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ABSTRACT: A theoretical approach combining self-consistent-field theory (SCFT) for fluids and density
functional theory (DFT) for particles was applied to investigate the self-assembly behavior of amphiphilic diblock
copolymer/nanoparticle mixture in dilute solution. Two kinds of hydrophobic nanoparticles are studied: one is
that the particles are selective to hydrophobic blocks but are incompatible with hydrophilic blocks, and the other
is that the particles are nonselective to hydrophobic and hydrophilic blocks. For both cases, the self-association
of amphiphilic block copolymer/nanoparticle mixture is observed, and the nanoparticles are spatially organized
in the clusters. The aggregate morphologies can be tuned by the particle radius and particle volume fraction. For
the selective particles, the aggregate morphologies of amphiphilic block copolymer/nanoparticle mixture can
experience a transition from vesicles to mixture of circlelike and rod micelles as the particle radius and/or particle
volume fraction increase. For the nonselective nanoparticles, the large compound micelles are produced instead
of the vesicles. The large compound micelles transform to the mixture of large compound micelles and circlelike
micelles with an increase in particle volume fraction and/or radius. The distribution of nanoparticles in the clusters
is also affected by the particle radius and volume fraction. For both cases, when the values of nanoparticle radius
and/or volume fraction are small, the nanoparticles are almost uniformly distributed in the cores of micelles.
However, the particles tend to localize near the interfaces between the core and shell with increasing particle
volume fraction and/or radius.

Introduction copolymernanoparticle structures can be tuned by the mor-
Amphiphilic block copolymers can self-assemble into mi- phologies of block copolymer aggregates and the distributions
celles with controllable sizes and morphologies in selective of particles, which depend on the concentrations of copolymers
solvent}2 such as rodlike micelles, spherelike micelles, and and particles, the size and shape of particles, the selectivity of
vesicles. This allows them to serve as templates for controlling particles, etc.
the nanoparticle organization. Throughout the self-assembly of The real space implemented self-consistent-field theory
the amphiphilic block copolymer/nanoparticle mixture in selec- (SCFT) was successfully used to explore the cornucopian
tive solvent, the nanoparticles can be spatially organized in the morphologies assembled by complex architecture copolymers
formed aggregates. These microstructure materials have attracteth bulk 22726 For the study of the complex microstructures, a
considerable attention due to their unique electronic, magnetic, prior assumption about the morphology is not necessary. This
and optical properties and potential applications, such as method is found to be an efficient way to tackle the problem of
catalysis, semiconductor, and photonic and biomimetic materials, self-assembled complex structuresin dilute copolymer soletidh.
which strongly depend on the size and organization of the Recently, Liang et al. first extended this method to investigate
nanoparticles:® the aggregation behavior of amphiphilic diblock copolymers in
Recently, the self-assembly behavior of amphiphilic block dilute solution”-22Complex micelles (e.g., spherelike micelles
copolymer/nanoparticle mixture was experimentally reported by and rodlike micelles) and vesicles were obtained by tailoring
many research grougs!® The mixture can self-associate into  the interaction parameters, initial density fluctuation, and
the complex microstructures in selective solvent. The hydrophilic polydispersity. This method was also used to investigate the
blocks form the corona, which provides the stabilization, while self-assembly morphologies of amphiphilic ABC linear triblock
the hydrophobic blocks produce the core isolating the nano- copolymers and star triblock copolymers in solution by Yang's
particles from the solvent. For example, Taton et al. reported group?°3° Various micelle structures, such as hamburger,
that the amphiphilic block copolymers poly(styrela@crylic segmented wormlike, and toroidal segmented micelles, have
acid) can assemble around gold, magnetic, and semiconductobeen observed. We utilized SCFT to investigate the effect of
nanoparticles to encapsulate the particles within the micéls.  architecture parameters of graft copolymers on their self-
The hydrophobic styrene cores physically sequester the nano-assembly behaviét. The morphology transitions among circle-
particles from the aqueous solution. Meanwhile, the nanopar- like micelles, linelike micelles, and vesicles can be triggered
ticles can also have an impact on the supramolecular structuredy changing the branch number and graft position of graft
of block copolymers, and the incorporation of nanoparticles has copolymers. These simulation results are in good agreement with
been found to lead to the morphology transition of parent block the experimental observations.
copolymerst®21 The chemical and physical properties of Various tools have been used to study the mixture of block
copolymers and nanoparticles in bulk, such as self-consistent-
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particle dynamic$2 molecular dynamicé! and strong segrega-  spherical particles (P). All the diblock copolymer chains in
tion theory#143-46 Among these methods, field theory is a solution are flexible. Each copolymer is composed\ofotal
powerful technique for characterizing the system. Balazs and segments. The segment volumes and statistical lengths for both
co-workers developed a theoretical approach for calculating the monomer A and B are denoted by ! anda, respectivelyfa
morphology and thermodynamic behavior of block copolymer/ denotes the volume fraction of A-type segment per chain. The
nanoparticle mixture without requiring a priori knowledge of solvent molecule has the same volume with the segment of
the equilibrium structure®35 This approach combines a self- copolymer. All particles have the same radRis The volume
consistent-field theory (SCFT) for polymers and a density fractions of particles and diblock copolymers in solution are
functional theory (DFT) for particles. SCFT was used to andcp, respectively, and that of solventés = 1 — cp — Cp.
characterize the equilibrium thermodynamical features of poly- ~ Within mean-field theory, the pair interactions between
mer systems, while DFT captures the particle ordering and phasedifferent components are determined by a set of effect chemical
behavior in colloidal systems. They found that the morphologies potential fieldswk(r) (K = A, B, P, S), replacing actual
of diblock copolymers and distributions of particles can be interactions within solution. The free energy of the amphiphilic
tailored by the concentration of adding particles, the size of block copolymer/nanoparticle/solvent system is given by
particles, the interaction between the particles and blocks, and
the polydispersity of particles. They also have the conclusion NF Cp  [Qp Qp
that the incorporation of nanoparticles can lead to the morphol- — —— = — — Inf[—| —cpInf[—] =
ogy transition of block copolymers between cylindrical and PokeTV o« (Ve Vo
lamellar phases. Although these theoretical studies have suc- Q 1 1
cessfully predicted the self-assembly behavior of the block ceNIn =S +—fdr z
copolymer/nanoparticle mixture, the understanding of physical s Ve| V A S
mechanism that drives the self-assembly of amphiphilic U=
block copolymer/nanoparticle mixture in dilute solution is still ZB w (1) ¢y(r) — wp(r) pp(r) —
lacking. u=AB,S

