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M
olecular motions of artificial mol-
ecules are of great interest in
the study of molecular machines

and electronics.1�9 In particular, surface-
mounted molecules that move relative to
the surface are regarded to have the best
potential for applications, e.g., for single-
molecule electronic switches. It has been
demonstrated that scanning tunneling
microscopy (STM) is a powerful tool to ad-
dress molecular motions on surfaces owing
to its ability to directly reveal such motions
by imaging different conformations with sub-
molecular resolution. In addition, STM can
manipulate or induce single molecular mo-
tions by tip�molecule interaction or elec-
tron tunneling, which provides a unique
approach to investigate the mechanism of
molecular motions.10,11 To date, motions in
which the molecules remain nearly rigid
have been amply documented in the litera-
ture, including molecular rotations, vibra-
tions, and lateral displacements.12�29 How-
ever, large-angle intramolecular torsional
motions (rotation or oscillation of a part of
a molecule around a fixed molecular axle)
have rarely been addressed experimentally
even though such motions are fundamental
to future molecular machinery.1�5,30,31

Here we report on a study of intramolec-
ular torsional motions of an “altitudinal”
rotor, defined as having its torsion axis par-
allel to the surface.5 The chemical structure
of the rotor molecule (4=,4====-
(bicyclo[2,2,2]octane-1,4-diyldi-4,1-
phenylene)-bis- 2,2=:6=,2==-terpyridine,32

hereafter BTP-BCO) is shown in Figure 1a. It
consists of two terminal terpyridine (tpy)
groups acting as stands fixed to a substrate,
a central bicyclo[2,2,2]octane (BCO) group
acting as the rotator and two phenylene
groups acting as a rotatable axle linking the

rotator to the stands. As illustrated sche-
matically in Figure 1b, the molecule is
mounted on a Cu(111) surface, and the cen-
tral rotator can undergo torsional motions
around the axle when stimulated by tunnel-
ing electrons. The motions were monitored
by STM topographs and time-resolved tun-
neling current spectra (tunneling current as
a function of time, I-t spectra), which re-
vealed several molecular conformations
that can be attributed to distinctive axial an-
gular states of the BCO group. These confor-
mations were confirmed to be stable or
metastable states by density functional
theory (DFT) calculations. On account of
the I-t spectra, the motions were found to
be excited by one-electron processes, and
an excitation energy threshold of 355 meV
was derived. This value is close to the calcu-
lated energy of a torsional vibration mode
(370 meV) of the BCO group as the molecule
adsorbed on the surface in the most stable
configuration. We propose that this vibra-
tion mode may effectively convert the tun-
neling electron energy into the mechanical
energy of the intramolecular torsion.

*Address correspondence to
phnlin@ust.hk.

Received for review June 13, 2010
and accepted July 14, 2010.

Published online July 21, 2010.
10.1021/nn101330c

© 2010 American Chemical Society

ABSTRACT A molecular rotor which includes a central rotator group was investigated by scanning tunneling

microscopy at 4.9 K as it was grafted on a Cu(111) surface via its two terminal groups. Topographs with

submolecular resolution revealed several distinct molecular conformations which we attribute to different angular

orientations of the rotator and which are locally stable states according to density functional theory calculations.

Time-resolved tunneling current spectra showed that the rotator undergoes a torsional motion around the

molecular long axis as stimulated by tunneling electrons in a one-electron process with an excitation energy

threshold of 355 meV. Calculations identified an intrinsic axial vibration mode of the rotator group at 370 meV

as adsorbed on the surface, which we propose to be the channel for effectively converting the tunneling electron

energy into the mechanical energy of the intramolecular torsion.

KEYWORDS: Molecular rotor · electron excitation · scanning tunneling
microscopy · density functional theory calculation
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RESULTS AND DISCUSSION
Figure 1c represents a STM topograph of a single

BTP-BCO molecule on Cu(111) acquired at a low sample

bias voltage of 0.1 V, revealing the two tpy end groups

and the central BCO group. A cross-sectional profile

along the molecular long axis (Figure 1d) shows that

the BCO group clearly protrudes above the tpy groups,

by an apparent height difference of about 1 Å. This ap-

parent value is much smaller than the actual height dif-

ference (in theory the height difference between nu-

clei is about 2.5 Å) due to the low density of states of

the BCO at this imaging condition. At a higher sample

bias, for example, 1.2 V as for Figure 1e, noisy spikes ap-

peared in STM topographs, indicating that the tunnel-

ing current changes sharply. Figure 1f, a noise image

(obtained by low-pass filtering the noise of Figure 1e),

indicates that the noise is mostly localized at the BCO

group, in particular near its edges, but not at the other

parts of the molecule or at the clean Cu(111) surface. So

we can exclude that the noise was caused by an un-

stable tip.

