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To prevent the flocculation and phase separation of nanoparticles in solution, nanoparticles are often func-
tionalized with short chain surfactants. Here we present fully atomistic molecular dynamics simulations which
characterize how these functional coatings affect the interactions between nanoparticles and with the surround-
ing solvent. For 5-nm-diameter silica nanoparticles coated with poly�ethylene oxide� �PEO� oligomers in water,
we determined the hydrodynamic drag on two approaching nanoparticles moving through solvent and on a
single nanoparticle as it approaches a planar surface. In most circumstances, macroscale fluid theory accurately
predicts the drag on these nanoscale particles. Good agreement is seen with Brenner’s analytical solutions for
wall separations larger than the soft nanoparticle radius. For two approaching coated nanoparticles, the solvent-
mediated �velocity independent� and lubrication �velocity-dependent� forces are purely repulsive and do not
exhibit force oscillations that are typical of uncoated rigid spheres.
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I. INTRODUCTION

There is increasing interest in using nanoparticles in com-
mercial and industrial applications. However, effective pro-
cessing of nanoparticles requires that they do not aggregate
and often involves solvation in a fluid. Functionalizing the
nanoparticles accomplishes both goals. The behavior of func-
tionalized nanoparticles depends strongly on the attached
groups. The behavior of bare nonfunctionalized nanopar-
ticles has been studied via experiments, theory, and simula-
tion, as have the interactions of polymer-grafted surfaces
�1–4�. The hydrodynamic and nanoparticle-nanoparticle in-
teractions involving small functionalized nanoparticles, how-
ever, are harder to characterize. Experimentally, it is difficult
to manipulate and measure forces on individual nanoparticles
smaller than �100 nm. Theoretical treatments are challeng-
ing because the coatings are relatively short, while the par-
ticles themselves are outside the large radius of curvature
limit. Numerical simulations of discrete solvent effects on
nanoparticles have been impractical until now because of the
large systems required to avoid significant finite-size effects
due to the long-range hydrodynamic interactions. For single-
particle diffusion, these corrections have been shown �5,6� to
scale as R /L where R is the particle radius and L is the
simulation cell length.

Recent studies have computed the potential of mean force
for bare silica nanoparticles in an aqueous medium, with and
without electrolytes present �7�. Forces between bare colloi-
dal nanoparticles have also been studied in Lennard-Jones
fluids and in n decane �8�. Hydrodynamic drag influenced by
approach to a plane surface has been studied theoretically �9�
and compared to simulations for rigid spheres �10,11�. Align-
ment effects for amorphous nanoparticles have also been
studied �12�. Kim et al. �13� used molecular dynamics �MD�
simulations to study the relaxation of a fullerene molecule
coated with poly�ethylene oxide� �PEO�. Other simulations
have either relied upon implicit solvents �14� or studied
nanoparticles in a vacuum �15,16�.

An inherent feature of interacting functionalized nanopar-
ticles in solution is the multiplicity of forces at both the

atomistic and nanoparticle scales. At the atomistic scale these
include electrostatic, van der Waals, bond, angle, and torsion
forces. At the nanoparticle scale, these same forces can be
assigned to hydrodynamic drag, lubrication, and depletion
forces �17�. These latter forces are strongly dependent on the
molecular structure of the nanoparticle coatings and solvent
as well as the nanoparticle’s velocity, size, and charge distri-
bution.

In this Rapid Communication we present results of MD
simulations of coated nanoparticles in an explicit solvent. We
model the forces between atoms and directly measure the
resulting forces on nanoparticles from their motion through
the discrete fluid. These and future results will allow for
more accurate and efficient coarse-grained potentials which
characterize the interactions of small functionalized nanopar-
ticles in flow environments.

Two geometries are presented: first, a single functional-
ized nanoparticle approaching a fixed wall and second, two
nanoparticles approaching each other. We find good agree-
ment with continuum theory in the first case even for these
nanoscale particles. Comparison with the solved hydrody-
namic problem of a rigid sphere approaching a wall �9� al-
lows us to study system-size effects. Static forces and
velocity-dependent forces are reported.

