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Abstract Three dimensional real-space self-consistent field theory is employed to

study the effect of conformational asymmetry on the self-assembly of amphiphilic

diblock copolymer in selective solvent. The phase diagrams in wide ranges of

interaction parameters and conformational asymmetry were obtained in present

study. The results indicate that the conformational asymmetry is an important factor

that determines the self-assembly of amphiphilic diblock copolymer in solution. The

self-assembled morphology changes from sphere to rod, then to vesicle with an

increase of the degree of conformational asymmetry. We found that the entropic

contribution of the core-forming block is the main reason for this transition.

Keywords Conformational asymmetry � Diblock copolymer � Self-assembly �
Selectivity � Self-consistent field theory

Introduction

The importance of conformational asymmetry between different components has

been realized in both experimental and theoretical study of many polymeric

systems. Foster et al. have shown by means of neutron reflectivity experiments on

poly(ethylenepropylene)–poly(ethylethylene) (PEP–PEE) diblock copolymers that

the more flexible PEE block segregates preferentially to both air and silicon

interfaces [1]. Fredrickson et al. constructed an expression for the free energy of an

incompressible binary blend of homopolymers in the vicinity of a hard reflecting

W. Li � W. Jiang (&)

State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied

Chemistry, Chinese Academy of Sciences, Changchun 130022, People’s Republic of China

e-mail: wjiang@ciac.jl.cn

W. Li � W. Jiang

Graduate University of the Chinese Academy of Sciences, Beijing, People’s Republic of China

123

Polym. Bull. (2010) 64:805–815

DOI 10.1007/s00289-010-0265-2



surface. They found if the difference in surface energies is very small, the

conformational mismatch in binary polymer blends can drive the conformationally

smaller or more flexible species to enrich the surface [2, 3]. Recently, Zhou et al.

developed a ternary polymeric system, poly(ethylene-alt-propylene) (PEP)/poly

(butylenes oxide) (PBO)/PEP–PBO, to study the complex phase behavior near the

bicontinuous microemulsion phase channel. It was found that the bicontinuous

microemulsion channel is consistently cut off at low temperature by a hexagonal

phase with the more flexible component PBO constructing the core of the cylinders.

It is attributed to the dramatic effect of the conformational asymmetry between PEP

and PBO [4].

Vavasour and Whitmore defined a single parameter e to characterize conforma-

tional asymmetry of diblock copolymer [5].

e ¼ q0Bb2
B=q0Ab2

A ð1Þ

Here, b is the Kuhn statistical length and q0 is the pure component density. They

calculated the phase diagram for e = 0.6 via self-consistent field theory (SCFT). It

was found that the order–disorder boundary to be virtually unaffected by the

conformational asymmetry, but all the order–order boundaries to be shifted toward

higher A content. Their results were in agreement with the experiment by Bates

et al. [6]. This SCF treatment for conformationally asymmetric polymers was

subsequently refined by Matsen and Bates [7]. They found that the conformational

asymmetry significantly affects the relative stability of the complex phases, e.g., the

perforated lamellar phase.

Although there were so many outstanding studies on the effect of conformational

asymmetry of polymer melts, little theoretical attention was paid to polymer

solution. Larson and Terentjev computed phase diagrams for dilute AB diblock

copolymers in poor solvent in the strong segregation limit, transitions from spherical

to cylindrical and from cylindrical to bicontinuous phases were observed with the

increased conformational asymmetry [8, 9]. On the other hand, the crew-cut

micelles formed by amphiphilic block copolymers in selective solvent, which can be

used in the fields of drug delivery and nanomaterials, have attracted widespread

interests in both experimental and theoretical context since the original work of

Eisenberg’s group [10–14]. However, the study concerning the effect of confor-

mational asymmetry on the self-assembly of amphiphilic block copolymers in

selective solvent has not been reported up to now.

