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ABSTRACT: Driven by a high-speed rotating electric field (E-field),
molecular motors with polar groups may perform a unidirectional, repetitive,
and GHz frequency rotation and thus offer potential applications as
nanostirrers. To drive the unidirectional rotation of molecular motors, it is
crucial to consider factors of internal charge flow, thermal noise, molecular
flexibility, and so forth before selecting an appropriate frequency of a rotating
E-field. Herein, we studied two surface-mounted dipolar rotors of a “caltrop-
like” molecule and a “sandwich” molecule by using quantum−mechanical
computations in combination with torque analyses. We find that the rotational
trend as indicated by the magnitude and the direction of torque vectors can
sensitively change with the lag angle (α) between the dipolar arm and the E-
field. The atomic charges timely flow within the molecule as the E-field
rotates, so the lag angle α must be kept in particular intervals to maintain the
rotor’s unidirectional rotation. The thermal effect can substantially slow down
the rotation of the dipolar rotor in the E-field. The flexible dipolar arm shows a more rigid geometry in the E-field with higher
rotation speed. Our work would be useful for designing E-driven molecular rotors and for guiding their practical applications in
future.

1. INTRODUCTION
Molecular motors play a key role in the innovation of
mechanical energy control technology in the microdomain.1−6

Generally speaking, a molecular motor is expected to transform
input energy into rotational motion so as to reach the goal of
driving other mechanical components at the nanoscale. In the
past decades, various input energy sources have been
investigated. These include light,7−13 chemical reactions,14−17

scanning tunneling microscopy (STM) tips (electrically
driven),18−23 electric currents,24,25 and electric fields (E-
field).26−32 The present study will focus on molecular motors
with rotating E-field as the input.
Molecules with permanent dipoles that can rotate in

response to an external E-field have the potential to act as
rotational molecular motors.33−39 An essential requirement is
that such motors should rotate relatively freely on the
supporting substrates. At the same time, as a source of input
energy, a rotating E-field should force the polar rotor to rotate
despite the random thermal motion, the friction resistance
within the molecule and against the support or solution, and
against the mechanical load as it performs work,1 by external
control of the field’s magnitude and direction. Zheng et al.34

fabricated and characterized two surface-mounted altitudinal
rotors, one nonpolar and the other dipolar, on a gold surface
and have provided evidence that at room temperature, the

flipping of the rotator in a fraction of dipolar rotors is subject
to a small enough barrier to occur spontaneously and can be
controllable by the E-field of an STM tip, with a typical run
observed (rotation frequency of 90 GHz at room temperature
in the E-field strength of 3 × 109 V/m, i.e., 0.3 V/Ang). Zhang
et al.39 reported that a two-dimensional array of dipolar
molecular rotors (with polar groups of −CN and −O−n−Bu)
made from porphyrin-based doubledecker complexes can
undergo simultaneous rotational switching when applying an
E-field from the tip of an STM. Simpson et al.40 reported how
single dipolar molecules (with polar groups of −NO2 and
−N(CH3)2) can be oriented with maximum precision using
the E-field of an STM. Such E-driven molecular motors offer
exciting opportunities in the fields of nanoelectronics and
nanofluidics.41,42 On this basis, we model two representative
molecules to exhibit their rotational behavior under an E-field.
We will point out to what extent this behavior is affected by
their quantum nature and by thermal effects, compared with
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classical rigid dipoles. In particular, we will illustrate the role of
molecular flexibility and internal charge flow under the E-field.
We will also examine how different E-field profiles can be used
to cause continuous unidirectional rotation.
First, we choose to study a promising molecule that was

experimentally synthesized by Jian and Tour33 (see Figure 1),
although its rotation was not examined in the experiment. If
the E-driven molecular motor rotates in the GHz frequency
range,30 for example, it may cause a directional flow of the
surrounding gas or liquid, which is the prototype of a
nanoscale pump.26 This molecule consists of a rotating dipolar
arm attached to a static “caltrop-like” structure that is
characterized by four tetrahedrally oriented diphenylacetylenes
(Ph−C�C−Ph) that are linked together through a Si atom.
Our computational modeling aims to help guide its
applications by simulating the E-driven intramolecular rotation

while revealing the working mechanism at the atomic level.
The two ends of the rotating arm are the dipolar groups −NO2
(electron-withdrawing) and −N(CH3)2 (electron-donating),
which endow the arm with a strong permanent dipole moment
μ and thus interact with the E-field to drive the intramolecular
rotation. The stator can be held static as attached to a surface
by functionalizing the “free” ends of its three legs (such as with
−SH groups) so that this “caltrop-like” molecule becomes an
azimuthal rotor on a surface.
Our second, artificial “sandwich” molecule has a much

smaller and simpler structure (see Figure 2) and is designed to
study more extensively the choice of different types of E-fields.
Here, we choose a benzene ring as the skeleton, in which two
opposite hydrogen atoms are replaced by the groups −NH2
(electron-donating) and −CN (electron-withdrawing). It then
becomes a dipolar rotor. We attach it to a finite graphene-like