The purpose of the present work is to investigate the 1 -
aggregation behavior of amphiphilic block copolymer/nanopar- & - g ¢,(N)| + _fd" pp(r) Whs(dp(r)) (1)
ticle mixture in dilute solution and the spatial organization of u=AB,P.S v
nanoparticles in the clusters. The SCFT/DFT framework . , .
developed by Balazs et al. is extended to study the amphiphilic yvherekB IS Boltzm.ann S constant arid IS the temperaturax
block copolymer/nanoparticle mixture in dilute solution. As far is the volume ratio (.)f the particle with radiig to block
as we know, the self-assembly behavior of the system in dilute copolymer chain, defined by

XuNp(r) o,(r) —
S

solution has not yet been studied by the SCFT/DFT methodol- vePo 4 [Ro\?
ogy. It is demonstrated that the amphiphilic block copolymer/ =027 (—) (N)l’2 2
nanoparticle mixture can form aggregates with various shapes N 3Ry

in dilute solution. The nanoparticles are encapsulated inside the

clusters. The particle volume fraction and particle radius have WhereRy = Nv/a/6 is the ideal gyration radius of the diblock

a remarkable effect on the morphologies of aggregates andcopolymerN = a%?N/6% is the invariant polymerization index,
particle distributions. On the basis of these results, phaseandvr=47Rs¥3 is the volume of particle with radiug-. Here,
diagrams were constructed, which display the stability regions ¢a(r), ¢s(r), ¢s(r), andge(r), which correspond to the density
of microstructures as functions of the particle radius and particle fields, are the local volume fractions of A segments, B segments,
volume fraction. We expect that the present study may offer a solvent, and particles, respectiveli(r) is the potential field
mechanism toward efficiently understanding the self-assembly that is invoked by incompressibility conditiogA(r) + ¢g(r)

behavior of amphiphilic block copolymer/nanoparticle mixture + @e(r) + ¢s(r) = 1). z1s characterize the interactions between
in dilute solution. species | and Jp(r) is the particle center distribution. The local

particle volume fractionpp(r) is given by

Theoretical Model

A recent numerical approach developed by Balazs an_d co- Pe(r) = 2/‘, _dr pr +17) (3)
workers has addressed the polymer nanoparticle composites by vRYIN=R
coupling SCFT for inhomogeneous polymeric fluids with DFT
for hard spheres to account for steric packing effects of Qsis the partition function of a solvent in the fietok(r) given
particles®2-35 The integrated SCFT/DFT technique identifies by
new self-assembly morphologies of the blend of diblock
copolymers and nanoparticles, where the particles and copoly- e B wg(r)
mers can organize into mesoscopically regular patterns. A Qs_f rex N
powerful feature of this method is that priori assumptions about
the morphology and the distribution of particles are not Qe is the partition function of a single particle subject to the
necessary. In our model, we extend the SCFT/DFT scheme tofield wp(r)
describe the mixture of amphiphilic block copolymers and
particles in solution. The contribution from the solvent molecules Q= f dr exp(—wp(r)) (5)
is included in the theory framework. Below, we provide a brief
description of the model we used to probe the self-assembly Qp = fdr q(r,s) g™(r,1 — ) is the partition function for a single
behavior of amphiphilic block copolymer/nanoparticle mixture noninteracting diblock copolymer chain subject to fiedag(r)
in solution. andwg(r). The contour lengtls increases continuously from 0

