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Morphological transformations of amphiphilic AB diblock copolymers in mixtures of a common solvent
(S1) and a selective solvent (S2) for the B block are studied using the simulated annealing method.
We focus on the morphological transformation depending on the fraction of the selective solvent CS2,
the concentration of the polymer Cp, and the polymer–solvent interactions εij (i = A, B; j = S1, S2).
Morphology diagrams are constructed as functions of Cp, CS2, and/or εAS2. The copolymer morpho-
logical sequence from dissolved → sphere → rod → ring/cage → vesicle is obtained upon increasing
CS2 at a fixed Cp. This morphology sequence is consistent with previous experimental observations.
It is found that the selectivity of the selective solvent affects the self-assembled microstructure signifi-
cantly. In particular, when the interaction εBS2 is negative, aggregates of stacked lamellae dominate
the diagram. The mechanisms of aggregate transformation and the formation of stacked lamellar ag-
gregates are discussed by analyzing variations of the average contact numbers of the A or B monomers
with monomers and with molecules of the two types of solvent, as well as the mean square end-to-end
distances of chains. It is found that the basic morphological sequence of spheres to rods to vesicles and
the stacked lamellar aggregates result from competition between the interfacial energy and the chain
conformational entropy. Analysis of the vesicle structure reveals that the vesicle size increases with
increasing Cp or with decreasing CS2, but remains almost unchanged with variations in εAS2.

Keywords self-assembly, diblock copolymers, binary solvents, morphological transformation,
simulated annealing
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1 Introduction

Amphiphilic AB diblock copolymers dissolved in a selec-
tive solvent, which is good for one block but poor for
the other one, can spontaneously self-assemble into ag-
gregates of various morphologies, such as spheres, rods,
rings, and vesicles. Because of the important biological
insights gained from these aggregates and their potential
biomedical applications as microcapsules [1] or cell mem-
brane mimetics [2–5] and for drug delivery or targeting
release [6–8], copolymer solutions have attracted much
scientific interest [9–20].

Experimentally, the cosolvent method is frequently
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used to prepare aggregates in solution. In brief, am-
phiphilic copolymers are dissolved first in a common
solvent, such as N,N ′-Dimethylformamide (DMF),
dioxane, or tetrahydrofuran (THF), in which the
copolymer chains are dispersed. Subsequently, a se-
lective solvent, such as water, is slowly added to
the solution until the water content (generally 25–50
wt%) is much higher than that at which aggregation
starts. Then, the aggregates are usually quenched
in excess water to freeze the kinetic processes and
morphologies. Finally, the common solvent is removed
by dialysis of the resulting solution against water [21]. It
has also been found that the copolymer composition
and concentration, the selective solvent fraction, and
the nature of the common solvent are all important
factors that may affect the aggregate morphology
significantly. Many studies have been carried out to
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examine these factors [21–24]. A wide range of crew-cut
aggregates of different morphologies has been prepared
from dilute solutions of asymmetric amphiphilic diblock
copolymers. These aggregates include spherical mi-
celles, rods, bicontinuous structures, lamellae, vesicles,
large compound micelles, large compound vesicles,
and tubules. Overall, more than 20 morphologies and
various morphological transitions have been identified
by Eisenberg’s group [21, 22]. Du et al. examined
morphology transformations by varying the chain length
and the selective solvent fraction [23]. In their study,
various vesicular morphologies, such as entrapped
vesicles, hollow concentric vesicles, ellipsoidal vesicles,
and open bending lamellae, were found to coexist for
poly(DLlactide)-b-poly(ethyleneglycol)(PLA212-PEG44)
in THF/H2O and dioxane/H2O mixed solvents with
30 and 40 wt% water contents [23]. Huang et al. ob-
tained donut-shaped toroidal micelles of highly uniform
shape and size, formed by polyisoprene-b-poly(2-
vinylpyridine)(PI1100-b-P2VP220) in THF/ethanol sol-
vent mixtures [24]. Denkova et al. investigated the mor-
phologies and sizes of micellar aggregates formed by the
triblock copolymer P123 (EO20PO70EO20) in a mixture
of DMF, as an aprotic solvent, and water. They found
that bicontinuous micelles with distinct patterns formed
at water contents between about 27 and 35 wt%, in coex-
istence with very long, non-branched, worm-like micelles
[25]. In the study of Zhong et al., triblock copolymer
poly(acrylic acid)-b-poly(methyl acrylate)-b-polystyrene
(PAA-b-PMA-b-PS) self-assembled into a single or
double helix consisting of cylindrical micelles by
changing the ratio of water and THF [26]. Han et
al. reported that with the addition of water, cylindrical
micelles formed by triblock copolymer poly(tert-butyl
acrylate)-b-poly(2-cinnamoyloxyethyl methacrylate)-b-
poly(N, Ndimethyl methacrylate)(PtBA-b-PCEMA-b-
PDMAEMA) in methanol transformed into a fused
horseshoe phase [27]. McKenzie et al. showed that
nanospheres with internal bicontinuous morpholo-
gies could be obtained from simple, amorphous
diblock copolymer poly(ethylene oxide)-b-poly(n-butyl
methacrylate)(PEO-b-PBMA) in a cosolvent of THF/
water [28]. It is found that the aggregates always start
from spherical micelles when a selective solvent such as
water is added, regardless of the nature of the common
solventin experiments.