Figure 1. (a) Side view and (b) top view of an E-driven “caltrop-like” rotor, with the labeling of key atoms and definition of two dihedral angles θ
and α and of the coordinate system. For calculating torques, the midpoint between the carbon atoms C1 and C2 is defined as the origin O; the
direction from O to C1 is set as the X-axis and that from O to C5 as the Z-axis; the perpendicular direction to the XZ plane is set as the Y-axis. The
molecule can be mounted on a surface (in the XY plane) with an E-field added along the −X direction, viz. perpendicular to the rotation axis (Z-
axis) of the molecule. Because the stator part is frozen in the calculations, the calculation model does not include the surface. To simulate the
rotation of the dipolar arm around the Z-axis, the rotation angle θ (C3, C4, C5, and C6) is manually fixed at 0, 15, 30,..., 345° (θ = 60° in Figure 1)
when performing constrained geometry optimizations. To study the change of the rotational trend with the angle between the dipolar arm and the
E-field, the lag angle α is defined as the counterclockwise angle from the −NO2 arm to E (−X direction). As the intrinsic dipole moment projected
onto the XY plane (μXY) is always basically parallel to the −NO2 arm during rotation, the lag angle α is calculated by using the intrinsic dipole
moments projected onto the X-axis (μX) and Y-axis (μY).

Figure 2. (a) Top view and (b) side view of a “sandwich” rotor, where a dipolar p-cyanoaniline (C in brown, N in blue, and H in green) is as the
rotator, an axial Cr atom (in black) as a pivot, and a finite graphene sheet (C in light gray and H in silver) as the stator. The E-field is set parallel to
the graphene surface, in the −Y direction, viz. perpendicular to the rotation axis (Z-axis) of the rotor.
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sheet through a pivot − a chromium (Cr) atom. The Cr atom
obeys the effective atomic number rule and connects the two π
systems, forming a stable sandwich structure. We then use this
model to study this “sandwich” rotor’s rotation torque under a
fixed E-field along the −Y direction and discuss the possibilities
of driving a unidirectional rotation by alternatively switching
the direction of E-fields.
To examine the mechanical behavior of a dipolar molecule

in an external E-field, we utilize our torque approach43 as a tool
to analyze the intramolecular rotation based on snapshots
collected from the rotational trajectory. This torque approach
has been validated in previous studies, where we successfully
studied the rotational behaviors of a light-driven molecular
rotor43−45 and interlocking molecular gears on surfaces.46−49

Moreover, torque analysis is widely used in the study of
biophysics, such as the transcription of RNA polymerase,50,51

F1-ATPase,52 bacterial flagellar motor,53,54 and kinesin.55 In
this study, we extend the torque approach to the investigation
of E-field-driven molecular motors. The atomic coordinates
and interatomic forces are calculated at the quantum
mechanical level, from which the torque vectors acting on
each atom of the rotator can easily be obtained. Individual
atomic torques clearly reveal which atoms are promoting or
hindering the rotation. The total torque profiles (the
cumulated atomic torques) help us determine under what
conditions the rotation is unidirectional. By presenting results
consistent with experiment, the torque approach has been
verified to be a reliable method for studying general molecular
motors.
In practical applications, thermal noise will inevitably affect

the operation of E-field-driven molecular machines.26 To
understand how the stochastic rotation (resulting from thermal
effects) modifies the molecular response to the E-field, we will
also track the rotation within the caltrop-like molecule at room
temperature by quantum mechanical-based molecular dynam-
ics (MD) simulations. The difference of the response time (i.e.,
the time for the rotator to relax from an initial nonequilibrium
configuration to a stable configuration, which is theoretically
parallel to the E-field) obtained by static calculation and MD
simulation can reflect the relative impact of thermal effects.
Additionally, the MD simulation trajectories under an E-field
can intuitively observe the molecular flexibility change during
rotation, which will be also discussed in this work.
With this work, we expect to set up a systematic scheme for

the theoretical study of E-field-driven molecular motors and
therefore help guide the design of more promising molecular
motors in future.

