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ABSTRACT: Molecular rotors on solid surfaces are fundamental compo-
nents of molecular machines. No matter whether the rotation is activated by
heat, electric field or light, it is determined by the intrinsic rotational potential
landscape. Therefore, tuning the potential landscape is of great importance for
future applications of controlled molecular rotors. Here, using scanning
tunneling microscopy (STM), we demonstrate that both tip−molecule
distance and sample bias can modify the rotational potential of molecular
rotors. We achieve the potential energy difference variations of ∼0.3 meV/pm
and ∼18 meV/V between two configurations of a molecular rotor, a tetra-tert-
butyl nickel phthalocyanine molecule on Au(111) substrate. Further analysis
indicates that the mechanism of modifying the rotational potential is a combination of the van der Waals interaction and the
interaction between the molecular dipole and an electric field. This work provides insight into the methods used to modify the
effective rotational potential energy of molecular rotors.

Molecular machines are ubiquitous in nature and play
essential roles in many biological processes, such as

cellular transport, muscle contraction and genetic tran-
scription.1−3 Chemists have synthesized molecular machines,
including four-wheeled molecular nanocars,4,5 molecular
motors,6−10 and molecular gears.11,12 Although different in
structure, function, and working principle from natural motor
proteins, these can constitute a basis for future nano-
technology. As key components of molecular machines,
molecular rotors attracted great attention,13−20 because their
design and control are fundamental for the development of
more complicated molecular actuators. So far, controlling the
“on” and “off” states of molecular rotors was realized by charge
state,21 selection of anchoring site,22 and interaction between
rotors and surrounding molecules.13,23 However, controlling
the rotors’ residence time distribution in different rotational
configurations is still missing.
Compared with processes in solutions, molecular rotors

mounted on solid surfaces have many advantages. They are
easily accessible by an external field and addressable by surface
analysis techniques.15 Scanning tunneling microscopy (STM),
as constituting tool of nanotechnology, has been used for
imaging molecular rotors with high spatial resolution13,15,24

and studying the dynamics of molecules induced by inelastic
electron tunneling. Although limited in time resolution, it has
the capability to study dynamics,14,22,25,26 including molecular
rotors on solid surfaces. Besides characterization of molecular

rotors, STM has been demonstrated to be a unique instrument
in manipulation of molecular rotors using various schemes
involving STM tips.9,18,19,27,28 However, the van der Waals
interaction between STM tip and molecular rotors and how
their rotational behavior is influenced by this interaction are
rarely studied experimentally. Gehrig et al. showed recently
that thermal activation barriers for rotation of a dialkylth-
ioether depend strongly on the STM tip position above the
molecule.26

Here, we achieve the tip-influenced rotational switch of
single tetra-tert-butyl nickel phthalocyanine ((t-Bu)4-NiPc)
molecules on Au(111). It is found that the residence time
distribution of a molecule on two neighboring rotational
configurations (UT-state and N-state), which is determined by
the rotational potential landscape, can be tuned by the tip−
molecule interaction. We demonstrate that the variations of the
potential energy difference are ∼0.3 meV/pm when the tip−
sample distance changes within 100 pm, and ∼18 meV/V
when a sample bias changes from −1 to −0.2 V, respectively.
Furthermore, by employing the Arrhenius equation, we find
that the transition barrier from UT-state to N-state increases
24 meV while the tip height decreases 100 pm. Our findings
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provide useful information about the influence of external
forces on the rotational potential landscape of molecular rotors
on a solid surface.
The (t-Bu)4-NiPc molecule studied in this work (see Figure

1a for the structure) was synthesized and purified following the
procedure by Hanack et al.29−31 When the molecule is pinned
by defects on the Au(111) surface, it shows 4 bright lobes
(Figure S1), which are attributed to its (t-Bu)4-groups, quite
similar to the Zn analogue of the same ligand.23,32 However, it
is more common that the single molecule appears in a round
shape with several bright protrusions (Figure 1b and 1c), a
feature that comes from the thermally activated rotation on the
Au(111) surface at 78 K, as also observed for (t-Bu)4-ZnPc on
Au(111).14 The molecule is hopping between several
metastable configurations around an off-centered axis. This
axis is formed by a chemical bond between one of the imine
nitrogen atoms and a gold atom on the elbow position of the
reconstructed Au(111) surface.14 Therefore, the axis is fixed on
the surface and the hopping results in a random rotational
motion around this axis. There are two circles of protrusions
around the rotating axis. The inner and outer protrusions are
representing the (t-Bu)4-groups near and far from the fixed N

