see the morphology at t
) 2260 before the inflection and t ) 2500 after the
inflection).

To further investigate the effect of composition on the
ordering mechanism, we consider an asymmetric tri-
block copolymer A0.6B0.2C0.2. Figure 4a shows the time
evolution of the morphology for this asymmetric triblock
quenched to øAB ) øBC ) øAC ) 0.35 from a disordered
state at time t ) 0. It is observed that, at an early time
of t ) 50, the A domains (which are in blue) separate
from the B (green) and C (red) mixed phases, followed
by the further unmixing of the B and C species later.
Such ordering mechanism corresponds to the two-step
ordering mechanism MIIA. In the intermediate state, t
) 500, a CSH phase starts to emerge and the C blocks
form the core. At later stage of the ordering, an ordered
CSH structure is formed with the majority species A as
matrix, while one of the minority species, the C block,
forming the inner cores, and the middle block B forming
the shells in between the matrix and the cores.

Figure 4b shows the corresponding time evolution of
the order parameters SAB, SBC, and SAC for the system
A0.6B0.2C0.2. In the early stage with t e 100, similar to
one observed in the symmetric case, the emerging of the
domains leads to drastic increases of the order param-
eters. The time scale of this period is also about 102

simulation steps. In this stage, the slopes of the order
parameter profiles for SAB and SAC are almost equal,
but are both greater than that for SBC, in agreement
with the mechanism that the A domains separate from

SIJ )
Cn

V ∫dr |[φI(r) -
fI

1 + (φK(r) - fK)] -

[φJ(r) -
fJ

1 + (φK(r) - fK)]| (14)

1
Cn

)
4fIfJ

1 - fK
+

fK| fI - fJ|
2 - fK

(15)
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the mixed B and C species first, followed by the B and
C unmixing, i.e., the ordering mechanism MIIA.

Following the fast process is also a rather steady
evolution of the order parameters. Differing from the
A0.33B0.33C0.34 system, however, there is no inflections
on the profiles of any of the order parameters. The
reason is that the unfavorable interfaces have already
disappeared in the early stage of the microphase
separation, judging from the morphology evolution for
this asymmetric case (compare the morphology for t )
300 and 4000 in Figure 4b). In the later stage, SAC is
higher than both SAB and SBC, which is because the A
and C domains are separated by the B shell, favoring
the unmixing of the A and C species. While SBC is much
lower than SAB, this is because fC < fA; i.e., the effective
chain length of the B and C blocks is shorter than that
of the A and B. Therefore, although with the same
interaction energies, the ordering mechanism may vary
with the composition of the triblock copolymers.

By systematically varying the composition, mecha-
nism diagrams can be constructed for the ABC triblock
polymers. A triangle diagram of the system with equal
interaction parameters øAB ) øBC ) øAC ) 0.35 is shown
in Figure 5. In the center region of the phase diagram,
where the volume fractions of the three species are
comparable, microphase separation of the triblock co-
polymer from the disordered state adopts the ordering

mechanism MI. At the corner of A (where the A species
dominates), the ordering mechanism is MIIA. Cor-
respondingly, the ordering mechanism is MIIC at the C
corner of the diagram. However, at the B corner, the
triblock copolymer does not phase separate with the
present ø values. (Increasing the ø values eventually can
lead to an MI mechanism at this corner.) On the AC
edge of the triangle diagram, the ordering mechanism
is also MI, which means that the minority component
(the middle block B) separates simultaneously with the
two majority components. This can be attributed to the
connection of the middle B block to both of the two end
blocks, which enhances the trend of the B species to
unmix with the other two. Recently, it was reported that
the microphase separation between polyisoprene (PI)
and poly(deuterated styrene) (DPS) was enhanced due
to one end of DPS tethered with poly(vinyl methyl ether)
(PVME) in the triblock copolymer poly(isoprene-b-
deuterated styrene-b-vinyl methyl ether).43 On the rest
two edges (AB, BC) of the triangle diagram, only two-
phase morphologies exist at the equilibrium state with
the exceptions near the corners of A and C, where the
ordering mechanisms are MIIA and MIIC, respectively.

