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ABSTRACT

Utilizing state-of-the-art molecular dynamics simulation
techniques, we have developed a methodology for
determining the gross functionalization parameters required
to promote formation of small, compact, and stable
nanoparticle clusters in aqueous solutions. The ultimate
goal of the formation of these stabilized clusters is to
provide a stable base quantum dot which will be easily
detectable with low energy (near-visible and visible)
spectroscopic techniques, yet remain viable to the addition
of a wide variety of functional groups for sensing of a
variety of potentially interesting analytes. Our primary
system of interest is that of functionalized gold
nanoparticles, where alkylated gold cores are solubilized
with poly(ethylene oxide) (PEO) chains to achieve solution
stability.

1 INTRODUCTION

Functionalized nanoparticles offer a wide array of
potential applications for biological purposes.  The
nanoscopic size of the particles makes them an obvious
choice for cellular uptake and potential incorporation into
nanoscopic biological processes. As such, there has been a
growing interest in the utilization of nanoparticles to affect
increasingly specific subsets of important biological
processes.  Nanoparticulate gold has emerged as a
promising candidate for a wide variety of uses including
imaging [1 23] and therapeutic treatments [4,5]. While
there are a number of other potential functionalized
nanoparticles that exhibit specific subsets of the
functionalized gold’s applications, many of these particles
require significant effort to prepare, requiring -either
construction via a layer-by-layer approach in which
different layers of the particle add new features [6] or by
amorphous aggregation which leads to significant size
polydispersity and the need for expensive and time-
consuming purification based on size and/or desired
chemical properties. Rather than employ either of these
expensive methodologies for construction of functionalized
nanoparticles, our work focuses on obtaining a sufficient
understanding of the atomic and molecular level
interactions of such systems through molecular dynamics
simulation, and subsequently using this knowledge along
with relatively easily controlled interactions to map out

potential phase spaces which are amenable to quick and
precise self-assembly of functionalized nanoparticle cores
surrounded by a non-reactive and biocompatible polymer
layer.

2 MODEL AND SIMULATION

In order to rapidly investigate the staggering phase
space of potential nanoparticle functionalization which
might lead to the type of self-assembly desired, it is
necessary to develop a coarse-grained model which allows
the rapid simulation of potential target systems while
retaining as much chemical accuracy as possible. We have
previously developed techniques for accurately mapping
coarse-grained models for the interaction of PEO tethers
with fullerenes which are sufficient to properly represent
the results from a more explicit (and time consuming)
explicitly atomistic model. [7]  This coarse-grained
implicit-solvent (CGIS) model of the polymer/nanoparticle
interactions, along with accurate CGIS descriptions of the
PEO-PEO interactions in an aqueous solution, [8] allows
for the elimination of a large degree of computational load
while still providing accurate descriptions of the bulk static
assembly of clustering systems. For this reason, we have
chosen to use such a CGIS methodology for our
investigation in the current work. Since our ultimate
interest is in investigating the self-assembly behavior of
PEO functionalized, alkylated gold nanoparticles, there are
two distinct steps which we must take in order to determine
the self assembly behavior of a CGIS model alkylated gold
nanoparticle suspended in aqueous solution:

1) Coarse-Grained Paramaterization
We must accurately characterize the unknown
portions of the Au-Alkyl-PEO interactions for
inclusion into the CGIS model.

2) Architectural Effects on Self Assembly
We must develop an understanding of the
relationship between polymer architecture and
spherical nanoparticle self-assembly.

2.1 Coarse-Grained Parameterization
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The first step requires a relatively straightforward but
computationally expensive calculation of the relevant
interactions between the different components of the
system. Our investigation focuses on small (~2.2nm in
diameter) gold nanoparticles functionalized with moderate
to large chain thiol layers. As such, the primary
interactions of interest will be the water-alkane and alkane-
PEO potentials, since direct gold interactions with the other
components of the system are effectively screened by the
thickness of the alkane layer. However, on a coarse-
grained scale the thiolated gold nanoparticle is treated as a
single force center. Thus, to obtain accurate interactions for
the differing components of the system, we undertake the
following steps:

Figure 1.

