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1. Molecular Synthesis 

 

All reagents and chemicals were obtained from commercial sources and used 

without further purification unless otherwise noted. The synthetic route used to obtain 

amine-terminated diarylethene 5 is outlined in Scheme S1. All reactions were 

performed in an inert atmosphere of argon in dry solvents, using standard Schlenk 

techniques. 1H and 13C NMR spectra were recorded on a Varian Mercury plus 300 

MHz and Bruker ARX 500 NMR spectrometer. All chemical shifts of 1H were 

referenced to tetramethylsilane (TMS, δ = 0.00 ppm) or CDCl3 (δ = 7.26 ppm), and 

13C NMR chemical shifts were referenced to CDCl3 (δ = 77.00 ppm). Mass spectra 

were recorded on a Bruker APEX IV mass spectrometer. Elemental analyses were 

carried out using a Flash EA1112 analyzer. 

Compound 1 and 2: 1, 2-bis (5-chloro-2-methylthien-3-yl) cyclopentene 1 (25) and 

tert-butyl-3-(4-bromophenoxy) propyl-carbamate 3 (26) have been synthesized 

according to the procedures described in the previously reported literature. 

 
Scheme S1. Synthetic route of an amine-terminated diarylethene 5 having 

three methylene (CH2) groups on each side. 
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Compound 4: 

1, 2-Bis (5-chloro-2-methylthien-3-yl) cyclopentene 1 (0.328 g, 1 mmol) was 

dissolved in 5 mL of dry THF. After being stirred in ice-salt bath in an argon 

atmosphere for 10 min, 2.5 M n-BuLi (0.96 mL, 2.4 mmol) was injected slowly, 

followed by stirring for 45 min at room temperature. Then, B(OCH3)3 (0.6 ml, 3 

mmol) was added and stirred for further 4 h. After that, the reaction mixture was 

heated up to 60 °C. Compound 3 (0.729 g, 2.4 mmol), Pd(PPh3)4 (83 mg, 0.072 mmol) 

and K2CO3 (1.0 g, 7.2 mmol) were dissolved in THF/H2O (10 mL/4 mL), the mixture 

was injected into the reaction solution and stirred at reflux overnight. After cooling, 

the reaction mixture was poured into water (50 mL) and extracted with CH2Cl2 (3 × 

30 mL). The combined organic layer was dried over Na2SO4 and removed under 

reduced pressure. The crude product was purified by chromatography on a silica gel 

column to afford compound 4 as a yellow solid. 1H NMR (400 MHz, CDCl3, 298 K): 

δ 7.41 (d, J = 8.7 Hz, 4H), 6.92 (s, 2H), 6.86 (d, J = 8.7 Hz, 4H), 4.81 (s, 2H), 4.02 (t, 

J = 5.9 Hz, 4H), 3.33 (d, J = 6.0 Hz, 4H), 2.84 (t, J = 7.4 Hz, 4H), 2.06 (m, 2H), 1.98 

(s, 6H), 1.45 (s, 18H), 0.87 (dd, J = 14.5, 7.3 Hz, 4H). 13C NMR (100 MHz, CDCl3, 

298 K): δ 157.99, 156.03, 139.42, 136.58, 134.59, 133.49, 127.64, 126.59, 123.02, 

114.77, 79.25, 65.92, 38.47, 38.03, 29.52, 28.43, 23.03, 14.38. HRMS (TOF-ESI+) 

(m/z): calcd for C43H55N2O6S2: 959.3505 [M+H+]; found: 959.3502. 

Compound 5: 

Trifluoroacetic acid (1.0 mL, 0.34 g, 3.73 mmol) was added dropwise to a 

solution of compound 4 (0.1 g) in dichloromethane (10 mL). After being stirred for 2 
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h at room temperature, the reaction mixture was added dropwise to an aq. saturated 

NaHCO3 solution (20 mL). The solution was extracted with dichloromethane (50 mL). 

The organic layer was washed with the saturated NaHCO3 aq. solution (30 mL) and 

brine (10 mL), and dried over MgSO4. The solvent was evaporated in vacuum to give 

the target compound as a dark brown solid. 1H NMR (400 MHz, DMSO, ppm): δ 7.92 

(s, 4H, -NH2), 7.45 (d, J = 8.6 Hz, 4H), 7.13 (s, 2H), 6.94 (d, J = 8.6 Hz, 4H). 4.06 (t, 

J = 5.7 Hz, 4H), 2.97 (t, J = 6.9 Hz, 4H), 2.82 (t, J = 7.0 Hz, 4H), 2.01 (m, 4H), 1.91 

(s, 6H), 1.23 (m, 2H). 13C NMR (100 MHz, DMSO, ppm): δ 157.61, 138.76, 136.52, 

134.11, 132.35, 128.77, 126.66, 126.12, 123.10, 115.01, 64.67, 38.01, 36.27, 26.80, 

13.93. HRMS (MALDI-TOF-ESI+) (m/z): calcd for C33H39N2O2S2: 559.2448 [M+H+]; 

found: 559.2466. 

2. Details of device fabrication and characterization 

The devices with nanogapped graphene point contact arrays were fabricated by a 

new dash-line lithographic (DLL) method described in detail elsewhere (14, 17). For 

molecular reconnection, diarylethenes were first dissolved in pyridine at a 

concentration of about 10‒4 M. The solutions were then radiated by visible light (>520 

nm) to ensure that diarylethenes were in open form. Finally, the graphene devices and 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI), a 

well-known carbodiimide dehydrating/activating agent, were added to the 

diarylethene solution for reconnection, for two days in dark. Thereafter, the devices 

were taken out from solution, washed with copious acetone and ultrapure water, and 

dried in a N2 gas stream. Room-temperature device characterizations were carried out 
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by using an Agilent 4155C semiconductor characterization system and a Karl Suss 

(PM5) manual probe station in ambient atmosphere. Light irradiations were 

performed with a handheld UV lamp (WFH-2048, Shanghai Tang Electronics Co., 

Ltd.) (~ 100 W/cm2, λ = 365 nm) and with a monochromatic visible light (~ 240 

W/cm2, λ = 540 nm). The monochromatic light was generated by a grating 

monochromator with a 150 W Halogen incandescent lamp (TLS1509-150A, Zolix 

instruments Ltd., Beijing). To avoid heating during irradiation, visible light was 

focused and guided by a long optical fiber up to ~2 cm from the devices. For typical 

real-time measurements of photoswitching at room temperature, ultraviolet (UV) and 

visible (Vis) lights were toggled back and forth at standard atmospheric conditions. 