We consider a system with volumé containingnp, AB to 1 as the block changes from one end to the other. The spatial
diblock copolymers,ns solvent molecules (S), ands hard coordinater is in units ofRy. The propagatog(r,s) represents

(4)
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Figure 1. Two-dimensional density distributions of particles in the
amphiphilic block copolymer/particle solutions with particle radRss

Ry = 0.70 and particle volume fractioree = 0.020 (a),ce = 0.030
(b), cp = 0.050 (c), anctp = 0.080 (d). Light gray regions represent
low local volume fraction of particles, while black regions indicate
high local volume fraction of particles.

Volume Fraction

yl#lattice sites]

Figure 2. Distribution profiles of hydrophobic blockga, hydrophilic
blocks¢s, particlespp, and particle centerss on a cross section of the
vesicle marked with an arrow in the inset fegRy; = 0.70 andce =
0.020. The inset is a two-dimensional density distribution of particles.

the probability of finding segments at positionr, which
satisfies the modified diffusion equation

aq(r,s)

25 (6)

= Viq(r,9) — o(r) q(r,9)

subject to the initial conditioq(r,0) = 1 and withw(r) = wa-
(r) when 0< s < f andw(r)= ws(r) whenf < s < 1. The
backward propagatay’(r,s) satisfies eq 6 subject to the initial
conditiong™(r,0) = 1 and withw(r)= wp(r) when 0<s <1
— fandw(r)= wa(r) when 1— f < s < 1. The last term of eq
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The minimization of free energ¥, with respect topa(r),

¢s(r), ¢s(r), pe(r), wa(r), ws(r), ws(r), we(r), and&(r), can
lead to a set of mean-field equations:

Wa(r) = xasNdp(r) + xapN@p(r) + xasNog(r) + &) (9)
wg(r) = xasNpa(r) + xeeNop(r) + xesNes(r) + £(r) - (10)
0g(r) = 2xasNPa(r) + xasNeg(r) + 2pdNae(r) + &) (11)
wp(r) = Whslp(r) +

(08

o S <ol pplr + 1) Whe(@plr + 1)+

il/;r'\qqdr' [%APN(/J)A(r + r') + XBPN¢B(r + r') +
xpNog(r +1') + &(r +1)] (12)

where
d¥,,(X)
W) =4
VCD £ "
o) =g fodsdr9a’ 19 (13)
D
Voo .
Pg(r) = Q—Df; dsqr,9q(r,l—s (14)
Vi
o) = 2o 2 (15)
Ve,
pp(r) = @ exp—wp(r)) (16)
PA(r) + ¢g(r) + dp(r) +o(r) =1 a7

To solve the SCFT equations, we use a variant of algorithm
developed by Fredrickson and co-work&> The initial values
of the density fieldsp(r) (I = A, B, S) satisfy the Gaussian
distributions?’

(@ (r) — =0
{ey(r) — c)(@y(r') — c)= Beicyo,,0(r — 1)

Here,  characterizes the amplitude of the initial density
fluctuation, andc, (I = A, B, S) are the volume fractions of
segment A, segment B, and solvent S, respectively. According
to the strategy adopted by Balazs ef&f3the initial distribution

of particle centefp(r) is uniform, which is used to calculate
the local volume fractions of particles(r) and¢p(r) from eqs

(18)

1 describes the steric free energy of the particles according t03 514 8. The initial fieldo(r) (I = A, B, S, P) are calculated

Carnahan-Starling functiod”48

4x — 3%

Whs(¥) = (1— %)

(7
with the weighted nonlocal volume fractia(r) of particles
n J— a T I

Pelr) = ;Rflr,lqur pelr + 1) ®)

wherewvyr is the volume of a sphere with radiuR2

by using egs 912 (the initial incompressibility fieldg(r) is

set to be zero). For the solution of the diffusion equation (6),
we employ the BakerHausdorff operator splitting formula
proposed by Rasmussen et“di? which has higher stability
and accuracy than other methods for the same spatial discreti-
zation. The diffusion equation (6) is discretized according to

q(r,s+ds) =

exf - %Sw(r)] expls V7 ex - OIEs‘w(r)]q(r,s) +0(ds)
(19)
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Figure 3. Distribution profiles of hydrophobic blocksa (a), particles

¢p (b), and particle centerge (C) on a cross section of the circlelike
micelle marked with an arrow in the inset with various particle volume
fractions forRs/Ry = 0.70. The inserts are two-dimensional distributions
of hydrophobic blocks (a), particles (b), and particle centers (c) for

RJ/R; = 0.70 andce = 0.080.