2. METHODOLOGY AND COMPUTATIONAL
APPROACH

To study the rotation behavior of the large “caltrop-like” rotor
(see Figure 1), we carry out quantum mechanical calculations
by using the density functional theory (DFT) method (with
the ωB97XD56 functional available in the Gaussian 0957

package) and the self-consistent charge density functional
tight-binding with a dispersion term (DFTB-D) method.58−62

The detailed calculation procedure will be the following:

(1) Constrained geometric optimizations of 24 configura-
tions are performed at the level of ωB97XD/6-31G* and
DFTB-D, with the stator atoms frozen, the dihedral
angle θ between the rotator and the stator manually
fixed as 0, 15, 30,..., or 345°, and the other rotator atoms

fully relaxed. The rotation angle θ (C3, C4, C5, and C6)
is determined by atoms C3 and C4 in the rotator as well
as atoms C5 and C6 in the stator, where C4 and C5 are
located on the rotation Z-axis (see Figure 1a). In this
way, we can know the profiles of intrinsic dipole
moment and potential energies for the “caltrop-like”
rotor during 360° rotation without an E-field.

(2) To study how the E-field timely affects the rotational
trend, that is, the coupling between the rotor and the E-
field, we mark the relative position between the rotor
arm and the E-field for those structures collected from
the rotational trajectory. The lag angle α is thus
proposed with the meaning of the counterclockwise
angle from the −NO2 arm to the −X direction (the E-
field direction in Gaussian calculations in this work); see
Figure 1b. As the intrinsic dipole moment projected
onto the XY plane (μXY) is basically parallel to the −NO2
arm during rotation, the lag angles can be calculated
according to the μX and μY vectors.

(3) Based on the configurations obtained from the rotational
trajectory, we turn on the E-field along the −X direction
and perform DFT single-point calculations to determine
its effect on the charge redistribution, dipoles, and
energetics as a function of the lag angle α. We use our
recently developed torque analysis method to carefully
analyze its rotational trend variation in E-field by
depicting the torque profiles of the total rotator,
functional groups, and key atoms. The torque along
the Z-axis (TZ) contributed from any atom, group, or
subunit in the molecule can be evaluated by the atomic
torque summation formula T⃗z = ∑i = 1

n (ri⃗ × Fi→), where
atomic Fi→ can be obtained from the DFT calculations
and ri→ is the position of atom i relative to the origin O.
Notably, because of computer code constraints, the E-
field is permanently oriented along the fixed −X
direction (i.e., C1-O direction) while the molecular
rotator rotates. This does not affect the study of the
rotor in a high-speed rotating E-field as these
configurations are just for samplings with various lag
angles.

(4) To investigate the thermal effect and the flexibility of the
dipolar arm in an external E-field, we next carry out
DFTB-D/MD simulations to determine the response
times of the dipolar arm at the room temperature in the
E-field and track the rotation snapshots of the rotator
during the MD simulations. The canonical ensemble
(NVT) is adopted with the Andersen thermostat at 300
K. The time step is set as 1 fs for the integration of the
equations of motion by the Verlet velocity algorithm.
The difference of the response time obtained by static
DFTB-D calculation and DFTB-D/MD simulation can
qualitatively reflect the relative impact of thermal effects.
Notably, the substrate and solvents are not included and
modeled in the DFTB/MD simulations.

For the small “sandwich” rotor (see Figure 2), to investigate
its rotation behavior under the E-field, we perform DFT
calculations using the Vienna Ab initio Simulation Package
(VASP)63 based on the projector augmented wave64 with a
cut-off energy of 400 eV. The PBE functional65 is considered
sufficient for a qualitative study. Spin polarization and van der
Waals interactions66 are also included. Similarly, constrained
geometry optimizations are performed to obtain its potential
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energy profile and then the torque profiles in an E-field using
our torque approach.
Both molecules have their electric dipole oriented

approximately perpendicular to their rotation axis, which in
turn is oriented approximately perpendicular to a supporting
surface. With an E-field parallel to this surface, the dipoles
therefore tend to point parallel to the E-field. In a simple
classical picture of a rigid electric dipole μ⃗ in a uniform time-
independent E-field E→, the energy U of the dipole varies as U
= E→ · μ⃗ = Eμ·cos α, where α is the lag angle: thus, U can vary
between +Eμ for an antiparallel alignment and −Eμ for a
parallel alignment.