SCFT is a powerful tool to characterize the equilibrium thermodynamical features

of polymers [15–21]. Fredrickson and co-workers suggested a new combinatorial

screening method in real space [22–24], which a prior assumption about the

morphology is not necessary. Using this method, Liang and co-workers investigated

the formation of the microstructures assembled by the linear block copolymers in

dilute solution [25–27]. Complex micelles were obtained by tailoring the interaction

parameters, initial density fluctuation, and polydispersity. Yang and co-workers

employed the same method to investigate the aggregate morphologies of amphiphilic

linear and star ABC triblock copolymers in dilute solution, and obtained the micelles

such as peanut, hamburger, wormlike, and toroidal micelles [28, 29].
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In this study, we use the combination screening method based on the real-space

implementation of the SCFT to simulate the effect of conformational asymmetry on

the self-assembly of an amphiphilic diblock copolymer in dilute solution. The main

purpose is to reveal the conformational asymmetry dependence of the self-

assembled structure and to explore the origin primarily.

Theoretical method

In this section, we outline the SCFT for a mixture of amphiphilic diblock

copolymers with hydrophobic segments A, hydrophilic segments B, and solvent

molecules S in volume V. Each copolymer consists of N segments of which a

fraction f forms the A block. The volume fraction of copolymer in solution is /. As

a result, the volume fractions of segments A, B, and solvent S in the system are

fA ¼ f /; fB ¼ ð1� f Þ/ and fS ¼ 1� /; respectively. Each block has an asso-

ciated Kuhn length ba = rab, where b is a reference Kuhn length and a = A, B. We

assume that the mixture is incompressible and each segment occupying the same

volume q0
-1. Thus, we can take the ratio b = bA/bB to characterize the

conformational asymmetry of the diblock copolymer.

For the present system, there are three fields, i.e.:

xAðrÞ ¼ vABNð/BðrÞ � fBÞ þ vASNð/SðrÞ � fSÞ þ nðrÞ ð2Þ
xBðrÞ ¼ vABNð/AðrÞ � fAÞ þ vBSNð/SðrÞ � fSÞ þ nðrÞ ð3Þ
xSðrÞ ¼ vASNð/AðrÞ � fAÞ þ vBSNð/BðrÞ � fBÞ þ nðrÞ ð4Þ

acting on the A segments, B segments, and solvent molecules, respectively. Here,

constant shifts in the fields are introduced in the equations, where /AðrÞ; /BðrÞ; and

/SðrÞare standard dimensionless concentrations of these three respective compo-

nents, vij is the Flory–Huggins interaction parameter between species i and j. A

Lagrange multiplier field nðrÞ is used to enforce the incompressibility assumption.

/AðrÞ þ /BðrÞ þ /SðrÞ ¼ 1 ð5Þ

In SCFT scheme, the partition function is calculated through solving the modified

diffusion equation of qðr; sÞ; which gives the probability of the sth segment fixed at

position r. The contour variable s increases from 0 to 1, corresponding from one end

of the chain to the other. With the use of a flexible Gaussian chain model, the

diffusion equation is

o

os
qaðr; sÞ ¼ r2

ar2qaðr; sÞ � xaqaðr; sÞ ð6Þ

The initial condition is qðr; 0Þ ¼ 1: Here, x is xA when 0 \ s \ f and xB when

f \ s \ 1. Similarly, a second distribution function q0ðr; sÞ is also satisfied by Eq. 6

with the initial condition q0ðr; 0Þ ¼ 1; but in this case x is xB when 0 \ s \ (1 - f)
and xA when (1 - f) \ s \ 1. In terms of these two functions, the total partition

function for the copolymer molecule is
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QC ¼
Z

drqðr; sÞq0ðr; sÞ ð7Þ

As the solvent molecule is treated as a point particle, its partition function is given

