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Soft rotational mechanical manipulation 
of a single molecule with STM-tip at 
LN2.
Thermally activated gearing effect be-
tween two HBDC molecules on an Au(111)
surface.
Dynamic analysis of thermal gearing us-
ing coupled Langevin equations.
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 A B S T R A C T

Observation of a thermally activated gearing effect between two hexa-tert -butyl-decacyclene (HBDC) molecule-
gears is reported using the Au(111) surface to constrain lateral diffusion of the molecules at 77 K. An 
on-purpose selected small 2D HBDC nano-island is first destabilized using the tip of a scanning tunneling 
microscope (STM) in a soft-pulling mode of molecular manipulation. It follows a long sequence of thermally 
activated spontaneous molecular reconfigurations, leading up to a molecular gearing effect. Using coupled 
Langevin equations, a simulation of this thermal process is proposed to determine the conditions for this 
thermally activated gearing effect.
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1. Introduction

In a 2D domain within a structured molecular monolayer, the first 
evidence of a thermally activated molecular gearing effect was reported 
in 1986, through comparative studies of the orientations of the PF3
and NH3 monolayer domain adsorbed on a metallic surface [1,2]. On 
a surface, an intermolecular mechanical gearing effect was obtained 
using a low temperature ultra-high vacuum scanning tunneling (LT-
UHV STM) to construct a molecular rack & pinion machinery [3]. This 
classical gearing was activated by mechanical push with an STM tip to 
the pinion molecule moving along the molecular track [3]. Later, an 
intermolecular gearing effect between the molecules was observed by 
the construction of a train of molecule-gears [4,5]. A rotation of the first 
gear of the train, mechanically activated by the STM tip, propagates 
along the train in a semi-classical mechanical manner [6] almost like 
a micron-scale solid-state gear train [7,8]. The first attempt to observe 
a thermally driven gearing effect between two molecules without me-
chanical interaction from the STM tip was conducted by the H. Gao 
group [9]. At 77 K, driven solely by thermal energy from the substrate, 
a tetra-tert -butyl zinc phthalocyanine ((t -Bu)4-ZnPc) molecule mounted 
on a single gold adatom rotates randomly as expected. However, when 
a second (t -Bu)4-ZnPc molecule is positioned to mechanically engage 
with the first one, using STM manipulation, the mutual rotation of the 
two is blocked. Driven by the surface heat, the motive power of the 
first (t -Bu)4-ZnPc is not enough to drive the rotation of the second one 
(or the reverse).

In this article, we report the observation of a fully thermally acti-
vated intermolecular gearing effect between two hexa-tert -
butyldecacyclene (HBDC) molecule-gears. Understanding how the ther-
mal heat captured by one molecule on a surface can drive the rotation 
of a second nearby molecule is of prime importance to explain the 
emergence of domain orientations during the formation of 2D mono-
layers of rotating molecules [1]. It also helps to understand how the 
initial rotation of only one molecule can propagate coherently in a 2D 
assembly of molecule-rotors [10] and to experimentally approach the 
concept of a mono-thermal quantum molecule motor [11]. To explore 
this phenomenon, we used an Au(111) surface with its well-known 
herringbone reconstruction, which provides confinement of adsorbed 
HBDC molecules at low temperatures, guiding their lateral diffusion 
along face-centered cubic (fcc) tracks.

Section 2 describes the preparation of the Au(111) surface, the 
synthesis of HBDC molecules, the sub-monolayer deposition process, 
and the STM imaging conditions used to observe thermally activated ro-
tation and diffusion of single molecule along an fcc track of the Au(111)
reconstructed surface. Section 3 presents a molecular manipulation 
experiment in which a single HBDC molecule in a nano-island is rotated 
by 60◦ using an STM manipulation in soft constant-current pulling 
mode, while a nearby molecule of the same island continues to rotate 
randomly and independently. In Section 4, following the mechanical 
destabilization of a carefully selected small HBDC nano-island, we de-
scribe the spontaneous time sequence of thermally activated molecular 
events leading to a single-molecule gearing effect. Section 5 provides 
a discussion of the observed gearing using a simple simulation of this 
thermal process with coupled Langevin equations, one per gear.

