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We perform molecular simulations to study the self-assembly of block copolymer tethered cubic
nanoparticles. Minimal models of the tethered nanoscale building blocks �NBBs� are utilized to
explore the structures arising from self-assembly. We demonstrate that attaching a rigid nanocube to
a diblock copolymer affects the typical equilibrium morphologies exhibited by the pure copolymer.
Lamellar and cylindrical phases are observed in both systems but not at the corresponding relative
copolymer tether block fractions. The effect of nanoparticle geometry on phase behavior is
investigated by comparing the self-assembled structures formed by the tethered NBBs with those of
their linear ABC triblock copolymer counterparts. The tethered nanocubes exhibit the conventional
triblock copolymer lamellar and cylindrical phases when the repulsive interactions between different
blocks are symmetric. The rigid and bulky nature of the cube induces interfacial curvature in the
tethered NBB phases compared to their linear ABC triblock copolymer counterparts. We compare
our results with those structures obtained from ABC diblock copolymer tethered nanospheres to
further elucidate the role of cubic nanoparticle geometry on self-assembly. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2241151�
I. INTRODUCTION

Self-assembly is a promising means for designing and
constructing precise nanostructures as precursors for materi-
als with diverse applications.1 Soft materials such as block
copolymers and surfactants can self-assemble into rich mor-
phologies, e.g., micellar, cylindrical, gyroid, and lamellar
structures, depending on molecular composition, the degree
of incompatibility between the blocks, and, in the case of
triblock and higher order multiblock copolymers, the se-
quence of the blocks in the copolymer. A wide variety of
nanoscale building blocks �NBBs�, including nanorods,2

nanocubes,3,4 and nanoplates,5 have been synthesized, and
functionalization of these NBBs with synthetic macromol-
ecules such as block copolymers provides new opportunities
for creating nanoparticle/polymer assemblies with novel or
enhanced properties. Advances in the syntheses of nanopar-
ticles with macromolecular tethers attached6 have motivated
investigations aimed at elucidating and understanding the
self-assembly principles for these objects.

Zhang et al.7 recently proposed a computer simulation
framework for modeling and predicting the self-assembly of
tethered NBBs into ordered structures.8–11 They demon-
strated that the thermodynamic immiscibility of the tethers
and rigid nanoparticles, arising from conditions where the
solvent is preferential for either one of those components,
can lead to highly ordered nanostructures reminiscent of the

a�Author to whom correspondence should be addressed. Electronic mail:

sglotzer@umich.edu

0021-9606/2006/125�6�/064905/9/$23.00 125, 0649
self-assembled phases observed in conventional block co-
polymer, surfactant, and liquid crystalline systems, as well as
new phases uncommon to these traditional soft matter sys-
tems.

Several detailed theoretical and simulation studies of the
self-assembled structures resulting from tethered NBBs com-
posed of various nanoparticle shapes attached to a single
polymeric chain have been undertaken. The structures have
been compared with those arising from self-assembly of their
linear block copolymer counterparts to gain insight on the
effect of nanoparticle geometry and molecular composition
on self-assembly. For example, Lee et al.12 used a combina-
tion of self-consistent field theory and density functional
theory to investigate the self-assembly in two dimensions of
“tadpole” molecules with a spherical nanoparticle head
group and either a homopolymer �AB tadpole� or diblock
copolymer �ABB tadpole� tail. They found that AB tadpoles
with composition 55% tail �A block� and 45% sphere �B
block� self-assemble into a hexagonally close-packed cylin-
der phase instead of a lamellar morphology that linear
diblock copolymer melts would exhibit with the same mo-
lecular composition. However, tadpoles with a diblock co-
polymer tail and composition 60% A and 40% B exhibit a
lamellar morphology. Iacovella et al.10 investigated the phase
behavior of similar AB monotethered nanospheres in three
dimensions via Brownian dynamics simulations. They ob-
served self-assembly of the NBBs into cubic micellar, hex-
agonal cylindrical, perforated lamellar, and lamellar phases,

as observed in conventional linear chain surfactant systems,
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depending on the nanosphere diameter, overall concentra-
tion, and temperature. Building blocks consisting of nano-
spheres with relatively small diameters exhibit a tendency to
assemble into sheetlike morphologies, while those with
larger nanospheres prefer to assemble into curved morpholo-
gies. Zhang et al.11 conducted a similar simulation study of
AB monotethered nanocube assemblies to model self-
assembly in tethered polyhedral oligomeric silsesquioxane
�POSS� systems at the mesoscale. They demonstrated that
the nanocubes have a propensity to assemble into lamellar
morphologies because of the cubic nanoparticle geometry.