In addition to extensive experimental investigations,
theoretical studies and computer simulations provide
powerful tools for studying the self-assembly of block
copolymer solutions [29–35]. The majority of investiga-
tions have focused on the effect of the properties of the
copolymer or selective solvent on aggregate morpholo-
gies, such as copolymer composition, volume fraction,
configuration, and selectivity strength. Using simulated

annealing, Sun et al. studied the self-assembly of diblock
copolymers in selective solvents (using only one type
of solvent). The simulation results illustrated that the
self-assembled morphologies of the copolymer aggregates
strongly depend on the interactions between the core-
forming blocks and the solvents, as well as the length
of the corona-forming blocks. A transition sequence of
disordered state to spherical micelles to short rod-like
micelles to long rod-like micelles to onion-like aggregates
was observed for copolymers as the core–solvent interac-
tions increased or the length of the corona-forming blocks
decreased [29]. Using self-consistent field theory, Wang
et al. investigated the self-assembly of amphiphilic AB
diblock copolymers with different molecular sizes of sol-
vent in solution [30]. They constructed a phase diagram
by continuously varying the solvent size and the polymer
concentration, and found that the aggregate concentra-
tion of the amphiphilic AB diblock copolymer decreases
in solution with larger solvent sizes. Using Monte Carlo
simulations, Jiang’s group found that the hydrophilic-
ity of blocks A and C was the key parameter for vesi-
cle formation and the microphase behavior of ABC tri-
block copolymers in selective solvents for A and C blocks
[31]. For an A-B-C-A tetrablock copolymer in selec-
tive solvents, the chain length ratio and hydrophobic-
ity of blocks B and C were key factors in determining
the hydrophobic layer structure of the vesicles [32]. In
their study on asymmetric vesicles constructed from an
AB/CB diblock copolymer mixture in a selective solvent
for A and C blocks, they found that the vesicle structure
sequence depends on the composition of the mixture, the
chain length of the hydrophilic block, and the solution
pH [33]. Liang’s group investigated the microstructures
assembled from amphiphilic triblock copolymers in se-
lective solvents using the DPD approach, and reported
the different pathways involved in the formation of ag-
gregates [34]. Kong et al. studied the self-assembly
of ABC star terpolymers composed of a solvophilic A
arm and two solvophobic B and C arms in selective sol-
vents. Multicompartment micelles have been predicted,
and the results revealed that the overall micelle mor-
phology is largely controlled by the volume fraction of
the solvophilic A arms, whereas the internal compart-
mented and/or segregated structures depend on the ra-
tio between the volume fractions of the two solvophobic
arms [35]. Although there are many theoretical and sim-
ulation studies on the self-assembly of block copolymer
in dilute solution, usually only one type of solvent has
been considered. Results from such studies are quantita-
tively in agreement with the corresponding experimental
results, however, systems in which just one type of sol-
vent is used are fundamentally different from those in
which two types of solvents are used.

For self-assembly of diblock copolymers in solution us-
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ing two types of solvents, a common solvent and a se-
lective solvent, we are aware of only one report. Using
self-consistent field theory, Huang and Hsu investigated
the effects of solvent immiscibility on the phase behavior
and microstructural length scales of a diblock copoly-
mer in the presence of two solvents: a neutral solvent
and a slightly B-selective solvent [36]. They found that
the ordered microphase region in concentrated solutions
enlarges as the immiscibility increases and an ordered
structure forms that can undergo macrophase separa-
tion. In the present work, we report a systematic study
of the self-assembly of AB diblock copolymers in binary
solvents consisting of a common solvent and a selective
solvent using the simulated annealing technique. Un-
like the concentrated solutions considered in Ref. [36],
dilute solutions are investigated here. A series of phase
diagrams are constructed as functions of various param-
eters, including the selective solvent fraction, polymer
concentration, and polymer–solvent interactions. Rich
copolymer morphological transformations are obtained
and compared with those previously observed experi-
mentally. It is found that the selectivity of the selective
solvent affects the self-assembled microstructure signifi-
cantly, and aggregates of stacked lamellae dominate the
diagrams under certain conditions. The mechanisms of
aggregate transformation and the formation of stacked
lamellar aggregates are discussed by analyzing variations
in the average contact numbers between the A or B
monomers and the two types of solvent molecules, as well
as the mean square end-to-end distance of the copolymer
chains. In addition, the vesicle structure is analyzed.

