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ABSTRACT
We perform molecular simulations to study the self-assembly of nanoparticles functionalized with oligomeric tethers attached to specific
locations on the nanoparticle surface. We demonstrate that for certain categories of tethered nano building blocks the obtained morphologies
may be predicted using concepts from block copolymer microphase separation and liquid-crystal phase ordering, whereas for other categories
the unique packing constraints introduced by nanoparticle geometry and by nanoparticle−tether topology lead to structures far richer than
those found in conventional block copolymer, surfactant, and liquid-crystal systems. Our results suggest the potential usefulness of considering
tethered nano building blocks as a new class of “macromolecule” for assembling novel materials on the nanoscale.

An impressive variety of nano building blocks, including
nanospheres,1 nanorods,2 nanocubes,3 nanoplates,4,5 nanotetrapods,6 and nanoprisms,7 exists and continues to grow
with breakthroughs in synthesis techniques. The application
of nanotechnology to areas such as photonics and electronics,
chemical and biological sensors, energy storage, and catalysis
requires the manipulation of these nano-objects into functional materials and devices, and this remains a fundamental
challenge. Self-assembly8,9 is generally regarded as the most
promising means for designing and controlling the bottomup assembly of nanometer-scale objects into structures such
as sheets, tubes, wires, and shells needed as scaffolds and
structures for catalysis, hydrogen storage, nanoelectronic
devices, and drug delivery. Although many nanoparticle
assembly demonstrations have appeared in the literature,10-19
few approaches offer a comprehensive, predictable, and
generally applicable scheme. Increasingly, synthetic chemists
are turning their attention to the functionalization of nano
building blocks (both nanocrystals and supramolecular entities) with flexible oligomeric,18,20-24 polymeric,25-28 and
biomolecular17,29 tethers with specific and nonspecific interactions to direct their assembly. Although synthetic techniques to this point have not demonstrated ultimate control
over the placement of these tethers, impressive progress has
been made, and it is not unreasonable to suppose that an
effective means for the precise positioning of tethers on the
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surfaces of nanoparticles of arbitrary geometry and composition may one day be achieved.30
From that viewpoint, it is useful to consider tethered nano
building blocks as a new class of “macromolecule” with
which to control nanoparticle assembly for new nanomaterials. Figure 1 shows a selection of possible topologies
for tethered nano building blocks, arranged according to
nanoparticle shape. Some of the topologies shown are
reminiscent of tethered supramolecular entities such as
dendrons,28,31 silica cubes,25,32 and fullerenes27 reported in
the literature, but other topologies have yet to be synthesized.
Broadly speaking, tethered nano building blocks share
features in common with block copolymers and surfactants,
and we expect the appearance of ordered microphases to be
governed by similar physics, whereby two or more incompatible species seek to minimize their free energy by
aggregating with species of their own kind, subject to the
topological constraint of being covalently linked to the
incompatible species.33 They also share features in common
with liquid crystals, where molecular rigidity and shape can
result in complex, ordered packings, including nematic,
discotic, cholesteric, and other phases.5,34
We therefore seek to develop an intuitive framework for
predicting the assembly of tethered nano building blocks akin
to frameworks used to describe block copolymer33 and
surfactant35,36 microphase separation and liquid-crystal phase
ordering.5,37 In this regard, molecular simulation of model
nano building blocks can yield insight into the conditions
under which various structures may be achieved, provided
appropriate models can be devised and the length and time

Figure 2. Model tethered building blocks studied in this work.
Blue spheres represent monomers of the polymer tether. Large
spheres represent nanospheres. Remaining spheres represent coarsegrained atoms frozen to create the desired nanoparticle. (a) Tethered
nanosphere (Figure 1a). (b) Triblock polymer(A)-nanospherepolymer(B) (Figure 1d). (c) Tethered nanorod (Figure 1e). (d)
Tethered nanodisk (Figure 1h). (e) Tethered triangular nanoplate
(Figure 1k). (f) Tethered nanowheel (Figure 1q).

