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1 Molecule synthesis and characterization

1.1 Synthesis

A thioacetyl derivative of the longest-reported helicene from our group, diazatri-
oxa[13]helicene [1], was prepared for the study. In the final synthetic step, the dimethyl-
carbamoyl protecting group was removed under harsh conditions, using n-Buli as a base
(see the Supporting Information, SI). The formed doubly deprotected dithiol analogue of
[13]helicene contained the free thiols. The reaction was quenched with acetyl chloride,
to in situ generate the thioacetyl groups and prevent the unwanted oxidation of thiol to
the corresponding disulfide.

1.2 Optical studies

The UV-Vis and fluorescent spectra of dithioacetyl[13]helicene (SAc[13]SAc) were mea-
sured to observe the electronic structures in a CH,Cl, solution, as shown in Figures S2
and S3. The SAc[13]SAc helicene is a yellow solid with a maximum absorption in the vis-
ible region at 390 nm (Figure S3) and also an intense fluorescence in the blue region
of the visible spectrum (Figure S2). The molar extinction coefficient (¢) was obtained
from the slope of the absorbance vs. concentration plot at the wavelength of maximum
absorption (390 nm) in accordance with Beer’s law in Figure S1. SAc[13]SAc has a similar
extinction coefficient (¢ = 25000 M~!cm™) to other azaoxahelicenes previously reported
in our group [1, 2]. The absorption spectrum of SAc[13]SAc (Figure S3) was also used to
obtain the HOMO-LUMO gap of the molecule. By using the onset of the longest wave-
length absorption, we estimated the energy gap to be 2.72 eV, which is only slightly lower
compared to the [13]helicene equivalent (2.78 eV) with terminal methoxy groups instead
of thioacetyl groups [1].

1.3 Electrochemical studies in solution

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used to inves-
tigate the redox properties of SAc[13]SAc and to estimate values of the HOMO and
LUMO energy levels (Figure S4) shows the CV and DPV experiments. The SAc[13]SAc
helicene displays a similar electrochemical behavior to other helicenes [1, 2], exhibiting
two reversible oxidations at 0.27 eV and 0.80 eV. No reduction was observed, which is in
agreement with related electron-rich systems. In general, we can estimate the HOMO and
LUMO energy from the first oxidation and reduction potential, respectively [3]. Since no
reduction was detected by CV, only the HOMO energy was estimated from the CV exper-
iment to be —5.00 eV and the LUMO energy was then calculated to be —2.28 eV by using
the energy gap obtained from the UV/Vis spectrum and the following equation:

Egap = Elumo — Eaomo ey

It is still worth noting that the frontier orbital energies of the molecule will change once it
is attached to the metal (Au) in the junction, as their orbital wave functions will hybridize
upon binding [4].



1.4 General experimental procedures

All chemicals, unless otherwise stated, were purchased from commercial suppliers and
used as received. All solvents were high-performance liquid chromatography (HPLC)
grade. Analytical thin-layer chromatography (TLC) was performed on SiO, 60 Fys, 0.2
mm-thick precoated TLC plates. Flash column chromatography was performed using
silica gel (Silica gel 60 (43-60 um) purchased from VWR).

'H NMR and '*C NMR spectra were recorded at 500 and 126 MHz, respectively, using
residual non-deuterated solvent CDCl; 6y = 7.26 ppm and 6¢ = 77.16 ppm; DMSO-dg
6y = 2.50 ppm and ¢ = 39.52 ppm; CD,Cl, 0 =5.32 ppm and 6 = 53.84 ppm as the
internal standard. All chemical shifts (0) are quoted in ppm, and all coupling constants
(J) are expressed in hertz (Hz). The following abbreviations are used for convenience in
reporting the multiplicity for NMR resonances: s = singlet, d = doublet, t = triplet, dd =
doublet of doublets, and m = multiplet.

High-resolution mass spectrometry (HRMS) spectra were recorded on an ESP-
MALDI-FT-ICR instrument equipped with a 7 T magnet (prior to the experiments, the
instrument was calibrated using NaTFA cluster ions).

UV-vis absorption and fluorescence measurements were performed in a 10 mm
path-length quartz cuvette. A background of pure solvent was subtracted. Absorption
measurements were carried out on a Perkin-Elmer Lambda 2 spectrophotometer. Fluo-
rescent measurements were carried out on a Horiba Fluorolog 3-222 with a 450 W Xenon
XBlight source and double monochromators for both detection and excitation.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were carried out
in CH,Cl, containing Bu,NPFg (0.1 M) as the supporting electrolyte using an Autolab
PGSTAT12 instrument driven by the Nova 1.11 software. The working electrode was a cir-
cular glassy carbon disk (d = 3 mm), the counter electrode was a platinum wire, and the
reference electrode was a silver wire immersed in the solvent-supporting electrolyte mix-
ture and physically separated from the solution containing the substrate by a ceramic frit.
Measured potentials were referenced to the ferrocene/ferrocenium (Fc/Fc*) redox cou-
ple measured before and after the experiment. All potentials are given in Volts vs Fc/Fc*.
The voltage sweep rate, v, was 0.1 Vs~L. Solutions were purged with argon saturated with
CH,Cl, for at least ten minutes before the measurements were made. A stream of argon
was maintained over the solutions during the measurements. The temperature was ~297
K.

The collected data were processed in OriginPro 2023.



1.5 Synthesis of dithioacetyl[13]helicene

1. n-BuLi
2. AcCl

THF
75%

Starting material (15 mg, 0.013 mmol, 1.0 eq.) was added to a flame-dried round-bottom
flask under a nitrogen atmosphere, and dissolved in dry THF (3.0 ml). The solution was
cooled in a dry ice/acetone bath to —78°C, and n-BulLi (2.5 M in hexanes, 0.053 ml, 0.131
mmol, 10 eq.) was added. The reaction was stirred for 15 minutes in the dry ice/acetone
bath and 45 minutes at room temperature. Afterwards, it was cooled in an ice bath and
acetyl chloride (0.056 ml, 0.788 mmol, 60 eq.) was added to the cooled reaction mixture
and was stirred 5 minutes in the ice bath and finally 1 hour at room temperature. To
the completed reaction, 5 mL of dichloromethane was added and the volatiles were
removed under reduced pressure. The crude mixture obtained was purified with flash
column chromatography (heptane/ether: 4/1) to give the product as a yellow solid in
75% yield (11 mg, 9.9 umol).

Sublimation: To ensure the helicene can convincingly transfer to the single molecule
junction, a small sample of the SAc[13]SAc was sublimed using standard laboratory
equipment. The SAc[13]SAc sublimed at 0.1 mbar vacuum and maintained its structure
(analysis by 1H NMR and MALDI-TOF MS).

'H NMR (500 MHz, CD,CL): § 7.74 (d, /] = 1.8 Hz, 2H), 7.45 (d, J = 8.3 Hz, 2H),
7.41-7.38 (m, 4H), 7.05 (s, 2H), 6.83 (dd, J = 8.3, 1.8 Hz, 2H), 6.77 (s, 2H), 3.97-3.92 (m,
4H), 1.95 (s, 6H), 1.94 (s, 18H), 1.83-1.74 (m, 4H), 1.69 (s, 18H), 1.07 (t, J = 7.4 Hz, 6H).

3C NMR (126 MHz, CD,Cl,): § 195.22, 152.25, 149.84, 149.66, 137.65, 137.06, 133.97,
132.41, 131.92, 128.91, 128.06, 127.95, 127.25, 125.07, 121.92, 121.51, 121.27, 118.35,
114.51,114.38,113.51, 104.31, 104.02, 45.35, 35.58, 35.02, 30.87, 30.27, 29.85, 23.17, 12.43.

HR-MS (MALDI-TOF): calcd. for C,,H,,N,O5S, [M]*t is 1082.4726 m/z, found
1082.4736 m/z.



1.6 Synthesis of linear 2,6-di(acetylthio)anthracene molecules

Anthracene-2,6-disulfonic acid:

+

O‘O e OOO

N0 ()
80 °C HO

\\ OH

Na* 73%

A 250 ml round-bottom flask equipped with a stirring magnet and a condenser was
charged with 9,10 anthraquinonesulfuric acid disodium salt (2.87 g, 7.0 mmol, 1 eq.),
ammonium carbonate (6.4 g, 66.8 mmol), and distilled water (60 ml). The suspension
was heated to 80 °C and stirred until dissolved to give a light amber solution. Zinc metal
(8.0 g, 122 mmol, 1.8 eq.), activated with 2M HCI, was added, and the hot solution
immediately turned red. The mixture was left stirring vigorously at 80 °C for 4 days. After
cooling down to room temperature, the reaction mixture was slowly neutralized with
concentrated sulfuric acid until the white precipitate formed. The solid was filtered and
washed with acetone (30 ml) and dried under reduced pressure, yielding the desired
product as a light amber solid in 73% yield (1.85 g, 5.5 mmol).

'H NMR (500 MHz, DMSO-d,): 6 8.63 (br s, 2H), 8.30 (s, 2H), 8.03 (d, J = 9.0 Hz, 2H),
7.69 (dd, J =9.0, 1.7 Hz, 2H).

13C NMR (125 MHz, DMSO-dg): 6 144.9, 131.1, 130.7, 127.8, 126.8, 124.0, 123.9.

HR-MS (MALDI-TOF): calcd. for C;4,HgOgS, (M-H): 336.9840, found: 336.9859.

Anthracene-2,6-disulfonyl chloride:

\\ OH

OOO OOO k

120 °C ,
51%

In a 250 ml round-bottom flask equipped with a stirring magnet anthracene-2,6-
disulfonic acid (1.66 g, 4.9 mmol, 1 eq.) and PCl; (2.45 g, 11.8 mmol, 2.4 eq.) were mixed
well and vigorously stirred at 120 °C for 2.5 hours. After cooling to room temperature,
chloroform (100 ml) was added, and the mixture was refluxed for 2 hours, then left
stirring overnight at room temperature. The mixture was filtered and the organic layer
was washed with water (3 x 100 ml), dried over anhydrous sodium sulfate, filtered and
concentrated under reduced pressure to afford the pure product as pale yellow solid in
51% yield (0.94 g, 2.51 mmol).

'H NMR (500 MHz, CDCl;): 6 8.87 (d, ] = 1.6 Hz, 2H), 8.81 (s, 2H), 8.34 (d, J = 9.0 Hz,



2H), 8.06 (dd, J =9.0, 1.6 Hz, 2H).

13C NMR (125 MHz, CDCl;): 5 142.7,133.3, 131.5, 131.5, 130.8, 130.3, 121.5.
HR-MS (MALDI-TOF): calcd. for C,,HgCl,0,S, [M]*: 373.9241, found: 373.9238.

2,6-Di(acetylthio)anthracene:

O, cI  SnClyHCI

s s
o LT =2 1§ T
‘s 90 °C, 4h s o

CI” 26%

A suspension of tin(Il)chloride dihydrate (6.0 g, 13.2 mmol, 13 eq.) was added to a
prepared mixture of acetic anhydride (30.0 ml) treated slowly and carefully with con-
centrated HCI (6.0 ml). The mixture was stirred for 5 minutes, then heated slowly to
90 °C, and anthracene-2,6-disulfonyl chloride (0.38 g, 1.0 mmol, 1 eq.) was added all
at once. The reaction mixture was vigorously stirred at 90-93 °C for 4 hours, and then
allowed to cool down to room temperature. After the addition of ice-cold water (100 ml)
to the reaction mixture, the product was extracted with dichloromethane (3 x 200 ml)
in a separatory funnel. The organic solvent was washed with water (250 ml) and brine
(150 ml), then dried with anhydrous sodium sulfate. Evaporation of the solvent gave a
crude brown solid. The crude mixture was purified by flash column chromatography
(hexane/CH,Cl,: 1/9) to obtain the pure 2,6 di(acetylthio)anthracene as a pale yellow
solid in 26% yield (87 mg, 0.27 mmol).

'H NMR (500 MHz, CDCl;): 6 8.42 (s, 2H), 8.13 (d, J = 1.8 Hz, 2H), 8.03 (d, J = 9.0 Hz,
2H), 7.44 (dd, J =9.0, 1.8 Hz, 2H), 2.49 (s, 6H).

13CNMR (125 MHz, CDCl,): 6 194.3, 134.7, 132.3, 131.5, 130.5, 129.3, 127.0, 126.0, 30.5.

HR-MS (MALDI-TOF): calcd. for C,3H,,NaO,S, [M+Na]*: 349.0333, found: 349.0334.



1.7 Analytical data
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1.8 Optical and electrochemical properties
We investigated the photophysical properties of dithioacetyl[13]helicene.

