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ABSTRACT: This work proposes a new type of molecular machine, the single-molecule electric revolving door, which utilizes
conductance dependence upon molecular conformation as well as destructive quantum interference. We perform electron
transport simulations in the zero-bias limit using the Landauer formalism together with density functional theory. The
simulations show that the open- and closed-door states, accompanied by significant conductance variation, can be operated by an
external electric field. The large on—off conductance ratio (~10°) implies that the molecular machine can also serve as an
effective switching device. The simultaneous control and detection of the door states can function at the nanosecond scale,

thereby offering a new capability for molecular-scale devices.
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Inspired by Richard Feynman’s imaginative ideas half a
century ago and motivated by examples discovered in nature,
the field of molecular machinery has become an active area of
research in nanoscience and synthetic chemistry. In the last two
decades, a wide variety of artificial molecular machines have
been reported including so-called molecular elevators,'
shuttles,” rotors,*™® nanocars,”® and turnstiles.”™ ! Among
them, the molecular turnstiles have received considerable
attention due to their resemblance to ordinary revolving doors.
Most molecular turnstiles are based on phenyl-acetylene-
macrocycles (PAMs)® or porphyrins.'®'' The PAMs exhibit
readable bistability revealed by NMR spectroscopy, but their
open- or closed-door states could not be controlled by chemical
reactions or temperature in solution. This problem was
addressed in the porphyrin-based systems in which the opening
and closing of the door can be operated by addition of
competing ligands and metal ions. However, the complicated
and slow switching mechanism appears to make it difficult to
utilize such systems in durable devices. In this Letter, we show
that, by combining concepts from molecular electronics'*~"*
and molecular machinery, it is possible to control and detect
the door states simultaneously, leading to a more versatile
electromechanical component at the molecular level.

We propose a new type of molecular machine: a single-
molecule electric revolving door (S-MERD), which utilizes
conductance dependence upon molecular conformation as well
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as destructive quantum interference. The dependence of
conductance upon molecular conformation is an important
feature of electron transport through molecular junctions.
Experimental studies have shown that the conductance of 7-
conjugated biphenyl systems varies as ~sin> @ with the twist
angle @ between the two phenyl rings."””"” This result,
consistent with the ab initio calculations based on the
nonequilibrium Green’s function method and density func-
tional theory,"®'® implies that the magnitude of the tunneling
current may be effectively controlled by changing the molecular
conformation. In separate studies, destructive quantum
interference with tunneling has been theoretically predicted in
polyaromatic hydrocarbons (PAHs)'*™>* and experimentally
observed in cross-conjugated molecular junctions.”> On the
basis of these prior works and inspired by the distinctive
structure of the PAMs, we propose a series of PAM-based
molecules (molecules 1-3) and molecule 4 in Figure la as
candidate systems for a S-MERD. The S-MERD concept
exploits the synergistic effects of destructive quantum
interference and molecular conformations upon single-mole-
cule conductance.
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Figure 1. (a) Candidate molecules for the single-molecule electric revolving door (S-MERD). The schematic ring represents molecule 1, while the
schematic door including a door frame (the outer ring), a door (the inner plate) and two axles (the triple bonds) represents molecules 2—4. (b)
IMustration of a S-MERD. Molecules 1—4 are linked to two electrodes, the source and the drain, via a para-connection. The outer ring of molecules
2—4 is assumed to be parallel to the gate, and the inner plate can rotate around the axles.

