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Abstract

     We studied the self-assembly of nanoscopic building blocks comprised of polymer-tethered
nanoparticles using computer simulation and predict that these building blocks can assemble into
mono- and multi-layer sheets and shells.  The simulations further demonstrate that for some
nanoparticle geometries and tethered nanoparticle topologies, ideas from block copolymers,
surfactants and liquid crystals can be used to predict the ordered morphologies attained via self-
assembly and that for specific cases the morphologies are consistent with Israelachvili packing
rules.

Introduction

     Many nanoscopic building blocks have been synthesized including nanospheres[1],
nanorods[2], nanocubes[3], nanoplates[4, 5], nanoprisms[6], etc., and it is anticipated that self-
assembly may provide a promising means for manipulating these building blocks into functional
and useful materials. One increasingly popular method for self-assembly involves
functionalizing nanoparticles and nanostructured molecules with “tethers” of organic
polymers[7, 8] or biomolecules[9, 10] with specific or nonspecific interactions to facilitate their
directed assembly.  We propose that limiting the tethers to a countable number and attaching
them to specific locations on nanoparticles or nanostructured molecules should lead to
predictable and tunable control over the types of structures that can assemble when the tethers
and nanoparticles are immiscible[11].  Schematic examples of tethered nanospheres and
nanorods arranged according to geometry are illustrated in Fig. 1.

Figure 1.  Examples of tethered nano building blocks.  Top
to bottom: tethered spheres and tethered rods.

    In a broad sense, tethered nano building blocks can
behave like amphiphiles and share features in
common with block copolymers and liquid crystals; in

the case of the tethered nano building blocks the thermodynamic immiscibility is coupled with
liquid crystal ordering.  We therefore 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[12].  We also expect that the nano building
blocks have features in common with liquid crystals where their rigidity and geometry influences
the packing and can result in complex ordering.  To investigate self-assembly of tethered nano
building blocks we performed molecular simulations via Brownian dynamics[13] of “minimal”
models to study how thermodynamics and architecture can be manipulated to achieve certain
target structures[11, 14]. Details of the model and simulation method may be found in Ref. [11].

Results
     We use the mono-tethered nanosphere in Fig. 1 to demonstrate the effect of tether length on
the self-assembly of ordered structures in a selective solvent.  When the solvent is preferentially
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favorable to a particular component of the tethered nanoparticle, the building block is
amphiphilic in nature. Unlike molecular amphiphiles, here the nanoparticle “head group” is large
compared to the tail.  For systems where the solvent is poor for the tether we observe the
formation of spherical micelles, hexagonally ordered cylinders, and bilayers (Fig. 2) with
increasing tether degree of polymerization Nt.  We also find these structures to be consistent with
the geometric packing argument of Israelachvili[15] Pf = v/aolc,  where the calculated values
yield Pf = 0.32, 0.48 and 0.80 for spherical micelles, cylinders, and bilayers respectively.
Israelachvili’s predictions for ideal geometries in surfactant systems are Pf < 1/3 (spheres), 1/3 <
Pf < 1/2 (cylinders), and Pf  ≈1 (bilayers). Further details are reported in Ref. [16]

Figure 2.  Equilibrium
morphologies of tethered
nanospheres where the
solvent prefers the
nanoparticle and the overall
volume fraction φ = 0.45.
For Nt = 2 spherical
micelles were observed

(left); for Nt = 5 hexagonally ordered cylinders formed (middle); and for Nt = 12 the building blocks
formed double layers (right).

     The local packing within the micelles, cylinders and bilayers can also be controlled via tether
length as predicted by simulations of the mono-tethered nanorod shown in Fig. 1 in neutral
solvent conditions[11] .  As we showed previously[14], increasing the length of the tether, either
by degree of polymerization or temperature T, relative to that of the rod, causes an increase in
the tilt angle with respect to the interfacial normal (Fig. 3).  The tilt angle arises for entropic
reasons due to excluded volume interactions among tethers[17], which can be described by the
radius of gyration Rg of the tethers as described in the figure caption. The dependence of the tilt
angle on the relative block length has been predicted[17] and observed in rod-coil block
copolymers[18]. A comprehensive study of the end-tethered nanorod is reported in Ref.[19]

Figure 3. Lamellar morphology formed
by monotethered nanorods in a neutral,
poor solvent with an overall volume
fraction φ = 0.44.  As the tether length
is increased from 5  monomers (left) to
6 (middle) there is an increase in the tilt
angle θ from 24o to 33o with respect to
the interfacial normal.  Also, for the

same degree of polymerization, increasing T also increases the curvature as illustrated by comparing the
lower T (left) where Rgyr = 0.87 to the higher T (right) where Rgyr = 0.96 and θ = 29o.

     Finally, the topology of the tethered nano building block can influence the local packing
within the assembled structure (Fig. 4).  Here we predict the formation of sheets for both the
tethered rod with the tether attached to the rod end and for the rod with the tether attached on the
side, when the solvent is poor for the rods and good for the tethers.  The end-tethered rods,
however, pack with their long axis along the direction of the normal vector of the sheet while the
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side-tethered rods pack with their long axis in the plane of the sheet. A detailed comparison of
the self-assembly of side-tethered and end-tethered nanorods is reported in Ref. [20]

Figure 4.  Sheets formed by end-tethered nanorods
(left) and side-tethered nanorods (right) at an
overall volume fraction of φ = 0.44 in a solvent
poor for the nanorods.

Conclusion

     We demonstrate that the thermodynamic
immiscibility in amphiphilic tethered nano

building blocks, combined with specific tether placement, solvent selectivity, tether length, and
overall concentration, can be used to facilitate the self-assembly of nanoparticles and
nanostructured molecules into specific and predictable morphologies that are potentially far
richer than those known for conventional block copolymer, surfactant, and liquid crystal systems
because of the complex topology and geometry of the tethered nano building block.  Control
over local nanoparticle alignment and mesophase behavior may provide a means to engineer
specific self-assembled structures.
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