3. RESULTS AND DISCUSSION
3.1. Profiles of Energetic and Dipole Moment

without an External E-Field. A small rotation barrier and
high dipole moment (μ) inherent in the molecule are
commonly the two main factors that ensure that a molecular
rotor can spin in an applied E-field. To understand these two
factors in the “caltrop-like” rotor, we perform constrained
optimization of its potential energy surface (PES) without an
external E-field. As shown in Figure 3, the DFTB-D method

predicts two small rotation barriers (Vb) of 0.96 and 0.92 kcal/
mol during the 360° rotation; the average dipole moment value
in the XY plane (μXY) is as high as ∼11.5 D and essentially
independent of the rotation angle θ. The shallow barriers and
steady dipole moment values make this “caltrop-like” molecule
a good candidate for an E-driven molecular motor, even
though it is not inherently unidirectional because of a
practically symmetrical PES profile. DFT (ωB97XD/6-31G*)
calculations give consistent results with two lower Vb values of
0.69 and 0.63 kcal/mol and a stable average μXY value as high
as ∼9.6 D, validating the accuracy of the DFTB-D results. The
PES profiles by flexible scanning do not look smooth because
of the fact that the small energy barriers of the rotor in E = 0
result in the high sensitivity of the PES outline to the energy
fluctuations caused by structural changes.
Four additional characteristics can be found in the above

results: (1) Because there are two arms and three legs in this
“caltrop-like” molecule, the PES profile should present six

barriers during the 360° rotation. However, only two energy
barriers are found in Figure 3, which reflects that the three legs
have negligible impact on the rotator because of the long axial
distance (∼1.3 nm) between the arms of the rotator and the
legs of the stator. This PES profile is actually similar to that of a
Ph−C�C−Ph molecule, as calculated using the same
theoretical parameters, where two Vb of ∼0.53 kcal/mol
appear when the two phenyl rings are perpendicular to each
other. (2) We find that this constrained optimization has no
significant effect on the tangential forces that govern the
rotation of the dipolar arm; the changed radial forces can be
neglected with this relatively rigid dipolar arm. (3) The dipole
moment μ always points to the rotator arm during the 360°
rotation (see Movie S1). The isosurface distribution of the
electrostatic potential (see Figure S1) demonstrates that the μ
direction results predominantly from the significant negative
and positive charges on the −NO2 and −N(CH3)2 groups,
respectively. Therefore, it is reasonable to use the −NO2 arm
direction as a reference to study the relationship between the
rotation behavior and the lag angle α. (4) We note that the
thermal energy kT at room temperature is about 25 meV
(∼0.58 kcal/mol), which is not far from the molecular rotation
barrier. This suggests that the thermal vibrations may play a
non-negligible role in the rotation of this “caltrop-like”
molecule. This issue will be examined further below through
DFTB-D/MD simulations.

3.2. Energetic, Dipole Moment, Charge Distribution,
and Rotational Trend Affected by the External E-Field.
We next consider the effect of the E-field on the rotational
trend of the dipolar arm. Twenty-four configurations are
selected from the abovementioned optimizations (with E = 0),
and then, the field of E = 0.52 V/Ang (0.01 a.u.) is applied
along the −X direction. The E-field strength of 0.52 V/Ang is
comparable to the studies of Michl’s group.28,34 Figure S2
shows these 24 configurations with the lag angle α specified.
On this basis, single-point energy calculations in E-field by
DFT (ωB97XD/6-31G*) are performed to study the change
of PES, dipole moment, and charge population and analyze the
rotational trend through torque profiles; see Figure 4. We have
verified at selected lag angles that results from constrained
geometry optimizations are close to those of single-point
calculations; see Table S1.
Figure 4a shows the profiles of the single-point PES Etot and

dipole strength in the E-field. The instantaneous dipole
moment keeps changing as the arm rotates in the E-field.
Very conspicuous is the strong variation of the electric dipole
and its much-enhanced value compared to the case with E = 0
(maximum 108.5 vs 11.5 D). Even larger is the resulting
change in the barrier height, with rotation Vb of 87 kcal/mol
for E = 0.52 V/Ang, compared to less than 1 kcal/mol for E =
0.
The intrinsic reason behind the strong variation of

instantaneous dipole moments is the charge redistribution on
the −NO2 and −N(CH3)2 groups; see Figure 4b. Specific
charge data are listed in Tables S2 and S3. Here, the charge
distribution within the rotator has been re-optimized without
re-optimizing the atomic coordinates. At α = 180°, the
−N(CH3)2 and −NO2 groups are, respectively, forced to carry
more positive and negative charges (than they are in E = 0) so
as to cause the largest instantaneous dipole moment. At α = 0°,
the charges on −N(CH3)2 and −NO2 groups reflect the
strongest counteracting effect between the permanent dipole
moment and the E-field, resulting in a much-reduced dipole