Equation y=a+b*x
0.35 - | Slope 0.0248 + 2.64429E4
’ Residual Sum of Square 6,34848E-5
Pearson's r 0.9996
0.30 1 R Square (COD) 0.9992
Adj. R-Square 0,99909
0,25
E
§ 0,20
]
£ 0,15
8
S 0,10
0,05 -
0,00 T T T T T T T
1] 2 4 6 8 10 12 14

Concentration { 10° mol L™

Fig. S1: Graph of absorbance as a function of concentration of dithioacetyl[13/helicene

in CH,CL.
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Fig. S2: Fluorescence spectrum of dithioacetyl[13]helicene in CH,Cl, with excitation at
394 nm.
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Fig. S3: Absorption spectrum of dithioacetyl[13]helicene in CH,Cl,.
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Fig. S4: Cyclic and differential pulse or square-wave voltammograms of
dithioacetyl[13]helicene in dry CH,Cl, under N, with 0.1 M BuyNPF; as a supporting

electrolyte at a glassy carbon electrode (d = 3 mm) at a scan rate of 0.1 Vs~ and cali-
brated versus the ferrocenium/ferrocene (Fc*/Fc) redox couple as an internal standard.
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2 Experimental setup and measurements

2.1 Characterization of Au/helicene molecular junctions

Molecular junction conductance as a function of interelectrode separation was studied
using a mechanically controllable break-junction (MCB]J) setup at 4.2 K (Figure 1b, in the
main text), as explained in the Method section of the main text [5-7]. To probe a wide
range of possible junction configurations, the electrodes underwent repeated cycles of
compression up to metallic contact formation, followed by elongation and rupture. The
electrodes were initially compressed to form contacts, exhibiting conductance between
50 G, and 70 G,, where G, is the conductance quantum (G, = 2e?/h ~ 1/12.9kQ™1).
Subsequently, the electrodes were withdrawn until rupture. This dynamic elongation
and compression and process (pull-push process) was performed at a frequency of 8 to
20 Hz, with conductance measured concurrently as follows. The junction was subjected
to a fixed d.c. bias voltage of 50 mV. Specifically, a voltage of 500 mV was supplied by a
NI PXI-4468 data acquisition (DAQ) card, and subsequently divided by using a custom-
made voltage divider to improve the signal-to-noise ratio. The resulting electrical current
through the junction was fed to a Femto DLPCA 200 current preamplifier, and the output
signal was recorded digitally at a sampling rate of 100 to 200 kHz. The conductance was
determined by dividing the measured current by the applied voltage. The interelectrode
displacement was determined from the exponential dependence of the tunneling cur-
rent on the electrode separation [8] and was verified using the characteristic interatomic
spacing of Au atomic chains measured prior to the introduction of the molecules.

Prior to the introduction of helicene molecules, the typical behavior of bare metal
atomic junctions was examined by recording conductance as a function of interelec-
trode separation (conductance-displacement traces). Figure S5a shows representative
conductance-displacement traces for bare Au atomic junctions during the pull-push
cycles. The conductance decreases in discrete steps as the number of atoms in the con-
striction reduces [9]. A conductance plateau at 1G, is observed, indicating a single Au
atom at the junction’s narrowest point [10, 11]. Further stretching results in junction rup-
ture and a transition to tunneling conductance. Figure S5b presents typical conductance-
displacement traces recorded during pull and push processes after helicene molecules
were added to the Au junctions. The target molecules, a racemic mixture of helicenes
[12], were introduced into the junction during the pull-push process. As seen in Fig. S5b,
following the helicene introduction, the conductance traces reveal new features with
lower conductance than that of pure Au junctions, indicating the formation of molecular
junctions.

To statistically analyze the conductance of the Au and Au/helicene junctions, con-
ductance histograms and conductance-displacement density plots were generated from
datasets of 10,000 traces each without data selection, as shown in Figs. S5c and S5d for Au
junctions before and after the introduction of helicene molecules, respectively. In Fig. S5¢
(left panel, blue), the peak at 1G, corresponds to the most probable conductance value
for Au atomic junctions during the pull process [10, 11], while the low-conductance tail
represents tunneling transport observed after junction rupture. Corresponding data for
the push process are presented in red. The conductance-displacement density plots in
Figure S5c (middle and right panels) depict the conductance evolution during the pull
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and push processes for bare Au junctions. Figure S5d (left panel) presents conductance
histograms of Au/helicene junctions recorded during the pull-push cycles. In addition to
the 1G, peak, a new wider peak appears at lower conductance, indicating the formation
of molecular junctions. The conductance-displacement density plots for Au/helicene
junctions in Fig. S5d (middle and right panels) reveal an increased number of counts
below the typical conductance of bare Au junctions. For detailed information on the

evolution of conductance during elongation and compression of helicene junctions, see
Ref. [12].

Au/helicene
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Fig. S5: Conductance of Au and Au/helicene junctions during pull-push processes. a,
Examples of measured conductance-displacement traces for bare Au during the pull
(blue) and push (red) processes. b, Same as (a), but for Au/helicene junctions. c, Left
panel: Conductance histograms for bare Au junctions constructed for the pull and push
processes. Middle and right panels: Conductance-displacement density plots for the pull
and push processes, respectively. d, Same as (c), but for Au/helicene junctions. Each

histogram and density plot is derived from 10,000 conductance-displacement traces
recorded at an applied voltage of 100 mV.

2.2 Fitting procedure for I-V curves and extraction of I,,e; and V;,se¢

Based on DFT calculations for minimum-energy configurations, the electronic transport
through the examined helicene junctions can be described as off-resonant tunneling.
The relationship between the current I and voltage V in molecular junctions with off-
resonant tunneling conductance follows a cubic function of the form [13]

I=AV +BV3, )
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where A and B are constants. We used this model to fit the measured I-V curves succes-
sively in order to identify deviations from off-resonant tunneling behavior and to extract
the onset current and onset voltage for such a deviation (Iynser, Vonser)- Specifically, start-
ing from a fit to the -V data at low voltages, at each fit step a data point was added to the
previous voltage interval in order of increasing V, and the thus-far constructed -V curve
was fitted again using the above equation by adjusting the parameters A and B. A least-
squares fitting approach was used to minimize the deviation between the experimental
data and the fitted model curve. To determine I, and Vs, the deviation between the
fitted model curve and the successively uncovered experimental data was monitored.
When the last point of the least-squares fitted curve of the segment starting near zero
voltage deviated by more than a predefined threshold of 10% from the last fitted mea-
sured current value, the corresponding current and voltage at that point were defined as
Ionset and Vonset-

a b c
800 800 800
400 400 400
] 25 25
@ 20 20 20 Expected behavior for off-
3 resonant tunneling transport
15 15 15
10 10 10
° _________,J—/ ° ____} *
0 0 0
0 02 04 06 08 10 12 0 02 04 06 08 10 12 0 02 04 06 08 10 12
Voltage (V) Voltage (V) Voltage (V)

Fig. $6: Current as a function of voltage and corresponding cubic fits. a-c, Examples of
measured I-V curves (black) together with cubic fits (red), indicating the expected off-
resonant tunneling current.

2.3 Low-voltage regime: current jumps between distinct values

Below an applied voltage of 200 mV, we did not observe current jumps between distinct
current values, as those shown in Figs. 1d-i of the main text. Above this voltage, two
or more distinct current values can be observed for different junction realizations, as
exemplified in Fig. S7. Generally, different junctions may exhibit a different number of
current states, which we attribute to differences in junction geometry. Figure S7 also
illustrates that the current values are not necessarily correlated with the dwell times.
For example, Fig. S7d shows that the highest current value does not correspond to the
longest dwell time. Finally, we note that when comparing measurements across differ-
ent junctions, the magnitude of the applied voltage is not related with the number of
current states observed, as illustrated by Fig. S7. However, the effect of applied voltage
on the number of current states becomes apparent by recording the I-f curves at differ-
ent bias voltages for an individual junction realization, as shown in Fig. S8. Generally,
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once several distinct current values are detected for a particular junction, increasing the
voltage eventually leads to the detection of fewer current states. This results from the
shortening of the dwell time at each current state as the voltage increases, together with
the finite experimental sampling rate. Therefore, the states with the shortest dwell time
are the first to become invisible as the voltage increases.

Fig. S8 provides more data for the same measurement set shown in Fig. 1d-i presented
with higher temporal resolution. This set includes data acquired at applied voltages of
600, 660, 700, and 740 mV. As shown in Fig. S8a, cyclic current jumps (A - B — C —
A — .-.) are clearly observed at 600 mV. However, as the bias is increased to 660 mV
(Fig. S8b), the dwell times in all three states decrease, with state C becoming the first
to nearly disappear, being represented only occasionally by 1-3 data points. At 700 mV
(Fig. S8¢), current fluctuations are observed below state A, and it is no longer possible to
determine reliably whether state C is still sampled or whether the fluctuations originate
solely from states A and B. Note that given the very low temporal occurrence of state C
already at 660 mV, it is most likely that only states A and B are sampled at 700 mV. Finally,
at 740 mV (Fig. S8d), current fluctuations become the dominant feature, with most of the
signal concentrated near and below state A, which is now less well resolved.
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Fig. 88: Current as a function of time (I/-¢) for a given junction at different voltages.
I-t curves recorded at applied voltages of (a) 600 mV, (b) 660 mV, (c) 700 mV, and (d)
740 mV for a single junction. At 600 mV (a), three well-resolved current states are clearly
observed. As the bias voltage increases, the switching rate increases, resulting in progres-
sively shorter residence times and less distinct current states. At sufficiently high voltage,
the switching becomes faster than the temporal resolution of the measurement, prevent-
ing the resolution of all current states and leading to the apparent disappearance of the

least abundant states.

Table S1 lists the distribution of the number of observed current states for 316 exam-
ined individual molecular junctions across different experiments. In 194 of the 316 cases
listed in Table S1, two current states were observed. In view of the intuition provided by
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Table S1: Number of molecular junctions exhibiting multiple
current states.

No. of current states No. of junctions
2 194
3 86
4 25
5 11

Note: A total of 316 molecular junctions exhibiting two to five distinct current states were
observed at bias voltages above 200 mV.

our DFT and related quantum transport calculations (Supplementary Section 3), this
situation can arise from several scenarios. A possible one is a junction with more than
two energy minima, but with degenerate transmission for some of the minima, such that
only two distinct current states can be experimentally resolved (see calculated examples
in Fig. S18).

In addition to the 316 molecular junctions that exhibited two or more distinct current
states, we also observed junctions with no detectable current jumps at voltages above 200
mV. These cases may either arise from rotational energy barriers that are too high to per-
mit molecular rotation under the experimentally applied bias voltages or from barriers
that are too low to resolve conductance modulation, as predicted for the TT geometries.

2.3.1 Dwell-time analysis demonstrating stochastic behavior

To gain further insight into the nature of the conductance switching, we analyzed the
dwell-time statistics of the three current states. The dwell time is defined as the duration
during which the current remains in a given conductance state before transitioning to
the next state. As seen in Fig. S9, dwell-time histograms were constructed separately for
states A, B, and C, for a data set taken at an applied voltage of 600 mV, with 134, 137,
and 117 dwell events, respectively. Each histogram was fitted with a single-exponential
function,

I3
N(£)= Ny exp (—t—d), ®)

where N(t) is the number of counts of dwell time ¢, N is the initial number of counts,
and 74 is the characteristic dwell time. The extracted characteristic dwell times are
111£8 ms, 20.2+0.3 ms, and 8.0 £ 0.6 ms for states A, B, and C, respectively.

To verify the reliability of the exponential fits, the extracted characteristic dwell times
were compared with the corresponding mean dwell times calculated directly from the
measured current as a function of time (I-¢) data in Fig. S9a, which are 118+ 11 ms, 19+
2 ms, and 7.6 £ 0.6 ms. For all three current states, the fitted characteristic dwell times
are consistent with the corresponding mean dwell times within the fitting uncertainty,
indicating that the dwell-time distributions are well described by a single-exponential
decay. This behavior is a signature of a Poisson process and reflects the stochastic nature
of the molecular rotor in the low voltage regime. At the same time, the system exhibits a
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well-defined cyclic sequence of transitions between current states (e.g., A—»B—C—A) in
response to the applied voltage. Together, these indications point to a biased stochastic

process.
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Fig. S9: Dwell-time analysis of three-state rotational switching. (a) Current-time trace
recorded at an applied voltage of 600 mV, showing three distinct current states (A, B, and
C). (b-d) Dwell-time histograms for states A, B, and C, constructed from 134, 137, and
117 dwell events, respectively. The solid black curves represent single-exponential fits of

Eq. (3). The exponentially decaying dwell-time distributions are characteristic of a Pois-
son process.

0.03

2.4 Low-voltage regime: extraction of average rotation barrier

To extract the average rotational energy barrier, the cyclic jumps between current val-
ues were analyzed as a function of time for various bias voltages and different junction
realizations. The rotation rate, R, at a given applied voltage was determined by the aver-
age number of complete cycles (A — B — C — A or vice versa) per second during the
measurement time. As shown in Figs. 2d,e of the main text, the rotation rate increases
exponentially with the applied voltage. Assuming an activated behavior of Arrhenius
type, the rotation rate can be expressed as

R=Ryexp|—

M], ()

ks T

where R, is the intrinsic (free) rotation rate, E, is the zero-bias rotational barrier (acti-
vation energy) defined in Eq. (7), kg is the Boltzmann constant, T is the temperature,
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and y denotes the fraction of the applied voltage energy e V that contributes to molec-
ular rotation. Thus, the applied voltage effectively lowers the barrier height to E,—ye V.
We attribute this to the current-induced torque from the incoming electrons to the heli-
cal molecule that tilts the potential energy landscape, as discussed in the main text and
Supplementary Sections 4 to 6. Beyond a threshold voltage for stepwise cyclic jumps,
to a leading order, this torque is proportional to the excess voltage, which causes the
reduction of barrier height linearly in V. Taking the natural logarithm yields a linear
dependence of In(R/Ry) on V:

E
In(R/Ry) = ——2 4+ <L

. 5
ks T = kT ®)

The first term defines the intercept at zero bias, while the slope as a function of voltage
is determined by the last term.

