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elf-assembly is the promising means

for designing and controlling assem-

bly of nanoparticles into highly or-
dered structures for applications of biosen-
sors, energy storage, and electronic
devices.!* Soft matter such as block co-
polymers can form various ordered struc-
tures, such as lamellae, cylinders, and
spheres, providing a template for nanopar-
ticle distribution.>~° Connecting coil poly-
mer tethers to the nanoparticles provides
an alternative opportunity for creating
nanoparticle/polymer assembly with en-
hanced properties. By designing the archi-
tecture of molecules, the polymer tethered
nanoparticle can produce novel complex
self-assembled nanostructures. The overall
morphology is affected not only by the
asymmetry of the molecule architecture
but also by the size and shape of the
nanoparticle.’®'! Due to the complexity of
these polymer tethered nanoparticle sys-
tems, understanding the phase behavior of
the polymer tethered nanoparticle presents
a challenge.

To control nanoparticle assembly for de-
signing new nanomaterials, the phase be-
haviors of various typical polymer tethered
nanoparticles were investigated by re-
searchers. In practice, inorganic and metal
nanoparticles (e.g., Si, Au, Ag, CdTe, etc.) are
utilized to be connected with various types
of polymer tethers. For example, polysty-
rene attached gold nanoparticles can self-
assemble into hexagonally packed ordered
structure with tenability of the optical prop-
erties.'? In addition, organic nanoparticles,
for instance, polyhedral oligmeric silsesqui-
oxane (POSS) molecules, have been pre-
pared as a class of cubic-shaped nanobuild-
ing blocks which can also be used to
construct advanced nanomaterials.'>'
Drazkowski et al. prepared a sample of
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ABSTRACT Combining the self-consistent field theory (SCFT) and the density functional theory (DFT), we

investigated the self-assembly behavior of AB diblock copolymer tethered single spherical particle P (ABP

molecules). Two cases were studied: one is where the particles are chemically neutral to both A and B blocks,

and the other is where the particles are unfavorable to neither of the two blocks. For neutral particles, the ABP

molecules self-assemble to typical equilibrium microstructures, such as lamellae and cylinders. The P particles are

localized in B block domains, and the size of particles can influence the phase behavior. For unfavorable particles,

the ABP molecules microphase separate to form distinct ordered structures. Hierarchical structures, such as

cylinders with cylinders at the interfaces and lamellae with cylinders at the interfaces, were observed. These

resulting hierarchical structures are mainly determined by two parameters: A block fraction f, and particle size

Rp. On the basis of the calculation results, phase diagrams were constructed.

KEYWORDS: self-assembly - hierarchical structures -

copolymer - self-consistent field theory

styrene—butadiene—styrene triblock co-
polymer tethered with isobutyl-substituted
POSS.™ It was found that the self-assembly
of the copolymer can be tuned by the nano-
particles. Inversely, the self-assembly of the
copolymer can also direct the spatial distri-
bution of the nanoparticles in the polymer
matrix.

Although there are many experimental
studies of polymer tethered nanoparticle
assemblies in the literature, limited theoreti-
cal approaches are available, which can of-
fer a comprehensive, predictable, and gen-
erally applicable scheme. Several theoretical
and simulation tools, such as molecular
Brownian dynamics,'®'” Monte Carlo,'® dis-
sipative particle dynamics,’®~?' and self-
consistent field theory,?2~3' have been used
to study the self-assembled structures of
tethered nanoparticles. Glotzer et al. utilized
molecular Brownian dynamics simulation
to investigate the self-assembly of
monotethered nanospheres, nanorods,
nanocubes, and nanodisks.'%632734 A vari-
ety of nanostructures including lamellae,
perforated lamellae, icosahedral, and
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hexagonal packed cylinders were observed. These or-
dered morphologies depend on many factors, such as
particle size, volume fraction, tether chemistry, and in-
termolecular interactions. Theoretically, Schweizer et al.
generalized a microscopic polymer reference interac-
tion site model theory to study self-assembly behaviors
of dense solutions or melts of spherical nanoparticles
carrying different numbers of coil tethered chains3>3¢
It was found that the interplay of entropic and enthal-
pic effects results in different real-space structural ar-
rangements. Despite these simulation and theoretical
studies, much of the space of complex assemblies of
polymer tethered nanoparticles still remains
unexplored.

