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Molecular rotors with designed polar rotating groups possess
mechanics-controllable wide-range rotational speed
Jian Shao 1,2, Wenpeng Zhu1,2, Xiaoyue Zhang 1,2✉ and Yue Zheng 1,2✉

Molecular rotors with controllable functions are promising for molecular machines and electronic devices. Especially, fast rotation in
molecular rotor enables switchable molecular conformations and charge transport states for electronic applications. However, the
key to molecular rotor-based electronic devices comes down to a trade-off between fast rotational speed and thermal stability. Fast
rotation in molecular rotor requires a small energy barrier height, which disables its controllability under thermal excitation at room
temperature. To overcome this trade-off dilemma, we design molecular rotors with co-axial polar rotating groups to achieve wide-
range mechanically controllable rotational speed. The interplay between polar rotating groups and directional mechanical load
enables a “stop-go” system with a wide-range rotational energy barrier. We show through density functional calculations that
directional mechanical load can modulate the rotational speed of designed molecular rotors. At a temperature of 300 K, these
molecular rotors operate at low rotational speed in native state and accelerates tremendously (up to 1019) under mechanical load.
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INTRODUCTION
Artificial molecular rotors are attracting increasing interests for
their potential applications in molecular machines and nanome-
chanical electronic devices1. Mimicking biological molecular rotors
and macroscopic mechanical rotors, artificial counterparts trans-
ducing light2–6, heat7,8, or electrical stimuli9,10 into mechanical
rotation are designed and produced. Structural design for
molecular rotors, including stator (static group) and rotor (rotating
group)11, enables desirable functionality12 in molecular scale, such
as motor13, propeller14–16, switch17,18 and sensor19. Especially,
molecular rotors convert conformation during rotational reactions,
which switches electronic properties and thus emerges as
promising electronic devices20.
For application in molecular devices, molecular rotors require

both fast rotational speed and thermal stability. According to
transition state theory, however, there is a trade-off between
rotational speed k and thermal stability (represented by free
energy barrier):

k / kBT
h

e�ΔGz=kBT ; (1)

where kB is Boltzmann’s constant, T is the temperature, h is
Planck’s constant, and ΔG‡ represents the standard free energy
barrier (or Gibbs free energy of activation). For a molecular rotor,
fast rotational speed and thermal stability cannot exist at the same
time. This comes down to a trade-off dilemma in designing
molecular rotors: accelerating rotational speed leads to reducing
of thermal stability, and vice versa2,3,21,22.
To solve the trade-off dilemma, two possible means are

employed23. One means is to induce transient excitation on
molecular rotor by electrical field24 or light stimulus4, which is
widely employed in over-crowded molecular motor systems to
overcome large energy barriers. An alternative way is to control
rotating speed continuously by applying “brake-throttle” sys-
tems25 on the rotational energy barrier. For example, 100 times
change of rotational speed is achieved through electrical bias17;

control of rotational frequency between range of 103–108 Hz is
reported26 in continuously changing lattice through solid-solution
approach; Li+ concentration modulates rotational speed from
1.3 × 10−2 Hz to 2.3 Hz continuously27. For application in modern
electronic devices, molecular rotors require even larger tuning
range: operations require rotational speed at Gigahertz (109 Hz)
while thermal stability requires rotation ceased as long as possible,
e.g., one day (10−6 Hz). To cover a rotational frequency range (k1,
k2) at a given temperature, free energy barrier should be tuned as

ΔGz
1 � ΔGz

2 / kBT ln
k2
k1

: (2)

In other words, to achieve a specific range of controllable
rotational speed, corresponding tuning range of energy barrier
increases linearly with temperature. For example, the required
range of controllable energy barrier at 300 K is 75 times the one at
4 K. Consequently, working temperature of molecular rotors is
largely limited by its controllable range of energy barrier.
Considering the demand of utilizing molecular rotors at room
temperature28–30, there is a need to explore means to control
energy barrier continuously and effectively.
To achieve wide-range rotational speed at room temperature,

