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Abstract We have employed molecular dynamics
simulations to systematically investigate the effects of
nanoparticles’ structural and chemical properties on their
diffusive behaviors at/across the water—benzene inter-
face. Four different nanoparticles were studied: modified
hydrocarbon nanoparticles with a mean diameter of
1.2 nm (1.2HCPs), modified hydrocarbon nanoparticles
with a mean diameter of 0.6 nm (0.6HCPs), single-
walled carbon nanotubes (SWCNTSs), and buckyballs.
We found that the diffusion coefficients of 0.6 and
1.2HCP were larger than the corresponding values
predicted using the Stokes—Einstein (SE) equation and
attributed this deviation to the small particle size and the
anisotropy of the interface system. In addition, the
observed directional diffusive behaviors for various
particles were well-correlated with the derivative of the
potential of mean force (PMF), which might indicate an
effective driving force for the particles along the
direction perpendicular to the interface. We also found
that nanoparticles with isotropic shape and uniform
surface, e.g., buckyballs, tend to have smaller diffusion
coefficients than those of nanoparticles with comparable
dimensions but anisotropic shapes and non-uniform
surface composition, e.g., SWCNT and 0.6HCP. One
possible hypothesis for this behavior is that the “perfect”
isotropic shape and uniform surface of buckyballs result
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in a better-defined “solvation shell” (i.e., a shell of
solution molecules), which leads to a larger “effective
radius” of the particle, and thus, a reduced diffusion
coefficient.
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Introduction

The diffusion and self-assembly of nanoparticles at/
across liquid-liquid interfaces are important in both
natural and industrial applications. For example, the
small size of the nanoparticles results in weak
confinement of the nanoparticles at the liquid-liquid
interface, which opens avenues to size-selective
particle assembly (Lin et al. 2003). Furthermore, there
is a growing interest in solid-stabilized emulsions
(Pickering emulsions) that use solid nanoparticles or
microparticles as emulsion stabilizers: small particles
can form a layer between the interface of the droplet
(dispersed phase) and the continuous phase to inhibit
the coalescence of droplets and generate kinetically
stable emulsions (Tarimala and Dai 2004). However,
the fundamentals of the diffusion and self-assembly of
nanoparticles at/across liquid-liquid interfaces have
not been fully explored. One of the remaining
challenges is to understand multiphase interactions,
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self-assembly processes, and self-assembled struc-
tures of nanoparticles, especially when the size of the
nanoparticles is comparable with the molecular
dimension of the surrounding liquids (Frost and Dai
2012). For example, there are few reports on the effect
of anisotropic particle shapes in Pickering emulsions
(de Folter et al. 2014; Ma and Dai 2007). In addition,
the kinetics of particle adsorption onto liquid inter-
faces is also not completely understood (Ma and Dai
2007).

Molecular dynamics (MD) simulations have been a
powerful tool for understanding the properties of
assemblies of molecules in terms of their structure and
the microscopic interactions between them. It serves
as a bridge between microscopic length and time
scales and the macroscopic world of the laboratory.
Besides, MD simulations offer a unique opportunity to
explore the microscopic world which cannot be
studied by conventional experiments: the hidden
details behind bulk measurement can be revealed by
MD simulation. For example, Moreira and Skaf
(Moreira and Skaf 2004) reported a significant reduc-
tion of hydrogen bonds near the water/carbon tetra-
chloride interface and the dipole moments of water
show preference of aligning along the interface. The
work by Zhang et al. (Zhang et al. 1995) suggest that
there are inner and outer layers near the water—octane
interface and that the water dipoles point in opposite
directions at the different layers. Recently, Dai’s
research group has simulated the self-assembly and
diffusion of nanoparticles in water—oil, ionic liquid—
water, and ionic liquid-oil systems, (Frost and Dai
2012; Song et al. 2010; Luo et al. 2006; Frost et al.
2012; Frost and Dai 2011) providing insights into the
transport and interfacial behavior of nanoparticles in
liquid-liquid systems. However, systematic numerical
investigation of the effects of structural and chemical
parameters of nanoparticles on diffusion kinetics at/
across liquid—liquid interfaces has not been carried out
and is thus the focus of this work. It is expected that a
fundamental understanding of nanoparticle diffusion
in liquid systems could be obtained from this study,
and a microscopic mechanism theory could be
proposed to explain macroscopic observations. In this
study, we have demonstrated that MD simulations can
provide insight into nanoparticle diffusion in a water—
benzene model system. Furthermore, a detailed dis-
cussion including simulation system validation, and
the effects of size, shape, and surface composition on
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the self-assembly and diffusion behaviors of nanopar-
ticles at/across water—benzene interface is given.