B.2. Asymmetric Interaction Parameters. In this
section, we study the ordering mechanism of the triblock
copolymers with unequal interaction energies between
each species. We choose a typical triblock copolymer

Figure 3. (a) Time evolution of the 2D morphology for the triblock copolymer A0.33B0.33C0.34 at time t ) 20, 50, 100, 500, and
5000. Three different colors, blue, green, and red, are assigned to A, B, and C blocks, respectively. The Flory-Huggins interaction
parameters are set to be øAB ) øBC ) øAC ) 0.35 and the chain length N ) 100. (b) Time evolution of the order parameters. In the
inset, the morphology for t ) 2260 and 2500 is shown.
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with øAC , øAB ≈ øBC, which means the middle block B
is more incompatible to the two end blocks (A and C).

Such systems, including poly(styrene-b-butadiene-b-
methyl methacrylate) (SBM) and poly(styrene-b-ethyl-
ene-co-butylene-b-methyl methacrylate) (SEBM), have
been extensively studied in previous experiments to
explore the possible complex morphologies.19,40 More
specifically, we set øAB ) 0.50, øBC ) 0.48, and øAC )
0.20. Figure 6 shows the time evolution of the order
parameters, SAB, SBC, and SAC, for a compositional
symmetric triblock A0.33B0.33C0.34. In the early stage, t
e 200, the slopes of the evolution for the order param-
eters SAB and SBC are almost equal but are greater than
that for SAC. This corresponds to the MIIB mechanism,
in which the B species segregate from the mixed A and
C first, followed by the separation of the two mixed
phases. At the later stage of the microphase separation,
SAC is lower compared to its value in the system with
equal interaction parameters, resulting from the weaker
interaction energy between A and C blocks.

The mechanism diagram of the ordering process for
such triblock polymer is shown in Figure 7. In the center
region of the diagram, due to the stronger incompat-
ibility of the middle block B toward the two end blocks
A and C, ordering mechanism changes to MIIB, as
compared to the system with symmetric interaction
parameters. At the A corner of the diagram, the ordering
mechanism is still MIIA. Correspondingly, at the corner

Figure 4. (a) Time evolution of the 2D morphology for the triblock copolymer A0.6B0.2C0.2 at time t ) 20, 50, 100, 500, and 5000.
Three different colors, blue, green, and red, are assigned to A, B, and C blocks, respectively. The Flory-Huggins interaction
parameters are set to be øAB ) øBC ) øAC ) 0.35 and the chain length N ) 100. (b) Time evolution of the order parameters. In the
inset, the morphology for t ) 300 and 4000 is shown.

Figure 5. Triangle ordering mechanism diagram for linear
ABC triblock copolymers with øAB ) øBC ) øAC ) 0.35.
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of C, the order mechanism of the triblock is MIIC. At
the corner of B, however, the triblock forms a two-phase
equilibrium state. Near the AC edge of the triangle
diagram, the ordering mechanism MI appears only at
the center, while in the other part of this edge, the
ordering mechanism is either MIIA or MIIC. At the rest
two edges (AB, BC) of the triangle diagram, the equi-
librium morphology is two-phase except near the corners
of A and C.

A distinctively new feature absent in diblock copoly-
mers arises in triblock copolymers: the microphase sep-
aration may depend on the sequence of the blocks, i.e.,
whether it is sequenced A-B-C, B-C-A, or C-A-B.
Taking the previously investigated triblock with øAC ,
øAB ≈ øBC as an example, if the end block A is switched
with the middle block B and rename it again as
ABC, the interaction parameters between each species
change to øAC ≈ øAB . øBC; i.e., the end block A is
more unfavorable to the middle block B and another
end block C. The mechanism diagram of the ordering
process for the triblock with such switched sequence is
shown in Figure 8. Compared to Figure 7, the ordering

mechanism in most region changes to MIIA because the
A block are strongly incompatible to the other two. Near
the AC edge, the region of MI expands. Switching the
sequence also leads to a reduction of the two-phase
region.

IV. Conclusions

We have studied the ordering mechanism for the
disorder-to-order transition in linear triblock copolymers
by means of dynamic density functional theory (DDFT).
We verified the implementation of the DDFT by search-
ing 2D equilibrium morphologies of the linear triblock
copolymer and comparing the output with that of the
self-consistent-field theory (SCFT) and previous experi-
ments. For ABC linear triblock copolymers quenched
from a disordered state, in general the ordering dynam-
ics involves a fast initial phase segregation followed by
an extremely slow defect annihilation process. This
result agrees with the experimental observation of
Cochran et al.42 The time evolution of the phase
structures and corresponding order parameters were
obtained in the DDFT simulation.