Figure 1b illustrates that the S-MERD is a composite system
including a gate electrode and two electrodes coupled to a
particular candidate molecule, for example, molecules 1—4. The
flat (perpendicular) conformations of molecules 2—4, formed
by a coplanar (perpendicular) inner plate with respect to the
outer ring, correspond to the closed (open) states of the S-
MERD. Note that there is no open or closed state for molecule
1. For conceptual simplicity, in our simulations we assume that
the outer ring, connected to two electrodes, is stationary and
lies parallel to the gate, while the inner plate can rotate around
the triple-bond axles, that is, the outer ring serves as a stator
while the inner plate is a rotor. The rotation of the inner plate
can be manipulated by a gate electric field via the electric-dipole
interaction. Thus, the switching speed of the door states, based
on molecular rotational time scales (approximately 1070 ~
1072 5), can reach the gigahertz scale.”* In addition, it has also
recently been shown that the measurement of electron
transport through gold wires can reach the nanosecond time
scale.”® The two criteria combined together imply that the door
states may be controlled and detected simultaneously. Provided
that molecules 1—4 can be attached to the electrodes, then two
particular issues arise: (I) The means to detect the open and
closed states of the revolving door. (II) An assessment of the
electron tunneling pathways, that is, does the tunneling
electron pass through the revolving door along the outer
ring, the inner plate, or both?

To address these two issues, we performed density functional
theory calculations in the zero-bias limit to explore electron
transport through molecules 1—4. The (Zluantum conductance is
computed by the Landauer formula,***” G = [(2¢?)/h]T(Eg),
where T(Ep) is the transmission function for the system at the
Fermi level. Note that the theoretical analysis applied here only
holds in the coherent elastic tunneling regime, that is, no
energy or phase loss happens in the transport process. The
analysis is suitable for molecules with short chain length and
large injection gaps, such as molecules 1—4, because they have

a short Landauer—Biittiker tunneling time.>** In addition,
prior experiments indicate that conductance changes resulting
from inelastic tunneling via molecular vibrations are very small
under off-resonant conditions,® and at low bias vibrationally
induced decoherence cannot lead to any significant variations of
tunneling current.’ The transmission function is computed
using the single-particle Green’s function method, T(E) =
Tr(T GR TRG2,), where GRW is the retarded (advanced)
molecular Green’s function and I'; ) is the molecule-electrode
coupling function for the left (right) electrode, that is, the
imaginary part of the self-energy contributed from the
electrodes. The molecular Green’s functions of the H-
terminated molecules 1—4 are derived from the density-
functional method in a maximally localized Wannier function
(MLWF) representationg’m3 using the Quantum-ESPRESSO
distribution®* and the Wannier90>* code.

For the electrodes, we adopt the wide-band-limit (WBL)
approximation and neglect the real part of the self-energy, since
we would like to explore the influence of molecular structure on
transport properties and reduce other effects from the
electrodes. The WBL approximation is appropriate as long as
the electron density of states in the electrodes remains relatively
flat around the Fermi level.?* In addition, recent studies have
confirmed that the WBL-metal, post-SCF, and full-SCF
approaches all give similar and comparable results for aromatic
molecules at zero bias.*> These approximations allow the self-
energy of the electrodes to be represented by a constant
imaginary number and takes the form Yy = —i(yyw)/
2)la,ry) (), where laygy) is the p, orbital of the carbon
atom linked to the left (right) electrode. The advantage of
using the MLWF representation (rather than using a Gassian
basis set that includes many polarization and diffuse functions
for a single atom) is that it identifies the optimal layy))
projector basis coupled to the electrodes so that one can single
out the 7- from o-contribution to electron transport.>® Here we
set the coupling constant y; ) to be 0.5 eV, following typical
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estimates from other studies.”*" General computational details

can be found in the Supporting Information regarding the
functional and the basis set used in geometry optimizations and
electron transport calculations.

