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The self-assembly behavior of AB/AC amphiphilic diblock copolymer mixtures in dilute solution was studied
by a real-space-implemented self-consistent field theory in three dimensions. The AB and AC copolymers
have a common hydrophobic block A but different hydrophilic blocks B and C. Two cases were studied: one
in which copolymers AB and AC have same hydrophobic and hydrophilic block lengths and one in which
copolymers AB and AC have different hydrophobic and hydrophilic block lengths. It was found that the two
copolymers can cooperatively self-assemble into hybrid aggregates. The morphologies of the formed aggregates
were found to be dependent on the mixture ratio and the interaction between the B and C blocks. For the
AB/AC copolymers with different hydrophobic and hydrophilic lengths, chain segregation was found in the
formed hybrid aggregates. Based on the obtained calculation results, phase diagrams as functions of the mixture
ratio and interaction between the B and C blocks were constructed.

Introduction

The capability of amphiphilic copolymers to self-assemble
into nanoscale microstructures in dilute solution has attracted
widespread interest because of their applications in drug
delivery, the cosmetics industry, and encapsulation technolo-
gies.'”!2 The application of microstructure aggregates mainly
depends on the properties of their cores and shells. By altering
the structure and composition of the core and shell, many new
properties can be produced to broaden the range of potential
applications and to fabricate novel types of aggregates with
special and controllable structures. Compared to the design and
synthesis of a new copolymer with novel microstructures,
cooperative self-assembly of two different copolymers to
manipulate the structures is an efficient approach. The aggregate
structures can be easily tuned by variation of properties of the
mixed system such as the mixture ratio and interaction
parameters. The hybrid aggregates with tunable structures can
exhibit unique properties and are capable of meeting various
requirements in applications.'*”!7 For example, we have pre-
pared a kind of hybrid micelle from polypeptide block and graft
copolymer mixtures and examined their drug carrier capability.'®
We found that the drug release rate was dependent on the mixed
ratio of the two copolymers. This provides an easy way to
control the drug delivery behavior.

Regarding the cooperative self-assembly of two different
diblock copolymers, many reports are available in the litera-
ture.'®2* For example, Eisenberg et al. prepared polymeric
vesicles from a mixture of polystyrene-b-poly(acrylic acid) (PS-
b-PAA) and polystyrene-b-poly(4-vinylpridine) (PS-b-P4VP).!8:1°
The structures of these hybrid vesicles could be tailored by
changing the lengths of PAA and P4VP. It was found that the
longer PAVP chains segregated to the outer leaf of the vesicle,
whereas the shorter PAA chains were distributed in the inner
leaf. Apart from hybrid vesicles, polymeric hybrid micelles with
stabilized cores and mixed coronas self-assembled from two
diblock copolymers have also been reported.2*22-2* Stipanek et
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al. explored the cooperative self-assembly behaviors of mixtures
of polystyrene-b-poly(methacrylic acid) (PS-b-PMA) and poly-
styrene-b-poly(ethylene oxide) (PS-b-PEO) in solution.”* Hybrid
polymeric micelles were observed with compact PS cores and
mixed PMA/PEO coronas over the whole range of mixture
ratios.

In comparison with experimental studies, theoretical work
regarding the cooperative self-assembly behaviors of two
different diblock copolymers is limited.> 2% Potemkin et al.
developed a theory to predict the thermodynamic stability of
hybrid micelles with various morphologies in solutions of AB
and BC copolymers in selective solvents within the framework
of scaling theory.? Both hybrid micelles and ordinary micelles
are formed, depending on the incompatibility of soluble blocks
A and C. Recently, a hierarchical assembly of a mixture of two
different diblock copolymers with a common hydrophobic block
but dissimilar hydrophilic blocks was studied by Pitera et al.
using coarse-grained molecular dynamics simulations.?® Their
studies indicated that such a mixture can form “patchy” spherical
and cylindrical micelles in water. However, most theoretical
studies reported so far are limited to micellar structures. Studies
on aggregates other than micelles and on aggregate structure
change are rather limited.

