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ABSTRACT: Using self-consistent field and density functional
theories, we undertake a first investigation on the hierarchically
ordered structures self-assembled from linear-alternating block
copolymer/nanoparticle mixture. The linear-alternating block
copolymers self-assemble into the lamellar structure with two
length scales, providing a template to direct the nanoparticle
distribution. The spontaneously hierarchical organization of
nanoparticles within the ordered copolymer structures was found
to be dependent on the particle concentration and particle radius.
Furthermore, the presence of the nanoparticles can also induce
the hierarchical structure change due to the entropic effects. We
envisage that this approach opens a gateway to construct
hierarchically ordered nanocomposites with different length
scales.

Introduction

Organization of inorganic nanoparticles within the self-
assembled organic or biological templates provides new op-
portunities for the development of functional hydrid materials
with enhanced optical, electrical and mechanical properties. In
particular, dispersion of the nanoparticles into the diblock
copolymer matrix has attracted considerable attraction because
the ordered microstructures formed by the diblock copolymers
can serve as templates to control the spatial arrangement of
nanoparticles and thereby tailor the properties of the materi-
als.' > A challenge for further studies is to create hierarchically
ordered nanocomposites inspired by the biological systems,® ®
such as those found in the abalone nacre or mother of pearl. In
these natural composites, the properties are an integrated
consequence of assembled structures with various length scales.
Essential to meeting the challenge is to construct a structural
hierarchical matrix, which can provide templates for dispersion
of nanoscopic elements.

The complex superstructures involving multiple length
scales are found in the complicated copolymer architectures.
For example, Ikkala, ten Brinke, and co-workers reported a
hierarchical two-length-scale structure-within-structure self-
assembled from a mixture containing a block copolymer and
low molecular weight compound.'®"" In such a system, the
block copolymer and the low molecular weight compound can
be weakly connected by hydrogen bonds. The large-length-scale
lamella is formed by the block copolymers, while the short-
length-scale lamella is formed by the bound low molecular
weight compound. Another possibility to produce the hierarchi-
cal structure is to take advantage of A,-b-(B-b-A), linear-
alternating block copolymer, which is a drastic simplification
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of the above mixture system. The repeat unit of the hierarchical
structure formed by the linear-alternating copolymers is com-
posed of one thick A layer and several thin A and B layers.'> "
When the nanoparticles are incorporated into the linear-
alternating block copolymers, this structure is expected to
promote the formation of hierarchically ordered nanocomposites
in one effective step and thereby tailors the properties of
materials. The novel hierarchical structures may provide new
opportunities for designing the nanocomposites with controllable
properties and multifunctionality.

A recent numerical approach developed by Balazs and co-
workers has addressed the polymer nanoparticle composites by
coupling the self-consistent field theory (SCFT) for polymers
and density functional theory (DFT) for particles.'®”?** SCFT
is used to characterize the equilibrium thermodynamic features
of polymer system,”>” % while DFT captures the behavior of
particle ordering.?® The integrated SCFT/DFT technique identi-
fies new self-assembly morphologies of the blend of diblock
copolymers and nanoparticles, where the particles and copoly-
mers can organize into mesoscopically regular patterns. A
powerful feature of this method is that priori assumptions about
the morphology and the distribution of particles are not
necessary. Balazs et al. found that the morphologies of diblock
copolymers and distributions of particles can be tailored by the
concentration of adding particles, the size of particles, the
interaction between the particles and blocks, and the polydis-
persity of particles. In our previous work, we utilized SCFT/
DFT methodology to investigate the self-assembly behavior of
amphiphilic block copolymer/nanoparticle mixture in dilute
solution.?” The mixture can self-associate into microstructures
with controllable size and morphology in selective solvent and
the nanoparticles are spatially organized into the microstructures.

In this study, we present a first example, to the best of our
knowledge, of hierarchically ordered nanocomposite self-
assembled from linear-alternating block copolymers and nano-
particles. The SCFT/DFT method was applied to investigate
the cooperative behavior and novel structures where the nano-
particles are incorporated into the linear-alternating copolymers.
It was found that the linear-alternating copolymers can self-
assemble into the hierarchical lamellar structure with two length
scales. When the nanoparticles are introduced, the nanoparticles
and copolymers spontaneously order into a hierarchical regular
structure. Furthermore, the incorporated nanoparticles can also
induce the change of hierarchical structure.

Theoretical Model

We consider a system with volume V containing a mixture
of molten linear-alternating block copolymers and solid spherical
particles. All particles have the same radius Rp. The overall
concentration of particles in the system, expressed in volume
fraction, is Wp. The linear-alternating block copolymers, denoted
as A,-b-(B-b-A),, consist of a long homopolymer A, block
connected to a (B-b-A), multiblock of n identical diblock repeat
units (see Figure 1a). The volume fraction of long homopolymer
A,, block per chain is denoted by f. Each chain is modeled as
a flexible Gaussian chain consisting of N segments of segment
volume py 'and statistical segment length a.

