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We introduce a family of molecular rotors that may convert light or chemical energy into directed transla-
tional motion along surfaces. The dependencies of diffusion coefficient and drift velocity of the rotating
molecule on the magnitude of external torque, symmetry of surface potential, and temperature have been
investigated. Our simulations show that the rotation-translation coupling could be very effective, and the
molecule may move by approximately one surface lattice spacing per complete rotation. We have found that
the unidirectionality of the rotary motion is not required to produce efficient directed sliding; this effect can be
achieved by applying a time-periodic, or even randomly, oscillating torque which induces alternating molecular
reorientations but does not generate complete rotations.

DOI: 10.1103/PhysRevE.79.021108 PACS number�s�: 05.40.�a, 05.45.�a, 45.20.dc

In recent years there has been an increasing interest in
studies of molecular rotary motors which function on sur-
faces �1–7�. Repetitive unidirectional rotary motion of mac-
romolecules has been observed to occur under irradiation
and chemical stimulations �3–6�. It has been demonstrated
that the frequency of rotations can be controlled by photoex-
citation processes, electric field, temperature, and molecular
structure �3–6,8,9�. Tuning directionality of rotations pre-
sents so far the major difficulty. Molecular rotary motors
functioning on surface are extremely interesting from a fun-
damental point of view �10–12� and could find applications
in a variety of molecular-size devices and machines, for ex-
ample, in the fields of nanofluidics, nanoelectronics, and
nanophotonics �1,3–6,13�.

In this work we demonstrate that molecule-surface inter-
actions provide a strong coupling between rotational and
translational degrees of freedom of macromolecules located
on surfaces that may result in the rotation-induced enhance-
ment of surface diffusion and directed translational motion.
The latter requires asymmetry of the surface potential. The
surface potential may be asymmetric, e.g., for substrates
composed of dipole molecules or two kinds of different at-
oms or molecules.

It should be noted that the idea to excite an internal de-
gree of freedom �in our case the rotational one� in order to
induce a transport along another degree of freedom has been
already discussed in the literature �7,11,14�. However, here
we suggest a family of nanoscale motors that may convert
molecular rotations or even reorientations into directed trans-
lational motion along the surfaces.

Our simulations show that for the optimal choice of sys-
tem parameters the rotation-translation coupling could be
very efficient, and the molecule may move by approximately
one surface lattice spacing per a complete rotation. The ef-
fect of coupling between rotational and translational motions
on surfaces has been recently discussed in the context of
friction �15–17� unraveling new mechanisms of friction at
both nanoscale and macroscale. We suggest to take advan-
tage of this coupling in order to construct molecular rotors

that may convert light or chemical energy into directed mo-
tion along the surfaces.

In order to demonstrate the characteristic properties of
translational motion induced by in-plane rotation of a mac-
romolecule, we consider a molecule deposited on a surface
which rotates under the action of an external torque. The
dynamical behavior of the molecule is governed by the fol-
lowing coupled Langevin equations:

mr̈c + �rc
Um�rc,�� + �ṙc = frc

�t� , �1�

Iz�̈ + ��Um�rc,�� + ��̇ − Mz = f��t� . �2�

The first equation describes the translational motion of the
center of mass of the macromolecule of effective mass m,
whose position is given by the two-dimensional coordinate
rc= �xc ,yc�; Eq. �2� describes the rotation of the macromol-
ecule having an effective moment of inertia Iz in the plane
�x ,y� with respect to the center of mass. The molecular ro-
tation is induced by an external torque Mz, and the orienta-
tion of the macromolecule with respect to the underlying
surface is given by a rotational angle �. The parameters �
and � are responsible for the dissipation of the macromol-
ecule’s kinetic energy due to the translational and rotational
motion, respectively. The effect of thermal fluctuations on
the translational and rotational motion of the molecule is
given by the random force and torque, frc

�t� and f��t�, which
are �-correlated, �frc,i�t�frc,j�t���=2�kBT��t− t���i,j and
�f��t�f��t���=2�kBT��t− t��, where i , j=x ,y.