The operator exptdsw(r)/2] is trivially implemented in real
space, while the operator expfisV?] is implemented exactly
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Figure 4. Two-dimensional density distributions of particles in the
amphiphilic block copolymer/particle solutions with particle volume
fraction cp = 0.025 and particle radiRe/Ry = 0.65 (a),Rs/Ry = 0.72
(b), R/Ry = 0.75 (c), andR/Ry = 0.80 (d). Light gray regions represent
low local volume fraction of particles, while black regions indicate
high local volume fraction of particles.

through solving eqs-911 and 177 Finally, the potential fields

w(r) and pressure field(r) are updated using eqs-22 by
means of a two-step Anderson mixing scheé@The iteration

steps are repeated until the free energy reaches a local minimum,
where the self-assembled structure corresponds to a metastable
state?”28 This iteration scheme represents a pseudodynamical
process having the steepest descent paths on the free energy
landscape to the nearest metastable solutions. This method can
rapidly evolve a system to a free energy minimum satisfying
some constraints, e.g., incompressibility.

The SCFT calculations were performed in two dimensions
on a 128x 128 lattice with periodic boundary conditions. The
contour’s step size was set to be 0.01. The numerical simulation
is carried out until the relative free energy changes at each
iteration are smaller than 1B and the incompressibility
condition is achieved. It is noted that the resulting aggregate
morphologies depend on the amplitude of initial density
fluctuation. As a result, the same initial density fluctuation
amplitude was used in our simulations to ensure that the obtained
morphologies are not affected by the initial fluctuation as it was
done for the self-assembly of amphiphilic block copolymers in
dilute solution in the literatur&—3° In calculations, the simula-
tions starting from a homogeneous copolymer solution were
repeated for 1620 times using different initial random states
and different random numbers to ensure that the observed
phenomena are not accidental.

Results and Discussion

In present simulations, the volume fraction of block copoly-
merscp in solution is set as 0.08. The length of block copolymer
chain is assumed to bBl = 25. The composition of the
hydrophobic partfs is taken to be 0.86. The initial density
fluctuation amplitudes is set to be 102. We fix the invariant
polymerization indexN at 1.0 in all simulations. The SCFT/
DFT studies reported below were carried out for the case that
the particle size is smaller than the ideal gyration radRyisf
the diblock copolymer. The interaction parametesN between

in Fourier transform domain of the spatial variable. A fast the incompatible blocks A and B is set as 23.0. The A blocks
Fourier transformation (FFTW) package is applied in the and particles are hydrophobic. The interaction parameter
evaluation of the diffusion operator to ensure precision and between the A blocks and solvent and the interaction para-

convergencé! Next, the right-hand sides of eqs 3 and-11%

meter between the particles and solvent adopt a value of 23.0

are evaluated to obtain new expression values for the local (yasN = ypdN = yasN = 23.0). The B blocks are hydrophilic.
volume fractionsp(r) of species I. To ensure the incompress- The interaction parameterssN between the B blocks and

ibility of the system, the effective pressure figl@) is obtained

solvent is set as zero. In terms of the particle selectivity, we
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Figure 5. Distribution profiles of hydrophobic blocksa (a), particles

¢p (b), and particle centerge (C) on a cross section of the circlelike
micelle marked with an arrow in the inset with various particle radii
for ce = 0.040. The insets are two-dimensional distributions of
hydrophobic blocks (a), particles (b), and particle centers (ClRiRy

= 0.78 andcp = 0.040.
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Figure 6. Aggregate morphology stability regions of amphiphilic block
copolymer/nanoparticle solutions plotted as functions of particle radius
Re/Ry and particle volume fractiooe. The notations D, V, and & R
represent the disorder state, vesicles, and mixture of circlelike and rod
micelles, respectively. Each point in the phase diagram corresponds to
a simulation result, and lines are drawn to identify the resulting phase
boundaries.

radius of particleRe on the aggregation behavior of diblock
copolymer/nanopatrticle mixture.

1. Selective Particles to A BlockslIn this subsection, we
consider the effect of particle volume fraction and particle radius
on the aggregate morphologies of diblock copolymer/nanopar-
ticle mixture and the spatial distributions of particles in the
aggregates. The interaction parameteisN andygpN are set
as 0.0 and 23.0, respectively. Under such a condition, the
particles are preferentially wet to the A blocks.