2. Experimental method and set-up

To prepare the experimental conditions for the observation of a ther-
mally activated gearing effect and to avoid long molecule-per-molecule 
STM manipulation procedures to construct the required molecular ex-
perimental machinery, an Au(111) surface was selected. The native her-
ringbone reconstruction of this surface offers fcc tracks which facilitate 
thermally driven diffusion of single molecules along the surface [12]. 
The HBDC molecules were selected because of their six-tooth-like van 
der Waals geometry (see Supp. Info. 1), which is critical for enabling 
2 
intermolecular mechanical coupling and the gearing effect. When con-
fined within a molecular nanocavity and thermally activated at room 
temperature (RT) on a Cu(100) surface, a single HBDC molecule rotates 
randomly [13]. It can also diffuse laterally along this surface at RT if 
it is not trapped [14].

To achieve a precise molecular behavior between complete freezing 
(𝑇  = 7 K) and excessive thermal motion (at RT), experiments were 
carried out at 𝑇  = 77 K (liquid nitrogen temperature, LN2). This 
temperature was found to be ideal for the formation of small and 
stable 2D nano-islands of HBDC molecules at the herringbone kink 
between adjacent fcc tracks on the Au(111) surface. Working at the 
LN2 temperature also minimizes random thermal jumps over the re-
constructions, which are known to block single molecule rotations at 
this temperature [15]. Notice also that the observation of the events of 
random thermal motion of single molecule requires long sequences of 
STM imaging at the same location to capture such rare events. To rule 
out the effect of tip-induced rotation or lateral diffusion (even at low 
voltage), a long time gap is required in between those scans to allow 
the thermal activation of such a single event to occur independently 
of the tip presence. This requires the use of a very stable UHV-STM 
at 77 K to be able to return to the exact scan area after a long time 
span, for example, a few days, without scanning this surface location or 
after scanning at other locations on the surface that are very far away. 
Although this is a standard performance for the actual LT-UHV STM, 
working at LN2 temperature imposes the use of an STM instrument 
with minimum lateral and vertical drift. Our LT-UHV 4-STM turns out 
to be an ideal machine for such long-duration experiments (lateral drift 
values: 0.64 nmh−1 at LN2) due to its large inverted cryostat. Starting 
at LN2, the surface temperature can also be increased using a Joule 
heater available on our LT-UHV 4-STM stage. The results presented 
below were obtained remaining at LN2 temperature, as increasing the 
surface temperature over 77 K triggers a large number of random 
lateral jumps of HBDCs over the fcc tracks of the Au(111) herringbone 
reconstructions.

The initial decacyclene and final HBDC molecules were synthe-
sized following procedures reported in the literature [16,17], with 
modifications as detailed in Suppl. Info. 2. Synthesis protocols were 
adjusted to optimize yield and purity. The compounds were purified 
through filtration, column chromatography, and recrystallization, with 
particular care taken to remove residual low molecular weight species 
that could otherwise sublimate during subsequent deposition processes. 
The structural characterization of the purified molecules was conducted 
using 1H and 13C nuclear magnetic resonance (NMR) spectroscopy (Fig. 
S2, S3, and S4), as well as electrospray ionization high-resolution mass 
spectrometry (ESI-HRMS), which confirms the successful synthesis and 
purity of the target compounds.

