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ABSTRACT: Using a continuous chain length distribution, the effect of polydispersity on the structures
of vesicles self-assembled by amphiphilic polydisperse diblock copolymers in dilute solutions is investigated
by two-dimensional (2D) real-space self-consistent-field theory. It is discovered that larger polydispersity
favors the formation of smaller vesicles or quasi-vesicles. This polydispersity effect can be attributed to
the segregation of copolymers according to their chain lengths. Two types of chain segregations are
observed. First of all, the shorter chains tend to localize at the A/B interfaces while the longer chains
tend to stretch to the outer surfaces. Second, there is a separation of copolymers to the inner and outer

monolayers of the bilayers, leading to a longer average chain length in outer monolayer.

1. Introduction

Block copolymers are formed by chemically linking
different polymer chains together. Because of the re-
pulsive interactions between different blocks and the
topological constraint that the subchains are linked
permanently, block copolymers self-assemble to form a
variety of ordered structures in melts and concentrated
solutions.! In dilute solutions, it is well-known that
amphiphilic block copolymers form micelles above the
critical micelle concentration.? Besides the usual spheri-
cal micelles, previous studies have demonstrated that
amphiphilic block copolymers are able to self-assemble
into various complex microstructures in dilute solution.
Among the many observed complex microstructures,
polymeric vesicles formed from diblock copolymer bi-
layers have been the focus of active studies in recent
years.38 This is partly due to the biological significance
of vesicles. It has been suggested that this cell-like
structure possesses the potential of application in drug
delivery systems and artificial cells.?

Because of their importance, a variety of theoretical
approaches, including coarse-grained surface models, 1012
Brownian dynamic simulations,?14 Monte Carlo simu-
lations,!%16 and dissipative particle dynamics,!” have
been used to investigate the formation of vesicles. In
addition to these theoretical approaches, the self-
consistent-field theory (SCFT), which has been very
successful for the study of the ordered phases of block
copolymers, provides a powerful tool for the study of
vesicles. SCFT is a coarse-grained field theoretical
technique in which the polymer densities are the
primary variables. The theory has its origin from the
field theoretical approach of Edwards in the 1960s.18
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Helfand and others explicitly adopted the theory to treat
self-assembly of block copolymers.l® In recent years
SCFT has become a powerful tool to study the self-
assembly of block copolymers.2°~24 For the bulk ordered
phases, Matsen and Schick have successfully solved the
SCFT equations numerically, using a restricted Fourier
basis which were selected on the basis of the assumed
morphological symmetries.2® The Matsen—Schick ap-
proach is efficient, and it allows accurate calculations
of the free energies, which are used to construct phase
diagrams for the block copolymer systems. However, for
the exploratory research on the more complex copolymer
systems of higher degree of architectural complexity,
this reciprocal space approach is not applicable since it
requires that the symmetry of the ordered structures
to be known a priori. A possible method to circumvent
this problem is to solve the SCFT equations in real
space. In particular, Drolet and Fredrickson suggested
an implementation where low free energy morphologies
are found by relaxation from random potential fields.?2
A similar real-space approach has also been suggested
by Bohbot-Raviv and Wang.?? It is noticed that solving
the SCFT equations in three dimension presents a
computationally challenging task and must of the
previous work were carried out in two dimensions.

Although SCFT has been very successful for studying
bulk ordered phases, the application of SCFT to the
more challenging problem of self-assembled complex
structures in dilute copolymer solutions is still in its
infancy. This is largely due to the difficulty of searching
for the many metastable states which are intrinsic in
the system. For the study of the complex micelle
structures, a priori knowledge about the morphology is
not available. Therefore, real-space approaches, such as
the one suggested by Drolet and Fredrickson, become
the method of choice. Recently, Liang and co-workers
have successfully performed two-dimensional (2D) space
real-space SCFT studies on the formation of complex
micelles (e.g., circlelike and linelike micelles corre-
sponding to spherelike and rodlike micelles in 3D or
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vesicles) of amphiphilic diblock copolymers in dilute
solution.?® This encouraging initial study demonstrated
the potential of SCFT for the study of complex micelle
structures.