Figure 1 shows the two-dimensional density profiles of
particles with an increase in particle volume fraction for particle
radius R/Ry = 0.70. Light gray regions represent low local
volume fraction of particles, while black regions indicate high
local volume fraction of particles. When the particle volume
fraction is low, the particles are uniformly distributed in the
system, and the aggregation of diblock copolymer/nanoparticle
does not occur (not shown in Figure 1). As the particle volume
fraction increases to 0.020, a vesicle forms and the particles
are distributed in the wall of the vesicle, as shown in Figure
la. The mixture of circlelike micelles and rod micelles appears
with further increasing the particle volume fraction. The
nanoparticles are encapsulated in the micelles (Figure 1b). When
more particles are added into the solution, more micelles are
formed in solution (Figure 1c,d).

As stated above, the self-association of amphiphilic block
copolymer/nanoparticle mixture and the transition of aggregate
morphologies can be triggered by increasing particle volume
fraction. When the volume fraction of particle is lower, the
nanoparticles and amphiphilic block copolymers are uniformly
dispersed in the solution, and no aggregates are formed. As more
particles are added into the system, the total free energy could
significantly increase due to the increase in the total hydrophobic
surface of nanoparticles. To depress such an effect and lower
the total free energy, aggregates with hydrophobic blocks in

studied two cases in our calculations. The particles are selectivethe inner and hydrophilic blocks in the outer are formed and

to the A blocks. To simplify the system and calculation, we
take ygpN = 23.0 andyapN = 0.0. The other scenario is that

nanoparticles are migrated into the energetically favorable
hydrophobic domains. It should be noted that these also result

the particles are not selective to the A and B blocks. We assumein the conformational entropy loss due to the confinement of

xaPN = xgpN = 0.0. Under both conditions, the block

copolymer chains and the translational entropy change due to

copolymers do not associate themselves in dilute solution whenthe confinement of nanoparticles. Compared with the free energy
the nanoparticles are not added into the system. In this work, contributed from entropy, the free energy from enthalpy

we focus on the effects of volume fraction of particieand

dominates the aggregation process, resulting in the formation
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Figure 7. Schematic representations of the disorder state (a), vesicle (b), and micelles (c) for the amphiphilic diblock copolymer/nanoparticle

system. The red lines, blue lines, and circles filled with green color denote the hydrophobic blocks, hydrophilic blocks, and nanopartitileslyrespec
The solvent is not illustrated for clarification.
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Figure 8. Two-dimensional density distributions of particles in the
amphiphilic block copolymer/particle solutions with particle radiss y[#|attice sites]
Ry = 0.75 and particle volume fractioree = 0.020 (a),ce = 0.022 ) o ) ) .
(b), ce = 0.025 (c), ancte = 0.040 (d). Figure 9. Distribution profiles of hydrophobic blockga, hydrophilic

blocks¢s, particlespe, and particle centers on a cross section of the
large compound micelle marked with an arrow in the inseRgR; =

of the vesicles. When the aggregates are formed, the particlesgf7p5a?t?£°s.= 0.020. The inset is two-dimensional density distribution

are sequestered in the hydrophobic parts of the aggregates and

the steric packing effect of particles (which is a measure of the

crowding of the hard particles) becomes predominant. As the jike and rod micelles takes place. The density distributions of

particle volgme frac.tlon progrgsswely increases, more clusters hydrophobic blocksdw), particles &) and particle centergf)

(from a vesicle to mixture of micelles) are produced in orderto 4ra shown in Figure 3. The local volume fraction of hydrophobic

decrease _the total fr_ee energy. . blocks in the centers of circlelike micelles has a decrease with
To obt:?un the qeta!led structure mformatlon on the a}ggreg.""tes'increasing the particle volume fraction (Figure 3a) due to the

the density distributions of respective components in vesicles fact that the number of aggregates increases. Figure 3b shows

and circlelike micelles are plotted in Figure 2 and 3, respectively. I . .
. ) . - the density distributions of particles. When the particle volume
The density profiles of hydrophobic blockgA), hydrophilic fraction is 0.030, the density profile of particles has almost a

blocks ¢g), particles ¢p), and particle centersg) in the vesicle . ; S . )
¢e). P br) P #1) | plateau in the center region of circlelike micelle, and the particles

are shown in Figure 2. The inset illustrates the two-dimensional L . .
are well distributed in the core of the micelle. However, as the

density profile of particles. The profile @fa shows a bimodal ; o )
feature, i.e., the hydrophobic blocks A form the wall of the particle volume fraction increases, a cave in the center and two

vesicle. The inner and outer leaves of the vesicle are composedrotrusions near the interface appear. The particles are ac-
of hydrophilic blocks B. The peak position of particle distribu- customed to be far from the center region of aggregate in order
tion and peak position of particle center distribution are almost to lower the steric packing effect of particles. This is also

identical, and these profiles are symmetric with respective to demonstrated by the distributions of particle centers (Figure 3c).