Table S2: Experimental energy barriers for rotation E,, corresponding values for the
torque-related barrier reduction coefficient y and their temperature-independent ratio

Ey/(ey).

set-1 set-2 set-3 set-4 set-5
E,/(kg T) (dimensionless) 32.1+0.2 37.1£0.9 55.1£0.7 6743 48.5+0.9
ey/(kgT) v 41.6+0.9 37£2 63%1 635 32+1
Ey/(ey) (V) 0.77+0.02 1.0040.09 0.87+0.03 1.1+0.1 1.53+0.08
E, at 4.2 K (meV) 11.62+0.09 13.5+0.3 20.0+0.3 24+£1 17.6+0.3
Ej, at 20 K (meV) 55.3£0.4 6412 95+£1 115+6 84+1
r at4.2 K (%) 1.51+0.04 1.34+0.08 2.29+0.05 2.3+£0.2 1.15+0.04
y at 20 K (%) 7.2+0.2 6.4%+0.4 10.9£0.2 10.9+0.8 5.5+0.2

Note: The fit directly yields the dimensionless activation barrier E, /(kg T) and the slope ey/(kg T) (in V1), from which the ratio
E,/(ey) (inV) is obtained without assuming an effective molecular temperature. The values of E, and y are calculated assuming
effective molecular temperatures of 4.2 Kand 20 K.

Fitting the experimental data of In(R/R,) vs. V using Eq. (5) yields E,/(kgT) and
ey/(kgT). We can also estimate the bias voltage required to effectively reduce the bar-
rier to zero, Ey, /(e7), which is temperature independent. We emphasize that the molecule
begins rotating freely already before this voltage is reached, when the work done by the
torque exceeds the work done by friction. The values of E,, and y extracted at differ-
ent assumed temperatures, along with the corresponding ratio E,/y based on the fits in
Fig. 2d, are summarized in Table S2, assuming a free rotation rate of Ry = 10'° s7! (see
Supplementary Section 6.2.5 and Fig. S34).

2.4.1 Estimation of forward versus backward hopping

We assume that the potential landscape has three minima and three tops. Their energies

are E), EY, EQ and EY, Eg, E2, respectively. At a given temperature the rate of hopping
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e.g. from A to B is given by an Arrhenius expression

— woe—(EBB—Ef)/(kn T) (6)

0
Ry .

Likewise for the other “right” moving processes. Incidentally, E}, in Eq. (4) is related to
the individual barriers as:

o Bl s T) _ p(EQ—ED/ (s T) 4 o(BSc~E)/(ksT) 4 o (EQ\—EQ)/(ks ), )

The rate for hopping to the “left” is

R/(\)C = w, e—(Eé’A—ESJ/(kn T). (8)

The energy landscape is being tilted as the current is increased. A simple model for
describing that is Ey = E_, By = EY —2yeV, Ec = E—4yeV ,and Eyxy = EJ; —veV,
Epc = Eg-—3reV, Ecp = E0,—5ye V. This corresponds to a total work of W, =6ye V done

by the wind torque in one cycle (see detailed discussion of wind torque in Supplementary
Section 4.2, 5.3.1 and 6.2.2). Hence, the voltage dependent right hopping rates become

Ry = woe_(EAB_EA)/(kB T) _ RAOBeye V/(ks T)’ 9)

while the left hopping rates are of the form
Ryc= R/gce_”‘//(kB 0, (10)

Consider a system in state A. It can now choose to hop to the right or to the left in the
next short time interval. The ratio of the probabilities of such jumps is

Ry RY
PL _ Bac _ %e—zer/(kBT). (11)
PR Rag  Ry;

In Fig. 2d of the main paper, we plot the rate of making a full turn, i.e. to have three hops,
Ato B, Bto Cand C to A. This rate will be dominated by the slowest of the three hops. By
fitting the experimental rates, we e.g. get (dataset labelled 3 in Fig. 2d)

In(R/Ry)=—55.1+63.0V, (12)

which means that ye/(kgT) = 63.0 V™! for that device. We can then estimate the ratio
i/ pr for a bias voltage of V =420 mV (p and pJ being the probabilities without bias)

0
P_Pypxi0®, (13)
PR

Pr

So, unless the unbiased molecule shows very different probabilities for turning left vs.
right, the probability that the biased molecule will jump to the left, i.e. “against the

23



wind”, will be very small indeed, and it is likely to observe unidirectional motion.
Using the data recorded at 420 mV and shown in Fig. 1d as an example, the average

forward-jump frequency is 2.7 Hz. Therefore, the average waiting time before observing
a jump to the left (backward) is estimated to be

Py

E 3.7x10%s. (14)

The ratio p?/p{ is proportional to exp((E; — Egc)/(ks T)), so if the difference of unbiased
barrier heights is not larger than

In(3.710%) ky T ~ 52k T, (15)
then we would not expect to observe any jumps to the left.

2.5 Exploring other mechanisms for current boosting

In this section, we examine the feasibility of alternative mechanisms that could account
for the observed current-boosting behavior in helicene molecular junctions.
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Fig. S10: Measured current-voltage curves and corresponding cubic fits. a-d, Represen-
tative measured I-V curves (black) together with their cubic fits (red), demonstrating
symmetric behavior and deviations from off-resonant tunneling current at similar volt-
age magnitudes.

2.5.1 Rectification (diode-like) behavior

A possible interpretation of the observed current boosting is that the helicene junc-
tion behaves as a molecular rectifier, similar to previously reported molecular diodes
[14-20], which can exhibit current increases of several orders of magnitude for one
voltage polarity but not for the opposite polarity. However, the I-V curves measured
for the helicene junctions do not display such asymmetric transport. Instead, the pro-
nounced current increase occurs for both positive and negative applied voltages with
comparable amplitudes and at similar voltage magnitudes. Moreover, deviations from
off-resonant tunneling arise at similar voltage magnitudes for both bias polarities, as
shown in Fig. S10. A complete current shoot-up cannot be shown for opposite voltage
polarities within a single I-V curve, because the junctions are irreversibly modified at
elevated currents. The nearly symmetric experimental I-V characteristics therefore rule
out rectification as the origin of current boosting.
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2.5.2 Control experiments with 2,6-di(acetylthio)anthracene

To further test whether the abrupt current enhancement (i.e., current boosting effect)
is inherently related to the helical structure of the helicene molecules, we performed
control measurements on molecular junctions based on 2,6-di(acetylthio)anthracene
molecules (hereafter referred to as anthracene), within the same voltage range used
for the helicene junctions. These linear 7-conjugated molecules consist of fused car-
bon rings, have a molecular length similar to that of the studied helicene, and exhibit a
comparable conductance range when embedded in Au junctions. As shown in Fig. S11,
the measured I-V curves for Au/anthracene junctions reveal a featureless, monotonic
behavior, with no indication of an abrupt increase in current.

The absence of an abrupt current enhancement for the anthracene junctions pro-
vides a reference point: If the current boosting found for the helicene junctions were
caused by a local reduction of the Au-Au gap due to Joule heating and thermally induced
expansion, field-driven deformation, or any other general mechanism, similar current
boosting signatures would also be expected for anthracene-based molecular junctions.
These control experiments reinforce the conclusion that current boosting is linked to the
intrinsic properties of the helicene junction.

Current (pA)

15 10 05 0 05 10 15
Voltage (V)
Fig. S11: Measured current as a function of voltage for Au-2,6-di(acetylthio)anthracene-
Au junctions. The I-V curves of the linear anthracene molecular junctions do not show
an abrupt increase in current.

2.5.3 Linking cyclic current jumps to current boosting

Lastly, we link the cyclic current jumps, measured in the low-voltage regime, to the cur-
rent boosting observed in the high-voltage regime. Focusing on the cyclic current jumps,
which we attribute to stepwise rotation of the molecule within the junction, we use the
probed rotation rate as a function of applied voltage, shown in Fig. 2d of the main text
together with the Arrhenius-like fit to this data (see Supplementary Section 2.2 and 2.4,
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respectively) to estimate the voltage at which the effective barrier for molecular rotation
vanishes, according to the relation E, = ye V. This voltage, E,/(eY), is listed in Table S1.
We note that the Arrhenius-like expression does not account for friction. According to
our calculations (Supplementary Section 4.2.2), the actual transition from stepwise cyclic
molecular motion to continuous molecular rotation occurs when the work done by the
incoming electrons exceeds the work done by friction. This condition is reached at a
slightly lower applied voltage than Ej,/(ey), while the effective barrier is still finite. Conse-
quently, E,/(ey) provides an upper bound for this transition in the experiment. Turning
to the current boost, we extract the voltage at which the abrupt current shoot-up occurs,
Vehootup, fOT @an ensemble of molecular junctions. The histogram of these voltages is shown
in Fig. S12, together with the E,/(ey) values from Table S2 (blue squares). As seen, the
distribution of E,/(ey) overlaps with the Vi,qowp values and, indeed, defines an upper
bound for the peak of the Vi,qowp histogram. This analysis reveals that the proposed
model of electron-wind-induced molecular rotation and the associated transition from
stepwise cyclic molecular motion to continuous molecular rotation are consistent with
the relationship between the measured characteristics of the cyclic current jumps and
those of the current boosting. Finally, in the main text, we provide an independent indi-
cation of the link between the observed current boosting and the expected behavior of a
torque-driven turbine. Specifically, Figs. 2f-h of the main text show that current boosting
is initiated at lower currents when the helicene pitch is set to an intermediate configura-
tion, analogous to the fact that a minimal wind speed is still sufficient to rotate a turbine
when its blade angle is set to an optimal intermediate value.

Ep/ey (V)
0 0.4 0.8 1.2 16
L e o el =
- _
s —
0
=
=
Q
O
0 0.4 0.8 1.2 1.6

Shootup voltage, Vghootyp (V)

Fig. S12: Comparison of shootup voltage and E,/(ey). Histogram of shootup voltage,
Vahootup, defined as the applied voltage at which an abrupt current shootup is found.
The histogram is based on measurements of 280 molecular junctions, and E,/(e7) (blue
squares) is taken from Table S2, based on the analysis of the low-voltage cyclic current
jumps.
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To summarize section 2.5, the absence of diode-like behavior, the lack of current-
enhancement effects when a linear control molecule is used, the demonstrated link
between the experimental behavior in the low- and high-voltage regimes together with
the indications provided in the main text connecting the onset of current boosting
to the above-mentioned turbine-blade effect, support the proposed interpretation of
molecular rotation driven by the current wind.
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3 Electronic structure and charge transport calculations

In this section, we will study rotational barriers and charge transport properties basically
for two different junction types. They are the hollow-hollow (HH) and top-top (TT) junc-
tions presented in Fig. 2 of the main text. The asymmetric hollow-top (HT) geometry will
also be discussed shortly below.

In a previous study, we investigated the charge transport properties of helicene and
the shorter [6]helicene [12]. We analyzed the conductance as a function of the elec-
trode separation and found a so-called reverse-tilde shape, where the conductance first
decreases, followed by a pronounced increase, before it finally drops, as the single-
molecule junction is stretched. The HH and TT junction geometries in the present study
are based on those of the previous work [12].

The new focus here is on the influence of the rotation of the molecule inside the junc-
tion. We will first discuss rotational energy barriers, then study the transport properties
in dependence on the rotation angle, and finally present the calculation of the torque
caused by the electric current.

3.1 Rotational energy barriers
3.1.1 Description of junctions

The extended central clusters (ECCs) [21], used to model the junction geometries, are
shown in Fig. S13. In the top-top (TT) geometry, the electrodes are represented by atom-
ically sharp pyramids. They consist of 20 Au atoms, which are regarded as parts of
semi-infinite electrodes. These electrodes are aligned along the (111) crystallographic
direction. The helicene molecule is connected at each side to the tip atom of the Au elec-
trode via a sulfur atom, see Fig. S13a. In the second type of geometry, the hollow-hollow
(HH) junction, the tip atom of each Au electrode is removed, and the sulfur atom binds
to the three Au atoms of the next layer, which form a small surface, see Fig. S13d.