The real-space self-consistent field theory (SCFT) is
a powerful technique for discovering the structures of
complex architecture copolymers both in bulk and in
solution.’~%3 In the real-space SCFT, a prior assumption
about the asymmetry is not necessary. This method is
found to be an efficient way to tackle the problem that
the structure is unknown prior. Combining a self-
consistent field theory (SCFT) for a polymer with a den-
sity functional theory (DFT) for particles, it is suitable
to explore the self-assembly behavior of the polymer/
nanoparticle systems.*## Balazs et al. first developed
this model (combination of SCFT and DFT) to investi-
gate the phase behavior of mixtures of nanoparticle
and diblock copolymers.*4” They also first extended
the SCFT/DFT method to study a system of “tadpole”
copolymers with spherical nanoparticle headgroup and
a flexible polymer tail (AB tadpole).*® It was found that
AB tadpoles with nearly equal composition (55% A
block and 45% B particle) can self-assemble into a hex-
agonally close-packed cylinder rather than alternating
lamellae formed by AB diblock copolymers with the
corresponding composition. The period is smaller in
the tadpole system due to the steric interactions and
packing constraints. Experimental studies confirmed
that the “SCFT/DFT” prediction is very
successful.#6~%® We utilized SCFT/DFT methodology
to investigate the self-assembly behavior of the
block copolymer/nanoparticle mixture in solution
and alternating block copolymer/nanoparticle mix-
ture in bulk.* The mixtures were found to be able
to self-associate into various nanostructures with
controllable size and morphology. So far, only lim-
ited studies of polymer tethered nanoparticles are
available, and many issues remain to be solved.

Motivated by these successful SCFT/DFT predictions
mentioned above and unsolved problems remaining
in the self-assembly of polymer tethered nanoparticles,
we carried out a systematic investigation of the phase
behavior of AB diblock copolymer tethered single nano-
particle P with different chemical compatibility by us-
ing the SCFT/DFT method.
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RESULTS AND DISCUSSION

In the present work, we assume that the system is in-
compressible with a total volume V, which contains n
ABP macromolecules. Each molecule consists of an AB
diblock copolymer chain which is attached to a spheri-
cal hard particle P with radius Rp. The variable f denotes
the volume fraction of the AB diblock copolymer chain,
and f, is the fraction of A block within the diblock
copolymer.

To simplify the studies, the interaction strength be-
tween A and B blocks is fixed to be xxpN = 30.0. The P
particles are chosen to be nonselective to A and B
blocks, that is, xapN = xgpN. Two types of tethered nano-
particles are studied here: (1) particles are neutral to
both A and B blocks, where the interaction parameters
are set to be xapN = xgpN = 0.0; and (2) particles are un-
favorable to both A and B blocks, where the interac-
tion parameters are xapN = xgpN = 30.0.

Neutral Particles. In this subsection, we studied the
equilibrium microstructures self-assembled from the
ABP macromolecules at xapN = xspN = 0.0. In this case,
typical equilibrium morphologies, such as lamella (L)
and cylinder (C), are observed. Figure 1 shows the ob-
tained results of ABP macromolecules with neutral teth-
ered particles at different values of fa. The size of par-
ticles is fixed at Re/Ry = 0.33. When the A block volume
fraction f is 0.35, the ABP macromolecules self-
assemble into the hexagonally packed cylindrical micro-
structure, as shown in Figure 1a. When f, becomes
0.65, the lamellar structure is formed instead, which is
shown in Figure 1b. To further understand the detailed
structures, we plot the one-dimensional density profiles
respectively for the A blocks, B blocks, and tethered P
naoparticles. As can be seen from one-dimensional den-
sity profiles for cylinders in Figure 1c and lamellae in
Figure 1d, the particles are mainly localized in the B do-
mains, despite their nonselective particle—polymer in-
teraction. This result implies that the nanoparticles act
as one portion of B blocks.

