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Chemically Powered Nanodimers
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Self-propelled motion of a chemically powered nanodimer is discussed. The nanodimer comprises two
linked spheres, one of which has equal interactions with A and B solvent species but catalyzes the reaction
A — B. The other sphere is not chemically active but interacts differently with the two species. The
nonequilibrium concentration gradient generated at the catalytic end, in conjunction with the force
difference at the noncatalytic end, leads to directed motion. The model mimics features of experimentally
studied synthetic nanorod motion. Particle-based simulations and analytical estimates of the velocity
provide insight into the nature of nanomotor directed motion.
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Self-propelled motion is common in biological systems.
Molecular motors such as kinesin utilize chemical energy
derived from the hydrolysis of ATP to induce conforma-
tional changes that lead to processive motion on micro-
tubules [1]. Such directed motion plays a crucial role in
active transport within the cell. Swimming bacteria such as
E. coli use chemical energy to operate rotary molecular
motors that drive the flagella which propel the cell [2].
These nano and micron-scaled objects operate in the re-
gime of low Reynolds number hydrodynamics [3].

A much simpler class of synthetic nanoscale motors has
been studied recently [4—6]. These motors are made from
bimetallic Pt-Au nanorods immersed in a H,O, solution.
The catalytic reaction 2H,0,(£) — O,(g) + 2H,O(£) oc-
curs at the Pt end of the rod and is the power source for the
motion. One plausible mechanism for motion involves the
surface tension gradient due to O, adsorption on the non-
reactive Au end. The mechanism is reminiscent of that for
camphor boats where local changes in the surface tension
of water drive the motion [7]. The molecular-level details
of how O, generated at the Pt end of the nanorod leads to
the propulsive force remain to be elucidated. Similarly,
propulsion of spherical particles has been proposed to
occur due to osmotic or other phoretic forces and an
asymmetric distribution of reaction products in surface
enzymatic reactions [8]. Synthetic nanomotors hold prom-
ise for applications including drug transport, chemical
transport in microfluidic systems and pollution control.
An understanding of the factors that control the locomotion
is essential for the design of synthetic nanomotors.

In this Letter we examine the motion of a simple chemi-
cally powered nanomotor with many features akin to those
responsible for the motion of synthetic nanorod motors. In
contrast to many motor models [9], both the motor and the
solvent are described at the particle level using a hybrid
mesoscopic-molecular dynamics scheme [10]. The sim-
plicity of the model allows us to analyze the mechanism
of chemically powered directed motion in molecular detail.
The study provides insight into how such motors can utilize
chemical energy to produce directed motion.
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Both synthetic and biological nanomotors must be able
to function in a highly fluctuating molecular environment.
Brownian motors where fluctuations are important have
been the subject of numerous studies [11]. At the smallest
length scales nanomotors must sense the molecular nature
of the environment and in this regime continuum descrip-
tions may not be applicable, motivating particle-based
simulations.

We consider a nanodimer made from two spheres sepa-
rated by a fixed distance R dissolved in a solvent of N =
N4 + N A and B molecules in a volume V. One dimer
sphere (C) catalyzes the irreversible reaction A + C —
B + C, while the interactions with the noncatalytic sphere
(N) do not lead to reaction (see Fig. 1). The A and B species
interact with the nanodimer spheres through repulsive
Lennard-Jones (LJ) potentials, V¢, and Vy,, (& = A, B),
for the catalytic and noncatalytic spheres, respectively,
with forms Ve, (r) = 4ec[(%)1? — (%5)° + 1] for r=
r. = 2100 ¢ and zero otherwise, with a similar expression
for Vy,. We take V-4 = Vg = Vy,, characterized by the
energy parameter €4 and Vyp characterized by €. The o
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FIG. 1 (color online). Catalytic (C) and noncatalytic (N) dimer
spheres and the collision events that occur on interaction of the A
and B species with each sphere.
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parameters are the same for all interactions. Whenever an
A-type molecule enters the interaction distance r < r, it
converts to B with probability pg. The B molecules pro-
duced in the reaction interact differently with the catalytic
and noncatalytic spheres. This model mimics generic fea-
tures of synthetic nanorods: catalytic reactions occur on
one end and the reaction product interacts differently with
the catalytic and noncatalytic ends.

In our mesoscopic description, there are no interactions
among the A and B solvent molecules; instead their inter-
actions are accounted for by multiparticle collisions (MPC)
[10]. Thus, the total potential energy of the system is