A careful examination of the morphologies and order
parameters reveals that the mechanisms of the complex
ordering in ABC triblock copolymers can be divided into
two types: the one-step mechanism MI, in which all the
three species segregate simultaneously after the system
is quenched from a disordered state, and the two-step
mechanism MII, in which segregation of one species from
the other two occurs first, followed by separation of the
two mixed species. When the volume fraction of one
species dominates the other two, the phase ordering
always proceeds through a two-step mechanism with the
majority one segregating at first, provided a three-phase
morphology formed at the end. When the volume
fractions of the three species are comparable, the
ordering mechanism depends on the interaction energies
among them: for the symmetric interaction case, the
microphase separation occurs through an one-step
mechanism, while for the asymmetric interaction case,
it occurs through a two-step mechanism with the most
incompatible species segregating at first.

Figure 6. Time evolution of the order parameters of the
triblock copolymer A0.33B0.33C0.34 with øAB ) 0.50, øBC ) 0.48,
and øAC ) 0.20.

Figure 7. Triangle ordering mechanism diagram for linear
ABC triblock copolymers with øAB ) 0.50, øBC ) 0.48, and øAC
) 0.20.

Figure 8. Triangle ordering mechanism diagram for linear
ABC triblock copolymers with øAB ) 0.50, øBC ) 0.20, and øAC
) 0.48.
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The present DDFT study shows that a two-step
microphase separation can be achieved by simply quench-
ing a triblock copolymer from the disordered state into
an ordered state (only one temperature jump is needed),
instead of changing the interaction energies among
different species through continuously varying temper-
ature (many adjustments to temperature) or adding a
selective solvent. To facilitate the numerical calculation,
this idea is demonstrated only in two-dimensional space;
we nevertheless believe it is also applicable in 3D. The
reason is that, for the disorder-to-order transition, the
ordering mechanism is determined in a rather early
stage, in which the dominant process is the segregation
of the different species, not the spatial reorganization
of the domains. We however are aware that for an order-
to-order transition the spatial dimension is crucial
because intrinsic 3D microphases might be involved in
the phase ordering process, which only can be investi-
gated by 3D calculations.

Note Added in Proof. After submission of our
manuscript, we learned about an experiment on molten
ABC triblock copolymers by Corte et al.,44 in which a
microphase separation mechanism that was similar to
the two-step mechanism was discussed.
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Knoll, K. Polymer 2002, 43, 3563.
(22) Yamauchi, K.; Hasegawa, H.; Hashimoto, T.; Nagao, M. J.

Appl. Crystallogr. 2003, 36, 708.
(23) Maniadis, P.; Thompson, R. B.; Rasmussen, K. Ø.; Lookman,

T. Phys. Rev. E 2004, 69, 031801.
(24) Fraaije, J. G. E. M. J. Chem. Phys. 1993, 99, 9202.
(25) Fraaije, J. G. E. M.; van Vlimmeren, B. A. C.; Maurits, N.

M. J. Chem. Phys. 1997, 106, 4260.
(26) Reister, E.; Müller, M.; Binder, K. Phys. Rev. E 2001, 64,

041804.
(27) Yeung, C.; Shi, A. C. Macromolecules 1999, 32, 3637.
(28) Morita, H.; Kawakatsu, T.; Doi, M.; Yamaguchi, D.; Tak-

enaka, M.; Hashimoto, T. Macromolecules 2002, 35, 7473.
(29) Nakazawa, H.; Ohta, T. Macromolecules 1993, 26, 5503.
(30) Hohenberg, P. C.; Halperin, B. I. Rev. Mod. Phys. 1977, 49,

435.
(31) Morita, H.; Kawakatsu, T.; Doi, M. Macromolecules 2001, 34,

8777.
(32) Helfand, E. J. Chem. Phys. 1975, 62, 999.
(33) Edwards, S. F. Proc. Phys. Soc. 1965, 85, 613.
(34) Maurits, N. M.; van Vlimmeren, B. A. C.; Fraaije, J. G. E.

M. Phys. Rev. E 1997, 56, 816.
(35) Ferreira, P. G.; Ajdari, A.; Leibler, L. Macromolecules 1998,

31, 3994.
(36) Breiner, U.; Krappe, U.; Abetz, V.; Stadler, R. Macromol.

Chem. Phys. 1997, 198, 1051.
(37) Bailey, T. S.; Hardy, C. M.; Epps, T. H.; Bates, F. S.

Macromolecules 2002, 35, 7007.
(38) Mogi, Y.; Mori, K.; Kotsuji, H.; Matsushita, Y.; Noda, I.

Macromolecules 1994, 27, 6755.
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