STM data have revealed that the single BTP-BCO to-

pographs acquired at 0.1 V bias take three distinct

shapes, as shown in Figure 2a�c, which we ascribe to

three distinct molecular conformations. Figure 2a

shows a symmetric conformation in which the BCO

group is centered (denoted as C-state) on the molecu-

lar long axis, as indicated by the dashed line in Figure

2a. Figure 2b and c show two asymmetric conforma-

tions (mirroring each other) in which the BCO group is

shifted either “southward” or “northward” (denoted as

S- and N-states, respectively) relative to the molecular

long axis (dashed lines in Figure 2b and c) in the topo-

graph. The asymmetric molecular conformations are

unambiguously displayed in the differential topographs

shown as insets in Figure 2b and c. In addition to these

distinctive static molecular conformations, the dy-

namic switching processes between the molecular con-

formations were probed by I-t spectra, positioning the

tip over a specific site of the BCO group and applying a

voltage pulse for a period of time with open feedback

loop, while recording the tunneling current as a func-

tion of time. We found that the I-t spectra typically ex-

hibit three levels: high (H), medium (M), and low (L), in-

dicating three conductance states, as shown in Figure

2d�f.

To correlate the three molecular conformational

states with the I-t spectra, we have carried out the fol-

lowing measurements: First an initial molecular state

was recorded by acquiring a STM topograph at a low

sample bias voltage of 0.1 V, which did not induce the

motion (cf. Figure 2a). Then an I-t spectrum (for ex-

Figure 1. (a) Chemical structure of the BTP-BCO molecule. (b) Schematic of the stimulation of intramolecular torsional mo-
tion in the BTP-BCO molecule on the Cu(111) surface by tunneling electrons. (c) Representative STM topograph of a single
BTP-BCO molecule acquired at low bias (V � 0.1 V and I � 0.5 nA). (d) A cross-sectional STM profile along the red line in c. (e)
STM topograph of the same molecule acquired at high bias (V � 1.2 V and I � 0.5 nA). (f) Corresponding noise image of e.
The scale bars in c, e, and f are 10 Å.
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ample, Figure 2d) was recorded at a defined position
(black dot in Figure 2a), typically for 10 s. Hereafter the
same molecule was rescanned at 0.1 V to record its final
state (cf. Figure 2b). This process was repeated many
times on a single molecule under various conditions,
e.g., bias voltage, set tunneling current, and tip loca-
tion. We found that, whenever the final conductance
level of an I-t spectrum was different from its initial
level, the molecular topographs showed different ini-
tial and final conformational states. For example, Fig-
ure 2d shows an initial conductance level M and a final
level H, whereas the initial state is C (Figure 2a) and the
final state is S (Figure 2b). By contrast, whenever the fi-
nal conductance level of an I-t spectrum was the same
as its initial level, the initial and final conformation
states were always identical.

Furthermore, we identified a correlation between
the initial conformational state and the subsequently
acquired I-t spectra. For a C-state molecule (as in Fig-
ure 2a), the I-t spectra acquired at either the north or
south side of the BCO group always start with the M
level (as in Figure 2d). For a S-state molecule (as in Fig-
ure 2b), the I-t spectra acquired at the north side of its
BCO group (red dot) always start with the L level (as in
Figure 2e), while the I-t spectra acquired at the south
side of its BCO group always start with the H level (not
shown). For a N-state molecule (as in Figure 2c), the I-t
spectra acquired at the north side of its BCO group al-
ways start with the H level (not shown), while the I-t
spectra acquired at the south side of its BCO group
(blue dot) always start with the L level (as in Figure 2f).
A similar correlation was also observed between the fi-
nal conductance level and the final conformational
state, for example, as shown in Figure 2e and 2c.