The transmission spectra for molecule 1 and 2 in the WBL
approximation are shown in Figure 2 in which the transmission
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Figure 2. The transmission spectra of molecule 1 (the black line) and
molecule 2 with central benzene in the perpendicular (the red line) or
flat conformation (the blue line), where the abscissa is the energy of
the tunneling electron with respect to the Fermi level.

peaks correspond to molecular orbitals of isolated H-
terminated molecules (see the Supporting Information). For
all molecules, we assume that the Fermi level lies at the midgap
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) when the
molecules are connected to the two electrodes. It can be seen
from Figure 2 that the transmission of 1 is highly suppressed
(to below 107°) at energies between the HOMO and the
LUMO that lie approximately 1 eV above and below the Fermi
level, respectively. The wide range of transmission suppression
of molecule 1, showing that a tunneling electron from the
source cannot pass through the outer ring to arrive at the drain,
originates from destructive quantum interference caused by the
meta-connected benzene units in molecule 1."2%*? In contrast,
the inner plate of molecule 2, the para-connected benzene,
provides an additional transmission pathway for the tunneling
electron when it is coplanar to the outer ring (2-flat), resulting
in a significant increase in the transmission by a factor of
approximately 10° compared to 1. When the central benzene
becomes perpendicular to the outer ring (2-perp), the z-
orbitals of the central plate become orthogonal to those of the
outer ring'® and give rise to a transmission that is roughly 10
times lower than that of 2-flat. The transmission of 2-perp
around the Fermi level, however, is still considerably larger than
that of 1 due to additional electron transport facilitated by the
overlap between the c-orbitals of the inner plate and the z-
orbitals of the outer ring.

The large on—off transmission ratio (~ 10%) of 2-flat to 2-
perp at the Fermi level indicates that the open- and the closed-
door states can be easily differentiated based on their quantum
conductance and that molecule 2 may be used for a switching
device. In addition, since this large on—off transmission ratio
remains for a wide energy range (about 1 eV above and below
the Fermi level), the slight Fermi level tuning introduced by the

presence of the electrodes should not affect this phenomenon,
that is, the choice of electrodes is not a crucial issue for the S-
MERD. However, the inner plate of molecule 2 lacking a
permanent dipole moment means that it cannot be operated by
the gate. A permanent dipole may be introduced by substituting
electron-withdrawing or electron-donating groups, for example,
fluorine atoms (molecule 3) or methyl groups, for the hydrogen
atoms of the inner plate. Ideally, molecules 2 and 3 should have
the lowest energy when the inner rotor and outer stator are
coplanar so that the entire set of 7-electrons is conjugated. The
potential energy is expected to increase as the inner benzene
gradually rotates out of planarity since the z-conjugation
decreases and to reach the highest energy barrier in the
perpendicular conformation. But for both 2 and 3, the strong
steric repulsion between the hydrogen atoms of the outer ring
and the hydrogen (fluorine) atoms of the inner benzene (the
distance 1.8 A) significantly raises the energy of the flat
configuration. Geometry optimization predicts that the most
stable structure for both 2 and 3 is a tilted conformation with a
twist angle of about 40° between the inner benzene and the
outer ring. In addition, the strong repulsion between the inner
plate and the outer ring also causes a significant distortion for
molecule 3, forcing the outer ring to adopt a nonplanar
geometry.

To solve this problem, we consider molecule 4 that has not
been synthesized to our knowledge. For molecule 4 with a
permanent dipole (including two trifluoromethyl and two
methyl groups), the outer ring exhibits similar destructive
quantum interference properties and offers larger room for the
inner pyrene rotor. Note that molecule 4 shares a characteristic
feature with molecules 2 and 3: the length of the inner plate
added to the two acetylenic axles is equal to the inner diameter
of the outer ring,” suggesting that molecule 4 can be possibly
synthesized. We hope that these results motivate the synthesis
of single-molecule electric revolving doors with suitable novel
structure along the lines of molecule 4. In addition, molecule 4
gives the highest and the lowest transmission in the flat and the
perpendicular conformations, respectively. The transmissions
for the two conformations are characterized by an extremely
high on—off 7-transmission ratio for >10° as shown by the solid
curves in Figure 3. This large on—off z-transmission ratio also
remains for a wide energy range between the HOMO and the
LUMO and therefore is not sensitive to the Fermi level of the
electrodes.