Methodology

All MD simulations were performed using the
GROMACS 4.5.4 package (Berendsen et al. 1995).
The initial simulation box for each interfacial system
was approximately 5.0 x 5.0 x 10.0 nm (Frost and
Dai 2011). After the initial configurations were
obtained, 1000 energy minimization steps were per-
formed using the steepest descent method. The
leapfrog algorithm was used for integrating Newton’s
equation of motion with a time step of 0.002 ps. We
performed NVT [(constant number of molecules,
constant volume, and constant temperature)] simula-
tions for calculating the surface tension of benzene/air
and benzene/water interfaces, and the Berendsen
thermostat (Berendsen et al. 1984) was applied to
maintain the system’s temperature at 300 K. For
simulating the water/oil/nanoparticle system, the NPT
[(constant number of molecules, constant pressure,
and constant temperature] ensemble was applied, with
the Berendsen thermostat and Berendsen barostat
(Berendsen et al. 1984) used to couple the system to a
temperature and pressure bath at 300 K and 1 bar,
respectively. Periodic boundary conditions (PBC)
were applied to all three directions of the simulated
boxes. The initial atomic velocities were generated
with a Maxwellian distribution at the given absolute
temperature. The particle-mesh ewald (PME) method
was used for the long-range electrostatic interactions.
The cut-off distance for Lennard—Jones forces was set
as r = 1.4 nm. After the simulation, the physical
properties were characterized using the GROMACS
analysis tools, and the structures were visualized by
visual molecular dynamics (VMD) (Humphrey et al.
1996).

Water was described with a single point charge
(SPC) model, which has been proven to perform well
in simulating the water—oil system (Luo et al. 20006).
The topology and structure of benzene were generated
by automated topology builder (ATB) and Repository
version 2.1 (Malde et al. 2011). Benzene was
described by the Gromos 53A6 force field (Fu and
Tian 2011; Oostenbrink et al. 2004; van der Spoel et al.
2012; Schmid et al. 2011), which was validated by the
previous researchers (Fu and Tian 2011) as a
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reasonable estimation of the real liquid benzene. The
geometrical structures of single-walled carbon nan-
otube (SWCNT) and buckyball were created by
Nanotube Modeler. The Gromos 54A7 force field
(Schmid et al. 2011) was used to describe SWCNT
(Garate et al. 2014; Larin et al. 2015) and buckyball
(Lai and Oostenbrink 2012). We also performed
simulation with Gromos 53A6 (Oostenbrink et al.
2004) and observed no changes in the system behav-
iors (Wong-Ekkabut and Karttunen 2012). The spher-
ically modified hydrocarbon nanoparticles (0.6,
1.2HCP) were formed by truncating a diamond-like
lattice made of carbon atoms bonded in a non-planar
hexagonal structure, and to increase the simulation
efficiency, saturated with united CH, CH,, and CHj;
atoms (Luo et al. 2006; Mazyar and Hase 2006). The
force field parameters for 0.6HCP and 1.2HCP were
taken from the Gromos 54A7 parameter set (Oosten-
brink et al. 2004; Schmid et al. 2011) to simulate rigid
hydrophobic particles (Song et al. 2010; Luo et al.
2006). This structure has been used in previous
simulation studies focused on interfacial self-assem-
bly (Frost and Dai 2012; Song et al. 2010; Luo et al.
2006a, b; Frost and Dai 2011).

The Potential of Mean Force (PMF) provides
information on how the system’s energy changes as a
function of general “reaction coordinates” (Chandler
1978; Kirkwood 1935). In this report, PMF calculations
were used to examine how the system’s energy changed
as a function of the nanoparticle being pulled from the
center of the water phase to the center of the benzene
phase with respect to the z direction. We took snap shots
of this pulling process with the nanoparticle at every
0.15 nm in the z direction, for about 5 nm total. These
snapshots were then equilibrated for 5 ns each while
restraining the particle in its respective position. The
force required to restrict the nanoparticle was calculated
and analyzed via the weighted histogram analysis
method (WHAM) (Roux 1995; Hub et al. 2010; Kumar
et al. 1992) and the profile of the PMF of the system in
the z direction was generated.