Figure 3. Profiles of the potential energy surface, given as relative
energy referred to the energy minimum, and the intrinsic dipole
moment values in the XY plane (μXY) for the “caltrop-like” rotor’s
360° rotation without an E-field.
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moment, even reversing the net charge sign on the −N(CH3)2
group. This also contributes to the anomalous (additional)
local energy minimum seen in Figure 4a near α = 0°.
Therefore, we can conclude that the lag angle α can sensitively
characterize the rotational behavior, which is influenced by the

rapidly changing interaction between the molecular dipole
moment and the E-field.
Figure 4c confirms that the rotator torque Tz is essentially

proportional to the derivative of the total energy relative to the
lag angle (just as in classical mechanics where the force is
proportional to the derivative of the potential). The slope of
the PES reflects the driving force, as is seen when comparing
the PES (Figure 4a) and the torque profile (Figure 4c). The
presence of a second energy minimum near α = 0° causes a
total of four instances of zero values for Tz at α = ∼0, 60, 180,
and 300°. The most extreme torque values occur at ∼150 and
210° (not 90 and 270° as in the simple cos α model), with two
minor extrema ∼30 and 330°. It implies that the angular
velocity ω of the dipolar arm rotation in the E-field constantly
changes as the angular acceleration a is directly proportional to
the torque Tz (Tz = Ia, minimal changes of the moment of
inertia I of the molecule can be neglected). Assuming positive
and negative torques correspond to counterclockwise and
clockwise acceleration, the rotational behavior is therefore
determined to be in four α ranges, as noted in Figure 4c:

• α ∼ 0−60°, a > 0: counterclockwise rotational trend
toward α ∼ 0°;

• α ∼ 60−180°, a < 0: clockwise rotational trend toward α
∼ 180°;

• α ∼ 180−300°, a > 0: counterclockwise rotational trend
toward α ∼ 180°;

• α ∼ 300−360°, a < 0: clockwise rotational trend toward
α ∼ 0°.

When driven by a rotating E-field parallel to a surface,
surface-mounted azimuthal molecular motors can exhibit
synchronous, asynchronous, and random rotation modes,
which are related to the strength and frequency of the E-
field.3 As the factors impeding unidirectional rotation become
more prominent, a synchronous (i.e., periodic) rotation with
the rotating E-field may become an asynchronous (i.e.,
nonperiodic) rotation. The response time will be lengthened
due to a reduction of the rotation velocity, and the molecular
motor may even become unusable. Therefore, α should be
kept in particular intervals to maintain the rotor’s unidirec-
tional rotation.

3.3. Atomic Torque and Group Torque Analyses for
Unidirectional Rotation. The total torque on a molecule or
molecular fragment is the vector sum of all individual atomic
torques. However, individual atomic torques may have
different vector signs from the total torque, namely, they can
be positive or negative due to different lag angles of atoms
relative to the E-field. The main contribution to atomic Tz is
found to come from the −N(CH3)2 and −NO2 groups, as
highlighted in Figure 5a. The magnitude of the atomic torque
on each atom in E = 0.52 V/Ang varies over time with the lag
angles; even the torque sign can change, which will hinder or
promote the unidirectional rotation. For example, the atomic
Tz of atom Na in −N(CH3)2 dramatically varies with the lag
angle in the E-field. It promotes the unidirectional rotation for
α = 60−150° and 300−360° when the atomic Tz sign is then
consistent with the total Tz shown in Figure 4c, while
hindering the rotation for α = 0−60 and 150−300° as the
atomic Tz sign is then opposite to the total Tz. This can also be
ascribed to the significant charge alteration of this atom Na
affected by the E-field, as indicated by the NPA charges in
Figure 5b. Moreover, it is found that the torques of atom pairs
bonding with each other often have opposite signs, for

Figure 4. (a) Single-point PES Etot and instantaneous dipole moment
μ in E = 0.52 V/Ang of the configurations shown in Figure S2. (b)
Total natural partial atomic (NPA) charges of the −NO2 and
−N(CH3)2 groups in E = 0.52 V/Ang vs E = 0 V/Ang, based on
natural bond orbital analysis. (c) Total torque projected onto the Z-
axis (Tz) of the rotator in E = 0.52 V/Ang.
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example, the torque of the N atom in −NO2 and the torque of
the two O atoms in −NO2, the torque of the N atom in
−N(CH3)2 and the torque of the two C atoms in −N(CH3)2,
and so forth. Most of the atomic torques are ineffective after
their mutual counteraction. The remaining net torques may be
small but can still force the dipolar arm to rotate with the E-
field. Therefore, in the practical applications of E-driven
molecular motors, the changing atomic Tz with the lag angle
will mutually interplay in a synergistic or counteracting
manner.
Also, torque analysis for the entire groups of atoms

sometimes may provide helpful information for understanding
large molecular rotors. The present molecular rotator
comprises several subunits including the −N(CH3)2 and
−NO2 groups, the phenyl and acetylene groups on the two
arms, the fluorene and phenyl groups on the rotation axis, and
so forth. It is thus inferred that the forces among chemical
groups may generate group torques with different signs. As
shown in Figure 6a, in the ranges of α = 0−60 and 300−360°,
the almost mirror-symmetrical Tz distributions above and
below zero reflect the significant offsetting effect between the
two acetylene groups in different arms and between the
−N(CH3)2/−NO2 group and the phenyl group in the same

