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Self-Propelled Polymer Nanomotors

Yu-Guo Tao* and Raymond Kapral*[a]

Molecular motors that use chemical reactions to drive directed
motion are widespread in nature.[1] In addition to biochemical
motors,[2] which play an important role in the biochemistry of
the cell, a wide variety of synthetic molecular motors that
make use of chemical energy, light, magnetic fields and other
sources of energy to effect motion have been constructed.
These include molecular motors that rely on asymmetrical con-
formational changes, similar to many biological motors or self-
propelled bacteria, as well as motors that make use of chemi-
cal catalysis and an asymmetrical distribution of reaction prod-
ucts to effect motion.[3–12] The basic elements that are impor-
tant for the operation and directed motion of these nonequi-ACHTUNGTRENNUNGlibrium nanodevices are an intrinsic asymmetry and a power
source that maintains the system out of equilibrium. Models
for motors that operate by conformational changes and asym-
metric gradients have been constructed and used to elucidate
the nature of the propulsion mechanisms.[13–15] Self-propelled
nanodimers, which consist of linked catalytic and noncatalytic
spheres, are simple examples of such molecular motors.[16, 17] A
chemical reaction A!B occurs on the catalytic sphere. The
asymmetric spatial distribution of the B molecules produced in
the reaction gives rise to a directed force on the dimer that
propels it in solution. This is a nonequilibrium nanodevice that
consumes fuel in its environment, uses it to generate a non-ACHTUNGTRENNUNGequilibrium local spatial distribution of products, which in turn
gives rise to directed motion.

Herein, we show how polymer molecules can be modified
to function as molecular motors. By attaching a nanocolloidal
particle or molecular group that catalyzes a chemical reaction
to the end of a polymer chain, the diffusive motion of the pol-
ymer in solution can be converted into directed motion pro-
vided certain design conditions are satisfied. The polymer mol-
ecules respond to self-generated chemical concentration gradi-
ents by moving in specific directions determined by the forces
on the polymer chain. We describe the mechanism that is re-
sponsible for such motion, discuss the factors that must be
taken into account when designing polymers with specific di-
rectional motion characteristics, and illustrate our results with
particle-based simulations of self-propelled polymer dynamics
in solution. Polymer molecules that are able to move in a di-
rected fashion, instead of simply executing a diffusive random

walk to explore configuration space, are able to perform cer-
tain tasks more effectively. For example, since the polymers re-
spond to self-generated gradients, they can be designed to
seek each other in solution, thus aiding polymerization, self-as-
sembly or targeted chemical reaction dynamics.

Simulations play a central role in the investigation of the fac-
tors leading to the self-propelled motion of polymer nanomo-
tors and herein we provide some details of how the polymer
motors are constructed and their dynamics is studied. The sol-
vent comprises a large number of point-like A and B mole-
cules. We consider a bead-spring model of a polymer to the
end of which we attach a nanocatalytic particle C with diame-
ter dC.[18] An irreversible chemical reaction, A + C!B + C, occurs
at the catalytic sphere with probability pR whenever A encoun-
ters C.[19] Both A and B molecules interact with the C sphere
through repulsive Lennard-Jones (LJ) potentials with energy
parameter eC and distance parameter sC. Repulsive LJ forces
act between A solvent molecules, which constitute the majori-
ty of molecules in the solution, and the polymer beads. The B
molecules interact with the polymer beads through truncated
attractive LJ potentials. The interactions between neighbouring
polymer beads are governed by finite extensible nonlinear
elastic (FENE) potentials[20] while repulsive or attractive LJ
forces act among all polymer beads. The former case models
good solvent conditions where the polymer chain is in an ex-
tended configuration; the later case models a poor solvent
where the polymer chain is in a collapsed globular state.

In addition to the polymer chain, the system contains a
large number of solution molecules. The most effective way to
incorporate the solvent is through mesoscopic models that are
able to bridge the large length and timescale gaps that charac-
terize the solvent and polymer dynamics. A variety of such
methods have been proposed including the lattice Boltzmann
(LB) method,[21] dissipative particle dynamics (DPD)[22] and mul-
tiparticle collision (MPC) dynamics.[23–26] The LB method is de-
signed to simulate the Boltzmann equation on a grid and uses
simplified collision rules that locally conserve mass and mo-
mentum to guarantee the correct Navier–Stokes hydrodynam-
ics. DPD is an off-lattice hydrodynamic method, in which soft-
repulsive interaction potentials and the pair-wise Langevin
thermostat are applied. In DPD several atoms are grouped into
simulation sites whose dynamics is governed by conservative
and frictional forces designed to reproduce the thermodynam-
ics and hydrodynamics of the system. The DPD particle does
not describe a solvent molecule but a fluid element, which
represents clusters of solvent molecules.