we design a series of anthracene-based molecular rotors with
rotational energy barrier ultra-sensitive to directional pressure. We
use directional mechanical force as the accelerator to push co-
axial polar rotors into flip, which modulates energy barrier
efficiently. With directional nature of polar rotor, the rotors “stop”
with high barriers and “go” in low barriers under variable
directional mechanical loads. As a result, the acceleration of
rotational speed of an investigated molecular rotor exceeds up to
19 orders of magnitude at 300 K. Through substituting different
polar rotors, modulation of different ranges of rotational speed
can be achieved.
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RESULTS
Design and energy barrier of molecular rotors
We design in Fig. 1a six molecular rotors (MR) 1–6 with
anthracene as the stator. To achieve a different range of
controllable rotational speed, different polar groups, i.e., pyridine,
thiophene, 3,4-difluorothiophene, 3-thiophenecarboxaldehyde,
thiophenol and 3-cyanothiophene, are attached to position 9
and 10 of anthracene as co-axial polar rotors (shown in Fig. 1a
with red skeletal formula). For MR1, the torsion angle between
anthracene and pyridine is ca. 71°. For other molecular rotors,
anthracene and polar rotors are perpendicular. Polarity of each
polar rotor attached to anthracene stator produces two distinct
equilibrium states denoted in Dirac notation: "j i and #j i. Here
each arrow denotes the dipole moment of the polar group and
only plus-minus of dipole moment perpendicular to anthracene
plane is accounted. As two polar rotors are attached to
anthracene, the state of a molecular rotor can be denoted as
""j i, ##j i and "#j i. In gas phase, ""j i and ##j i are degenerate. Due
to polarity of the rotor, the energies of ""j i and "#j i are slightly
different (see Supplementary Table 1). For simplicity, ""j i is used
as reactant in the following investigations. Transition state (TS) is
denoted as !j i although the dipole moment of the rotor
perpendicular to anthracene plane is not strictly zero.
We show in Fig. 1b the free energy barrier ΔG‡ for rotational

reaction ""j i to "#j i through "!j i of MR1–6 together with their
corresponding reaction rate at 300 K. For rotation of a polar rotor,
two TS are possible: "!j i and #!j i (see Supplementary Table 2).
However, the difference of ΔG‡ through these two TS is relatively
small (see Supplementary Table 3). Therefore, we pick TS shown in
Fig. 1a for further analysis and define them as "!j i. ΔG‡ ranges
from ca. 72 kJ mol−1 (MR2) to ca. 171 kJ mol−1 (MR5), indicating
significant influence by the structure of polar rotor. To elaborate,
we follow Taft equation, which separates the effects of structure
on free energy barrier to the sum of independent steric and polar
effects31. For steric effects, we employ noncovalent interaction32

(NCI) analysis (shown in Supplementary Fig. 1) on TS of the
molecular rotors. During the rotation, polar rotors endure different
steric hindrances around the axis connecting position 9 and 10 of

anthracene stator. Among the molecular rotors, MR5 has the
largest area of steric hindrance between polar rotor and stator,
which produces the highest free energy barrier. Moreover, the
steric effects are considered beyond simple length-dependent
rules. While MR6 has longer polar rotors than MR4 (ca. 127 kJ
mol−1) and MR5 (ca. 171 kJ mol−1), it has a much lower free
energy barrier of ca. 105 kJ mol−1. It is because steric hindrance
from the anthracene stator is mainly from the hydrogen atom near
position 9 or 10. In gas phase, the distance between two carbon
atoms in position 9 and 1 is 2.48 Å. Therefore, the length of polar
rotor excessing this threshold distance has little contribution to
steric hindrance.
The steric hindrance between different polar rotors and the

stator brings complicated effects on path of rotational reaction.
Intrinsic reaction coordinate (IRC) calculation in Supplementary
Figs. 2–7 gives a comprehensive view on reaction path "j i to #j i
for one of the co-axial rotors (while the other rotor is in "j i). From
a conformational view, the movements of all six rotors have
similar behaviors during the rotation process. Starting from "j i,
the polar rotor rotates around the axis connecting position 9 and
10 in anthracene stator with the change of dihedral angle
between the stator and the rotor. When the dihedral angle
decreases gradually and the polar rotor is near to the hydrogen
atom on anthracene, the steric hindrance prohibits the rotation to
some extent. To continue rotation, the connection between the
rotor and the stator will bend to reach TS !j i.
For polar rotors, polar effects are also important. To elucidate

this mechanism, "!j i state with its electrostatic potential map is
shown in Fig. 1a next to the skeletal formula. Polar rotor with
larger dipole moment induces larger electrostatic potential value
on the map and electrostatic interactions are inversely distance-
related. In the equilibrium state, the polar groups are far from the
hydrogen atoms on positions 1 and 4 (or positions 5 and 8) of
anthracene, so electrostatic interactions are weak. During the
reaction, rotation of polar group decreases this distance and
electrostatic interactions become strong. In TS, electrostatic
interactions induce torsions on rotors related to the dipole
moment vector of the polar rotor. For MR1, the net electrostatic
interactions are positive, which increases the energy barriers; for