Here we extend prior investigations of AB tethered NBB
self-assembly to that of diblock copolymer tethered nanopar-
ticles �ABC tethered NBBs� and compare these structures
with those formed by their linear ABC triblock counterparts.
This study is motivated by both the present capabilities to
synthesize these molecules,13,14 as well as previous studies
demonstrating that the morphological phase boundaries of
conventional block copolymer systems change when the
molecular architecture and conformation of the polymer coils
are varied.15 These latter studies focused on self-assembly
of polystrene-poly�benzyl ether� dendrimer-linear coil �PS-
dendr-PBE� diblock copolymers and reveal that differences
in the architecture and conformation between the linear PS
and dendritic PBE blocks induce shifts in the morphological
phase boundaries toward higher compositional fractions of
the linear block as compared to systems of linear diblock
copolymers. Hence, these findings suggest that a linear poly-
mer segment can be assembled into a lamellar morphology
when it is the major component, and are thereby useful in
designing self-assembling microphase-separated materials.
We wish to investigate similar principles for molecules
where a nanoparticle is introduced as one of the blocks in-
stead of a polymeric block with a nonlinear architecture.

Presented herein are Brownian dynamics simulations of
the self-assembly of a system of ABC diblock copolymer
tethered cubic NBBs �Fig. 1� into ordered nanostructures. We
investigate how attachment of the cubic nanoparticle to the
block copolymer influences the equilibrium assembled struc-
tures, and compare the results with the self-assembled micro-
structures observed in block copolymer and surfactant sys-
tems to gain further insight on the self-assembly behavior of
these systems. The monotethered nanocube can be regarded

FIG. 1. Schematic representations of the simulation models investigated.
Each NBB has a diblock copolymer tether attached to either a nanoparticle
or its linear chain counterpart. �a� ABC diblock copolymer tethered
nanocube. �b� ABC diblock copolymer tethered nanosphere. �c� Linear ABC
triblock copolymer.
as a minimal model representation of a POSS cube function-
alized with a diblock copolymer,14 although it is also an ap-
plicable representation of other small cubic nanoparticles,
such as platinum3 and gold and silver nanocubes,4 function-
alized on one corner with a block copolymer. The phases
exhibited by the tethered nanocubes are compared to those
formed by flexible coil ABC triblock copolymers and block
copolymer tethered nanospheres to assess the influence of
the cubic nanoparticle geometry on morphology as compared
to the linear and spherical counterparts, respectively. The
simulation approach is instructive for gaining an understand-
ing of the assembly process and as a guide to understanding
how parameters such as nanoparticle geometry can be ma-
nipulated to construct useful structures from self-assembly.

II. SIMULATION MODEL AND METHOD

Simplified minimal models of tethered nanocubes, teth-
ered nanospheres, and linear block copolymers in implicit
solvent are employed in the simulations. Figure 1 illustrates
the simulation models used here and further details are re-
ported elsewhere.7,8,10,11 To mimic immiscibility between dif-
ferent bead types, the interactions between them are specified
as follows. If the solvent is selectively poor for one type of
bead, then those beads interact via a truncated and shifted
Lennard-Jones �LJ� potential,16
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where rc=2.5� is the cutoff distance beyond which the LJ
interaction is set to zero and r is the distance between two
beads. This potential accounts for both excluded volume and
van der Waals interactions. Conversely, if the solvent is se-
lectively good for a particular bead type, then those beads
interact via a purely repulsive Weeks-Chandler-Andersen17

�WCA� soft-sphere potential,

UWCA�r� = 4����
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where rc=21/6�. Two different types of beads also interact
via this purely excluded volume interaction to mimic immis-
cibility between them.

The block copolymer tethered NBBs can be regarded as
analogues of ABC linear triblock copolymer chains, where
the nanoparticle represents one end block C and the diblock
copolymer tether comprises the middle block B and end
block A. There are three Flory-Huggins interaction
parameters—�AB, �BC, �AC—that influence the types of self-
assembled morphologies possible here. The interactions be-
tween the different blocks can be symmetric �i.e., �AB=�BC

=�AC� or asymmetric �i.e., �AB, �BC, and �AC not all equal�,
resulting in a rich variety of morphologies that have been
predicted and observed in triblock and multiblock copolymer
systems.18–22 For simplicity, we focus here on systems of
tethered NBBs where the interactions between different

blocks or bead types are symmetric. Hence, all pairs of dif-
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ferent species of beads experience the same repulsive
strength or degree of immiscibility ��AB=�BC=�AC�.

Each block copolymer tether or chain is modeled as a
collection of soft spheres or monomers connected by springs.
In this bead-spring model, bonded monomers along a chain
interact via an attractive finitely extensible nonlinear elastic23

�FENE� potential,

UFENE�l� = 	− 0.5kL0 ln�1 − � l

L0
�2� l � L0

� l � L0

, �3�

where l is the distance between adjacent monomers and k
and L0 are the energy and length parameters of the potential.
As in prior works, the parameters are assigned the values k
=30 and L0=1.5� to ensure relatively stiff bonds while
avoiding very high-frequency modes and chain crossing.