We modeled 5-nm-diameter rigid amorphous silica
nanoparticles onto which a passivating coating
of methyl-terminated PEO oligomer chains
�Si�OH�3CH2�CH2CH2O�6�CH3�� is attached. An example is
shown in Fig. 1. The chains were chemisorbed with trisilanol
groups. The grafting density was 3.1 chains per nm2, which
gave approximately 240 chains per 5 nm nanoparticle. This
density is consistent with experimental measurements �18�.
We used all-atom force fields developed by Smith et al. �19�
for both the PEO and the silica interactions �20�. We used the
TIP4P water model �21�. While PEO-water interactions were
explicitly provided, the silica-water interactions were deter-
mined by fitting the attractive portion of the Buckingham
potentials to a Lennard-Jones potential and then combining
them with the TIP4P potential using Lorentz-Berthelot mix-
ing rules. Simulations were carried out using the LAMMPS

PHYSICAL REVIEW E 79, 050501�R� �2009�

RAPID COMMUNICATIONS

1539-3755/2009/79�5�/050501�4� ©2009 The American Physical Society050501-1

http://dx.doi.org/10.1103/PhysRevE.79.050501


classical MD code �22�. Numerical integration was per-
formed using the velocity-Verlet algorithm with 1 fs time
step. Long-range Coulomb interactions were calculated using
the particle-particle-particle-mesh �PPPM� method �23�. Un-
less otherwise stated, runs were made in the NVT ensemble
with Nose-Hoover thermostat at 300 K with 100 fs damping
time. Several were also run in the microcanonical �NVE�
ensemble to test the thermostat influence. As described be-
low, no temperature drift was observed over the length of the
NVE runs and the NVT and NVE ensembles give statistically
identical results. However, the addition of a Langevin ther-
mostat increased the drag force on the particles.

The nanoparticle cores were cut from bulk amorphous
silica and then annealed to produce a surface OH concentra-
tion consistent with experimental values. The bulk silica was
generated from a melt-quench process similar to the method
of Lorenz et al. �24�. The nanoparticle core was treated as a
rigid body. To build the composite systems containing water

and a nanoparticle, we first equilibrated a large rectangular
cell of TIP4P water at 300 K for 1 ns. The composite system
created by inserting the nanoparticle into a spherical hole cut
in the periodic bulk solvent was then equilibrated in an NPT
ensemble at 300 K and 1 atm pressure for 0.5 ns. The vis-
cosity of pure water at 1 atm was calculated using the
Müller-Plathe �25� reverse perturbation method. The shear
simulations were run on a 13.0�13.0�11.5 nm3 shear cell
simulation for more than 2 ns. The calculated viscosity of
0.55 cP is in agreement with previous simulations �26�.

Three single-nanoparticle systems of varying sizes were
built to determine any finite-size effects on the viscous drag.
We varied L�=Lx=Ly perpendicular to the direction of mo-
tion, while fixing Lz=23.0 nm. For L�=13.0, 26.0, and
39.0 nm the systems contained approximately 400 000, 1.6
million, and 3.6 million atoms, respectively. Systems with
two nanoparticles were created by replicating the cell in
the z direction. These systems had dimensions
L��L��46.0 nm. For the largest simulations of more than
7 million atoms, 1 ns of simulation time took 140 h on 1024
Intel Xeon processors.

We measured the forces on the nanoparticles as a function
of separation for a nanoparticle approaching a plane surface
and for the collision of two nanoparticles. In both scenarios,
the nanoparticle core moves at constant center-of-mass ve-
locity, which was controlled by displacing the rigid silica
core at a fixed rate while allowing rotation. The coating and
solvent responded dynamically. Because the displacement of
the nanoparticles was constrained, we were able to measure
the force response as a function of position for several ap-
proach velocities. The force on a nanoparticle core was com-
puted by summing all individual forces acting on all atoms
within the core. Forces were calculated every time step and
averaged over 10 ps periods to remove atom-scale fluctua-
tions.