Real-space self-consistent field theory (SCFT) has emerged
as a powerful tool for studying the equilibrium thermodynamic
features of polymers.??3* This method was extended to
investigate the self-assembly behaviors of amphiphilic copoly-
mers in dilute solution.*>~*! Complex micelles and vesicles can
be obtained by tailoring the interaction parameters, initial density
fluctuation, and polydispersity. This method was also used to
study more complex architectural copolymers in dilute solution,
such as ABC linear and star triblock copolymers.*~#! In our
previous work, we utilized the SCFT solved in real space to
study the aggregate morphologies of amphiphilic graft copoly-
mers and the self-assembly behavior of amphiphilic block
copolymer/nanoparticle mixtures in dilute solution.*>** The
calculation results were in good agreement with the experimental
observations. However, most of the SCFT work reported so far
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has been performed in two dimensions, and the information
provided could be limited.

In this work, three-dimensional real-space self-consistent field
theory was used to study the self-assembly of binary mixtures
of AB and AC diblock copolymers in dilute solution. For the
studied AB and AC diblock copolymers, the A block is
insoluble, whereas the B and C blocks are soluble. Two cases
were investigated: one in which AB and AC have the same
hydrophobic and hydrophilic block lengths and one in which
AB and AC have different hydrophobic and hydrophilic block
lengths. The effects of the ratio of AB to AC in the mixture
and the interaction between the B and C blocks were examined.
On the basis of the calculation results, phase diagrams were
mapped out to show the influences of the mixture ratio and the
interaction between the B and C blocks on the cooperative self-
assembly behaviors.

Theoretical Method

We consider a system with volume V, containing n; AB
diblock copolymers, n, AC diblock copolymers, and ng solvent
molecules. Each AB diblock copolymer is composed of Ny,
and Ng segments, and the total number of segments, V,, is equal
to Na; + Ng. For the AC diblock copolymer, the total number
of segments, N, is equal to N, + Nc. For simplicity, we assume
that the two diblock copolymers have the same chain length,
i.e., Ny = N, = N. The volume fractions of A in copolymers
AB and AC are f5; and fa,, respectively, and those of B in
copolymer AB and C in copolymer AC are fz and fc,
respectively (fa; + fz = 1, fax + fc = 1). We assume that the
mixture is incompressible, with each polymer segment occupy-
ing a fixed volume py~! and each solvent molecule taking the
same volume vs = py~ . The volume fractions of the copolymers
AB and AC are cap and cac, respectively, and that of the solvent
is cs = 1 — cap — cac. Furthermore, we assume that the A, B,
and C segments have the same statistical length a.

In the SCFT, the pair interactions between different compo-
nents are determined by a set of effective chemical potential
fields w,(r) (i = A, B, C, and S), replacing actual interactions.
Hence, the free energy of the AB/AC system is given by
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where kg is the Boltzmann constant; 7 is the temperature; x;
characterize the Flory—Huggins interaction parameter between
species i and j; & is the Lagrange multiplier; and ¢a(r), ¢g(r),
¢c(r), and ¢g(r), which correspond to the density fields, are the
local volume fractions of A segments, B segments, C segments,
and solvent molecules, respectively. Qs = [dr exp[—ws(r)/N]
is the partition function of the solvent in the chemical potential
field wg(r). Qap = [dr gap(r,s) gi(r,s) is the partition function
for a single noninteracting AB diblock copolymer chain subject
to fields wa(r) and wg(r). Qac = fdr gac(r,s) gic(r,s) is the
partition function for a single noninteracting AC diblock
copolymer chain subject to fields wa(r) and wc(r). The contour
length, s, increases continuously from O to 1 as the block
changes from one end of the copolymer chain to the other. The
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spatial coordinate r is in units of Ry, where R,> = Na*/6. The
propagators gap(r,s) and gac(r,s) represent the probability of
finding segments s at position r, which satisfy the modified
diffusion equations

w g ,5(r, 5) — 0(r) gup(T, 5)
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subject to the initial conditions gap(r,0) = 1 and gac(r,0) = 1.
The backward propagators, gig(r,s) and gfc(r,s), satisfy eqs 2
and 3, subject to the initial conditions gAg(r,1) = 1 and gic(r,1)
= 1, respectively.