B N,

VN, tV) = 3 N Vea(ria) + Va(ri)l (D)

a=Ai=1

We use r to denote coordinates measured with the catalytic
sphere as the origin, and r’ coordinates measured with the
noncatalytic sphere as the origin, so that r' =r — R,
where R is directed from the C to N spheres. The time
evolution of the system is carried out using hybrid molecu-
lar dynamics-multiparticle collision (MD-MPC) dynamics
[10] as follows: Using Eq. (1), Newton’s equations are
integrated for a time 7. At the discrete times 7 multiparticle
collisions among the solvent A and B molecules take place.
To carry out the collisions, the volume V is partitioned into
cells labeled by an index & and rotation operators @,
chosen at random from some set of rotation operators,
are assigned to each cell at the time 7. If V, is the center
of mass velocity in cell £, the postcollision velocity v of
any particle 7 in the cell is given by v; = V + @,(v; —
V¢), where v; is the precollision velocity. This simple
collision rule accounts for the effects of many real colli-
sions. It conserves mass, momentum, and energy and
preserves phase space volumes. The dynamics is micro-
canonical and the single particle distribution function re-
laxes to a Maxwellian distribution [10]. Thus, MPC
dynamics possesses the important features of full MD.
On macroscopic scales MPC dynamics yields the Navier-
Stokes equations with transport coefficients determined by
the collision rules [10,12,13]. Hydrodynamic interactions,
which are important for nanodimer dynamics, are properly
described [14].

We simulated the nanodimer motion for €4 = 1 and
various values of e€p. LJ units based on €4, and o are
used throughout. The simulation parameters are as follows:
The cubic volume V has linear dimension 32 and is divided
into 32 X 32 X 32 cells for the purpose of carrying out
multiparticle collisions. To effect the multiparticle colli-
sions we chose rotations by */2 about a randomly
chosen axis. The total number of solvent molecules in
the volume is 300000 giving an average number density
of ny = 9 particles/cell. The masses of the point-particle A
and B species are m = 1. The nanodimer spheres have
masses mg = 320 and diameters g = 2 so that the dimer
is approximately neutrally buoyant. The dimer internuclear
separation is held fixed at R = 20 + 0.5 by a holonomic

constraint in the equations of motion. The value of R
insures that there are no discontinuous potential changes
when B particles are produced in the reaction. The tem-
perature is 7 = 1/3. Newton’s equations were integrated
using the velocity Verlet algorithm with a time step of
At =0.01. The multiparticle collision time is 7=
100At = 1. Periodic boundary conditions were employed.
Averages were computed from 100 realizations with
Boltzmann sampling of initial conditions of trajectories
of length 10007. Our simulations are microcanonical and
the reaction A — B can produce a small change in T as a
result of the change in the potential. This change is negli-
gible for our large system.

Since the nanodimer is free to rotate, we compute the
mean value of the dimer center of mass velocity projected
along the instantaneous direction of the internuclear axis,
{V(1) - R(1))) = V,, where the double angular brackets
denote an average over time and realizations. Figure 2 plots
the running time average (V(z) - R(z)) = (V,)(1) versus
time for several values of €z and €, = 1. Here the angle
brackets denote an average over realizations. The figure
shows that the chemical reaction at the catalytic end of the
nanodimer does indeed produce directed motion whose
sign depends on whether €p is greater or less than e,.
For ez < €4 we find V, > 0 (“forward drive”) while for
€p > €, we find V, <0 (“reverse drive”’). The directed
motion can only occur if (a) there are different forces
acting on the dimer spheres and (b) there is a nonequilib-
rium gradient in the B particle density. To confirm that the
mechanism relies on the different forces that the B particles
experience, the curve labeled A in Fig. 2 is for a non-
reactive system with only A molecules. This is also equiva-
lent to a reactive system with €4, = €p since reaction is
simply a relabeling that has no effect on the forces. No
nanodimer net motion is observed.

The existence of directed motion relies on the nonequi-
librium density gradient of A and B species produced by
the chemical reaction. Figure 3 is a snapshot of the solvent
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FIG. 2. Running average (V_)(z), versus time (in units of the
MD time step) for several values of €p. For curves A and B there

is no directed motion (see text).
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FIG. 3 (color online). Snapshot of the A (gray) and B (black)
particles in the vicinity of the nanodimer in the quasi-steady-
state regime. (lower panel) The average B density in a cylindrical
shell versus z along the dimer bond.

configuration in the vicinity of the nanodimer in the quasi-
steady-state regime. The local density of species B varies
from high to low along the nanodimer internuclear axis
from the C to N spheres. The density field is asymmetric
due to scattering by the noncatalytic sphere (see lower
panel). In the absence of such a nonequilibrium gradient
there is no directed motion. Since the reaction at the C
sphere is irreversible, nanodimer directed motion will
cease when all A species have been converted to B. In
the curve labeled B in Fig. 2, all solvent molecules were of
B type. Thus, no chemical reaction occurs, although the B
particles still have different interaction potentials with the
C and N nanodimer spheres. There is no net directed
motion confirming that a nonequilibrium gradient is nec-
essary for the effect.

Nanodimer dynamics is strongly influenced by fluctua-
tions as seen in Fig. 4, which shows the probability distri-
bution of V- R = V,. The mean nanodimer velocity is
smaller than its standard deviation signalling the impor-
tance of fluctuations for these small motors. The dimer will
also tumble as it moves. The reorientational relaxation
time, 7y = 47mR>?/3kyT, is T, =~ 2000 for our nanodimer
so that for e = 5.0 the dimer will travel about 2—3 times
its length before it reorients. Since 7, scales as R tumbling
will be strongly suppressed for longer dimers.