The Brownian dynamics simulation method is used to
simulate self-assembly of the tethered NBBs and linear block
copolymers in implicit solvent.24 Brownian dynamics is a
stochastic molecular dynamics simulation method in which
the equation of motion for each bead i is

miv̇i�t� = − mi�ivi�t� + Fi�xi�t�� + Ri�t� , �4�

where mi is the mass of bead i, and xi, vi, Fi, and �i represent
the position, velocity, force, and friction coefficient acting on
bead i, respectively.25 The friction coefficient is assumed to
be independent of position and time, and the stochastic force
Ri has no correlation with the prior velocities or with the
conservative force. These simulations sample the canonical
ensemble, as the friction coefficient and stochastic noise term
couple the system to a heat bath and effectively function
together as a nonmomentum conserving thermostat.

Reduced units, where the basic units for length and en-
ergy are � and � of the LJ potential, respectively, are used.
Each block copolymer tether bead and nanocube corner bead
has the same size �=1 and mass m=1. Each nanosphere has
size 2� and mass 8m to match the dimensions of a single
nanocube. The results are presented in terms of reduced units
so that the reduced temperature is defined as T*=kBT /�, the
interaction energy parameter as �
�*=� /kBT, the reduced
time step as 	t= t /��m /�, and the reduced friction coeffi-
cient as �*=���m /�. The system concentration is based on
the reduced number density of beads 
*=�imiNi�i

3 /V, where
Ni denotes the number of particles of type i �tether bead,
cube corner bead, or nanosphere� and V is the volume of the
simulation cell.

Systems of Nb=1000 tethered NBBs or block copolymer
chains �N=16 000 total particles� are simulated using cubic
simulation boxes and periodic boundary conditions at con-
centration 
*=0.86 and temperature T*=1. The equations of
motion are integrated using the leap-frog algorithm16 with
time step 	t=0.01. The value of the friction coefficient is
specified as �*=1 for each particle so that the simulations
occur between the overdamped and purely deterministic re-
gimes. The rigid-body motion of the cubes is captured using
the method of quaternions.16 Each system is initially relaxed
athermally �i.e., excluded volume interactions only� and then

cooled gradually to the target temperature to prevent the sys-
tems from getting trapped into metastable states. Because
nonequilibrium structures can depend on the cooling history,
both the size of the temperature increments at which the
initial athermal configurations are cooled to the target tem-
perature, as well as the system sizes Nb, are varied to verify
that the same equilibrium structures form. The structural
evolution of each system is monitored as a function of time
by inspecting snapshots of configurations.

III. RESULTS AND DISCUSSION

A. Tethered nanocube self-assembly

We first present and discuss simulation results for the
diblock copolymer tethered nanocube assemblies. The phase
behavior of these systems under three different implicit sol-
vent conditions is investigated here: �1� selectively good sol-
vent for the cubes �i.e., cubes are solvophilic� and poor sol-
vent for the tethers �i.e., tethers are solvophobic�, where the
interactions between cube beads are of the WCA type and the
interactions between A tether beads �A-A� and between B
tether beads �B-B� are each of the LJ type; �2� neutrally poor
solvent, where the interactions between the same species of
beads �A-A, B-B, C-C� are each of the LJ type; and �3�
selectively poor solvent for the cubes and good solvent for
the tethers, where the interactions between cube beads are of
the LJ type and the A-A and B-B tether bead interactions are
each of the WCA type.

1. Selective good solvent for nanocubes

The interactions between nanocubes are modeled as
purely excluded volume under this solvent condition to as-
sess the effect of simply attaching the rigid cubic nanopar-
ticle to the copolymer on morphological behavior. Table I
summarizes the self-assembled structures formed over a
range of B block fractions �fB� from 0 to 0.875 in the diblock
copolymer tether. The ranges of the relative B block fractions
are defined here as the following: low fB=0–0.25, interme-
diate fB=0.375–0.625, and high fB=0.75–0.875.