II. NANOPARTICLE APPROACHING A PLANE SURFACE

The increased drag due to solvent-mediated interaction on
a single spherical particle approaching a wall was derived
analytically by Brenner �9�. Stokes drag, valid in the
asymptotic limit far from the wall, is modified by a multipli-
cative correction, Fdrag=6��Rv�, where

� =
4

3
�sinh ���

n=1

�
n�n + 1�

�2n − 1��2n + 3�� 2 sinh��2n + 1��� + �2n + 1�sinh 2�

4 sinh2�	n +
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− 1� ,

�=cosh−1�h /R�, � is the solvent bulk viscosity, R is the ra-
dius, v is the sphere velocity, and h is the distance to the
wall.

Recent explicit solvent simulations of rigid nanoparticles
�11� have shown force oscillations near rigid walls. We find

no oscillations for coated nanoparticles, while for bare silica
nanoparticles we did observe oscillations.

Figure 2 shows the force on a PEO-coated silica nanopar-
ticle moving at 25 m/s as it approaches a wall of immobile
water at the system boundary for three system sizes. This

FIG. 1. �Color online� Cross sections of silica nanoparticles
coated with PEO oligomers in water. Frames show a 7�15 nm2

view of the larger 26�26�46 nm3 system. The nanoparticles are
shown at center separations of 11.5 nm �top�, 8.0 nm �middle�, and
6.0 nm �bottom�. Elements C, O, H, and Si are blue, red, white and
yellow, respectively.
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simple wall was selected to provide a hydrodynamic obstacle
without altering the long-range Coulombic interactions of the
periodic cell or introducing an effective wall potential. Two
average radii are plotted as vertical lines: Rmax=4.4 nm is
the radius at which the particle density of the coating falls to
zero, and Rh=3.65 nm is the radius at which the particle
density of the coating drops to half-maximum value. Rh is
used for the effective hydrodynamic radius in subsequent
drag calculations. The systems have maximum Reynolds
number 0.33, indicating laminar flow and Schmidt number
180, indicating a momentum-transfer-dominated regime.

Using multiple system sizes allows us to determine the
finite system-size effects on the measured forces. For sepa-
rations greater than Rmax, finite system-size effects are evi-
dent in the smallest system. Results for the two larger sys-
tems show no system-size dependence and appear to have
converged to the Brenner result. The observed forces depart
from the Brenner solution for distances less than Rmax. The
coating compresses on the surface to produce a softer force
response than Brenner predicts for a hard sphere. At these
separations, short-range contact forces rather than hydrody-
namic forces dominate the nanoparticle interaction. Water
molecules become trapped in the chains rather than flowing
out of the gap. Moreover, the direct van der Waals and Cou-
lomb interactions between particle coating and wall become
significant. Nanoparticles in all three system sizes feel iden-
tical forces for separations less than Rh at a given velocity.
For separations greater than Rmax, the lubrication forces are
strongly dependent on system size for small systems

�L /R�3� but fall away rapidly with increase system size.
This perhaps indicates that the short-range hydrodynamics
dominate over long-range hydrodynamics which are pre-
dicted to fall away much more slowly, scaling as R /L �5,6�.

III. FORCE BETWEEN TWO NANOPARTICLES

The cross sections in Fig. 1 depict the system we used to
study the forces between two nanoparticles. The two-
nanoparticle dynamic simulations were run with system size
L�=26 nm and Lz=46 nm. Equilibration runs for smaller
L�=13 nm and Lz=23 nm systems are also reported. As
seen in Fig. 1, the chains begin to touch when the center
separation is approximately 8.5 nm. At 6.0 nm, the tethered
chains are highly compressed.

Relative velocities of 5 and 50 m/s were used to deter-
mine the velocity-dependent lubrication forces. Starting at a
core-core separation of 23 nm, the nanoparticles were
brought together until the forces between the two nanopar-
ticles diverged. For the velocity-independent solvation
forces, the cores were held at various fixed positions taken
from the finite velocity approach runs and each was allowed
to relax for 2 ns.