Herein, the solvent dynamics is modelled at a mesoscopic
particle-based level using MPC dynamics. In MPC dynamics, fic-
titious solvent particles, representing coarse-grained real mole-
cules, free stream and undergo effective collisions at discrete
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time intervals t, which account for the effects of many real col-
lisions during this time interval. To carry out collisions, the
system is divided into a grid of cells x. Rotation operators ŵx,
chosen from a set, are assigned to each cell of the system at
the time of collision. Particles within each cell collide with each
other and the postcollision velocity of particle i in a cell x is
given by v0 i ¼ Vx þ ŵxðvi � VxÞ, where Vx is the center-of-mass
velocity of particles in cell x. In order to insure that Galilean in-
variance is satisfied, a random shift of the lattice is carried out
before the collision step. This mesoscopic dynamics preserves
the essential features of full molecular dynamics. In particular,
it conserves mass, momentum and energy so that hydrody-
namic interactions, crucial for a correct description of the poly-
mer dynamics, are automatically incorporated in the descrip-
tion.

The self-propelled polymer is dissolved in a solvent of A and
B molecules in a cubic box (with periodic boundary conditions)
of volume V.[27] In order to maintain the system in a nonequili-
brium steady state where directed motion does not cease due
to consumption of A in the irreversible chemical reaction, B
molecules are converted back to A when they diffuse far
enough away from the polymer. This mimics the input of A
and removal of B by matter fluxes into and out of the system
to produce a far-from-equilibrium steady state.

Figure 1 shows an instantaneous configuration of B mole-
cules in the vicinity of the polymer motor in the steady state
regime. The inhomogeneous nonequilibrium nature of the B
particle density field is evident. With repulsive interactions

among the polymer beads, the polymer chain exists in an ex-
tended state, while it collapses to a globular form when attrac-
tive forces operate. The chain dynamics was analyzed by com-
puting the time variation of the radius of gyration

RgðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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, where ri is the position of

bead i and rcm is the center of mass of the polymer chain com-
posed of NP beads. The upper fluctuating curve in Figure 2 a
shows a large value of Rg as expected for an extended flexible
polymer chain in a good solvent, while in a poor solvent Rg
has a small magnitude and exhibits only small variations indi-
cating a strongly collapsed polymer chain.

The ability of the self-propelled polymer to execute directed
motion is best determined by monitoring the mean value of
the center of mass velocity of the polymer motor projected
along the axis between the catalytic head and the center of
mass of the polymer chain tail : Vz � VðtÞ � ẑðtÞ

D E

, where the
angular brackets denote a time average and is the unit vector
along this axis. Figure 2 b shows the time evolution of hVzi
averaged over 20 realizations of the evolution. In a good sol-
vent, Vz�0.0062, indicating that the polymer motor moves in
the direction of the catalytic head (see the video in the Sup-
porting Information). The magnitude and nature of the direct-
ed motion is strongly influenced by the polymer chain dynam-
ics. In good solvents, longer extended chains are more difficult
to reorient than shorter chains; however, strong chain fluctua-
tions introduce a time variation in the direction along which
the propulsion force acts. This variation causes the polymer
motor to reorient. The interplay between these effects is re-
sponsible for the ultimate nature of the directed motion.

In a poor solvent, where the polymer has a compact globu-
lar structure, the motor moves faster, Vz�0.0122, under the

Figure 1. Instantaneous configuratins of B molecules in the vicinity of the
polymer chain in a) good and b) poor solvents. The large sphere is the cata-
lytic head of the chain while the small spheres are the noncatalytic polymer
chain beads. For clarity, only the B molecules in the vicinity of the self-pro-
pelled polymer are shown in these instantaneous configurations.

Figure 2. a) Polymer radius of gyration versus time. (The polymer consists of
a catalytic head with diameter dC = 4.0 and 16 noncatalytic beads with
dN = 2.0.) b) Time evolution of running averages of the polymer center-of-
mass velocity along the axis between the center of the catalytic C sphere
and the center-of-mass of the polymer tail. (c) and (a) correspond to
systems in which the polymer is immersed in good and poor solvents, re-
spectively. c) Probability distribution function of Vz. (a) is the mean veloci-
ties fit by the Maxwell–Boltzmann distribution.
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same propulsion conditions (see Figure 2 b). The more rapid
motion is due to a smaller frictional force on the compact pol-
ymer. Because of the conformational asymmetry of the col-
lapsed polymer chain, rotational motion is more rapid than
that for symmetric nanodimers.[17]

The polymer motor velocity can be computed from an anal-
ysis of the forces that act on it, in conjunction with an exami-
nation of the reactive species nonequilibrium distributions and
polymer chain conformations. The average force on the fixed
polymer motor center of mass along can be written as Equa-
tion (1):

ẑ � F
D E

¼�
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Z
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Here VaC(r) is the potential energy between a solvent mole-
cule of species a= A,B and the catalytic sphere, and VaP(r) is
the potential energy between a solvent molecule of species a

and a polymer bead. The origins of r and r’ are on the catalytic
head group and polymer bead, respectively. The average den-
sity of chemical species a at point r in the steady state is na(r)
while naPACHTUNGTRENNUNG(r,r’) is the average steady-state two-particle solvent–
polymer bead density.