the center of the wall. This indicates that the particles localize There are a cave in the center region of the micelles and two
in the center of the vesicle wall. protrusions near the interface. The protrusion positions of

As the particle volume fraction further increases, while the particle center distributions have a shift toward the interface
diblock copolymer volume fraction remains the same, the between the core and the shell as the particle volume fraction
morphology transition from the vesicle to mixture of circle- increases.
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Figure 4 is the two-dimensional density distributions of the (@)
particles obtained for the systems with various particle radii. 0.27
The particle volume fraction is fixed ab = 0.025. When the '
particle radius is small, the aggregation of diblock copolymer/
nanoparticle does not take place, and the particles are disperse 0.21
in the diblock copolymer solution uniformly. As particle radius
increases to 0.6%, a vesicle appears and the particles are &5
distributed in the wall of the vesicle (Figure 4a). When the 0.15
particles become larger further, the morphology transition from
the vesicle to mixture of circlelike and rod micelles occurs
(Figure 4b-d). 0.09

The distribution profiles of hydrophobic blockgx), particles
(¢p), and particle centerspf) for various particle radii in 0.03 ="
circlelike micelles are shown in Figure 5. As the particle radius 10 20 30 20
increases, the local volume fraction of hydrophobic blocks in ) )
the core of micelles has a decrease (as shown in Figure 5a). It x[#lattice sites]
is ascribed to the fact that there are more micelles assemblec
by the copolymers, while the copolymer volume fraction is kept 0.24 | (b)
the same. The patrticle distributions are illustrated in Figure 5b. -
The local volume fraction of the particles in the micelles has
an increase as the particle radius becomes larger. When the 0.18
particle radius is 0.6%,, the particles almost uniformly mix with -
the hydrophobic blocks of diblock copolymers in the cores of
the micelles. As the particle radius increases, a new feature of.e_n- 0.12
nanoparticle distributions in the aggregates is displayed. The -
larger nanoparticles are not homogeneously distributed. A cave
in the center and two protrusions near the interface become 0.06
gradually evident. Another noteworthy feature of these distribu- -
tions is that the local volume fractions of particles outside the
micelles decrease nearly to zero as the particle radius progres: 0.00
sively increases. This suggests that an increase in the particle '
radius forces the particles into the micelles. As shown in Figure
5c, the particle center distribution has two protrusions near the
interface and a cave in the center of micelles. With increasing
the particle radius, the protrusion positions have a slightly shift
toward interface between the core and the shell, and the cave 0.15
turns much more evident.

To systemically capture the effect of particle radius and
particle volume fraction on the aggregation behavior of the
diblock copolymer/nanoparticle mixture, we plot the aggregate 0.10
morphology stability regions for various values of particle radius c:f_‘
Re/Ry and particle volume fractionp, which are illustrated in
Figure 6. Each point in the phase diagram corresponds to a 0.05
simulation result, and lines are drawn to identify the resulting -
phase boundaries. The phase diagram is divided into three
characteristic zones: disorder state (D), vesicles (V), and mixture

¢,=0.025
- - - ,=0.030
-+ ¢=0.035

of circlelike and rod micelles (G- R). Correspondingly, the 0.00

disorder state, vesicles, and micelles are schematized in Figure L L 4 .
7. The red lines, blue lines, and circles filled with green color 10 20 30 40
denote the hydrophobic blocks, hydrophilic blocks, and nano- x[#lattice sites]

particles, respectively. The solvent is not illustrated for clarifica- rigre 10. Distribution profiles of hydrophobic blockss (a), particles
tion. The phase diagram contains a disorder state at small values, (b), and particle centerss (c) on a cross section of the circlelike
of particle radius and/or particle volume fraction. The hydro- micelle marked with an arrow in the inset with various particle volume
phobic nanoparticles and amphiphilic block copolymers are fr;a%ticéns f%ng_/Rng Oi(75- The in?_erlts arg “"’O'gime?ilo”a' dift”b”tio?s
uniformly dispersed in solution (Figure 7a). With increasing CF)ep/ ydrophobic blocks (2), particles (b), and particle centers (c) for
: . . . . Ry = 0.75 andce = 0.040.
the particle radius and/or particle volume fraction, the diblock
copolymer chains and particles associate to form the vesicles,
and the particles are positioned at the wall of the vesicles (Figuretjgns due to limited experimental studies on self-assembly
7b). The transition from vesicles to mixture of circlelike and penavior of mixture of amphiphilic block copolymers and
rod micelles is triggered by a further increase in particle radius pnangparticles in solution. However, we can still compare the
and/or particle volume fraction. The nanoparticles are distributed cgiculation results with some existing experimental studies.
in the cores of micelles (Figure 7c). Taton et al. reported the self-assembly of amphiphilic poly-
It is difficult at this time to make a comprehensive comparison (styreneb-acrylic acid)/nanoparticle mixture in dilute soluti6f.
between the theoretical predictions and experimental observa-The amphiphilic block copolymer/nanoparticle mixture self-