To better understand the observed molecular con-
formations and the conductance behavior, we per-
formed ab initio structure relaxations for the molecule
adsorbed on a Cu(111) surface for various torsion angles
of the BCO group, as illustrated in Figure 3a and b.
First, the adsorbed molecule was fully relaxed in the

“up” geometry, shown in Figure 3a, with the Cu(111)
surface kept fixed. Next, the two tpy groups as well as
the Cu surface were kept rigid, while the BCO group was
rotated and then relaxed freely to find other potential
local minima of the total energy (the tpy height above
the metal was also reoptimized). Finally, we applied a
third, complete reoptimization of the whole molecule,
including the central BCO and the tpy groups, for each
local minimum found for different BCO group rotations.
Among all configurations, we found that three struc-
tures, named “up”, “side”, and “down”, produce local
minima of the total energy, as shown in Figure 3a. The
up structure is the most stable, while the side and down
structures are metastable, 0.24 and 0.37 eV higher in en-
ergy, respectively (the side structure is degenerate be-
tween equivalent right- and left-side structures). These
energy differences are mainly caused by changes in
three sets of interactions between the copper surface
and the nearest hydrogen atoms (physisorption), the
central BCO and the adjacent phenyl rings (intramolec-
ular torsion and bending), and the phenyl rings and the
terminal tpy groups (intramolecular bending). Table 1
summarizes the energy differences between the three
configurations contributed by molecular conformation
as well as by molecule surface adsorption.

The calculated height differences between the top-
most carbon atom and the Cu(111) surface (kept flat)
are given in Figure 3b, in which on-axis views of the
BCO group are shown. In the up structure, a pair of car-
bon atoms of the BCO group points upward and is
5.49 Å above the Cu surface. In the side structure, the
upper left pair of carbon atoms of the BCO group is 5.54
Å above the Cu surface, while the right pair of carbon
atoms is 4.16 Å above the Cu surface. In the down struc-
ture, the two pairs of carbon atoms on either side of
the BCO group are 5.30 Å above the Cu surface. Simu-
lated STM topographs of the three configurations are
shown in Figure 3c. In comparison with Figure 2, the
main features of the experimental STM topographs are
nicely reproduced by the simulations as either the sym-

Figure 2. (a�c) Three STM topographs of the same BTP-BCO molecule scanned under the same conditions at a low bias
showing three conformations C, S, and N, respectively (V � 0.1 V and I � 0.5 nA; the scale bar is 10 Å). Insets in b and c: Dif-
ferential topographs of b�a and c�a. (d�f) I-t spectra recorded at the positions defined by black, red, or blue dots after ac-
quiring the topographs a�c, respectively. (V � 0.35 V)
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metrical up or down configurations are assigned to
the C state and the asymmetrical right- or left-side con-
figuration to the N or S states, respectively. On ac-
count of this assignment, the experimentally observed
correlation between the I-t spectra and the conforma-
tional states can be rationalized as follows: When the tip
was positioned over the left (right) side of the BCO
group in the three structures of Figure 3b, the tip height
over the nearest carbon atom was the smallest (larg-
est) in the side structure and the intermediate in the up
or down structures. For a molecule in the up or down
conformation (left or right panel), the I-t spectra started
with an M level current when the tip was over either
the left or right side of the BCO group; for a molecule
in the side conformation (central panel), the I-t spectra
started with a H (L) level current when the tip was over
the left (right) side of the BCO group.

Based on the foregoing discussion, we attribute the
switching from one conformation to another to an in-
tramolecular torsional rotation of the BCO group rela-
tive to the rest of the molecule, which remains largely
immobile. In this molecule, the central BCO group is
linked to the phenyl groups through C�C � bonds. It
is known that the C�C � bond may easily undergo axial
rotations. This rotation abruptly changed the separa-

tion between the tip apex atom and the nearest atoms

of the BCO group, resulting in a jump of conductance in

the I-t spectra.

Since the intramolecular torsional motions of the

BCO group were monitored by the I-t spectra, we can

extract further information from the tunneling current

trace in the I-t spectra. The statistics of the residence

time in each conformational state exhibit an exponen-

tial decay, from which a time constant may be derived.

