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Microphase-separation behaviour of graft-diblock copolymers was investigated by the dissipative particle dynamics. Besides
familiar totally ordered mesostructures, the simulated phase diagram also shows unfamiliar locally ordered mesostructures
together with a few melted morphologies. The simulated order–disorder transition critical value is higher than the
theoretically predicted value due mainly to the increasing fluctuation coming from finite chain length. The microphase-
separation morphologies in graft-diblock copolymers shift away significantly from that of the corresponding linear ones with
the same component volume fractions. Generally, it is more difficult to trigger microphase separation for graft-diblock
copolymers than for their linear analogues, in good agreement with theoretical and experimental findings. The change of graft
fraction has a significant effect on the microphase-separation behaviour of graft-diblock copolymers.
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1. Introduction

Block copolymers have received much attention over the

past few decades due to their ability to form various ordered

mesostructures depending on the chain composition,

temperature and external fields. Unlike blends of homo-

polymers whose phase separation occurs on a macroscopic

level with separate domains formed for each polymer,

phase separation of block copolymers happens on a

microscopic level because the different blocks are

chemically linked. The resulting microphases exhibit

classical morphologies, such as lamellas (LAM), rods,

spheres, bicontinuous structures [1–2], leading to novel

properties and wide applications [3–8]. Understanding the

microphase-separation behaviour of block copolymers is

significant for utilising them more effective and better.

Studies on linear diblock copolymers have made much

progress as the topology is relatively simple. However,

linear triblock copolymers and nonlinear block copoly-

mers with unique architectures, such as star, branch, graft,

cyclic and comb shapes, have attracted less attention.

Earlier, the mean-field theory was adopted in the research

of triblock [9], graft, and star [10] copolymers by Cruz

et al. and of asymmetric [11] and symmetric [12] comb

copolymers. Moreover, fluctuation corrections have been

incorporated for triblock [13] and star copolymers [14].

In terms of computer simulation, the existing few studies

[15–21] were mostly based on traditional Monte Carlo

technique. Recently, by means of dissipative particle

dynamics (DPD) method, Qian et al. [22] studied the

microphase separation of cyclic diblock copolymer which

was compared with previous work [17]. The authors have

also investigated the dynamics of microphase separation in

star-diblock copolymer melts [23]. It has been recognised

that either cyclic or star architecture can make the

microphase-separation behaviours of nonlinear diblock

copolymers differ remarkably from those of corresponding

linear ones. As for graft block copolymers, although the

relevant syntheses [24–28] have been developed pro-

foundly, related simulation studies, even on the simplest

graft-diblock copolymer, are rare. It is valuable, therefore,

to study the effect of the graft architecture on physical

properties of graft-diblock copolymers.

In general, an AB graft-diblock molecule is constructed

simply by a linear A chain as the backbone grafted with a

linear B chain, schematically shown in Figure 1. It can also

be regarded as a three-armed star copolymer with two

A arms and one B arm, or just a ‘Y’ architecture copolymer,

which is distinctly different from previously studied

(A)4(B)4 star copolymer [23] in the numbers of A and B

arms. The volume fraction of A monomer in the graft

copolymer is denoted as fA and the fractional position along

the A chain at which the B graft is chemically linked is

denoted as t. When t ¼ 0 or 1, the graft copolymer

degenerates to a simple diblock copolymer. Cruz and

Sanchez [10] have calculated the phase stability criteria and

static structure factors bymean-field theory near the order–

disorder transition (ODT) for this system. The results show

that for a given t, the spinodal value (xN)ODT always

reaches a minimum at fA ¼ 0.5; for t ¼ fA ¼ 0.5,

(xN)ODT ¼ 13.5, in which x is the Flory–Huggins
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parameter characterising the interaction between A and B