To scan the potential energy surface for the molecular rotation, we use techniques
from the field of reaction path optimization, where a reaction barrier is calculated based
on the educts and products of a chemical reaction [22]. We search the minimum-energy
path with the WOELFLING module of TURBOMOLE [23]. Since WOELFLING uses a lin-
ear interpolation between the geometries of educts and products as a starting path, we
provide an initial rotational trajectory. We choose two directly opposing electrodes, ren-
dering the z-axis a threefold rotational symmetry axis of the electrode part of the HH
and TT junctions. In addition, an inversion point is located on the z-axis in the mid-
dle between both electrode pyramids. By default, we choose a full rotation of the rigid
molecule by 360° in steps of 30° around the z-axis as our initial trajectory. For geometries
that we select for torque calculations, we increase the number of geometries along a full
rotation from 12 to 36, i.e. the angle is resolved in steps of 10°.

Analogously to electrode-distance variations [12], it is important for the following
transport calculations that the two outermost layers of Au in the ECC are not relaxed, but
stay the same as in a bulk system. Figures S13a and S13d visualize relaxed and fixed ECC
junction parts.

Geometry optimization along the rotational path leads to deviations from the original
cyclic motion of each atom in the molecule around the z-axis. Such deviations are less
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Fig. S13: Energy barriers for the rotation of helicene around the z-axis in TT and HH
junctions for different electrode separations. (a) Highly symmetric TT junction, with elec-
trode tips that directly face each other. The division of the ECC into left (L), central (C)
and right (R) regions is indicated. Atoms in L and R regions are fixed to a face-centered
cubic lattice. The electrode separation is measured between the first fixed layers in L and
R regions, as seen from the C part, and also the z-axis is shown. (b) Energy as a function
of the rotation angle in TT junctions for different electrode separations. (c) Maximum
energy barrier in TT junctions as function of electrode separation. (d-e) Same as (a-c) but
for HH junctions.

pronounced for atoms in the center of the molecule, but they are important for atoms
near the electrodes, see Supplementary Movies 1 and 2. We will still use the rotation angle
0 of the initial path to describe the geometries along the reaction path, and 8 should thus
more generally be seen as a scalar parameter that characterizes the rotational trajectory.

3.1.2 Highly symmetric top-top and hollow-hollow junctions

The energy as a function of the rotation angle is shown for highly symmetric TT and HH
ECCs in Figs. S13b and S13e. In all these junctions, the electrode pyramids are directly
facing each other such that there is a common threefold symmetry axis of the metal part.
The total energy for molecular rotation around the z-axis shows a 120° symmetry, which
isinduced by the Au electrodes. Deviations from the symmetric behavior for the TT junc-
tion in Fig. S13b are related to difficulties in resolving the reaction path for small energy
differences.

Overall, the rotational barriers in TT junctions are below 20 meV, corresponding to
an almost free rotation. For the HH junctions, in contrast, barriers are relatively high,
being in the range of around 0.4 to 1.6 eV. To explain the difference, a closer look at the
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geometries and the rotation paths is needed. In a TT-bonded situation, where the sulfur
anchor is connected to a single Au atom at each side, the helicene can rotate rather freely
around the z-axis. In contrast, steric hindrance between the molecule and the electrodes
leads to molecular distortion and continuous breaking and forming of Au-S bonds as the
terminal sulfur atoms jump between the three frontier Au atoms. This leads to a marked
increase in barrier heights.

We study rotational barriers as a function of electrode separation in Figs. S13c and
S13f. We measure the electrode separation between the first fixed electrode layers on
the left and right, see Fig. S13a and S13d. For TT junctions, we observe a reduction
of the barrier height at short electrode separations. Energy barriers are generally very
small and at the limit or being properly resolved by our density function theory (DFT)
calculations. For the HH junctions, barrier heights start around 1.5 eV at an electrode
separation of 16 A. The energy barrier increases slightly with stretching up to 1.6 eV at
18 A, before it drops monotonously to a minimal value of around 0.4 eV. In total, a reduc-
tion of the barrier height by a factor of nearly 4 is observed. Energy differences during
the rotation are largely caused by changes in the interaction at the molecule-electrode
interface. Since stretching of a junction increases the distance between terminal atoms
of the molecule and the Au electrodes, barrier heights are expected to drop with growing
electrode separation, explaining the global trends in Figs. S13c and S13f.

3.1.3 Hollow-hollow junctions with reduced symmetry

In the highly symmetric TT and HH junctions discussed above, we find a 120° symme-
try in the rotation potential due to the symmetry of the Au tips. Because of this 120°
periodicity, all three minima along one rotation, called m,, m, and mj3, are numerically
very similar. While this model is helpful to understand the energy landscape, it does not
describe the experimental situation accurately. Results, presented in Fig. 1 of the main
text, show that the molecule spends different amounts of time in the minima, implying
that they are not equivalent.

To study a rotational energy landscape with three distinct minima, we start from a
highly symmetric HH geometry with electrodes opposite to each other at an electrode
separation of 19.95 A. Now we apply lateral displacements to the electrodes, which thus
do not share the common symmetry axis anymore. We have seen before that stretching
of the junction changes the rotational barrier height. For this reason, we construct the
junction geometries with reduced symmetry in such a way that the sulfur-sulfur length
of the helicene molecule remains basically fixed. Detaching the electrodes, we rotate the
molecule around the x- and y-axis before reattaching the electrodes, whose (111) direc-
tion is still aligned with the z-axis. The newly obtained geometry is optimized before
the rotational barrier is calculated, as described above. As the initial axis for the deter-
mination of the rotational pathway, we project the left sulfur atom laterally onto the
symmetry axis of the left electrode, apply the same procedure at the right side, and con-
nect these two points. By this construction, the molecule preserves its length, and the
initial molecular rotation resembles most closely those in the highly symmetric junction.

The first row of Fig. S14 presents the resulting rotational potentials. The first column
contains junctions that are only manipulated by a rotation of the molecule around the
x-axis. After rotations by —10° and —20° around the x-axis, rotations around the y-axis
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Fig. S14: Energy barriers for rotation of helicene in HH junctions with reduced symme-
try. The first row shows the potential energy landscape. We extract for each minimum
the energy difference to the neighboring maximum on the left (m;(1)) or right (m;(x),
i =1,2,3), which are plotted in the second and third row, respectively. In the first column,
the molecule is tilted around the x-axis at variable angles, in the second column (in that
order) by —10° around the x-axis and additionally around the y-axis. The third column
is analogous to the second but with a —20° tilt around the x-axis. Corresponding geome-
tries are marked in the panels by dashed vertical lines.

are applied, yielding the results shown in columns two and three. Overall, we still find
three minima over a full rotation, which we denote as m;,, m,, and m;. In the second row
of Fig. S14, the energy barriers for a movement to the left, i.e. from m; to ms, ms to m,,
and m, to m, are plotted. In the last row, the related barriers for a movement to the right
are shown. The results demonstrate that the three minima vary in energy and that the
barriers that separate them are different, providing an example for a geometry that can
account for the measured three different dwell times.

3.1.4 Asymmetric hollow-top geometries

As rotational barriers in HH junctions are relatively high (around 0.4 to 1.6 eV), whereas
the helicene can rotate quite freely in TT geometries, these two junction types represent
extreme cases. To demonstrate that barrier heights between these two extremes can be
realized, we study an HT junction, which consists of a blunt hollow electrode and an
atomically sharp top electrode that directly face each other. The z-axis is hence still a

threefold symmetry axis of the metal part, but the electrodes are asymmetric along the
axis.
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The junction geometry is shown in Fig. S15 at two different electrode separations of
18.4 A and 22.3 Atogether with the calculated potential energy. The two junctions feature
a sulfur-sulfur distance of approximately 7.9 A and 11.0 A, respectively. The height of the
barrier is around 0.7 eV in both cases. For an HH junction with a similar sulfur-sulfur
distance, we find rotational barriers in the range of 1.3 to 1.6 eV. In conclusion, the bar-
rier of the HT junction is indeed positioned between those of the TT and HH junctions.
This shows that variations in the junction geometry can cause a wide range of different
rotational barriers, ranging from 0 to several eV.

3.2 Transmission and current as a function of molecular rotation angle

For each junction geometry, the electronic structure is calculated based on DFT using the
TURBOMOLE [23] program package. Afterwards, the electronic transmission function is
evaluated based on the Landauer-Biittiker formula using the non-equilibrium Green’s
functions (NEGF) formalism implemented in our own code [21].

Of special interest in the present study is not only the transmission as a function of
energy at a specific electrode displacement, but also how it changes with rotation of the
molecule. Thus, we compute the transmission function for all geometries obtained from
the rotational path optimization. In a second step, we can then determine the current as
a function of rotation angle 0 via

2
10,V,T)= 7‘3 f AET(E,0)ng(E, iy, T)— ng(E, g, T)]- (16)

Here, 7 (E, 0) is the energy- and angle-dependent transmission function, ng(E, u,, T) =
{1+exp[(E —u,)/(kg T)]}~* the Fermi function of electrode ¢ =L, R, u, the corresponding
chemical potential, V the voltage and T the temperature. We choose u; ~ Ez+ eV /2 and
Ugr~ Ep—eV /2. The Fermi energy is set to —4.5 eV, as discussed in [12].
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Fig. S16: Transmission and current as a function of rotation angle for three highly sym-
metric HH junctions at different electrode separations. In the first row, the corresponding
junction geometries are depicted. Electrode separations from left to right are 16.95 A,
19.95 A, 23.95 A, respectively. The second row shows the transmission as a function
of energy and rotation angle. The white dashed line corresponds to the Fermi energy
Er =—4.5 eV. The central plot is shown in Fig. 4a of the main text with Ei set to zero. In
the last row, the current is plotted as a function of voltage for different angles at a tem-
perature of T =10 K.

3.2.1 Hollow-hollow junctions

In Fig. S16, we study the dependence of transport on the rotation angle and show the
transmission J(E,#) in a two-dimensional plot. We observe that transmission reso-
nances shift to higher energies when moving from 0° to 60°, followed by a shift back to
the original values when the molecule reaches 120°. This pattern is repeated from 120°
to 240° and from 240° to 360°. The periodicity of 120° resembles the behavior of the total
energy as a function 8, discussed previously. Due to the periodicity, we will basically focus
on the angle interval from 0° to 120° in this subsection.

In a simple picture of noninteracting electrons, the total energy is given as a sum
over all occupied orbitals in the junction. As the total energy increases at a barrier due
to the steric hindrance of molecular rotation, also the molecular orbitals of the ECC will
increase in energy. This explains the relation between the total energy and the shift of
transmission resonances, which originate from delocalized helicene molecular orbitals.
Asvisible from Fig. S16, the Fermi energy is positioned inside the gap of the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the helicene molecule, corresponding to an off-resonant transport situation at low bias
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Fig. S17: Transmission and current as a function of rotation angle for a highly symmet-
ric TT junction. (a) The junction geometry at an electrode displacement of 24.92 A. (b)
Transmission as a function of energy and rotation angle. (c) Current as a function of volt-
age for different rotation angles at a temperature of T =10 K.

voltages. Since Ef is quite close to the HOMO, the upward shift of the transmission res-
onances enhances the conductance. Furthermore, as the molecule gets very close to the
metallic electrodes at a barrier, electronic couplings between the molecule and the elec-
trode grow, leading to an increased broadening of transmission resonances, which also
enhances the off-resonant transport. In conclusion, we expect a conductance enhance-
ment at the rotational barriers as compared to the minimum energy configurations due
to a combined effect related to level alignments and level broadenings.

Let us now analyze the effect of a finite bias voltage, for which transmission values
in an energy window [Ex — e V' /2, Er + e V /2] contribute to transport, see Eq. (16). If the
voltage is increased, the current grows monotonically for each rotation angle, as shown
in Fig. S16. The largest enhancement of current happens when the transmission peaks
connected to HOMO-related states enter the voltage window. Due to the previously dis-
cussed shift of these peaks during the molecular rotation, this enhancement in current
occurs earlier for geometries near the top of the rotational potential, i.e. around 60°, than
for geometries near the energetic minima, i.e., around 0° or 120°. At higher voltages, the
relative difference between the current at the bottom and top of the potential energy is
reduced, because the transmission peaks are inside the voltage window for all junction
geometries. The voltage- and angle-dependence of the electric current is controlled by
the electrode separation, as is visible in the different columns of Fig. S16. This behavior
suggests that a rotation of the molecule over the barriers could lead to a dynamic increase
of the current for appropriately chosen parameters, such as electrode displacement and
voltage, since the current at the barriers is higher than near the minima of the rotational
energy potential.

3.2.2 Top-top junctions

Analyzing 7 (E, 8) for TT junctions in Fig. S17, we do not observe shifts in the transmis-
sion peaks as a function of rotation angle. Instead, the transmission function and thus
the current are largely independent of 8, which agrees well with the almost free rotation
in the TT junctions. As we do not observe an angle-dependent current, no dynamical
current enhancement is expected from the rotation in this junction configuration.
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Fig. S18: Transmission and conductance of HH helicene junctions with reduced sym-
metry through laterally displaced electrodes. Similar to Fig. S14, in the first column, the
molecule is tilted around the x-axis only, in the second column by —10° around the x-
axis and subsequently around the y-axis. The third column is analogous to the second
but with a —20° tilt around the x-axis. The first row shows the transmission at the three
minima m,, m,, and mj3 as a function of energy, with the Fermi energy Er indicated by a
dashed vertical line. The variable tilting angles are chosen as (a) —20° around the x-axis
and (b,c) —20° around the y-axis. In the second row, the conductance is plotted for the
three minima as a function of the tilting angle, defined by the transmission at the Fermi
energy via G = Gy 7 (Eg) with Gy =2e?/h. Corresponding geometries are marked in pan-
els (d-f) by dashed vertical lines.