Results and discussion
As presented in Fig. 1, the influence of the size of the

nanoparticles was investigated by studying two nano-
spheres with the same surface features (saturated

hydrocarbons) but different sizes, including two types
of spherically modified hydrocarbon nanoparticles:
0.6 nm in diameter (0.6HCP) and 1.2 nm in diameter
(1.2HCP). The shape effects on the liquid-liquid
interface behavior of the nanoparticles were explored
by comparing the buckyball and SWCNT, which had
the same surface feature (graphene) and comparable
size (as indicated in Table 1), but the shape of
buckyball was symmetrical whereas the shape of the
SWCNT was directional. Detailed information for the
nanoparticles is shown in Table 1. Finally, the effects
of the nanoparticle’s surface composition were inves-
tigated by comparing the buckyball and 0.6HCP. Both
nanoparticles have the same size and shape. However,
the surface of the buckyball consisted of sp® carbon
atoms, while the surface of 0.6HCP was composed of
saturated hydrocarbons.

Validation of the simulation system

The liquid-liquid interfaces were simulated by placing
a cubic water simulation box adjacent to a cubic
benzene simulation box. The Gromacs 4.5.4 package
contains a pre-equilibrated coordinate file for SPC
water, and the water simulation box was verified by
previous researchers; (Frost and Dai 2011, 2012; Luo
et al. 2006, 2009) so it was unnecessary to again
equilibrate and validate the water simulation box.

The benzene boxes were equilibrated under NPT
conditions (constant number of molecules, constant
pressure, and constant temperature) for 5 ns. The
purpose of this step was to make sure that the benzene
box had correct density at 1 bar and 300 K. Our
simulation indicated that the benzene box achieved
equilibrium after 3.7 ns, and the equilibrium density
of the benzene box was 859.95 kg/m>. Compared with
the experimental value, 873.8 kg/m3 in the literature
(Goodwin RD 1988), the error is within 2 %, which
suggests that our simulation system can provide
reasonably accurate predictions of reality.

The simulation system was also examined by
calculating the surface tension of the benzene/air and
benzene/water interface. We calculated the surface
tensions of benzene/air by doubling the z vector of the
equilibrated boxes to form a liquid/gas surface, and
then performed a 10 ns NVT MD simulation. The
simulated value of surface tension of benzene/air was
27.0 £ 2.1 mN/m, which is comparable to the
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Fig. 1 Schematic of the
SWCNT, buckyball, and
hydrocarbon particles used
to investigate the effect of
shape, size, and surface
composition on the diffusion
and self-assembly process of
nanoparticles at a liquid—
liquid interface

v .“ C
0.6HCP

Buckyball

Table 1 Detailed

Carbon number Hydrogen number

Length (nm)

Nanoparticle Dimension
information of the studied
nanoparticles Radius (nm)
SWCNT 0.32
Buckyball 0.34
0.6HCP 0.33
1.2HCP 0.62

1.2 120 0
- 60 0
- 30 40
- 171 128

experimental value of 28.22 mN/m, (Goodwin 1988)
indicating a reasonable value of surface tension. To
calculate the interfacial tension of benzene/water, we
put an equilibrated benzene box adjacent to an
equilibrated water box, and then performed a 10 ns
NVT simulation. The simulation result of the benzene/
water interfacial tension was 35.2 + 2.7 mN/m. The
surface tension measured by Cupple et al. (Cupples
1947) was 32.67 £+ 0.05 mN/m, which further indi-
cated that our simulation systems were a reasonable
approximation to the real system and its interfacial
behavior.

Effect of nanoparticle size

We investigated the effect of size by comparing the 0.6
and 1.2HCP. The diffusion coefficients of nanoparticles
are estimated by monitoring the mean square displace-
ment (MSD) as a function of time, using the Einstein

relation (Einstein 1905), lim |r;(r) — r;(0)[*= 6Dyt
n—oo
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where r;(¢) is the center of the mass position of the
nanoparticle i at time ¢. The diffusion coefficients of
the nanoparticles are calculated by taking the linear
regression of the MSD as a function of time. The
comparison of the nanoparticless MSD plots at
z direction in water box are indicated in Fig. 2, the
inset table lists all the diffusion coefficient calculated
from their MSD plots.