Fig. 1 Free energy barrier of molecular rotors with different polar rotors. a Skeletal formula of molecular rotors (MR) 1–6 and transition
states (TS) with electrostatic potential map. In skeletal formula, the anthracene stator is in black and two co-axial polar rotors connected to
anthracene are in red. For each molecular rotor shown in electrostatic potential map, the polar rotor above is in equilibrium and the one
below is in TS. b Free energy barrier ΔG‡ and rotational frequency k for different molecular rotors.
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MR6, the net electrostatic interactions are negative, which reduces
the energy barrier significantly. For other molecular rotors, the
dipole moment is relatively small (as shown in electrostatic
potential map), so polar effects are not significant. Analysis in the
second factor confirms the effects of dipole moment of rotors on
rotational energy barriers.
As shown in Fig. 1b and Supplementary Fig. 8, the electronic

energy barrier ΔE‡ between ""j i and "!j i from DFT calculation
and the free energy barrier ΔG‡ have similar trends with respect to
the length of polar groups. This is expected because vibrational
analysis for these molecular rotors gives similar ratios of partition
functions in transition state and equilibrium state, i.e., QTS/QR.
These polar groups cover rotational speed ranging from 10−17 to
101 Hz, which is too slow for electronic switch. In this regard, we
will show in next section their acceleration in rotational speed
through mechanical loading.

Control over rotational speed of polar rotors
To accelerate rotational speed, it is straightforward to reduce the
rotational free energy barrier ΔG‡. Mechanical force perpendicular
to anthracene stator can largely modulated ΔG‡ by changing the
conformations of the molecular rotors. In Fig. 2a, we show
illustration of reversible mechanical control of conformation and
ΔG‡ of MR2. Under the directional force applied through
intermolecular interaction (see Supplementary Fig. 9), the dihedral
angles between anthracene and polar groups are “squeezed”
smaller. Therefore, ""j i and "#j i states are pushed nearer to TS
"!j i, which reduces ΔG‡.
The change of free energy barrier ΔG‡ under mechanical load is

shown in Fig. 2b and indicates two features. First, when the
mechanical force increases, ΔG‡ for MR2, MR4, MR5, and MR6
decrease following a hyperbolic shape. Second, the reduction of
ΔG‡ varies for different polar groups. For MR2, ΔG‡ decreases
slowly from ca. 50 kJ mol−1 under −1.43 nN to ca. 34 kJ mol−1

under 10.87 nN. The change in ΔG‡ is ca. 16 kJ mol−1. The effects
of mechanical force on MR4-6 are more significant and rapid
compared with MR2 (see Table 1). For MR4, ΔG‡ decreases from
ca. 129 kJ mol−1 under −1.36 nN to ca. 41 kJ mol−1 under
10.76 nN. The change in ΔG‡ is ca. 88 kJ mol−1. For MR5, ΔG‡

decreases from ca. 179 kJ mol−1 under −1.17 nN to ca. 75 kJ mol−1

under 14.66 nN. The change in ΔG‡ is ca.104 kJ mol−1. For MR6,
free energy barrier decreases from ca. 107 kJ mol−1 under
−1.45 nN to ca. 30 kJ mol−1 under 11.00 nN. The change in ΔG‡

is ca. 77 kJ mol−1. In the region with negative force, mechanical
effects on ΔG‡ are more significant than in region with positive
force.

Rotational speed at a temperature of 300 K is calculated from
Eq. (4) and shown in Table 1. Significant acceleration is achieved
under mechanical load. Among these molecular rotors, MR5 has
the largest acceleration from ca. 3.7 × 10−19 Hz to ca. 1.2×101 Hz
with a ratio of more than 1019. MR2 has the smallest acceleration
from ca. 2.4 × 104 Hz to ca. 1.5 × 107 Hz with a ratio of 102. MR6
has an acceleration from ca. 4.0 × 10−7 Hz to ca. 5.6 × 107 Hz. That
is suitable ΔG‡ for switch at room temperature: stable when load is
weak and rotating fast under a load of 11 nN. Thus, acceleration in
rotational speed in anthracene-based molecular rotors is achieved
through directional mechanical load.