The reason that the nonselective nanoparticles are
confined in B domains rather than distributed uni-
formly over both A and B domains arises from the inter-
play of enthalpic and entropic effects. If nanoparticles
are uniformly distributed in both A and B domains, the
B segments are forced to be located in immiscible A do-
mains owing to the chain connection between par-
ticles and the end of B blocks. Thus, the interaction en-
ergy between A and B blocks increases. To prove this
argument being correct, the free-energy contributions
of microstructures with nanoparticles in the B domain
and uniformly distributed in A and B domains were cal-
culated. The total free energy is decomposed into inter-
action energy U and contribution of conformational en-
tropy —TS. The results are presented in Table 1. As can
be seen, the interaction energy is lower but the loss of
conformational entropy of ABP macromolecules is
greater in the case of nanoparticles in the B domain
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Figure 1. Nanoparticle density profiles from SCFT/DFT for ABP macromolecules with xagN = 30.0, xapN = xgpN = 0.0, and
Re/Ry = 0.33 at different values of f,: (a) 0.35 and (b) 0.65. Red represents high local volume fraction of particles, while blue in-
dicates low local volume fraction of particles. One-dimensional density profiles of blocks A, blocks B, and nanoparticles P
are shown in (c) and (d) correspondingly. The insets of (c) and (d) show the spatial coordinate z in units of domain spacing

D marked with an arrow.

relative to the corresponding values for the case of
nanoparticles uniformly distributed in A and B domains.
Although the entropic loss is lower in uniformly distrib-
uted particle systems, it is not enough to compensate
the increase in interaction enthalpy. As a result, nano-
particles are preferable to be localized in B domains due
to the lower total free energy.

Summarizing the simulation results for the neutral
tethered nanoparticles with Re/Ry = 0.33 at various val-
ues of interaction strength and A block volume frac-
tion, we plot the phase diagram in xasN—f, space. The
phase diagram is illustrated in Figure 2. Each point in
the phase diagram corresponds to a simulation result,
and lines are drawn to identify the resulting phase
boundaries. The phase diagram contains four character-
istic zones: disorder state (Dis), hexagonally packed cyl-
inders occupied by A blocks (Ca), hexagonally packed
cylinders occupied by B blocks (Cg), and lamellae (L).
The C, structures are found to exist in a wider range of
the diagram. Meanwhile, the region representing the Cg

TABLE 1. Comparison of Total Free Energy F, Interaction
Energy U, and Contribution of Conformational Entropy
—TS of ABP Macromolecuels for the Localization of
Nanoparticles in B Block Domains and Uniformly over A
and B Block Domains at xNxg = 30.0, XNap = xNgp = 0.0
and fy, = 0.65

nanopartides distributed uniformly over
A and B block domains

nanoparticles localized in
B block domains

F 3.505 3.870
2319 3.418
=TS 1.186 0.452
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structures is relatively narrower. According to the analy-
sis of energy contribution, which is mentioned above,
the nanoparticles always prefer the B domains. The
lamellae prefer to be formed at large values of f5. For ex-
ample, when xasN = 20, L is observed at fo = 0.6 while
C, is formed at f, = 0.4, as shown in Figure 2. It is also
noted that this phase diagram is not symmetrical about
fa = 0.5.

We further studied the effect of nanoparticle size
on the phase behaviors. The results are summarized
into a phase diagram in the space of Rp/R;—fa, as shown
in Figure 3. In the phase diagram, the region of or-

32

28

24

ZasN

20

Figure 2. Phase diagram in xasN—f4 space for ABP macro-
molecules with xapN = xgsN = 0.0 and Re/Ry = 0.33. Dis la-
bels the regions where the melt is disordered. The ordered
regions include C, (cylinder domains formed by A blocks),
Lam (lamellae), and Cg (cylinder domains formed by B
blocks). In this diagram, the phase boundaries are drawn to
guide the eye based on the calculated points.
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Figure 3. Phase diagram in Rp/Ry—f, space for ABP macro-
molecules with xasN = 30.0 and xapN = xpN = 0.0. Labels
appear as in Figure 2.

dered phase becomes narrow as Re/R4 increases. In ad-
dition, an increase in value of Re/Ry shrinks the phase re-
gions of Cu, L, and Cg, where the phase boundaries of
order—order transitions shift toward larger f, values
when fy < 0.5 and lower f values when fy > 0.5. The
stable ordered phase of C,, where the B blocks form the
majority domains, is broader than those of reverse
phase Cg. These results indicate that the nanoparticle
size has a profound effect on the self-assembled nano-
structures in this ABP macromolecule system.