The most common basis for estimating diffusion
coefficients of particles in liquids is the Stokes—
Einstein (SE) equation, (Einstein 1905) D = kgT’

6mna’

where D is the diffusion coefficient, kg is the
Boltzmann’s constant, T is the absolute temperature,
m is the viscosity of the fluid, and a is the particle
radius. In our simulation system, the viscosity of SPC
water is 0.30 &+ 0.05 cP and we used the simulated
viscosities of water to estimate the diffusion coeffi-
cients since the nanoparticles are immersed in such
media (Song et al. 2010). Table 2 shows that the
simulated diffusion coefficients in z direction were
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Fig. 2 Mean square 2

displacement (MSD) plots
of nanoparticles at

z direction in water phase 1.8 0.6HCP
within the first 1 ns. The

0.6HCP is indicated by a 1.2HCP
solid blue line, 1.2HCP by a L6 SWCNT
dotted red line, SWCNT by

a solid purple line and 14 Buckyball

D, (1075 cm?/s)
1.70 = 0.10
1.63 = 0.06
122 = 0.13
0.71 £+ 0.05

buckyball by a dashed green
line. The inset

table indicated the diffusion o 12
coefficient calculated from 8
the slope of the mean square =
displacement plots. (Color S 1
figure online) §
0.8
0.6
0.4

0.2

Table 2 Comparison of the nanoparticle diffusion coefficients
in the water phase for the MD simulation and the SE equation,
respectively

Dyp (1073¢em? /5) Dsg (1073cm?/s)

0.6HCP
1.2HCP

3.61 £0.08 2.52
433 £ 0.15 1.26

larger than those calculated from the SE equation.
Previous studies also showed that the diffusion
coefficient of nanoparticles was larger than that
predicted by the SE equation. For example, Cadmium
Selenide nanoparticles were found to diffuse 200
times faster in a polymeric liquid than predicted by the
SE equation due to the small size of the nanoparticles
(Tuteja et al. 2007). One possible explanation for the
failure of the SE equation is that the SE equation is
derived by assuming a rigid solute sphere diffusing in
a continuum of solvent. When the solute radius is less
than five times that of the solvent, the SE equation
usually breaks down (Chen 1982). The effectiveness

0.6HCP
eeeee 12HCP
-
- e SWCNT
== == Buckyball
400 600 800 1000 1200
t (ps)

of the SE equation may even become worse as the
solute size becomes smaller and smaller (Cussler
2009). In our simulation, 1.2HCP is approximately 4
times larger than the water molecule (0.27 nm) and the
0.6HCP is about the same size of the water molecule.
In addition, the SE equation assumes that the interac-
tion between the particles and the liquids is isotropic.
However, in our system, there is a water/benzene
interface, which is not isotropic in all three directions.
We may indicate how anisotropic our system is by the
profile of the PMF: Fig. 3a shows the calculation of
the PMF with respect to the z direction for both 0.6 and
1.2HCP, with the approximate position of the water/
benzene interface at z = 0 nm. The PMF decreases
dramatically as the particle approaches the interface.
This suggests that our system is directional, that there
is a driving force pointing toward the benzene
direction. The first derivatives of the PMF are plotted
in Fig. 3b, and two observations can be made from
Fig. 3b. First, the absolute value of the first derivative
of PMF, d(PMF)/dz is larger for 1.2HCP than for

@ Springer
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Fig. 3 Plots on the left (a, c, e) illustrate comparisons of the
potential of mean force (PMF) and plots on the right (b, d,
f) show the corresponding first derivatives of the PMF for
0.6HCP versus 1.2HCP, buckyball versus SWCNT, and

0.6HCP, indicating a stronger driving force on 1.2HCP.
According to the estimation of SE equation, the
diffusion coefficient of 1.2HCP should be half of 0.6
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== «= = Buckyball
e 0.6HCP

dPMF /dz (dkT/dnm)

buckyball versus 0.6HCP. The 0.6HCP is indicated by a solid
blue line, the 1.2HCP by a dotted red line, SWCNT by a solid
purple line, and the buckyball by a dashed green line. The water/
benzene interface is at z = 0 nm. (Color figure online)