In most of the theoretical approaches, it is assumed
that the polymers are monodisperse. However, most, if
not all, of the synthetic polymers are polydisperse. It is
well-known that many of the unique static and dynamic
properties of polymers depend on chain length,2%-28 and
it is expected that larger polydispersity will influence
those properties. For example, polydispersity effects on
relaxation of concentration fluctuations in diblock melts
and solutions have been investigated.2? There have been
a few theoretical studies incorporating polydispersity
into block copolymer models. However, most of these
studies are restricted to weak/strong segregation
limits39-32 or SCFT models®3:34 that mimic polydisper-
sity using binary mixtures of block copolymers with
different lengths. Recently, Sides and Fredrickson have
proposed an efficient SCFT method to study the effect
of polydispersity on the bulk phase behavior of block
copolymer melts.35:36

In this paper we study the self-assembly of dilute
polydisperse AB diblock copolymer solutions using a 2D
real-space SCFT approach. Our theoretical framework
is an extension of the SCFT for a polydisperse melt
developed by Sides and Fredrickson.?53¢ In principle,
both blocks of the copolymer can be polydisperse with
different molecular weight distributions. In this first
study of the system, we focus on a simpler model of
amphiphilic AB diblock copolymers. In the model only
one of the two blocks is assumed to be polydisperse,
while the other block is assumed to be monodisperse.
The polydispersity is characterized by a continuous
molecular weight distribution. In the model, the poly-
disperse block can be either the hydrophilic one or the
hydrophobic one. It should be noted that the results
from the study of this simple model are relevant to block
copolymers produced by the new controlled free radical
polymerization methods which are often much more
“controlled” for one type of monomer than another. In
what follows we will demonstrate that our studies are
useful for understanding the mechanism for the effect
of polydisperse hydrophilic or hydrophobic blocks on the
formation of the vesicle in 2D.

2. Theoretical Framework

The polymers are modeled as flexible Gaussian chains.
In the model system, polydisperse amphiphilic diblock
copolymers with segments A, B, and solvent molecules
S are included in a volume V. The volume fractions of
segments A and B in the system are specified by fa and
fB, respectively. The copolymer volume fraction is fp =
fa + fB. As a result of the incompressibility condition,
the volume fraction of the solvent is fs = 1 — fp. In the
SCFT approach, the statistics of a single copolymer
chain is modeled by a Gaussian chain in a set of effective
chemical potential fields w;, where the subscript I
represents block species A or B, respectively. The
chemical potential field w;, which represents the mono-
mer—monomer interactions between different compo-
nents within the mean-field approximation, is conjugate
to the segment density field, ¢;, of block species I.
Similarly, solvent molecules are considered to be in an
effective chemical potential field wg that is conjugate
to the solvent density field ¢s. In terms of these
variables, the free energy density (in unit of kgT)
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of the system is specified by

f I
F = ~fsIn(@Qy/V) - JVPZdN W) In(@u/V) +

1
‘_/f dr [xapNw®a®s + xsalVu®a®Ps T xpsNnPpds —
WPy — wppg — wgps — P(1 — ¢y — g — ¢g)] (1)

where N, is the number-average chain length, y;; is the
Flory—Huggins interaction parameter between species
i and j, and P is a Lagrange multiplier (as a pressure)
which ensures the incompressibility condition. The
single molecular partition function of the solvent in the
effective chemical potential field wg is defined by Qs =
JSdr exp(—ws/Ny). The partition function of a single chain
Qp = [dr q(r,N'/N,) is an explicit function of N' and is
weighted by W(N'). Here W(IV') is the normalized prob-
ability density for chain length. The end-segment dis-
tribution function q(r,s) gives the probability of the
section of a chain, with contour length s and containing
a free chain end, has its “connected end” located at r.
The parametrization is chosen such that the contour
variable s increases continuously from 0 to N'/N,,, where
N' represents the total length of a particular chain
corresponding from one end of the chain to the other.
Using a flexible Gaussian chain model of the single-
chain statistics, the function q(r,s) satisfies the following
modified diffusion equation

9 _
gq(r,S) =
R *Vq(r,s) — wyq(r,s) 0 <s <NyN,

2y/2 — N,/N_, <s <N'IN, @)
RgO \% q(l‘,s) qu(r,s) AtVp S n

where the lengths are scaled by Ry, the (overall) radius
of the gyration of an unperturbed chain. The appropriate
initial condition is ¢(r,0) = 1. Similarly, a second
distribution function ¢'(r,s) (containing the other chain
end) is also a solution of eq 2 with the initial condition
q'(r,N') = 1.