components andN is the number ofmonomer units in anAB

graft copolymer. In addition, the (xN)ODT values for all

0 , t , 1 are distinctly higher than that for t ¼ 0 or 1

implying that it is more difficult to phase separate a graft-

diblock copolymer than a corresponding linear one. Milner

[29] has derived by the mean-field calculations a phase

diagram revealing that when the volume fraction of B graft

component is fB ¼ 2/3 in an A2B graft-diblock copolymer,

a flat preferred interfacial curvature occurs. The distinct

absence of a preferred curvature for symmetric diblock

architecture at fB ¼ 1/2 indicates the shift of the centre of

the phase diagram due to architecture alone. Hadjichristidis

et al. [30] and Pochan et al. [31] have found through the

SAXS and TEM techniques that observed morphologies of

their samples of A2B graft copolymers shift away from

what would be formed by linear diblock analogues with the

same component volume fractions. Lu et al. [28] have

observed in previously prepared PSf-g-PtBA copolymer

that in bulk the PtBAdomain shape changes fromwormlike

to cylindrical and to lamellar as its volume fraction

increases, where the wormlike and cylindrical mor-

phologies lack long-range order and the alternating PtBA

and PSf lamellae are packed regularly. There are also some

other theoretical [32,33] and experimental [34–36] studies

on this system. The aim of this work is to make a

comprehensive investigation on its microphase-separation

behaviour by mesoscopic simulations.

2. Simulation method and model construction

The DPD method was first introduced by Hoogerbrugge

and Koelman [37,38] and gradually improved by various

authors [39,40]. It has been applied to a wide field and has

proved to be a versatile simulation technique for complex

fluids on the mesoscopic scale [43]. The elementary units

in DPD are fluid elements or coarse-grained soft particles

representing a small region of fluid that contains a group of

molecules. The time evolution is governed by Newtonian

equations of motion [40]. The interparticle interacting

force Fi contains three parts; each of them is pairwise

additive,

Fi ¼
X

j–i

ðFC
ij þ FD

ij þ FR
ij Þ; ð1Þ

where the conservative force FC
ij is a soft repulsive force

acting along the line of centres, the dissipative force FD
ij

and the random force FR
ij act as heat sink and source,

respectively, to provide a thermostat for the whole system.

Additionally, there is a certain relationship between FD
ij

and FR
ij to satisfy the fluctuation–dissipation theorem, so

that the system can ensure (angular) momentum

conservation leading to an accurate description of

hydrodynamics [44]. The DPD method can therefore

produce a correct canonical (NVT) ensemble [39].

Many integration schemes [40,45–47] have been

proposed during the past few years. Among them the

modified velocity-Verlet integrator developed by Groot

and Warren [40] has been proved relatively efficient [22]

and has been most widely applied. We adopt it in this

work:

riðt þ DtÞ ¼ riðtÞ þ DtviðtÞ þ
1

2
ðDtÞ2f iðtÞ;v~iðt þ DtÞ

¼ viðtÞ þ lDtf iðtÞ; f iðt þ DtÞ

¼ f iðrðt þ DtÞ;v~ðt þ DtÞÞ; viðt þ DtÞ

¼ viðtÞ þ
1

2
Dtðf iðtÞ þ f iðt þ DtÞÞ: ð2Þ

The graft-diblock copolymer in simulations is

modelled according to the sketch demonstrated in

Figure 1. As shown in Figure 2, a graft molecule is

constructed by a m-particle linear free A chain grafted with

a n-particle linear free B chain at a middle position on the

A chain, expressed as (Am)g(Bn), and each graft molecule

consists of 30 soft particles with the same diameter rc, thus

N ¼ m þ n ¼ 30. The soft particles in a chain are

connecting one by one through the harmonic springs

with a spring force FS
ij ¼ Crij. The initial linking bond

lengths between the neighbouring particles are all set equal

to unit length. In this work, we adopted a 3D simulation

cell of size 30 £ 30 £ 30 with periodic boundary

conditions applied in all three directions, which was

found to be sufficiently large to eliminate the finite size

effect. The number density r equals to 3 and the total

number of particles in the system is 81,000, corresponding

Figure 1. Schematic representation of AB graft-diblock
copolymer, where the real and broken lines denote the A and B
components, respectively.