The tethered nanocubes self-assemble into lamellar
structures when the B block component constitutes a low or

TABLE I. Self-assembled structures for tethered nanocubes under various
solvent conditions.

fB
a

Selective good
solvent for cubes

Neutral poor
solvent

Selective poor
solvent for cubes

0 Lamellae Lamellae Lamellae
0.125 Lamellae Lamellae Lamellae
0.25 Lamellae Lamellae Lamellae
0.375 hcp core-shell

cylinders
Lamellae Lamellae

0.50 hcp core-shell
cylinders

Lamellae Lamellae

0.625 hcp core-shell
cylinders

Lamellae Lamellae

0.75 hcp core-shell
cylinders

Lamellae Lamellae

0.875 Lamellae Lamellae Lamellae

aRelative volume fraction of the B block on the diblock copolymer tether.
high content in the copolymer tether �Fig. 2�a��. At interme-
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diate and high values of the B block fraction, when the com-
position of the copolymer tether is equal or nearly equal with
respect to the A and B blocks, the tethered nanocubes exhibit
core-shell cylindrical structures consisting of A cores and B
shells in a matrix composed of nanocubes �Fig. 2�b��. The
cylindrical structures are arranged in a hexagonal pattern.
This type of morphology differs from those displayed in con-
ventional diblock copolymer systems at the corresponding
values of relative block volume fraction. We also compare
this morphology with those obtained from flexible coil tri-
block copolymers in Sec. B below.

Comparing the equilibrium morphologies between the
tethered nanocube system and linear diblock copolymer
melts, the presence of the rigid cube appears to preclude
assembly of the NBBs into spherical micelles and influences
assembly into lamellar and hexagonally arranged cylindrical
phases at relative copolymer tether block fractions that are
significantly different from the block fractions that give rise
to such structures in the linear copolymer systems. Specifi-
cally, we find that structures with flat interfaces �lamellae�
occur at low and high values of fB, while structures with
curved interfaces �micelles and cylinders� are typically
present at these values in diblock copolymer melts. We also
notice that at intermediate values of fB, the tethered
nanocubes display curved morphologies �core-shell cylin-
ders�, while linear diblock copolymers tend to exhibit flat
lamellar phases.

The different morphologies arising in the tethered
nanocube systems can be understood by considering the
preference for interfacial curvature22,26 in these NBBs and
the local intermolecular packing of the cubes. Lamellae are
typically observed in linear block copolymer systems when
the block compositions in the copolymer are equal or close
to equal. This phase results because of the similarity in the
conformations of the blocks. However, when a rigid cube is
attached to one end of the copolymer, the bulkiness of the
nanoparticle can be expected to increase the amount of
stretching of the B block �now the middle block� of the mol-
ecule in the lamellar phase. To alleviate the increases in
stretching energy, the interfaces between the bulky cube and
the B block, and between the B block and the A block, be-

FIG. 2. Simulation snapshots of equilibrium morphologies of tethered
nanocubes in selectively good solvent for the cube. �a� Tethered nanocubes
self-assemble into lamellae at fB=0.875. �b� Tethered nanocubes with fB

=0.75 self-assemble into hexagonally arranged core-shell cylinders with the
A block �black� comprising the core, the B block �dark gray� the shell, and
the C block nanocubes �light gray� the matrix.
come curved away from the larger volume component to
form the observed core-shell cylindrical structures. Hence,
core-shell cylindrical structures are observed in the tethered
nanocube systems when the copolymer tether block fractions
are equal or nearly equal. We compute the end-to-end dis-
tances for the A and B blocks on the tethers in this system to
confirm that these blocks are not stretched in the equilibrium
cylindrical structures. The distance values here are nearly
equal to those in the corresponding system without cubes.
The repulsive interactions between cubes also discourage lo-
cal face-to-face packing of the cubes, and the absence of this
local intermolecular packing appears to disfavor self-
assembly into lamellar phases under this particular solvent
condition.

The simulations also predict that the tethered nanocubes
self-assemble into lamellar structures when the composition
of one of the copolymer tether blocks is very small. When
the relative fraction of one of the copolymer blocks is zero,
the case of nanocubes functionalized with homopolymers is
recovered. Zhang et al. previously showed that these tethered
NBBs exhibit a tendency to self-assemble into lamellae.11

Lamellar phases typically are not observed in linear diblock
copolymer systems at the low relative block fraction that
these phases are found for the tethered nanocubes. For teth-
ered nanocubes with small fB, lamellar structures occur be-
cause the B block on the copolymer chain is now attached to
both the cube and the linear A block. The connectivity of the
minor B block to these two components forces it to mix with
the cube-rich and A-rich layers. There is no preference here
for the B block to mix with one type of lamellar sheet be-
cause the strength of the AB and BC repulsions are equal
��AB=�BC=�AC�. Simulation snapshots reveal that the B
block is distributed randomly at the interface between the
cube-rich and A-rich layers. A similar mixing of the minor
middle block component in the majority block phases was
also observed in two-dimensional mean field calculations of
linear ABC triblock copolymer phase behavior.18 For teth-
ered nanocubes with small fA, lamellar morphologies appear
consisting of cube-rich and B-rich layers with the minor A
block present at the interface �Fig. 2�a��. This result is not
surprising because the composition of this NBB approaches
that of a homopolymer functionalized cube. There is no pref-
erence for the A block to mix with one type of lamellar sheet
because of the symmetry of the interactions between differ-
ent bead types.