As this time constant directly reflects the molecule’s

residence time in a specific conformation, the inverse

of the time constant defines the jumping rate from a

certain conformation at the chosen sample bias and

tunneling current. As an example, Figure 4a shows a dis-

tribution of states with residence time in the M level

longer than the time given on the horizontal axis. The

exponential decay fits a jumping rate from the M level

of 1.55 � 0.02 Hz. In Figure 4b, we plot the jumping rate

from the M to the H or L levels as a function of tunnel-

ing current for four sample biases. The power-law fits of

the data, R � IN, give N � 1.22 � 0.03, 1.01 � 0.23,

1.06 � 0.03, and 1.04 � 0.06 for sample biases of 0.25,

0.30, 0.35, and 0.40 V, respectively. The latter three val-

ues are close to unity, so we conclude that at the

sample bias from 0.30 to 0.40 V the intramolecular tor-

sional motions are stimulated by tunneling electrons in

a one-electron process. At the sample bias of 0.25 V, a

power of 1.22 hints that the multielectron processes

may take place at this condition.

To quantify the stimulating energy threshold, we ac-

quired the I-t spectra in a wide range of bias voltage.

In Figure 4c, we plot the jumping rate from the M level

as a function of sample bias.13,15 It is clear that a drastic

Figure 3. (a) Three calculated molecular conformations (top and side views) with locally minimum total energy, named up,
side, and down structures from left to right, respectively. (b) On-axis cross-sectional views of the BCO group in the three re-
spective structures of a (for clarity, H atoms are not shown); the calculated distances from the topmost carbon atom to the
topmost Cu(111) nuclei are given. (c) Simulated STM topographs (33 � 18 Å) of the three conformations in a.

TABLE 1. Energy Differences (in eV) between the Three
Adsorption Configurations Due to Molecule�substrate
Adsorption and Molecular Conformation Changea

configuration up side down

adsorption energy 0.0 0.14 0.32
conformation energy 0.0 0.10 0.05

aEnergies in the “up” geometry are used as references (energy zeroes).
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increase of jumping rate appears at 355 � 5 mV. This in-
dicates that the threshold energy to stimulate the tor-
sional motion is about 355 meV. This threshold energy
is inconsistent with the results that at a low sample bias
of 0.25 V, the multielectron processes occur since more
than one electron is needed to stimulate the motion.
At negative bias, the jumping rate from the M level
shows a threshold energy near 355 meV as well. So,
the electrons emitted from or injected into the tip
stimulate the torsional motions equally. Our calcula-
tions reveal that as the molecule adsorb on the surface
in the most stable (up) configuration, the BCO group vi-
brates around the molecular long axis with a mode of
370 meV. Since this energy is very close to the experi-
mental threshold energy of the stimulation, we conjec-
ture that this vibration mode may effectively assist the
excitation of the intramolecular mechanical motion by
the tunneling electrons.13

The noise image of Figure 1f highlights that the in-
tramolecular torsional motions are very sensitive to
the tip position. This sensitivity allows us to determine
the most effective stimulation points. To that end, we
recorded I-t spectra while positioning the tip at various
points along a line perpendicular to the molecular long
axis. We found that, at a fixed sample bias and tunnel-
ing current set point, the jumping rates between states
M and H (M�H) or states M and L (M�L) exhibit a
strong dependence on the tip position. Figure 4d shows
the number of M�H and M�L jumping events per
unit time as a function of tip position. The M�H jump-
ing rate shows two maxima at the two edges of the BCO
group and a local minimum in the center, while the
M�L jumping rate shows a maximum in the center. At
the two maxima, the M�H jumping rate is 10 times
higher than the M�L jumping rate. Note that the mo-
lecular conformation that gives the H level current on
one side gives the L level current on the other side, i.e.,
M�H jumping on one side corresponds to M�L jump-
ing on the opposite side. Thus when the tip was posi-
tioned on one side of the BCO group, the observed
M�L jumping was actually the M�H jumping for the
other side and vice versa. Therefore we can express the
same molecular conformation change by the solid bell-
shaped curves in Figure 4d. The curves imply that the
molecular conformation changes have two stimulating
centers located at both edges of the BCO group. When
the tip was positioned at one stimulating center, it pre-
dominantly stimulated M�H jumping, and also M�L
jumping with a much lower efficiency.