According to SCFT/DFT, the free energy F for the present
system is written as
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Here, kg is Boltzmann’s constant and 7 is the temperature. o is
the volume ratio of the particle with radius Rp to linear-
alternating block copolymer chain. y, characterizes the interac-
tion between species I and J. Self-consistent fields given by
w(r), wp(r), and wp(r) account for the average interactions,
which act on the A and B segments of copolymers and the
particles, respectively. ¢4(r), ¢p(r) and ¢p(r) are the local
volume fractions of A-segment, B-segment, and particles,
respectively. pp(r) is the center distribution of particles. The
local particle volume fraction ¢p(r) is related to particle center
distribution pp(r) by ¢p(r) =(30)/(4mRp’) [ < gy dr' pp(r +1').
Qp is the partition function for single particle under the self-
consistent field wp(r) given by Qp = [dr exp(— wp(r)). Qc =
Jdr q(r,s)gt (r,1 — s) is the partition function for single linear-
alternating block copolymer subject to the w4(r) and wg(r) fields.
The contour length s increases continuously from 0 to 1 as the
segment changes from one end to the other. The spatial
coordinate r is in units of R, (R,> = N?a/6). The propagator
q(r, s) represents the probability of finding segments sN at
position r, which satisfies the modified diffusion equation

dg(r,s) _
as

subject to the initial condition ¢(r,0) = 1 and with w(r,s) =
> a0awo(r) (00 = A, B). Here, o, defines the architecture of
copolymers; i.e., this function is unity if segment sN is of type
o and zero otherwise. Similarly, the backward propagator g*
(r,s) is defined. The last term of eq 1 describes the steric free
energy of the particles according to Carnahan—Starling
functionW ys(x) = (4x — 3x2/((1 — x)?).%” ¢p(r) is the weighted
nonlocal volume fraction of particles. The relationship between
¢p(r) and pp(r) is as follows: ¢gp(r) = (Q/V2g,) i < 21, AT pp(Tr
+ 1'), where vyg,is the volume of a sphere with radius 2Rp.

(b)

Figure 1. (a) Schematic representation of A,-b-(B-b-A), linear-
alternating block copolymer. (b) Two-dimensional density profile of
A-type segment in linear-alternating copolymer melt for f = 0.40 and
n =15 at yapN = 200.0. Light gray regions represent lower local volume
fraction of A-type segment, while black regions represent higher local
volume fraction of A-type segment. (c) Distribution profiles of A- and
B-type segments along the line normal to the lamella. The spatial
coordinate x is expressed in units of the domain spacing D.

Py(r, s) — o(r)g(r, s) )
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More details about the SCFT/DFT for the polymer/nanoparticle
system can be found in previous studies.'”-*

Equation 1 determines the free energy of the system as a
function of the local densities (¢4(r), ¢5(r), and pp(r)) and local
chemical potential fields (wa(r), ws(r), and wp(r)). By minimiz-
ing the free energy of eq 1 with respect to fields and densities,
we obtain a set of self-consistent equations describing the
microstructures of linear-alternating copolymer/nanoparticle
composites subject to the incompressibility constraint (¢4(r) +

¢5(r) + ¢p(r) = 1):

@4(1) = Y apNPp(T) + 14 pN@p(T) (3)
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The resulting equations were solved numerically by the real-
space combinational screening algorithm in two-dimensions at
strong segregation strength developed Fredrickson et al.*®** We
discretized both the spatial and the contour coordinates and used
an unconditionally stable backward differentiation formula
method to solve the modified diffusion equation for system with
sharp interfaces. For example, the modified diffusion equation
Eq.(2) was discretized according to

25 4 1
Eqn+1 - 4qn + 3qn*1 - gqn*Z + an*fi = A‘Y[qun+l - w(4qn -

64,1 t44,-,—q,-3)1 9

Here, ¢,+; denotes ¢(r, s+iAs) and As is the step size. We
employed the Anderson mixing method to solve the self-
consistent equations.’® Having a solution of SCFT equations,
one can calculate the free energy. Free energy minimization of
the system with respect to the selected simulation box size was
performed in the calculations.®'

Results and Discussion

We begin by considering a typical example where the linear-
alternating copolymers self-assemble into the hierarchically
ordered structures. We set f = 0.40 and n = 5, where the long
homopolymer A,, block and the (B-b-A), multiblock can form
the lamellar structure above the order—disorder transition. We
also set yapN = 200.0, which is sufficient to produce the
microphase separation of (B-b-A)s multiblock, resulting in a
lamellar-within-lamellar structure. Figure 1b shows the two-
dimensional density profile of A-blocks. The morphology of
the system is lamella-within-lamella. Figure 1c is the density
distribution profiles of A and B segments along the line normal
to the lamella. As can be seen, the linear-alternating block
copolymers form the large-length-scale lamella. Meanwhile, the
microphase separation of (B-b-A)s multiblock occurs and five
thinner layers are formed within the large-length-scale lamella.