It is difficult to make a quantitative comparison be-
tween the theoretical predications and experimental ob-
servations due to few experiments on AB copolymer teth-
ered nanoparticles in the literature. However, we can
qualitatively compare the calculation results with some
existing experimental studies on the systems of copoly-
mer tethered nanoparticles. For example, Drazkowski et
al. investigated the self-assembly of the triblock
polystyrene—butadiene —polystyrene (SBS) copolymer
tethered with isobutyl-substituted polyhedral oligomeric
silsesquioxane (POSS) molecules.' It was found that the
SBS-POSS macromolecules can form the lamellar or cylin-
drical nanostructures. The POSS is confined within the po-
lybutadiene domain. Furthermore, with an increase in
POSS content at fixed polymer content, phase transition
from lamella to cylinder takes place for the tethered SBS
copolymer. In our simulations, lamellar and cylindrical
structures are observed. In both nanostructures, the neu-
tral tethered nanoparticles, which can be regarded as
POSS, are confined in block B domains (as shown in Fig-
ure 1¢,d). In addition, we found a transition from lamella
to cylinder with the increase of nanoparticles radius Re/R,,
as shown in Figure 3. The increase in Rp/Rq can be re-
garded as an increase in POSS content. Such kinds of
phase behaviors (i.e., localization of nanoparticles in one
block domains and lamella — cylinder transition induced
by increase in Rp/R;) are consistent with the experimen-
tal observations.

Unfavorable Particles. In this subsection, the nanoparti-
cles are chosen to be chemically unfavorable to both A
and B blocks. Under such circumstance, the interaction

A“t%\&) VOL.4 = NO.9 = ZHU ET AL.

strengths between the P particles and the A and B
blocks are set as xapN = xgeN = 30.0.

Figure 4 shows the equilibrium morphologies ob-
tained for ABP macromolecules with various values of
fa at Re/Ry = 0.4. The green, blue, and red colors repre-
sent the domains rich in P particles, A blocks, and B
blocks, respectively. When f, = 0.2, as shown in Figure
43, a hexagonally packed cylindrical phase (Cp) is ob-
served. In such a microstructure, the hexagonally
packed cylindrical nanoparticle domains are isolated in
the matrix formed by A and B blocks (blocks A and B are
mixed). The AB tethers behave much like homopoly-
mer tails, and the A and B blocks are not microphase-
separated. The phase behavior of such ABP macromol-
ecules shows similarity to that of AB tadpoles.*®
However, at the intermediate value of A block volume
fractions, A and B blocks become phase-separated,
thereby producing a series of complex structures which
are not observed in the AB tadpole system. These struc-
tures exhibit hierarchical characteristics and have two
different periods related to the two intrinsic length
scales. Taking Figure 4b as an example, hierarchically or-
dered structures are formed from the ABP macromol-
ecules when f, = 0.4. The A blocks and BP blocks sepa-
rate to form the hexagonally packed cylindrical patterns
as the large-length-scale structure, and the nanoparti-
cles form the squarely arranged cylindrical domains
within the B block domains as the small-length-scale
structure. We refer to such hierarchical structure as cyl-
inders with nanoparticle cylinders at the interfaces (Cp-
in-C). Furthermore, when f, = 0.6, alternating lamellar
structures (large-length-scale period) are formed from
the separation of A blocks and BP blocks, and the nano-
particles form the cylinders (small-length-scale period)
at the interfaces (Figure 4c). When f, = 0.8, lamellar
structures (large-length-scale period) can be formed
but with the cylinders of nanoparticles at the interior
of B domains (small-length-scale period), as shown in
Figure 4d. We define these structures as lamellae with
nanoparticle cylinders at the interfaces (Cp-in-L') and
lamellae with nanoparticle cylinders inside a domain
(Cp-in-LM), respectively. When f, = 0.9, the Cp phases are
found again, as shown in Figure 4e. In this microstruc-
ture, the hexagonally packed cylindrical nanoparticle
domains are formed and the matrix consists of mixed
blocks A and B. From the above results, it can be seen
that, when the composition of A block is comparable to
that of B block, the A and B blocks are phase-separated.
Hierarchical ordered nanostructures appear. These
nanostructures are different from those formed by AB
tadpoles.®® Such differences originate from the molecu-
lar architecture and chemical compatibility. Regarding
all of the hierarchical structures, the large-length-scale
assembly is attributed to phase separation between A
blocks and BP blocks and the small-length-scale order-
ing is driven by the segregation between P nanoparti-
cles and B blocks.
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Figure 4. Ordered nanostructures self-assembled from ABP macromolecules with various A block volume fractions: (a) cyl-
inders whose minority domains are occupied by nanoparticles (Cp), fa = 0.2; (b) cylinders with nanoparticle cylinders at the in-
terfaces (Cp-in-C), f, = 0.4; (c) lamellae with nanoparticle cylinders at the interfaces (Cp-in-L"), f, = 0.6; (d) lamellae with nano-
particle cylinders inside the domain (Cp-in-L"), fo = 0.8; () cylinders (Cp), fa = 0.9. The parameters are Rp/Ry = 0.4 and the
Flory—Huggins interaction parameters xasN = xapN = xgpN = 30.0. The blue, red, and green colors are assigned to A blocks,

B blocks, and P particles, respectively.