Before depositing the molecules on the surface, an Au(111) single 
crystal was prepared under ultra-high vacuum (UHV) conditions by 
repeated cycles of Ar+ ion sputtering (1.0 keV, ∼ 10−6 mbar, 10 min) fol-
lowed by annealing at 470 ◦C for 1 h. Chemical purification procedures 
were specifically optimized to ensure that no low molecular weight 
species were present, thus preventing contamination of the Au(111)
surface during molecule sublimation. The very sub-monolayer of HBDC 
molecules was sublimated from a quartz crucible at 260 ◦C on the UHV-
clean-prepared Au(111) surface, which was kept at RT under a base 
pressure of ∼ 1 × 10−9 mbar in the preparation chamber of LT-UHV 4-
STM. STM images were recorded using the LT-UHV 4-STM, with the 
stage maintained at LN2 temperature to benefit from the occasional 
movement (diffusion) of HBDC molecules along the fcc track at this 
temperature, helping to observe the thermal gearing effect. All the STM 
images were recorded in constant current mode at a moderate bias 
voltage and under a base pressure of ∼ 4 × 10−11 mbar. On the LT-
UHV 4-STM, the bias voltage is applied to our electrochemically etched 
tungsten tips relative to the grounded sample stage. The orientations of 
the STM tip can be 45◦ or 90◦ vertical relative to the Au(111) surface 
for imaging or manipulation.
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Fig. 1. LT-UHV STM images recorded on the LT-UHV 4-STM at 77 K. (a) First image shows the self-assembly of many small 2D nano-islands stabilized by the 
native Au(111) herringbone surface reconstruction. (b) Image of the same location recorded 115 min after (a). Multiple spontaneous thermal lateral diffusion of 
the HBDC islands are observed along the fcc tracks. The one indicated by the yellow circles demonstrates the lateral diffusion and internal re-organization of 6 
HBDC molecules along and under the constrain of the Au(111) reconstruction corrugation walls. 𝐼 = 10 pA, 𝑉 = −800 mV.
Fig. 2. (a) Image of 2 isolated stable 2D nano-islands comprising 6 HBDC molecules well stabilized in the fcc part on the Au(111) surface reconstruction. (b) 
STM scan image of one nano-island indicating the teeth positions of the HBDC before performing a mechanical pull line scan with the STM tip. Manipulation 
is performed exactly along the k to l arrow as indicated. (c) STM scan image recorded after the manipulation with 10 pA of tunneling current. Also observed 
during the imaging: the destabilization of the top right missing teeth HBDC with its intermediate anti-clockwise rotation during the imaging. (d) The manipulation 
line scans for two different tunneling current. The pulling jump (3) observed on the red line scan resulted from a 60◦ clockwise rotation of the scanned HBDC 
molecule. All images 𝐼 = 6 pA, 𝑉 = −600 mV. The color contrast of the (b) and (c) images have been increased as compared to (a) to follow the HBDC rotations. 
Interpretation of the observed surface conformation is provided in Supp. Info. 4.
As presented in Fig.  1, a very sub-monolayer of HBDC sublimation 
leads to many small 2D nano-islands randomly distributed along the 
fcc tracks with an average of 4 to 8 HBDC molecules per nano-island, 
mechanically well engaged by their teeth. At LN2 temperature, some 
isolated single HBDCs are diffusing along the fcc tracks, producing 
some jumps from time to time in the tunneling current intensity while 
scanning. The nano-island, comprising 5 HBDC + 2 trapped impurities 
(marked with a yellow circle in Fig.  1a), spontaneously diffused to the 
left along a single fcc track and reached a blocking point (here a 6 
HBDC nano-island) as reported in Fig.  1b. This spontaneous motion 
occurred while scanning at another location on the surface for about 
2 h. We have observed many such diffusion examples whose exact 
timing is not known. During this lateral diffusion, the two corrugation 
walls (height of ∼ 20 pm), which originated due to the densification 
of Au atoms on the close-packed (111) surface on either side of the 
3 
fcc track, restricted the 5 HBDC nano-island to remain along the track. 
This movement ended at a blocking point with the formation of a new 
flat cluster configuration. This type of fcc track guiding was beneficial 
for Nanocar race I and II, albeit not thermally activated, since it was 
performed at 5 K [18]. Detail interpretation of molecular configuration 
in the initial Fig.  1a and the final Fig.  1b (Suppl. Info. 3, Fig. S5) 
explains this complex lateral diffusion process, including a thermally 
activated 60◦ rotation of an HBDC molecule.