Note that in the current WBL approximation we only
consider the coupling between the p, orbital of the contact
carbon atoms and the left (right) electrode, that is, the
transmission originates purely from z-electrons. One may
question whether only 7-transmission is sufficient to capture
the nature of electron transport through molecule 4. To clarify
this issue, we also computed pure o-transmission for molecule 4
in the two conformations under the same molecule-electrode
coupling strength 0.5 eV, as shown by the dashed curves in
Figure 3. Figure 3 shows that the o-transmissions are ~10°—10*
times smaller than their respective z-transmissions. This finding
is consistent with the previous study, indicating that the
contributions of o-transmission are typically extremely small for
a large conjugated system.”” Even in the worst case scenario
when the flat and perpendicular conformations are dominated
by o- and z-transmissions respectively, the on—off ratio of 4-
flat-o to 4-perp-z is still larger than 10%

Potential energy surface investigation of the isolated
molecule 4 confirms that the flat configuration is the most
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Figure 3. The transmission spectra of molecule 4 with a central pyrene
rotor in the perpendicular (red curves) or flat conformation (blue
curves), where the abscissa is the energy of the tunneling electron with
respect to the Fermi level. Both the z- (solid curves) and o- (dashed
curves) transmissions are considered.

stable structure in the absence of the gate electric field and that
the energy barrier between the flat and perpendicular
conformations is ~170 meV, as shown in Figure 4a. With a
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Figure 4. (a) The potential energy surface profile and (b) the
quantum conductance at the Fermi level (lower panel) of molecule 4
with respect to the twist angle between the inner rotor and outer stator
when no external electric field is applied (black curve) and when an
external electric field (0.2 V/A) is applied perpendicular to the outer
ring surface. The values of the potential energy surface and the
quantum conductance can be found in the Supporting Information.

sufficient gate electric field (~0.2 V/A), the relative stability
between the two conformations can be reversed. The red curve
in Figure 4a shows that the potential energy of molecule 4
reaches the highest and the lowest at the 90° and —90°, when
the permanent dipole of the inner pyrene rotor lies parallel and
antiparallel to the gate electric field, respectively. Note that the
open-door state with an E-dependent shallow potential energy
around 90° may be affected by thermal fluctuations, although
the energy difference between 0° and 90° with the gate electric
field is over 140 meV, five times larger than kT ~ 26 meV at
room temperature. The relatively large gate electric field of 0.2
V/A shows that the open-door state can be fully reached, in
principle. However, the typical breakdown electric field of oxide

layers, such as ALQ;, is about 0.1 V/A, above which leakage
current occurs. This issue may be avoided by the choice of a
molecular rotor with a larger dipole moment or a smaller
energy difference between the flat and perpendicular
conformations.

Figure 4b shows that the quantum conductance increases
gradually from the perpendicular (90° or —90°) to the flat
conformation and there is nearly zero effect on the conductance
from the gate electric field. The large on—off conductance ratio
of the flat to perpendicular conformation is consistent with the
transmissions at the Fermi level in Figure 3. Therefore,
molecule 4 fulfills the requirements for a good S-MERD and an
effective switching device. In the absence of the gate electric
field, molecule 4 exists in the stable flat conformation (the
closed-door state) and exhibits maximal conductance, corre-
sponding to the on-state for a switch. In the presence of the
gate electric field (> 0.2 V/A), the inner plate rotates to the
perpendicular conformation (the open-door state) and exhibits
minimal conductance, corresponding to the off-state for a
switch. Note that although the door state of molecule 4 cannot
fully reach 90° under a weaker electric field $0.15 V/A, the
conductance variation with respect to molecular conformation
can be still used as the basis for a switching device, for example,
the on—off conductance ratio of the 0° to the 60° conformation
is roughly 10.