The nanoparticle size is another impact factor which
influences the resulting morphologies. For the ABP
macromolecules containing small nanoparticles, the
microphase separation between P nanoparticles and
AB copolymer tethers does not occur. The P particles
act as a part of B blocks. When the particles become
larger, cylinders formed by nanoparticles can be ob-
served at the fixed values of the A block volume frac-
tion. We take the structure formed at f, = 0.8 as an ex-
ample to illustrate the effect of particle size on the
phase behavior of the ABP macromolecules. In Figure
5, two-dimensional density profiles are plotted. The
blue, red, and green colors denote the domains formed
by A blocks, B blocks, and P nanoparticles, respec-
tively. With increased particles radius, various types of
morphologies can be observed as follows: hexagonally
arranged cylindrical Cg phase at Rp/Ry = 0.33 (Figure
5a1), hierarchical structure Cp-in-L" at Rp/Ry = 0.4 (Fig-
ure 5b1), and hexagonally arranged cylindrical Cp phase
at Re/Ry = 0.42 (Figure 5c1). To further understand the
detailed structure, we plot the one-dimensional density
profiles of the A blocks (dba), B blocks (dg), P particles
(dbp), and particle centers (pp) for corresponding struc-
tures, respectively, as shown in Figure 5a2—c2. In Fig-
ure 5a2, the profiles ¢g and ¢p show that the density
distribution of particles is in the B block domains. This

www.acsnano.org

indicates that the small tethered particles are mixed
with B blocks. The particles are forced near the AB inter-
face as indicated by the particle center distribution pe.
In Figure 5b2, the cylindrical domains occupied by the
nanoparticles emerge and the A and B blocks form the
polymer matrix. With increased Re/Rq, the nanoparticle
cylinders are still available and the polymer matrixes are
occupied mainly by the A blocks, as can be seen in Fig-
ure 5c2. In both Figure 5b2,c2, the particle center pro-
file pp reveals that the particles are localized at the cen-
ter of cylindrical domains.

As shown in Figure 5, the hierarchical nanostruc-
tures formed by ABP macromolecules show a peculiar
feature that the large tethered nanoparticles have a
preference to aggregate to form the cylindrical do-
mains. To demonstrate this process, a cartoon is pre-
sented in Figure 6. The blue, red, and green regions de-
note the A block domains, B block domains, and P
particle domains, respectively. The possible molecule
organizations, based on SCFT calculations, in these
nanostructures are presented. The blue lines, red lines,
and green spheres, respectively, represent the A blocks,
B blocks, and P particles. When the tethered nanoparti-
cles are small, for example, at f4 = 0.8, the hexagonally
packed cylindrical structures are observed, as shown in
Figure 6a. The cylindrical domains are occupied by the B
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Figure 5. Various types of morphologies formed by ABP macromolecules at fixed A block volume fraction fy = 0.8 with
various particle radius: (a1) hexagonally arranged cylindrical Cs phase at Rp/Ry = 0.33; (b1) hierarchical structure Cp-in-L" at
Re/Rq = 0.4; (c1) hexagonally arranged cylindrical C, phase at Rp/R; = 0.42. Correspondingly, one-dimensional density pro-
files of A blocks (¢ba), B blocks (dg), particles P (dp), and particle centers (pp) are given in a2—c2, respectively.

blocks and P particles, while A blocks form the matrix. designing and creating advanced functional materials.
The phase separation of AB copolymer tethers directs ~ With further increase in Rp/Ry, the structure Cp-in-L"

the distribution of P nanoparticles into the polymeric transforms into structure Cp, as shown in Figure 6c.
matrix. The P particles and B blocks are confined in the On the basis of the calculations, we constructed the
same cylindrical domains due to the connection of P phase diagram in Re/Ry—fa space, which is shown in Fig-

particles with the B blocks. As particles become larger,  ure 7. Eight characteristic zones are included: disorder
the interaction between particles and polymeric tethers  phase, Ca, Cg, Cp, Lam, Cp-in-C, Cp-in-L', and Cp-in-L".
becomes dominate and consequently Cp-in-L" struc- When the value of Rp/R is smaller, the phase transition
ture appears (Figure 6b). If the polymer chain tethers is viewed from Dis— C, — Lam — Cg — Dis as the vol-
an inorganic nanoparticle, an inorganic/organic hybrid ~ ume fraction f, increases. When the value of Rp/Ry is
hierarchical nanostructure thus can be obtained. Such greater, complex ordered structures emerge as the se-
kind of hybrid structure is an interesting finding in the  quence of C; — Cp-in-C — Cp-in-L' — Cp-in-L" — Cp with
present work, which may find important applications in  increasing f4 value. In this transition, the large-length-

