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Abstract  

There are now many examples of single molecule rotors, motors and switches in the literature 

that, when driven by photons, electrons or chemical reactions, exhibit well defined motions. As a 

step towards using these single molecule devices to perform useful functions one must 

understand how they interact with their environment and quantify their ability to perform work 

on it. Using a single molecule rotary switch we examine the transfer of electrical energy, 

delivered via electron tunneling, to mechanical motion and measure the forces the switch 

experiences with a non-contact q-plus atomic force microscope. Action spectra reveal that the 

molecular switch has two stable states and can be excited resonantly between them at a bias of 

100 mV via a one-electron inelastic tunneling process which corresponds to an energy input of 

16 zepto Joules. While the electrically induced switching events are stochastic and no net work is 
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done on the cantilever, by measuring the forces between the molecular switch and the AFM 

cantilever we can derive the maximum hypothetical work the switch could perform during a 

single switching event which is ~55 meV, equal to 8.9 zepto Joules which translates to 

a hypothetical efficiency ~55% per individual inelastic tunneling electron induced switching 

event. When co considering the total electrical energy input this drops to 1x10-7 % due to elastic 

tunneling events that dominate the tunneling current. However, this approach constitutes a 

general method for quantifying and comparing the energy input and output of molecular-

mechanical devices.    

Keywords: molecular rotor, AFM, STM, Cu(111), Ullmann coupling, qPlus 

Synthetic molecular machines are a rapidly advancing field in which motors, actuators and 

switches driven by chemical, optical and electrical energy have been demonstrated.1–10 While the 

complexity of these systems continues to increase, and their mechanism of operation becomes 

more deeply understood, a major challenge is to connect to these molecular devices and measure 

the forces they exert on their environment. Some seminal examples of ensembles of molecular 

motors moving macroscopic objects like water droplets up an incline11 or small glass bars exist,12 

but a direct measurement of energy transfer within individual molecule devices is lacking.  

In recent years non-contact atomic force microscopy (NC-AFM) with metal tips functionalized 

with closed-shell molecules like CO have revolutionized the field of molecular imaging.13–23 

These well-defined, fairly inert probe tips have enabled the internal structure of organic 

molecules on surfaces to be imaged while probing relatively large tip-molecule forces at very 

close proximity (into the Pauli exclusion/repulsion regime) without the probe tip itself being 

destroyed.13,14,24–26 This imaging technique that can resolve submolecular features has been used 

to characterize a wide variety of organic molecules on metallic or insulating surfaces.13,14,16,17,27 
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It has also been used to quantify the forces needed to manipulate molecular confirmations on 

surfaces.28–31 The work of Lotze et al. in which the authors report the transfer of energy from the 

stochastic motion of surface-adsorbed H2 molecules to the oscillation of the AFM cantilever 

itself is of particular relevance to this study.32 Herein we describe an approach using a 

combination of scanning tunneling microscopy (STM) Action Spectroscopy, and non-contact 

atomic force microscopy (nc-AFM) that enables the electrical energy input and the forces 

between the molecular switch and the AFM tip to be measured. To perform reliable single 

molecule measurements, one must consider variability introduced by the local environment on 

the molecular properties. In this sense crystalline systems, with their regular repeating unit cells, 

offer an ideal testbed in which the molecules are in identical environments. We focus on 2D 

crystalline molecular rotor arrays that exhibit discreet switching events that can be triggered by a 

STM tip.  

Results and Discussion 

Figure 1 shows both AFM and STM images of the 2D molecular rotary switch arrays and 

demonstrates how single molecular rotor switching is observed. Panels A-C show representative 

images in frequency shift, AFM tip tunneling current, and STM modes of the 2D arrays 

respectively. We have previously studied the structures of these 2D molecular rotor arrays.33–36 

Briefly, when 4-bromo-1-ethyl-2-fluorobenzene is deposited on a Cu(111) surface and annealed 

to 260 K the C-Br bond is broken and organometallic intermediates of the Ullmann coupling 

reaction37 form on the surface as shown in Figure 1E. These organometallic intermediates 

spontaneously self-assemble into a variety of 2D crystal structures on the Cu(111) surface. The 

structure and dimensions of the ordered molecular rotor arrays dictate the correlated switching 
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properties of the internal submolecular rotor units.34 The structure of interest to this study is 

shown in Figure 1 in which the molecules adopt a pseudo-herringbone type packing.  