We now consider the factors that contribute to the force
on the fixed nanodimer. The coordinate origin is the cata-
lytic sphere center with the dimer along the z axis. Thus,
R = R7 and the total z component of the force is

dVCa(rloz)

i_“( ) TM dVNj(r,a)>

+(2-1,)
2

Introducing the local microscopic density field for species
a, po(r;rNe) = Zf&l 8(r —r;,), and its average over a
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FIG. 4 (color online). Probability distribution function p(V,)
of the center of mass velocity projected along the internuclear

axis for €z = 5.0. The solid curve is a fit to a Boltzmann
distribution with mean velocity V, = —0.0048.

steady state or equilibrium distribution denoted by
pa(r) = (Z?ﬁ‘l S(r —r;,)), the average z component of
the force is

@w=-y ]wmm g 2Veelr)

dVNa(r )

a7 3)

fﬁm&+RX ) el

The first and second integrals have their coordinate sys-
tems centered on the catalytic C and noncatalytic N
spheres, respectively.

To obtain the velocity we assume a steady state where
the force due to the reaction is balanced by the frictional
force: (V. =(z-F). Since the diffusion coefficient is
related to the friction by D = kzT /¢ = 1/8¢, we have

V. = D(2 - BF). “)

The calculation hinges on knowing the nonequilibrium
steady state densities. First, consider the forms of the
equilibrium densities. Since there are no solvent-solvent
forces the equilibrium density of A is given by

qu(rA) = nAefﬂ[VCA("A)*VNA(h'A*Rim’ 5

where ny, = N,/V is the density of A. A similar expression
can be written for the B density. It is easy to see that if this
expression is substituted into Eq. (3), the result is zero in
view of the central forms of the LJ potentials. There is no
directed motion in equilibrium.

To estimate the nonequilibrium density we make use of
the solution of the diffusion equation

ang(r, 1) _
at

with a radiation boundary condition (BC) at the catalytic
sphere, ignoring, for simplicity, the presence of the non-
catalytic sphere. Assuming that the BC is applied outside a
boundary layer lying in the range o = r = R, the radia-

DAVZnA(r, t), (6)
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tion BC is kanA(RO, t) = 47TR(2)DAf' : VnA(RO, t) Thus, a
suitable choice is Ry = r.. The density far from the cata-
lytic sphere is n; = const. The steady state solution is

k R
nA(’”) = nﬁ(l - kﬂ)%k/) 7()), @)

where kp = 4mRyD,. The rate constant for processes
within the boundary layer is kry = pro2(8wksT/m)'/2,
where pr probability of reaction, taken to be unity in
our study [15]. Since ng(r) + nu(r) = n, ng(r) =
nilkso/ (ks + kp)I(Ro/ 7).

From Eq. (5), the uniform number density n, changes
locally as a result of the potential appearing in the
Boltzmann factor. The potentials are cutoff at 2!/°¢y.
Thus, in the nonequilibrium steady state we may replace
the constant density in Eq. (5) by the steady-state density
from the diffusion calculation, at least for distances outside
the interaction range, so that

DA (l') ~ nA(r)ef,B[VCA("A)JFVNA“rA *Ril)]’ (8)

with a similar equation for the B density. Since the forces
dV ¢, /dr are zero outside the cutoff distance r.. centered on
the C sphere, we can write Eq. (4) as

Y g / 7e™ Nes . an @Vnalr)
== + BVna(r) (5 . g1y 2P NAVT T
55 j‘dr ns(|r’ + Rzl)e (- #) =
dVyp(¥
3 fdr/ng(h" + Ri|)e PVwslra)(g - f/)%_
r

()]

The steady state density from Eq. (7) should apply outside
the noncatalytic sphere; thus, we take n,(|r’ + R2|) =
ny(|lr.# + RZ|) to compute the integrals. (A similar ex-
pression holds for the B density.) Using the explicit forms
of the densities we find

ko
vV, = DnO4RO<fdf'|r P+ R2|_1>
: Ykso + kp ¢

/
o j g d,/r/z[dBVNf(r ) BVan?)
0 r

dBVyp(r )
- ﬁd+?(r)e—ﬁvw(r)} (10)

The angular integral can be performed analytically and
radial integral numerically to obtain estimates of the nano-
dimer velocity. The diffusion coefficient of the center of
mass of the nanodimer was determined from the mean
square displacement and found to be D = 0.0048. The
following results were obtained (numbers in parentheses

are the simulation results determined from fits of p(V,) to
Boltzmann distributions): V, = 0.0036(0.0028) for €z =
0.5; V, = 0.0(0.0) for ez = 1.0; V, = —0.0018(—0.0013)
for ey = 1.5; V., = —0.0072(—0.0048) for ez = 5.0. This
analysis captures the trends seen in the simulations, in
particular the change from “forward to reverse drive” as
€p varies, and shows the factors that are needed to produce
directed motion.

Experimental techniques exist for fabricating colloidal
homo and heterodoublets whose constituent spheres have
nanoscale dimensions [16,17]. It should be possible to
construct nanodimer motors in order to study directed
motion in regimes where fluctuations are important and
macroscopic concepts may lose their validity.
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