Cs Cp-in-L" Cr

Increase in Increase in
= > (—p
RAlIR, RelIR,

Small-Length-Scale

| Large-Length-Scale |

(a) (b) (c)

Figure 6. Schematic illustrations of (a) cylinder phase Cg, (b) hierarchical structure Cp-in-L", and (c) cylindrical phase Cp. The
blue, red, and green regions, respectively, represent A block domains, B block domains, and nanoparticle P domains. The
blue lines, red lines, and green spheres denote the A blocks, B blocks, and P nanoparticles, respectively.
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Figure 7. Phase diagram in Rp/Ry—f, space for ABP macro-
molecules with the interaction parameters xagN = xapN =
xseN = 30.0. Dis labels the regions where the melt is disor-
dered. The ordered regions include C, (cylinders with minor-
ity domains formed by A blocks), Lam (lamellae), Cg (cylin-
ders with minority domains formed by B blocks), Cp
(cylinders with minority domains occupied nanoparticles),
Cp-in-C (cylinders with cylinders at the interfaces), Cp-in-L'
(lamellae with cylinders at the interfaces), and Cp-in-L"
(lamellae with cylinders inside the domain). In this diagram,
the phase boundaries are drawn to guide the eye based on
the calculated points.

scale structure transforms from cylinder to lamella,
then to cylinder, while the small-length-scale structure
does correspondingly.

Some experimental evidence is available in the lit-
erature,®® supporting our simulation results that poly-
mer tethered nanoparticles can self-assemble into or-
dered structures and the phase behavior can be
controlled by the particles size or content. Yockell-

(a)

(d)

Leliévre et al. connected the thiol end functionalized
polystyrene chains to the gold nanoparticles via a two-
step grafting-to method.'? The resulting polymer teth-
ered Au naoparticles self-organized into hexagonally or-
dered structure where the Au nanoparticle domains
are distributed in the polymeric matrix of PS chains.
Order—disorder transition in the studied samples oc-
curs when the gold content becomes lower than ap-
proximately 0.5 vol %. Qualitatively compared with our
SCFT calculations, hexagonally arranged nanoparticle
arrays are observed (Figure 4a). This is in agreement
with the experimental observations reported by
Yockell-Lelievre et al. The disordered morphology ap-
pears when the size of nanoparticles (associated with
the volume fraction of particles) decreases, as shown in
the phase diagram (Figure 7). The general features of
the experiments are reproduced by our SCFT simula-
tions, although several complex structures presented
here are not observed in the experiments.

The above calculations were performed in a 2D lat-
tice for solving the SCFT/DFT equations. With respect
to 2D calculations, the 3D calculation may provide more
detailed information regarding the nanostructures de-
spite its computational difficulties. To have a deep in-
sight into the ordered nanostructures, we carried out
some 3D calculations on the present systems. All of the
ordered nanostructures observed in the 2D calcula-
tions were reproduced in 3D space when the particle

