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Solvation forces between colloidal nanoparticles: Directed alignment
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We study the solvation forces between colloidal nanoparticles in Lennard-Jones liquids using molecular-
dynamics simulations. We find that due to the interplay between solvent ordering and surface structure, the
solvation forces between two nanoparticles can vary between attraction and repulsion as the particles are
rotated relative to one another at a fixed separation. These solvent-mediated forces tend to align the nanopar-
ticles so that they rotate to approach one another in a solution via preferred pathways. This directed alignment
could play a role in the assembly of macromolecules and nanoparticles in solution.
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When two colloidal particles come within nanometer dis-
tances in a liquid solvent, the solvent can mediate a force
between them. This solvation force (or hydration force, if the
solvent is water) is due to differences between the solvent
ordering and/or density in the gap between the particles and
in the bulk liquid region around them [1]. Solvation forces
have been quantified experimentally with the surface forces
apparatus (SFA) and atomic force microscopy (AFM)
[2-10], as well as with computer simulations [11-17]. These
studies have shown that solvation forces could be more sig-
nificant than van der Waals forces and, thus these forces
could play a role in colloidal assembly and stability. Indeed,
solvent-mediated hydrophobic forces have long been be-
lieved to play a major role in protein assembly and folding
[18-23]. However, these forces and their origins have been
notoriously difficult to quantify experimentally [8-10,22].
Simulation studies are hindered by the wide range of length
and time scales involved [23], and, thus, the exact role of
solvation forces remains elusive.

In this Rapid Communication, we present evidence that
solvation forces can play an important and underappreciated
role in colloidal systems, that of aligning colloidal objects in
solution. We utilized classical molecular dynamics (MD)
simulations to study the solvation forces between model col-
loidal nanoparticles in a Lennard-Jones (LJ) solvent. These
model nanoparticles, just as actual colloidal particles, differ
from the experimental scenarios probed in the SFA and AFM
in two important ways. First, the particles are free to change
their orientation relative to one another in solution, while the
surfaces in experiments are fixed. Second, because of their
finite size, even perfect crystalline particles possess distinct
structural features (i.e., faces, edges, and vertices) that can be
regarded as a form of surface roughness. Experimental stud-
ies of mesoscopic surfaces indicate that solvation forces are
weaker for rough surfaces than smooth ones [4,8,9] and the-
oretical and computer-simulation studies indicate that these
experimental results are due to a reduction in solvent order-
ing between rough surfaces [14-17]. Our simulations of col-
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loidal nanoparticles [24], as well as theoretical and computer
simulation studies of proteins [25], water near curved sur-
faces [26], and polymers [27] address smaller length scales
than the experiments. These studies indicate that solvent or-
dering and solvation forces are not necessarily weaker for
nanotextured surfaces, but they do show a sensitivity to local
structural features of the surface. Here we show that nano-
particle reorientation due to local solvation forces induced by
surface structure is significant and that it could play an im-
portant role in the stability and assembly of colloidal nano-
particles, polymers, and proteins.

Our model systems consist of two solid nanoparticles im-
mersed in liquid solvent in the NVT ensemble. To acquire a
general understanding, the solvent is simulated as a LJ liquid
with the interaction truncated at a distance of 2.5¢0. The re-
duced number density p* and temperature 7" of the solvent
are 0.7 and 1.0, respectively. Computer simulations of the
SFA reveal that LJ liquids reproduce general trends seen in
experiment [11]. Indeed, theories of hydrophobic hydration
can explain experimental trends without including hydrogen
bonding and its associated networking of water molecules
[19-21]. The solid nanoparticles are modeled as rigid, atomic
clusters. Two types of nanoparticles are considered: a 55-
atom icosahedral crystal [28] and a 64-atom rough, amor-
phous sphere formed by simulated condensation of a LJ lig-
uid. These are solvent-loving (“solvophilic”) nanoparticles,
in which the LJ solid-liquid interaction (e;) is taken to be
five times stronger than the LJ liquid-liquid interaction ().
Our results were mostly obtained using 3000 solvent atoms.
The system size dependence of our results has been tested in
simulations using 10 000-100 000 atoms and no significant
differences were found.