arm. Only when the coupling between the molecule and the E-
field is strong enough (e.g. for α ≈ [90°, 170°] and α ≈ [190°,
270°]) can the cooperation among these functional groups be
obvious. There also exists a partial counteracting effect
between the fluorene and phenyl groups on the axis; see
Figure 6b. Referring to the total Tz in Figure 4c, it is thus
found that the remaining Tz can genuinely lead to the
unidirectional rotation of the molecular motor after excluding
the counteracting parts.

3.4. Influence of the Thermal Effect. Static calculations
are insufficient to ascertain the unidirectionality of molecular
motors in their practical applications. The friction and thermal
effects in real situations may also play an important role in
affecting the rotation. The fluctuating force can be governed by
the vibrations in the support, by the viscosity of the solution

Figure 5. Profiles of (a) atomic torques and (b) NPA charges of
individual atoms in the −NO2 and −N(CH3)2 groups in E = 0.52 V/
Ang, as a function of the lag angle α. The top panel shows the atom
labels of two polar groups.

Figure 6. Torques contributed by different chemical groups in E =
0.52 V/Ang as a function of the lag angle α. (a) Chemical groups in
the two arms. (b) Chemical groups on the axis of the rotator, viz. the
N-fluorene group and the phenyl group. Top panel shows the names
of the chemical groups in the rotator.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04128
ACS Omega 2022, 7, 35159−35169

35164

https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and by temperature (so-called thermal noise). Work can be
produced for a surface-mounted rotor placed anywhere as long
as there are temperature fluctuations, although the work may
just cause random clockwise and counterclockwise rotations,
which is not very useful for mechanical applications.67

To understand how the stochastic rotation resulting from
thermal effects modifies the molecular response to the E-field,
we will also track the rotation within the “caltrop-like”
molecule at room temperature by DFTB-D/MD simulations.
For that purpose, we qualitatively evaluate the response time of
the rotor, defined here as the time needed for the molecule to
rotate from rest in a nonequilibrium orientation until
becoming parallel to the E-field. The difference of the response
time obtained by static DFTB-D calculation and DFTB-D/MD
simulation can then qualitatively reflect the relative impact of
thermal effects on the unidirectional rotation. As a preliminary
study of the E-field-driven molecular motor, the MD
simulation in this work is done in the absence of solvents.
In a proper molecular motor, the rotating frequency should

be high enough to reach the GHz level30 (i.e., period time ∼
1000 ps, average angular velocity ω ∼ 0.36°/ps) in order to
work effectively in the microscopic field. A prerequisite is that
the molecule’s response speed should be much faster than the
E-field’s rotation speed so as to synchronously follow the
rotating E-field. This means that the dipolar arm actually settles
from a nonequilibrated state into an equilibrated state in a very
short time; otherwise, asynchronous or random rotation may
happen because of torque repositioning (including changes in
the value and direction), as evidenced by Figure 4c.
Figure 7 reveals the response time with thermal effect

considered, for the “caltrop-like” rotor from nonequilibrated to

equilibrated states by DFTB-D/MD simulations at room
temperature in E = 0.52 and 1.03 V/Ang. The “caltrop-like”
configuration with α = 135° (Counterclockwise angle from the
−NO2 arm to the E-field is 135°) is selected as the study case;
see Figure S3. For convenience, the dihedral angle ρ (Na, Nc,
Si, Hg) is marked to track its time evolution so as to reflect the
response time. In E = 0.52 V/Ang, the dynamic process from
an initial nonequilibrated state with α = 135° to a final
equilibrated state (parallel to E) with α = 180° is completed in
∼100 ps, accompanied with the change in ρ from ∼105 to

∼60°; see Movie S2. ρ is stabilized at ∼60° from 100 to 150 ps.
Therefore, the average angular velocity of this “caltrop-like”
molecule can be estimated to be ∼0.45°/ps (Δα/t = 45°/100
ps), which meets the GHz level requirement in molecular
motor applications.
To find the average angular velocity dominated by only the

potential energy, the static calculation on the nonequilibrated
configuration (see Figure S3a,b) under the same condition of E
= 0.52 V/Ang and α ∼ 135° was carried out using the DFTB-
D method. According to Newton’s second Law, the response
time of the dipolar arm with the clockwise rotational trend
toward α ∼ 180° can be concluded as follows:

T Ia I
t

I
t

t I T
t

/ ,z z2= = = = =

Here, the value of total Tz can be obtained using our torque
approach; I is the moment of inertia of the rotator (I = 4.6 ×
10−43 kg m2 for the “caltrop-like” rotor); a is the rotator’s
angular acceleration; Δα = 45° (from 135 to 180°); t is the
response time of the dipolar arm, which is thus roughly
estimated to be 1.70 ps; and the average angular velocity ω is
accordingly ∼26.5°/ps. The response time results (see Table
1) shed light on the rotor’s performance, revealing that the

thermal effect dramatically reduces the rotation velocity by
approximately two orders of magnitude. However, if we apply
an E-field with higher intensity (say, E = 1.03 V/Ang), the
response time from the static calculation and the MD
simulation (see Movie S3) can be 0.82 and ∼40 ps,
respectively. This shows that the ratio between the internal
potential energy and thermal effect on the response time can
be substantially tuned by enhancing the intensity of the E-field.

3.5. Flexibility Change of the Large Molecular Rotor
under an External E-Field. The flexibility of large molecules
has always been a non-negligible feature of molecular
machines.46 Taking the typical “caltrop-like” molecule of this
study as an example, we report the distortion effect caused by
the external E-field.
To understand the geometric flexibility changes of the

“caltrop-like” molecule during the unidirectional rotation
driven by an E-field, the bending and twisting of the dipolar
arm were analyzed by using representative snapshots selected
from the DFTB-D/MD simulation trajectories at E = 0.52 and
1.03 V/Ang (see Movies S2 and S3). In E = 0.52 V/Ang, the
dynamic simulation of the clockwise intramolecular rotation
starts from the configuration shown in Figure 8a and stops at
the configuration shown in Figure 8i, so does that for E = 1.03
V/Ang (see Figure S4). We still use the dihedral angle ρ (Na,
Nc, Si, Hg) to track the arm orientation in the whole MD
simulation. The E-field direction is marked with a blue arrow

Figure 7. Evolution of the dihedral angle ρ in the DFTB-D/MD
simulation for the “caltrop-like” molecule in E = 0.52 V/Ang and 1.03
V/Ang. Here, ρ is defined by the four atoms Na, Nc, Si, and Hg, as
shown in Figure S3.

Table 1. Comparison of the Influence on the Response
Time in an E-Fielda

E-field
intensity, E
(V/Ang)

response time, t (ps) by
static DFTB-D calculations

response time, t (ps) by
DFTB-D/MD simulations

0.52 1.70 100
1.03 0.82 40

aThe influence from static potential energy (middle column) and the
influence from the thermal effect (right column). The MD response
time listed in Table 1 was estimated from a single trajectory for a
qualitative comparison.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04128
ACS Omega 2022, 7, 35159−35169

35165

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04128/suppl_file/ao2c04128_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04128/suppl_file/ao2c04128_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04128/suppl_file/ao2c04128_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04128/suppl_file/ao2c04128_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04128/suppl_file/ao2c04128_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04128/suppl_file/ao2c04128_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04128/suppl_file/ao2c04128_si_007.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04128/suppl_file/ao2c04128_si_007.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04128?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for tracking the clockwise rotation during the dynamic
simulation.
We see in Figure 8 that the dipolar arm is S-shaped because

of the strong pull of the E-field on the −NO2 and −N(CH3)2
groups. Such a deformation is much more obvious in the first
few snapshots because the arm has significant lag angles with E.
However, when the arm becomes nearly parallel to E, the E-
field tends to straighten it out. In addition, we see rotations
around the length of the molecular arm itself, as can be
observed in Figure 8, from the top view of the −NO2 and
−N(CH3)2 groups and also from the phenyl rings in the arm.
These are caused by the intermolecular interactions between
the rotator and the stator. When the E-field intensity increases
from 0.52 to 1.03 V/Ang, the S-shaped feature of the dipolar
arm becomes much less obvious (see Figure S4). This could be
due to the quicker response of the dipolar arm to the stronger
E-field, which leads to less deformation in the middle steps of
the MD process. It is thus conjectured that the dipolar arm will
show a more rigid geometry in the practical application of an
E-field with a higher rotation speed.