For the stability measurements, the devices were kept in a dark metal box at standard 

atmospheric conditions for more than a year; then, the devices were taken out and 

similarly measured. Temperature-dependent I-V characterizations were carried out by 

means of an Agilent 4155C semiconductor characterization system and a 

ST-500-Probe station (Janis Research Company) with liquid nitrogen and liquid 

helium cooling. Real-time recordings of stochastic switching were carried out under 

vacuum (pressure less than 1×10‒4 Pa) at low temperature. Inelastic electron tunneling 

spectrum (IETS) measurements were carried out using a HF2LI Lock-In Amplifier 

(Zurich Instruments Ltd.), a SR570—low-noise current preamplifier, and a Physical 

Property Measurement System (Quantum Design, Inc.).  
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3. Theoretical Calculations of molecular spectra and transport properties 

Theoretical calculations on the molecular bridge were mainly performed by 

using the Gaussian (27) and NWChem (28) computational chemistry packages. This 

section gives details on the computational setup used for determining the molecular 

spectra and the molecule-electrode coupling strengths. 

The molecular geometries were optimized by the semi-empirical method AM1 

(29). To better understand the experimental IETS results, intrinsic molecular Raman 

and IR spectra (figs. S9b and S11b) were calculated using the B3LYP density 

functional and the 6-31+G* basis set, after a further geometry optimization at the 

same level of computational accuracy. A scale factor of 0.9636 was adopted to 

improve the vibrational frequencies (30).    

For the two-probe systems that simulate the experimental molecular junctions, 

the whole structures were relaxed by means of the semi-empirical AM1 method. The 

transport properties were studied by a combination of DFT and non-equilibrium 

Green’s function method (NEGF) using the Atomistix toolkit (ATK) package (31, 32). 

The local density approximation with a single ζ basis set and a 150 Ry mesh cutoff 

was used. Adjacent sheets were separated by 15 Å to prevent interlayer interactions. 

The molecule-electrode coupling strength (which is a critical determinant of the 

reversible photoswitching; see main text) was inferred from the transmission spectra 

(see fig. S2). Molecular projected self-consistent Hamiltonian (MPSH) spectra were 

also computed. 
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4. Chemical and physical properties of diarylethene 5 

 

 
Fig. S1. Physical properties of diarylethene 5. (a) Schematic of the transitions 

between the open and closed molecular conformations under UV and visible 

irradiation, respectively. (b) UVVis absorption spectra of the open and closed 

states at a concentration of about 3 × 105 M in ethyl acetate. (c) Calculated 

frontier molecular orbitals (MOs) and energy levels. The minimal molecular 

models used for the gas-phase calculations contained H atoms at the 2-positions of 

thiophenes. EF is the graphene chemical potential, which is set to ‒5.2 eV. The 

small MO densities (invisible in the represented isocontours) on the methylene 

groups entail correspondingly small diarylethene-graphene electronic couplings. 

DFT computations were performed using the PBE0, M06-2X, M11 and 

CAM-B3LYP density functionals (33) and the 6-311++g (3df, 3pd) basis set. 

These functionals differ by the amount of exact (i.e., Hartree-Fock type) exchange 

and by the description of electronic correlation. The MO energies were obtained 

adding image charge corrections to the inverse of the ionization potential (IP) or 

electron affinity (EA). Using IP and EA, as well as functionals with sufficiently 

large amount of exact exchange, correct for the trend of DFT (especially, but not 

only, in the local-density approximation) to strongly underestimate 

HOMO-LUMO gaps. The best estimates of the HOMO and LUMO energies were 

obtained averaging over the set of DFT results, and the respective standard 

deviations measure their computational uncertainty (range between the dashed 

lines for each level). The uncertainties in the HOMO-LUMO gaps were obtained 

as quadratic sums of the uncertainties in the two MO energies. Note that the 

energy associated with the LUMO can differ significantly from the energy of the 

optical LUMO (as obtained, e.g., by means of time-dependent DFT). Note that 

increasing the amount of exact exchange in the density functional may lead to 

overestimation of the HOMO-LUMO gap. 
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5. Molecule-electrode coupling of graphenediarylethene junctions 

 

6. Photoswitching properties of graphenediarylethene junctions 

 

Fig. S2. Theoretical prediction of the molecule-electrode coupling strength. 

The zero-bias voltage transmission spectra of 5-reconnected junctions in open (a) 

and closed (b) configurations. Both open and closed isomers are constructed so as 

to have similar angles with graphene. The open isomer has a 20° angle with 

graphene and the closed isomer has a 75° angle with graphene, both of which are 

the energetically-preferred structures. The red filled downward-pointing triangles 

stand for the energies of the molecular projected self-consistent Hamiltonian 

(MPSH) spectra. The red and blue rectangles mark out the transmission peaks of 

perturbed HOMO (p-HOMO) and perturbed LUMO (p-LUMO). The bottoms 

show the spatial distributions of p-HOMO and p-LUMO for 5 with open (left) and 

closed (right) conformation at zero bias voltage (recalculated in local density 

approximation (LDA)). VG = 0 V. 