3.2.3 Hollow-hollow junctions with reduced symmetry

For HH junctions with laterally displaced electrodes and correspondingly reduced sym-
metry, we generally found three different energy minima and different energy barriers
to switch to an adjacent minimum, see Fig. S14. In the experiment, the three minima
(called A, B, and C states in Fig. 1 of the main text) are distinguished by their current level.
Therefore, we study here the transport properties at the three energy minima, visible in
Fig. S14.

Figure S18 shows the transmission as a function of energy at the three minima for
three selected junctions. The second row displays the dependence of conductance at
the three minima on the tilting angle. The tilt of the molecule indeed leads to different
conductance levels at m;, m,, and ms. The reduced symmetry of the HH junctions with
laterally displaced electrodes hence lifts the degeneracy of conductance values that we
find for the highly symmetric junctions, see Fig. S16.
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3.3 Current-induced torque

We calculate the current-induced torque based on Eq. (89) and do so for junction geome-
tries at different rotation angles and electrode separations. As the formalism presented in
Supplementary Section 5 assumes an orthogonal basis set, whereas the atom-centered
quantum chemical basis set, employed in our DFT calculations, is nonorthogonal,
we need to make some adjustments. We can derive that the derivative dy H needs to
be replaced by Jy(H — ES). In the context of the torque calculations, we can show
that 6,((i|H|j) — E (i|j)) = (il H|j). The latter matrix elements can be expressed via
(ilQgH|j)= Zm (i|0g, , H|J) 99 Ry, by using derivatives with respect to the atomic coor-
dinates, where I is an atom index and u € {x, y, z} denotes a Cartesian component. The
derivative (i|g, H|j) is available in TURBOMOLE [23] through the EVIB module, since
it represents an electron-vibration coupling [24]. The second term Jy R; , is given by the
derivative of atomic positions along the rotational path.

The nonequilibrium part of the torque is displayed in Fig. S19a for a highly symmet-
ric HH junction at an electrode separation of 19.95 A. Similar to the total energy (see
Fig. S13) or the transmission function (see Fig. S16), the torque shows a 120° periodicity.
The torque is small in the vicinity of the energy minima and maxima, but larger in the
intermediate regions.

Integrating = over the rotation angle 8 yields the work done by the torque

]
WT(B)zf dg’ =(0"). a7
0

Together with the rotational energy potential ¥ it yields the tilted-washboard (TW)
potential

7(0)=1(0)— W,(6) (18)

(see also the discussion of the washboard potential in the main manuscript and in Sup-
plementary Section 4.2). The work performed by the torque, W, is plotted together with
the rotational energy potential, ¥, and the TW potential, ¥, in Fig. S19b. We see that the
torque indeed adds a tilt to the potential energy landscape and thus leads to a preferred
direction of molecular rotation.

In Fig. S19c¢, we finally show the work done by the torque over a full rotation, W, (27),
as a function of voltage. We find an increase, which indicates that a rotation of the
molecule becomes indeed more likely at elevated voltage.

We performed torque calculations for all highly symmetric HH geometries, shown in
Fig. S13. The work done by the torque over a full rotation, W;(27), is displayed in Fig. 2f of
the main text as a function of the electrode displacement at different voltages. Since the
rotational barrier depends nonmonotonically on the electrode separation, see Fig. S13,
we normalized W, (27) by the height of the rotational barrier. The ratio is a measure for
the importance of the tilt in the washboard potential, Eq. (18).

The second row of Fig. S19, finally shows the torque 7, work W; and the TW poten-
tial ¥ for a highly symmetric TT geometry at an electrode separation of 24.92 A. Note
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Fig. S19: Torque calculations for highly symmetric HH and TT junctions. The first row is
based on the highly symmetric HH junction at an electrode separation of 19.95 A, whose
transport properties were studied in the central column of Fig. S16. (a) Torque calculated
at V =0.5V as a function of the rotation angle. (b) Work W, together with the potential
energy ¥ and the resulting TW potential ¥ as a function of 8. (c) Work W, (27t) performed
by the torque over a full rotation as a function of voltage. (d-f) Same as (a-c) but for
a highly symmetric TT junction at an electrode separation of 24.92 A, whose transport
properties were studied in Fig. S17. In all the plots we used a temperature of T =0 K.

that the quantities are all one to two orders of magnitude smaller than for the HH junc-
tions, studied in the row above. For the TT junctions the smaller torque might still induce
a molecular rotation due to the smaller rotational energy barriers that need to be over-
come. The independence of transport properties in the TT junction from the rotation
angle 6 would, however, render such a rotation difficult to observe.
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4 Theory of rotational dynamics

4.1 Torque operator

We start by considering an isolated molecule in its ground state configuration. The atoms
are in positions r;, with i the atomic index. If the molecule rotates an infinitesimal angle
60 around an axis n, the change of its atomic coordinates is

or;=00nxr;. (19)

For convenience, we have chosen the origin of the coordinate system on the rotation axis.
Consequently, a function depending on the atom coordinates will have the 0 derivative:

dr; oaf _ 9
d6™2 a8 ar, g =m (rx ) 0

Such a change of coordinates corresponds to a rigid rotation of the molecule, and the
energy will not change.

However, if the molecule is put between two electrodes, the total energy of the
molecule will change upon rotation due to its interaction with the electrodes. Conse-
quently, one needs to perform work 6 W for the rotation. Since the energy only depends
on the atomic position, the work can be written as

SW = Z— 6r; = (50nxz ) S—=60n Zr x( ) @1

The last sum is nothing but the classical torque 7. (c for “classical”) on the molecule,
since —0 ¥ /0 r; is the force on the atom number i. Thus, we get

(22)

oW=60n-7 TC—ZI‘ x( 3«;/)

or;

In quantum mechanics, the energy is the expectation value of the total Hamiltonian
H of the system. This means that we can introduce a torque operator

rz—Zrixa—H.. (23)

Its component along the rotation axis is given by

0H ”
nT=——o. (24)
In a realistic situation, when the molecule is not rigid, a full rotation of the molecule
may involve more complex changes of atomic coordinates. We can still consider 8 as
the parameter that describes the path in the multidimensional atomic coordinate space,
oW =-060 %—g is the work done.
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4.2 Langevin equation and tilted-washboard model

In the spirit of a semi-classical approximation, we treat the atomic motion as classical,
i.e. ignore quantum effects for the motion. This will be justified in the following. Newton’s
equations for the atomic coordinates are

dv;
m,-d—tle,-+v,-xB. (25)

Here we have added a “Lorentz” force explicitly, since it may arise from current-induced
forces [25]. For rotational motion, it is convenient to consider the kinetic angular momen-
tum

A=Zri ><m,-vi=92ml-r,- x(nxri)=9Zmi(nri2—ri(n-ri)) (26)

The rate of change is

%:Z(UiXmivi+riXFi+riX(viXB))
i

=7+92(nxri)(ri-B) @27

Its component along the rotation axis n is

A:n-A=H'Zmi[riz—(n-ri)z]zfé, (28)

where we have introduced the moment of inertia along the rotation axis .#. The rate of
change of A is thus

dA .
E=n-7+92n-(nxr,-)(ri-B)zn-'r:. (29)

Note that there is no contribution from the “Lorentz” force. Assuming a constant moment
of inertia, Newton’s second law thus reduces to

d?o
ﬂﬁzn-r. (30)

As detailed in Supplementary Section 5, there are several contributions to the torque.

* Thefirstis the equilibrium Born-Oppenheimer torque, which is nothing but the deriva-
tive of the total energy of the electrons in equilibrium when the molecule is in a
configuration corresponding to an angle 6:

oV
n-7Tgo :_ﬁ' (31)
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For a molecule rotating between two electrodes, ¥(8) is a periodic function. The rest
contributions are beyond the Born-Oppenheimer approximation.

* The next contribution is the friction. As the molecule moves (i.e. 6 #0), energy can be
transferred to the electrons in the form of electron-hole pairs, or to the phonon modes
in the electrodes. The phononic contribution normally dominates over the electronic
contribution. Such a frictional torque is to a good approximation proportional to § and
in general depends on the angle 6

n-t=-n(0)80. (32)

* According to the fluctuation-dissipation theorem, if there is friction, i.e. dissipation,
there is also a fluctuating force or torque on the molecule, 74 = n - 7. It is a random
torque whose average is zero. In equilibrium, its variance follows the fluctuation-
dissipation relation. The phonons in the electrodes are always in equilibrium. How-
ever, when the electrons are driven out of equilibrium, the fluctuating torque can also
contain a nonequilibrium contribution that accounts for the Joule heating [Eq. (109)].

* Last but not least, there will be a non-equilibrium contribution to the torque, which
originates from the electron current. We shall denote it the “wind” torque[26]. It
vanishes at zero bias, and depends on the bias voltage and on the angle

n-7,=1,eV,0). (33)

Importantly, it is non-conservative and can perform work on a rotating molecule.

The final equation thus takes the form of a Langevin equation

a0 o

. W——%'FTW—T]G'FTﬂ. (34)

In the following discussion, we shall make the approximation that the Born-
Oppenheimer potential is a cosine function, whose periodicity is approximately 27/3,
ie.

Y (0)=—7,cos(30). (35)
So, the Langevin equation is
d*o . .
yﬁz—s% sin(30)+7,,(0)—n(0) 6 +74(0) (36)

This is reminiscent of the equation of motion of a particle with mass .# moving on a tilted
washboard (TW). The tilt comes from the wind torque (see also Fig. S31).

4.2.1 Justification for classical treatment of angle 0

A rotating object with moment of inertia .# and angular velocity 6 will have an angu-
lar momentum L = .#6. For the classical approximation to hold we need L > #. If the
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objectisrolling downhill in a cosine potential, starting at the top of the hill, the maximum
angular velocity is 0, ~ 24/ ¥,/.¢. The ratio L/ can then be approximated

0 VoI [T
Oax | /1 37)
n/g n

Estimated from the molecular geometry, the helicene molecule has a moment of inertia
£/l ~3x107%s. For ¥, ~ 10meV, as determined for TT junctions in the DFT simulations,
we get

Bmax
— ~ 100,
7/9 00 (38)

i.e. the classical approximation is well justified.

4.2.2 Critical point

Let us rescale Eq. (36), and use a dimensionless time variable, s = wy t. The equation then
has the form

0 =—% sin(30)+ 7 (0)—7(0)0 + £4(6, 3). (39)

Here, a dot refers to differentiation with respect to s. The two extra dimensionless
parameters are given by

__n  _ n/n
3vIT  3V(I/R) (Ve/h)

~ Tw

Tw= ,
Wg%

] (40)

Since the unit of the friction coefficient 1) is that of an action, it makes sense to com-
pare it to 71. We can estimate the size of these quantities. The wind torque is a few meV,
which is much smaller than 97, ~ 90 meV. Likewise, the friction we find has a value
n/f ~ 1, which is much smaller than +/(.#/%)(¥,/%) ~ 102. Hence, both friction and
torque are small perturbations on the motion of 6. As a first approximation, we can
ignore these perturbations and solve the unperturbed equation of motion. Considering
a motion with energy ¢, we then get

BZiQ 2(8—%008(39)), (41)

which can be integrated to get 6 as a function of ¢.

Physically, the system has two types of motion: (a) oscillations close to the poten-
tial energy minima when the system energy is low; (b) rolling motion, when the system
starts at the top of the barriers and the energy is sufficiently high. In the latter case, the
angle 6 increases continuously, i.e. the molecule will rotate. The question is, how do the
perturbations from wind and friction change this picture?

We shall consider the work done by the two types of torque as the system moves
between the top of barriers, i.e., from —27/3 to +27t/3. First, the work done by the wind
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torque:
2m/3

W = Tw(0)d0o, (42)
—2m/3
i.e. the area under the 7,,-curve. For an angle independent torque, we get W, = %’T%w. For
the friction, we get

21/3

w= | a0)0d0= f

—27/3 —2m/3

2m/3

_ 1
T](H)Q 2(8—§COS(39))d9. (43)

The lowest possible value of the energy variable ¢ = 1/9 corresponds to a situation
where the system starts at the top of a barrier with no velocity. If the friction is angle-
independent, this gives

2m/3

2 2 8v2 4V
Wh(szl/Q)z%ﬁ \/l—cos30d9=§ﬁxT‘/_=(§) . (44)
—2m/3

If the wind work is larger than the friction work, the system will continue its motion when
arriving at the next top. So the critical relationship between them is
e 4
W,>W, < —>—. (45)
n 3

For angle-dependent torques, one has to compare the integrals in Eqgs. (42) and (44)
numerically. Since the wind torque depends on the bias voltage, the requirement Eq. (45)
will be bias dependent, and one should expect a critical voltage beyond which the system
begins to rotate more or less freely.