2 Model and method

In the current study, the self-assembly of AB diblock
copolymers in a binary mixture of a common and a se-
lective solvents was investigated using the simulated an-
nealing method applied to the “single-site bond fluctua-
tion” model of polymers [37–39]. Previous studies on this
model system established that this approach provides an
efficient methodology for studying the self-assembly of
block copolymers in solution [29]. For completeness, the
model and algorithm are reviewed briefly below, and a
detailed description can be found elsewhere [29].

The simulations were performed on a model system
that is embedded in a simple cubic lattice of volume
V = L × L × L with L = 60 and 72. Periodic bound-
ary conditions were applied to all three directions. The
system was composed of three components: AB diblock
copolymers, a common solvent (S1), and a selective sol-
vent (S2). The diblock copolymer chains used in the
simulation were of the type AnBN−n, where N is the
total number of monomers and n is the number of A

monomers. In our simulations, the volume fraction of
A monomer was fixed as fA = n/N = 3/4, and two
types of chains with chain lengths of N = 8 and 12 were
studied. The number of diblock copolymer chains in a
system is denoted as NC . Thus, the copolymer concen-
tration is specified by Cp = NCN/V . The initial config-
uration was generated by randomly creating NC chains
of the model diblock copolymer, where each monomer
occupied one lattice site and two consecutive monomers
were connected by bonds that can adopt lengths of 1 or√
2. Thus, each lattice site had 18 nearest neighbor sites.

The copolymers were assumed to be self- and mutual-
avoiding, meaning that no two monomers could occupy
the same site simultaneously. After the desired number
of copolymer chains had been generated, the unoccu-
pied sites were designated as solvent S1 molecules, where
each solvent molecule occupies one lattice site. Then, the
character of randomly selected S1 molecules was changed
to solvent S2 until the desired fraction CS2 was reached.

The energy of the system was the objective function
in the simulated annealing. In this simulation, only
the nearest-neighbor interactions were considered, which
were modeled by assigning an energy Eij = εijkBTref to
each nearest-neighbor pair of unlike components i and j,
where i, j = A, B, S1 (common solvent), and S2 (selective
solvent)(i ̸= j); εij is the reduced interaction energy; kB
is the Boltzmann constant, and Tref is a reference tem-
perature. It was assumed that εii = 0, with i = A, B
and S1, S2. Immiscibility of the two blocks was ensured
by setting εAB = 1. Solvent S1 was chosen as a com-
mon solvent, so it was assumed that εAS1 = εBS1 = 0.
Solvent S2 was chosen as a selective solvent, so we set
εAS2 > 0 and εBS2 ≤ 0. These assignments ensured that
solvent S2 was good for the B blocks and poor for the
A blocks and that the A and B blocks were immiscible.
In addition, the copolymer concentration Cp, S2 frac-
tion CS2, and the interaction parameters εAS2 and εBS2

were varied systemically to examine their effects on the
self-assembled aggregates.

Each simulation started from a randomly generated
initial configuration. Starting from the initial state,
the ground state of the system was obtained by exe-
cuting a set of Monte Carlo simulation at decreasing
temperatures. Two types of trial moves were used in the
simulations: chain overturning and exchange movement
[29]. In a chain overturning move, a chain was selected,
and all the A monomers on the chain exchanged sites
with the corresponding B monomers on the same chain.
In an exchange movement, there were three exchange
types. (i) First, a monomer was selected randomly to ex-
change with a solvent molecule on one of its 18 nearest-
neighbors. If the exchange did not break the chain, the
exchange was allowed. If the exchange created a single
break in the chain, the solvent molecule continued to

Zheng Wang, et al., Front. Phys. 12(6), 128201 (2017)
128201-3



Research article

exchange with subsequent monomer(s) along the broken
chain until reconnection occurred. If the exchange broke
the chain into more than two parts, the movement was
not allowed. (ii) A solvent molecule was selected ran-
domly to exchange with a solvent molecule or a monomer
on one of its 18 nearest-neighbors. If the selected neigh-
bor was a monomer on a chain, then the movement was
equivalent to type (i). If the selected neighbor was a dif-
ferent type of solvent molecule, the exchange movement
was allowed. (iii) Two solvent molecules were selected
randomly. If one of them is an S1 molecule and the
other an S2 molecule, then the exchange movement was
allowed. The acceptance or rejection of the attempted
moves was further governed by the Metropolis rule [40].