The macromolecule is treated as a rigid body, which con-
tacts with the substrate through the two-dimensional �2D�
layer including N atoms. The layer is modeled as a finite
lattice, composed of hexagonal rings �see Fig. 1�a��. The
interaction between a single atom in the molecule and the
underlying surface is simulated by the effective potential,
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U�x,y� = − U0�cos�2�x/a� + Ax cos�4�x/a + ��/2

+ cos�2�y/a� + Ay cos�4�y/a + ��/2� , �3�

where U0, U0Ax /2, and U0Ay /2 are the amplitudes of the
harmonics constituting the surface potential, a is a period of
the substrate square lattice, and � is the misfit angle which
controls the asymmetry of the potential. For ��n� /2 �n
=0, �1, �2, . . . � and Ax, Ay �0 we have an asymmetric,
ratchet-type potential. The gray scale map of U�x ,y� is
shown in Fig. 1�a�, where dark and light gray colors corre-
spond to minima and maxima of the potential, respectively.
Cross section of the surface potential along the x direction
for �=� /4 and Ax=Ay =1 is shown in Fig. 1�b�.

In a rigid molecule, the relative positions of the atoms are
fixed with respect to the coordinate of its center of mass and,
as a result, the molecule-surface interaction is described by
an effective potential Um�xc ,yc ,��, with the corresponding
force �rc

Um and torque ��Um which are simply obtained by
summing U�x ,y� and the moments over N atomic contribu-
tions in the macromolecule.

As an example, we present below the results obtained for
a 54-atom symmetric molecule �see Fig. 1�a��. However, our
simulations have demonstrated that the main conclusions of
this work are robust and hold for a broad range of systems:
symmetric and asymmetric rigid molecules of different sizes,
flexible molecules, and even nano-objects with disordered
structures. For all these systems we have found that when the
magnitude of the external torque Mz exceeds some threshold
value, the molecule performs a rotational motion which gives
rise to an enhanced diffusion on symmetric surfaces and to a
directed translational motion on asymmetric ones �see Fig.
1�c��. These effects have been found for both a permanent
external torque, Mz�const, which causes a unidirectional
rotation of the molecule, as well as for a periodic, or even
randomly, oscillating torque which induces alternating mo-
lecular reorientations but does not generate a complete rota-
tion. In what follows, we use the dimensionless coordinates,

time and torque: x̃c=xc /a, ỹc=yc /a, 	= t
0, and M̃z
=Mz / �Iz
0

2�, where 
0=� / Iz.

Figure 1�c� shows a typical trajectory of the center of
mass of the molecule which has been calculated for the case
of the permanent external torque. The solid and dashed
curves present displacements in the x and y directions, re-
spectively. The figure clearly demonstrates that the molecule
rotations induce a directed translational motion whose direc-
tion depends on the ratio of amplitudes Ax and Ay in the
potential �3� and on the misfit angle �. Below we focus on
the consideration of the case Ax=Ay, when the time-averaged
velocities in x- and y directions should be equal in the limit
t→�.

It should be noted that even under the influence of the
permanent torque the frequency of the molecular rotation,
�= �̇, changes in time, and the molecule performs a corre-
lated rotational-translational motion. The dynamics of the
molecular translational motion can be represented as a set of
alternating stick and slip segments. During the stick intervals
the center of mass is trapped in minima of the potential
Um�rc ,�� but the molecule continues to rotate, and with time
it approaches a more favorable mismatched configuration
with a reduced barrier for the translational motion. Then the
molecule can overcome the barrier with help of thermal fluc-
tuations and slip to an adjacent trapped state. The asymmetry
of the molecule-surface potential, Um�rc ,��, gives rise to a
statistically preferable direction of slips. The described dy-
namics has a diffusive nature for centrosymmetric potentials
���n� /2 or Ax, Ay =0�, and exhibits a directional translation
motion for asymmetric surfaces.