The mean-field SCFT equations are obtained by the
saddle point approximation, where one sets 0F/0¢; = OF/
0P = OF/ow; = 0, leading to the following set of
equations:

A1) = xapNn(@p(r) = fp) + xsalVo(9s(r) — o) + P(r)

(3)
wp(r) = xalVL(@a(T) — fu) + xpsNu(ds(r) — fo) + P((ré)D
ws(r) = xsalNo(@a(r) = fa) + xpsNo(@p(r) — fp) + P(g)

PAr) + dp(r) + pg(r) = 1 (6)
$ar) = [dN' % " ds g(r,s) ¢'(r,1 = 5)

(7
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YN
ppr) = fo 'Q(N’/J\)f)l\lfv//gd q(r,s)q'(r,1 —s)
(8)
- /N
py(r) = TR0 ©)

Qs

Here, constant shifts in the potential are introduced in
the eqs 3—5. Similar to ref 36, an AB diblock copolymer
is assumed to have an A block with fixed chain-length
Ny and a B block with variable chain lengths. A
continuous molecular weight distribution function, the
Schulz chain length distribution?”

Y(N) =
0 N < NA
~ w1 €XP[—(N — N/N, | NN (10)
[N — N /N, ] N,F() =4vA

is chosen as a model of the polydisperse AB blocks with
overall number-average N, = N}, + Na. The parameter
OL is related to the polydispersity index of the B block,

= (o. + 1)/a.. Similarly, for the cases in which the A
b}iock has variable chain lengths and B block has a fixed
chain length, the formula (10) will be modified accord-
ingly.

The mean-field SCFT equations (eqs 3—9) are solved
directly in real space by using a combinatorial screening
algorithm proposed by Drolet and Fredrickson.?? The
essence of the method is to search for low free energy
solutions of the SCFT equations starting from different
initial conditions. As a first step of the study, the
calculations are restricted to two dimensions. Further-
more, periodic boundary conditions are used in the
calculations. The initial values of the fields w are
constructed using the relation wi(r) = Ziy;/(¢:i(r) — f),
where f; represents the average volume fraction of the
copolymer segments or solvent and ¢;(r) — f; satisfies
Gaussian distributions:

[ep,(r) — f)O=0

() — F)Xor) — )= B Fif; 0,00 — ) (A1)
Here, the parameter 5 characterizes the intensity of the
density fluctuations at the initial temperature. Using
a “pseudospectral method”,3839 the modified diffusion
equations are solved to obtain the end-integrated propa-
gators, q(r,s) and q'(r,s). Next, the density field ¢; of
species I, conjugate to the chemical potential field w;,
can be evaluated based on eqs 7—9. For eqs 7 and 8,
the ng-point Gaussian quadrature scheme3%40 is adopted
(e.g., ng = 4—8 is sufficient for the results presented).
To enforce the incompressibility of the system, the
effective pressure field, P = CoCs(wa + wp) + C1Cs(ws
+ wg) + CiCylwpa + wg)/2(C1Cy + CoC3 + C1C3), is
obtained through solving eqs 3—6, where C; = ysa +
xBs — xaB, C2 = ysa + xaB — xBs, and C3 = yap + yBs —
xsa. The chemical potential field w; can be updated by
using the equation w;®" = w}’ld + At(OF/0¢r)*, where
(OF10¢D* = Y m=rpine(ope(r) — fu) + P(r) — w}’ld acts as a
chemical potential force and the time step is set at A¢
= 0.1. The above steps are iterated until the free energy
converges to a local minimum, where the self-assembled
structure corresponds to a metastable state. This itera-
tion scheme represents a pseudodynamical process
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which follows the steepest descent paths on the free
energy landscape to the nearest metastable state. We
note that this algorithm does not correspond to real
dynamics of the ordering processes. It is simply a
method to evolve a system as rapidly as possible to a
free energy minimum satisfying some certain con-
straints, e.g., incompressibility. It has been demon-
strated that, starting from different the initial condi-
tions, various metastable states can be reached.26
Therefore, the iteration method presented above pro-
vides an efficient combinatorial technique to search for
different self-assembled micelle structures.