The annealing procedure followed a commonly used
linear schedule as Tj = fTj−1, where Tj is the temper-
ature used in the jth annealing step and f is a scaling
factor. Starting at an initial temperature, the annealing
continued until the number of annealing steps reached
a predetermined value. Specifically, the scaling factor f
was taken as 0.98 or 0.955, depending on the difference
between the average energies of the system at the previ-

ous two annealing steps; f = 0.955 was used when the
average energy difference was small, and f = 0.98 was
used when the average energy difference was large. The
initial temperature was T1 = 140Tref , and 140 anneal-
ing steps were performed. At each annealing step, 7500
Monte Carlo steps (MCS) were carried out. One MCS
is defined as the average time taken for all the lattice
sites to be visited for an attempted move. Simulations
with several different random number generator seeds
were performed to test the robustness of the observed
self-assembled morphologies. Good reproducibility of the
morphologies was obtained.

3 Results and discussion

In this section, we present our simulation results for AB
diblock copolymers in solutions of binary mixtures of sol-
vents. The morphology diagrams are displayed in terms
of the copolymer concentration and the selective solvent
fraction (Fig. 1). The average contact numbers and the
mean square end-to-end distances of the chains are com-

Fig. 1 Morphological diagram of diblock
copolymer A6B2 in terms of concentration
parameter CS2 and copolymer concentra-
tion Cp (εAS1 = εBS1 = 0, εAS2 = 3, and
εBS2 = 0). (a) Morphological diagram; (b)
Morphology scheme (green: A monomer;
red: B monomer; yellow: Common solvent
S1; grey: Selective solvent S2. The cage
structure given the density morphology of
A monomer. The bowl and vesicle profiles
correspond to cross sections of cut struc-
tures.).
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puted (Fig. 2). The effect of the selectivity of the solvent
on the morphology was investigated (Figs. 3 and 4). The
mechanism of morphological transitions is discussed by
analyzing the variations of the average contact numbers
between the A or the B monomers and the two types of
solvent molecules, as well as the mean square end-to-end
distances of the chains (Figs. 2 and 5). The effect of
chain length on the morphologies was also investigated
(Fig. 6). The vesicle sizes were computed based on the
radial density profile of A monomers (Fig. 7). The vesicle
size variation is presented as a function of the selective
solvent S2 fraction, the copolymer concentration, and the
copolymer–solvent interaction (Figs. 8–9), respectively.

3.1 Morphology diagrams

We systematically varied the copolymer concentration
Cp and the fraction of selective solvent CS2 to study
their effect on the self-assembled microstructures for the
model diblock copolymer A6B2, and the results are sum-
marized in Fig. 1, where the interaction parameters be-
tween the polymers and selective solvent S2 are set as
εAS2 = 3 and εBS2 = 0. From Fig. 1, it is noted that
for CS2 < 20%, the copolymers are dispersed in solu-
tion, where no aggregates are formed. This result indi-
cates that the common solvent is dominant in the so-
lution. The copolymers begin to form sphere-like aggre-
gates at CS2 = 20% for systems with Cp ≥ 1.0%, and this
copolymer concentration can be considered as the critical
micelle content of the selective solvent. Further, the mor-
phologies of the aggregates depend on Cp. At Cp = 1.0%,
a wide range of rod-like aggregates were formed on in-
creasing CS2 to 30%–35%, and at CS2 = 40%, vesi-
cles were formed. When Cp = 1.5%, morphological se-
quences of a mixture of sphere-like and short-rod-like
aggregates, rod-like aggregates, ring-shaped aggregates,
sheet-like aggregates, and vesicles were formed at CS2 =
25%, 30%, 32.5%, 35%, and 40%, respectively. When

Cp = 2.0%, the copolymers showed similar morphologi-
cal sequences to those at Cp = 1.5%, except that a bowl-
like structure, which can be regarded as an unsealed
vesicle, was formed instead of the sheet-like structure,
and vesicle structures were also observed occasionally at
CS2 = 35% as degenerated aggregates. When Cp = 2.5%,
ring-shaped aggregates were more frequently observed
than rod-like aggregates. Besides the ring shaped ag-
gregates, a new structure corresponding to cage-like ag-
gregates was also found at CS2 = 32.5%, just before
vesicles formed. The ring-shaped aggregates can be re-
garded as two-dimensional structures, whereas the cage-
like aggregates can be thought of as three-dimensional
structures. Cage-like aggregates have also been reported
by He and Schmid [41]. When Cp ≥ 3.0%, the mor-
phological sequences were similar to those obtained for
Cp = 2.5%, except that the cage-like aggregates and the
vesicles were formed at lower CS2 values with increas-
ing Cp. The mixture of sphere- and rod-like aggregates
was replaced by a mixture of short-rod-like and rod-like
aggregates, and vesicles were observed at CS2 = 32.5%
when Cp = 3.5%. When the copolymer concentration
was higher (Cp = 4.0% or 5.0%), vesicles formed when
CS2 ≥ 32.5%. The cage-like structures were frequently
obtained just before the vesicles formed as degenerated
aggregates with a ring-like morphology. In dilute so-
lution (Cp = 0.5%), short rod-like aggregates were the
dominant aggregates for CS2 between 25% and 40%, ex-
cept that sphere-like aggregates were observed to coexist
with the short-rod aggregates at CS2 = 25%.