3. Single HBDC molecule rotation: STM manipulation versus ther-
mal activation

To understand the thermally activated reconfiguration processes in 
a nano-island as presented in Fig.  1 and to determine the reconfigura-
tion process of an HBDC nano-island leading to a thermal gearing effect, 
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Fig. 3. (a) The HBDC A rotated 60◦ clockwise in a pushing mode of manipulation with no apparent rotation of HBDC B. (b) An uncorrelated 120◦ clockwise 
rotation of HBDC C after pushing on HBDC A. (c) to (d) HBDC C was pushed back in its original orientation with no consequent rotation of HBDC A. Molecular 
manipulation in a pushing mode performed with the STM feedback set up: 𝐼 = 50 pA, 𝑉 = −600 mV. All STM images were recorded at 𝐼 = 6 pA, 𝑉 = −600 mV.
we compared the rotation of a single HBDC molecule triggered by 
gentle STM tip manipulation and by thermal energy. For this purpose, 
we selected a nano-island, comprising six HBDCs, well stabilized by an 
Au(111) surface reconstruction kink in between the fcc linear tracks 
(Fig.  2a). In addition, one missing-tooth HBDC molecule acted as a tag 
to follow a single HBDC molecular rotation event. Another criterion 
to select the given HBDC nano-island was to enable the tip apex-end 
atom to access any of the HBDC molecules for mechanical manipulation 
in a given nano-island, which limited the width of a nano-island to 
2 HBDC molecules. Mechanical manipulation with the STM tip was 
employed in constant current pulling mode to minimize the mechanical 
interaction between the apex of the tip end and the selected HBDC. The 
manipulation pulling threshold was determined by gradually increasing 
the STM feedback current, starting from a value where no movement 
was observed. The feedback loop signal was time recorded (𝛥𝑧 vs. time) 
at each line scan, then converted to a scan length (𝛥𝑧 vs. distance) [19]. 
As presented in Fig.  2d, such a line scan is very stable up to a current 
threshold where the 𝛥𝑧 jump (3) occurs during a mechanical pull along 
the line. This 𝛥𝑧 jump indicates that one HBDC had moved laterally 
during this line scan. This molecular manipulation was performed on 
the bottom nano-island of Fig.  2a comprising 6 HBDC molecules. After 
zooming on it, the STM tip apex was positioned at the center k of a 
lateral HBDC and line scans were performed from k to l, for different 
incremental tunneling currents. The teeth positions of the concerned 
4 
molecule, before and after the line scan, are indicated in Figs.  2b and 
2c, respectively (see also Suppl. Info. 4). The threshold for pulling 
manipulation is reached at 𝐼 = 10 pA (𝑅𝑡 = 60 GΩ) leading to the 
𝛥𝑧 small jump (3) along the scan line to compensate for the increase 
in tunnel current resulting from the 60◦ rotation of the HBDC molecule 
during this scan. The STM image after this manipulation shows (Fig.  2c) 
that this HBDC rotated 60◦ clockwise because tooth no. 3 was pulled 
by the tip apex.

At the same time, another HBDC molecule oscillated 60◦ which can 
be seen from the double image of the tooth (marked 5) in Fig.  2c. To 
understand whether this was a fortuitous thermally activated event or 
a rotation resulting from a gearing effect due to the tip pulling the 
nearby HBDC, the same manipulation was performed again on HBDC 
A belonging to the same nano-island (Fig.  3a). This time, HBDC B 
remained stable during the STM manipulation (Fig.  3b) while HBDC 
C rotated 120◦ (noticeable due to its missing tooth). To ensure that it 
was a thermally activated event, HBDC C was then manipulated back 
120◦ to its original orientation by the tip (Fig.  3c) with no consequence 
on HBDC A and HBDC B (Fig.  3d). This confirms that the rotation of 
HBDC C was a thermal event, not correlated with the STM manipulation 
of HBDC A.

To observe the thermally activated random rotation of a single 
HBDC at the border of a nano-island, a new nano-island consisting of 8 
HBDC molecules was selected with a very specific surface arrangement 
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Fig. 4. Spontaneous uncorrelated thermal motion/rotation of HBDC at the edge of an 8 HBDC molecular cluster trapped at a crossing between 3 fcc tracks of the 
Au(111) surface. At the edge, 3 HBDC are not totally engaged with the other HBDC. (a–b) random rotation of the two external HBDC at the edge of the cluster. 
(c–d) One HBDC from the upper side moved away from the cluster leaving little space for another HBDC below it to rotate. (e) The missing HBDC joined again 
at the same position of the cluster. (e to f) the bottom HBDC is trying to sit to another available position at the edge and its going back and forth between these 
two accessible positions. One image recording time: 11 min. No time laps between 2 images. All STM images recorded at 𝐼 = 6 pA, 𝑉 = −500 mV.
Fig. 5. (a) STM scan image at another location as compared with Fig.  1. The bottom-right cluster of 11 HBDC is selected for further experiment. The cluster 
is constrained in between the Au(111) herringbone reconstruction i.e. stable enough over time against lateral thermal activated diffusion at 77 K. (b) Zoomed 
image of the cluster with the marked Au(111) reconstruction lines and the STM tip trajectory (green arrow) for single HBDC STM manipulation in a pulling 
mode. (c) Image of the HBDC molecules nano-island after this STM manipulation. (d) The recorded manipulation signal demonstrating how at constant current 
the tip apex is passing over the HBDC for 1.8 nm (i.e 30 s) and then is pulling the HBDC molecule.
(Fig.  4a). Here, only 2 to 3 HBDC molecules sitting at the border of 
the nano-island are potentially free to rotate, being located at an open 
space fcc track with no constrain. We have performed many scans on 
this new Fig.  4a nano-island waiting for a single thermally activated 
HBDC rotation event, with a suitable STM feedback parameters to avoid 
any tip-induced mechanical manipulation. Those scan sequences are 
presented in Fig.  4. The HBDC located at the left end rotates by 60◦ from 
time to time, while another one located at the top-right end disappeared 
away (Fig.  4c), diffusing along its fcc track. The surface thermal energy 
is enough to drive one or a few HBDCs to trigger a non-directional 
rotation or a motion along an fcc track (sequence from Figs.  4d to 4f). 
5 
Notice also that when the top right HBDC returns back (after being 
missing from Fig.  4c), it recovers its initial docking orientation in its 
nano-island (Fig.  4e).