Figure 1. Representative tethered nano building blocks. (a-d)
Tethered nanospheres. (e-g) Tethered nanorod. (h-p) Tethered
nanoplate, including circular, triangular, and rectangular plates. (q,
r) Tethered nanowheel. (s, t) Tethered nanocube. (u-w) Triblock
nano building blocks created by joining two nano-objects with a
polymer tether. All of the nanoparticle geometries depicted here
have been synthesized.2-5,7 The tethered topologies shown in a,28
b,27 e,26 f and g,21,57 h,31 u,25,28 and v20 have been synthesized.

scales relevant to the assembly process can be efficiently
accessed. As a first step, we use Langevin molecular
dynamics (Brownian dynamics) simulations to study the selfassembly of minimal models of tethered nano building
blocks. We show how tuning thermodynamic parameters and
architectural features of the nano building blocks can control
aspects of local and global ordering of the nanoparticles. We
further demonstrate how, in some cases, the additional
packing constraints introduced by the nanoparticle geometry23,24,38 and the nano building block topology, combined
with tether and nanoparticle immiscibility, lead to structures
far richer than those known for conventional block copolymer, surfactant, and liquid-crystal systems.
Several simulation methods exist for studying assembly
in block copolymers, liquid crystals, and other complex
materials.39 Brownian dynamics, a variant of molecular
dynamics, is one method that is particularly well suited to
studying the topological effects of nano building block
geometries. Furthermore, as discussed below, Brownian
dynamics allows for the implicit treatment of certain solvent
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effects; thus, the multiplicity of scales that must be bridged
to simulate assembly in solution is achieved.
Figure 2 shows the set of model, tethered nano building
blocks studied in this work. In the present paper, we consider
tethered nanoparticles that realistically may contain hundreds
to millions of atoms, depending on size and chemical
composition. Because we seek to study the assembly of many
such nanoparticles, it is computationally necessary to use a
coarse-grained model in which groups of atoms within an
individual nanoparticle or tether are represented by a single,
coarse-grained “atom”, thereby greatly reducing the overall
number of forces that must be computed for each time step
while retaining the roughness of the surface interactions
expected in particles of nanoscopic dimension. Because we
are interested in general trends rather than one specific
system, we consider empirical pair potentials between
“atoms” that capture the van der Waals-type interactions and
excluded-volume interactions characteristic of many nanoparticle systems24,29,40,41 and that have been successful in the
study of phase separation and microphase separation of
polymer blends, surfactants, and block copolymers.35,42-44
Our minimal model is as follows. For spherical nano
objects, a nanoparticle is modeled as a single sphere of
diameter d. Nonspherical nanoparticles are built by freezing
Nnp spherical subunits (“atoms”) of diameter σ, separated
by distance l0 ) 0.97σ, into the desired nanoparticle
geometry. A polymer tether is modeled as a bead-spring
chain of Np monomers with diameter σ, where neighboring
monomers along the chain are connected by a FENE
potential45,46 with average bond length l0. Tethers are
permanently connected to specific atoms on the nanoparticles
Nano Lett., Vol. 3, No. 10, 2003

Table 1

building block

morphology

volume
fraction
φ

tethered nanospherea
tethered nanosphereb
polymer(A)-nanosphere-polymer(B)c
polymer(A)-nanosphere-polymer(B)c
polymer(A)-nanosphere-polymer(B)c
tethered nanorodd
tethered nanowheela
tethered nanodiska
tethered triangular nanoplatea

double layer
spherical
lamellar
cylindrical
spherical
lamellar
lamellar/sheets
columnar
columnar

0.24
0.24
0.57
0.25
0.21
0.44
0.31
0.42
0.31

reciprocale
temperature
/kT

time stepe
∆t(/mσ2)1/2

simulatione
time
t(/mσ2)1/2

4.0
4.0
1.0
2.0
2.0
1.0
1.0
1.0
1.2

0.01
0.01
0.01
0.005
0.01
0.01
0.01
0.01
0.01

7.7 × 106
1.8 × 106
10.0 × 106
3.1 × 106
2.2 × 106
3.0 × 106
10.0 × 106
16.0 × 106
12.0 × 106

a Solvent poor for nanoparticle and good for tethers. b Solvent good for nanospheres and poor for tethers. c Solvent good for A-type tethers and poor for
nanospheres and B-type tethers. d Solvent neutral for nanorods and tethers. e Real units can be obtained by choosing a system temperature and values for the
monomer mass and diameter.