It is well known that the self-assembly morphology of
block copolymers is the result of competition between
the interfacial energy and the entropy. To elucidate the
mechanism of the morphological transformation, the av-
erage contact numbers for the monomers and the mean
square end-to-end distance Dee2 were computed, as plot-
ted in Fig. 2 as a function of CS2 at Cp = 1.5%. The
average contact numbers for the A monomers with A

Fig. 2 Contact number and mean square end-to-end distance of diblock A6B2 as a function of selective solvent fraction
CS2 at Cp = 1.5% (εAS1 = εBS1 = 0, εAS2 = 3, and εBS2 = 0). (a) Contact numbers for the A monomer; (b) Contact
numbers for the B monomer; (c) Mean square end-to-end distance.
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monomers, B monomers, common solvent S1, and selec-
tive solvent S2 are defined as NAA, NAB , NAS1, and
NAS2, respectively. Similarly, the average contact num-
bers for the B monomers with A monomers, B monomers,
solvent S1, and solvent S2 are defined as NBA, NBB ,
NBS1, and NBS2, respectively. From Fig. 2(a), it is
noted that with increasing CS2, NAB and NAS2 are al-
most unchanged, whereas NAA increases and NAS1 de-
creases. From Fig. 2(b), it is noted that with increasing
CS2, NBA is almost unchanged, whereas NBB and NBS2

increase, but NBS1 decreases. Clearly, the decreases of
NAS1 and NBS1 are due to the decreased amount of sol-
vent S1 in the system, whereas the increase of NBS2

is due to the increased amount of selective solvent S2.
The increases of NAA and NBB indicate that both A
and B monomers gradually aggregate more closely as
the amount of S2 increases, which leads the contact of
A–S2 close to zero. In the cases shown in Figs. 2(a)
and (b), on increasing the amount of S2, the A–S2 and
A–B contact is almost unchanged, whereas the A–S1
and B–S1 contact decreases and the B–S2 contact in-
creases slightly. That is, increasing the amount of S2 de-
creases the total contact area between the micellar core
(A-domain) and the solvents because the mixed solvent
becomes poorer for the A-blocks, whereas the total con-
tact area between the micellar corona (B-domain) and
the solvents increases because the mixed solvent becomes
better for the B-blocks. It has been deduced that at a
constant volume, the total surface area always decreases
when aggregates change from spheres to rods to vesicles
[29], which means that, with increasing CS2, the inter-
facial energy part of the free energy decreases. From
Fig. 2(c), it is noted that Dee2 increases significantly
when CS2 increases from 15% to 35% as the copolymers
from the dissolved state transform to spheres, rods, rings,

and sheet-like aggregates. For vesicle morphologies, the
variation in Dee2 is relatively small. The increase of
Dee2 means that the copolymer chains become increas-
ingly stretched. The number of available conformations
decreases with increasing Dee2, which leads to a decrease
in the chain conformational entropy and an increase in
the conformational part of the free energy. Therefore,
the basic morphologies of spheres to rods to vesicles ob-
tained by increasing the amount of S2 (Fig. 1) are the
result of competition between the interfacial energy and
the chain conformational entropy. In contrast, the sheet-
like, ring-like, and cage-like aggregate morphologies are
all intermediate between the rods and the vesicles. On
the other hand, it is noted that the NAS1 value is always
larger than 6.0, indicating that a large amount of solvent
molecules are in contact with the solvophobic blocks.

The selectivity of the selective solvent may play an im-
portant role in microstructure formation of amphiphilic
macromolecules. To investigate this effect, we fixed the
concentration of the diblock copolymer A6B2 at Cp =
2.5% and studied the morphology variation on increas-
ing both εAS2 and the fraction of the selective solvent
CS2 for two cases (εBS2 = 0 or −1).

Figure 3 exhibits the morphological diagram as a func-
tion of εAS2 and CS2 when εBS2 = 0. Compared with the
case presented in Fig. 1 where εAS2 = 3, it is noted that
the εAS2 value affects the structure formation. When
εAS2 = 1, rod-like and sheet-like aggregates are the
dominate morphologies, whereas vesicles do not appear,
even at high CS2 values. On increasing εAS2 to 2–3,
rod-like aggregates transform into bowl-like vesicles at
CS2 = 35% and vesicles are formed at CS2 = 40%. When
εAS2 = 4–5, vesicles appear at CS2 = 35%. It is also
noted that vesicles do not appear when CS2 < 35%, even
when the repulsive strength is high with εAS2 > 3.