Quasi-FCC Structure of P Particle Domains

Figure 8. Three-dimensional density profiles of nanoparitles for Rp/Ry = 0.45 at different values of fj: (a,b) cubic arrange-
ments at fy = 0.26; (c,d) quasi-fcc structure at f, = 0.6. The enlarged domains show the unit cell of the cubic and quasi-fcc
structures, respectively. The polymer tethers are not shown for clarity.
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size Re/Rq ranges from 0.32 to 0.43. The phase diagram
obtained from 2D and 3D calculations is similar. How-
ever, we found that ABP molecules can self-assemble
into a more diverse array of P particle domains for much
larger particles (e.g., Re/Ry = 0.45). Figure 8 shows the
density profiles for ABP macromolecules with larger
particle size and different f. The profiles are presented
in two different angles. When the composition of A
blocks is smaller (fy = 0.26), the spherical domains
formed by P particles arranged cubically, as shown in
Figure 8a,b (the polymer tethers, which are not phase-
separated, occupy the space around the P particle do-
mains). When fy = 0.6, as shown in Figure 8c,d, AB poly-
meric tethers phase-separate to form the alternating
lamellar phase, which exists like that shown in Figure
4c (it is not presented again in Figure 8). The spherical
domains formed by P are packed in a sheet form within
the lamellar plane formed by B blocks, constructing
the large-length-scale structure, while in the small-length-
scale, the P particle domains are arranged hexagonally.
Regarding the arrangements of the P particle domains in
the whole structure, they assume a fcc packing motif, as
clearly viewed from the enlarged cell in Figure 8d. How-
ever, the fcc lattice cell is elongated along the direction
normal to the plane of lamellae because of the asymmet-
ric filling of AB polymeric tethers. Therefore, in a more ap-
propriate representation, this lattice cell is a quasi-fcc
rather than a perfect fcc. In the case of sufficiently small
nanoparticles, the AB diblock copolymer tethers domi-
nate the trend of phase transition, which behave like a
pure diblock copolymer system. BCC, cylinder, lamella,
and other structures can be formed with nanoparticles
distributed in the polymeric domains.

In this work, we found that ABP macromolecules
can self-assemble into ordered hierarchical nanostruc-
tures. If the tethered nanoparticles are inorganic, or-
ganic/inorganic hybrid hierarchal nanostructures can
be obtained. Compared with the bulk copolymer sys-
tem, such hybrid materials of copolymers and nanopar-
ticles may significantly improve their mechanical, elec-
tronic, and photonic properties. The hierarchal structure
may exhibit unique properties. As shown above, the or-
ganic polymeric A blocks and BP blocks self-assemble
into the large-length-scale ordered structure, while in-

METHODS

To simulate the self-assembly behavior of the ABP macromol-
ecules, we use the SCFT/DFT technique developed by Lee et al.,*®
which is appropriate for investigating the phase behaviors of
the polymer grafted nanoparticles. The integrated SCFT/DFT ap-
proach identifies intriguing self-assembly morphologies of the
diblock copolymers tethered nanoparticles. A powerful feature
of this method is that a priori assumption about the morphology
and the distribution of particles is not necessary.

In the framework of the SCFT/DFT approach, the free en-
ergy F (in units of kgT) for per ABP macromolecule is given by*®48
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organic nanoparticles and B blocks form the small-
length-scale ordered structure. Each scale structure
can contribute a distinct function to yield an integrated
and multifunctional material like the natural organic/
inorganic composites of bone and abalone nacre. A
challenge for further studies is to create more compli-
cated hierarchically ordered nanocomposites inspired
by the biological systems.>! The results obtained from
the present work provide a promising strategy for pro-
ducing a wide range of nanoscale structures, which can
be of practical significance for applications in biomate-
rials and advanced functional materials.

CONCLUSIONS

In summary, we applied the SCFT/DFT method to
study the phase behavior of ABP macromolecules,
which are formed by attaching a flexible diblock copoly-
mer chain to a nanoscopic spherical particle. For the
chemically neutral nanoparticles, microphase separa-
tion of AB copolymer tethers directs the nanoparticle
self-assembly into the ordered nanostructures. For the
unlikable nanoparticles, ordered hierarchical structures
are observed, such as cylinders with cylinders at the in-
terfaces (Cp-in-C), lamellae with cylinders at the inter-
faces (Cp-in-L"), and lamellae with cylinders inside a do-
main (Cp-in-L"). In these nanostructures, the large-
length-scale structures are produced by the phase
separation between the A blocks and BP blocks,
whereas the small-length-scale structures are formed
by the nanoparticles and B blocks. For both cases, the
A block volume fraction f, and the size of nanoparticles
Re/Rq affect the phase behaviors of ABP macromol-
ecules significantly. We present the phase diagram in
the parameter space of Rp/Ry—fa to show the relations
between the resulting structures and these parameters.
In addition, we found cubic arrays and quasi-fcc struc-
tures of P particle domains when 3D calculations were
applied. For the hierarchical structures formed by ABP
macromolecules, when the connected particles are in-
organic nanoparticles, organic/inorganic hybrid hierar-
chical nanostructures can be obtained. The findings
gained through the present work may find important
applications in designing and creating advanced func-
tional materials and biomaterials.