Finally, we point out that the calculated images re-
produce symmetric-shaped STM topographs for both
the up and down structures, but we cannot unambigu-
ously determine which one is the experimentally ob-
served C state. Nonetheless, since the up structure is
0.37 eV lower in energy, we assume that the up struc-
ture is the observed C state. It is worth noting that in our
measurements we found a fourth conductance level in

the I-t spectra when the bias voltage is higher than

0.35 V. As shown in Figure 5a, another medium level,

denoted as state M=, was observed. We propose that

this M= level probably corresponds to the down struc-

ture. Presumably because of its higher energy, this

structure appears much less frequently than the two

other structures. In Figure 5b, we plot each individual

state of Figure 5a according to its current level. The ar-

rows highlight the torsional motions between adjacent

states, in which each red (blue) arrow indicates a 30°

counterclockwise (clockwise) torsion. Clearly the BCO

group undergoes torsional motions in both rotational

directions randomly.

CONCLUSIONS
In conclusion, we have studied a single-molecule al-

titudinal rotor fixed on a surface. Stimulated by tunnel-

ing electrons, the central BCO group is found to un-

dergo intramolecular torsional motions around the

molecular long axis parallel to the surface. The motion

was monitored by scanning tunneling microscopy

(STM) topographs, which revealed several molecular

conformations corresponding to distinctive torsional

Figure 4. (a) Distribution of conformational states with residence time in
the M level longer than the time given on the horizontal axis. The solid line
is an exponential decay fit. The example given here is measured with a
sample bias of 0.36 V and tunneling current set point of 4.0 nA. (b) Jump-
ing rates from the M level as a function of tunneling current for four
sample biases. The solid lines are the power-law fits to the data, R� IN,
where N � 1.22 � 0.03, 1.01 � 0.23, 1.06 � 0.03, and 1.04 � 0.06 for sample
biases of 0.25, 0.30, 0.35, and 0.40 V, respectively. (c) Jumping rate from the
M level as a function of sample bias voltage with red (blue) curve correspond-
ing positive (negative) bias voltage. It increases markedly at 355 � 5 mV.
(d) Number of M�H and M�L jumping events per unit time as a function of
tip lateral distance from the molecular center. The tip was approximately po-
sitioned along the middle line perpendicular to the molecular long axis. The
data were measured with a sample bias of 0.4 V. The solid lines relate molec-
ular motions corresponding to the same molecular conformation change.
The stimulating centers are indicated by dashed lines. The set point of the
tunneling current is 4.0 nA for a, c, and d. The measuring time per point is
200�800 s for a and c and 100 s for d. The original I-t spectra were measured
on the side of the BCO group for a�c.
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rotation states that were reproduced by density func-
tional theory (DFT) calculations. On account of the I-t
spectra, the motions were found to be excited by one-
electron processes, and an excitation energy threshold

of about 355 meV was derived, which is likely assisted
by the 370 meV mode of the BCO group vibrating
around the molecular long axis at its most stable ad-
sorption configuration.

METHODS
The experiments were carried out in an ultrahigh vacuum

scanning tunneling microscope (Omicron) operated at 4.9 K.
The molecules (in powder form) were evaporated from a molec-
ular beam evaporator (DODECON nanotechnology GmbH) and
deposited onto a clean Cu(111) substrate held at 180 K, and the
sample was transferred into the low-temperature STM immedi-
ately after deposition. The residence time was counted by com-
puter as the time between two abrupt current changes. Then the
residence time was sorted, and the events with residence time
longer than a certain value were counted by humans for expo-
nential decay fit. The jumping events per unit time were counted
by humans and divided by measuring time. DFT calculations
were performed within the projector-augmented wave (PAW)
plane wave approach, as implemented in the VASP code.33�35

The exchange�correlation functional was treated with the gen-
eralized gradient approximation in the
Perdew�Burke�Ernzerhof (PBE) form .36 The simulated STM im-
ages were obtained in constant current mode within the
Tersoff�Hamann approximation (i.e., computing an iso-density
surface z(x,y) above the adsorbed molecule) .37 For the compari-
son of the energies of the metastable states, the van der Waals
interactions were included through a van der Waals density func-
tional, as implemented in the GPAW code.38,39 The simulation
model contained the molecule on one copper layer. Only one
copper layer was included due to the rather weak molecule-to-
substrate interaction and due to the computational cost. Our test
calculations confirmed that one layer is sufficient for these stud-
ies.40
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