In an experiment, the single-molecule conductance may be
influenced by the contact geometries and electrode inhomo-
geneities. To account for the average effects of these factors, we
modeled the self-energy of the electrodes as a function of
random variables, that is, Y.(Ep) = la)Ap — i(y/2){al +
lag)Ar — i(yr/2){agl, where A, and Ay are each chosen
randomly from —4 to 4 eV, and y; and yy are each chosen
randomly from 0.1 to 4 eV. Note that in the current study we
consider a zero-bias conductance so Y.(E) = Y (Eg) = constant,
and typically Ajry and @Ry are chosen as 0 and 0.5 €V,
respectively, in the WBL approximation. As a result, this
method enables the modeling of large variations of the
electrode inhomogeneities and the molecule-lead contacts
without performing full electrode-molecule-electrode calcula-
tions. Furthermore, the modeling is more representative than a
large-scale full atomistic simulation based on only one or two
specific lead and molecular geometries. Figure 5 shows the
histogram of 4000 conductance calculations for molecule 4 with
random values for the self-energies of the left and right
electrodes in the absence or presence of an electric field. Even
for such a significant variation of the electrode self-energies, the
conductance histograms of the closed-door and open-door
states are still completely separated from each other. These
computations indicate that differentiation between the closed-
and open-door states is robust with these practical experimental
considerations. In addition, we also explored the influence of
geometry fluctuations of molecule 4 at temperatures of 4 and
77 K on the single-molecule conductance using the atom-
centered density matrix propagation (ADMP) method®” at the
semiempirical PM3MM level in the Gaussian 09 program.*®
Our computations show that at 4 and 77 K the conductance
histograms of the closed- and open-door states are well-
separated, indicating that the two states can be readily
differentiated. The computational details and results can be
found in the Supporting Information.

In the current study, we have shown that 7z-transmission
dominates the electron transport mechanism through molecule
4 and that the large on—off transmission ratio is not sensitive to
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Figure S. Conductance histograms derived from 4000 conductance
calculations for molecule 4 with random values for the self-energies of
the left and right electrodes, where the abscissa is the conductance on
a logarithmic scale and G, = 2¢2/h. The blue and red histograms
correspond to the conductance of the closed-door and open-door
states with corresponding average conductances of 1.04 + 0.88 X
102G, and 3.34 + 2.78 X 108G,

the Fermi level of the electrodes. We adopt the WBL
approximation, assuming a constant density of states around
the Fermi level of the electrode and estimate the relative
contribution between o- and #-transmission using the same
coupling strength. However, the molecule-electrode coupling
strength is a function of the electron density of states in the
electrodes, and the relative coupling strength between the o-
and 7-orbitals can depend on the chemical nature of the
electrode and the linker groups. For example, a thiol linkage to
a gold electrode may preferentially facilitate the o-transmission
while a metallic carbon nanotube electrode directly coupled to
conjugate molecules primarily facilitates the z-transmission. To
explore the most suitable electrode for the experimental setup,
a full electrode-molecule-electrode calculation including the
atomistic details of molecule-electrode contact would be
required.

In summary, drawing on inspirations from molecular
electronics, we present a general principle for designing a
special type of S-MERD. The influence of molecular
conformation and destructive quantum interference on single-
molecule conductance has been illustrated in molecules 1—4.
The computational results show that the door states of
molecule 4 can be readily differentiated without ambiguity by
their conductance difference, and its large on—off conductance
ratio (~10°) can be used for an effective switching device. In
addition, simultaneous control and detection of the door states
indicate that it should be possible to manipulate such molecular
machines on the nanosecond scale. We believe that this study
provides new directions for experimental and theoretical
investigations into S-MERDs and other related molecular
machines. Future studies could include searching for better
candidate S-MERDs, whose door states can be operated under
weaker electric fields (<0.1 V/A). We hope that this work
motivates further consideration of combining molecular
machinery and molecular electronics to explore novel nano-
technology devices and applications.
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The computational details, the electronic structure of model
systems, the conductance histograms of molecule 4 at 4 and 77

K, and the potential energy surface of molecule 4. This material
is available free of charge via the Internet at http://pubs.acs.org.
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