The numerical simulations were carried out in a 2D
space represented by an L x L box, which is divided
into a 128 x 128 lattice. The size of the box L is chosen
to ensure that the simulation box is larger than the size
of the vesicle. For most of the calculations the box size
is taken as L = 32 and grid size is Ax = 0.25, where all
lengths are measured in unit of Ry (unperturbed mean-
square radius-of-gyration of a copolymer chain). The
simulation for each sample was carried out until the
phase pattern was stable and invariable with time, and
the free energy change is negligible, AF < 107%. Starting
from a homogeneous block copolymer solution, the
simulation was repeated for 10 to ~20 times using
different initial random states and different random
numbers to ensure that the observed phenomena are
not accidental.

3. Results and Discussion

In most of the calculations, the diblock copolymer
chains are assumed to have an average chain length
N, = 30 and an average hydrophilic block volume
fraction of 0.1333, corresponding to a crew-cut-type
diblock copolymer. The volume fraction of polymers in
the solution is kept at fp = 0.1 to ensure the system to
be a dilute solution. The interaction parameters are
assumed to have the following values, yapN, = 24.0,
xasNn = —9.0, and yssN, = 30.0; therefore, the A-block
is hydrophilic. In addition, to compare the results at
different polydispersity index IX 4 of block K (K can be
either the A or B block), the Schulz parameter N}, is
adjusted such that the average monomer densities and
%iiN» are constant. Similar to ref 26, our simulation
shows that a small initial density fluctuation amplitude
on the order of B = 107%, corresponding to a longer
correlation length, results in the formation of vesicles.
The SCFT studies reported below were carried out for
two cases, corresponding to a polydisperse hydrophilic
block (A) and a polydisperse hydrophobic block (B).

3.1. Polydisperse Hydrophilic Blocks. In this
subsection the effect of hydrophilic block polydispersity
is investigated. The computations were carried out for
diblock copolymers with a polydisperse hydrophilic block
and a monodisperse hydrophobic block. The observed
vesicle-like microstructures corresponding to different
polyd1spers1ty indexes I* pai of the hydrophilic blocks are
shown in Figure 1. These results demonstrate that the
microstructures assembled in dilute diblock copolymer
solutions depend sensitively on the polydispersity,
showing vesicles (Figure 1a), mixture of vesicles and
quasi-vesicle (Figure 1b) [details about the structures
of the quasi-vesicle will be given in the following
section], pure quasi-vesicle (Figure 1c), and circlelike
(corresponding to cylindrical in 3D) micelles (Figure 1d)
in 2D, as the polydispersity index of hydrophilic blocks
is increased. To obtain detailed information about these
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Figure 1. Self-assembled structures of amphiphilic diblock
copolymers with polydlsperse A (hydrophilic) blocks of different

polydispersity index Ipdl The patterns are obtained from the

same value of initial density fluctuation j (equals to 107%) with

the parameters xaBNn = 24.0, XAan = -9.0, XBan = 30.0, ng
= 6 (a) Ipdl = 1 (monodisperse); (b) Ipd1 =14, L pdi = 2.0; (d)
dl = 3.5. The gray and white areas present the hydrophobic

and hydrophilic segments, respectively.