Fig. 3 Morphological diagram of A6B2

in terms of repulsive strength parameter
εAS2 and selective solvent S2 fraction CS2

at Cp = 2.5% for εBS2 = 0 (green: A
monomer; red: B monomer; yellow: Com-
mon solvent S1; grey: Selective solvent S2.
The bowl and vesicle profiles correspond to
cross sections of cut structures.)
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Fig. 4 Morphological diagram of A6B2

in terms of repulsive strength parameter
εAS2 and selective solvent S2 fraction CS2

at Cp = 2.5% for εBS2 = −1. (green: A
monomer; red: B monomer; yellow: Com-
mon solvent S1; grey: Selective solvent S2.
The bowl and vesicle profiles correspond to
cross sections of cut structures.)

Figure 4 presents the morphological diagram as a func-
tion of εAS2 and CS2 when εBS2 = −1. A comparison of
the diagrams shown in Figs. 3 and 4 reveals significant
morphology changes. Unlike the rich morphologies shown
in Fig. 3, the stacked lamellae aggregates are dominant
in the diagram shown in Fig. 4, and vesicles only appear
in a small region with both larger εAS2 and CS2 values.
From the diagram in Fig. 4, it is noted that the composi-
tion of the outside layers of a stacked lamellar aggregate
changes with CS2. When CS2 is smaller, the outside lay-
ers are composed of the A-blocks only, whereas when CS2

is larger, the outside layers are composed of the B-block
only. Between these two cases, the outside layers con-
tain both A- and B-blocks, and they can be located on
either side of one aggregate or in different aggregates in
the system. Based on the differences in the composition
of the outside layers and the morphology, the diagram in
Fig. 4 can be divided into different parts using straight
lines. Notably, with increasing εAS2, the line dividing
the different parts shifts to lower CS2 values.

To elucidate the mechanism for formation of the
stacked lamellae, a sequence of morphologies of A6B2

were examined by increasing the selective strength for
the B-block εBS2 from 0 to −1, as shown in Fig. 5(a),
where εAS2 = 1 and CS2 = 30%. In the weak εBS2

range, only spheres and rods are observed. When εBS2 =
−0.1, disk-like aggregate appear, which coexist with the
spheres. For stronger selective strengths, only disk-like
aggregates are formed. The number of stacked lamel-
lae in each micelle increases with increasing the selec-
tive strength. Moreover, a large worm-like aggregate
of stacked lamellae is formed in the stronger selective
strength range of εBS2 = −0.5 to −1. The average con-
tact numbers for the monomers with monomers and sol-

vent molecules were computed, as plotted in Figs. 5(b)
and (c) as a function of εBS2. From Fig. 5(b), it is noted
that on changing εBS2 from 0 to −1.0, NAB and NAS2

are almost unchanged, whereas NAA increases and NAS1

decreases. From Fig. 5(c), it is noted that on chang-
ing εBS2 from 0 to −1.0, NBA is almost unchanged, but
NBS2 increases and NBS1 and NBB decrease. In par-
ticular, the increase of NBS2 and the decrease of NBS1

are rapid in the range of εBS2 = 0 to −0.3. The larger
increase of NBS2 is due to increased attractive interac-
tions between the B monomers and S2, which cause a
corresponding decrease of NBB . When the morphology
changes from the rod-like aggregate to a stacked lamel-
lar aggregate, contact between the solvophobic block and
the solvents decreases slightly, whereas the contact be-
tween the solvophilic block and the solvents increases
considerably. That is, the stacked lamellar aggregate al-
lows a large contact between the solvophilic block and
the solvents, which deceases the interfacial energy of the
system. From Fig. 5(d), it is noted that Dee2 increases
significantly when εBS2 changes from εBS2 = 0 to −0.3,
and the copolymers in spheres transform to rods and fur-
ther to stacked lamellar aggregates. The Dee2 curve in
Fig. 5(d) and the NBS2 curve in Fig. 5(c) have similar
trends. As stated earlier, the increase of Dee2 leads to
a decrease in the chain conformational entropy and an
increase in the conformational part of the free energy.
Therefore, the morphological transition from spheres to
rods to stacked lamellar aggregates observed in Fig. 5(a)
on changing εBS2 are also the result of competition be-
tween the interfacial energy and the chain conforma-
tional entropy.