Schematic illustration of water/alkane interfacial
simulation. Grey atoms represent the carbon backbone
of the model alkane layer.

1) The quality for the alkane-water interaction is tested
by comparison of the predicted surface tension of a melt-
state alkane layer between two layers of water. A snapshot
for this simulation is represented in Fig. 1. Here we
perform standard atomistic molecular dynamics utilizing
previously validated water models and investigating a
couple of potential alkane models. Investigations with a
united atom representation [9] for the alkane chains
demonstrated a tendency for the PEO to strongly adsorb to
the alkane surface, as well as an alkane-water surface
tension that was 10% higher than experimentally observed
values. Since we expect the quality of the PEO-alkane
interaction to play a large role in determining the overall
assembly characteristics of the nanocluster by affecting the
extent to which the PEO prefers solvation or adsorption, we
have recently turned to investigatons utilizing a potentially
more accurate polarizable model of water-alkane
interactions, which we anticipate will lead to better
interfacial characteristics for the alkane-water interaction.
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Figure 2.

Snapshots from atomistic, explicit solvent simulations
of:

A) A single gold nanoparticle covered with alkane thiol
and tethered to six PEO chains of 12 repeat units each
in water

B) Two gold nanoparticles and their associated alkane
thiol layers in water.

Once these potentials have been determined, the coarse-
graining proceeds by utilizing full atomistic simulation of
two systems to derive the coarse-grained potentials
necessary for the CGIS model. Coarse-graining of the
PEO-nanoparticle requires utilizing the previously
established and validated PEO-PEO intramolecular
potentials derived from extensive atomistic simulations of
PEO in aqueous solution [8], coupled with an iterative
technique which utilizes the observed radial distribution
function of the PEO near the nanoparticle in atomistic
simulations as a constraint to develop a coarse-grained
potential for PEO chains where each PEO monomer is
considered a single site of the coarse-grained chains. It is
important to capture the individual (as well as collective)
behavior of the PEO near the nanoparticle and, as such, the
relative amount of PEO used to develop the coarse-grained
potential is intentionally kept small. Figure 2A shows a
schematic of such a simulation system.

241



In figure 2B, the remaining atomistic simulation
necessary to obtain a coarse-grained description of the
system is illustrated. Here, each of the atomistically
represented gold nanoparticles (including the associated
alkane layer) will ultimately be represented by a single
force center. Thus, it is necessary to determine the potential
of mean force between the two alkylated gold nanoparticles
to serve as the base interaction between the nanoparticulate
components of the CGIS model. We generate this potential
of mean force by using a weighted histogram technique
coupled with a harmonic umbrella sampling bias to
generate appropriate phase space sampling for the
nanoparticles in the aqueous solution.

Due to the overall dependence of the coarse-graining on
accurate atomistic potentials, it can represent a signficant
roadblock to our desire to understand our ultimate question
of how chain architecture of grafted polymer allows us to
affect the clustering behavior of spherical nanoparticles. As
such, rather than ignoring this question until all of the
miscellaneous components of the alkylated gold system
have been determined, we have gone forward with an
investigation of grafting geometry of PEO on a known
hydrophobic nanoparticle: Cg fullerenes. While the
specifics will necessarily depend on the interactions
endemic to the gold/alkane/PEO system, we believe the
qualitative interpretation of the effect of polymer
architecture on the assembly of spherical nanoparticles is
likely to be generic.

2.2 Architectural Effects on Self-Assembly

In order to obtain a basic understanding of how the
architecture of tethered polymer chains can be used to drive
the effective self-assembly of the nanoparticles to which
they are tethered, we have investigated an aqueous system
of Cg fullerenes with a single grafted PEO tether of 60
monomers in size and three differing architectures: A
single linear tail (1-60), a star of 3 20-monomer arms (3-
20), and a star composed of 6 10-monomer arms. Each
system is comprised of 300 individual tethered
nanoparticles which are represented as a single force-center,
with each tether represented at the coarse-grained mapping
level of one bead per monomer. The aqueous background
medium is considered as an implicit viscous solvent, and is
simulated via Brownian dynamics with a reduced frictional
coefficient for accelerating convergence toward static
equilibrium. A schematic representation of the three
different functionalizations investigated is presented in
Figure 3.