microstructures, the density distributions of the hydro-
philic and hydrophobic components as well as the
solvents are analyzed. For the case of monodisperse
system corresponding to Figure 1a, the density profiles
(not shown here since they are exactly the same as the
ones reported in ref 26) have a bimodal feature; i.e., both
the solvent and the hydrophilic components fully occupy
the center of the vesicle while the hydrophobic blocks
form the “wall” of the vesicle. The basic building unit is
the bilayer, which is composed of two monolayers, or
an inner leaf and an outer leaf. The hydrophilic blocks
in the outside shield the unfavorable repulsive interac-
tions between the solvents and hydrophobic segments.
For the monodisperse case (Figure 1a), the two leaves
of the bilayers are composed of exactly the same diblock
copolymers. However, for the cases of polydisperse
diblock copolymers, it is possible that the block copoly-
mers with different molecular weights segregate to the
inner and outer leaves, so that the stretching energy of
the polymers can be minimized. In other words, it is
possible that the block copolymers in the inner and outer
leaf have different molecular weight distribution. This
segregation of polymers with different chain length can
be analyzed by examining the density contributions
from the different Gaussian quadratures parametrized
by ng (=6). It should be noted that in the Gaussian
quadrature scheme larger values of g correspond to
chains with higher molecular weight, i.e., longer chains.
Therefore, each of the n, terms may be interpreted as
the contribution to the overall density from the chains
with different length. In Figure 2 the individual density
contributions from each ng are plotted for the case of a
polydispersity index I pai — 1.4. From a cross-section
through a vesicle domaln the density profiles of the
polymers (Figure 2a) eXhlblt the typical characteristics
of vesicles with bimodal feature of the hydrophobic
components. On the other hand, the density contribu-
tions from different Gaussian quadratures (Figure 2b,c)
clearly indicate that the copolymers are segregated
according to the chain length. For the hydrophilic blocks,
a semiquantitative analysis of this separation can be
performed by approximating the peak values in the
density profiles as the dominant density distribution for
different chain lengths. In Figure 2b, the dotted lines
denoted by “C” and “W” identify the center of the vesicle
and the center of the bilayer, respectively. The A block
density contributions from different n, terms are dis-
tributed on the inside surface [inner leaf] and outside
surface [outer leaf] of the bilayer. To proceed, we
introduce two parameters, r,' and rg“t (marked in
Figure 2b), defined as the distances from the peaks of
the density distributions of the hydrophilic segments A
in the inner and outer leaf. From Figure 2b, we observe
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Figure 2. Density distribution of a vesicle for a dlblock
copolymer with polydisperse A (hydrophilic) blocks for I odi
1.4 and ng; = 6. The inset shows two-dimensional den51ty
configurations corresponding to Figure 1b. (a) Density contri-
butions from A (hydrophilic) segments, B (hydrophobic) seg-
ments, and S (solvent); (b, ¢) Contributions from each of the
ng terms. In (b) and (c), the dotted line with C and W denotes
the center of a large vesicle and the center of the wall in a
large vesicle, respectively. 7™ and r°™ represent the distance
from the peak of total denm%y distribution of the hydrophilic
segments A located at inside or outside of the wall to the center
of the wall of the vesicle. Note that (a), (b), and (¢) have
different scales.
that, if go > g1, then we have rmmut) > pinent) indicating
that, in comparison with the longer hydrophilic seg-
ments, the shorter ones tend to localize at the A—B
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interfaces. This segregation of block according to chain
length has been observed by Sides and Fredrickson for
the bulk phases of polydisperse diblock copolymer
melts.?6 Furthermore, there is another segregation of
the copolymers between the inner and outer leaves, as
shown in Figure 2c. For smaller values of g = 1 and g
= 2, the density distributions of the B-block are more
or less symmetric, indicating that there is no separation
between the inner and outer monolayers for short
chains. However, for larger values of g > 3, the density
profiles show a clear asymmetric distribution, indicating
that there are more longer blocks in the outer mono-
layer. It can be concluded that there is a separation of
the diblock copolymers into the two leaves according to
the chain lengths. It is noted that the contributions from
g =5 and 6 in Figure 2b,c are negligible, indicating that
ng = 4 gives sufficiently accurate results for the system.
In summary, we can understand the structure of the
large vesicle influenced by hydrophilic polydispersity as
follows. The basic structure of the bilayer is composed
of two leaves of monolayers with the hydrophilic blocks
in contact with the solvents. This is similar to the
bilayer structure from monodisperse diblock copolymers.
The polydispersity of the hydrophilic block leads to two
changes in the distribution of the polymers. First of all,
the short chains tend to be located close to the hydro-
philic—hydrophobic interfaces. This segregation of poly-
disperse blocks is also observed in the bulks phases
studied by Sides and Fredrickson.3¢ Second, there is a
segregation of the polymers between the inner and outer
monolayers (leaves), leading to a slight difference in the
block length distributions for the polymers located in
these two leaves. The shorter hydrophilic blocks in the
inner leaf'lead to a change of the spontaneous curvature
of the bilayers, favoring smaller vesicles.