HCP. However, this study demonstrates that the
diffusion coefficients of 1.2 and 0.6HCP are very close
to each other, as shown in Fig. 2. Second, the minimum
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value of the PMF appears near the interface of benzene/
water at the benzene side, which is similar to the
calculations of Frost et al. for the hexane/ionic liquid
and water/ionic liquid systems (Frost et al. 2012). In the
referenced simulations, the minimum value of the PMF
also approached the liquid/liquid interface and the
nanoparticles eventually equilibrated at positions which
correspond to the minimum value of the PMF.
Another interesting observation is that when the
nanoparticles pass through the interface, the speed of
the large nanoparticles seems to decrease, lingering
around the interface at the benzene side for a while.
However, the small nanoparticle seems to pass
through the interface quite smoothly. Figure 4 shows
snapshots of the 0.6 and 1.2HCP at various times,
indicating the time necessary for the 0.6 and 1.2HCP
to pass through the interface and to the center of the
benzene phase. The 1.2HCP “vibrated” and moved
laterally near the interface, and it took 4800 ps to
move from the interface to the center of the benzene

(a)

t'=0ps t'=150 ps

(b)

1'=0ps t'=50ps
Fig. 4 Snap shots of the nanoparticles at various times. The
time was rescaled to compare the time for the movement of the
a 1.2HCP and b 0.6HCP to travel from the water/benzene
interface to the approximate center of the benzene phase. The

phase. While for the small particle, it moved to the
center of the benzene phase in a quite straightforward
manner and it only took 1000 ps. This phenomena
maybe explained by the particles’ desorption energy
(Bernard and Binks 2006):

AG = na*y,, (1 £ cos0)?,

where a is the particle radius, y,, is the oil-water
interfacial tension, and 0 is the three-phase contact
angle measured through the water phase. The sign
inside the bracket is positive for absorption into or
desorption from oil and negative for absorption into or
desorption from water. This calculation for particle
desorption energy quantifies how strongly particles are
held at the interface. According to a previous study,
(Ma and Dai 2007) for particles with intermediate
hydrophobicity in the size range from several nanome-
ters to several microns, the desorption energy is
significantly higher than the thermal energy of 1 kT,
so the particles are attached at the interface

1'=300 ps t'=1300 ps

1'=100 ps 1'=4900 ps

1.2 and 0.6HCP were represented by green and yellow ball, and

the water and benzene molecules were represented by the red
and blue molecules, respectively. (Color figure online)
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irreversibly (Binks 2002). For extremely small parti-
cles (radius <1 nm), the desorption energy becomes
comparable to the thermal energy (kT) and the
particles might detach from the interface (Binks and
Lumsdon 2000). In our simulation, the radius of
1.2HCP is 0.6 nm, thus the effect of the desorption
energy is about 9.7 kT, (Ma and Dai 2007) which
starts to show its influence, while for the 0.6HCP, the
desorption energy is only about 2.4 kT, (Ma and Dai
2007) which is comparable to the thermal energy, so
no ‘“hesitation” is observed when the 0.6HCP passes
through the interface.

Effect of nanoparticle shape configuration

The effect of a nanoparticle’s shape configuration was
investigated by comparing buckyball and SWCNT.
Both of them have comparable dimensions (as indi-
cated in Table 1) and the same surface composition

Fig. 5 Radial distribution

function (rdf) of: water

molecules around the

buckyball in the water

phase, water molecules 14
around the SWCNT in the

water phase and water

molecules around 0.6HCP in

the water phase. Insets a and

b are zoomed-in 08|
comparisons of buckyball

versus SWCNT and

buckyball versus 0.6HCP.

The SWCNT is indicated by

the solid purple line,

buckyball by the dashed 0.6 -
green line, and 0.6HCP by -
the solid blue line. (Color s

figure online)

0.4+

0.2 -
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(graphene), but the shape of a buckyball is totally
symmetrical, while the shape of a SWCNT is direc-
tional. If we compare the MSD of the buckyball and
SWCNT in Fig. 2, it is obvious that the diffusion
coefficient of SWCNT in the z direction is much larger
than that of the buckyball. We calculated the PMF and
the numerical differentiation of the PMF for both
SWCNT and buckyball. Asillustrated in Fig. 3c, d, we
can see that the absolute value of the dPMF/dz of the
SWCNT is quite close to that of the buckyball.
Therefore, we cannot explain the bigger diffusion
coefficient of SWCNT by the difference of the driving
force on them.

However, if we compare the radial distribution (rdf)
functions of the water molecules with respect to the
center of mass of the buckyball and SWCNT in the
water phase, we can see that there is a notable differ-
ence between the buckyball and SWCNT in the rdf
plot: as indicated in Fig. 5 [a zoomed-in view of the

e
.......
0 .