To obtain a more rigorous understanding of how attach-
ing a nanocube to a linear diblock copolymer affects the
resulting equilibrium morphologies of the tethered
nanocubes, we proceeded to remove the cubes in the tethered
NBB self-assembled structures and simulate assembly of
only the diblock copolymer tethers or chains in the resulting
dilute solution. We find that the latter systems exhibit lamel-
lar phases in the simulations at intermediate values of rela-
tive block volume fractions. However, when one of the block
volume fractions is low, macrophase separation into solvent-
rich and disordered copolymer-rich phases is observed in-
stead of the conventional spherical micelle and hexagonal
cylinder phases. The macrophase separation can be attributed
to the attractive interactions between tether beads27 and the

*
much smaller concentration of chains �
 =0.43 after the
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cubes are removed� at temperature T*=1. When the dilute
systems are heated to higher temperatures, a transition from
the phase separated system to a disordered homogeneous so-
lution of chains is observed.

Although a direct comparison between the phases exhib-
ited by the block copolymer tethered nanocubes and by ho-
mopolymer functionalized monotethered nanocubes from a
previous simulation study11 cannot be made here because of
the difference in system concentrations, it is interesting to
note that the results for concentrated homopolymer function-
alized nanocube systems are in agreement with the
morphology-concentration trend observed for monotethered
nanospheres in selective solvent good for spheres from
simulation.10 The latter systems undergo transitions from
curved micellar and cylindrical structures to flat lamellar
morphologies with increasing concentration. Zhang et al.
previously demonstrated that nanocubes with a single ho-
mopolymer tether form cylindrical phases at moderate con-
centration 
*=0.57, and we find that our higher concentrated
systems form lamellar phases. These results suggest that the
phase diagram predicted for homopolymer functionalized
monotethered nanospheres may be applicable for predicting
trends in the mesoscopic phase behavior of systems of
monotethered cubes and other NBB shapes, although not
necessarily with respect to local packing of the particles.9

2. Neutral poor solvent for nanocubes
and tethers

In the second case where the solvent is neutrally poor for
each bead type, we find that the tethered nanocubes self-
assemble into solely lamellar phases over the entire range of
relative tether block fractions studied. Figure 3�a� shows a
representative simulation snapshot at relative diblock co-
polymer tether volume fraction fB=0.25. Unlike the lamellae
formed in the selectively good solvent conditions for the
cubes, an ABCCBA sequence of sheets is observed here. This
pattern has been predicted and observed in linear triblock
copolymer melts19 and is captured in the tethered nanocube
systems by the interactions in the model; A-A, B-B, and
C-C interactions are each of the attractive LJ type here. We
also find that the cubes are packed in a regular face-to-face

28

FIG. 3. Lamellar phases observed in the tethered nanocube systems. �a� In
neutral poor solvent and at fB=0.25, the lamellae exhibit an ABCCBA se-
quence. �b� In selective poor solvent and at fB=0.5, the A and B blocks mix
in the layers. A liquid crystalline ordering of the cubes is evident �light gray
layers�.
manner and hence exhibit liquid crystalline ordering. The
absence of cylindrical phases in the neutral poor solvent con-
ditions suggests that the local face-to-face intermolecular
packing of the cubes strongly stabilizes lamellar structures,
as was demonstrated in a recent simulation study of ho-
mopolymer tethered nanocube self-assembly.11

3. Selective poor solvent for nanocubes

The simulations predict self-assembly into exclusively
lamellar morphologies under this solvent condition. These
findings are similar to the neutral poor solvent results. How-
ever, inspection of simulation snapshots reveals that the
lamellae in these systems do not exhibit the ABCCBA se-
quence of sheets. A simulation snapshot from a system where
fB=0.5 is shown in Fig. 3�b�. Although the cubes are orga-
nized in a well-defined face-to-face pattern within cube-rich
layers, the tether beads form layers in which the A blocks
and B blocks are mixed. These results arise as a consequence
of the nature of the interactions between blocks, and demon-
strate that the composition of the layers in the lamellar mor-
phology can be tuned by varying the solvent conditions
�solvophility/solvophobicity� for the different components of
the tethered NBB.

B. Linear ABC triblock copolymer self-assembly

We now turn our attention to how the cubic geometry of
the nanoparticle affects self-assembly compared to the com-
positionally equivalent linear counterpart. Replacing the
cube by its linear counterpart roughly results in a conven-
tional ABC triblock copolymer where the C end block is
comprised of eight beads. The equilibrium self-assembled
structures of the triblock copolymers simulated under various
solvent conditions are summarized in Table II and described
below. Low, intermediate, and high values of the B block
fraction fB are defined in the same manner as in the previous
section.