For larger hydrophilic polydispersity index Ipd , large
vesicles are no longer observed in our simulations, and
instead, the structures shown in Figure 1c are typlcally
observed. Taking one of the structures from Figure 1c,
the density distributions of the A, B segments and the
solvent (S) are shown in Figure 3. The first impression
one would get by inspecting the structures in Figure 1c
was that they are similar to the usual micelles. How-
ever, a detailed analysis reveals that these structures
possess some characteristics of the vesicles. In particu-
lar, the density distribution of the hydrophobic segments
has a quasi-bimodal feature similar to vesicles (see
Figure 3a). From the density profile of the hydrophobic
blocks, the solvent concentration in the center of the
structure is about 45%. For this reason we term these
structures as quasi-vesicles in order to distinguish them
from the large vesicle observed for systems with a
smaller polydisperse index as well as the usual micelles.

To distinguish the contribution from the chains with
long or short hydrophilic block, the density distributions
of hydrophilic segments of chains with different hydro-
philic block length are shown in Figure 3b. From the
density distributions of different chain lengths, we can
conclude that the hydrophilic blocks behavior varies
according to their lengths. In the corona region, the
shorter blocks are localized at the interfaces, while the
longer blocks are extended to form a brush. Inside the
structure, on the other hand, the shorter hydrophilic
blocks are extended into the center of the micelle, while
the longer hydrophilic blocks are excluded from the
interior of the micelle. Therefore, there is a strong
separation of the block copolymers according to the
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Figure 3. Density distribution of the quasi-vesicle for poly-

disperse A (hydrophilic) blocks with 12 wai = 2.0 and ny = 6. The
inset shows two-dimensional dens1ty configurations corre-
sponding to Figure lc. (a) Density contributions from A
(hydrophilic) segments, B (hydrophobic) segments, and S
(solvent). (b, ¢) Contributions from each of the n, terms. In (b)
and (c), the dotted line with C and W denotes the center of a
quasi-vesicle and the center of the wall in a quasi-vesicle,
respectively. Note that (a), (b), and (c) have different scales.

length of the hydrophilic blocks. The conclusion that
there is a polydispersity-driven segregation of copoly-
mers can also be obtained from the density profiles of
the hydrophobic blocks, as shown in Figure 3c. For the
copolymers with shorter hydrophilic blocks, the hydro-
phobic blocks are localized in the center of the structure.
On the other hand, for the copolymers with longer
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Figure 4. Density distribution of the micelle for polydisperse
A (hydrophilic) blocks with I, = 3.5 and n; = 6. The inset
shows two-dimensional density configurations corresponding
to Figure 1d. (a) Density contributions from A (hydrophilic)
segments, B (hydrophobic) segments, and S (solvent). (b, c)
Contributions from each of the ng terms. In (b) and (c), the
dotted line with C denotes the center of a micelle. Note that
(a), (b), and (c) have different scales.

hydrophilic blocks, the hydrophobic blocks are localized
at the interior interface, forming a vesicle-like structure.
From these observations we may argue that the conver-
sion from vesicle to quasi-vesicle for large polydispersity
index is driven by the localization of the shorter hydro-
philic blocks into the interior of the structure. These
theoretical predictions are in good agreement with
available experimental observations. In particular, we
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Figure 5. Density distribution of the quasi-vesicle for the
polydisperse B (hydrophobic) blocks with Idei = 1.667 and n,
= 4. The inset shows two-dimensional density configurations
which are obtained from initial density fluctuation § (equals
to 107%) with the diblock parameters yapN, = 24.0, ypsNn =
30.0, and yasNn, = —9.0. (a) Density contributions from A
(hydrophilic) segments, B (hydrophobic) segments and S
(solvent). (b, ¢) Contributions from each of the n, terms. In (b)
and (c), the dotted line with C and W denotes the center of a
quasi-vesicle and the center of the wall in a quasi-vesicle,
respectively. Note that (a), (b), and (c) have different scales.

would like to point out that, on the basis of their
experimental observations, Eisenberg and co-workers
have suggested that the shorter chains preferentially
segregate to the inner surface of the wall, while the
longer chains prefer the outside of the wall.4!
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When the polydispersity index is increased further,
up to Iﬁpi = 3.5, a mixture of spherical micelles and
quasi-vesicles is observed, as shown in Figure 1d. As
indicated in Figure 4a, for the micelles, the density
profiles are characterized by a unimodal feature.26 From
the density distributions of the different components
(Figure 4b,c), the polydispersity-driven segregation is
still present. In the corona region, the short hydrophilic
blocks are localized at the interfaces while the longer
blocks are extended. In the interior of the micelle, only
a minor part of the longer hydrophilic blocks are
present. These features are quite different from the
quasi-vesicles.