Electronic energy difference among polarity states
As shown in Fig. 2a, mechanical force not only reduces ΔG‡, but
also induces asymmetry of conformational distribution due to the
polarity of the two co-axial rotors. Distinguishing the asymmetry is
helpful in understanding the role of polar rotors in ΔG‡ of
molecular rotors. Polarity of two co-axial rotors attached to
anthracene stator produces three distinct equilibrium states: ""j i,
##j i and "#j i. At gas phase (free standing), ""j i and ##j i are
degenerate and have slight electronic energy difference with "#j i
(see Supplementary Table 1). When directional load is applied, the
angle between stator and rotor deviates from 90°. Clockwise or
anticlockwise rotation of each polar rotor leads to molecular rotor
with different configurations of polar groups. Each polarity state
( ""j i, ##j i and "#j i) splits into configurations with polar groups
rotate in the same and opposite directions (observe through the
line connecting positions 9 and 10). For a homogeneous load,
these configurations can be denoted with point groups: C2 or Cs
for ""j i and Ci or C2 for "#j i. Among all the states, polar groups
rotate in opposite direction of ""j i with C2 symmetry has the

Fig. 2 Load-modulated free energy barrier for different molecular rotors. a Illustration of directional mechanical load on MR2 and its
reversible controllability on free energy barrier of thiophenyl group. The dipole moment is denoted with pair of positive and negative signs.
Applying load enables smaller free energy barrier and faster flip of thiophenyl group. Combination of both thiophenyl groups creates a “stop-
go” system with polar and non-polar bi-states in MR2. b Free energy barrier for MR2, MR4, MR5, and MR6 from polar state to non-polar state
under directional mechanical load.

Table 1. Maximum and minimum free energy barrier ΔG‡ and
rotational speeds k at 300 K of molecular rotors under mechanical load
from points in Fig. 2b.

Molecular rotor Maximum
ΔG‡ (kJ
mol−1)

Minimum
k (Hz)

Minimum
ΔG‡ (kJ
mol−1)

Maximum
k (Hz)

MR2 50.1 2.4 × 104 34.0 1.5 × 107

MR4 129.0 4.3 × 10−10 41.4 7.9 × 105

MR5 181.1 3.7 × 10−19 69.1 1.2 × 101

MR6 112.0 4.0 × 10−7 30.7 5.6 × 107
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lowest electronic energy, so we pick it as initial guess for further
investigation.
Then we investigate the interaction between polar rotors and

surfaces. The electronic energy difference for different polarity
states is observed when spatial symmetry is broken by absorbing
molecular rotors onto surface. We take MR2 as an example and
absorb it onto Au(111) (see Fig. 3a). Three possible configurations
( ""j i, ##j i and "#j i) are accounted and their adsorption energies
are calculated from DFT. Adsorbing MR2 onto surface will break
the symmetry and energies of degenerate states split with
E ##ij > E "#ij > E ""j i . ""j i is the most stable configuration for MR2
on Au(111). For interaction between thiophene and Au(111), sulfur
side has larger absorption energy than hydrogen side. Different
studies33–39 confirm that Au-S configuration in this situation is

much more stable than Au-H. However, the electronic energy
differences through flips of the two rotors are not equal. That is,
flip from ##j i to "#j i has larger electronic energy difference than
flip from "#j i to ""j i.
Finally, the interaction between polar rotors and mechanical

load is investigated. Electronic energy difference among different
polarity states can also be observed when molecular rotor is under
mechanical load. That is, ""j i and ##j i are degenerate, but ""j i
and "#j i are not. Differences of E "#ij and E ""ij of MR2, MR4, MR5,
and MR6 are force-dependent and the largest difference appears
under load in the range of 0–3 nN (see Fig. 3b). This can be
attributed to deformation of anthracene stator under mechanical
load. To note, this deformation preserves the point-group
symmetry of the molecular rotors. Taking MR2 as an example