atom (as shown in the molecular model in Figure 1c),
respectively.14

Figure 2 shows the effect of STM tip height on the
occupation probability of two neighboring configurations of
the molecular rotor. When an STM tip in tunneling state was
positioned over the outer circle of a rotating molecule, as
shown schematically in Figure 2a,d (and also shown in Figure
3a and the inset of Figure 4a), the feedback loop was turned off
and the I−t spectra were measured. The typical I−t spectra
show two distinct current levels (Figure 2b), indicating that the
molecule is rotationally hopping or switching randomly
between two configurations21 but not necessarily performing
a 360 deg rotation. The high current level could be assigned to
the molecular configuration with one butyl group in the
nearest position to the tip (denoted as under-tip configuration
hereafter, abbreviated as “UT”), while the low current level
corresponds to another configuration with the butyl group in
the second nearest position to the tip (denoted as neighbor
configuration, abbreviated as “N”).8,25 Interestingly, when the
tip moves closer to the molecule in the vertical direction, as
schematically shown in Figure 2d, the occupation probability
of each configuration changes. Specifically, the dominant

Figure 1. Molecular structure and STM images. (a) Molecular structure of (t-Bu)4-NiPc. (b) Large area STM image showing a Au(111) surface
with herringbone reconstruction and a rotating (t-Bu)4-NiPc molecule at an elbow position. (c) Close-up STM image of the molecule in part b,
overlaid with a molecular model. The rotation axis (red spot) is located at a nitrogen atom and the protrusions are due to butyl groups. Scale bars
are 5 nm in part b and 1 nm in part c. Images are obtained at VSample = −1 V, I = 50 pA, and T = 78 K.

Figure 2. Effect of STM tip height on the occupation probability of two neighboring configurations of a molecular rotor. (a) Sketch of the
dominant adsorption configuration of (t-Bu)4-NiPc on Au(111) when the tip is far away; the solid model shows the dominant configuration with a
butyl group in the second nearest position to the tip (denoted as neighbor configuration); the transparent model shows a metastable configuration
with a butyl group in the nearest position to the tip (denoted as under-tip configuration, abbreviated as UT). (b and c) Corresponding I−t
spectrum and current distribution. (d) Sketch of adsorption configuration of (t-Bu)4-NiPc after the tip approaches the sample surface. The UT-
configuration becomes dominant (solid model), and the neighbor configuration becomes metastable (transparent model). (e and f) are the I−t
spectrum and current distribution in the case of part d. (g) Schematic representation of the rotational potential energy around UT- and N-
configurations consisting of the native potential well without tip molecule interaction (blue dotted line); the tip-induced potential well (black
dashed line); the potential landscape with added contributions of the native and tip-induced potentials (red solid line). The molecular model on
top defines the geometric relationship of (t-Bu)4-NiPc, rotation axis (red dot) and tip position (green dot). VSample = −1 V and the feedback loop is
open. The time resolutions in parts b and e are 40 μs. The bin sizes are 0.004 nA in part c and 0.008 nA in part f.
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configuration changes from N-state to UT-state, as revealed by
the I−t spectra (Figure 2, parts b and e) and occupation
probability (Figure 2, parts c and f). Since the occupation
probability is determined by the potential energy of each
configuration, the change of dominant configuration at
different tip−molecule distances reveals that the rotational
potential energy of a molecular rotor varies with tip−molecule
distance. The potential well variation with tip height is
schematically shown in Figure 2g. It should be mentioned that
the potential energy discussed here is only an effective one
explored by the random rotation of the molecule. The real
potential energy surface for describing the molecular rotation is
much more complicated in view of large number of degrees of
freedom of the molecule.
In a previous work, the (t-Bu)4-ZnPc molecules did not

rotate at 5 K but rotated at 78 K at the same tunneling
current.14,23 (t-Bu)4-NiPc is very similar to (t-Bu)4-ZnPc.
Therefore, we think that the rotation of (t-Bu)4-NiPc is mainly
thermally activated at 78 K and the tunneling current has less
effect on the potential landscape. Figure 3 shows the
quantitative results of tip−molecule distance effects on the
molecular rotational potential energy. The topography image
of a rotating molecule under investigation is shown in Figure
3a. The green circle indicates where the tip is located during
the measurement, in which the tip moves only in vertical
direction. We set the tip at different heights with steps of 10
pm each and measure I−t spectra at each point. The resulting
UT-state probability (PUT) vs tip height is demonstrated in
Figure 3b. We can see that, when the tip height varies from 100