The above simulation results can be compared with
related experiments or simulations. The morphologi-
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Fig. 5 (a) Morphology sequence of diblock A6B2 as a function of εBS2 at Cp = 2.5%, CS2 = 30% (εAS1 = εBS1 = 0,
εAS2 = 1); (b) Contact numbers for the A monomer; (c) Contact numbers for the B monomer; (d) The mean square
end-to-end distance.

cal transition sequence (Fig. 1) with increasing CS2 at
a fixed Cp value, from dissolved chains, to sphere-like
aggregates, to short-rod-like aggregates, to rod-like ag-
gregates, to ring-/cage-like aggregates, and finally to
vesicles is consistent with that observed experimentally
by Eisenberg’s group [21, 22]. This morphological se-
quence with increasing CS2 at a fixed Cp value is also
consistent with that predicted by simulation based on
only one type of solvent but change the property of the
solvent [29]. The stacked lamellar aggregates predicted
in our simulations are consistent with those observed
experimentally by Eisenberg’s group as small lamellae
[21]. Using self-consistent field theory, Xia et al. pre-
dicted anisotropic ellipsoidal micelles composed of seg-
mented layers of A/B domains in their study of sym-
metric AB diblock copolymers in C-homopolymers (or
solvents) [42]. These anisotropic ellipsoidal micelles are
similar to the stacked lamellar aggregates predicted in
our study. On the other hand, our finding that there are
large amounts of solvent molecules in contact with the
solvophobic blocks in all the aggregates is completely dif-

ferent from that predicted by simulations based on only
one type of solvent [29].

3.2 Effect of chain length on morphology

The effect of chain length on morphology transitions was
also investigated, with a focus on comparing the mor-
phologies formed by diblocks A9B3 and A6B2, which
have the same volume fraction fA and the same inter-
action parameters. Because of the longer chain length,
larger simulation boxes with L = 72 were used for
A9B3 systems. We chose a polymer concentration of
Cp = 2.5% and varied CS2 from 10% to 50%. A morpho-
logical sequence from dissolved chains, to spherical-like
aggregates, to short rod-like aggregates, to rod-like ag-
gregates, to ring-like aggregates, and finally to vesicles
was obtained with increasing CS2, as shown in Fig. 6.
This sequence is similar to that determined for A6B2

in the same parameter space, as shown in Fig. 1 at
Cp = 2.5%. When compared with those for A6B2, the
positions of the morphology transitions for A9B3 were

Fig. 6 Morphology sequence of diblock A9B3 as a function of selective solvent, Cp = 2.5%, L = 72 (εAS1 = εBS1 = 0,
εAS2 = 3, and εBS2 = 0). (a) Dissolved, (b) Sphere-like, (c) Sphere/short-rod, (d) Short-rod, (e) Rod, (f) Rod, (g) Ring,
(h) Cage, (i) Open bowl, (j) Vesicle, (k) Vesicle, (l) Vesicle. (green: A monomer; red: B monomer; yellow: Common solvent
S1; grey: Selective solvent S2. The bowl and vesicle profiles correspond to cross sections of cut structures.)
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shifted to lower CS2 values, indicating that to form the
same structure, the A9B3 copolymer needs less selective
solvent than the A6B2 copolymer at the same copolymer
concentration.

3.3 Analysis of vesicle structure

To analyze the vesicle structure, the radial density pro-
files of the A and B monomers and the solvents were
calculated. Variations in the average density profiles of
monomers A and B and solvents S1 and S2 with r for a
typical vesicle structure formed by A9B3 at CS2 = 35%
are plotted in Fig. 7, where r is the distance from the
center of mass of the vesicle. It is noted that in the cen-
tral part of the vesicle, there is only solvent, including
both types of solvent molecules. Moreover, the common
solvent is also found inside the vesicle shell formed by the
A monomers. The density peak of the B monomer at the
outer surface is obviously lower than that at the inner
surface, which is consistent with the results obtained by
Du et al. [43].

From the density profile of the monomers, we obtained
the shell thickness of the vesicle by calculating the half-
height width in the density curve of the A monomer. The
schematic plot in Fig. 8(a) shows the definitions of the
outer and inner radius Rout and Rin and the thickness
∆R of a vesicle. Figure 8(b) shows the variations of Rout,
Rin, and ∆R with CS2 for A9B3 in the range of CS2 =
32.5%–50%. It is noted that with increasing CS2, ∆R in-
creases slowly; in contrast, both Rout and Rin decrease.
With increasing CS2, the effective repulsive interaction
of the solvents with the micelle core increases, hence Rout

decreases and some solvent molecules inside the vesicle
are pushed out. As a result, the vesicle shrinks, and it
can be deduced that Rin shrinks more than Rout does.

Fig. 7 Variations of the densities of monomers A and B
and solvents S1 and S2 with r, where r is the distance from
the center of mass of the micelle, for a vesicle of A9B3 at
CS2 = 35% (εAS1 = εBS1 = 0, εAS2 = 3, and εBS2 = 0).

