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Depletion phenomenon in diblock copolymer films: a dissipative particle dynamics simulation
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A tentative simulation study has been carried out on the depletion phenomenon in diblock copolymer films through
dissipative particle dynamics technology. Results indicate that a depletion layer appears in nearly all the systems with strong
interaction between different components, accompanied with weak interaction between the component and the boundary.
The system temperature plays a dominant role in the thickness of the depletion layer, on which the component fraction also
has an effect to a certain extent. The findings can give support to relevant application processes.
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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, whose phase separation occurs

only on a microscopic level because the different blocks

are chemically linked. The resulting microphases exhibit

classical morphologies such as lamellas, rods, spheres,

bicontinuous structures [1,2], leading to novel properties

and wide applications [3–6]. The microscopic mor-

phology originated from the self-assembly of the block

copolymer can be controlled not only by varying the

symmetry of the block copolymer but also by introducing

external geometrical confinement to the system. While the

majority of relevant research has concentrated on bulk

systems, more efforts based on theoretical analysis and

computer simulation have been made to understand phase-

separation behaviours of block copolymers in thin films.

As for diblock systems, there have been investigations

dealing with the cases of one- [7–17], two- [18–27] and

even three- [18,28,29] dimensional confinements, most of

which have focused on the apparent process of

microstructure formation and transition; however, less

attention, even in the simplest case of one-dimensional

confinement, has been paid to the statistical information of

the microstructure, which can help us gain an insight into

diblock copolymer films and make use of these systems

better.

Depletion is a famous phenomenon widely existing in

polymer–colloid mixtures, at surfaces and interfaces,

which has attracted increasing attention [30–38]. For

example, employing Langmuir monolayers of highly

asymmetric diblock copolymers as a model tethered chain

system, Kent et al. [30] examined the structure and free

energy of tethered layers over an order of magnitude in

both surface density (s) and molecular weight (M) in theta

solvent conditions and observed a depletion layer at the

air–liquid interface which increases with M and is

independent of s. Their subsequent work aimed at poor

solvent conditions [31] disclosed that the thickness of the

depletion layer increases slightly with decreasing tem-

perature. Fleer and co-workers [34] derived a simple,

analytical, general continuum expression for the depletion

thickness near a flat wall in the mean-field approximation,

which is easily extended to spherical geometry. As a

relevant study, they [35] recently suggested to use a linear

combination of two limits (dilute and semidilute) to obtain

an extremely simple equation that can describe the

concentration dependence of the osmotic pressure and the

depletion thickness over the entire range of concentrations.

By means of density functional theory, Chen et al. [37]

investigated the recognition of homopolymer at nano-

patterned surface, in which the transition from depletion at

low packing fractions to adsorption and double-layer

adsorption at high packing fractions was satisfactorily

described. Recurring to the real-space version of self-

consistent field theory, Wang and co-workers [38]

theoretically investigated the phase separation of asym-

metric diblock copolymer near the surfaces in selective

solvents, whose results showed that the depletion layer

near the surface contributes much to the micelle formation

of the block copolymer, and the self-assembled mor-

phologies stay near the walls with the distance of the order

of the radius of gyration of the block copolymer.

Is it possible for the depletion phenomenon to exist in

block copolymer films? As a tentative work, density

profiles in diblock copolymers with one-dimensional

ISSN 0892-7022 print/ISSN 1029-0435 online

q 2010 Taylor & Francis

DOI: 10.1080/08927021003664033

http://www.informaworld.com

*Corresponding author. Email: tree2000xy@shu.edu.cn

Molecular Simulation

Vol. 36, No. 6, May 2010, 468–473

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



confinement, especially their dependence on the system

temperature, have been explored by means of the

dissipative particle dynamics (DPD) method, which has

played an important role in tracing the complex dynamic

processes in the formation of polymer microphases.

2. Simulation method and model construction

The DPD method was first introduced by Hoogerbrugge

and Koelman [39,40] and gradually improved by various

authors [41,42]. It has been applied covering a wide

field and proved to be a versatile simulation technique

for complex fluids on the mesoscopic scale [43–45].

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 [42].

The interparticle interacting force f i contains three parts,

each of them is pairwise additive,

f i 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.

The diblock copolymer in simulations is modelled as

a linear free chain consisting of 10 DPD soft particles

with the same diameter rc , which are connecting one by

one through additional harmonic spring force FS
ij ¼ Crij.

The initial linking bond lengths between the neighbour-

ing particles are all set equal to a unit length. In this

work, we adopted a three-dimensional rectangle

simulation cell of size 30ðxÞ £ 30ðyÞ £ 5ðzÞ with periodic

boundary conditions applied in the x, y directions. As a

confinement, two impenetrable boundaries are set in the

z-direction, both of which give each particle an identical

repulsion apb ¼ 25 for keeping it away from either

boundary. In order to prevent any particle from moving

beyond the system, particles running into the z-direction

boundaries can be bounced into a symmetric trace,

i.e. the velocity direction of each bounced particle is not

changed in the x and y directions, while it is absolutely

opposite to that before being bounced in the z-direction.

The interaction energy between particles of different

types aij ¼ 50, while, for the same type, aii ¼ 25.

The number density r equals to 3.0 and the total number

of copolymers in the system is 1350. The reduced

temperature of the whole system kBT (denoted as T in

the next sections for simplicity) is set in the range of

½0:2; 1:0� with fixed interval. The standard deviation of

random force s is equal to 3.67 and the spring parameter

C is equal to 4.0. The standard velocity-Verlet scheme

[42] is adopted for integration and the integral step

Dt ¼ 0:05. For each system, 100,000 time steps per

simulation are carried out.