Fig. 3 Electronic energy difference of molecular rotor in polar and non-polar state. a Adsorption energy of three possible conformations of
MR2 on Au(111). b Electronic energy difference between ""j i and "#j i, i.e., E "#ij � E ""ij of MR2, MR4, MR5 and MR6 under directional
mechanical force. c-f Electronic energy of molecular rotors in polar ( ""j i), transition state( "!j i), and non-polar ( "#j i) states under different
mechanical forces.
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(see Fig. 4), anthracene group in ""j i is in saddle-shaped distortion
while it is tilted and without such distortion in "#j i. The
deformation of anthracene is quantified by deviation from the
central plane. For ""j i, displacements of upper and lower pairs of
carbon atoms (on positions 7 and 6, 8 and 5, etc.) are different and
even opposite under mechanical load −1.43 nN, +0.92 nN, and
+10.87 nN. For "#j i, displacements for both rows are in the same
direction. These two modes of deformations lead to non-
degeneration. Electronic nergy difference between ""j i and "#j i
in Fig. 3b is in accordance with the amplitude of deformation in
anthracene, which increases from −0.71 nN to +0.92 nN and
decreases from +0.92 nN to +10.87 nN (see Fig. 4c). As a result,
mechanical load pushes MR2 into ""j i instead of "#j i. Similar

results can be observed inMR4-6 (see Supplementary Figs. 15-17).
The energies of these rotors in polar, non-polar and transition
state are shown explicitly in Fig. 3c-f. Molecular rotor with larger
energy barrier tends to have smaller electronic energy difference
between ""j i and "#j i under the same load. This can also be
attributed to distortion of anthracene stator under directional
mechanical load. Larger energy barrier will hinder the rotation of
rotors at the same load. Therefore, distortion reduces in ""j i and
electronic energy difference between ""j i and "#j i is smaller. This
phenomenon can be useful for rotational synchronization or
assembling disordered multi-state molecules into ordered array
through the mechanical load. We show a simple example of
synchronized rotation of polar rotors in the following section.

Fig. 4 Structural insights for electronic energy difference in polar and non-polar state. a Structure and atomic positions of MR2.
b Conformation of MR2 in ""j i and "#j i states under 0.92 nN of mechanical force. To illustrate the distortion of MR2, stick representation of
the molecule is placed in purple “ink”. The level of the “ink” crosses the central plane the molecular and structures lower than this level is
immersed. c Displacement of carbon atoms in z direction from central plane corresponding to positions in a under directional mechanical
loads for ""j i and "#j i states. The color in background indicates the difference in displacements of corresponding atom pairs: red for positive
and blue for negative.
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Rotational dynamics
The acceleration and conformational selection of MR2 are verified
by dipole moment rotation process through density functional
tight-binding molecular dynamics (DFTB-MD) simulation (see
Supplementary Movie 1). We apply mechanical forces by pushing
two electrodes with MR2 in between (see Fig. 5a). To accelerate
the process, we choose the temperature of 500 K. Two loading
schemes are applied and shown in Fig. 5b: the electrodes
approach 0.2 Å stepwise every 2 ps from 7.3 Å to 6.7 Å and to
6.5 Å, respectively, and then retreat. In each stage, the system is
stabilized with RMSD evaluation (see Supplementary Fig. 18). In
the first scheme, electrodes retreat from 6.7 Å and dipole moment
of the rotor stays positive throughout the loading process (see Fig.
5c). In the second scheme, electrodes approach further to 6.5 Å to
increase load on MR2 and the dipole moment of MR2 initiates to
flip (see Fig. 5d). During the flip, orientations of both polar rotors
are inclined to be parallel ( ""j i or ##j i) in the z direction. In other
word, the time of MR2 in non-polar state ( "#j i) is very limited,
which is in correspondence with the pressure-induced asymmetry
of energies in polar and non-polar states in Fig. 2b. In Fig. 5e we
show snapshots highlighted in red dots to verify conformational
selection. The dipole moment of each rotor is shown in
Supplementary Fig. 19. Difference of dipole moments perpendi-
cular to surface is near to zero and oscillate in a small amplitude.
This phenomenon indicates that their rotations are synchronous
around the rotation axis. For dynamics parallel to the surface, the
changes of dipole moments are simultaneous (see Supplementary
Figs. 20-22). Therefore, bonding between rotors and stator is quite
rigid and no other intrinsic degree of freedom can disturb the
rotational reaction. When the electrodes retreat back to 7.3 Å, the
flip stops and the dipole moment keeps negative during the next
few picoseconds.
To confirm the frequency increase of MR2 under mechanical

load, we analyze power spectral density (PSD) of dipole moment
from DFTB-MD with fixed loading distances (see Supplementary
Fig. 23). The distance of electrodes is fixed at 6.5 Å and 6.7 Å,
respectively, for a longer period of 15 ps. The PSD of the two cases
is similar, except that a peak at 0.4 THz is observed for distance of