by the simple expression

QS ¼
Z

dr expf�xsðrÞ=Ng ð8Þ

The dimensionless concentration of each component is obtained by

/AðrÞ ¼
/V

QC

Zf

0

dsqðr; sÞq0ðr; sÞ ð9Þ

/BðrÞ ¼
/V

QC

Z1

f

dsqðr; sÞq0ðr; sÞ ð10Þ

/SðrÞ ¼
ð1� /ÞV

QS

expf�wsðrÞ=Ng ð11Þ

Once the fields have been self-consistently determined, the free energy of the

system which is reduced by kBT is given by

F ¼ �/ ln
QC

V

� �
� ð1� /ÞN ln

QS

V

� �

� 1

V

Z
drfvABN/AðrÞ/BðrÞ þ vASN/AðrÞ/SðrÞ

þ vBSN/BðrÞ/SðrÞ � xAðrÞ/AðrÞ � xBðrÞ/BðrÞ � xSðrÞ/SðrÞ
� nðrÞ½1� /AðrÞ � /BðrÞ � /SðrÞ�g ð12Þ

The initial value of x is constructed by xj ¼
P

i 6¼j vijNð/iðrÞ � fiÞ and /iðrÞ � fi

satisfies the Gaussian distributions:

hð/iðrÞ � fiÞi ¼ 0

hð/iðrÞ � fiÞð/jðr0Þ � fjÞi ¼ kfifjdijdðr � r0Þ
ð13Þ

Here, k characterizes the amplitude of initial density fluctuation.The chemical

potential field xi can be updated by using the equation

xnew
i ðrÞ ¼ xold

i ðrÞ þ DtðdF=d/iðrÞÞ
�; ð14Þ

where ðdF=d/iðrÞÞ� ¼
P

j 6¼i vijNð/jðrÞ � fjðrÞÞ þ nðrÞ � xold
i ðrÞ as the chemical

potential force. The density field /iðrÞ can be evaluated based on Eqs. 6–11. In this

work, the time step Dt was set to be 0.3. Above steps are iterated until the phase

patterns are stable and the free energy difference between two iterations is smaller

than 10-4, i.e., DF \ 10-4. Furthermore, to avoid the system locating on metastable

states as much as possible, the simulation was reiterated at least 10 times with

different random states and random number generator seeds to guarantee that the
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phenomena are not accidental. The simulations were carried out on the three

dimensional space of a 503 cubic lattice with periodic boundary conditions applied.

The grid size was set to be 0.35.

Results and discussion

The volume fraction of diblock copolymers in the solution / is chosen to be 0.1.

The length of the polymer chain N equals 20 and the length fraction of the

hydrophobic block f equals 0.9. The variable b ¼ bA=bB was defined to characterize

the conformational asymmetry of the diblock copolymer. We performed our

calculation with the value of b from 1.0 to 1.5, ranging from symmetric to a degree

of asymmetry on the limit of experiment accessibility.

It is noted that the resulting aggregate morphologies depend on the amplitude of

initial density fluctuation, possibly corresponding to different experimental

preparation conditions, such as the rate of addition of nonsolvent to the dilute

solution [25]. The larger amplitude of concentration fluctuation should generally

leads to the sphere and rod micelle, while vesicles can be formed by a smaller value

of amplitude of the concentration fluctuation. The micelle morphologies of

amphiphilic diblock copolymer in dilute solution from different values of initial

density fluctuation amplitude k with fixed interaction parameters and conforma-

tional asymmetry were shown in Fig. 1. Thus, the same amplitude of initial density

fluctuation (k = 1 9 10-3) was used in this simulation to ensure that the obtained

morphologies were not affected by the initial condition as it was done for the self-

assembly of copolymers in dilute solution in literatures [28–30].

Figure 2 is the simulation result showing the self-assembled morphologies from

the amphiphilic diblock copolymer in dilute solution by changing the conforma-

tional asymmetry of the copolymer. The Flory–Huggins interaction parameters were

fixed, vABN ¼ 24; vASN ¼ 24; vBSN ¼ �10: This result indicates that the self-

assembled morphology strongly depends on the conformational asymmetry of the

copolymer. It tends to change from sphere to rod then to vesicle with the increased

conformational asymmetry of the copolymer. During the transition from sphere to

Fig. 1 Micelle morphologies of amphiphilic diblock copolymer in dilute solution from different values
of initial density fluctuation amplitude k with vABN ¼ 24; vASN ¼ 24; vBSN ¼ �10; b = 1.0:
a k = 0.1; b k = 1 9 10-3; c k = 1 9 10-6; d k = 1 9 10-18. The isosurface of the A segment
density of the AB diblock copolymer at the value of 0.4 are shown
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vesicle, the coexistence of the basic structures is observed, e.g., the mixture of