1. Selective good solvent for the linear C end block

In the case where the linear C end block is solvophilic
and the copolymer tether A and B blocks are solvophobic,
the simulations reveal lamellar phases at block fraction val-
ues fB=0–0.25 and 0.875, while core-shell cylindrical

TABLE II. Self-assembled structures of linear ABC triblock copolymers
under various solvent conditions.

fB
a

Selective good
solvent for C block

Neutral poor
solvent

Selective poor
solvent for C block

0 Lamellae Lamellae Lamellae
0.125 Lamellae Lamellae Lamellae
0.25 Lamellae Lamellae Lamellae
0.375 hcp core-shell

cylinders
Lamellae Lamellae

0.50 Perforated lamellae Lamellae Lamellae
0.625 Perforated lamellae Lamellae Lamellae
0.75 hcp core-shell

cylinders
Lamellae Lamellae

0.875 Lamellae Lamellae Lamellae

aRelative volume fraction of the B block on the diblock copolymer tether.
phases are predicted at relative block fraction values fB
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=0.375 and 0.75. At intermediate block fraction values fB

=0.5–0.625, perforated lamellar phases are observed in
which layers composed of A and B tether beads are punc-
tured by the C end blocks, thereby forming holes in the
lamellae. Representative simulation snapshots of this phase
are shown in Fig. 4.

The simulations predict that cylindrical morphologies
occur over a range of intermediate and high values of relative
B block fraction in the tethered nanocube system, but in only
two of the linear triblock copolymer systems. The curved
morphologies for the latter may arise from the constraint that
the linear C end block is compositionally equivalent to the
cube �i.e., same fC value�, which does not necessarily trans-
late to geometric equivalence between the linear segment
and the cube. In fact, the C block is swollen because of the
selective good solvent conditions and consequently, the ra-
dius of gyration of the linear C segment is larger than both
the effective radius �one half the body diagonal� of the cube
and the radius of gyration of the adjacent AB copolymer
segment. Previous simulation studies of amphiphilic tethered
nanospheres and surfactants10 indicate that curved morpholo-
gies are preferred when the volume of the head group ex-
ceeds that of the tail group.29 This trend may be applicable to
the systems here if we loosely regard the C end block of the
triblock copolymer chain as the head group and the adjacent
AB copolymer segment as the tail group.

Although the radius of gyration of the C block is larger

FIG. 4. Simulation snapshots of a self-assembled perforated lamellar phase
in a linear ABC triblock copolymer system where the solvent is selectively
good for the C block and fB=0.625. �a� Lamellae composed of A and B
tether blocks and of solely C end blocks are observed. �b� The tether blocks
are removed to illustrate the C end block bridges, denoted by arrows, that
puncture the tether-rich layers and form holes in those layers.
than that of the AB copolymer segment over the entire range
of fB studied, the simulations predict lamellar instead of cy-
lindrical structures for low relative B block fractions fB

=0.125–0.25. Cylindrical structures may not be observed in
these systems because of the low content of the B middle
block in the tethers; the low fB values correspond to only one
and two B monomers on the tether, respectively. It is possible
that there are simply not enough B monomers on each tether
to wrap around the A cores to form a cylindrical shell. The
attractive interactions between the B monomers may also not
be strong enough to promote formation of curved morpholo-
gies because the number of B monomers is small compared
to the numbers of A and C monomers. Both of these situa-
tions can be attributed to the short tether lengths studied here
to satisfy the constraint that both the C block segment and
the nanocube have equal composition, i.e., both have the
same number of C beads.

The perforated lamellae predicted by the simulations at
intermediate B block fractions fB=0.5–0.625 may be attrib-
uted to a complex combination of factors. This phase has an
interfacial curvature that is intermediate to those of lamellar
and cylindrical structures. The short tether lengths could pre-
clude the formation of cylindrical phases in these systems for
the reasons discussed above. A lamellar morphology for the
tethers may be favored because the relative amounts of the A
and B blocks are equal or nearly equal. However, perfora-
tions in the layers may occur in our simulations due to the
intricate interplay between interfacial tension and formation
of domains with uniform thickness.30 In diblock copolymer
melts, constant mean curvature �CMC� surfaces are favored
in order to minimize interfacial area and chain stretching
favors domains of uniform thickness. Complex phases such
as perforated lamellae arise in these systems because a CMC
interface produces large variations in the domain thickness,
and consequently the interfaces deviate from CMC to
achieve more uniform domain sizes. Perhaps such a compe-
tition occurs in the simulated self-assembly studies of our
model triblock copolymers, which each consist of a majority
C end block that is swollen due to the solvophilic interac-
tions between these bead types in the model, leading to the
perforated lamellar structures observed here.