 

Fig. 1 (A) nc-AFM image at 5 K of a 2D domain of 4-bromo-1-ethyl-2-fluorobenzene Ullmann coupling 

intermediates. Molecular models are overlaid along with yellow lines to indicate the orientations of the 

organometallic intermediates. Red triangles indicate the orientation of the ethyl rotor tail of the molecules. 

Imaging conditions: 100 mV, constant height, Br terminated tip. (B) Tunneling current image from AFM 

measurement in 1A with molecular models and the 1D unit cell of the active row highlighted in red. Imaging 

conditions: 100 mV, constant height. (C) Topographic 5 K STM image of an active swicthing row of the 

4-bromo-1-ethyl-2-fluorobenzene intermediates. Imaging conditions: 160 mV, 20 pA. (D) Close-up of the 

area in STM image 1C heighted by the yellow square, with molecular models overlaid with the 1D unit cell 

of the active row highlighted in red. (E) Molecular model of the 4-bromo-1-ethyl-2-fluorobenzene Ullmann 

coupling intermediate, with an ethyl rotor highlighted in red and the axis of rotation indicated with white 

arrows. (F) STM images of active rows of 4-bromo-1-ethyl-2-fluorobenzene intermediates before (left) and 

after (right) an I(t) measurement in which the ethyl switch transitions from down to up, where the yellow 

arrow indicates the placement of the STM tip. (G) Accompanying I(t) tunneling current vs. time trace with 
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two tunneling current levels highlighted that correspond to the two stable orientations of the ethyl rotor. 

Orange corresponds to the rotor oriented down and blue refers to the rotor oriented up. Imaging conditions: 

100 mV, 5 pA. Excitation conditions: 110 mV, 80 pA. Scale Bars: 1 nm. 

In the 4-bromo-1-ethyl-2-fluorobenzene Ullmann coupling intermediate each phenyl group is 

bonded to a central Cu atom and tilted off the surface ~30 degrees as seen in Figure 1E.38–40 The 

ethyl rotors attached to the highest side of the phenyl rings have preferred orientations pointed 

either away from, or towards the surface.34 The image in panel A clearly shows the rotor groups 

that are pointed up as AFM mode is most sensitive to the topographic height of surface features. 

However, rotary switching can be clearly seen in both AFM and STM modes (panels A-D). For 

example, panel F shows STM images before and after a single rotor switching event in which a 

rotor initially oriented in the down position is switched up. Panel G shows the corresponding 

tunneling current vs. time trace where the tunneling current starts low and ends high, consistent 

with a down to up switching event. In these particular 2D array structures we only observe rotary 

switching associated with the molecules located along the domain boundaries. 

Figure 2 shows a summary of STM based Action Spectroscopy41 and power law fits42 that enable 

us to quantify the electrical energy needed to switch the ethyl rotor groups between their two 

stable states. Panel A shows Action Spectroscopy in which the rate of a switching event is 

plotted against tip-sample bias difference, and hence the energy of the tunneling electrons at a set 

tunneling current. One can see from the lower log plot that the molecular rotor switching rate 

increases rapidly as the voltage approaches 100 mV. The upper Action Spectrum shows that 

there is a local maximum in the switching rate at both +102 ± 5 mV and −97 ± 4 mV. The fact 

that the Action Spectrum is symmetric about zero implies that switching of the molecule in this 

2D structure occurs via an inelastic electron tunneling process because the electrons excite the 



   
 