SWCNT-Water
= = == Buckyball-Water

0.6HCP-Water

r (nm)
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comparison between buckyball and SWCNT is illus-
trated in inset (a)] there is a sharp peak in the rdf plot of
the buckyball in water, which indicates an accumula-
tion of solvent molecules surrounding the surface of
the buckyball, and also suggests a better-defined
solvent layer for the buckyball. The solvent layers
around water-solvated species (solvation shell, or
hydration shells) have been studied both theoretically
and experimentally (Chandler 2005) with particular
focus on solvated proteins (Russo et al. 2004; Zhang
et al. 2007). A few studies have reported the solvation
shells around colloidal particles in both water (An-
drievsky et al. 2002) and oil (Storm and Sheu 1995)
and suggested that the shells originate from weak
interactions between the particle surface and the
solvent molecules. We hypothesize that the formation
of better-defined solvent layers for the buckyball is
due to its shape and the carbon distribution on its
surface. Because of the perfect spherical shape of the
buckyball, solvent molecules can be packed closely as
a spherical shell surrounding its surface. Additionally,
because carbon atoms are evenly distributed on the
surface of the buckyball, the interaction force between
the buckyball and solvent molecules can also form a
perfect spherical shell, while for the carbon nanotube
there are two open ends, and this uneven distribution
of carbon could deform the interaction force field
between the carbon nanotube and the solvent mole-
cules and destroy the structure of the “solvent shell”
as well. Therefore, the smaller diffusion coefficient of
the buckyball may be explained by the formation of
the solvent shell: when the buckyball migrates in the
solvent, a thickened layer of solvent travels with it.
Thus, its “effective radius” (e.g., the radius associated
with the “solvent shell”) is actually larger than the
radius of the particle itself.

Effect of nanoparticle surface composition

The effect of the surface composition was studied by
comparing the buckyball and 0.6HCP, which have a
similar shape (spheres) and similar diameters
(d =~ 0.6 nm), but the surface of the buckyball is
made of graphene, while the surface of 0.6HCP is
composed of saturated hydrocarbons. As indicated in
Fig. 2, although the 0.6HCP and buckyball have a
similar shape and size, the diffusion coefficient of the
0.6HCP is significantly larger than that of the buck-
yball in water. The PMF of the 0.6HCP and buckyball

is depicted in Fig. 3e, with the numerical differenti-
ation of the PMF illustrated in Fig. 3f. As we can see,
the absolute value of the PMF of the 0.6HCP and
buckyball is quite close when they are in the water
phase. The most noticeable difference between the
0.6HCP and buckyball system is again in their radial
distribution function. As illustrated in Fig. 5 [the
detailed comparison between buckyball and 0.6HCP is
illustrated in inset (b)], the peaks of the radial
distribution of water molecules for 0.6HCP are weaker
than those of the buckyball. Unlike the surface of the
buckyball, the atoms on the surface of the 0.6HCP are
not all the same and evenly distributed, which results
in the asymmetry of the interaction force field, and
thus perturb and distort the structure of the solvation
shell. Although the buckyball and 0.6HCP have the
similar sizes, the solvent layers make the effective
radius of the buckyball larger than that of the 0.6HCP
causing a smaller diffusion coefficient of the bucky-
ball compared to the 0.6HCP.

Conclusion

In this paper, we have systematically investigated the
effects of size, shape, and surface composition on the
diffusive behaviors of nanoparticles at/across water—
oil interfaces via molecular dynamics simulations.
Specifically, four different types of nanoparticles were
studied. We found that the diffusion coefficients of the
0.6 and 1.2HCP are larger than that predicted by the
SE equation. We attribute the deviation from the SE
equation to two reasons: first, because the particle size
is comparable to the size of the solvent molecules, the
viscosity in the original SE equation is overestimated,
and certain modifications are needed; second, the
anisotropy of the system also makes the diffusion
coefficients for the nanoparticles different from the
estimation of the SE equation. We then proposed that
the first derivative of the PMF (d(PMF)/dz) serves as a
driving force in the z direction. In addition, the
simulation indicates that the solvation shell of the
nanoparticles is influenced by their shape and surface
geometry. A highly symmetrical nanoparticle with
uniform surface such as a buckyball may lead to a
uniform interaction force field with the solvent
molecules, so that a better-defined solvation shell is
formed, and this solvation shell makes the “effective
radius” of the nanoparticle larger than its own radius,
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which causes a decrease in the diffusion coefficient.
We will further investigate this hypothesis by con-
ducting simulations of nanoparticles with different
shapes and surface chemistries.
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