The density of each component is obtained as
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Minimization of the free energy, F, with respect to ¢(r),
¢B(r), ¢c(r), and &(r), leads to the following equations

WAT) = Y apNPp(X) + YAcNP(T) + Y asNPs(r) + &(r)
(3)

Wp(r) = ZapNPAM) + xpcNP(r) + 2psNes(r) + &(r)
©)

(1) = ZacNPAT) + xpcNop(r) + 2esNes(r) + &(r)
(10)

g(r) = YasNPAT) + xpsNPp(r) + xcsNe(r) + &(r)
(11)

PA(r) + ¢p(r) + ¢c(r) + ¢g(r) =1 12)

We solved eqs 4—12 directly in real space by using a
combinatorial screening algorithm proposed by Drolet and
Fredrickson.**™#7 The initial values of the density fields ¢;(r)
were assumed to satisfy the Gaussian distributions®
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Here, 3 characterizes the amplitude of initial density fluctuation,
and @; (i = A, B, C, and S) represents the volume fractions of
block A, block B, block C, and solvent, respectively, in solution.
These diffusion equations (eqs 2 and 3) were solved with the
Baker—Hansdorff operator splitting formula proposed by Ras-
mussen et al.,*®*® which has a higher stability and accuracy than
other methods for the same spatial discretization. The right-
hand sides of eqs 4—7 were evaluated to obtain new expressions
for the volume fractions, ¢«(r), of species i. To ensure the
incompressibility of the system, the effective pressure field, &(r),
was obtained by solving eqs 8—12.% The potential fields, w(r),
and pressure field, £(r), were updated using eqs 8—11 by means
of a two-step Anderson mixing scheme.*

All simulations were performed in three dimensions on a 48
x 48 x 48 lattice with periodic boundary conditions. The
contour step size was set to 0.01. It is noted that the resulting
aggregate morphologies depend on the amplitude of the initial
density fluctuation. As a result, the same initial density
fluctuation amplitude (8 = 1073) was used in our simulations
to ensure that the obtained morphologies were not affected by
the initial fluctuation, as is done in the literature on the self-
assembly of copolymers in dilute solution.**340 Following
Fredrickson’s method of real-space implementation of SCFT,*~46
which has been found to be an efficient way to tackle the
problem of self-assembled complex structures in dilute copoly-
mer solution,?%340 we started from a Gaussian distribution
initial density profile and let the system evolve to equilibrium
in three-dimensional lattice space. To check the dependence of
the obtained structure on the initial state, different random
numbers were used to generate Gaussian distributions at a given
initial density fluctuation amplitude.*>*’ In the calculations,
simulations starting from a homogeneous copolymer solution
were repeated 10—20 times using different random initial states
and different random numbers to ensure that the observed
phenomena were not accidental.

Results and Discussion

In this work, the concentration of copolymers was set to cap
+ cac = 0.1 to ensure that the copolymers were in dilute
solution. The chain lengths of the two block copolymers were
assumed to be Ny = N, = N = 20. Block A was assumed to be
hydrophobic, and the interaction parameter between block A
and solvent was fixed at yasN = 34.0. The other two blocks, B
and C, were assumed to be hydrophilic, and ygsN and ycsN
were taken to be —2.0. For the sake of simplicity, the interaction
parameters between blocks A and B in copolymer AB and
between blocks A and C in copolymer AC were fixed at yagN
= xacN = 9.0. Two cases were investigated in the present work:
one in which AB and AC have the same hydrophobic and
hydrophilic block lengths and one in which AB and AC have
different hydrophobic and hydrophilic block lengths.

A. Cooperative Self-Assembly of AB and AC Block
Copolymers with Same Hydrophobic and Hydrophilic Block
Lengths. In this subsection, the lengths of the hydrophobic
blocks are considered to be the same for both copolymers. The
volume fractions of block A in both AB and AC (fa1, fa2) were
set to 0.83. Figure 1 shows the morphology transformations of
the formed aggregates with increasing repulsion between blocks
B and C at cag = 0.05 (cap is the volume fraction of copolymer
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AB in solution). When ygcN is low, the interaction between
blocks B and C is weak, and vesicles are formed (Figure 1a).
As ypcN increases, the incompatibility between hydrophilic
blocks B and C becomes relatively larger, and spherical micelles
appear. Consequently, the aggregate morphology transforms
from vesicles to a mixture of vesicles and micelles (Figure 1b,c).