Figure 3. Modifying the potential energy of molecular rotors by
varying the tip−molecule distance. (a) STM image of a rotating
molecule for I−t spectra measurement at various tip heights. The
green circle indicates the tip position in this experiment. (b) Tip
height dependent occupation probability for the under-tip (UT)
configuration obtained by calculating the percentage of high-current
level in the I−t spectra. The measurement sequence is from 0 pm
(close to the molecule) to 100 pm (far away from the molecule) and
then backward to 0 pm with steps of 10 pm, as indicated by the blue
and red arrows. A tip height of 0 pm corresponds to a tunneling
current of 1.3 nA at a sample bias of −1 V. (c) Corresponding
potential energy difference between the under-tip and neighbor
configurations (EUT − EN). The red line is a linear fit. (d) Distribution
histogram for the slope of EUT-EN vs tip height as plotted in part c in
repeated measurements on different molecules and/or different
positions. (e) Constant current STM image of a rotating molecule.
The blurring features are due to rapid fluctuations of the molecule. A
series of I−t spectra was recorded on the molecule. Each I−t spectrum
was acquired at a fixed position on the green line, while the tip height
was kept constant. (f) Switching rate for the under-tip and neighbor
configurations, obtained by fitting the integrated resident time
distribution of I−t spectra at each tip height (see Figure S2 for
details). (g and h) under-tip probability and EUT − EN for different
lateral tip−axis distances with constant tip height. STM parameters
for topography images: Vs = −1 V and It = 50 pA. For I−t spectra
measurement, the feedback loop is open and the sample bias is −1 V.
Scale bars are 1 nm. Lines in parts b and f are guides for the eyes.

Figure 4. Variation of occupation probability, potential energy and
switching rate with sample bias. (a) Sample bias dependent
occupation probability of the under-tip state (PUT, blue filled circles)
and potential difference between under-tip and neighbor config-
urations (EUT − EN, red filled triangles). The red line is a linear fit.
The inset shows the STM image of a rotating molecule and the green
circle indicates the tip position where the I−t spectra were obtained.
(b) Switching rate for under-tip and neighbor configurations at
different sample bias. Lines are used to guide the eyes. The tip
position is fixed and feedback loop is open during the variation of
sample bias. Data shown here are obtained by analyzing I−t spectra at
each sample bias. For STM image: Vs = −1 V and It = 50 pA. Scale
bar is 1 nm.
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to 0 pm (here 0 pm means the tip is close to the molecule and
100 pm means the tip is far away), the UT-state probability
changes from almost zero to ∼50%. The molecule rotationally
switches between the two configurations randomly, with the
occupation probability determined by the tip height. The UT-
state probability (PUT), as well as the N-state probability (1-
PUT), varies gradually with the tip height. The results of
repeated measurements are also shown in Figure 3b by
increasing (blue arrow) and decreasing (red arrow) tip height.
Both lines almost overlap, indicating good repeatability and
reliability of the experimental results. The variation of I−t
spectra and the corresponding distribution of currents with tip
height for a typical example is shown in the movie in the
Supporting Information.
The occupation probability of the UT- and N-states could

be considered to follow the Boltzmann distribution,33 so the
energy difference between the two configurations could be

derived using the equation: − = − −( )E E kT lnUT N
P

P1
UT

UT
,

where k is the Boltzmann constant, T is temperature in kelvin,
and EUT and EN are the potential energy of the UT- and N-
configurations, respectively. The energy difference at each tip
height is plotted in Figure 3c. We can see that the potential
energy of a molecular rotor in the UT-configuration relative to
the N-configuration could be modified in a controllable way.
The potential energy variation rate with tip height is 0.32
meV/pm (i.e., the slope of the linear fit in Figure 3c) and a
total energy variation is ∼31 meV in this experiment. A
stronger effect is expected when the tip is moved over a larger
range. We then measured the I−t spectra at various tip heights
at different sites on the outer circles of rotating molecular
rotors, and obtained 24 groups of valid data on four sites of
two molecules. All these data show the same tendency that the
energy difference EUT − EN decreases when the tip approaches
to the lobe of a molecule. Figure 3d shows the distribution of
the potential variation rate derived from these data, which
gives an average value of ∼0.3 meV/pm. The decrease of EUT
− EN with the decrease of the tip−molecule distance suggests
that the interaction between the tip and the molecule is a van
der Waals like interaction in the attractive force region (see the
Supporting Information for more discussion).
The van der Waals interaction is commonly utilized in