via a FENE potential. This minimal model captures the
essential, gross features of tethered nanoparticle topology.
For specific systems, it is straightforward to incorporate more
detailed interaction potentials parametrized by experimental
values or informed by ab initio computations at the expense
of substantially longer simulation times.
In neutral solvent, atoms or monomers of the same type
interact with a 12-6 Lennard-Jones (LJ) potential, accounting for both excluded volume and van der Waals interactions.47 The LJ potential is shifted and truncated at 2.5σ in
the usual manner. For spherical nanoparticles modeled by a
single atom of diameter d > σ, the interaction distance is
measured from the surface of the nanoparticle. Monomers
or atoms of different types interact with a purely repulsive
Weeks-Chandler-Andersen soft-sphere potential,48 accounting for excluded volume interactions. The selectivity of the
solvent for different species is modeled by describing
interactions between the favored species (good solvent) via
a purely excluded volume interaction and those between the
unfavored species (poor solvent) via a Lennard-Jones
interaction.49,50 The unfavored species (either tethers or
nanoparticles) will then aggregate at low temperature. The
degree of immiscibility and solvent quality is determined
by the reciprocal temperature, /kBT, where  is the potential
well depth, kB is Boltzmann’s constant, and T is temperature.
In the Brownian dynamics method, each atom or monomer
is subjected to conservative, frictional, and random forces
FCi , FFi , and FRi , respectively, and obeys the following
equation of motion:47
mr1 i ) FCi + FFi + FRi

(1)

where m is the atom’s mass. Excluded volume, van der
Waals, and bonding interactions are explicitly included in
FCi . Hydrodynamic drag, including size and shape effects, is
included through the frictional force, which for individual
atoms is FFi ) -γivi ) -6πaηvi, where γi is the friction
coefficient, a is the atom’s diameter, η is the solvent
viscosity, and vi is the atom’s velocity.51 The Brownian
motion of the nano building block resulting from the random
bombardment of solvent molecules is included through FRi
Nano Lett., Vol. 3, No. 10, 2003

and can be calculated using the fluctuation dissipation
theorem44
〈FRi (t) FRj (t′)〉 ) 6kBTγi δijδ(t - t′)

(2)

At every time step, frozen subunits move together as a
rigid object using the method of quaternions.47
Each of the simulations is carried out at a fixed volume
fraction φ ) NV0/V of nano building blocks in a cubic
simulation box to which periodic boundaries are applied,
where N is the total number of atoms and monomers, V0 )
πσ3/6 is the volume of an individual atom or monomer, and
V is the total system volume. The system sizes are large
enough to avoid finite size effects in the local structure and
small enough to achieve equilibration in a reasonable amount
of time.52 In all cases, systems are initially equilibrated at
effectively infinite temperature (/kBT ) 0) until they are
disordered. The temperature is then instantaneously reduced
to the target temperature (/kBT ≈ 1.0-4.0) and run at this
temperature until an equilibrium structure is obtained. To
avoid local energy minima, cooling is performed for several
different initial configurations. The volume fraction and target
reciprocal temperature are selected to produce a specific
morphology and are chosen on the basis of known morphologies arising from microphase separation of simple diblock
copolymers in selective solvent.35 (See Table 1 for details
of each simulation.)
To illustrate the influence of solvent selectivity on the
assembled structure, Figure 3, a-d, shows results from
simulations of tethered nanospheres (Figure 1a). Figure 3a
shows a lamellar structure formed in a solvent poor for
nanospheres and good for tethers. If no tethers were present,
then the nanospheres (again in poor solvent) would form a
compact 3-D cluster in an effort to minimize contact with
the solvent. Instead, the nanospheres pack in a 2-D hexagonal
array and form double layers (Figure 3b) to maximize contact
and satisfy excluded volume interactions among tethers.
Figure 3c and d shows how reversing the solvent selectivity
to be good for nanospheres and poor for tethers induces the
formation of spherical micelles, where tethers cluster to avoid
contact with the solvent, causing the nanospheres to form
spherical shells instead of double layers.
1343