The system has quite different probability distributions in the above two cases. When
the wind torque is low, it spends most of its time close to the three minima of the poten-
tial. Subject to friction and fluctuation, it forms an angle distribution which is close to
thermal, corresponding to an effective temperature. On the other hand, above the critical
point, the angular velocity increases, but that also increases the friction work. Eventu-
ally, a new stationary state emerges, where the two types of work precisely cancel. The
system would have an approximately equal probability distribution at each angle. Both
two cases are further confirmed in the following numerical simulations (Supplementary
Section 6.2).

4.2.3 Randomness parameter

In the statistical kinetics of linear molecular motors, a dimensionless randomness
parameter, typically denoted as r, is used to characterize the stochastic fluctuations in
the motor’s stepping dynamics relative to its average forward motion [27]. For a motor
moving along a one-dimensional track with step size d, mean velocity v, and effective
diffusion constant D, it is defined as

2D

=d (46)
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For a discrete stochastic process, if n(t) is the number of steps taken in time ¢,

= l‘
AT

) (47)
with (-) the ensemble average. Functionally, it serves as the Fano factor for the motor’s
stepping process, allowing one to infer the underlying kinetic topology of the motor
without directly observing its intermediate states.

This concept can be straightforwardly extended to the rotational motor we stud-
ied here by using the unwrapped angle 8, rather than the angle reduced modulo 27,
as the input instead of the linear displacement. The step size is then d = 27, and the
randomness parameter becomes

2D D
r=-—=—, (48)
2ny mv
with the velocity and diffusion coefficient given by
AG(t Var[AQ(t
v= tim KROWN -y, VARG gy p)—00), w9
f—00 t t—00 2t

Applying this concept to the molecular motor described by the Langevin equation (36),
three different regimes can be identified as follows.

* Activated hopping regime below critical point. In the low-bias hopping regime, the
motor spends the vast majority of its time in one of the three potential minima,
and motion occurs via activated hopping over the barriers. As confirmed by experi-
ments (Supplementary Section 2.3.1), the hopping statistics are governed by Poisson
processes.

In the case of three equivalent minima with sub-step size a = 27/3, the effective dif-
fusion coefficient D and the mean velocity v are determined by the forward (k,) and
backward (k_) hopping rates

a? 1k, +k_
v=alk,—k_|, D=—(k.+k), r=—-— 50
Ik, —k_| gk = r=sotes (50)
Under voltage bias, k, /k_ ~ coth(|T,|a/2kg To) > 1, then
1 Twla 1
r=—coth(¢)z—. (51)
3 2kgTes) 3
Extending to three inequivalent minima as observed in experiments, one has
L <r<l (52)
-<r<l.
3

The lower limit occurs for equivalent minima; the upper limit is approached when
hopping from one of the minima is rate limiting.
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* Continuous rotation regime beyond critical point. In this regime, the motor contin-
uously rotates or slides down along the TW. The mean velocity is dominated by the
drift, v ~ 7,,/n, and the effective diffusion coefficient asymptotically approaches the
free-particle diffusion limit, D ~ D, = kg Tot/n. The randomness parameter in this limit
becomes:
2Dy 2kp Tefe

(tw/md  Tyd
The stepping becomes highly sub-Poissonian, reflecting the fact that the motion is
tightly coupled to the deterministic force, and thermal fluctuations are small compared
to the massive mean drift.

* Crossover regime. During the crossover between the above-mentioned two regimes,
the motor alternates between trapping in the potential wells and making long, rapid
runs down the washboard. This creates immense dispersion in the trajectory, caus-
ing D to peak. Consequently, the randomness parameter spikes to r > 1 (super-
Poissonian), signaling the presence of two distinct competing kinetic states (running
versus trapping) before the system fully commits to the deterministic sliding regime.
This has been studied in detail in Ref. [28].

~

< 1. (53)

5 Microscopic theory for torque and electrical current

In this section, we present the microscopic theory for the torque introduced in Supple-
mentary Section 4 and for the electrical current, which is the experimental observable.
We perform a systematic expansion in the rate of change H and study the consequences
to the first order in the expansion, thus going beyond the Born-Oppenheimer approxima-
tion. A similar theory has been used to study current-induced forces on atomic vibrations
[25].

5.1 Adiabatic expansion

Instead of the standard Keldysh technique, we use elementary scattering theory, where
the physics is more transparent. Wherein, a scattering state whose incoming wave, |@,),
described by the eigenstate of the electrode Hamiltonian, is given by the so-called Moller
operator, ie G"(E):

1

l¢)=ie G"(E)lpo), Gr(E)=m» (54)

where ¢ is a positive infinitesimal. This is an eigenstate of the full Hamiltonian. The
Hermitian conjugate of G"(E) is denoted G*(E), given by (E —H —ig)~".

In the case relevant for the present study, the molecule is placed in between two
macroscopic electrodes, denoted as L (left) and R (right), respectively. All the eigenstates
are then scattering states originating from either of the two electrodes. When doing aver-
ages of operators, we need a density matrix, describing the probability of electrons being
in any of the scattering states. A state originating from electrode ¢ has an occupation

given by the corresponding Fermi-Dirac function ng(e—u,), with € the energy of the state
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and y, the chemical potential of electrode ¢. The density matrix at some time #; is then
written as

p(1) = n(en—pt) 19 n(t6) (Pl 10). (55)

n,t
As the molecule rotates, this evolves into p(t) = U(t, ty)po(t)U(ty, t). Each of the time
evolution operators can be expanded up to the first order as

t
U(t, )= Uplt, o) + ) |¢n(r)>J ar'e @G (U, ) (56)
n 0}
= (Jb(t, t0)+ Ul(t! tO)

Its inverse is

t
Ulto, 1) = Unlto, )+ Y f di'e Y (15, 1), (1) (1) (57)
n Ji
= Uy(to, 1)+ Un(to, ).

The expectation value of any operator, ¢, at time ¢ can then be expanded using the
evolution operators.

5.1.1 Zeroth order

The lowest zeroth order term in the adiabatic expansion is

(0(”)0:“[90“)0]
=Tr[Up(t, to)p (1) Up(to, £)O ]

= nglen—pe) (@u(0)O1(2). (58)

n,l

Using the Mpller operator representation of the scattering states |[¢,(t)) =
ieG'(€n, 1)|@on), We get

(0())o = sZZf dE np(E — ) TT[GY(E, )0 G’ (E, 1)5(E — Hy)]
]
=ZJdE np(E —uy) Tr[0 < (E, t)]. (59)
¢

Here .</,(E,t) = £>G'(E, t)6(E — H,)G*(E, t). We have written explicitly the time-
dependence of the adiabatic Green’s function G'/2, which inherits from the time-
dependent Hamiltonian.

It is useful to write the Fermi-Dirac function as a sum of even and odd parts:

np(E — )= ng(E)+ Ang(E), np(E —ug)=ng(E)—Ang(E) (60)
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with

Ae(B)= S (neE )+ el B =), Ane(E)= 2 (me(E— )= ne(E—p)) (6D

The even contribution proportional to 7g(E) is
(0(t))eo=de np(E)Tr[0.</(E, t)], (62)
where ./ (E,t)=.of;(E, t)+ .o/g(E, t). The odd contribution proportional to Ang(E) is
(ﬁ(t))(,O:JdE Ang(E)Tr[0A </ (E, t)], (63)

where A./(E, t)= /1 (E, t)— oR(E, t). This contribution vanishes in equilibrium.

5.1.2 First order

The first order correction to the adiabatic approximation is given by

(0(t)) =Tr[U1(t, t0)p (o) Up(to, t)ﬁ] +Tr[(J()(t, t0)p (2o) U (%o, t)ﬁ]
=2ReTr[Uy(t, to)p (1) Up(to, 1)0]. (64)

It can be written in terms of the adiabatic Green’s functions as
(0(1), = 2Im2f dE ng(E—u,) Te[0(t)G'(E, t H(t).,(E, t)]. (65)
¢
Again, it can be split into two terms. The term proportional to 7iz(E) is
(0()1e =—21mf dE fig(E)Tt[0(t)0p G'(E, t)H(t).c/ (E, )]. (66)

This term will remain even in the case with no bias (but with a time dependent H). We
have used the operator identity 8y G (E)=—G'(E)?. The term proportional to Ang(E) is
given by

(0(t))10 =—21mf dE Ang(E, t)Tr[0(t)0p G'(E, t)H(t)A.</(E, t))]. 67)

In the following, we apply the general formulism to the electrical current and the torque
operator.
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5.2 Electrical current

We now consider the electrical current, which is the main experimental observable. It
is useful to divide the system into three subsystems: Left electrode, Molecule, and Right
electrode. Mathematically, we shall define projection operators, P, Py and B associ-
ated with these subsystems. The electrical current is defined as the rate of change of the
operator e B, i.e., the current from the left electrode to the molecule is,

L(t)=—eP =—e(i[H,P]) =—ie((Hy— Hm))- (68)

Here Hi\ = BLHPBy, Hy = PiHPBy, H, = PLHP,, and Hy = PyH Py. Similar definitions
hold for other operators, such as Hyy;, Hyg. It will be convenient to include part of the
Au atoms in the electrodes as formally belonging to the “molecule”. In this way, the time
dependence of the Hamiltonian belongs only to H. All other projected parts of the
Hamiltonian are then time independent.

5.2.1 Zeroth order, Landauer-Biittiker current

To get the zeroth order contribution, we use the general formulas (62) and (63). There is
no even contribution to the current, meaning that in equilibrium, there is no current in
the adiabatic limit. The odd contribution to the current becomes

. 2 dE
(P)oo= —%J Ers 2Ang(E) 7 (E), (69)
where the transmission function is

T (E)="Tr[Aur(E)(E)], (70)

and Ay = Gy Iz G} is the projected density of states contributed by the scattering state
from the right electrode. The projected Green’s function is

r — r — 1 r — r r
Gy(E)=RuG Ry = = myTySTIAL S'(E)=¥[(E)+Xk(E). (71)
and the self-energy is
¥, (E)=XV(E)—iT,(E)/2. (72)

We have split it into a real (Z"; (E), "p" for "principal value" ) and an imaginary (—I;(E)/2)
part. This is the standard Landauer-Biittiker expression for the current. All quantities
depending on the Hamiltonian of the central molecule become time (or angle) depen-
dent because of the time (or angle) dependence of the Hamiltonian itself. Here and in
the following, the time dependence will often be omitted to keep the notation simple.

5.2.2 First order, adiabatic pumping current

Even term, proportional to 7ig(E)
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We next consider the current that is the first order in the adiabatic expansion. According
to Eqg. (66), the rate of electrons moving into the left electrode is

(B(t)1e= 2Ref dE ig(E) Te[[H(1), L18 G' (E, 1)H(1)./(E, 1)]. (73)

We can use the projected operators and arrive at:

. dE
(B(he =f o ng(E) T.(E, t), (74)

where
Ti(E, t)=2ReTr [0z G}, (E)H GA(E)L(E) — 8 X (E)Gy,(E)H Ay(E)]. (75)

Here, 0 means energy derivative over the nearest term at the right side, similarly for
other partial derivatives. A similar expression is obtained for R by simply exchanging
L—R in the above two equations, and using the fact that 7ig(E) is symmetric with respect
to this exchange.

The sum T (E)+ Tz (E) describes the net current out of the central molecule. This does
not need to be zero at every instant, but when integrated over one rotation period, it
should be. This can be shown as follows:

T.(E)+ Ty(E)=2ReTr[8; G, (E)H GA(E)(E)— 8x X" (E)G(E)H Ay(E)]

=—Tr[G(E)HG/(E)(E)G(E)+ G&(E)H GA(E)T(E)G),(E)]

=—0, Tr[Am(E)]. (76)

We have used J; G)}(E) = —Gy,(E)(1— 8 X" (E))G}(E), and G;T G¢ = GATGy,. Thisisnota
surprising result. The quantity Tr[Ay(E)/(27)] is precisely the number of electrons (with
energy E) at the molecule at time ¢. So, the number of electrons leaving the molecule
will enter one of the electrodes. This gives zero when integrated over a full rotation of 27.
Physically, in the steady state we do not expect any charge to pile up in the molecule after
one rotation.

The total amount of charge going from left to right over one full period can be
obtained by integrating over the difference ((PR( t)— B (1)) le) /2. We are mostly interested
in the total amount of charge being moved in one rotation period. As seen above, we get
the same when considering either electrode, so we could consider the average pumped
charge per rotation

1 (" . .
Q==3 fo ((BL(t)—Pa(0))1e) d 2. 77

Since the current is proportional to H, we might as well change variable to 0

2n d
Q= —f d@f 2—5 ﬁF(E)(%6ETr[G1\C[(E)6gHGD‘/’[(E)AF(E)]—6gImTr[AZ’(E)GIQ(E)])
0
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2m d
= —%f d@f %(—6EﬁF(E))Tr[:?gHGl\‘j[(E)AF(E)GI\C[(E)]. (78)
0

Here, AT =T} — Iy, AX" = ¥ —¥¢. This current will also be present in equilibrium. It can
be related to the adiabatic pumping current in the literature [29, 30].