Macromolecules, Vol. 40, No. 15, 2007 Amphiphilic Block Copolymer/Nanoparticle Mixture5589

(@) ——R/IR =0.65
. » . 0.27 : --- R/Rz=ﬂ.7l}
™ ® ™ ® -+~ RIR=0.72
‘ 0.21} —-=-R/R =075
- e < “
(@ (b) (©) S

0.15

Figure 11. Two-dimensional density distributions of particles in the

amphiphilic block copolymer/particle solutions with particle volume

fraction ce = 0.03 and particle radiRs/Ry; = 0.65 (a),Rs/R; = 0.68 0.09
(b), andRe/Ry = 0.70 (c). )

associated to form the circlelike micelles, and the nanoparticles 0.03 ) f ) )
were encapsulated in the cores of micelles. With an increase in 10 20 30 40
particle concentration at fixed polymer concentration, an x[#lattice sites]

increasing number of nanoparticles was encapsulated in eack
micelle and the average diameter of particle clusters became .28 —_ RR =065
greater. Corresponding to our simulations, increasing the particle Cl
volume fraction gives rise to the greater local volume fraction AN -~ -RR=0.70
of particles in the cores of micelles (as shown in Figure 3b). It 021} I"' S~ 2\ ---- RIR=0.72
is noteworthy that Thiyagarajan and co-workers recently ' o = V. R/Rg=0 75
examined the phase behavior of block copolymer/nanoparticle g
mixture in solution as functions of temperature and nanoparticle -
concentratior¥*55They found that the transitions from lamellar
— cylindrical — gyroid phases take place in block copolymer/
nanoparticle complex solution with an increase in particle
concentration, which differ from the lamellar gyroid — 0.07
cylindrical phase transition sequence in neat block copolymers
with an increase in volume fraction of one segment of block / X
copolymer. Although our simulations herein carried outin dilute ~~ 0.00 F=—_, , i i
solution, Figure 6 shows an analogous behavior that one can 10 20 30 40
tune the particle volume fraction to yield various morphologies x[#lattice sites]
when the particle radius is fixed.

2. Nonselective Particles to A and B BlockslIn this 0.20(c) — R/R =0.65
subsection, we consider the case that the particles are nonselec g
tive to the A and B blocks. In this case, the interaction == -RR=.70
parametergapN and ygeN are set to be zero. The aggregate 0.15 ©--- RIR=0.72
morphologies with an increase in the particle volume fraction
are shown in Figure 8. When the amount of particles is less,
the system is in a disordered state. As more particles are addecq':' 0.10
into the solution, the particles induce the formation of large
compound micelles (Figure 8a). With increasing the particle
volume fraction, the transition from the large compound micelle 0.05
to mixture of circlelike micelles and large compound micelle
occurs (Figure 8b). Further increasing the particle volume
fraction gives rise to an increase in the number of clusters 0.00 _,__,,_,—_-f' PN
(Figure 8c,d). Obviously, the nanoparticles with either selectivity : ! ! L
or nonselectivity show a similar effect on the self-assembly 10 20 30 40
behavior of amphiphilic block copolymer/nanoparticle mixture x[#lattice sites]
(Figures 1 and 8); i.e., the incorporation of nanoparticles leads Figure 12. Distribution profiles of hydrophobic blocks (a), particles
to the formation of a large cluster, and more clusters are ¢» (b), and particle centerse (C) on a cross section of the circlelike
produced when the particle volume fraction further increases. P;ircec”e még %idowm :ni nasr;ft);’v ;’:thwigSd?rt_anirfgk\)/r?gloléfstpr?gﬂgfn;a%if
However, as for the particles which are_nonselt_actlve to the A hydropphobic blocks (a), particles (b), and particle centers (iR,
and B blocks, the large compound micelles instead of the = ¢ 75 andc, = 0.040.
vesicles are formed.