6 
 

mode regardless of their direction of flow. To further investigate the mechanism of electrical 

activation of the molecular switches we measured the switching rate as a function of tunneling 

current, at and above the threshold onset voltage (Figure 2). The switching rate is then plotted as 

a function of the tunneling current (I): 

Rate = In 

where n is the number of electrons involved in the process.42 The results of these experiments are 

summarized in Figure 2B and demonstrate that when the bias is lower than threshold, activation 

of the switch occurs via a multi-electron process, whereas at and above the bias threshold 

activation occurs via a one-electron process. These two results allow us to calculate the electrical 

energy required to switch a single rotary switch: 99 ± 5 meV or 16 zJ.  
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Fig. 2 (A) Action spectra for the 4-bromo-1-ethyl-2-fluorobenzene organometallic intermediate; plot of 

switching rate vs. bias. Inset: Action spectra for the −130 to 130 mV range at 5 pA. (B) Plot of switching 

rate vs. tunneling current at a range of biases. The slopes of the lines, n, gives the electron order of the 

process i.e. one vs. multiple electron induced switching. 

In order to quantify the forces associated with switching of the individual molecular switches we 

first performed frequency shift vs. tip distance (f(z)) spectra with the nc-AFM. Figure 3A 

shows a series of f(z) traces taken above a rotary ethyl switch. At this low bias (20 mV) the 

switch is not activated and remains in the up position. Imaging before and after the f(z) 

measurements confirmed that these traces correspond to the up state of the switch. The shape of 

the f(z) trace indicates that as the AFM tip approaches the switch it transitions from an 

attractive to a repulsive regime. The f(z) trace minima is defined as z = 0.  Figure 3B shows 

that when the same measurement is taken, but with an applied voltage (100 mV) that excites 
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switching of the ethyl rotor, one can clearly see two distinct f(z) traces corresponding to the 

switch in the up (lower traces) and down (upper traces) orientations. The vertical lines between 

the traces indicate fast stochastic switching between the two states as the switch is excited during 

the measurement. The effect of bias on the f(z) traces is small as seen in Figures S5 and S6 and 

within the error of the measurement.  

f(z) spectra on the bare Cu surface were used to background subtract the contribution of the nc-

AFM tip–Cu surface interaction from the tip–molecule–Cu surface interaction (Figure S1).28,43 In 

Figure 3D, multiple f(z) traces (teal color) of the bare Cu surface were fitted to a polynomial 

(red), producing a fit with an average standard deviation for f across the range of z of ± 0.20 

Hz. At zero applied voltage, with the rotor steady in the up position, these raw f(z) traces 

(green) are also shown in Figure 3D as well as their fitted function (blue); ± 0.21 Hz standard 

deviation. The black trace is the Cu background subtracted zero voltage trace and the Cu 

background is subtracted from all subsequent f(z) spectra presented; the effect of background 

subtraction on force calculation is shown in Figure S1. For spectra on the bare Cu surface, the 

minima in the  f(z) trace occurs ~300 pm closer to the Cu surface than when the 2D molecular 

switch layer is present.29 For the spectra seen in Figure 3B, the traces for the ‘up’ and ‘down’ 

rotors can be extrapolated (Figure 3 E) by methods explained in Figure S2. f(z) traces are 

vertically offset by values noted in Figures S5 A and S6 A such that f(z) = 0 at far tip distances. 

Using the Sader and Javis method f(z) traces were converted to force(z) data (F(z)).44 Figure 3F 

shows the F(z) traces for both the up and down configurations of the molecular switch. The 

negative values of the force indicate that both traces (corresponding to the switch up and down) 

are in the net attractive regime. In other words, the switch is most stable in the up position and 
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less stable in its down orientation. This result is verified by measurement of the lifetimes of the 

electrically excited switch in the up and down positions. Averaging ~800 switching events the 

total time spent in the up state (1772 s) is significantly higher than in the down state (1228 s) 

yielding an up/down lifetime ratio of 1.44:1.  