spheres and rods (Fig. 2a–d). Experimental studies have indicated that in general

there is coexistence of spheres, rods, vesicles, and more complicated micelles in

dilute solution [31, 32]. The micelle change in solution is related to the degree of the

stretching of the core-forming chains [10]. From the dimensions of the various

structures in Fig. 2, it is of interest to estimate how the degree of the stretching of

the core-forming A block changes by measuring the radius of the micelle core. The

radius of the micelle core R was shown in Fig. 3. In the case of vesicle, R is half of

the wall thickness. The stretching of the A block is greatest in the sphere and

decreases as the structure changes from sphere to rod and is smallest in the vesicle.

Experimentally, Zhang et al. found that the degree of stretching of the core-forming

polystyrene blocks decreases stepwise as the morphology changes from spherical to

cylindrical, and to vesicular in solution [33]. Moreover, the radius of the spherical

core increases with an increase of the conformational asymmetry of the copolymer,

implying a corresponding increase of the degree of stretching of the A block.

However, it cannot continue indefinitely as the conformational asymmetry increases.

Beyond a certain degree of stretching, the morphology changes from sphere to rod,

and eventually to vesicle. The configuration entropy of the polymer with an increase

of the conformational asymmetry was calculated to explore the origin of this

Fig. 2 Micelle morphologies for different conformational asymmetry b a b = 1.0, b b = 1.1, c b = 1.2,
d b = 1.3, e b = 1.4, f b = 1.5 with vABN ¼ 24; vASN ¼ 24; vBSN ¼ �10: The isosurface of the A
segment density of the AB diblock copolymer at the value of 0.4 are shown
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transition. The configuration entropy of the polymer SP was given by the following

equation:

SP ¼ / ln
QC

/V

� �
þ 1

V

Z
dr ðwAðrÞ/AðrÞ þ wBðrÞ/BðrÞÞ ð15Þ

From Fig. 4, we can see that the entropy of the polymer decrease as b going from

1.0 to 1.3, because of the increased stretching of the core-forming block. To reduce

this thermodynamic entropy penalty, the morphology would change toward to the

structure with lower degree of stretching, i.e., rod and even vesicle. We can see that

the entropy of the polymer rises up when the rods and vesicles formed. As a result,

the entropic effect of the core-forming block is the main reason for the morphology

change with different conformational asymmetry.

Similar to the self-assembly of block copolymers in bulk, the segregation degree

of different blocks has significant influence on the morphology of block copolymers

in solution as well. It is important to give a systemic calculation showing the phase

diagrams in wide ranges of interaction parameters and conformational asymmetry.

Figure 5 is the phase diagram plotted as a function of the Flory–Huggins interaction

parameter between hydrophobic segments A and hydrophilic segments B, vABN;
and conformational asymmetry, b. Other interaction parameters were fixed, vASN ¼
24; vBSN ¼ �10: The regions for mixture of spheres and rods, rods, mixture of

spheres, rods and vesicles, mixture of spheres and vesicles, and vesicles are denoted

by SR, R, SRV, SV and V, respectively. It can be found that the transition from

spheres to vesicles is general in a wide range of segregation parameters. However,

the vesicles were not favored in the strong segregation regions except when the

conformational asymmetry is very high. Furthermore, the vesicle regions shift to

high conformational asymmetry with an increase of vABN: Although increasing the

conformational asymmetry can lead to form vesicles, the increased degree of

1.0 1.1 1.2 1.3 1.4 1.5

1.5

2.0

2.5

3.0

R
(R

g
)

β

 Rsphere

 Rrod

 Rvesicle

Fig. 3 Radius of the micelle core for sphere, rod, and vesicle with different b for vABN ¼ 24; vASN ¼ 24;
vBSN ¼ �10: In the case of vesicle, R is half of the wall thickness
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segregation has a hindering effect on the stretching of the core-forming block. Thus,

the phase diagram would be determined by the two factors balance.