As stated above, the morphological transition from vesicles
to micelles can be triggered by increasing incompatibility
between the hydrophilic blocks B and C. When the interaction
between blocks B and C is weaker, the self-assembly of the
AB/AC copolymer mixture can be considered as the self-
assembly of neat AB or AC copolymers because the AB and
AC copolymers have same properties in solution. Under such
circumstances, vesicles are formed. As the interaction between
different hydrophilic blocks becomes stronger, the interaction
energy in the inner leaf of the vesicles increases substantially.
To depress this effect, the hydrophilic blocks transfer from the
inner leaf to the outer leaf of the vesicle in order to reduce their
interfaces. As more hydrophilic blocks transfer to the outer leaf,
the vesicle aggregates cannot be sustained. Consequently, the
transition from vesicles to a mixture of vesicles and micelles
takes place.

To obtain detailed structural information regarding the hybrid
aggregates in the morphology transformation, the density
distributions of the respective components of the two copolymers
are plotted for vesicles at different values of ygc/N in Figure 2.
The curves of the volume fraction of hydrophobic blocks A
and A, or hydrophilic blocks B and C are indistinguishable.
This is ascribed to the fact that the AB and AC diblock
copolymers have the same chain length. Figure 2a shows the
density distribution profile for vesicles at ygcN = 0.0. The profile
of ¢, exhibits a bimodal feature, i.e., the hydrophobic A
(including A, and A,) blocks form the wall of the vesicle. The
inner and outer leaves of the vesicles are composed of
hydrophilic blocks B and C. Figure 2b shows the density
distribution profile for the aggregates at ygcN = 30.0. The
density distribution of the hydrophobic blocks has a quasibi-
modal feature similar to that of the vesicles, as shown in Figure
2a. However, the distribution of hydrophilic blocks is different
from that of the vesicles. The maximum local volume fraction
of hydrophilic blocks appears in the center of the aggregate
rather than in the inner surface. This type of aggregate is termed
a quasivesicle.3%!

To provide an overview of the effects of the mixture
composition and the repulsive interaction between blocks B and
C on the aggregation behavior, we plot the aggregate morphol-
ogy stability regions for AB/AC mixtures in cap versus ygcN
space. The phase diagram is shown in Figure 3. Each point in
the phase diagram corresponds to a simulation result, and lines
are drawn to identify the resulting phase boundaries. The phase
diagram is divided into two characteristic zones: vesicles (V)
and a mixture of quasivesicles and micelles (QV + M). The
phase diagram is symmetric about cag = 0.05. The V/(QV +
M) phase boundaries shift toward higher values of ygcN as cap
becomes smaller or greater. The lowest value of ygcN for the
transition between V and QV + M is shown at ¢,z = 0.05 due
to the fact that the actual interaction between hydrophilic blocks
B and C is strongest when the volume fractions of copolymers
AB and AC are comparable. When the volume fractions of
copolymers AB and AC become much different, the actual
interaction between hydrophilic blocks B and C is reduced,
resulting in an upward shift of the phase boundaries.

It should be emphasized that, because of the large parameter
space and also for the simplicity of the studies, only one specific
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Figure 1. Aggregate morphologies self-assembled from AB/AC diblock copolymers in dilute solution with an increase in interaction strength,
xscV, between hydrophilic blocks B and C at cag = 0.05: (a) ygcN = 0.0, (b) yscN = 15.0, and (c¢) yscN = 30.0. The red and blue colors indicate
the hydrophobic A blocks and the coexistence of hydrophilic B and C blocks, respectively. The solvent molecules are not illustrated for clarity.
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Figure 2. Density distribution profiles of hydrophobic blocks ¢4 (or
¢a2) and hydrophilic blocks ¢g (or ¢¢) on a cross section of aggregate
marked with an arrow in the inset at cag = 0.05: (a) vesicle, ygcN =
0.0; (b) quasivesicle, ygcN = 30.0. The insets are two-dimensional
distributions of hydrophobic A blocks, where the density of A blocks
increases as the color changes from blue to red.
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Figure 3. Aggregate morphology stability regions of AB/AC diblock
copolymer solutions plotted as functions of the interaction strength,
xscN, between blocks B and C and the AB diblock copolymer volume
fraction cap. The notations V and QV + M represent vesicles and a
mixture of quasivesicles and micelles, respectively. Each point in the
phase diagram corresponds to a simulation result, and lines are drawn
to identify the resulting phase boundaries.

total copolymer concentration was considered in the present
work (cag + cac = 0.1). The concentration was chosen to be
greater than the critical micelle concentration and smaller than
the overlap critical concentration to ensure that the systems were
dilute solutions. However, variations of the copolymer concen-
tration have an effect on the morphology of the self-assemblies.