The moleculeelectrode coupling strength is related to the resonance full 

width at half maximum (FWHM, ). The larger the resonance width, the stronger 

the coupling (34). We found that the FWHM of the HOMO resonance (ΓH) are 

~1.6 meV for the open state and ~1.8 meV for the closed state. The FWHM of the 

LUMO resonance (ΓL) are ~1.1 meV for the open state and ~2.7 meV for the 

closed state. These values are much smaller than those in previously studied 

junctions (14). These results show, in agreement with the experiments, that the 

incorporation of three CH2 groups on each side of the diarylethene molecule 

efficiently reduces the electronic interaction between molecule and electrodes that 

could quench the photoexcited closed state.  

小灰姑娘
Highlight
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Fig. S3. Photoswitching properties of graphene-diarylethene junctions 

(Devices 26). (a, c, e, g, i) IV characteristics of individual diarylethenes in open 

(dark line) and closed (red line) form at VG = 0 V. The insets show the enlarged IV 

curves for the corresponding open-state samples. (b, d, f, h, j) Realtime 

measurements of the corresponding samples when UV and visible lights were 

toggled back and forth, showing the reversibility of the switching. VD = 100 mV 

and VG = 0 V. The statistical conductance at VD = 1 V for each sample with open 

and closed states has been summarized in table S1. 
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Fig. S4. Photoswitching properties of graphene-diarylethene junctions 

(Devices 721). (ao) IV characteristics of individual diarylethenes in open (dark 

line) and closed (red line) form for VG = 0 V. The insets show the enlarged IV 

curves for the corresponding samples of the open-state molecule. The statistical 

conductance at VD = 1 V for each sample (Devices 721) of open and closed states 

has been summarized in table S1. 
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Fig. S5. Photoswitching properties of graphene-diarylethene junctions 

(Devices 2236). (ao) IV characteristics of individual diarylethenes in open 

(dark line) and closed (red line) state at VG = 0 V. The insets show the enlarged IV 

curves for the corresponding samples with the open state molecule. The statistical 

conductance at VD = 1 V for each sample (Devices 2236) has been summarized in 

table S1. 
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Fig. S6. Photoswitching properties of graphene-diarylethene junctions 

(Devices 3746). (aj) IV characteristics of individual diarylethenes in open (dark 

line) and closed (red line) state at VG = 0 V. The insets show the enlarged IV 

curves for the corresponding samples with the open state molecule. The statistical 

conductance at VD = 1 V for each sample (Devices 3746) has been summarized in 

table S1. 
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Table S1. Statistical photoswitching properties of all graphene-diarylethene 

junctions (Devices 146). 

Sample  IClosed (nA, 1V) GClosed (╳10-4G0) IOpen (nA, 1V) GOpen (╳10-6G0) GClosed/GOpen 

1 88.676 11.439 0.624 8.050 142.1 

2 10.398 1.341 0.918 11.840 11.3 

3 26.013 3.356 0.175 2.262 148.4 

4 54.874 7.079 0.351 4.517 156.7 

5 67.509 8.709 0.348 4.485 194.2 

6 45.359 5.851 0.789 10.172 57.5 

7 16.361 2.110 0.535 6.906 30.6 

8 30.367 3.917 0.744 9.593 40.8 

9 38.808 5.006 0.575 7.424 67.4 

10 51.362 6.626 0.484 6.249 106.0 

11 25.586 3.301 0.151 1.939 170.2 

12 89.238 11.512 0.645 8.324 138.3 

13 76.595 9.881 0.322 4.151 238.0 

14 48.465 6.252 0.516 6.662 93.8 

15 73.735 9.512 0.748 9.647 98.6 

16 37.496 4.837 0.449 5.790 83.5 

17 29.234 3.771 1.073 13.846 27.2 

18 16.646 2.147 0.137 1.765 121.6 

19 59.278 7.647 0.782 10.084 75.8 

20 117.881 15.207 1.079 13.924 109.2 

21 98.644 12.725 0.541 6.966 182.7 

22 60.741 7.835 0.262 3.385 231.5 

23 104.703 13.507 0.488 6.296 214.5 

24 55.945 7.217 0.307 3.964 182.0 

25 52.141 6.726 1.033 13.324 50.5 

26 76.294 9.842 0.529 6.833 144.0 

27 59.495 7.675 0.512 6.611 116.1 

28 22.923 2.957 0.152 1.966 150.4 

29 36.722 4.737 0.725 9.357 50.6 

30 67.393 8.694 0.971 12.519 69.4 

31 55.719 7.188 0.605 7.805 92.1 

32 114.959 14.830 0.894 11.534 128.6 

33 87.611 11.302 0.726 9.359 120.8 

34 53.513 6.903 0.619 7.990 86.4 

35 38.107 4.916 0.553 7.130 68.9 

36 37.504 4.838 0.382 4.927 98.2 

37 28.799 3.715 0.263 3.398 109.3 

38 43.507 5.612 0.499 6.435 87.2 

39 87.806 11.327 0.809 10.430 108.6 

40 62.129 8.015 0.341 4.397 182.3 

41 25.396 3.276 0.421 5.424 60.4 

42 12.292 1.586 0.679 8.767 18.1 

43 9.517 1.228 0.546 7.049 17.4 

44 56.157 7.244 0.716 9.240 78.4 

45 66.575 8.588 1.005 12.964 66.2 

46 56.528 7.292 0.565 7.283 100.1 

Mean Value 53.804 6.941 0.578 7.456 107.1 

Standard Deviation 27.325 3.525 0.250 3.225 56.3 

IClosed and IOpen are the current values at VD = 1 V for each device (Fig. 2 and figs. 

S3S6). GClosed and GOpen are the corresponding conductance values. G0 = 2e2/h = 

1/12.9 kΩ. The distribution histograms of GClosed, GOpen and GClosed/GOpen are 

further shown in fig. S7. 
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Fig. S7. Statistic conductance histograms of graphene-diarylethene junctions. 