Figure 3. Equilibrium structures formed by tethered nanosphere
and nanorod building blocks. (a) Lamellar phase formed by 800
tethered nanospheres (Figure 1a) with tethers of length Np ) 7
attached to spheres of diameter d ≈ 3σ in a solvent good for tethers
and poor for nanospheres. (b) Face view of a nanosphere double
layer (spheres in second layer colored light red, tethers removed
for clarity) from a. (c) Tethered nanospheres in a form a spherical
micelle phase when placed in a solvent poor for the tethers and
good for the nanospheres. (d) Single spherical micelle from c. (e)
Lamellar phase formed by 200 triblock polymer(A)-nanospherepolymer(B) building blocks (Figure 1d) with nanospheres of
diameter d ≈ 2σ and tethers of length Np ) 5. A-type tethers are
white; B-type tethers are blue. (f) Face view of a single monolayer
composed of nanospheres from e (tethers removed for clarity).
(g) Cylindrical phase formed by 800 polymer(A)-nanospherepolymer(B) building blocks. (h) Single cylinder from g (tethers
removed for clarity). (i) Spherical micelle phase formed by 800
polymer(A)-nanosphere-polymer(B) building blocks. (j) Single
spherical micelle from i (blue tethers removed for clarity). (k)
Lamellar phase with tilt angle θ ) 33° formed by 800 tethered
nanorods (Figure 1e) in a neutral solvent. Rods of length Nnp ) 5
frozen subunits are attached to tethers of length Np ) 6 monomers.
(l) Lamellar phase with tilt angle θ ) 16° formed by tethered
nanorods with Np ) 5.

To demonstrate control over morphology based on the
concentration of tethered building blocks in solution, Figure
3, e-j, shows equilibrium structures obtained with “triblock
reminiscent” polymer(A)-nanosphere-polymer(B) building
blocks (Figure 1d) in a solvent poor for nanospheres and
1344

A-type tethers and good for B-type tethers. Figure 3, e and
f, shows a lamellar structure where the nanospheres form
2-D hexagonally arranged monolayers. By lowering the
concentration and the target temperature, we obtain cylindrical (Figure 3, g and h) and spherical micelle (Figure 3, i
and j) phases, where nanospheres pack as cylindrical or
spherical shells, respectively, with A-type tethers in the shell
interior. The influence of concentration and temperature on
the equilibrium morphology for this building block is
qualitatively consistent with the phase behavior of a typical
block copolymer in solution.35
Control over structure can also be obtained by varying
the relative concentration of each component. Figure 3, k
and l, shows equilibrium lamellar structures formed by
tethered nanorods (Figure 1e) in a neutral solvent. The rods
pack in layers, oriented with a tilt angle, θ, with respect to
the normal direction of the lamellar interface. Here, θ
increases from 16° to 33° by increasing the tether length
from five to six monomers (i.e., increasing the relative
volume fraction of tether). The tilt angle arises for entropic
reasons due to the excluded volume interactions among
tethers,53 and its dependence on the relative block length has
been predicted53 and observed in rod-coil block copolymers54
where the “rod” block is a rodlike polymer chain or liquid
crystal. Here, the nanorod could represent an inorganic
particle2,22,23,55 or a short carbon nanotube.26 We emphasize
that all equilibrium morphologies presented here are obtained
without a priori knowledge of their structure by instantaneously cooling initially disordered systems to a temperature
at which tethers and nanoparticles are immiscible.
The above examples demonstrate that intuition from block
copolymer and liquid-crystal phase ordering is useful for
predicting the self-assembly of tethered nano building blocks.
Next, we explore morphologies predicted with a few of the
more exotic shapes shown in Figure 1. Figure 4, a and b,
shows equilibrium columnar structures formed by tethered
nanodisks (Figure 1h) in a solvent poor for disks and good
for tethers. Here, six tethers are attached equidistantly along
the edge of a disk so that attractive interactions between the
disks lead to face-to-face stacking. The columns arrange in
a hexagonal pattern in the plane orthogonal to the columnar
axis to maximize contact while satisfying excluded volume
interactions among tethers. These columnar structures are
reminiscent of those observed in discotic liquid crystals56
and have recently been observed to form using oligomerically
stabilized platelet particles.24 Here, the spacing between
columns and stacking within columns is controlled by tether
length and rigidity. Moreover, disks in each column have a
tilt angle with respect to the interface normal direction driven
by excluded volume interactions between tethers as in the
tethered nanorod system described above. Figure 4, c and d,
shows hexagonally arranged columnar structures formed by
tethered triangular plates (Figure 1k) in a solvent poor for
triangles and good for tethers. Here, triangular plates in each
column form twisted structures. These twisted structures
again arise from the competition between the attraction
among nanoparticles and the excluded volume interactions
among tethers on neighboring plates. We anticipate that the
Nano Lett., Vol. 3, No. 10, 2003