For example, for the self-assembly of AB and AC copolymers
with same hydrophobic and hydrophilic block lengths, at cap/
cac = 5/5, yscN = 15.0, and cap + cac = 0.10, a mixture of
micelles and quasivesicles is observed. However, when the total
polymer concentration is decreased to cap + cac = 0.07, the
aggregate morphology transforms to quasivesicles. When the
total polymer concentration is increased to cap + cac = 0.15,
the aggregate morphology changes to a mixture of spherical
and cylindrical micelles.

B. Cooperative Self-Assembly of AB and AC Block
Copolymers with Different Hydrophobic and Hydrophilic
Block Lengths. In this section, the chain length of hydrophobic
block A, in copolymer AB is considered to be longer than that
of hydrophobic block A, in copolymer AC, whereas the chain
length of hydrophilic block B is shorter than that of hydrophilic
block C. In the calculations, the composition of the A; block
was set to fo; = 0.83, and that of the A, block was set to fa, =
0.70.

Figure 4 shows the morphology changes of the hybrid
aggregates with increasing volume fraction of copolymer AB,
cag- Spherical micelles are observed for AC diblock copolymer
and for the mixtures with lower contents of copolymer
copolymer AB (Figure 4a,b). As cap increases, a morphological
transition from spherical micelles to a mixture of spherical and
cylindrical micelles takes place, which is shown in Figure 4c.
With further increasing cap, quasivesicles appear (Figure 4d).
Vesicles and micelles form when copolymer AB becomes the
major part of the mixture (Figure 4e). When the volume fraction
of copolymer AB is close to 0.10, vesicles are the only
morphology observed (Figure 4f). At cag = 0.10, vesicles are
assembled only from copolymer AB, as no copolymer AC is
present.

The density distribution profiles of hydrophobic blocks A
and A, and hydrophilic blocks B and C blocks were analyzed
for the aggregates at different volume fractions of AB diblock
copolymers, cag. The results are presented in Figure 5. Figure
5a shows the distribution profiles of spherical micelles at cap
= 0.01. The hydrophobic A; and A, blocks form the core, and
the hydrophilic B and C blocks form the corona. When cap
increases, the content of shorter hydrophilic blocks from
copolymer AB increases. As shown in Figure 5b, the shorter
hydrophobic blocks A, in the core tend to be located close to
the hydrophobic—hydrophilic interface, whereas the longer A,
blocks extend to the interior of the core. Meanwhile, the shorter
hydrophilic blocks B start to enter the core, and the C blocks
still remain in the corona. As cap increases further to 0.065
(see Figure 5c), more shorter hydrophilic B blocks localize in
the core, and the hydrophobic A; and A, blocks are both
excluded from the interior of the core. Because the volume
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Figure 5. Density distribution profiles of hydrophobic A; blocks (black
solid line), hydrophobic A, blocks (red dashed line), hydrophilic B
blocks (navy dotted line), and hydrophilic C blocks (olive dash-dotted
line) on a cross section of aggregate marked with an arrow in the inset
at ygcN = 0.0: (a) spherical micelle, cxg = 0.01; (b) quasivesicle, cap
= 0.04; (c) quasivesicle, cap = 0.065; and (d) vesicle, cag = 0.08.
The insets are two-dimensional distributions of hydrophobic A blocks,
where the density of A blocks increases as the color changes from blue
to red.

fraction of the interior hydrophilic blocks becomes larger, the
longer hydrophilic blocks C can then enter the core. Conse-
quently, the micelles are reorganized into quasivesicles. Because
of the increased number of hydrophilic blocks in the interior,
more solvent molecules are absorbed into the quasivesicle and
swell the hydrophilic copolymer blocks in the center of the
quasivesicle. A complete vesicle is built when c,p increases to
0.08 (see Figure 5d). In the formed vesicles, the shorter
hydrophilic blocks B mainly are present in the inner leaf.
The morphological changes of the aggregates with increasng
repulsion of blocks B and C are shown in Figure 6. In the
calculations, the volume fraction of block copolymer AB, cxg,
is fixed at 0.08. When ygcN = 0, vesicles are observed (Figure
6a). As ygcN increases to 15, a transition from the vesicles to
micelles occurs, and a mixture of vesicles and spherical micelles

Zhuang et al.