Figure 3 shows the force measured as a function of sepa-
ration. The NVT and NVE ensembles give statistically iden-
tical results. The force is purely repulsive and, although fluc-
tuating, on average increases monotonically with decreasing
separation. The force response is consistent with the theoret-
ical linear scaling in velocity and goes asymptotically to the
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FIG. 2. �Color online� Force on nanoparticles approaching a
plane surface of immobile water at 25 m/s as a function of center
separation. The smallest system, with L�=13 nm �black�, shows a
finite system-size effect. The larger systems, with L�=26 nm �red
or middle gray� and L�=39 nm �blue or dark gray�, converge to the
Brenner prediction �green or light gray� for separations greater than
4.4 nm. The open circles are equilibrated forces in which the par-
ticles are held fixed at a given separation. Rmax �dashed� and Rh

�dotted� are defined in the text. Inset shows the time-averaged coat-
ing density versus radial distance.
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FIG. 3. �Color online� Force on approaching nanoparticles with
relative velocities of 5 m/s �two middle light blue and dark blue
lines� and 50 m/s �two upper light green and dark green lines� as a
function of center separation. The lighter colors are data from runs
in the NVE ensemble and the darker colors were run in the thermo-
stated NVT ensemble. Data for equilibrated configurations are
shown in black. Inset shows the equilibrated data as a log-linear
plot. Circles and squares are for L� of 13 nm and 26 nm,
respectively.
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single-particle Stokes drag in the limit of large separation. As
in the single-particle study, we do not observe oscillations in
the force which have been observed with two rigid sphere
nanoparticles in explicit solvent �12�.

Finite-system effects are expected for small systems at
higher velocities. However, the equilibrated solvation forces
showed no system-size effects even for the smallest systems.
The inset in Fig. 3 shows equilibrated forces computed in
L�=13 and 26 nm systems. The equilibrated force is plotted
at fixed separations and fit within this range of separation by
Fequil� �1 /r�2.5, where r is the core surface separation.

The two-nanoparticle data can be broken into three re-
gimes, which we will refer to as large separations �greater
than 8 nm�, moderate separations �between 6 and 8 nm�, and
very small separations �less than 6 nm�. These regimes are
characterized by nanoparticle-nanoparticle forces which are
noninteracting, weakly interacting, and strongly interacting,
respectively. At large separations, the force on the nanopar-
ticles is dominated by a constant resistance to motion by the
solvent, and the system is clearly in the viscous drag regime.
The force on the nanoparticle in this regime is essentially
constant as a function of separation. The magnitude of the
force scales linearly with velocity as hydrodynamic theory
predicts in this velocity range. At moderate separation dis-
tances, the separation-dependent interaction of the coatings
dominates the force. Both coating interactions and hydrody-
namic forces play significant roles. The hydrodynamic forces
increase with proximity as the solvent is forced from the
small space between the nanoparticles. We note that in this
region the force is strongly separation and velocity depen-
dent. Finally, for very small separations, the chains of the
coating become close packed and the force increases rapidly.
This final region is unlikely to be explored by nanoparticles

in solution as the energies associated with these separations
are orders of magnitude above the thermal background kBT
under normal processing conditions.

In conclusion, we have presented results for large-scale
simulation of coated nanoparticles in an explicit solvent. We
measured the forces on these nanoparticles as a function of
separation in two geometries and for several velocities. For
separations larger than Rmax, analytical hydrodynamic results
for colloidal particles held even at the nanoscale. For two
nanoparticles, at large separations the forces were dominated
by hydrodynamic forces, specifically viscous drag. For sepa-
rations less than 2Rmax, the interparticle forces were domi-
nated by contact and short-range hydrodynamic forces. In all
cases, the functional coating completely suppressed the force
oscillations which are observed for uncoated rigid particles
of this size in explicit solvents. We observed a similar quali-
tative response for alkane-coated silica nanoparticles in dec-
ane. Results from an extensive series of simulations which
investigate the role of chain length, grafting density, and core
nanoparticle size will be reported elsewhere.
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