Figure 2. DPD model of graft-diblock copolymer. The grey and
black particles represent the A and B blocks, respectively.
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number of graft copolymers is 2700. Referring to literature

work [22,41,42], we chose the relevant parameters as

kBT ¼ 1, s ¼ 3.67, l ¼ 0.65, Dt ¼ 0.06 and C ¼ 4. For

simplicity, the reduced temperature of the whole system in

next sections is denoted as T.

For comparing with corresponding theoretical work

[10], we focused mainly on how the composition of block

A, fA, and the energy parameter xN influence the final

mesoscopic ordered structures when the graft fraction is

fixed at t ¼ 0.5. Besides, the cases of other t values have

also been taken into account. For the (Am)g(Bn)

copolymer, fA ¼ m/(m þ n). The Flory–Huggins x

parameter can be chosen appropriately within a certain

range and transformed into the most important interaction

parameter in DPD via the linear mapping relation

established by Groot and Warren [40,41],

aij < aii þ 3:27xij ðr ¼ 3Þ; ð3Þ

where aii is the interacting energy between particles of the

same type and in general aii ¼ 25.

3. Simulation results and discussion

3.1 Phase diagram of the graft-diblock copolymer

A series of mesoscopic structures have been obtained in the

case of t ¼ 0.5 through varying the composition fA and the

A–B interaction parameter x. The phase diagram of graft

copolymer with xN as ordinate and fA as abscissa is shown

in Figure 3. When the A–B interaction is relatively weak

with smallerx, the system shows totally disordered state.As

the interaction strengthens gradually, a sequence of

transitions will occur. Several totally ordered structures

that appeared in the microphase-separation behaviours of

corresponding linear [48,49], cyclic [22,50] and star

[10,23] diblock copolymers have been observed, such as

LAM, perforated lamellas (PL) for symmetric or

moderately symmetric cases in the composition and

body-centred cubic spheres (BCC) for highly asymmetric

cases, as shown in Figure 4. Besides, we have obtained

some locally ordered structures in asymmetric regions,

such as rods (R), spheres and rods (SAR), and connected

LAM, depicted in Figure 5. Lu et al. [28] have found in

their samples of graft-diblock copolymer a cylindrical

morphologywith only short-range order formed by the graft

block of 30% in volume fraction, which is in accord with

our simulated results both in the shape and composition.

As far as we know, the other two morphologies have never

appeared in previous relevant studies, thus they may be

regarded as a complementary to them.

For macroscopic phase separation, generally, tran-

sition from one phase to another is a sudden change. For

the micro-phase separation in this work, the simulated

results show that there are some transition regions. For

instance, the BCC has to transit through the SAR and R

successively to the PL and subsequently to the LAM as fA
varies at a fixed x. Furthermore, when x increases

gradually at a fixed fA the disordered phase has to pass by

some melted morphologies to reach the totally ordered

phases, such as micelles, liquid rods and random network.

Similar phenomena have been identified in the DPD

Figure 3. Simulated phase diagram for the graft-diblock
copolymer at t ¼ 0.5. Disordered phase (DIS), micelles (M),
random network (RN), body-centred cubic spheres (BCC), rods
(R), spheres and rods (SAR), connected lamellas (CL), lamellas
(LAM) and perforated lamellas (PL) are displayed.

Figure 4. Several totally ordered structures formed in the graft-diblock copolymer melts. (a) LAM formed by (A15)g(B15) at xN ¼ 210;
(b) PL formed by (A17)g(B13) at xN ¼ 180 and (c) BCC formed by (A23)g(B7) at xN ¼ 120.
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simulations on the microphase-separation behaviours of

linear [42], cyclic [22] and star [23] diblock copolymers.

The morphologies of some melted phases, transition from

disorder to order, are depicted in Figure 6.