3. Simulation results and discussion

The diffusivity of a DPD particle is a specific parameter

which characterises the DPD fluid and can be regarded as

the ratio between the time for fluid particles to diffuse a

certain distance and the time for hydrodynamic inter-

actions to reach a steady state on the same distance [42].

Hence, the diffusion coefficient of each particle in a single

DPD simulation can be employed to examine the system

equilibrium [46–48]. It can be derived by calculating the

mean square displacement of each type of bead according
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Figure 1. Evolution of the diffusion coefficient of DPD particles with the simulation time increasing in (a) A1B9 ðT ¼ 0:2Þ and
(b) A5B5 ðT ¼ 1:0Þ films, separately.
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Figure 2. Temperature dependence of density profiles in the z-direction in AB diblock copolymer films. (a,b) A1B9 films, (c,d) A2B8

films, (e,f) A3B7 films, (g,h) A4B6 films and (i,j) A5B5 films.
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to the Einstein equation [49]

D ¼ lim
t!1

1

6Nt

XN

i¼1

½riðtÞ2 rið0Þ�
2

* +
; ð2Þ

where N is the number of particles in the simulation

system, t denotes the simulation evolving time, rið0Þ and

riðtÞ represent the position vector of particle i at time 0 and

t, respectively.

Figure 1 shows the evolution of the diffusion coefficient

of DPD particles (D) with the simulation time steps (NS) in

representative A1B9 ðT ¼ 0:2Þ and A5B5 ðT ¼ 1:0Þ films.

In the latter case, the simulated diffusion coefficients of A

and B particles are too close to be distinct from each other. It

is obvious that there are nearly no big changes but small

fluctuations in the diffusion coefficient of either DPD

particle after the simulation is carried out for a short time

(up to 20,000 time steps), which indicates that the system

has already achieved equilibrium. According to the time

evolution of diffusion coefficients, it is reasonable that

100,000 time steps per simulation are indeed sufficient for

simulation equilibrium.

3.1 General characteristic of density profiles

Figure 2 shows how density profiles of A and B

components, rA and rB, in the confinement-introduced

z-direction depend on the system temperature T in AB

diblock copolymer films. Apparently, the densities nearest

to both sides in the z-direction are relatively higher, i.e.

both A and B components prefer assembling closest to the

impenetrable boundaries, for the repulsion between the

component and the boundary is weaker than that between

different components. In addition, a higher temperature

can induce inside components to move more actively and

consequently distribute over a larger range in diblock

copolymer films, which is embodied distinctly in gradually

lower peaks nearest to the boundaries. At the same

temperature, the more the composition fraction is, the

higher the density everywhere in the film is.

3.2 Depletion layer

A distinct characteristic in Figure 2(a)–(j) is that a

negative peak lies in the vicinity of the positive peak

closest to either side, which indicates a sudden density

drop. The mechanism for the appearance of this

phenomenon deserves more attention. As mentioned

previously, compared to the interaction between different

components, the interaction between the component and

the boundary is much weaker leading to more A and B

components gathering nearest to both boundaries. As a

consequence, a local effect occurs in which a layer with

relatively higher component density appears closest to

either side, in the vicinity of which a layer with relatively

lower component density arises, i.e. the depletion layer.

Unlike other fluctuations in the density profile, the peak

value of the negative peak representing the depletion layer

is much smaller, indicating much lower inside component

density. Thus, a piece of useful information can be

obtained therefrom that the density distribution of either

component in diblock copolymer films can be controlled

and adjusted effectively through its interaction with other

components and boundaries.

The influence of the system temperature on the density

profiles can be reflected as well in the thickness of the

depletion layer in diblock copolymer films. Figure 3 shows

the temperature dependence of the thickness of the

A(ThkA) and B(ThkB) depletion layer in AB diblock

copolymer films, in which each value is obtained by

averaging the thicknesses of two depletion peaks in the

same system. Obviously, the system temperature has a

significant influence on the depletion layer – a higher

temperature can make the depletion layer thinner,
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Figure 3. Temperature dependence of the thickness of (a) A and (b) B depletion layers in AB diblock copolymer films.
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i.e. Thk descends gradually as T ascends, and even absent

in some cases, i.e. Thk equals to zero in A1B9 and A2B8

films, which can be ascribed chiefly to the aforementioned

weakening effect of high temperature on the assemble

behaviour of A and B components nearest to both sides

inducing the tendency to inside hypodispersion in the

z-direction. On the composition dependence, when the

fraction of component A ( fA) is not comparable to that of

component B ( fB), the number of possible A–B repulsive

pairs in the film is relatively less. Consequently, the

gathering effect of components closest to both sides is not

so distinct, and even too weak to form a depletion layer in

some cases. As fA rises gradually to 0.5, i.e. approaches fB,

the possibility of A–B repulsion increases evidently,

leading to more and more A and B components running

towards both sides for less repulsion. The more intensive

the assembling behaviour of components nearest to both

sides is, the thicker the relevant depletion layer is.

4. Conclusions

A preliminary investigation has been made on the

depletion phenomenon in diblock copolymer films by

means of DPD simulations. Results show that the

depletion layer can form in almost all the systems with

strong interaction between different components, together

with weak interaction between the component and the

boundary. Both the system temperature and the component

fraction have an influence on the thickness of the depletion

layer, of which the former is dominant. These findings can

provide some guidance for relevant application processes.
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