atomic or molecular manipulation to facilitate translational
motion of atoms or molecules.34−36 Here, when we bring the
STM tip close to a lobe by lowering the tip height, the butyl
group of (t-Bu)4-NiPc molecule will be attracted by the tip.
This leads to a decreased potential energy of the under-tip
conformation and increases the probability of the high-current
level in an I−t spectrum. Because of the existence of a
rotational axis, i.e. the strong chemical bond between Au
adatom and the imine nitrogen,14 the butyl group is confined
in the circle surrounding this axis. The tip height dependent
energy variation, with an average value of ∼0.3 meV/pm, is of
the same order of magnitude as the van der Waals force
between a metal tip and organic molecules,37 which confirms
that the attractive interaction observed here is the van der
Waals force.
The rotational switching rate could be obtained from I−t

spectra by fitting the integrated residence time distribution of
the states at high or low current (Figure S2).21,38 Switching
rate here is the probability of transition per unit time and
means the statistically averaged inverse lifetime of each level. A
typical current dependent switching rate for the transition from

neighbor to under-tip configurations is shown in Figure S3.
The power law fitting using R ∝ In gives n = 0.32, much smaller
than 1, indicating a minor contribution of tunneling electrons
to the excitation of the rotation.39 Figure 3f shows the
rotational switching rate at different tip heights. We found that
the switching rate for switching from the UT-state to the N-
state decreases from ∼3.2 × 103 to ∼90 s−1 when tip is lowered
by 100 pm, while the switching rate for the reverse pathway
changes from ∼35 to ∼85 s−1. This implies that the barrier for
switching from the UT- to the N-state increases considerably
when the tip−molecule distance is decreased. Meanwhile, the
barrier decreases slightly for the reverse switching leaving both
switching rates almost equal at 0 pm. By employing the
Arrhenius equation, the potential barrier variations are
estimated to be about +24 and −6 meV for UT- and N-
states respectively (for details see Figure S4). This is in
agreement with the potential energy variation schematically
shown in Figure 2g.
Modifying the potential energy of the UT-state by

approaching the tip to the molecule could also be realized
by moving the tip laterally while keeping the tip height
constant. Figure 3e shows a molecular rotor in such an
experiment. Parts g and h of Figure 3 present the UT-state
probability and the corresponding potential energy difference
between the two states at different tip positions along the green
dashed line in Figure 3e. We found that, when the tip
approaches the lobe, the UT-state probability increases and its
potential energy decreases, vice versa. We repeated this
experiment at four sites on two molecules and all the results
exhibit the same tendency. The variation of the probability and
potential energy with the lateral displacement of the STM tip
further demonstrates that increasing the attractive tip−
molecule interaction could reduce the potential energy of the
under-tip molecular configuration.
In order to further clarify the contribution of the electric

field in the rotating behavior of molecular rotors, we measured
the I−t spectra at different sample bias and polarity with the tip
positioned over the outer circle of a rotating molecule and the
tip height kept constant by turning off the feedback. Figure 4a
illustrates the UT-state probability PUT at varying negative
sample bias. We can see that PUT decreases with increasing bias
voltage. In other words, the potential well below the tip
becomes shallower with increasing electric field. We also
measured the I−t spectra at a positive sample bias for several
times, and never observed tunneling current switching,
indicating no molecular rotation related to a deeper potential
well below the tip. Atoms or molecules adsorbed on metal
surfaces could be considered as static and induced dipoles in
an electric field.40−42 It was reported that the static dipole
moment of Cs atoms on a GaAs(110) substrate is considered
normal to the surface, and application of a positive sample bias
will induce segregation of the Cs atoms under the tip, driven
by a local potential energy gradient arising from the interaction
between the atomic dipole moment and the electric field
gradient.40,41 Besides, iron phthalocyanine (FePc) molecules
on Au(111) could be viewed as an electric dipole normal to
the sample surface, and an applied electric field was utilized to
retard or enhance molecular diffusion by changing the sample
bias.42 Considering the similarity of (t-Bu)4-NiPc and FePc in
structure and the experimental results when changing the bias,
it is convincing that there is a static dipole moment in (t-Bu)4-
NiPc normal to the sample surface. Following a similar
mechanism,40,41 the negative sample bias, generates an electric
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field antiparallel to the molecular dipole moment. This will
raise the potential energy of the UT-configuration. Further
increasing the negative bias will increase the under-tip
potential energy, which is in agreement with the experimental
results (Figure 4a). A positive sample bias will generate an
electric field parallel to the molecular dipole moment, and
decrease the potential energy of the UT-configuration,
resulting in no rotational switching. The potential difference,
deduced from the occupation probability using the formula
mentioned above, is also plotted in Figure 4a, the slope is ∼21
meV/V. We can see here that, besides changing the tip−
molecule distance, varying the sample bias could also be
utilized to modify the potential landscape of molecular rotors
effectively. We repeated the experiments with varying bias for
seven times on five different molecules, and all the results
exhibit the same tendency that the high current (UT-state)
probability decreases with increasing sample bias. The average
slope is ∼18 meV/V. This result demonstrates the validity of
the dipole model discussed above and the feasibility of
modifying the potential landscape of molecular motors by
changing the sample voltage. Comparing the total magnitude
of potential energy variation when changing the bias (∼17
meV, Figure 4a) with the total potential energy variation when
changing the tip−molecule distance experiments (∼31 meV,
Figure 3c), we find that the former one is smaller. Decreasing
the tip−molecule distance will lead to a small increase in
electric field, and therefore raise the potential energy a little for
the UT-state. However, we observe a large potential energy
reduction when the tip approaches the molecule. Therefore,
the variation of the potential energy in the experiment of
varying tip−molecule distance mainly comes from the van der
Waals interaction between tip and molecule other than the
interaction between the electric field and the molecular dipole.
Figure 4b shows the rotational switching rate for the UT-