Figure 2 shows the dependencies of diffusion coefficient,
D, time-averaged drift velocity, �v��, and angular frequency,
���, on the magnitude of the external torque, Mz. The diffu-
sion coefficient, D=limt→�

1
4t �	rc�t�−rc�0�	2�, has been calcu-

lated for the centrosymmetric surface, �=0, while �v�� and
��� have been calculated for the asymmetric surface with
�=� /4. One can see that in order to initiate the molecular
rotation the torque should exceed some threshold value, Mz

stat

�
0.1Iz
0
2 in Fig. 2�c��, which is required to overcome the

potential barriers restricting the rotations of the molecule
with respect to the surface. An origin of the threshold torque
is analogous to that for the static friction in the case of trans-

FIG. 1. The 54-atom symmetric macromolecule on the surface. �a� Schematic view of the system. The substrate potential is shown by the
gray-scale map. �b� Cross section of the surface potential along the x direction for the misfit angle �=� /4. �c� Solid and dashed curves show
time dependencies of the displacement of the center of mass in x and y directions, respectively. Parameter values: Ax=Ay =1, N=54, �
=� /4, a1 /a=0.74, Mz / �Iz
0

2�=0.104, � / �m
0�=0.78, NU0 / �Iz
0
2�=0.04, kBT /U0=0.04.
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lation motion, and, as the static friction, Mz
stat depends on the

system parameters such as molecular-surface interaction,
commensurability, temperature, etc. When the external
torque exceeds the threshold value the mean angular fre-
quency increases as a function of Mz and with it the diffusion
coefficient and the mean drift velocity. However, whereas
��� grows monotonically with Mz, both D and �v�� exhibit
maxima as a function of Mz. This effect results from the fact
that for high enough ��� the lifetime of the configurations
with the low translational barriers becomes shorter than the
characteristic slip time, and the transformation of the rota-
tional motion to the translational one turns out to be ineffec-
tive �see inset in Fig. 2�b��.

Above Mz
stat, the model exhibits two regimes of rotational

motion as a function of Mz: �i� for 0.1Mz / Iz
0
20.11 time

intervals of rotation alternate with motionless ones, and the
fraction of rotational intervals increases with Mz; �ii� for
Mz / Iz
0

2�0.11 the molecule rarely, if ever, stops to rotate
and ���
Mz /� �see Fig. 2�c��. For the high values of the
torque, Mz / Iz
0

2�0.11, the molecule rotates fast and does
not respond to the potential corrugation, as a result both the
diffusion coefficient and drift velocity are negligible.

Figure 2�a� demonstrates that the diffusivity may be
strongly enhanced by the molecular rotations. For the chosen
values of the parameters the bare diffusivity �D in the ab-
sence of rotations� is negligible and has not been detected at
the time scale of our simulations. The maximal value of the
rotation-induced diffusion coefficient is even few times
higher than the free diffusivity of the molecule, Dfree
=kBT / �N��. The maximal drift velocity in Fig. 2�b� corre-
sponds to a remarkable one lattice constant displacement of
the molecule per three complete rotations.

The results presented in Fig. 2 have been obtained for a

finite temperature, kBT=0.04U0. However, the enhancement
of the diffusivity and directed translational motion has been
also found for an infinitesimal low temperature. This is ex-
plained by the fact that rotations bring the molecule to the
configurations where the barrier for the translation motion
diminishes and then even a weak noise may generate a slip
of the molecule to the neighboring minima of the potential.
The increase of temperature leads to a reduction of the
threshold value of the torque, Mz

stat, and for moderate tem-
peratures, kBT�0.5U0, the angular frequency grows with T.
Also the probability of translational slips �jumps� over the
potential barriers increases with T. As a result, for the mod-
erate temperatures the diffusion coefficient and the drift ve-
locity grow with T. For higher temperatures the molecular
motion gets erratic, and �v�� decreases. Finally for kBT�U0
the motion loses completely the directionality and becomes
diffusive.