3.6. Unidirectional Rotation of a Small Rigid Rotor
Driven by a High-Speed Rotating E-Field. To enhance the
understanding of the effect of an external E-field on the
unidirectional rotation of a small rigid rotor, we adopt a dipolar
“sandwich” rotor (see Figure 2) as an ideal model. Figure 9a
shows the PES outline of the “sandwich” rotor in an E-field of
0.52 V/Ang, as the molecule rotates through 360°. If the
molecules were a rigid dipole, this profile would have the shape
of U = E→·μ⃗ = −Eμ·cos (θ-90°): the minimum would occur at
90°, while the maximum would occur at 270°. The actual

profile of Figure 9a basically follows the rigid-dipole cosine
profile. The total torque and individual torque on atom groups
projected along the rotation axis are shown in Figure 9b, which
clearly indicate that the N atom of the −CN group is the
largest contributor to the total torque acting on the “sandwich”
molecule and greatly promotes its unidirectional rotation,
while the other atoms basically counteract each other during
the rotor’s rotation.
The PES deviations from the cosine profile, which

particularly strike near 270°, reflect the significant charge
redistribution within the molecule, as evidenced by the special
charge populations on two dipolar groups at the rotation
angles of 265, 270, and 275°; see Table 2. More importantly,
we can also see in Figure 9b the small perturbation of the sign
of the total torque at the rotation angles near 270°. It can be
correlated with the off-axis positioning of the atoms H1 and H2
of the NH2 group and their resulting differential charge
fluctuations under rotation.

4. CONCLUSIONS
In this work, we have computationally studied the rotational
characteristics of two dipolar rotors of a “caltrop-like” molecule
and a “sandwich” molecule in an E-field. The combination of
quantum calculations with the torque analysis method is
presented to be a useful approach to study the unidirectional
rotation of such molecules. The driving force for the rotor’s
unidirectional rotation can be quantified into the torque vector
acting on the rotator projected on the rotation axis (T⃗z), which
is revealed to sensitively vary with the angle between the
dipolar arm and the E-field because of the atomic charge

Figure 8. Top views of the selected snapshots for (a) ρ = 103.02° at 3 ps, (b) ρ = 96.17° at 11.5 ps, (c) ρ = 94.63° at 25 ps, (d) ρ = 90.94° at 30 ps,
(e) ρ = 79.73° at 45 ps, (f) ρ = 77.59° at 56.3 ps, (g) ρ = 72.53° at 71 ps, (h) ρ = 69.84° at 86 ps, and (i) ρ = 64.49° at 100 ps, from the DFTB-D/
MD simulation trajectory for the unidirectional rotation of the “caltrop-like” molecular motor driven by E = 0.52 V/Ang.
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redistribution under the influence of the external E-field.
Torque analysis at each rotation step demonstrates that most
torques counteract each other among functional groups while
only the remaining net torque leads to collective cooperation

within the molecule and promotes unidirectional rotation. To
maintain a unidirectional and synchronous rotation, a high-
speed rotating E-field with appropriate strength is suggested.
The E-field-driven molecular rotors in this work are studied

in the absence of solvents. Toward the practical applications of
E-field-driven rotors as a nanostirrer in a fluid, further progress
can be made by modeling the rotor in an explicit solvent
environment under the E-field to clarify how much the
solvents/ions shield the E-field and how the E-field affects the
orientations of solvents/ions and noncovalent interactions with
the rotor molecule.
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Color-coded electrostatic potential distribution on van
der Waals surfaces for the “caltrop-like” molecule as
calculated by ωB97XD/6-31G*; top views of the 24
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Figure 9. Profiles of the (a) potential energy surface, given as relative
energy referred to the energy minimum and (b) total Tz and atomic
Tz projected onto the rotation axis of the “sandwich” rotor in an E-
field of 0.52 V/Ang along the −Y direction. In this case, the rotation
angle has the same meaning to the lag angle α. The inset molecular
structures demonstrate the configurations at 90 and 270°. For
simplicity, we study the profiles of total energies and torques as a
function of the rotation angle between the rotator and the stator. The
two H atoms of the −NH2 group are indexed as H1 and H2. For more
details on the rotor’s structure, please refer to Figure 2 caption.

Table 2. Atomic Net Charges of the Dipolar Groups in the “Sandwich” Molecule at Particular Rotation Anglesa

atoms 0° (free) 0° 85° 90° 95° 250° 265° 270° 275° 290°
C(−CN) 0.88 0.81 0.72 0.70 0.72 0.78 0.69 0.65 0.68 0.77
N(−CN) −1.13 −1.10 −1.10 −1.11 −1.10 −1.02 −0.93 −0.94 −0.92 −1.03
N(−NH2) −1.19 −1.18 −1.21 −1.24 −1.21 −1.22 −1.26 −1.27 −1.26 −1.22
H1(−NH2) 0.44 0.44 0.47 0.47 0.46 −0.02 0.02 0.43 0.44 0.44
H2(−NH2) 0.44 0.46 0.46 0.47 0.47 0.44 0.44 0.44 0.03 0.03

aThe second column indicates the charges in a free E-field, and others indicate the charges in an E-field of 0.52 V/Ang (Unit: |e|).
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