(a) Histogram of the conductance distribution of diarylethenes in the closed state, 

which have a mean conductance of 6.94 ± 3.52 × 104 G0 (53.8 ± 27.3 nS) (b) 

Histogram of the conductance distribution of diarylethenes in the open state, which 

have a mean conductance of 7.46 ± 3.33 ×106 G0 (0.578 ± 0.250 nS). (c) 

Histogram of the GClosed/GOpen values, which have a mean ratio of 107.1 ± 56.3. 
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Fig. S8. Analysis of graphene-diarylethene junctions using the tunneling 

junction law of corresponding states (19). (a-b) I-V characteristics of typical 

graphene-diarylethene junctions in the open (a) and closed (b) molecular forms at 

gate voltage VG = 0 V; VD drain voltage and ID drain current. (c-d) Corresponding 

|V 
2/I| vs. V curves for the junctions in the open (c) and closed (d) molecular forms, 

from which the natural units VC and IC can be obtained. (e-f) Experimental and 

theoretical IR–VR curves for the open (e) and closed (f) molecular forms, where IR 

= I/IC and VR = V/VC. 

Bâldea et al. (19) proposed a law of corresponding states (LCS) for electron 

tunneling mediated by a single level in molecular junctions. I-V characteristics are 

recasted as |V 
2/I| vs. V curves, where maxima can be used to define “natural” units 

VC and IC for voltage and current, respectively. From the positive voltage direction 

for the open form (fig. S8c), it is obtained VC-Open-(+) = 0.512 V and IC-Open-(+) =  
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7. Inelastic electron tunneling spectra (IETS) of graphenediarylethene 

junctions 

0.0983 nA; from the negative voltage direction, it is obtained VC-Open-(+) = 0.516 V 

and IC-Open-(+) = 0.1002 nA. Therefore, we obtain average values of VC-Open = 0.514 

V and IC-Open = 0.0993 nA for the open molecular bridge. Similarly, for the closed 

form (fig. S8d), we find VC-Closed-(+) = 0.128 V, IC- Closed-(+) = 0.4355 nA and 

VC-Closed-(-) = 0.141 V, IC- Closed-(-) = 0.3788 nA. Thus, VC-Closed = 0.135 V, IC-Closed = 

0.4072 nA. These units are employed to define dimensionless biases (VR ≡ V/VC) 

and currents (IR ≡ I/IC). A LCS current-voltage relationship is then written in terms 

of the reduced, dimensionless quantities VR and IR. For an ideal single-level 

tunneling system, the peak bias VC is directly related to the energy alignment ε0, 

with respect to the Fermi energy, of the dominant molecular orbital (namely, the 

HOMO in our systems) according to the following equation: 

3/2 0C eV  

The relationship between IR and VR can be expressed as follows. 

2

R

R
R

3

2

V

V
I


  

By fitting experimental IR–VR curves with the above LCS equation (figs. S8e and 

S8f), it can be observed that the theoretical IR–VR curves mostly overlap with the 

experimental curves over the range of ‒1.3 < V/VC < 1.3, for both the open and 

closed junctions. Therefore, the experimental responses seem approximately 

consistent with a simple law of corresponding states over the range of ‒1.3 < V/VC 

< 1.3, although the experimental curves could also be fitted to a hopping model 

with suitable parameters (see general analysis below, in Section S9). Since VC-Open 

= 0.514 V and VC-Closed = 0.135 V, the dominant molecular orbital (HOMO) is 

located farther away from the Fermi level for the open form than for the closed 

one. These results are consistent with the theoretical calculations in figs. S1 and 

S2, which show that the offset of the molecular HOMO from the Fermi level is 

larger for the open system than for the closed one.  
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Fig. S9. IETS for diarylethene junctions in the closed form. (a) IETS of the 

closed diarylethene measured by a lock-in second-harmonic technique at 2.0 K 

with an AC modulation of 21.2 mV (rms value) at a frequency of 661 Hz. VG = 0 

V. (b) Calculated infrared and Raman spectra of the closed-form diarylethene with 

amide end groups as shown in the inset. The peak positions assigned to specific 

vibrational modes are marked out in the IETS. ν(NH) (~0.391 V) and ν(C=O) 

(~0.208 V) correspond to the stretching mode of the NH and C=O bond, 

respectively, which are evidence of amide linkage formation at the ends of the 

diarylethene molecular bridge. ν(CH)(Al) (~0.359 V) and δ(CH)(Al) (~0.175 V) 

correspond to the stretching and bending modes of the CH bond in the alkane 

groups (CH2, CH3). ν(CH)(Ar) (~0.378 V), δ(CH)(Ar) (~0.099 V) and 

ν(C=C)(Ar) (~0.198 V) correspond to the stretching mode of the CH bond, the 

bending mode of the CH bond and the stretching mode of the C=C bond for the 

aromatic groups in the molecule. ν(CO) (~0.148 V) and ν(CS) (~0.125 V) 

correspond to the stretching mode of the CO and CS bond, respectively. All of 

these specific vibration modes of the IETS indicate inherent properties of the 

connected diarylethene molecule in the closed form.  

For the lock-in second harmonic detection technique measurement (35), a 

small sinusoidal AC modulation voltage (Vm) is applied to modulate the DC bias 

voltage (Vb) across the molecular junctions. The response current around the 

applied bias can be obtained by Taylor expansion as follows:  

     )cos(1cos 2

m2

2

mbmb bb
t2V

dV

Id
tcosV

dV

dI
VIωtVVI VV   

Therefore, scaled values of the first and second derivatives of I(V) can be 

obtained by detection of the first (ω) and second (2ω) harmonic signals, 

respectively.  
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Fig. S10. AC modulation and temperature dependencies of IETS for 

diarylethene junctions in the closed form. (a) IETS of a junction with AC 

modulation changed from 7.1 mV to 21.2 mV (rms value) at a fixed temperature of 

2 K. VG = 0 V. (b) IETS of a junction with temperature increased from 2 K to 40 K 

at a fixed AC modulation of 21.2 mV (rms value). VG = 0 V. The peaks assigned to 

specific vibrational modes are marked out in the IETS.  