(f)

Figure 4. Aggregate morphologies self-assembled from AB/AC diblock copolymers in dilute solution with an increase in the volume fraction of
copolymer AB cap at ygcN = 0.0: (a) cap = 0.01, (b) cap = 0.02, (c) cap = 0.04, (d) cag = 0.065, (e) cap = 0.078, and (f) cap = 0.09. The red
and blue colors indicate the hydrophobic A blocks and the coexistence of hydrophilic B and C blocks, respectively. The solvent molecules are not
illustrated for clarity.

is found, as shown in Figure 6b. With further increasing ygcN,
a mixture of quasivesicles and spherical micelles forms (Figure
6c).

The density distributions of the respective components are
plotted for vesicles and quasivesicles at cag = 0.08 as a function
of ypcN (Figure 7). As ypcdV increases from 0 to 30.0, the density
distributions of the hydrophobic blocks change from the typical
bimodal feature of vesicles (Figure 7a) to a quasibimodal feature
of quasivesicles (Figure 7b). Unlike the cases in Figure 2, there
is segregation of the blocks in both the vesicles and qua-
sivesicles. For the vesicles (Figure 7a), the longer hydrophobic
blocks A, in the wall tend to be located close to the inner leaf,
whereas the shorter A, blocks in the wall tend to be distributed
close to the outer leaf. At ygcN = 0, the density distributions
of B and C blocks are typical vesicle distributions with a bilayer
comprising inner and outer leafs. Compared to the C blocks,
the shorter B blocks prefer to reside in the inner leaf (see Figure
7a). As ypcN increases, the density distribution becomes
unimodal, characteristic of quasivesicles (see Figure 7b).
Meanwhile, the volume fraction of C blocks in the interior
decreases sharply, implying that the longer hydrophilic C blocks
move to the outer leaf as ypc/N increases.

As shown in Figures 6 and 7, the V— (V + M) — (QV +
M) morphology transitions at cag = 0.08 exhibit a distinctive
feature with respect to the distribution of hydrophilic blocks B
and C. The shorter hydrophilic blocks have a preference to
remain in the inner leaf of vesicles or quasivesicles. To further
rationalize this process, a cartoon is presented in Figure 8. When
yscN is small, a vesicle forms (Figure 8a). As ygcN increases,
blocks B and C become more incompatible, especially in the
narrow inner leaf of vesicle. A transfer of blocks B and C to
the outer leaf can alleviate the repulsion between them.
Consequently, the vesicles cannot be sustained, and quasivesicles
and spherical micelles appear (Figure 8b,c). In the quasivesicles,
the inner space becomes much narrower than that in the vesicles.
It is enthalpically unfavorable for the longer C blocks to reside
in this narrower interior. Therefore, the C blocks prefer to reside
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Figure 6. Aggregate morphologies self-assembled from AB/AC diblock copolymers in dilute solution with an increase interaction strength, yschV,
between B and C blocks at cxg = 0.08: (a) yscN = 0.0, (b) ygcN = 15.0, and (c) ygcN = 30.0. The red and blue colors indicate the hydrophobic
A blocks and the coexistence of hydrophilic B and C blocks, respectively. The solvent molecules are not illustrated for clarity.
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Figure 7. Density distribution profiles of hydrophobic A; blocks,
hydrophobic A, block, hydrophilic B blocks, and hydrophilic C blocks
on a cross section of aggregate marked with an arrow in the inset at
cap = 0.08: (a) vesicle, ygcN = 0.0; (b) quasivesicle, ygcN = 30.0.
The insets are two-dimensional distributions of hydrophobic A blocks,
where the density of A blocks increases as the color changes from blue
to red.
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Figure 8. Schematic representations of (a) vesicles, (b) quasivesicles,
and spherical micelles for the AB/AC diblock copolymer system. The
red lines, blue lines, and olive lines denote the hydrophobic A blocks,
hydrophilic B blocks, and hydrophilic C blocks, respectively. The
solvent molecules are not illustrated for clarity.

in the outer leaf, and the B blocks remain in the interior at higher
values of ygcN, as shown in Figure 8b.