electrodes fixed at 6.5 Å. The frequency corresponds to the flip of
polar rotors in MR2. For the case distance of electrode is fixed at
6.7 Å, no obvious peak corresponding to rotation is observed. It
indicates that rotational frequency in 6.7 Å case is not large
enough for flip to happen in a 15 ps simulation. Thus, acceleration
in rotational speed is achieved through increasing mechanical
load.
Herein, the direction of dipole moment is not readily controlled

by mechanical force. Due to the polarity of the rotors, electrical
field offers an option to manipulate their directions17,40. Especially,
combination of mechanical load and electric field improves the
effect in manipulating polar rotors. When mechanical load is
applied, the energy barrier is lowered significantly. Therefore, it is
more apt for electric manipulation of polar rotors. For electric field
perpendicular to anthracene, energy barrier increases for one
state and decreases for the other, which creates discrepancy
between "j i and #j i. Hence, the orientation of polar rotor is
controllable under different directions of electric field. If, on the
contrary, no mechanical load is applied, the energy barrier is high
and the electric field needed to flip the polar rotor increases
largely. In this regard, mechanical force and electric field
complement each other in manipulating polar rotors.
Minimizing the strength of electric field is helpful to molecular

rotors for application in electronic devices. To understand the
effects of electric field on these molecular rotors, we assess the
frontier molecular orbitals of MR1-6 in different configurations. In
""j i, frontier molecular orbitals are delocalized only within
anthracene plane and transmission perpendicular to this plane is
largely reduced by spatial regions on both sides (see Supplemen-
tary Fig. 24). Therefore, electrical field can operate on polar groups
effectively in ""j i. During the rotation, the delocalization of
frontier molecular orbitals increases with reaction path from "j i to
!j i. In "!j i, the frontier molecular orbitals extend through the
axis to the polar rotor in TS (see Supplementary Fig. 25). In
addition, delocalization increases on both polar rotors when both
torsion angles decreases in the order of 90°, 60°, and 30° (see
Supplementary Fig. 26). When the frontier molecular orbitals are
delocalized, voltages on molecular rotors should be small enough

Fig. 5 Load-modulated rotor flip from density functional tight-binding molecular dynamics. a Illustration of mechanical loading process
onto the molecular rotor. b The distance between the electrodes changes stepwise: for (c) it goes down from 7.3 Å to 6.7 Å and then back to
7.3 Å; for (d) it goes down further from 7.3 Å to 6.5 Å and then back to 7.3 Å. for trajectories. Dipole moment of rotor 2 diverges after 8 ps in (c)
and (d). No dipole moment reverse is observed during the whole loading process in (c). In (d), the dipole moment reverses after several flips
around zero in the region painted green. During the dynamic process, the snapshots of the rotor in red dots are shown in (e) with
corresponding time.
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to exclude frontier molecular orbitals from bias window. Other-
wise, resonant charge tunneling via frontier molecular orbitals
may induce unexpected charging41 or even desorption42 of the
molecular rotor. Charging alters the electronic structure of the
molecular rotor, the dipole moment and consequently the forces
induced by the electric field. Desorption of the molecular rotor
destroys the contact between the molecule and the electrodes.
Neither case is favored in constructing stable electronic devices.
Accordingly, cooperation of mechanical force and electric field
should be promising for modulating molecular rotor-based
electronic devices.

DISCUSSION
We have designed molecular rotors with mechanically con-
trollable rotational speed. Tremendous wide-range rotational
speed is achieved under modulation of directional mechanical
load. DFT and SCC-DFTB-MD calculations show the interplay
between polar rotors and mechanical load pushes the rotors
towards transition state and invokes acceleration. Meanwhile
mechanical load induces energy asymmetry in different
conformations, which is useful for creating polar state in multi-
state molecular rotors. Moreover, steric hindrance and polar
effect play vital roles in the dependence rule of rotational
energy barrier to the structure of polar rotor. This work presents
a feasible avenue for achieving both rotational speed and
thermal stability in molecular rotors, which can be applied to
produce fast molecular switches.