 

Fig. 3 (A) Frequency shift versus tip height (f(z)) spectra at 20 mV bias over the ethyl tail of a 4-bromo-

1-ethyl-2-fluorobenzene organometallic intermediate in the ‘up’ position. (B) At a bias of 100 mV the ethyl 

rotor switches rapidly between ‘up’ and ‘down’ positions producing two distinct f(z) traces. (C) Side view 

schematic of the molecular switch in ‘up’ and ‘down’ orientations. (D) Multiple f(z) traces from bare 

Cu(111) (teal) are shown with a calculated polynomial fit (red). This Cu background is subtracted from the 

rotor switching data to isolate the contribution of the nc-AFM tip–molecule interaction. The traces for 0 

mV bias over the ethyl rotor (green) are fitted (blue) and background subtracted to produce the final spectra 

(black). The minima of the background-subtracted, 0 mV bias trace was used to set z = 0 pm. (E) Distinct 

f(z) traces corresponding to ‘up’ and ‘down’ rotor positions from 100 mV spectra are derived from the 



   
 

10 
 

data shown in (B), including Cu background subtraction. (F) Force versus tip height (F(z)) for 100 mV 

calculated by the Sader and Jarvis method44 (k ≈ 1800 N/m, ƒ◦ ≈ 30800 Hz, Q ≈ 18000, Aosc = 50-60 pm).  

 

Switching events with the highest tip-switch forces occur at the smallest tip-sample separations 

(z ~ -80 pm). Under these conditions the energy required to transition the switch from the up to 

down position, assuming that the force field is linear, can be calculated by multiplying the 

average of the forces the switch experiences in the up and down positions by the distance the 

switch moves normal to the surface. Specifically, at the closest tip distance, z = -81.06 pm in 

Figure 3F, the force exerted is Fdown = -50.68pN and Fup = -78.79 pN. The hypothetical work the 

switch could perform on the AFM tip during the electrically induced switching event is then the 

integral of the force over the 137 pm distance between the rotor up and down positions, 

assuming that the force changes linearly between the up and down positions (see Figure S8). 

This number (137 pm) was verified by imaging individual molecular switches in their up and 

down positions in constant f mode (~ 140 pm) as shown in Figure S7. Integrating the force over 

this distance yields an energy of 8.9 zJ or 55 meV (Figure S8). The propagation of the ± 0.21 Hz 

standard deviation from the change in frequency shift spectra is visually presented in Figure S3 

and propagates as about ± 12 pN spread in the determined force resulting in a ± 10 meV error in 

the switching energy calculation. 

Comparing hypothetical work the tip could do on the cantilever (55 ± 10 meV) to the electrical 

energy required to induce a switching event (99 ± 5 meV) yields a hypothetical efficiency of 

~55% for a single molecule switching event per inelastic tunneling electron induced switch. 

However, when considering the total electrical current during the measurement (5pA) and that at 
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a 100 mV excitation voltage yields switching rates ~0.05 Hz, only 1 in every ~6x108 tunneling 

electrons induces a switching event and this hypothetical efficiency drops to ~1x10-7 %.    

Furthermore, when examining the local regions around each single molecule switching event 

before and after a switch is electrically induced, we note that switching of one ethyl rotor induces 

switching of the ethyl rotor on its nearest neighboring molecule in a correlated manner (as seen 

in Figure 1F). As the ethyl switch under the STM tip is switched up, the neighboring ethyl switch 

simultaneously switches down and vice versa (Figure 4). Using the convention of labelling rotors 

in the ‘up’ position as 1 and the down position as 0,34 these switching relationships are shown in 

Figure S4 with all possible combinations presented. The [1 0]↔[0 1] correlated switching events 

were observed 88% of the time suggesting that some of the extra mechanical energy imparted to 

the switch excited under the probe tip is transferred to the motion of a neighboring switch.  

 

Fig. 4 5 K STM image of an active switching row in a 2D domain (A). Zoom in images of pairs of active 

switches in the up (1) and down (0) positions in panels B-D show [1 0]↔[0 1] correlated switching 
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events that observed 88% of the time. Imaging conditions: −100 mV, 5 pA. Scale bar: (A) 2 nm, (B - 

D) 0.5 nm. 