4. Thermally activated gearing effect

To observe a thermal activated gearing effect, we selected a differ-
ent HBDC nano-island more constrained at its borders. Fig.  5 shows 
that the new selected nano-island, comprising 11 HBDCs, is tightly 
constrained at its top right end and with only two possible escape 
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Fig. 6. After the HBDC manipulation in a pulling mode from (1) to (3) as described in Fig.  5, a sequence of constant current STM images on the same Au(111)
surface location observing the thermal destabilization of the 11 HBDC cluster imaged in (1). (3) the new 11 HBDC intra-cluster ordering. This thermally unstable 
(3) then undergoes a succession of spontaneous 60◦ rotation from (4) to (6) before reaching a new configuration (7) with a train of 3 molecule-gears. Waiting long 
enough, (7) again recovers its initial configuration (1) spontaneously. But this time, (1) is no more stable at 77 K and reaches (9) similar to (7). It stays in this 
configuration for another 20 min as shown in (10). Then a spontaneous molecular gearing effect occurs at 77 K to reach (11) (see Fig.  7 for a detail interpretation 
of this molecular gearing effect). Aside from (2) to (3), STM scanning conditions were chosen in such a way not to perturb the position and conformation of each 
HBDC. The observed time sequence of the events from (3) to (11) varies from case to case.
Fig. 7. A detail interpretation of the HBDC molecular conformation in the STM images when spontaneously going from (10) to (11) and ending in (12) without 
any STM manipulation. The Au(111) surface reconstruction locations is indicated by the white dashed line. From (10) to (11), HBDC E rotates spontaneously 
120◦ clockwise as observed many times like in Figs.  2 and 3. The missing terbutyl tooth acts as tagging to follow the rotation. HBDC A diffuses thermally left 
rotating 60◦ anti clockwise. As a consequence, HBDC B rotates 60◦ clockwise. (12) After waiting for 2 h without scanning, HBDC (A,B,C) moved to the right, 
diffusing along the fcc track and HBDC E rotated back to initial position. The defect kink ‘‘k’’ can now be imaged after HBDC (A,B,C) left.
routes for the HBDC at the border. Its bottom-left HBDC (Fig.  5b) has 
one missing tooth which helps to follow possible thermally activated 
random rotation events. The configuration of this nano-island was quite 
stable under multiple STM scannings with the bottom-left HBDC ro-
tating from time to time. To mechanically destabilize this nano-island, 
we performed a single STM manipulation along the arrow as shown 
in Fig.  5b leading to a new configuration (Fig.  5c) (see Suppl. Info. 
5). The manipulation signal is presented in Fig.  5d. This configuration 
of the nano-island as presented in Fig.  5c is unstable under thermal 
activation and is now looking for stabilization as indicated in Fig.  6. 
This stabilization takes around 30 min to achieve the configuration of 
Fig.  6(7). Surprisingly, after a few days without scanning, Fig.  6(7) 
recovers its initial Fig.  6(1) configuration activated only by thermal 
energy. The only difference is that this Fig.  6(7) configuration can 
6 
again transform to Fig.  6(8) spontaneously with apparently the same 
intramolecular configuration as that of Fig.  6(3) nano-island. It was not 
possible here to determine some possible intermediate intramolecular 
conformation changes. But in any case, Fig.  6(8) can now thermally 
reach Fig.  6(9) which ends in the Fig.  6(11) configuration after a 
thermal gearing effect.