We performed two types of MD simulations. In the first
set of simulations, we maintained the nanoparticles at a fixed
orientation relative to one another. In these simulations, the
nanoparticle atoms are held as fixed interaction centers and
we only simulate the motion of the solvent. We considered
eight different nanoparticle orientations for the crystals and
six for the rough spheres. In the second set of simulations,
we relaxed each of the nanoparticle pair configurations from
the first set by allowing the nanoparticles to rotate about their
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FIG. 1. (Color online) Solvation-force profiles for the crystalline
nanoparticles [see inset of (b)] fixed at their initial configurations
(a) and freely rotating about their centers of mass (b) under the
impact of solvation forces and beginning with their initial configu-
ration in (a). Variations between the forces at a fixed separation in
(b) indicate the uncertainty.

tion and rigid-body rotation of the nanoparticles about their
centers of mass at a fixed center-of-mass separation. Solvent
motion is simulated using a second-order Gear’s predictor-
corrector method with a time step of 2 fs. Nanoparticle rigid-
body rotation is handled by the quaternion method [29]. Dur-
ing the simulations, we evaluate the solvation force F5(6) at
different center-of-mass separations & using

FS(8) = (Fag(Fap— Fgp)s (1)

in which F,;(5) and Fp(8) are the fluid forces on particles
A and B, and 7,5 is the unit vector pointing from the center
of mass of A to that of B [i.e., #y5=(Fg—74)/|Fg—74]. Solva-
tion forces are obtained as ensemble averages from single
simulation runs ranging from 1-2 ns in duration.

Figures 1 and 2 show the force profiles for the crystalline
and spherical nanoparticles, respectively. The center of mass
separations are different in these figures because the particles
are different sizes. However, the interparticle gap separations
of the different particles cover the same range of values.
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FIG. 2. (Color online) Solvation-force profiles for the rough
spherical nanoparticles [see the inset of (b)] fixed at their initial
configurations (a) and freely rotating about their centers of mass (b)
under the impact of solvation forces and beginning with their initial
configuration in (a).

Figures 1(a) and 2(a) show solvation-force profiles for nano-
particles at fixed orientations relative to one another. In these
figures, it can be seen that the force profile for any fixed
orientation is an oscillatory function of nanoparticle separa-
tion, similar to what has been seen in experimental SFA stud-
ies involving macroscopic surfaces [2,3,5-9]. Although the
solvation forces appear to span different magnitudes for the
two different particles, we have determined that these dis-
crepancies arise from differences in the particle sizes and
densities. The quantity FS/Dpf, where D is the equivalent
sphere diameter and p; is the solid density, is essentially the
same magnitude for both types of particles at the same inter-
particle gaps, consistent with the Derjaguin approximation
[1]. In fact, our earlier studies indicate that the solvation
forces for the rough, spherical nanoparticles on a per area
basis are comparable in magnitude to those between flat and
perfect surfaces [24]. Although these results appear to con-
tradict those seen in SFA experiments (which indicate that
surface roughness diminishes solvation forces), we note that
the interparticle region is significantly smaller in our simula-
tions than that in experiments. Fluid density-functional
theory and simulation studies show that the net solvation
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FIG. 3. (Color online) The rotational preferences of the crystal-
line nanoparticles along with the the force profile. The crosses are a
replot of Fig. 1(b) and the solid line indicates the overall trend.

forces between rough surfaces can be viewed as a superpo-
sition of local solvation-force profiles that arise from various
structural features and that this superposition reduces solva-
tion forces [14,17]. In our study, the interparticle region is so
small that such a superposition cannot be applied and the
interparticle forces retain their strength.

An interesting aspect of the various force profiles in Figs.
1(a) and 2(a) is that the force profiles for different nanopar-
ticle orientations are phase shifted relative to one another, so
that the solvation forces at a fixed center-of-mass distance
can be attractive for some particle orientations and repulsive
for others. This suggests that if nanoparticles are allowed to
freely rotate, they will select orientations that will minimize
the free energy and reduce the solvation forces. By compar-
ing Fig. 1(a) with 1(b) and Fig. 2(a) with 2(b), we see that
the solvation forces are lowered dramatically when rotation
is allowed and that there is less variation between the differ-
ent force profiles. In experimental studies with the SFA and
AFM, it has been found that repulsive solvation forces can
be greater than van der Waals attraction [2,3]. Figures 1 and
2 show that nanoparticle rotation can diminish solvation
forces considerably.