To further investigate the effect of geometry on self-
assembly between the linear triblock copolymer and tethered
nanocube systems, we also perform simulations of “modified
triblock chains,” defined here as copolymers where the C
block length is reduced to four or five monomers so that the
radius of gyration of the block is approximately equal to the
effective radius �one half the body diagonal� of the
nanocube. We find that these modified triblock copolymers
exhibit a propensity to self-assemble into lamellae. Com-
pared to the tethered nanocube systems, the modified triblock
chains do not form curved cylindrical morphologies. These
findings suggest that the presence of the rigid cubic nanopar-
ticle induces curvature in the tethered nanocube morpholo-
gies.

2. Neutral poor solvent for all linear blocks

When the solvent condition is modified to be neutrally
poor for the linear triblock copolymer segments, the simula-

tions predict morphologies that consist of three-layer lamel-
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lae where the copolymers assemble into sheets that stack on
top of each other in the order ABCCBA due to the connec-
tivity of the three blocks. Figure 5�a� illustrates this morphol-
ogy for a system where fB=0.25. This phase is in agreement
with theoretical calculations of linear ABC triblock copoly-
mer phase behavior, where it was demonstrated that lamellar
phases prevail when one of the end blocks in the triblock
copolymer has relative compositional fraction of 0.5 �fC

=0.5 here� and the strength of the interactions between un-
like blocks are equal or symmetric.18,20 Although both the
tethered nanocubes and the linear triblock copolymers self-
assemble into solely lamellar structures under this solvent
condition, a fundamental difference exists in the local inter-
molecular packing of the C-rich layers in both systems. The
C-rich layers exhibit no clear ordering of monomers within
them in the triblock copolymer chain systems, while the
analogous layers in the tethered nanocube systems consist of
cubes packed in a distinct face-to-face manner and display
liquid crystalline ordering. Hence, diblock copolymer teth-
ered nanocubes could be useful for producing functional de-
vices comprised of the rich three-layer ABCCBA lamellae
typically formed by linear triblock copolymers, but with an
additional liquid crystalline ordering in the cube-rich sheets.

3. Selective poor solvent for the linear
C end block

Under this solvent condition where the C end block is
solvophobic and the A and B blocks of the copolymer tether
are solvophilic, the linear triblock copolymer chains tend to
self-assemble into lamellar structures over the entire range of
fB investigated. The lamellae do not display the ABCCBA
pattern because of mixing of the A and B blocks of the co-
polymer tether in alternating layers that arises from the sym-
metry of the repulsive interactions between unlike blocks
�Fig. 5�b��. Similar to the neutral solvent systems described
above, simulation snapshots do not reveal any local ordering
of monomers within the C-rich layers.

C. Tethered nanosphere self-assembly

Finally, it is interesting to examine how the geometry of
a cubic nanoparticle affects self-assembly compared to a

FIG. 5. Simulation snapshots of self-assembled linear ABC triblock copoly-
mer systems. �a� In neutral poor solvent, lamellae in an ABCCBA pattern are
observed �fB=0.25�. �b� In selective poor solvent the lamellae do not display
an ABCCBA pattern �fB=0.5�. The C-rich layers do not exhibit liquid crys-
talline ordering compared to the tethered nanocube system �Fig. 3�b��.
spherical nanoparticle shape. The focus here is on selected
cases investigated above but with the cube now replaced by
a sphere. The nanospheres have a diameter that is twice that
of each tether monomer and equal to the length of the
nanocube body diagonal.

For the case where the solvent is selectively good for the
nanoparticle and poor for the tether, self-assembly of diblock
copolymer tethered nanospheres with fB=0.75 is examined.
The simulations predict assembly of the tethered NBBs into
core-shell cylinders arranged in a hexagonal pattern �Fig.
6�a��. This phase behavior is also observed in simulations of
the compositionally equivalent tethered nanocubes and linear
triblock copolymer chains. Although nanoparticle shape does
not appear to significantly influence the type of morpholo-
gies formed under these solvent conditions, this property
does affect the shape of the individual cylinders. The cylin-
drical structures in the tethered nanosphere systems have a
round cross section, while those formed by the tethered
nanocubes have a distinct hexagonal cross section �Fig.
2�b��. The hexagonal shaped cylinders have flat edges that
are promoted by the flat faces of the rigid cubes. Further
conclusion can be made that the rigidity of the cubic or
spherical nanoparticle induces curvature in the assembled
structures, because the cylindrical morphology differs from
the lamellar structures observed in the simulations of the
modified �geometrically equivalent� linear triblock copoly-
mers.