0dd term, proportional to Ang(E)
Out of equilibrium, there is an additional odd pumping current:

. d
(RL(t)1o =f 2—5 Ang(E)ATL(E, 1), (79)

where
AT (E, t)=2ReTr[ 3z G} (E)H (i AAw(E) + G(E))LL(E)— 85 Z1(E)GL(E)H AAy(E)].
The corresponding expression for R is obtained by exchanging L«—R, noting that b(g‘?l)l
Ang(E) and AAy(E) = Ayi.(E)— Aur(E) are odd under such exchange,
ATR(E)=2ReTr [0 G (E)H(i AAW(E) — G (E))TR(E) — 8 Zr(E)G(E)H AAy(E)]. (81)

Their sum is given by

AT (E)+AT(E)=2ReTr[ 85 G, (E)H (i AAw(E)T(E) + G, (E)AL(E))
—OpX(E)GL(E)HAA\(E)]. (82)

The parentheses in this expression can be simplified as
iAAW(E)T(E)+ GL(E)AT(E)= AAu(E)G), ", (83)
so the overall result is
ATL(E)+ATR(E):—%Tr[AAM(E)]. (84)

This is again a total derivative and gives zero after integrating over one rotation period.
The net current from the left to the right electrode is controlled by the difference

ATR(E)—ATi(E)=—2ReTt[ 0y G)(E)H (i AAy(E)AT(E) + G (E)I(E))
— s AY(E)G(E)HAAy(E)). (85)

5.3 Torque

We now focus on the various types of torque presented in the Langevin equation (36).
They are along the rotation axis and represented by the operator T =—3Jd, H.
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5.3.1 Zeroth order torque

Even term, conservative torque
According to the general formula (62), the even contribution is given by

<T(t)>e02_f dE np(E)Tr[0pH .o/ (E, )], (86)

Since .«/(E,t) = 0(E — H(t)), it follows from the Hellman-Feynman theorem that this
torque is conservative, i.e. it is the derivative of total energy:

(T(t»eO:_aGde fp(E) Tr[H(1)6(E — H(1))]. 87

0Odd term, wind torque
The odd torque follows from the general formula (63)

(T(l’))o():—f dE Ang(E)Tr[0gHA.</(E, t)]. (88)
In terms of the projected operators, it is written as
(T(f»oo:—f dE Ang(E)Tr[0p HAAW(E, 1)]. (89)

It is not conservative, and has been denoted as the wind torque. The work done by this
torque in one rotation period is given by

21
WT=f a0 (t(t))oo (90)
0

It is remarkable that the trace entering this expression is precisely the same as that
which appears in the expression for the even pumping current, see Eq. (78) [30]. The
energy integrals are slightly different. In the charge case, the integral is dimensionless
(integral over an energy 0-function), while for the work expression the energy integral
is over the bias window, i.e., it is related to e V. So, the ratio of work per eV to pumped
charge is a dimensionless constant of order 1

T
= const. 91
Vo, 91)

5.3.2 First order torque

The next class of electron-related torque depends on the motion of the molecule. Phys-
ically, it is a friction, which tends to slow down the molecule. From the general formula,
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it can be written as

. [ dE
(t(th = —Qf %nF(E —¢) ReTr[Gp H Op Ay(E, 1)0g H Ay (E , 1)) (92)

=—0(t)n(1).

It can similarly be divided into two terms. The even term is
. [ dE _ _
(w(1)a = f o O E) ReTr(6, HAw(E, 1)) HAw(E, 1) 93)

In equilibrium, it reduces to
n(t) =~ (47) " Tr[0p H An(Er, t)0p H Ayi(Eg, 1)]. (94)

The trace is positive definite, thus the friction is opposite to the angular velocity. The odd
term is only non-zero out of equilibrium

(T())gr =—0 J Z—:AnF(E)ReTr[agHaEAM(E, £)0y HAAW(E, 1)]. 95)

6 Application to helicene molecular junctions

6.1 Model
6.1.1 Helicene molecule

Electron transport through a molecular junction is mainly determined by the fron-
tier molecular orbitals, i.e., HOMO and LUMO. A first understanding of the relevant
orbitals of the helicene molecule (Fig. S20, left) can be acquired by studying a simple
tight-binding model consisting of one p, orbital per atom (the carbon, nitrogen, oxygen
and sulfur atoms), which make up the m-system. Actually, we first consider half of the
molecule (Fig. S20, center). Its eigenenergy spectrum is shown at the right side. When a
sulfur p, level is introduced after the molecule is built up without the anchors, it yields a
level in the original HOMO-LUMO gap. This sulfur-derived orbital has the largest weight
at the sulfur atom and decays into the rings (Fig. S20, center). It becomes the new HOMO,
labeled #14 (Fig. S20, right). Each half of the molecule contributes one such sulfur-
related “HOMO” level. They couple together and form the actual HOMO and HOMO-1 of
the whole helicene molecule. The sign of the coupling determines their symmetry. The
HOMO level happens to be the even combination. In Fig. S21, we show the result from a
full DFT calculation of a helicene molecule placed between two Au electrodes. Displayed
are the two orbital wave functions associated with the HOMO and HOMO-1. We see that
the simple tight-binding model actually reproduces the features of the full calculation.
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Fig. S20: Left: The helicene molecule studied in this work. Side groups have been omitted
for simplicity. There are three different types of rings: benzene-like ring (C), heterocyclic
ring with 4 carbons and a nitrogen atom (N), and heterocyclic ring with 4 carbons and an
oxygen atom (O). The pattern is CCOCNCOCNCOCC. Each of the end C rings has a sulfur
atom attached. Center: Schematic of half of the helicene molecule and the corresponding
HOMO orbital. Red and blue represent positive and negative values, respectively, while
the size of the disk represents the absolute value of the wave function at each atom. Right:
Distribution of the eigenenergies for half of the helicene molecule shown on the left.
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Fig. S21: Wave functions related to the two helicene frontier orbitals HOMO (left) and
HOMO-1 (right), determined with DFT for a TT junction geometry.

6.1.2 Helicene molecular junction

In this subsection, we set up a simple tight-binding model for the molecular junction
based on the above discussion. We model the molecule by two orbitals, one associated
with each end of the molecule. They have the same energy, and couple together to form
bonding and anti-bonding combinations, representing the HOMO-1 and HOMO orbitals
of the helicene molecule. Being 7 orbitals, they have the symmetry of a p-orbital at the
outermost sulfur atoms. They are perpendicular to the plane of the first (or last) aro-
matic 6-ring. These orbitals are now coupled to effective Au-derived orbitals in the two
electrodes.
The coupling between the left orbital and the neighboring Au orbitals is given by

H’ =Z tinla,) (| +h.c. (96)
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Here |a,) is one eigenstate of the Au electrode with eigenenergy €,. If we define an
effective, normalized Au orbital |A;) by*

1
A== ralan), 2= lnal, 97)
L n n

then the coupling can be written
H/Z tLlAL><I’lL|+hC (98)

The average "atomic" energy of the |A;) is given by

1
(AL|Hp|AL) = pe Z tin{an | Hol G ) trp

L nm
1

= >t e (99)
tL n

An electron put in this orbital, not being an eigenstate of the full Hamiltonian, will decay
into the rest of the macroscopic electrode. This is implemented as a level broadening, i.e.
animaginary part of the orbital energy. All these parameters, #; and E,, 1 +i71/2 and their
right electrode counterparts tg and Ex, g+ iyg/2, may change as the molecule rotates, i.e.
they are all functions of 6. In the following, we consider the simplest case, where only #,
and fR depend on 6. Hence, the effective Hamiltonian (including the self-energy) of the
molecule coupled to the macroscopic electrodes is given by a 4 x 4 matrix (Fig. 4b):

Epgp+ire/2 6(0) 0 0
| e B - 0
Fv = 0 —t B 1(6) (100)
0 0 R(0) Engrt+irr/2

6.1.3 Chirality of the junction

To consider the chiral property of the molecule, we represent the molecule in Fig. S22a
schematically by a sulfur-sulfur axis and two arrows giving the orientation of the p
orbitals at the two ends, whose overlap with the Au s orbitals determines the molecule-
electrode coupling(f;, f). This geometric object thus consists of three vectors: p, and p,
describe the orientation of the p, orbitals, and s is the vector connecting the two sulfur
atoms. It is chiral if the scalar s - (p, x p,) is non-zero. If it is positive, we denote it “left”,
while if it is negative, we denote it “right”. Next, we introduce two Au atoms at the ends of
an axis around which the molecule rotates. The overlap between the molecular levels and
the Au (s-) orbitals will vary and maybe even change sign during rotation. Figures S22b-
e show the evolution of the overlap at the two ends and the corresponding parametric
plot for two opposite chiralities as a function of rotation angle 8. The parametric loop
reverses direction upon changing chirality, resulting in opposite torque and pumping

*The factor 7 is there to make sure that the orbital |A; ) is normalized. The sign is not determined by that requirement. We
shall choose the sign of 71, such that it is a smooth function of rotation angle, i.e. continuous and differentiable.
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Fig. $22: a, Schematic model to characterize the chiral property of the molecule. b-c,
Overlap between the HOMO and Au s orbitals at the two ends of the molecule (;, fR) (b)

and the corresponding parametric plot (c). d-e, Similar to b-c but for opposite chirality.

current. The torque and pumping current associated with this model are related to the
area in parameter space.

6.2 Numerical simulation

Using the simplified model presented above, we can calculate all the quantities whose
general theoretical expressions are derived in Supplementary Section 5, and perform
numerical simulations of the Langevin equation.

6.2.1 Zeroth order, Landauer-Biittiker current

The zeroth order current is controlled by the transmission function, which in the simpli-
fied model reduces to

T (E)=t* tyyuyw/|det(E), (101)
where det(E) is the determinant of the 4 x 4 matrix E — Hy;. Figure S23 shows the trans-
mission function for different values of #; and tz. The transmission peaks are contributed
by two broadened molecular levels, whose position changes with #; and #z. The smaller
these molecule-electrode couplings are, the closer the peaks are to the Fermi energy,
located at the right side of the peaks. This observation is key to understanding the
electrical current, which can be obtained from the energy integral in Eq. (69).
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Fig. $23: Energy dependence of the transmission coefficient 7 (E) for different values of
t, = tg. The other parameters are Ey, | = Epyg =—0.13 eV, yp =yp=1.0eV, Eg=—1.5eV.

In Fig. S24, we show a contour plot of the current in the parameter space t; -  for four
different bias voltages. The following heuristic argument helps to determine, which curve
in the #; -t plane the system follows as the molecule rotates. The equilibrium position of
the molecule is at an angle that minimizes the total energy of the system. An important
and 0-dependent contribution is the energy of the HOMO level. The lower its position,
the lower can the total energy be expected to be. From Fig. S23 we see that the HOMO
energy is the lowest for high values of (#;, #z), and vice versa. This leads us to the path
shown in the left panel of Fig. S25. If the molecule is stuck at the energy minimum, the
current is approximately given by the value at point A. If it rotates freely, the current is
an average over all the points on the path, weighted by the time spent at each point. In
the experiments, the molecule visits three local energy minima in one loop. Each cor-
responds to a different current. For small voltages, these three configurations are quite
stable, and the rate of hopping among them is determined experimentally. We label the
three states by A, B, and C. So, a full rotation of the molecule will be represented by a path,
which is more like the one shown in the right panel of Fig. S25.

6.2.2 Wind torque, torque flow

The wind torque is given by the general formula (89). In the simplified model, only the
parameters ?LR =(t;, ty) change [Eq. (100)], such that we can introduce

6¢H:8H/8t,;, ZZL,R, (102)

and write the trace as a scalar product between two vectors

(103)

Tr[dp HAAW(E)] = (8y 11, 8y 1) - ( Tr[8,H AAy(E)] )

Tr[orH AA(E)]
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Fig. S24: Contour plots of the total current in #;-#z space. The four plots have been
calculated for different bias windows (shown in top-right corner), which are centered
symmetrically around the Fermi energy Er = —1.2 eV. The other parameters are Ey,| =
Eyyr=—0.13 eV, yL =ygr=1.0 eV, Es =—1.5 eV. Note the difference in the current scale. It
is much larger for a higher bias voltage. At the highest bias, the transmission resonance
moves into the bias window for most values of #; and #y.

The torque itself can also be organized as a scalar product between vectors. Introducing
the forque flow as the vector

TR=(TL,TR), T = f dE Ang(E)Tr[6,HAAu(E)], (104)

the work done by the wind torque in one rotation is given by a line integral

27
WFZJ\ d@ (39 tL,ag [R).(,:L)zfd?LR.%LR' (105)
0 R
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Fig. S25: Left: A path in f -tz space. The position A corresponds to the bottom of the
energy landscape, while the position B is the top of the barrier for a given junction geom-
etry. The current is calculated at bias V = 1.2 V. All other parameters are as in Fig. S24.
Right: A full rotation of the molecule is represented by a path in # -tz space, which is
approximately run through three times. The three stable configurations are labeled by A,
B, and C.