3.2 Comparisons with the theoretical and experimental
results

The theoretical prediction [10] has told us the critical value

(xN)ODT for graft-diblock copolymer of infinitely long

Gaussian chain at t ¼ fA ¼ 0.5 is 13.5, which is the

minimum at this t. For locating accurately this value in our

system, more simulation runs have been performed on the

(A13)g(B17) and (A15)g(B15) (not displayed in Figure 3)

showing the minimum of (xN)ODT exists in the (A15)g(B15)

and it is between 27.0 and 28.5. That is, the simulated

threshold for the totally ordered phase to appear is higher

than the theoretical prediction. This discrepancy has also

been found in the DPD simulations on the microphase-

separation behaviours of linear [41], cyclic [22] and star

[23] diblock copolymers and can be ascribed basically to

the increasing fluctuation with finite chain length adopted

in the simulations, which lacks Gaussian statistics

assumed generally in relevant theories. Weak coupling

calculations [51] have shown that the ODT critical value

for small linear diblock copolymers at f ¼ 0.5 is

(xN)ODT ¼ 10.495 þ 41.022N 2[1/3], following from

which an expression has been put forward for relating

the simulated xN of the finite chain with that of the

infinitely long chain from theoretical predictions [41],

(xN)infinite ¼ (xN)ODT/(1 þ 3.9N 2/3–2n). Afterwards, this

formula has been applied to prove the simulated ODT

critical value for the symmetric case through a chain

length mapping from cyclic diblock copolymers to

corresponding linear ones [22]. Following this treatment,

we can derive the ODT critical value for our graft-diblock

copolymer at t ¼ fA ¼ 0.5 and the calculated (xN)ODT is

23.3, which is closer to but still disagrees with our

simulated result indicating that better analytic technique

should be developed to interpret quantitatively the

behaviour in the graft-diblock copolymer, especially for

the asymmetric cases.

Theoretical [10,29] and experimental [30,31] studies

have indicated that the microphase-separation behaviours

of graft-diblock copolymers differ remarkably from those

of corresponding linear ones. For the sake of detailed

comparisons, we have simulated a phase diagram of linear

diblock copolymer with a chain length of 30, as shown in

Figure 7. Obviously, it is symmetric, while for graft-

diblock copolymer the phase diagram is distinctly

Figure 5. Several locally ordered structures formed in the graft-diblock copolymer melts. (a) R formed by (A19)g(B11) at xN ¼ 300;
(b) SAR formed by (A5)g(B25) at xN ¼ 270 and (c) CL formed by (A7)g(B23) at xN ¼ 300.

Figure 6. Several melted structures formed in the graft-diblock copolymer melts. (a) M formed by (A7)g(B23) at xN ¼ 30; (b) LR
formed by (A19)g(B11) at xN ¼ 30 and (c) RN formed by (A15)g(B15) at xN ¼ 15.
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asymmetric, consistent with the respective structural

characteristic. The microphase-separation morphologies

in graft-diblock copolymers deviate significantly from

what would be formed by corresponding linear ones with

the same component volume fractions, especially, the

centre of LAM region has shifted away from the

traditional fA ¼ 0.5, just as relevant theory and exper-

iments disclosed [29–31]. As we all know, the

microphase-separation structures formed in diblock

copolymers are determined by a competition between the

two blocks. Both of the blocks would prefer to be on the

convex side of a curved interface which can give them

more available volume close to the interface for relaxing.

The competition is governed by the relative degrees of

polymerisation of the two blocks. If the two blocks have

comparable monomer fractions, then the balanced

competition would result in flat interfaces leading to the

lamellar phase. If they are not comparable, curved

interfaces would be formed in which the block with the

larger monomer fraction relaxes on the convex side and the

smaller block stretches on the concave side forming

cylinders or spheres. As for the A2B graft-diblock

copolymer, we can see from Figure 2 that the A block

would like to reside on the convex side of a curved

interface when its fraction is equal to that of the B block,

for the two A branches stretch in different directions

inducing more space possession. Therefore, the fraction of

B block should be more than that in the linear analogue to

produce an actual microphase-separation structure.

Additionally, it is evident that the initial position of

ordered structure (solid symbol) at each composition in

Figure 3 is higher than that at the same composition in

Figure 7, except for the cases of fA ¼ 0.43 and 0.50.