It is known that the intrinsic peak width (WI), as well as the thermal and 

modulation broadenings, affect the measured vibration peak width (Wexp) in the 

IETS as follows (35):  

2

modulation

2

thermal

2

Iexp WWWW ++=
 

For AC modulation-dependent IETS, subtler vibration peaks can be observed 

at small AC modulation: e.g., for AC modulation of 7.1 mV. Broadening of the 

vibrational peaks was observed with increasing AC modulation. This broadening 

causes merging of the δ(CH)(Ar), ν(CS) and ν(CO) vibrational peaks in the 

range 0.09 – 0.16 V. Similarly, the δ(CH)(Al), ν(C=C)(Ar) and ν(C=O) peaks, 

which are located in the range 0.17 – 0.22 V, merge at large AC modulation. For 

temperature-dependent IETS, peak broadening is observed with increasing 

temperature. All these AC modulation- and temperature-dependent characteristics 

demonstrate that the peaks in the IETS result from the intrinsic vibrational modes 

of the closed-form diarylethene molecule in the junction setup.  
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Fig. S11. IETS for diarylethene junctions in the open form. (a) IETS of the 

open diarylethene measured by a lock-in second-harmonic technique at 2.0 K with 

an AC modulation of 35.4 mV (rms value) at a frequency of 17 Hz. VG = 0 V. (b) 

Calculated infrared and Raman spectra of the open diarylethene with amide end 

groups as shown in the inset. The peaks assigned to specific vibrational modes are 

marked out in the IETS. Due to the small conductance of the open-form 

diarylethene, a large AC modulation of 35.4 mV was used for IETS measurements. 

We observed merging of the peaks of δ(CH)(Ar) (~0.099 V), ν(CS) (~0.125 V) 

and ν(CO) (~0.148 V) over the range 0.080.16 V and δ(CH)(Al) (~0.175 V), 

ν(C=C)(Ar) (~0.198 V), ν(C=O) (~0.208 V) over the range 0.160.22 V. Other 

vibrational modes for ν(CH)(Al) at ~0.359 V, for ν(CH)(Ar) at ~0.378 V and for 

ν(NH) at ~0.409 V also appeared in the IETS. All these peaks in the IETS 

indicate intrinsic vibrations of the open-form diarylethene molecule. 
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Fig. S12. Temperature-dependent IETS of diarylethene junctions in the open 

form. IETS of the junction with temperature increased from 1.9 K to 60 K at a 

fixed AC modulation of 35.4 mV (rms value). The peaks become broader and 

decrease in intensity with increasing temperature, which further confirms their 

attribution to intrinsic vibrations of the diarylethene molecule in the junction. 
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8. Stochastic switching of graphene-diarylethene junctions — experimental 

results 

 

 

   

Fig. S13. IV characteristics for the open diarylethene at different 

temperatures. At each temperature, we screened IV characteristics for at least 

three times. We did not observe stochastic switching at any temperature (a‒g). A 

typical real-time conductance recording at 180 K, with a source-drain bias of ‒0.8 

V, is shown in panel (h). Similar conductance recordings are obtained at other 

temperatures, thus demonstrating the stability of the open form. VG = 0 V. 
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Fig. S14. IV characteristics for the closed diarylethene at different 

temperatures. At each temperature, we screened IV characteristics for at least 

three times. We observed stochastic switching over the temperature range 160220 

K. In addition, we found that the frequency of the stochastic conductance 

switching and the ratio of high/low conductance state gradually increase with 

temperature. VG = 0 V. 
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Fig. S15. Real-time measurements of stochastic switching for the closed 

diarylethene at different temperatures. (a, c, e, g, i, k) In the temperature range 

160220 K, conductance recordings were measured at a source-drain bias of ‒0.8 

V, with time resolution of 100 ms. (b, d, f, h, j, l) Corresponding 

conductance-based histograms determined by Gaussian fitting of the conductance 

states. Insets show the amplified high conductance state for clarification. As shown 

in these figures, the switching frequency and the occurrence of the 

high-conductance state increase with increasing temperature, which is consistent 

with the IV characteristics shown in fig. S14. The low conductance state can be 

subdivided into two states. VG = 0 V. 

 
Fig. S16. Kinetics analysis of stochastic switching. (a) Conductance recording at 

175 K is used for describing the kinetic analysis procedure. In the right panel, the 

experimental conductance data (black data points) are fit to two conductive states 

by hidden-Markov-model simulation using a QuB software (36, 37) (red line). 

90.7% occurrence ratio for the low state and 9.3% ratio for the high state result 

from the QuB simulation. VG = 0 V. (b, c) Histograms of the low state (τLow) and 

high state (τHigh) durations. Exponential fits are shown as red solid lines. With 

single exponential fitting, the mean duration of the low state (<τLow>) is 2460 ± 

318 ms; the mean duration of the high state (<τHigh>) is 251 ± 32 ms. The 

stochastic switching at other temperatures was analyzed using the same kinetic 

procedure. The resulting kinetic parameters are listed in table S2. 
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Table S2. Kinetic parameters of the stochastic switching at different 

temperatures.  