METHODS
Free energy barrier of molecular rotors in gas phase
Density functional theory43 (DFT) calculations were employed to investi-
gate the rotation energy barrier of designed molecular rotors. For gas
phase molecular rotors, M06-2X functional44 with def2-TZVPD basis set45

was used in Gaussian software for equilibrium state and transition state
calculations. Grimme’s D3 dispersion corrections46 were used to improve
London dispersion interactions. Reaction path was calculated with IRC
approach47,48 to confirm TS connected to "j i and #j i. Electrostatic
potential map and NCI was analyzed with Multiwfn49 and visualized in
VMD50. Frequency of the molecule was achieved from the Hessian matrix
and was corrected with a scaling factor of 0.97 for vibrational partition
function. Partition function was calculated using hindered rotor density-of-
states (HRDS) interpolation approach51 to account internal rotation of
molecular rotors. Free energy barrier ΔG‡ and reaction rates k was achieved
from transition state theory using KiSThelP program52:

ΔGz ¼ ΔEz ln
QTSðTÞ
QRðTÞ ; (3)

k ¼ χðTÞσ kBT
h

e�ΔGz=kBT ¼ χðTÞσ kBT
h

QTSðTÞ
QRðTÞ e

�ΔEz=kBT ; (4)

where ΔE‡ is the difference in DFT calculation between transition state and
reactant, QTS and QR denote the total partition functions of the transition
state and reactant, χ(T) is the transmission coefficient from Wigner
tunneling correction53, σ is the reaction degeneracy, kB is Boltzmann’s
constant, T is the temperature and h is Planck’s constant.

Free energy barrier of molecular rotor under mechanical load
For molecular rotors under mechanical load, PBE functional54 with 400 eV
energy cutoff was employed in VASP55. DFT-D3 method with Becke-
Johnson damping correction56 was used to account for London dispersion
interactions. The calculation was done in tetragonal superlattices using
periodic boundary condition (see Supplementary Fig. 9). The anthracene
stator was parallel to 20 × 20 Å2 square base. For the lattice perpendicular
to the anthracene stator, the lattice constant c was varied among 6, 4, 3.5,
and 3 Å to simulate different loads in this direction. At specific
intermolecular distance, mechanical load on molecular rotor in ""j i and
corresponding free energy barrier were calculated. Transition state and
reaction path were determined using climbing image nudged elastic band

(CI-NEB) method57,58. For each molecular rotor, we constructed nine
images along reaction path. Carbon atoms 4a, 8a, 9, 9a, 10, and 10a (see
Fig. 4a) were fixed to prevent rotation of anthracene. All the other atoms
were relaxed until force was smaller than 0.01 eV·Å−1. Free energy barrier
ΔG‡ and reaction rates k were obtained similarly as in gas phase. For
vibrational partition function of all relaxed structures, frequency was
calculated with finite difference of 0.015 Å.
For molecular rotors adsorbed on Au(111), PBE functional with 400 eV

energy cutoff was employed in VASP. Three layers of 5 × 5 Au(111) surface
with the bottom layer fixed were used as the surface. After the adsorption
of molecular rotor, a vacuum layer of 20 Å was added to reduce errors from
PBC. All other atoms were relaxed until force was smaller than 0.01 eV Å−1.

Evolution of molecular rotor under mechanical load
Self-consistent charge density functional tight-binding molecular
dynamics59,60 (SCC-DFTB-MD) was employed to simulate the evolution of
MR2 under mechanical load using DFTB+ code61. DFT-D3 method with
Becke-Johnson damping correction was used to account for London
dispersion. Simulations were carried out at 500 K and Nosé-Hoover
thermostat chains were attached to the system. A time-step of 1 fs was
used and data was achieved every 10 fs. Three layers of 5 × 5 Au(111)
surface were used as top and bottom electrodes between which the
molecular rotor was adsorbed. At the beginning, the distance of the two
electrodes was fixed at a distance of 7.5 Å for structural relaxation. Then
the top electrode was moved 0.2 Å towards the bottom electrode every
2 ps until the distance reached 6.5 Å (case I) or 6.7 Å (case II). Then the top
electrode was moved back to 7.5 Å at the same speed. Five trajectories
were obtained for each loading scheme. For case I, flip of polar rotor was
observed for all trajectories. Among them, two trajectories ended up with
""j i state, two ended up with ##j i and one ended up with "#j i. For case II,
no flip of polar rotor was observed for all trajectories. For PSD analysis, the
distance between electrodes was fixed at 6.5 Å and 6.7 Å respectively in
simulation time of 15 ps.
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