When the nanoparticles are incorporated into the linear-
alternating copolymer melts, the lamellar-within-lamellar struc-



1412 Notes

(a)

Volume Fraction

| Small-Length-Scale

Large-Length-Scale
(c)

Figure 2. (a) Two-dimensional density profile of nanoparticles for
linear-alternating copolymer/nanoparticle system obtained from the
SCFT/DFT approach. The parameters are f = 0.40, n = 5, yagN =
200.0, xapN = 0.0, yppN = 200.0, Rp=0.20R,, and Wp=0.15. The
nanoparticles are distributed in the A-domains of large-length-scale layer
and small-length-scale layers. Light gray regions represent lower local
volume fraction of particles, while black regions represent higher local
volume fraction of particles. (b) Distribution profiles of A-type segments
and nanoparticles along the line normal to lamella. (c) Schematic
representation of the nanoparticle arrangement in the lamellar-within-
lamellar structure formed by the linear-alternating copolymers. The
black lines, red lines, and circles filled with blue color denote the A-type
blocks, B-type blocks, and nanoparticles, respectively.

ture serves as a template to direct distribution of the nanopar-
ticles within different length scales. With the above parameters
fixed, we now introduce a volume fraction Wp = 0.15 of
selective particles characterized by yapN = 0.0, ypN = 200.0,
and Rp = 0.20R,, where R, is the ideal gyration radius of linear-
alternating copolymer. This causes the particles to be prefer-
entially localized in the A-domains. The density profiles are
shown in Figure 2a and 2b. The entire system is organized into
well-ordered structure and the nanoparticles are accommodated
in the A-domains of both large and small-length-scale layers.
The nanoparticle distribution in the linear-alternating copolymer/
nanoparticle system reveals a new structural feature. As shown
in Figure 2b, the repeat unit of the pattern consists of one thick
nanoparticle layer and two thin nanoparticle layers. Thus, a
synchronized structure with double periodicities is spontaneously
formed in the present system. The organization of the nano-
particles in the linear-alternating copolymers is schemed in
Figure 2c. The linear-alternating block copolymers self-assemble
into the large-length-scale lamella and multiblock part of
copolymers form the five small-length-scale layers in a repeat
unit. The nanoparticles are distributed into A-domain with
different length scales due to the affinity between the particles
and A-blocks.

We also examined the influence of the selectivity of the
nanoparticles on the formed microstructures. In addition to A
block selectiveness, the nanoparticles with B block selectiveness
and nonselectiveness are considered. The density distributions
of B blocks and nanoparticles with B block selectiveness are
shown in Figure 3a. As the nanoparticles are selective to B
blocks, the nanoparticles are only distributed into the small-
length-scale lamellas. For the nonselective nanoparticles, the
density distributions of A blocks, B blocks, and neutral
nanoparticles are illustrated in Figure 3b. The nonselective
nanoparticles are almost uniformly distributed into the all length
scale lamellas. It is noted that a slight interfacial segregation of
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Figure 3. (a) Distribution profiles of B-type segments and nanoparticles
along the line normal to lamella. The parameters are f = 0.40, n =5,
XABN = 2000, XAPN = 2000, XBPN = OO, RP = OISRg, and 1I"P =
0.05. In this case, the particles are preferential to B blocks. (b)
Distribution profiles of A-type segments, B-type segments, and nano-
particles along the line normal to lamella. The parameters are f = 0.40,
n= 5, XABN = 2000, XAPN = 00, XBPN = 00, RP = OISRQ, and II"P
= 0.15. In this scenario, the particles are not selective to the A and B
blocks.

nonselective nanoparticles occurs in the small-length-scale
lamellas. Such segregation could contribute to the reduction of
the interface energy between A and B blocks. From above
results, we learned that the hierarchically ordered nanocom-
posites can be formed only when the nanoparticles are selective
to the A blocks.

To achieve further understanding of the hierarchical behavior
of linear-alternating copolymer/nanoparticle composite, density
fields at various particle radii and particle concentrations were
calculated for copolymer/A block selective nanoparticle system
(Figure 4). As shown in Figure 4a, small selective nanoparticles
are distributed in both large- and small-length-scale lamellas.
When the nanoparticles diameter is larger than the thickness of
small-length-scale layers, the nanoparticles are not lodged in
the small-length-scale layers. It is also noted that variation of
nanoparticle concentration can change the number of thin layers
in a repeat unit. As shown in Figure 4b, there is only one
maximum for the nanoparticle distribution of the small-length-
scale layer within the large-length-scale lamella when Wp is
larger than 0.1, indicating that the number of small-length-scale
layers changes from five to three.