 

Conclusions  

We report a system in which stochastic switching events can be driven resonantly by single 

tunneling electrons with an energy ~100 meV as measured by STM-based Action Spectroscopy 

and forces between the tip and switch simultaneously measured. Unlike a previous study in 

which electrically driven excitation of a layer of H2 molecules induced oscillation of an AFM 

cantilever,32 individual switching events could be detected due to the long lifetime of the up and 

down states of the individual single molecule switches. This enabled us to probe the forces 

between the AFM tip and the switch in both the up and down states of the switch. We find that 

the closer the AFM tip, the larger these forces. Measurement of the switch up/down lifetimes 

during tunneling electron excitation reveal that the up state of the switch is more stable, and 

AFM forces measurements confirm this. While the switching events are stochastic and no net 

work is done by the electrically excited switch on the AFM cantilever, the fact that we can 

measure the forces the switch experiences in the up and down positions allows us to calculate the 

amount of energy needed to transition the switch from up to down configuration by assuming 

that the force field is linear and normal to the surface. This energy is ~55 meV, which when 

compared to the 100 meV electron that induced the switching event, yields a hypothetical 

efficiency of 55% of the up to down switching event per inelastic tunneling electron. This 

number drops to ~1x10-7 % when considering the total electrical energy associated with electron 

tunneling. While the switching of our system is random and no net work is done, this approach 

of quantifying energy input and the forces the molecule moves against should in fact be 
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somewhat general for electrically excited molecular machines and could be extended to optically 

driven devices if the energy input is quantized in the same way that inelastic electrical excitation 

is. 

 

Experimental 

LT-STM experiments at Tufts University were performed in an Omicron Nanotechnology GmbH 

low-temperature microscope, operating at a base pressure of <1 × 10−11 mbar. The cleaning cycle 

for the Cu(111) single crystal (MaTecK) consisted of multiple 1.5 keV Ar+ bombardment and 1000 

K anneal cycles. The cleanliness of the crystal was determined by STM prior to molecular 

deposition. 4-bromo-1-ethyl-2-fluorobenzene was acquired at 95% purity from Matrix Scientific 

and purified further via multiple freeze/pump/thaw cycles before depositing on Cu(111) at 5 K. 

The molecular ensembles were then converted into the 2D Ullmann coupling intermediate 

structures via annealing to ~260 K.  

The non-contact Atomic Force Microscopy (nc-AFM) capability at Brookhaven National 

Laboratory's Center for Functional Nanomaterials was used for sample preparation, 5 K q-plus 

nc-AFM imaging and spectroscopy. The Cu(111) crystal was cleaned with repeated cycles of 

Ar+ ion sputtering and annealing. Small amounts of 4-bromo-1-ethyl-2-fluorobenzene were 

directly deposited on a Cu(111) sample at 5 K base temperature from a small transferable liquid 

source. Low coverages of the rotor were annealed to ~290 K while outside the cryostat shield. 

The sputtered PtIr tip was prepared by picking up a bromine atom left on the Cu(111) surface 

after the Ullman coupling reaction via close proximity scanning. The Br tip termination proved 

more effective than CO molecule termination when imaging the switching structures and in 
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spectroscopy measurements. Spectroscopy measurements were performed in consecutive bias 

sets with controlled approach and retraction of the tip over the same switching rotor. The 

location of the transition from attractive to repulsive in the frequency shift spectra of the rotor is 

consistent for the spectroscopy measurements presented in this manuscript at all biases. After 

background subtraction, this transition minima was set to z = 0 pm using the 0 V bias data set. 

Tuning fork sensors in the qPlus configuration had a resonance frequency of 30,800 Hz, spring 

constant of ~1,800 N/m, quality factor of 18,000 at 5 K and oscillation amplitude of 50 – 60 pm. 
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