Temperature 
Occurrence ratio (%) 

low state     high state 
<τLow> (ms) <τHigh> (ms) 

160 K 98.6% 1.4% 23667 ± 3472 343 ± 43 

170 K 91.4% 8.6% 3327 ± 441 313 ± 39 

175 K 90.7% 9.3% 2460 ± 318 251 ± 32 

180 K 85.6% 14.4% 1155 ± 169 195 ± 29 

200 K 31.4% 68.6% 80 ± 21 174 ± 25 

220 K 11.3% 88.7% ⁄ ⁄ 

Increasing the testing temperature from 160 K to 220 K, the occurrence ratio of the 

high conduction state is enhanced. In addition, the mean duration of the low 

conduction state (<τLow>) rapidly decays with increasing temperature, while the 

mean duration of the high state (<τHigh>) decays at a relatively slower rate. We 

were not able to determine the time persistence parameters at 220 K because the 

switching speed was faster than the temporal resolution of 100 ms at this 

temperature.  
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Fig. S17. Dynamic analysis of the temperature dependent stochastic switching. 

(a) Dynamic analysis of the temperature dependent two-state switching based on 

the occurrence ratios in table S2. (b) Dynamic analysis of the temperature 

dependent two-state switching based on the mean duration times in table S2. 

Assuming that the stochastic switching reaches equilibrium at each temperature 

and considering the switching from the high- to the low-conductance state, we can 

write the thermodynamic equation 

STHRTlnKG   

Therefore, 

S
T

H
RlnRlnK 




]L[

]H[
 

[H] and [L] are the occurrence ratios for the high- and low-conductance states, 

respectively. The linear fitting in fig. S17a gives the enthalpy change ∆H = ‒30.6 

kJ/mol = ‒0.307 eV and the entropy change ∆S = 158 J/(K•mol) = 1.59 meV/K. 

Based on the temperature-dependent switching rate (k) for both states, which 

can be calculated from the mean duration time (k = 1/τ), and transition state theory: 

S
T

H

Tk

hk
Rln

Tk

h
Rln

B





B

 

the linear fitting in fig. S17b yields ∆HL= 35.7 kJ/mol = 0.357 eV and ∆SL = 42.7 

J/(K•mol) = 0.43 meV/K for the L-to-H switching; ∆HH= 3.52 kJ/mol = 0.035 eV 

and ∆SH = 209 J/(K•mol) = 2.10 meV/K for the H-to-L switching. Furthermore, 

∆HH − ∆HL = ‒0.322 eV and ∆SH − ∆SL = 1.67 meV/K, which are close to the 

calculated ∆H and ∆S. 
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Fig. S18. Real-time measurements of the stochastic switching for the closed 

diarylethene molecule with different bias voltages at 180 K. (a, c, e, g, i) 

Conductance recordings were measured with bias voltage changed from ‒0.4 V to 

‒0.8 V, at a time resolution of 100 ms. (b, d, f, h, j) Corresponding 

conductance-based histograms indicating the Gaussian fitting of the conductance 

states. VG = 0 V. 
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Table S3. Kinetic parameters of the stochastic switching with different bias 

voltages at 180 K. 

VD (V) 
Occurrence ratio (%) 

low state   high state 
<τLow> (ms) <τHigh> (ms) 

‒0.4 96.03% 3.97% 2124 ± 249 100 ± 15 

‒0.5 94.30% 5.70% 1688 ± 201 102 ± 13 

‒0.6 92.76% 7.24% 1386 ± 194 109 ± 16 

‒0.7 91.06% 8.94% 1187 ± 157 113 ± 18 

‒0.8 85.59% 14.41% 1155 ± 169 195 ± 29 

 

While the bias voltage is changed from ‒0.4 V to ‒0.8 V, the occurrence ratio of 

the high conductive state slightly increases. Furthermore, the mean duration of the 

low-conduction state (<τLow>) shows a small decrease with increasing bias voltage 

while the mean duration of the high-conduction state (<τHigh>) slightly increases. 
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Fig. S19. Another set of IV characteristics for the open diarylethene at 

different temperatures. At each temperature, we screened IV characteristics for 

at least three times. We did not observe the stochastic switching phenomenon at 

the explored temperatures. VG = 0 V. 



S31 
 
 

  



S32 
 

 

Fig. S20 Another set of IV characteristics for the closed diarylethene at 

different temperatures. At each temperature, we screened IV characteristics for 

at least three times. We started to observe the stochastic switching phenomena at 

the temperature of  180 K. This observation is reproducible. In fact, the 

conductance switching was consistently observed above 180 K in different 

experiments. VG = 0 V. 
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Fig. S21. Stochastic switching for further four devices with the closed 

diarylethene. (a, c, e, g) For each device, we screened IV characteristics for at 

least three times at 180 K. (b, d, f, h) Corresponding conductance recordings were 

measured at a source-drain bias of ‒0.8 V. Both IV and It characteristics prove 

the universality of the stochastic switching phenomena in the molecular junctions 

with the closed diarylethene. VG = 0 V. 
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9. Stochastic switching of graphene-diarylethene junctions—theoretical 

analysis  

9.1 Explored systems 

 

9.2 Conduction through the diarylethene HOMO 

 

The first objective of our theoretical study is to explain the I-V characteristics in 

Fig. 2A. We first assume that the charge hopping mechanism is at play, because of the 

small molecule-electrode couplings determined by the methylene groups (see fig. S2). 

 

Fig. S22. Explored systems. (a) Diarylethene system in the closed form. (b) 

Diarylethene system in the open form. These minimal atomistic models used for 

the gas-phase computations contain H atoms at the 2-positions of the thiophenes. 

 

Fig. S23. ET processes through diarylethene HOMO. (a) In this (free) energy 

profile, M (M+) refers to the neutral (cationic) molecule. MQ  ( M
Q ) is the 

equilibrium nuclear coordinate for the neutral (positively charged) molecule. (b) 

Profile of the applied bias voltage across the junction.  
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In the Marcus picture of heterogeneous electron transfer (ET) and for electron hole 

transport through the HOMO of the diarylethene bridge, the ET steps at the 

molecule-electrode interfaces are characterized by a (free) energy landscape such as 

the one represented in fig. S23a. Indeed, the carbon electrodes are not ideal solids and 

may thus influence the reorganization energy of the molecular bridge in response to 

the interfacial ET processes (and therefore, the curvatures of the parabolas in fig. 