3.2. Polydispersity on Hydrophobic Blocks. This
subsection focuses on the case in which the hydrophobic
block (B block) is polydisperse while the hydrophilic
block (A block) is monodisperse. In the calculations n,
is chosen to be 4, which gives accurate results for our
systems, as demonstrated above. Typical structures for
this system are shown in Figure 5. In particular, the
inset in Figure 5a shows the two-dimensional density
distribution obtained with a polydispersity index Igdi =
1.667. The density profiles of the different A, B, and
solvent shown in Figure 5a indicate that this structure
can be classified as a quasi-vesicle. In comparison with
the quasi-vesicle in the case of polydisperse hydrophilic
blocks, the polydispersity of the hydrophobic blocks
leads to completely different characteristics. In the
corona region, the A blocks with different B chain length
show a very interesting density distribution. For shorter
B blocks (g = 1), the A-blocks are distributed uniformly
in the solvent, indicating that they are not associated
with any particular micelles. This implies that the
copolymers with shorter hydrophobic blocks behave like
hydrophilic homopolymers. On the other hand, for
longer B blocks (g = 2, 3, 4), the A blocks are localized
at the surface of the structures. In the interior of the
structure (Figure 5c¢), the shortest B blocks (g = 1) are
distributed uniformly across the structure, with a slight
localization at the A/B interface. The contribution from
g = 2 shows a marked bimodal profile, indicating the
formation of a quasi-vesicle structure. Finally, the
longer B blocks (g = 3, 4) extend to the central domain
of the quasi-vesicle. This behavior can be understood
by noticing that the miscibility of the A/B blocks is
determined by the relative chain lengths of the two
blocks. Longer B blocks lead to a large miscibility of the
A block in the interior of the structure. Similarly,
shorter B blocks lead to a relatively large miscibility of
the copolymers in the solvents, thus the delocalization
of the g = 1 component. Larger B block polydispersity
index, e.g. Ig’di = 3.0, leads to spherical micelles with
unimodal density distribution for the hydrophobic blocks,
similar to the case of polydisperse A blocks.

4. Conclusions

Using a 2D real-space self-consistent-field theory of
polydisperse diblock copolymer solutions, the self-
assemblies of vesicles and micelles are studied. The
diblock copolymers are assumed to have a monodisperse
block and a polydisperse block. Either the hydrophilic
or the hydrophobic blocks can be polydisperse in the
study. The molecular weight distribution is modeled
using the Schulz distribution, which is a continuous
chain length distribution amenable to analytic and
numeric analysis. The study focuses on the effect of
polydispersity on the structure of diblock copolymer
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vesicles in dilute solutions. For the case of polydisperse
hydrophilic blocks, the simulation results show that
larger polydispersity index IAdi favors the formation of
quasi-vesicles due to the segregation of the copolymers
according to chain lengths. Two types of chain segrega-
tions are observed. First of all, it is observed that the
shorter chains tend to localize at the A/B interfaces,
while the longer chains extend to the outer surfaces.
Second, and more interestingly, there is a separation
of copolymers with different chain lengths to the inner
and outer monolayers of the bilayer. The prediction
about the copolymer segregation and the formation of
quasi-vesicles is in good agreement with experimental

results. For the case of polydisperse hydrophobic blocks,

B

moreover, the simulation results show that larger I

favors the formation of quasi-vesicles due to the segre-
gation of the copolymers. In particular, the longer
hydrophobic blocks dominate the center of the vesicle.
In addition, the density distributions of the monodis-
perse hydrophobic (hydrophilic) blocks are affected by
the polydisperse hydrophilic (hydrophobic) blocks.
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