1
F= —|n(§) 3 TN, (8g(e) + 2N Opele) +
YepNPg(O)Pp(r) — WANPA(r) — 05(NPg(r) — 0p(r)pp()—EM(T —
Gal) — da(r) — Bp(N) + Pp(E)Ps(Bp()] (1)

Here, da(r), dg(r), and bp(r) are the local volume fractions of
A block, B block, and P particle, respectively; &(r) is a Lagrange
multiplier field invoked by the compressibility condition. x; (i, j
= A, B, P) characterizes the interaction between species i and j;
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pe(r) is the particle center distribution. The local particle volume
fraction ¢p(r) is given by

_1-f
VR

op(1) f| 1 AP 1) %)

Q is the partition function for a single ABP macromolecule chain
given by

Q= f drqlr, s)q'(r, s) €)

subjects to the effective chemical potential fields wa(r), wg(r),
and wp(r). The contour length s increases continuously from 0
to fas the segment changes from one end to the other. The spa-
tial coordinate r is in units of Ry; g(r,s) is the propagator repre-
senting the probabilities of finding segments s at position r,
which satisfies the modified diffusion equations:

0 < s<fpf
fif <s<f
4

W,(r)

—_— = 27 N | =
q(r,s) = (V- — or)q(r,s) wr) {mB(r)

subject to the initial condition g(r,0) = 1. The backward propa-
gator g'(r,s) satisfies eq 4, subject to the initial condition g*(r,) =
JdAexp(—wp(r + Rpi)), where the unit vector i is introduced to
indicate the direction between the end of the coil polymer
tether, which is attached to the surface of the particle, and the
center of the nanoparticle P. The last term of eq 1 describes the
steric energy of the particles according to Carnahan—Starling
function®2°3

_ax -3¢

)
(1 —x?

Prs(x)

with the weighted nonlocal volume fraction &p(r) of particles

ﬁ 1o, PR D) ©)

where vy is the volume of a sphere with radius 2Rp.

Minimizing the free energy of eq 1 with respect to wa(r),
wg(r), wp(r), dalr), dba(r), pe(r), and &(r) can lead to the following
mean-field equations:

ép(r)= 1-f

VR

Vo pfaf
o0 =5 j; dsq(r, 5)g'(r, s) %
V f
90 = 5 ff  dsale,)q'(r9) ®)
polr) = gexp(—wp(r)) [ dglr + Ry, ©)

OAR) = YpgNg(r) + xapNepp(r) + E(r) (10)

Wg(r) = YagN@A(r) + %gpNp(r) + E(r) (11)

- 1—f L =
Wp(r) = Pys(p(r) + —— j;r .‘dRPdr Pp(r' )y (gp(r'+r))

VR
1—f , . . :
" f| 1o, SV DUENGAE" 1) ggNgg(e' 1) + Elr' )]
(12)
where
dys(x)
Vi) = =5
Dalr) £ Pp(r) + Pp(r) =1 (13)

To numerically solve the SCFT equations, we implemented
the combinatorial screening technique developed by Drolet
and Fredrickson.?” The calculation starts from the initial random
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density fields ¢a(r) and ¢g(r), which satisfy the Gaussian distribu-
tion. According to the strategy adopted by Balazs et al., the ini-
tial distribution of particle centers is uniform, which allows us to
find ¢p(r) and dp(r) from egs 2 and 6. The initial fields wa(r), ws(r),
and wp(r) are calculated by eqs 10— 12 (the initial incompressibil-
ity field £(r) is set to be zero). The propagators q(r.s) and g'(r.s)
can be obtained with the A and B fields and together with the
particle field, and the single chain partition function Q can be
found from eq 3. Next, the volume fractions are evaluated by eqs
2 and 7—9. To ensure the incompressibility of the system, the ef-
fective pressure field &(r) is obtained by solving eqs 10, 11, and
13. Finally, the fields wa(r), ws(r), wp(r), and &(r) are updated by
means of a two-step Anderson mixing scheme.>*>> The simula-
tions were carried out until the free energy difference between
two iterations is smaller than 107> and the incompressibility con-
dition was achieved. In calculations, the simulations were mainly
performed in two dimensions on a 128 X 128 lattice with peri-
odic boundary conditions. To have a deep insight into the nano-
structures, we also performed several calculations in three di-
mensions (48 X 48 X 48 lattice). To ensure that the observed
morphologies are stable, we minimize our free energy with re-
spect to the size of the simulation box, as proposed by Bohbot-
Ravivv and Wang.*®
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