Based on the calculations, we determined the morphology
stability regions as functions of cag and ygcN, as shown in
Figure 9. Five characteristic zones are included in the phase
diagram: vesicles (V), mixture of vesicles and spherical micelles
(V + M), mixture of quasivesicles and spherical micelles (QV
+ M), mixture of cylindrical and spherical micelles (C + M),
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Figure 9. Aggregate morphology stability regions of AB/AC diblock
copolymer solution plotted as functions of the interaction strength, ygchV,
between blocks B and C and the volume fraction of AB diblock
copolymer, cap. The notations M, M + C, QV + M, V + M, and V
represent spherical micelles, a mixture of spherical and cylindrical
micelles, a mixture of quasivesicles and spherical micelles, a mixture
of vesicles and spherical micelles, and vesicles, respectively.

and spherical micelles (M). As cap increases, transitions take
place in the order M — (C + M) — (QV + M) — (V + M)
— V. With increasing value of ypc/V, the phase boundaries shift
to higher values of cag. In comparison with Figure 3, this phase
diagram is no longer symmetric, because the hydrophobic and
hydrophilic block lengths in copolymers AB and AC are
different. However, the transition from a mixture of micelles
and quasivesicles to vesicles is observed in the two phase
diagrams with decreasing ygcN at an appropriate value of cap.
This indicates that the interactions of different blocks in the
two copolymers have an important effect on the self-assembly
of the binary mixture.

In the present work, we considered only two cases of block-
length asymmetry for simplicity. One is that copolymers AB
and AC have the same hydrophobic and hydrophilic block
lengths (fa1= fa2 = 0.83); the other is that copolymers AB and
AC have different hydrophobic and hydrophilic block lengths
(fa1 = 0.83 and fx, = 0.70). However, the variation of block-
length asymmetry has an effect on the morphology of the self-
assemblies. For example, for the self-assembly of copolymers
AB and AC with different hydrophobic and hydrophilic block
lengths, at cap/cac = 7/3 and ypcN = 0, a mixture of micelles
and vesicles is observed at f, = 0.70. When fj, is changed to
0.59, a mixture of micelles and quasivesicles appears.

Some experimental results on cooperative self-assembly are
available in the literature for comparison with the theoretical
predications. For example, a spontaneous micelle — vesicle
transition has been experimentally observed in an aqueous
solution containing two amphiphilic surfactants, lecithin and bile
salt.>>3 Lecithin alone forms vesicles with low curvature,
whereas bile salt forms highly curved spherical micelles. The
morphological transition of the aggregates as a function of bile
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salt content was investigated. For the mixed system, transitions
from micelles to long cylindrical micelles and then to vesicles
were observed, as the content of lecithin increased. In our SCFT
calculations (Figure 9), at certain values of ypcN, with an
increase in cap, M — (C+ M) — (QV+ M) = (V+ M) —
V transitions are demonstrated. The general features of the
morphological transitions predicted by SCFT are consistent with
the experimental observations, even though the model of block
copolymers has a well-defined architecture.

Uddin et al. studied the aggregation behavior of mixtures of
poly(oxyethylene)-b-poly(dimethyl siloxane) (SisC3EQOs) ) co-
polymer and nonionic surfactant [penta(ethylene glycol) mon-
ododecyl ether, C;EOs] in water.”* Hybrid micelles with a
core—shell structure were observed. It was proposed that the
shorter hydrophobic blocks of the surfactant in the core were
close to the hydrophobic—hydrophilic interfaces, whereas the
longer hydrophobic blocks of poly(oxyethylene)-b-poly(dimethyl
siloxane) extended into the interior of the core. In the corona,
the shorter EO5 blocks localized around the interfaces, whereas
the longer EOs; ¢ blocks extended outward to form a brush.
In the present work, we calculated the aggregate structure self-
assembled from a mixture of AB and AC block copolymers
with different hydrophobic and hydrophilic block lengths. Figure
5a shows the distribution of each block in mixed micelles for
Jfc > fs. The longer hydrophobic chains A, are found primarily
in the interior of the core, whereas the shorter A, chains are
primarily found closer to the hydrophobic—hydrophilic interface.
In the corona, the longer C blocks extend to the outside, and
conversely, the shorter B blocks remain close to the core—shell
interface. Our SCFT results agree well with the experimental
observations.