Here the integral is over the closed contour in £ -z space, that is being traversed as the
molecule rotates. Next, we use Stokes’ theorem and rewrite this line integral as an area
integral
m=fd2tLRn-(Vx?LR)=fd2tLR (%—ﬂ) (106)
o, OR
Figure S26 shows the torque flow 71y in the f; -tz plane for the same bias voltages
as in Fig. S24. The corresponding curl of 7, which determines the work done, is shown
in Fig. S27. As in the case of electrical current, the magnitude of work grows with bias
voltage, as the HOMO level moves into the bias window. The work done in a rotation
period is an area integral enclosed by the path in ¢; - 3 space.

6.2.3 Reduction of barrier height

As we have seen, the torque from the electron wind "tilts the washboard", i.e., the work
done by the torque should be added to the equilibrium potential barrier. Hence, the wind
contribution to the potential energy is

0
M@(Q):f T,(0)do’. (107)
6o

This can be analyzed within the simplified model for a path in the # -z space. When
using the path shown in the left panel of Fig. S28, we obtain the reduction of barrier height
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Fig. $26: The vector field 7¢ at different biases. The parameters used are the same as those
of Fig. S24.

shown in the right panel of Fig. S28. To a good approximation, the barrier decreases only
when the bias voltage exceeds a threshold value, corresponding to the kink in the blue
curve, which for the parameters used is 273 mV. Above this threshold, the barrier reduc-
tion is linear in bias voltage, with a slope of 144 meV/V. Experimentally, we determine
the bias-dependent rotation rate to be proportional to Rye”®V/*sT where ye /kg T ~ 40/V
(see Fig. 2d of the main text). Using the theoretical slope of the barrier reduction, we esti-
mate the junction temperature as 144/40 x 11.6 K ~ 42 K. This rough estimate is of the
same order as the junction temperature of 20 K discussed in the main text.

6.2.4 The turbine-blade effect

It is shown in the main text that the effect of wind torque can be adjusted by changing
the distance between two electrodes of the break junction, akin to adjusting the pitch
angle of turbine blades. Here, we give a qualitative understanding of this effect based on
the simplified model. DFT calculations in Supplementary Section 3 show that the move-
ment of the HOMO and HOMO-1 levels depends on the electrode distance, while the

59



Curl of Torque Curl of Torque

—0.0741 —0.265

i 0.8V

— 0.0663

—0.0585

= 0.0507

0.0429 0.159

0.265
-0.371
-0.477
-0.583
-0.689

0.242

0.0351

0.0273

0.0195

0.0117

0.0039

e

Fig. S27: Curl of the vector field 7; in the #; -tz plane. The parameters used are the same
as those of Fig. S24. The dashed blue loop is the same as that shown in the left panel of
Fig. S25. The work done by the wind torque is given by the integral of the area enclosed
by the path.

coupling ¢, determining the level separation, is rather constant. So, by moving the con-
tour in the #; -z plane, we can mimic the effect of the interelectrode distance. Figure S29
shows the average current and the work done by the wind torque in one rotation period
as a function of the position of the path in the #; -t space. The paths are similar to the
one depicted in Fig. S25 (left), except that they are shifted along the diagonal. It is shown
that both quantities vary considerably and reach a maximum almost at the same path
position. This agrees qualitatively with the experimental data and the DFT results.

6.2.5 Numerical simulation of tilted-washboard model

In this subsection, we present a numerical simulation of the Langevin equation (36).
The quantities entering the Langevin equation are obtained from the four-level model
shown in Fig. 4b. Parameters used are given in the caption of Fig. S30, where the distri-
bution of zeroth-order electrical current with respect to (£, t) is shown. We assume that
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Fig. $28: Left: Path used to calculate work. Right: The orange curve is the work done by the
wind torque along the path from A to B in the left plot. The blue line is the kinked linear
approximation to the reduction in barrier height. The kink defines a threshold voltage of
273 mV. Parameters: Es = —1.5, Ep,1 = Eyyr =—0.5, £ = 0.1, y, = yg = 2, B = —1.3. All
quantities are in units of eV.
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Fig. S29: Average current (left) and work done by the wind torque (right) as a function of
center of path (distance from origin). Bias voltage V = 1.2 V. All other parameters are the
same as those in Fig. 524.
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the parameter set (f;, tz) changes along the loop in three round trips for each rotation
of 21, meaning that three equivalent potential minima exist in one rotation period. This
simplification should not change the qualitative picture.

The corresponding equilibrium potential profile is described as ¥(8) = ¥, cos(30),
with ¥, =5 meV. The wind torque generates a tilt of this potential as depicted in Fig. S31
for several bias voltages. The fluctuating torque in the Langevin equation is characterized
by the correlation function

(talt +At)Ta(r)) ~ C(t)0(AL), (108)

where 0(x) is the Dirac 6-function. In a nonequilibrium situation, the correlation func-
tion is approximately given by [31]

C(1)=2kyT D Trl0p HA(y, )29 H Arlpsy, 1))/(47)
(=LR

+ J dE Tr{8,HAL(E, t)8y HAR(E, t)]Ang(E)/(27). (109)

While the first term is similar to the equilibrium thermal noise, the extra nonequilibrium
noise in the second term accounts for Joule heating.

To account for the coupling of molecular rotation with surrounding atomic degrees
of freedom, we introduce the parameter 1. Normally, it is much larger than that con-
tributed by coupling to electrons. In the simulation, as a simplification, we take it to be a
constant value n,, = 1072, which is approximately one order of magnitude larger than the
electronic friction at resonance. It mainly determines the critical bias for the onset of free
rotation. Figure S32 shows that the final result is not sensitive to the exact value of 7).

Probability distribution of rotational angle

The probability distribution of the rotation angle 6 at different biases can be con-
structed from the trajectories obtained from the numerical simulation (Fig. S33). The
results are obtained using the initial condition that the molecule starts from the top
of the potential with zero velocity. We obtain different types of distribution below and
above a critical bias Vs ~ 0.73 V, which depends on the position of Er and the value
of npn (Fig. $32). These numerical results are consistent with the qualitative analysis in
Supplementary Section 4.

* Below V., the probability distribution peaks at around 120°, corresponding to the
bottom of the potential. In this regime, friction dominates over the wind torque. When
the molecule drops from the top of the potential, friction slows its rotational motion,
causing energy dissipation. This loss of mechanical energy prevents the molecule from
reaching the next potential barrier. Eventually, the system reaches a steady state near
the bottom of the potential. Due to the large atomic friction, the final distribution at
various bias voltages remains similar to the equilibrium one.

* Above V¢, the behavior changes significantly. The probability distribution becomes
nearly uniform across the angular space, indicating that the molecule is free to rotate,
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Fig. S30: Contour plot of the electrical current in the #; - t space. The red loop represents
the parameter trajectory visited by the rotating molecule, and is used for all the numerical
calculations presented hereafter. Parameters: Eg = —1.5, Ey, 1 = Eayp = —0.5, £ = 0.1,
YL =7r =2, Er =—1.3. All quantities are in units of eV.

driven by the applied current. In the angle space, this results in a downward sliding
motion along the tilted potential.

* Near V., the distribution is a combination of the two previous cases. For instance,
from V = 0.69 to 0.73 V, the probability distribution exhibits a peak at ~ 120° , which
decreases with increasing bias, superimposed on a flat background, reflecting a transi-
tion between the two regimes. Figure S34 shows two representative trajectories. The left
panel shows the case where the molecule becomes trapped at the bottom of the poten-
tial. The final probability distribution in this case resembles those observed below the
critical bias. In contrast, the right panel illustrates a scenario where the molecule con-
tinues to rotate and reaches a steady state, with an angular velocity of w; ~ 71 GHz,
corresponding to a nearly flat final distribution. Both cases originate from the same
initial conditions, differing only in the realization of the numerical noise. These two
outcomes both have a finite probability of occurring near V,s.

We have also performed simulations for the scenario in which the molecule starts
at the bottom. In this case, the probability density distribution consistently peaks at the
bottom within the simulation time. However, the molecule can overcome the poten-
tial barrier and hop into the nearest valley on a longer time scale, as is also observed
experimentally. Such a rare event is governed by the Arrhenius law.

For a more comprehensive understanding of the behavior without performing long-
time simulations, we consider two key timescales that govern the dynamics. The escape

63



s 7 2
% _al .
E -4
a | !
5 -6 -6
& [
-8 -8/
-, S L A
0 20 40 60 8 100 120 O 20 40 60 80 100 120
0| 4
5 2
g -2
E 77 0
8 4!
—6:- —4
_8 _6
0 20 40 60 80 100 120 0 20 40 60 8 100 120
6 (deg) d (deg)

Fig. S31: Potential profile at different bias voltages. After including corrections from the
wind torque 7,(6, V), the potential shows a tilt that increases with bias.

time f., represents the average time it takes for a molecule, initially at the bottom of
the potential well, to overcome the barrier and escape. It follows the Arrhenius law
tesc = Ry exp[(E, — 7w(V))/ ks T] [see also Eq. (4)]. The trapping time #,,, on the other
hand, characterizes the average time required for the molecule to become trapped at
the potential minimum for the first time, given that it starts from the top. This time
depends on the relative magnitudes of 7,, and n), as well as the random noise present
in the Langevin equation. We extract this quantity through direct numerical simulation.
The trapping time distribution is shown as blue dots in Fig. S35, and fitted using an expo-
nential form. For comparison, the escape time, calculated using the Arrhenius law, is
depicted as orange dots and also fitted exponentially. The fitted curves provide insight
into the relative magnitudes of these two characteristic timescales.

Electrical current

We now turn to the calculation of the electrical current. From Fig. S30, we observe a
current distribution spanning over more than one order of magnitude, depending on the
values (f;, tg). Therefore, we expect quite different I-V characteristics below and above
Vionset- The I-V curve can be obtained from the two characteristic time scales

I=—~Ih+—.,ll, (110)
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Fig. S32: Phase diagram of the system described by the Langevin equation, excluding
random noise. When the molecule starts at the top of the potential with zero velocity,
it gets trapped at the bottom of the potential on the upward, left side of the boundary
(marked "trapped"), and it keeps rolling on the downward, right side (marked "rolling").
The boundary is determined by the balance between energy gain from the wind torque
and the dissipation from the total friction. The blue and orange boundary lines corre-
spond to results obtained for 1), = 72 and 107, respectively. It shows that the critical bias
is rather insensitive to the value of 7),,,. The wiggly phase boundaries result from finite
numerical resolution.

with # = fes/tirap. The current (green line) in Fig. S36 is obtained by taking a weighted
average of the currents corresponding to the molecule’s localization at the potential min-
imum (I}, orange dashed line) and its rotation (1, blue dashed line). A sudden increase
in current near the critical bias, by one order of magnitude or more, can be observed.
It signifies a transition from stochastic switching between three energy minima of the
molecule to continuous rotation. This phenomenon is proposed as the mechanism
responsible for the experimentally observed abrupt rise in the electrical current.

In Fig. S36, we have only included the contribution from the zeroth order Landauer-
Biittiker contribution. In Fig. S37, we show the even and odd contributions to the
first-order pumping current as a function of Ex for V = 0.8 V. It is observed that only a
small fraction of electrons is pumped for one full rotation. Its contribution to the elec-
trical current is much smaller than the zeroth-order Landauer-Biittiker result. Therefore,
although charge pumping due to molecular rotation could be an alternative mecha-
nism that boosts the current, the estimated magnitude is too small to account for the
experimental observation.
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Fig. S33: Representative probability density distribution at different bias voltages near
the critical value. The distribution at each bias is obtained from the statistical average of
10 individual trajectories. The distributions for V' < 0.67 V are similar to those at V = 0.67
V, while the distributions for V > 0.8 V are similar to those at V = 0.8 V. In the simulation,
we use A, ps, and eV as the units of length, time, and energy, respectively. The moment
of inertia of the molecule in these units is .# ~ 5 eV ps?, the reduced Planck constant is
71 =6.582 x 107 eV ps. The time step of the simulation is set to At = 4 ps, and 10° time
steps are used for each trajectory. The equilibrium temperature is set to kg T =2 meV and
the Fermi energy to Er =—1.3 eV.
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Fig. S34: Two typical trajectories from the Langevin equation at V =0.71V, Ep =—1.3 eV.
In the left panel, the molecule stays in one of the potential wells and oscillates around
the potential minimum. In the right panel, the molecule rotates continuously at a steady-

state rotation frequency of ~ 70 GHz.
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Fig. $35: Exponential fitting of the trapping (fap, blue) and escape (Ze, orange) times as
a function of bias voltage.
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from a weighted average of the current at the bottom of the potential (]}, orange, dashed)
and that when the system is rolling (I;,, blue, dashed). It shows a crossover behavior near
the threshold bias, whose width grows with temperature. Upper panels: Ez = —1.3 eV,
lower panels: Ep =—1.4 eV.
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Fig. §37: Even (blue, solid) and odd (orange, dashed) electron pumping efficiency as
a function of Ep at V = 0.8 V. For a steady state angular frequency ws ~ 70 GHz, the
pumping current is I, ~ 34 pA, which is many orders of magnitude smaller than the
Landauer-Biittiker current, rendering it negligible.
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