To investigate the effect of changing the composition of
the polymer tether on phase behavior of the tethered NBBs,
the simulated structures of this diblock copolymer tethered
nanosphere are compared with those predicted for the corre-
sponding homopolymer functionalized nanospheres from
simulation.10 The simulations reveal that under the same sys-
tem conditions �temperature, concentration, and solvent se-
lectivity�, the diblock copolymer tethered nanospheres as-
semble into core-shell cylindrical structures while the
homopolymer tethered nanospheres assemble into lamellar
sheets. Hence, the composition of the polymer tether can
influence the type of morphology formed in the tethered
nanosphere systems.

Additional tethered nanosphere systems of varying fB

FIG. 6. Simulation snapshots of diblock copolymer tethered nanosphere
systems. �a� In selective good solvent, core-shell cylinders are observed at
fB=0.75. �b� In neutral poor solvent, lamellae in an ABCCBA pattern are
observed �fB=0.25�. Unlike the tethered nanocube systems �Fig. 3�a��, the
spheres comprising the C-rich layers do not display distinct local packing or
ordering.
and solvent quality are examined. In neutral poor solvent,
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lamellar phases arise for low and intermediate relative B
block fractions �fB=0.125–0.375� and the sheets exhibit an
ABCCBA pattern �Fig. 6�b��. Although the tethered
nanocubes also display this precise morphology at the corre-
sponding fB values, there is a difference in the local packing
of spheres and cubes in the C-rich layers. The liquid crystal-
line ordering arising from the face-to-face local packing of
cubes within the sheets �Fig. 3� is absent in the correspond-
ing tethered nanosphere structures. At high relative B block
fractions fB=0.75–0.875, the simulations predict core-shell
cylinder morphologies. This phase differs from the lamellae
observed in the tethered nanocube systems and further sup-
ports the notion that the face-to-face local packing of the
cubes stabilizes lamellar structures.

IV. CONCLUSION

Brownian dynamics simulations were utilized to investi-
gate the self-assembly of nanocubes with a single diblock
copolymer tether attached at one corner. Simplified minimal
models of the tethered NBBs were used that capture the es-
sential elements of connectivity and interaction specificity
capable of predicting structures for a broad class of tethered
NBB systems. These models facilitate access to the long
length and time scales pertinent to the assembly process
while foregoing atomistic detail. The influence of solvent
quality on the resulting morphologies was obtained. The ge-
ometry of the rigid cube was found to induce self-assembly
of the tethered NBBs into both lamellar and cylindrical
phases when the cubes were solvophilic and the tethers were
solvophobic. Structures with flat interfaces �lamellae� were
predicted at low and high values of the tether block fraction
fB, while structures with curved interfaces �micelles and cyl-
inders� are typically present at these values in diblock co-
polymer melts. At intermediate values of fB, the tethered
nanocubes displayed curved morphologies �core-shell cylin-
ders�, while linear diblock copolymers tend to exhibit flat
lamellar phases. In neutral poor solvent and selective solvent
that was poor for the cubes and good for the tethers, only
lamellar structures were observed. In these latter systems, the
cubes were observed to pack in a face-to-face manner and
exhibit liquid crystalline ordering. The local intermolecular
packing appears to promote and stabilize the sheet structures
in these systems.

The morphologies of the tethered nanocubes were com-
pared with those of their compositionally linear ABC triblock
copolymer counterparts to gain insight on the influence of
nanocube geometry. Both systems exhibited lamellar mor-
phologies at the same fB when the solvent was neutrally poor
for all blocks or selectively poor for the cubes and good for
the tethers. Lamellar, cylindrical, and perforated lamellar
phases were observed when the solvent was instead selec-
tively good for the linear C end block and poor for the teth-
ers. The short tether lengths were surmised to be responsible
in part for the variety of structures found in some of the
systems. Simulations of modified linear triblock copolymers
where the radius of gyration of the C end block was equal to

the effective radius of the nanocube suggested that nanopar-
ticle geometry plays a significant role in inducing curvature
in the self-assembled tethered NBB morphologies for certain
solvent conditions.

Additional comparisons were performed by replacing the
cubic nanoparticles with their spherical counterparts in a few
selected systems. It was further established that the geometry
of the nanoparticle encourages assembly into curved struc-
tures under selective good solvent conditions for the nano-
particle, and we demonstrated that the composition of the
polymer tether influences the types of self-assembled struc-
tures possible. Although the shape of the nanoparticle does
not appear to affect the type of assembled morphology ob-
tained in this solvent, it does influence the cross-sectional
shape of the individual cylinders. The morphologies of the
tethered nanospheres were altered compared to their tethered
nanocube counterparts upon changing the solvent type to
neutrally poor at high values of fB.
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