The difference of nanoparticle distribution in the hierarchical
structure can be rationalized by considering the entropic
contribution from polymer chains and particles. The size ratio
of homopolymer A,, blocks to particles is much larger than that
of A blocks of (B-b-A)s multiblocks to particles. Thus, the
configurational entropic contribution of linear-alternating chains
comes mainly from the strongly stretching of A blocks of (B-
b-A)s multiblocks around the nanoparticles. This significantly
affects the nanoparticle distribution within the small-length-scale
layer and the structure of small-length-scale layer. As the
nanoparticle radius or concentration increases, A blocks of (B-
b-A)s multiblocks tend to be stretched, resulting in an increase
in free energy. To alleviate this effect, the stretching of A blocks
of (B-b-A)s multiblocks is reduced by the segregation of
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Figure 4. (a) Distribution profiles of nanoparticles along the line normal
to the lamella with various particle radii for W = 0.05. (b) Distribution
profiles of nanoparticles along the line normal to the lamella with
various particle concentrations at Rp = 0.25R,. The other parameters
are the same as in Figure 2.
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Figure 5. Nanoparticle distribution in the lamellar-within-lamellar
structure for a range of nanoparticle radii Rp and nanoparticle
concentrations Wp. In region I, the nanoparticles are distributed into
the large-length-scale layer and two small-length-scale layers in a repeat
unit. In region II, the nanoparticles are distributed into the large-length-
scale layer and one small-length-scale layer. In region III, the
nanoparticles only exist in the large-length-scale lamella.

particles into the large-length-scale lamella (Figure 4a) or by
decreasing the number of small-length-scale layers to reduce
the lodged volume fraction of particles in small-length-scale
layers (Figure 4b). As a result, the particles in small-length-
scale layers and the number of small-length-scale layers change
with increasing nanoparticle radius or concentration.

To qualitatively understand the dependence of nanoparticle
distribution in linear-alternating copolymers on the particle size
and particle concentration, we carried out several simulations
for various particle radii and particle volume fractions. The
results of these simulations are summarized into a phase diagram
as shown in Figure 5. As can be seen, the nanoparticles are
distributed in one thick layer and two thin layers when the
nanoparticle radius and concentration are small (region I). As
the particle radius and concentration increase, the number of
thin layers in a repeat unit becomes three due to the entropic
penalty associated with the stretching of A blocks of (B-b-A)s
multiblocks and the nanoparticles are distributed into one thick
layer and one thin layer (region II). In particular, when the size

Notes 1413

of nanoparticles is large enough, the nanoparticles are only found
in the large-length-scale lamella (region III). It was recently
reported that nanoparticles can induce transitions between
various phases formed by parent block copolymers.>*”** For
example, Kramer et al. reported that the presence of nanopar-
ticles can force the lamellar phase of diblock copolymer into
cylindrical phase.** For the linear-alternating copolymers con-
sidered in the present work, when the architectures of copoly-
mers (e.g., the volume fraction of A block and asymmetry of
multiblock) change, other complex hierarchical structures such
as cylinder-within-lamella and lamella-within-cylinder might be
formed. Under such circumstances, the nanoparticles may induce
phase transitions between these different phases as reported in
literature, and more complicated phase behaviors can be
exhibited.

For the well-studied diblock copolymer/nanoparticle mix-
ture,>'® the microphase separation of diblock copolymers can
only form the one-length-scale ordered structures, which direct
the spatial distribution of nanoparticles. As shown above,
replacing the diblock copolymers with the linear-alternating
copolymers creates a multiple-length-scale particle distribution
within the structure-in-structure domain. The system is hierar-
chically ordered nanocomposite as a result of the self-directed
assembly of nanoparticle and linear-alternating copolymer
mixture. If the particles exhibit unique properties, each scale
layer can contribute a distinct function to yield an integrated
and multifunctional material like the natural organic/inorganic
composites of bone and abalone nacre.

In summary, we report here an example of hierarchical
ordered nanocomposites, which is generated by self-directed
assembly of nanoparticle and linear-alternating copolymer
mixture. Depending on the nanoparticle concentration and
nanoparticle radius, the nanoparticles are distributed in the
different length scale lamellas. The results may provide a useful
guide for fabricating functional nanocomposites in the field of
material design and understanding the hierarchical self-assembly
behavior in nature. The approach is also helpful for understand-
ing the hierarchical distribution of nanoparticles in other
architecture copolymers, such as the comb-shaped supramol-
ecules, which can form the more complicated lamellar-within-
cylindrical, cylindrical-within-lamellar structures.
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