and N-configurations at different sample bias. With increasing
sample bias, the switching rate increases for the UT-state and
decreases for the N-state, indicating that the potential barrier
for switching from the UT- to the N-configuration decreases
and the barrier for the reverse switching increases. The changes
in barrier are estimated to be −9.1 and 7.7 meV for the UT-
and N-states respectively when the sample bias changes from
−0.2 to −1 V (Figure S5). This is consistent with the scenario
discussed above that the potential energy of the UT-
configuration increases with increasing sample bias, and
concurrently the barrier for switching from the UT- to the
N-configuration decreases.
It is interesting to compare our work here with some related

previous works. Pawlak et al. reported that the directed
rotation of a single porphyrin molecule could be induced by an
STM tip.28 Although both their work and ours utilize the
attractive force between tip and molecules, the rotation
mechanism is different. In their work the directed rotation is
induced by deformation of the porphyrin molecule,28

specifically the distortion of the dicyanophenyl group, in
response to a local mechanical force exerted by the tip.
However, in our work, the rotation process is thermally driven
for (t-Bu)4-NiPc on Au(111). On the other hand, in their
work, the molecule is static before and after tip manipulation,
while in our work, the dynamic rotating process is studied.
Besides this, Stroscio et al. reported that, by tuning the
trapping potential of the STM tip, switching of Co atoms
between neighboring hcp and fcc sites on a Cu(111) surface
could be controlled.38 Our work here demonstrates a

counterpart that rotational switching of single molecular rotors
could be influenced in a similar way.
In conclusion, we have demonstrated that the potential

energy surface of molecular rotors could be modified precisely
and reliably by the presence of an STM tip. Through
measuring the I−t spectra on a rotating (t-Bu)4-NiPc molecule
on a Au(111) surface using STM, we revealed that the
potential energy of the under-tip configuration could be
reduced by decreasing the tip−molecule distance due to
attractive van der Waals interaction between them. By
increasing the negative sample bias, the potential energy of
the under-tip state is increased, which can be attributed to an
electrostatic interaction between the molecular dipole moment
and the applied electric field. Our work provides useful
information on the rotational energy landscape of molecular
rotors on solid surfaces in the presence of an STM tip, which
should be more carefully considered in future STM studies of
molecular motors.

Methods. The experiments were performed in a CreaTec
low temperature STM system with a base pressure of 1 × 10−10

mbar. The Au(111) surface was cleaned by repeated cycles of
Ar+ ion sputtering and annealing at 500 °C. Then a small
quantity of (t-Bu)4-NiPc molecules was deposited on Au(111)
surface using a Knudsen-cell evaporator at 300 °C. The sample
was kept at room temperature during deposition in the
preparation chamber, and then transferred to the STM
chamber for measurement at 78 K. STM images were acquired
using constant current mode, while current−time (I−t)
spectra, for measuring the occupation probability of two
adjacent rotational configurations, were obtained with the
feedback loop open. Both STM topography images and I−t
spectra were measured after the system reached thermal
equilibrium. Although the data lengths shown in Figure 2, parts
b and e, are 0.2 s for clarity, we used data lengths as long as 4 s
for the calculation of the occupation probability at each tip
height to reduce the random uncertainty induced by short data
length. Electrochemically etched W tips were used in all
experiments. Drift compensation was activated and calibrated
several times to minimize the error induced by thermal drift
and creep (see Figure S6 for the drift rate).
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