Despite the signifcant speed-up realized by simulating
such a coarse-grained system with Brownian dynamics, it is
still intractible to rapidly determine the equilibrium
distribution of cluster sizes. Initial formation of small
clusters proceeds in such systems quite quickly, but further
aggregation of these small clusters is excruciatingly slow,
due to either the decrease in the

diffusion of the forming clusters as they grow, the
consumption of available single (“monomeric”) tethered
nanoparticles which prevents stepwise growth of the
nascent clusters, or some combination of the two.

A)

B)

9]

Figure 3.

Schematic representations of a single functionalized
nanoparticle from the Cg-PEO systems for the 1-60
(A), 3-20 (B), and 6-10 (C) systems.

For this reason we have devised a simulation methodology
which is designed to drive clusters toward a maximal
thermodynamically accessible size, at the expense of
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generation of an accurate equilibrium distribution. In order
to do this, we utilize a “seeding” idea wherein a small
number of our tethered nanoparticles are regarded as seeds
while the rest are regarded as free monomer. The seed
particles interact completely as dictated by the underlying
coarse-grained interactions derived from atomistic
simulations. However, the particles earmarked as free
monomer have the direct nanoparticle-nanoparticle
interaction changed to be a repulsive, WCA [10]
interactions to prevent them from participating in
extraneous cluster growth.

The interactions of the “free monomer” particles with
the seed particles is kept as the full attractive potential,
which serves the purpose of effectively surrounding the
seed nanoparticles in a solution of available tethered
nanoparticles which can only be utilized to further cluster
growth. If a free nanoparticle comes within a certain pre-
defined range of a seed nanoparticle it is tagged and its
interactions are considered to be equivalent to those of a
seed nanoparticle. Thus, as the free nanoparticles aggregate
into clusters with the seed nanoparticles, they convert in a
way which allows the cluster to continue growing without
introducing artificial interactions into the particles which
are currently part of the cluster. While this obviously
skews the equilibrium distribution of cluster sizes, the
underlying interactions between free nanoparticles and the
seed clusters remains the same as in equilibrium, yielding
clusters which should grow until such point as the free
energy of addition of a single monomer is no longer
favorable to the overall free energy of the cluster, at which
point the cluster represents the maximal cluster size
realizable with little regard to kinetic trapping due to deep
free energy minima.

As an inevitable consequence of this process, in some
cases one or more nanoparticles may break free of an
already formed cluster. Since these nanoparticles have
been “converted” to behave like seeds, they would quickly
nucleate new cluster growth and leave us in a situation akin
to that seen for the unmodified simulation if efforts were
not made to prevent this. In order to address this issue, the
entire system is periodically scanned for cluster growth, and
any clustered particles which are not part of a cluster
containing a seed particle are converted back into free
monomer. Thus, to the seeded clusters, the surrounding see
of free nanoparticles acts as a relatively constant
concentration source of free nanoparticles which can only
be exhausted by aggregating within a seeded cluster. This
ultimately leads to a significant pressure toward
maximizing cluster size and, as such, any observed limits
on maximum cluster size as a function of polymer
architecture can be assumed to stem from underlying free
energy unfavorability, rather than from kinetically trapped
states.

We have investigated the cluster formation for the 1-60,
3-20, and 6-10 systems listed previously, and present the
resulting average cluster size graphically in Figure 4.
Additionally, for comparison, the growth curve for average
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cluster size for an unmodified system utilizing the 6-10
architecture is presented. We find that a single linear tail is
wholly insufficient to stabilize the formation of compact,
finite-size clusters for the C4-PEO system, and that the
cluster continue growing until phase separation. For the 3-
20 systems the clusters are stabilized with a modal size of
around 31 nanoparticle per cluster, while by the time the
attached polymer is as compact as the 6-10 architecture,
modal cluster size has been driven to a modest 9
nanoparticles per cluster.
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Figure 4.

Average cluster size for differing clusters formed with

different polymer architectures.
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