S23a). These minor effects are neglected in our analysis, but we take into account the 

main image charge effects of the electrodes that lead to vertical shifts of the parabolas. 

In this approximation, λ  is the (gas-phase) reorganization energy for the molecule in 

the (dry) device. In fig. S23, the black and grey dashed parabolas describe the 

diarylethene charging processes   eMM  (namely, an electron charge that in 

the single-particle approximation is distributed as in the HOMO of the diarylethene 

bridge is delivered to the right graphene electrode) and the discharging process 

MeM    (i.e., the resulting molecular cation becomes neutral after receiving 

an electron from the left electrode). As in Ref. 38, we refer the effective potential 

energy for the transferring electron on the molecular bridge to the electrode chemical 

potential μ  measured relative to vacuum (namely,    is essentially its work 

function). Similarly to Ref. 38, we introduce the quantity 

   ad

0 IP)()( MMMM
QEQEE ,      (1) 

where M
Q  and MQ  are the equilibrium nuclear coordinates of the cationic and 

neutral molecule, respectively. This is the energy difference between the molecular 

adiabatic ionization potential adIP  and the ionization potential of the electrode. We 
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used the value 2.5μ eV in our analysis. However, our main conclusions can be 

achieved with (unbiased) electrode Fermi energies in the range from 4.7 to 5.2 eV 

(see discussion below) which is consistent with available experimental information. 

We use the models of Refs. 21, 22 and 39 assuming symmetric molecule-electrode 

half-junctions. Applying a potential difference of 2V  to each electrode-molecule 

interface, for the   eMM  step we obtain the energy balance condition 

  2)()( VeQEλQE
MMMM ,      (2) 

namely, 

  02  EλVe .        (3) 

Equation (3) corresponds to the displacement of the parabola for M  in fig. S22 to 

the grey dashed parabola because of the potential change at the molecular bridge 

by 2V . As it is easily seen from the figure, the interface potential threshold for 

enabling the   eMM  transition is equal to 

)()(IP)()(2 HOMO MMMMMM
QQQEQEVe        (4) 

(where IP denotes the first ionization potential of the neutral species) which means a 

threshold bias voltage (as defined in Ref. 21) of 

eQeQV MM

eMM )]([2)](IP[2 HOMOthreshold  


.     (5) 

In equation (5), )(HOMO MQ  is the HOMO energy in the neutral molecule at its 

equilibrium nuclear coordinate MQ . Exact DFT would give )(IP)(HOMO QQ   at 

any Q (40, 41). 

Similarly, the MeM    transition corresponds to displacement of the 
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parabola for the cationic species to the red one, and the threshold interfacial voltage is 

   02  EλVe          (6) 

or 

    )()()(2 HOMO MMMMM QQEQEVe .     (7) 

Therefore, 

eQeQV
MM

MeM ])([2])(IP[2 HOMOthreshold   

  .     (8) 

All available DFT approximations generally suffer from electronic 

self-interaction errors, which, in particular, affect the value of the HOMO energy. This 

energy is also affected by electrode image charge effects. The recipe used to tackle 

these two issues was provided in previous works (4244). In Ref. 43, the self-energy 

correction was obtained by comparison of the HOMO energy eigenvalue (relative to 

vacuum) and the experimentally measured –IP. In our theoretical work, –IP from total 

gas-phase energy calculations is assumed as the reference value of the HOMO energy 

before image charge corrections. Then, these corrections (here denoted 0 ) were 

(approximately) estimated as in Ref. 44, although the junctions studied have graphene 

– and not metal – electrodes. 

To calculate the image charges for the cases of amine adsorption (physisorption) 

on graphene (that is, for the large model systems that simulate the experiments), the 

N-graphene distance was assumed to be 2.56 Å, as it is in Ref. 45. The geometrical 

surface of the graphene electrode was defined to be half of the interplanar separation 

(namely, about 3.35/2 Å = 1.675 Å) outside the top layer of atomic nuclei, and the 

possible small offset between this surface and the image plan was neglected. Since, in 
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general, the H atoms of the amines are oriented differently in the gas-phase molecule 

and in the junction; we considered such hydrogen atoms implicitly in the image 

charge analysis, by adding their Mulliken charges to the terminal N atoms. 

According to the methods in Refs. 42, 43 and 44, all occupied molecular orbitals 

are shifted by the same amount by the image charge corrections. Instead, HOMO and 

LUMO are shifted by approximately the same amount in opposite directions (42) (and 

the same shift as for the LUMO is assumed for all unoccupied molecular orbitals). 

Consequently, image charge effects tend to decrease the HOMO-LUMO gap (46). We 

calculated image charge effects explicitly for both HOMO and LUMO, and, indeed, 

they turned out to be opposite to each other to a good approximation, which also 

served as a test of computational accuracy. 

In order to enable the neutral-to-cation (n+ subscript) and cation-to-neutral (+n) 

molecular transitions, the potential differences at the two molecule-electrode 

interfaces need to be such that 

    )(2 OMOHthreshold M

eMM

n QεVeU 


        (9) 

and 

 

 

 )(2 OMOHthreshold M

MeM

n QεVeU        (10) 

respectively, where OMOHε  is the HOMO energy in the neutral molecule calculated at 

the indicated nuclear coordinate, corrected for image charge effects (4244) and for 

the departure of the DFT result from the exact DFT relation IPHOMO   (40, 41). 