The density profiles of hydrophobic blocksa(), hydrophilic
blocks @g), particles ép), and particle centergf) for the large small peaks at the interface and a plateau in the center region
compound micelles are plotted in Figure 9. The outer shell of of the cluster. As the particle volume fraction increases above
the aggregate is composed of the hydrophilic blocks B. In 0.025, the circlelike micelles appear in the system. Figure 10
addition, the density profile of hydrophilic blocks B has a plateau shows the distributions of hydrophobic blocks (a), particles (b),
in the center region of cluster, indicating that the structure also and patrticle centers (c) in circlelike micelles with various particle
consists of some hydrophilic blocks in the center region of the volume fractions for particle raditR = 0.75R;. As the particle
cluster. The distributions of hydrophobic blocks and particles volume fraction increases, more aggregates are formed to reduce
have a quasi-bimodal feature similar to the vesicles, with two the contribution of the steric packing energy of particles to the

C;

0.14




5590 Zhang et al. Macromolecules, Vol. 40, No. 15, 2007

0.76 a marked increase. The smaller nanoparticles can be almost
o uniformly distributed in the core of the micelle. However, the
distribution of the larger nanoparticles becomes inhomogeneous
(Figure 12b,c). Accumulation of the simulation results indicates
that variations in the size and volume fraction of particles can
be exploited to tune the particle distribution in the aggregates.

We constructed the morphology stability regions RyRy
andcp, which are shown in Figure 13. Three characteristic zones
are included in the phase diagram: disorder state (D), large
compound micelles (LCM), and mixture of circlelike and large
compound micelles (ELCM). Correspondingly, the disordered
state, large compound micelles, and mixture of large compound
0_'01 0_62 0_63 0.04 0.05 micelles and circlelike micelles are schematized in Figure 14.

c The mixture of nanoparticles, block copolymers, and solvent is
P in a disordered state at small values of particle volume fraction

Figure 13. Aggregate morphology stability regions of amphiphilic ; ; ;
diblock copolymer/nanoparticle solutions plotted as functions of particle and/or particle radius (Figure 14a). The block copolymers form

radiusRe/R, and particle volume fractione. The notations D, LCM,  the large compound micelles, and the particles are accom-
and C-LCM represent the disorder state, large compound micelles, modated in the clusters as the particle volume fraction and/or

and mixture of circlelike and large compound micelles, respectively. radius increase. As shown in Figure 14b, the large compound
micelle consists of a hydrophilic outer shell, which stabilizes

) ) the hydrophobic part of aggregate. Because of the nonselectivity
total free energy, which results in the less content of copolymers ot particles to A and B blocks, the hydrophilic blocks can also
in the aggregate (Figure 10a). In addition, more particles are nigrate into the inner of the cluster. With further increasing
encapsulated in the aggregate. The cave and protrusions in bothy, e harticle volume fraction and/or radius, more clusters

particle distribution and particle center distribution curves including micelles and large compound micelles are produced
become marked, indicating that increasing particle volume (Figure 14c)

fraction can induce the inhomogeneous distribution of particles ) . . . ) )
(Figure 10b,c). The particles have a tendency to localize near SOMe experimental evidence is available in the literature,
the interface when more particles are added into the solution, SUPPOrting the simulation results of the large compound micelles
As illustrated in Figure 11, the dependence of the two- 2sSembled by the amphiphilic block copolymers and nanopar-
dimensional distribution of particles on the particle radius is ticles. Moffitt et al. prepared the large compound micelles in
plotted. As the particle radius increases, the particles can induceVater by slowly adding water to blend solution of block
the self-association of block copolymers. A large compound Copolymer stabilized CdS nanoparticles and amphiphilic block
micelle is formed at the small particle radius (Figure 11a). The Copolymers poly(styrenb-acrylic acid) (PSb-PAA).*%%"Large
transition from the large compound micelles to mixture of large compound micelles with nanoparticles encapsulated inside and
compound micelles and circlelike micelles is triggered by an hydrophilic PAA outer shells were observed. Corresponding to
increase in the particle radius (Figure 11b,c). The distributions our simulations, the hydrophilic blocks form the outer shells to
of hydrophobic blocks (a), particles (b), and particle centers (c) stabilize the large compound micelles, while the nanopatrticles
in circlelike micelles with various particle radii are illustrated are positioned inside the aggregates. It should be noted that the
in Figure 12. The content of hydrophobic blocks in the core of large compound micelles can transform to vesicles as the
micelle has a decrease due to the formation of more aggregatesnteraction between nanoparticles and hydrophilic blocks be-
in the system (Figure 12a). Meanwhile, the number of nano- comes strong (Figures 7 and 14). Our studies not only reproduce
particles sequestered by the amphiphilic block copolymers hasthe general features of experimental findings but also elucidate

3& Micelle
*3

® ‘2.{ Qr'
AN T S Lefg wg
R i%‘f{ﬂ

Large Compound Micelle(LCM) LCM
(a) (b) (c)

0.72}

R/R

0.68

AL\ O O Oo\O o o

0.64

Figure 14. Schematic representations of the disorder state (a), large compound micelle (b), and mixture of large compound micelle and circlelike

micelle (c) for amphiphilic diblock copolymer/nanoparticle solution.
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