The rotation of the nanoparticles is not completely ran-
dom, as we would expect for Brownian motion, but directed
toward particular separation-dependent configurations. This
is especially evident for the crystalline nanoparticles, which,
regardless of their initial configuration, always rotate to a
fixed configuration that is dependent only on their separation.
These configurations represent free-energy minima and the
particles exhibit only small-scale vibrations about the
minima once they are achieved. Figure 3 shows these pre-
ferred configurations along with their associated solvation
forces. From Fig. 3 we see that the force profile can be di-
vided into six regions with face-face and vertex-vertex align-
ments appearing alternately. Orientational preferences can be
observed for separations up to 6=7.0c0 and after that, the
solvation forces are too small to influence particle alignment.
We have also observed rotational preferences for the rough
nanoparticles. However, because of the low symmetry of
these nanoparticles, it is unclear whether the observed rela-
tive orientations are local or global minima.
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FIG. 4. (Color online) Normalized density profiles (the normal-
ized bulk density is 1.0) at selected nanoparticle separations. (a) A
fixed face-face configuration at a separation of §=4.630; (b) corre-
sponding average rotational density profile of (a), which assumes a
vertex-vertex orientation; (c) a fixed vertex-vertex configuration
with a separation of §=6.080; (d) the average rotational density
profile of (c), which assumes a face-face configuration.

It is noteworthy that the rotation of the nanoparticles from
their initial configurations to the preferred configurations is
faster than Brownian rotation. Considering the Brownian ro-
tation of a spherical nanoparticle, which is described by
(¢*)=2D,t, where ¢ is the rotational angle, D, is the rota-
tional diffusion coefficient, and ¢ is time, the rotational dif-
fusion coefficient D, can be calculated by D,
=kpT/(87mua®), where kg Boltzmann’s constant, 7 is tem-
perature, u is the shear viscosity, and a is the sphere radius.
For the conditions of our simulations [30], a free nanopar-
ticle should rotate about 19.2° in 1 ns. However, both the
crystalline and spherical nanoparticles rotate ~90° to their
equilibrium positions within 0.01 to 1 ns. Faster rotational
times are associated with higher initial forces. Thus, the ro-
tation is directed for these particles. Since nanoparticles tend
to be trapped in attractive minima or repelled from repulsive
barriers when their alignment is not optimal, we expect them
to align rapidly on the time scale of their approach, so that
they maintain their equilibrium orientations.

Figure 4 illustrates the fluid density profiles around the
icosahedral nanoparticles for two different sets of orienta-
tions in Fig. 1. These profiles are obtained in a slice of the
simulation box centered around the plane defined by the vec-
tors connecting the nanoparticle centers of mass and a high-
symmetry direction in the relative orientation of the nanopar-
ticles. Figures 4(a) and 4(c) show the density profiles for
particles fixed at the face-face and vertex-vertex configura-
tions at 6=4.630 and 6.080, respectively, while Figs. 4(b)
and 4(d) show profiles after the nanoparticles in (a) and (c)
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have rotated to their preferred orientations, respectively. Lay-
ering of the fluid can be observed around and between the
nanoparticles in Fig. 4 and we see that there is strong solid-
like ordering of the fluid in the interparticle gap in (a) and (c)
and that the fluid ordering and density are reduced in the
preferred configurations of (b) and (d). In computer simula-
tion studies of the SFA, attractive solvation forces have been
linked to fluidlike ordering in the gap region, while repulsion
has been associated with solidlike configurations [11-13].
Our studies show that particles with freedom to rotate in a
solution will adjust their relative orientation to achieve flu-
idlike ordering in the gap.

In conclusion, we find that solvation forces can influence
the alignment of nanoparticles in colloidal suspensions. For
nanocrystals possessing high symmetry, the alignment ef-
fects are particularly evident and could be beneficial for col-
loidal nanoparticle assembly. For example, the phases and
packing of nanocrystalline gold arrays has been an area of
intense interest [31,32] and the results presented here indi-
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cate that solvent could be beneficial for achieving certain
phases. Similarly, theoretical studies of solvated proteins
[25] and polymers [27] indicate that solvent ordering and
solvation forces are different when the macromolecules ap-
proach one another with different orientations. Such differ-
ences could lead to directed alignment similar to that ob-
served here. It also seems possible that directed alignment
could be influenced by solvent geometry and interactions,
leading to various possible nanoparticle orientations dictated
by solvent choice. The existence of these separation-
dependent preferences indicate a new level of molecular in-
sight to the solvation force and the self-assembly of nanopar-
ticles in solution.
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