Fig. 8 Size variation of A9B3 vesicles with increasing CS2

for Cp = 2.5% (εAS1 = εBS1 = 0, εAS2 = 3, and εBS2 = 0).
(a) Schematic of the vesicle structure; (b) Radial variation.

Therefore, the shell thickness ∆R increases with increas-
ing CS2.

We also investigated the effect of copolymer concentra-
tion Cp on the vesicle size, and the results for the A6B2

system with increasing Cp from 1% to 5% at CS2 = 40%
are plotted in Fig. 9(a). The curve in Fig. 9(a) can be
divided into two parts in different ranges of Cp: (i) 1.0%–
2.5% and (ii) 3.0%–5.0%, where the curves in each part
increases almost linearly with increasing Cp. For both
Rout and Rin, the slope in part (ii) is slightly smaller
than the corresponding value in part (i). It can be eas-
ily deduced that when the same amount of copolymer is
added to a vesicle, the increase in volume is larger for a
smaller vesicle than for a bigger vesicle. This is why the
slope in part (ii) is slightly smaller than the correspond-
ing value in part (i). On the other hand, in part (i) the
slope of Rin is slightly smaller than that of Rout, whereas
in part (ii) the slope of Rin is much smaller than that
of Rout. Therefore, the shell thickness ∆R of vesicles in-
creases slowly in part (i) and much more quickly in part
(ii). The tendency for the vesicle size to increase with
increasing copolymer concentration was also observed in
Eisenberg’s study [22]. However, there is one difference
between our results and theirs. In their case, the vari-
ation of the vesicle size is steeper when the copolymer
concentration is higher (3%–5%) than that when Cp is
lower (0.6%–3%), resulting in an almost constant shell
thickness. In our case, the shell thickness increases with
increasing Cp, and the slope of ∆R is smaller in part (i)

Zheng Wang, et al., Front. Phys. 12(6), 128201 (2017)
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Fig. 9 (a) Variation in radial size of A6B2 vesicles with increasing Cp for CS2 = 40% (εAS1 = εBS1 = 0, εAS2 = 3, and
εBS2 = 0). (b) Variation of radial size of A6B2 vesicles with increasing repulsive strength εAS2 for CS2 = 40% and Cp = 2.5%
(εAS1 = εBS1 = 0, εAS2 = 3, and εBS2 = 0).

than in part (ii).
We also investigated the effect of εAS2 on the vesi-

cle size, and the results for CS2 = 40% are plotted in
Fig. 9(b). It is noted that the vesicle size does not change
considerably with increasing εAS2. Compared with the
variations observed in Figs. 8(b) and 9(a), it is obvious
that the effects of CS2 and Cp on vesicle size are more
pronounced than that of εAS2.

4 Conclusions

We have systematically investigated the self-assembly of
amphiphilic AB diblock copolymers in mixtures of a com-
mon solvent (S1) and a B-block selective solvent (S2)
using a simulated annealing method applied to a lat-
tice model of block copolymers. Phase diagrams for the
copolymers were constructed by varying the copolymer
concentration, the fraction of selective solvent, and the
selectivity of the selective solvent. Rich phase transi-
tion sequences, e.g., disorder → sphere → rod → ring →
vesicle, were observed, which are consistent with that ob-
served experimentally by Eisenberg’s group [21, 22]. The
selectivity of the selective solvent, characterized by both
εAS2 and εBS2, affected the self-assembled microstruc-
ture significantly. In particular, when the interaction
εBS2 was negative, stacked lamellae aggregates were the
dominant species in the phase diagram. The outside lay-
ers of the stacked lamellae may be composed of A-blocks
only, B-blocks only, or both A- and B-blocks. The mech-
anisms of aggregate transformation and the formation of
stacked lamellar aggregates were discussed by analyzing
the variations of the average contact numbers of the A
or B monomers with monomers and with the molecules
of the two solvent types, as well as the mean square end-
to-end distance of chains. It was found that the basic
morphological sequence of spheres to rods to vesicles led

to a decrease in the interfacial energy, but an increase of
Dee2, and hence a decrease in the chain conformational
entropy and an increase in the conformational part of
the free energy. The stacked lamellar aggregates allowed
greater contact between the solvophilic block and the sol-
vents and had a larger Dee2 value. Therefore, it is the
competition between the interfacial energy and the chain
conformational entropy that results in the basic morpho-
logical sequence and the formation of stacked lamellar
aggregates. An investigation of the effect of chain length
on the morphology transitions revealed that to form the
same structure, a longer copolymer needs less selective
solvent than that a shorter copolymer with the same
copolymer concentration and volume fraction. Analysis
of the vesicle structure showed that the vesicle size in-
creased with increasing Cp or with decreasing CS2, but
remained almost constant with changes in εAS2.
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