Additional simulations have shown that for the graft

(A13)g(B17) and (A15)g(B15) the thresholds for LAM to

appear are xN ¼ 30.0 and 28.5, respectively, while for

their linear analogues, i.e. A13B17 and A15B15, they

separately equal to xN ¼ 27.0 and 25.5. Thus, it can be

seen that the microphase separation should be more

difficult for graft-diblock copolymers than for their linear

diblock analogues to occur under the same conditions,

which is in agreement with the prediction of mean-field

theory and can be attributed to the difference in entropy

changes [10].

3.3 Influence of the graft fraction t

The influence of the graft fraction t on the microphase-

separation behaviours of graft-diblock copolymers has

attracted less attention and it is worth investigation.

The changes of simulated mesostructures with t in several

typical graft-diblock copolymers at xN ¼ 180 are listed in

Table 1, in which t is chosen discretely due to the limit of

graft model in Figure 2. Apparently, each change trend is

symmetric about t ¼ 0.5, which can be ascribed to the

structural characteristics of graft copolymers. As t

increases from 0.5 to 1.0, or decreases to 0, the

microphase-separated structures originally belong to the

graft-diblock copolymers will transit gradually to those of

corresponding linear ones, which is more evident in the

copolymers with a relatively long backbone chain. Some

more ordered structures have appeared during these

processes, such as hexagonal cylinders (HEX), bicontin-

uous helices (H) and connected rods (CR), displayed

in Figure 8, where the H can be considered the transition

phase from LAM to HEX, and the CR, from R to HEX.

With regard to the ODT critical value, detailed simulations

have revealed that as the graft fraction of (A15)g(B15)

varies from 0.500 to 0.071 or 0.928, the threshold of LAM

Table 1. Changes of simulated mesostructures with t in several typical graft-diblock copolymers at xN ¼ 180.

Copolymers Graft fractions and simulated mesostructures

(A3)g(B27) t 0 0.500 1.000
Phases BCC SAR BCC

(A9)g(B21) t 0 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000
Phases HEX H H LAM LAM LAM H H HEX

(A21)g(B9) t 0 0.150 0.300 0.450 0.500 0.550 0.700 0.850 1.000
Phases HEX CR R SAR SAR SAR R CR HEX

Figure 7. Simulated phase diagram for linear diblock
copolymer with a chain length of 30. Disordered phase (DIS),
micelles (M), liquid rods (LR), random network (RN), body-
centred cubic spheres (BCC), rods (R), spheres and rods (SAR),
hexagonal cylinders (HEX), connected lamellas (CL) and
lamellas (LAM) are displayed.

Molecular Simulation 563

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



decreases gradually from xN ¼ 28.5 to 25.5, just equal to

that of linear A15B15, for a graft-diblock copolymer will

degenerate to its linear analogue when t ¼ 0 or 1. Thus it

can be seen that the change of graft fraction should have a

significant influence on the microphase-separation beha-

viours of graft-diblock copolymer.

4. Conclusions

The microphase-separation behaviours of graft-diblock

copolymers have been simulated by means of the DPD

method. The simulated phase diagram shows several

familiar totally ordered mesostructures together with some

unfamiliar locally ordered structures and a few melted

morphologies. The simulated ODT critical value obtained

by simulation is higher than the theoretical prediction,

which can be attributed to the increase of fluctuation

originated from the finite chain length.

The microphase-separation morphologies in graft-

diblock copolymers deviate significantly from what would

be formed by corresponding linear ones with the same

component volume fractions. Generally, it is more difficult

for graft-diblock copolymers than for their linear

analogues to trigger microphase separation. These findings

are in accordance with the results from theoretical and

experimental investigations. As the graft fraction increases

or decreases from 0.5, the microphase-separation struc-

tures originally belong to the graft-diblock copolymers

will transit gradually to those of corresponding linear ones

indicating that the change of graft fraction has a significant

influence on the microphase-separation behaviours of

graft-diblock copolymer.
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