The efficiency of the rotation-translation motor strongly
depends on the misfit angle � which controls the asymmetry
of the surface potential. Figure 3 shows dependences of the
mean angular frequency and drift velocity on � for a given
value of the torque, Mz=0.104I
0

2, which corresponds to the
maximum of �v�� for �=� /4. One can see that the velocity is
antispecular with respect to �=�, namely �v���−���=
−�v���+���, and there are well-defined windows of � where
�v�� is not zero �I and I* in Fig. 3�a��. The drift velocity
vanishes in the intervals, II, II*, and III for two different
reasons. In the intervals II and II* after some transient time
the molecule becomes locked in configurations with high
barriers for the rotational motion, and it ceases to rotate and
move translationally. In the interval III the mean angular
frequency exceeds the critical value above which the rota-
tions become too fast and do not allow enough time for the
translational slips from one potential valley to another. This
critical frequency is marked by a horizontal dashed line in
Fig. 3�b�, and its value agrees well with the upper limiting
frequency for the rotation-translation coupling which has
been found in calculations of �v�� as a function of Mz �see
inset in Fig. 2�b��.

FIG. 2. Dependencies of the dimensionless diffusion coefficient
�a�, time-averaged drift velocity �b�, and angular frequency �c� on
the dimensionless torque, Mz / �Iz
0

2�. D has been calculated for the
centrosymmetric surface, �=0, while �v�� and ��� have been calcu-
lated for the asymmetric surface with �=� /4. The diffusion coef-
ficient is normalized to its maximal value D0, and the drift velocity
to v0=
0a. Inset to �b� shows �v�� vs � for the molecule rotating
with a constant angular frequency. Parameter values as in Fig. 1.

FIG. 3. Dependencies of the mean drift velocity �a�, and angular
frequency �b� on the misfit angle, �. Parameter values as in Fig. 1.
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Our calculations show that the direction of the transla-
tional motion remains the same for both clockwise and anti-
clockwise external torques. This observation has important
implications for experimental realizations of the rotation-
translation motor proposed here. As we have already noted
above the major difficulty in operating molecular rotors lies
not in achieving molecular rotations but in controlling their
directionality, namely producing repetitive unidirectional ro-

tations. We have found that the unidirectionality of the rotary
motion is not required to produce efficient directional trans-
lations. Figure 4 demonstrates that the same effect can be
achieved applying an oscillatory torque which induces alter-
nating molecular reorientations but does not generate com-
plete rotations. In order to induce the translational motion the
reorientation angle should be large enough to allow for a slip
of the molecule center of mass between two adjacent poten-
tial valleys during a half-period of the torque oscillations.
Then during the next half-period the torque has the opposite
direction but the slip preferably occurs in the same direction
as before.

The main conclusions of this work hold also for a ran-
domly rotated macromolecule. As a possible scenario, we
assumed the torque to vary randomly by following the trace
of a random walker with the same characteristic time steps
and jump amplitudes as in the previous example of the peri-
odic torque �see inset to Fig. 4�c��. Figure 4�c� shows that in
this case the mean drift velocity is somewhat lower than for
the periodic torque, but still the transport turns anyway to be
very efficient. Besides, the depicted scenario turns to be even
more robust since symmetry, disordered structure, or rigidity
of macromolecules seem not to be crucial ingredients for the
observed dynamical features.
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FIG. 4. Directed translational motion under the action of the
periodically and randomly oscillating torque. �a� and �c� show the
displacement, L�, of the center of mass for the periodic and random
variation of the torque, respectively; �b� the variation of the rota-
tional angle for the periodic torque. Insets to �a� and �c� show time
variations of the periodic and randomly changed torque. Parameters
as in Fig. 1.
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