Figure 4. Equilibrium structures formed by tethered nanoplate and
nanowheel building blocks. (a) Hexagonally packed columnar phase
formed by 120 tethered nanodisks (Figure 1h). Six tethers of length
Np ) 3 are attached to disks with Nnp ) 7. (b) Face view of the
columnar phase in a. (c) Hexagonally packed columnar phase
formed by 200 tethered triangular nanoplates (Figure 1k). Three
tethers of length Np ) 6 are attached to triangular plates with Nnp
) 10. (d) Face view of the columnar phase in c. (e) Lamellar phase
of sheetlike structure formed by 200 tethered nanowheels (Figure
1q) with polymer tethers of length Np ) 7 attached to the faces of
cylinders with Nnp ) 14. (f) Monolayer sheet of nanowheels (tethers
removed for clarity).

twist angle may be controlled by adjusting the length of the
tethers relative to the size of the triangular plates. Finally,
Figure 4, e and f, shows layered, sheetlike structures obtained
with tethered “nanowheels”, where tethers are attached on
opposite faces of the wheels, preventing the wheels from
stacking face-to-face (Figure 1q). The solvent is poor for
nanowheels and good for tethers. Sheets form to maximize
contact among the nanowheels while satisfying excluded
volume interactions among tethers. Within the sheets, nanowheels pack edge-to-edge in hexagonal arrays because of
the geometry of the nanoparticle. Recent experimental
discoveries of stable sheets of in 2-(dimethylamino)ethanethiol(DMAET)-stabilized CdTe nanoparticles may potentially
be explained via a similar mechanism.41
The simulation results presented here predict that by
tethering oligomers to specific locations on nanoparticle
Nano Lett., Vol. 3, No. 10, 2003

surfaces the thermodynamically driven immiscibility of
tethers and nanoparticles can be used to facilitate the selfassembly of nanoparticles into specific structures that are
potentially far richer than those known for conventional block
copolymer, surfactant, and liquid-crystal systems because of
the complex geometry and topology of the tethered nanoparticles. This strategy should prove successful in device
fabrication where novel conducting pathways (e.g., nanoshells
in Figure 3, c, g, and i, or nanosheets in Figure 3, a, e, and
k, and nanowires in Figure 4, a and b) could be created
through an insulating material. We demonstrated that local
nanoparticle alignment and spacing can be controlled by
variations in tether length (and presumably, stiffness), which
may be used to tune the optical and electronic properties of
self-assembled materials. For example, changing the twist
in a nanowire composed of triangular plate nanoparticles
allows for control over the contact area and, ultimately,
current flow. Although many demonstrations of functionalized nano building blocks exist in the literature,17-28,32,57 many
of the tethered building blocks presented here have yet to
be synthesized. The diversity of structures demonstrated in
this worksmono- and double-layer sheets, solid cylinders
or wires, and cylindrical and spherical nanoshellssshould
provide substantial motivation for attempting their synthesis.
In parallel with such efforts, simulations of the type described
here can be used to map out phase diagrams systematically
for general classes of model nano building blocks as a guide
toward how one might directly engineer the self-assembly
of specific assembled structures. Here, we used relatively
simple interaction potentials to describe nanoparticle and
tether immiscibility in solvent in the interest of constructing
a general model that can be studied for large collections of
nano building blocks with reasonable computing power.
Comparison with specific experimental systems can be
carried out by parametrizing nanoparticle-tether interactions
using experimental data or, for some systems, ab initio
computations. Efforts in this direction are underway.
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