The polymer motor velocity in the steady state is found by
equating the average frictional force on the motor, x Vz, with
the force on the fixed polymer arising from the nonequilibrium
concentration distribution: Vz � ẑ � V

D E

¼ z�1 ẑ � F
D E

, where z

is the friction coefficient of the motor. From this expression we
see that self-propelled motion relies on the existence of a non-
equilibrium concentration gradient across the motor, in combi-
nation with different forces acting on the polymer chain for A
and B molecules. In particular, if the nonequilibrium densities
in Equation (1) are replaced by equilibrium densities, the aver-
age force vanishes. Consequently, the steady-state densities
are an essential ingredient in the computation of the average
force on the polymer motor. The average steady-state density
naPACHTUNGTRENNUNG(r,r’) depends on the configuration of the polymer chain. In
Figure 3, the probability distributions of the polymer beads
parallel and perpendicular to ẑ is plotted. Figure 3 a shows that
the polymer bead distribution is approximately uniform along
most of the extended chain; it falls to zero near the polymer
head due to the bond constraint and near the polymer tail as
expected. Figure 3 b shows that most of the bead density is
concentrated in a narrow tube perpendicular to ẑ. To estimate
Vz, the polymer motor is held fixed and ẑ � F

D E

is computed
from a time average. (This force can also be computed analyti-
cally if the nonequilibrium density fields are estimated by solv-
ing the diffusion equation subject to boundary conditions ap-
propriate for the reaction.) The friction coefficient of the
motor, z, may be estimated from an average over configura-
tions of the configuration-dependent friction coefficient of the
polymer in the Oseen approximation,[28] which takes the hydro-
dynamic interactions into account. These simple calculations
yield Vz = 0.0047, which is slightly smaller than the simulation

results (0.0062). Much of this discrepancy can be attributed to
the use of the Oseen approximation for the friction tensor.

Another important element which affects the polymer
motor dynamics is the chain length. Figure 4 show the influ-

ence of polymer length on the average velocity of the directed
movement. We consider polymers with NP = 8, 16 and 32
beads. In a good solvent, large driving forces are achieved for
polymers with short chain lengths. Worm-like directed motions
with relatively high velocities are observed in systems where
catalytic head diameters are dC = 4.0 and 8.0. The directed pol-
ymer motor motion dominates Brownian motion. In contrast,
the dynamics of the 33-bead motors (catalytic head plus 32-
bead tail) are strongly affected by polymer chain conforma-
tional fluctuations. As can be seen from the results for the Vz

probability distribution in Figure 4 b, the mean velocity of the
polymer motor is considerably smaller than its dispersion.

Figure 3. a) Probability distribution function of polymer beads along the
vector from the catalytic head to the noncatalytic polymer center of mass, ẑ.
b) Probability distribution function of the flexible polymer chain perpendicu-
lar to ẑ. In this example, we simulate a flexible polymer in a good solvent.

Figure 4. a) Time evolution of the running averages of the center-of-mass
velocity of polymers with various numbers of noncatalytic beads along ẑ.
b) Probability distribution functions of Vz. The sizes of the 33-bead-polymer
and the 17-bead-polymer are dC = 3.0; dN = 1.0 and dC = 4.0; dN = 2.0, respec-
tively. Two types of 9-bead-polymers are made up of noncatalytic beads
with dN = 4.0 and catalytic head spheres with dC = 4.0 or 8.0.
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We observe that the average velocity of the polymer motor
with dC = 4.0 (Vz�0.016) is about 1.7 times higher than that of
a motor with dC = 8.0 (Vz�0.009) for NP = 8. The change in size
of the catalytic head gives rise to two competing effects on
the self-propelled polymer velocity along ẑ. Increasing the size
of the catalytic head sphere leads to a larger chemical reaction
rate which results in a higher nonequilibrium density gradient
of B molecules in the vicinity of the polymer chain. However,
head size increase also increases the frictional force which
tends to decrease the velocity. These considerations should be
taken into account when designing polymer nanomotors.

Our results have shown how self-propelled polymers can be
constructed and we have identified the essential elements that
enter into the design of such molecular motors. Polymer
lengths, catalytic head and bead sizes, as well as interaction
potentials play key roles in the design of motors whose veloci-
ties are large enough to overcome the effects of nanoscale
Brownian thermal fluctuations. In particular, for rigid rod-like
short-chain polymers, thermal conformational fluctuations are
not strong and autonomous directed polymer motion is easily
achieved. For flexible long-chain polymer motors in good sol-
vents, directed motion must compete with strong Brownian
conformational fluctuations that lead to reorientation of the
self-propelled polymer. By designing polymers with different
conformational dynamics and different catalytic head groups,
one can construct polymer motors that either execute strong
directed motion, that is, they travel long distances before they
reorient, or execute Brownian diffusion, but with enhanced dif-
fusion to explore wider regions of space. Consequently, such
self-propelled polymer motors may be made to perform some
tasks better than ordinary polymers. While the uses of such de-
vices are a topic of future research, possible applications might
include directed synthesis where polymer motors exploit non-ACHTUNGTRENNUNGequilibrium concentration gradients to find their targets, and
more rapid exploration of space to increase rates of diffusion-
influenced reactions.
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