A number of experimental and theoretical studies have been carried out to

investigate the influence of the solvent property on the morphology in amphiphilic

copolymer solution [34–36]. More recently, Suo et al. found that a strongly selective

solvent can make the diblock copolymer self-assembling behavior diverse [37].

However, the study which allows for both the property of the solvent and

conformational asymmetry have not been reported up to now. In Fig. 6, we plotted

the phase diagram as a function of the Flory–Huggins interaction parameter between

1.0 1.1 1.2 1.3 1.4 1.5

-0.232

-0.231

-0.230

-0.229

-0.228

S
P

β

Fig. 4 Configuration entropy of the copolymer with differentb forvABN ¼ 24; vASN ¼ 24; vBSN ¼�10

1.0 1.1 1.2 1.3 1.4 1.5

16

20

24

28

32

χ Α
Β

Ν

 SR
 R
 SRV
 SV
 V

β

Fig. 5 Phase diagram for amphiphilic diblock copolymer in solution in terms of vABN and b with
vASN ¼ 24; vBSN ¼ �10: The regions for mixture of spheres and rods, rods, mixture of spheres, rods
and vesicles, mixture of spheres and vesicles, and vesicles are denoted by SR, R, SRV, SV, and V,
respectively
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hydrophilic segments B and solvent S,vBSN; and conformational asymmetry, b.

Other interaction parameters were fixed, vABN ¼ 20; vASN ¼ 24: It can be seen

that the system undergoes spheres to vesicles phase road with an increase of the

conformational asymmetry as mentioned above. The preferred morphology for large

asymmetries is also the vesicles. Similar observation was found by Larson and

Terentjev in poor solvent in the strong segregation limit. One of their remarkable

results is that spherical micelles are not favored for very asymmetric polymers [8].

Moreover, large number of spheres and rods appeared at the low conformational

asymmetry when the hydrophilic interaction was enhanced. The degree of the

stretching of hydrophilic block B was strengthened with the increased hydrophilic

interaction. Thus, the mismatch in the entropic chain stretching penalty between

segment A and B was weakened with the increasing of the stretching of hydrophilic

block B. Maskos constructed a experimental phase diagram of nanoparticles based

on self-assembled amphiphilic poly(1,2-butadiene)-b-poly(ethylene oxide) diblock

copolymers (PB-b-PEO) in selective solvent [38]. It was found that the resulting

morphology of the nanoparticles in water is shifted to a higher ratio of PB for

copolymers containing a PEO-sided carboxy end group (PBxPEOy-COOK) as

compared to the hydroxyl-terminated block copolymers (PBxPEOy-H). It is also

because of the increased stretching of the PEO corona chains of diblock copolymers

PBxPEOy-COOK than copolymers PBxPEOy-H.

Conclusion

In summary, we have examined the effect of conformational asymmetry on the

phase behavior of diblock copolymer in selective solvent using the 3D real-space

SCFT. It turns out that the morphology of the crew-cut micelles formed in the

1.0 1.1 1.2 1.3 1.4 1.5

-14

-12

-10

-8

-6
χ B

S
Ν

β

 SR
 SRV
 SV
 RV
 V

1.0 1.1 1.2 1.3 1.4 1.5

-14

-12

-10

-8

-6
χ B

S
Ν

β

 SR
 SRV
 SV
 RV
 V

Fig. 6 Phase diagram for amphiphilic diblock copolymer in solution in terms of vBSN and b with
vASN ¼ 24; vABN ¼ 20: The regions for mixture of spheres and rods, mixture of spheres, rods and
vesicles, mixture of spheres and vesicles, mixture of rods and vesicles and vesicles are denoted by SR,
SRV, SV, RV, and V, respectively
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solution strongly depends on the conformational asymmetry. The self-assembled

micelle changes from sphere to rod, then to vesicle to reduce the thermodynamic

entropy penalty of the core-forming block. Furthermore, these transitions were

found in a wide range of interaction parameters.
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