To analyze the observed thermal gearing effect from Fig.  6(10) to 
Fig.  6(11), the exact molecular arrangement of HBDC in the nano-
island was decomposed in detail and presented in Fig.  7. Fig.  7(11) 
is the immediate next scan after Fig.  7(10) with ∼ 5 min of STM image 
recording duration. The change in molecular configuration (presented 
just below the corresponding STM images in Fig.  7) from Fig.  7(10) 
to Fig.  7(11), can have two possible interpretations, both thermally 
activated: (i) HBDC A is thermally diffusing 2.6 nm towards the left, 
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Fig. 8. Simulations of the thermal gearing effect reported in Fig.  7 using a simple mechanical system of two coupled Langevin equations (see Supp. Info 6). For 
each HBDC, the 50 meV rotation barrier height was chosen for a given gear to rotate 60◦ in average at 80 K. (a1), (b1), and (c1) are the 2D contour plot of 
the ground state potential energy surfaces (PES) used in the Langevin with the obtained trajectories super imposed in white. (a2), (b2), and (c2) are the time 
dependent variations of the rotation angles 𝜃 and 𝜙 calculated by solving the Langevin. For (a1) and (a2), 𝑇 = 50 K is not high enough to provide enough energy 
to rotate. (b2) a detail interpretation of this random walk on the PES at 80 K for non-engaged state (𝑘 = 0 meV). Different trials will provide different trajectories. 
Calculation is limited here to 100 ns not to explore all the presented minima (blue in PES). (c1) The PES is changed due to added interaction potential for 𝑘 = 30
meV. (c2) The trajectory for 𝑘 = 30 meV. For the presented trial, only one gearing event is obtained even after 10 μs of simulation. (Details of the gears structural 
parameters given in Suppl. Info. 8).
rotating 60◦ anticlockwise to avoid the Au(111) reconstruction wall. 
The consequence is a clockwise rotation of HBDC B, resulting also in a 
left and 0.9 nm downward shift of HBDC C. (ii) First, HBDC B rotates 
clockwise, forcing HBDC A to rotate 60◦ anticlockwise and move to the 
left side under this push. As a consequence, HBDC C also moves to the 
left. In both cases, HBDC D is not moving and HBDC E rotated 120◦
clockwise. This last motion is normally independent of the HBDC A, 
B, & C motions as discussed above. Following observations in [9] that 
at 77 K a thermal motive power is not strong enough for the mutual 
rotation of two molecules, we privilege interpretation (i), showing that 
the thermally activated lateral motion of HBDC A to the left can trigger 
a single molecule gearing effect, activating the 60◦ clockwise one-step 
rotation of HBDC B and the consequent motion of HBDC C to the left. 
The initial position of HBDC A atop the herringbone reconstruction kink 
(see also Fig.  7(12)) is unstable according to the thermally activated 
path between Fig.  6(3) and Fig.  6(6). So, in this interpretation, there 
is no need to invoke a possible motive power of HBDC B. HBDC B 
is simply mechanically following the thermally activated instability 
of HBDC A which needed to rotate anticlockwise to get out of the 
reconstruction kink. This thermally activated gearing effect cannot go 
further because of the compact arrangement of the final molecular 
configuration in Fig.  7(11) (see conformation analysis in Suppl. Info. 6). 
We waited for some consecutive scans anticipating the detachment of 
HBDC B, diffusing along its corresponding fcc track as reported in Fig. 
4 from Fig.  4b to Fig.  4c. However, about 120 min after the recording of 
Fig.  7(11), we observed the disappearance of (A, B, C) from the nano-
island confirming the stability of the 2D configuration of this 3-HBDC 
cluster, which is able to diffuse like a single molecular object along 
the fcc track. Notice that from time to time, this (A, B, C) cluster is 
shuffling back and forth trying to fit in via its interactions with HBDC 
D. The duration of this 2D shuffling can be as long as 60 min. Note that 
we have presented the time sequence of one gearing effect out of many 
others observed at different locations on the surface. Another example 
for gearing effect is provided in Suppl. Info. 7.
7 
5. Discussion