Pispas et al. recently investigated the self-assembly behavior
of mixtures of poly(isoprene-b-ethylene oxide) (IEO) am-
phiphilic block copolymers and didodecyldimethylammonium
bromide (DDAB) surfactant in aqueous solution.> Micelles were
observed in IEO solutions, whereas vesicles were found in
DDAB solutions. Hybrid aggregates were found when IEO and
DDAB were mixed in aqueous solution. At higher temperatures,
hybrid vesicles were produced. With decreasing temperature,
the vesicles shrank, and the size decreased. A further decrease
in temperature led to disruption of the vesicles and the formation
of micelles. In our calculations, we found that the value of ygcN
plays a crucial role in morphology transitions. An increase in
yscN corresponds to a decrease in temperature in experiments.>
As shown in Figure 8, with increasing ypc/V, the morphologies
undergo a transition from vesicles to a mixture of quasivesicles
and micelles. The general features of the SCFT predictions are
in line with the experimental observations.

Eisenberg et al. observed a chain segregation phenomenon
in vesicles self-assembled from mixtures of two polystyrene-
b-poly(acrylic acid) (PS-b-PAA) samples with different PAA
lengths by using a fluorescently labeled diblock of the short
PAA chain.'**"38 They found that, under appropriate conditions,
the short PAA chains mainly segregated to the inner leaf. The
inner leaf contained a higher content of short PAA chains than
of longer PAA chains. In our theoretical predictions, chains with
different lengths in hybrid vesicles show chain segregation. The
results presented in Figure 5d demonstrate that the shorter
hydrophilic B blocks mostly remain in the inner leaf and their
volume fraction in the interior is higher than that of C blocks
in the inner leaf (in Figure 5d, ygcN = 0, which means that B
and C are the same). Such chain segregation behavior agrees
with Eisenberg et al.’s experimental observations of hybrid
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vesicles formed by mixtures of diblock copolymers with
different lengths.

The self-consistent field theory (SCFT), which originated
from the field theoretical approach of Edwards, has emerged as
a powerful tool for studying the equilibrium thermodynamic
features of polymers.*?~¢! Recently, this theory was success-
fully extended to investigate the aggregation behavior of
amphiphilic copolymers in dilute solution.®>™** In this work,
we presented a systemic study of cooperative self-assembly
behavior of a mixture of two diblock copolymers using SCFT.
The theoretical calculations show a qualitative agreement with
the existing experimental results. However, it should be noted
that the neglect of thermal fluctuations in the formalism of mean-
field theory could cause some drawbacks in the simulations.
The effects of fluctuations could become important for solutions,
especially dilute and semidilute solutions.%> The phase bound-
aries of aggregate morphology stability regions in mixed
solutions might exhibit some degree of shifts when fluctuations
are considered, but the mean-field theory is able to capture the
essential features of the self-assembled systems, such as the
transitions of the aggregate morphologies and distribution
profiles of different blocks.

Conclusions

We applied the real-space SCFT to study the self-assembly
behaviors of AB and AC diblock copolymer mixtures in dilute
solution. Cooperative self-association of the mixture takes place.
The morphologies of the formed aggregates depend on the ratio
of AB to AC and the interaction between hydrophilic blocks B
and C. For AB and AC having the same hydrophobic and
hydrophilic block lengths, V — (QV + M) — V transitions
take place with increasing content of copolymer AB in the
mixtures. For AB/AC mixtures with different hydrophobic and
hydrophilic block lengths, M — (C + M) — (QV + M) — (V
+ M) — V transitions are found as the content of copolymer
AB increases. The theoretical results were compared with some
existing experimental observations, and good qualitative agree-
ment was found. The results gained through SCFT analysis
suggest that hybrid aggregates can be obtained through coopera-
tive self-assembly of two amphiphilic block copolymers. The
microstructures of the hybrid aggregates can be tuned by the
mixture ratio of the two copolymers and the interactions between
polymer chains. In addition, chain segregation takes place in
the hybrid aggregates.
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