To reproduce the observed gearing effect with a simple mechanical 
model, we used a pair of classical Langevin equations, one for each 
molecule-gear, assuming that thermally activated motions occur in the 
electronic ground state and follow a classical mechanical motion [20,
21]. As indicated in Suppl. Info. 8, we used a simple 2D potential energy 
surface (PES) (Fig. S10) for the rotation of two meshed gears with 6 
steps (teeth) between a full 360◦ rotation. The thermal activation is 
provided by two uncorrelated noises (one for each gear, i.e. one per 
Langevin equation) respecting the fluctuation–dissipation theorem in 
each Langevin equation (See Suppl. Info. 8). The momentum of inertia, 
the barrier height of the rotational potential energy, and the friction 
coefficients are of the same order of magnitude as that of a small 
organic molecule rotating on a metallic surface [22]. The equations 
are coupled with an interaction potential with an interaction factor 
‘𝑘’, with 𝑘 being zero when there is no interaction between the gears. 
As presented in Fig.  8a, for non-engaged gears (𝑘 = 0) and for a 
surface temperature not high enough to trigger even a one-step 60◦
rotation per gear, the rotational motions are random for both with 
very small rotational angle. The classical rotation trajectory remains 
inside the initial potential well of their PES in the 𝜃 and 𝜙 rotation 
angle directions (rotation of gear 1 and gear 2 are represented by 𝜃, 
and 𝜙, respectively). Fig.  8a confirms the reliability of the calculation 
by the coupled Langevin equations solver, which is further confirmed 
by plotting the Arrhenius curve per gear characterizing the thermally 
activated rotational process (Fig. S11). With no interaction between the 
gears (non-engaged state: 𝑘 = 0) and at a higher surface temperature, 
each gear rotates randomly independently of each other, with the 
awaited progression in time with a step of 60◦, exploring many minima 
of the PES around the initial angular position (Fig.  8b). This is exactly 
what was observed, for example, in Fig.  2c or in Fig.  4 sequences.

Now, when the two gears are engaged, the interaction potential 
meshing the two leads to a gearing effect even if the noises feeding 
the rotations are uncorrelated. Fig.  8c demonstrates one such event for 
𝑘 = 30 meV in a time span of 10 μs. It is exactly what was observed in 
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Fig.  7. With varying interaction coefficient (𝑘) relative to the rotation 
barrier 𝑈0 of the gears (see Suppl. Info. 8, Fig. S12) we can estimate 
the threshold value of 𝑘 for Fig.  7 case. When 𝑘 ≪ 𝑈0, the two gears 
are not engaged enough and rotate independently, fed by their local 
noises. For 𝑘 ∼ 𝑈0, when one of the two gears starts to rotate by 
60◦ in one direction, the second rotates 60◦ one step in the opposite 
direction. After many trials of solving the Langevin coupled equations, 
no net rotation is observed in a specific direction. For 𝑈0 = 50 meV, this 
transition for a thermally driven simultaneous (+𝜃, −𝜙, or vice versa) 
single rotation event occurs for about ∼ 𝑘 > 40 meV. Whereas, for 
𝑈0 = 20 meV the threshold for 𝑘 values for this event to occur decreases 
to ∼ 15 meV (Fig. S13).

In conclusion, by working at a surface temperature between the 
total freezing of mechanical motion and the complete thermodynamical 
behavior of a 2D molecular gas of HBDC molecules on a surface, 
we have observed their slow motions. From time to time, an HBDC 
molecule rotates step by step and sometimes leaves its nano-island. 
By constraining those two motions with the help of Au(111) surface 
reconstruction, we have observed a thermally activated gearing effect 
between 2 HBDC molecules. It demonstrates that such elementary rota-
tional events exist behind the average behavior described by statistical 
analysis. It describes how domain orientation is set up while forming 
a 2D monolayer of rotating molecules. It describes how the rotation of 
one molecule-gear can propagate coherently along a molecular chain of 
molecule-rotors. It also helps to experimentally approach the concept 
of mono-thermal storage in fluctuating rotating molecules. It demon-
strates the usefulness of a local single heat reservoir to drive a motion 
at nanoscale for an optimized chemical gear structure.
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