The threshold voltage across the entire junction (defined as in Ref. 21; at this voltage 

the current experiences a maximal rate of change as a function of the changing 
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voltage) for conduction across the junction through the HOMO of the molecular 

bridge is then 

eUUV nn ),max(2HOMOthrough

threshold  .    (11) 

As shown by table S4, in our system it is eUV n 2HOMOthrough

threshold . 

Note that equations (9), (10), and (11) can also be employed to define the 

channel energy in charge transport models that are not based on the hopping 

mechanism and Marcus ET rate constants (22, 47) but on tunneling pictures as 

described by the Landauer-Büttiker formalism. 

The computational results for conduction via the HOMO are reported in table S4. 

We used the largest Pople-style basis set, i.e., 6-311++g (3df,3pd), and diverse density 

functionals, with different amounts of exact (HF-type) exchange, so as to rule out that 

our results are biased by a particular DFT approximation. The best estimate of each 

parameter is in bold. The computational uncertainty is given as the standard deviation 

of the mean, calculated from the set of values obtained from different functionals. 
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Table S4. Conduction through the HOMO of diarylethene in closed and open 

form, at room temperature. 

 XC IP(QM) )(OMOH MQε  Un+ )(IP M
Q  )(OMOH 

M
Qε  U+n  λ  V0 

Closed pbe0 5.74 -5.36 0.16 5.28 -4.90 0.30 0.23  

 m06-2x 6.05 -5.67 0.47 5.50 -5.12 0.08 0.27  

 m11 6.07 -5.70 0.50 5.47 -5.09 0.11 0.30  

 cam-b3lyp 5.89 -5.52 0.32 5.34 -4.96 0.24 0.28  

 best value 5.94 

(0.08) 

-5.56 

(0.08) 

0.36 

(0.08) 

5.40 

(0.05) 

-5.02 

(0.05) 

0.18 

(0.05) 

0.27 

(0.02) 

0.06 

0-0.23 

Open pbe0 6.47 -6.10 0.90 6.09 -5.72 -0.52 0.19  

 m06-2x 6.95 -6.58 1.38 6.53 -6.16 -0.96 0.21  

 m11 7.12 -6.77 1.57 6.68 -6.32 -1.12 0.22  

 cam-b3lyp 6.81 -6.45 1.25 6.38 -6.01 -0.81 0.22  

 best value 6.84 

(0.14) 

-6.47 

(0.14) 

1.28 

(0.14) 

6.42 

(0.13) 

-6.05 

(0.13) 

0.85 

(0.13) 

0.21 

(0.01) 

1.2 

)()()(IP QEQEQ MM
 

, i.e., the ionization potential at the equilibrium nuclear 

coordinate 
MM QQQ , . )()(IP)( HOMO

0OMOH QQQε   is the HOMO energy 

in the neutral molecule at the indicated nuclear coordinate. According to all 

exchange-correlation functionals employed, the image charge correction was 

eV38.0HOMO

0   (0.37 eV) for the closed (open) molecule. The energy 

thresholds nU  and nU   are defined by equations (9) and (10), respectively. 

)(IP MQ  and )(IP M
Q  are both positive because the effective potential energy 

curves for M and M + are in the Marcus inverted region. However, )(OMOH 
M

Qε  

(after the image charge correction) turns out to be higher in energy than μ, so that 

a positive energy U+n is required for electron injection into the molecule. 

λTksVV B4HOMOthrough

threshold0   is the minimum voltage (as defined in the text) 

needed to observe appreciable current according to the hopping model. All 

quantities are expressed in eV. The best value of a quantity is defined as the 

average over its values obtained by the different DFT implementations. The 

corresponding standard deviation is reported in parentheses. The uncertainty 

associated with each single DFT estimate of a quantity is given by the reported 

standard deviation of the mean times the square root of the number of computations 

(i.e., 2). Assuming a normal error distribution, a level of confidence of about 95% 

is obtained by doubling each standard deviation. The probable range provided for 

V0 results from the ranges of )(OMOH MQε  and λ values. 
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The exchange-correlation functionals with high percentage of exact exchange 

may overestimate the HOMO-LUMO gap, producing a HOMO lower in energy than 

it should be and a higher LUMO energy. In fact, by using the PBE density functional, 

which contains only 25% of HF exchange, the same threshold voltages for observing 

appreciable current would be achieved with a lower  value. For example, this value 

could range from –4.7 to –5.3 eV using the PBE0 functional and the corresponding 

error for a confidence level of 95%. 

The doubly occupied HOMO appears to be the only molecular orbital with 

energy sufficiently close to the electrode chemical potentials to enable conduction as 

in Fig. 2A. The threshold voltage for current increase (defined so that the 

corresponding current is approximately half of its high-voltage plateau value, in a 

two-state model (21)) is given by the maximum between the thresholds in equations 

(5) and (8), that is by equation (5) since it is, consistently, μQQ
MM   )(IP)(IP . 

For the diarylethene junction, the charge hopping models in Ref. 21 could be at 

play, which would explain the appreciable T-dependence of the I-V characteristics that 

is shown in figs. S14, S15 and S20. However, further computations (including 

first-principles molecule-electrode electronic couplings and the average occupation of 

the bridge) and analysis would be necessary to discriminate between the hopping 

mechanism and the resonant tunneling model that was employed for an akin system in 

Ref. 20. According to the models in Ref. 21, with Marcus interfacial ET rates, the 

current approximately increases as a complementary error function whose argument 

denominator is λTkB2 . Therefore, a threshold bias voltage for the onset of 
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appreciable current can be set as 

  λTksεμV B22 OMOH0       (12) 

where s is a positive real number such that erfc(x) can be considered negligible for 

sx   (a similar argument was used in Ref. 21 to establish the condition for 

sequential access of two electron transport channels). Let us employ s = 2, which 

implies a value of the complementary error function less than 0.5% of its maximum. 

The reorganization energy is computed for the isolated molecule by means of a 

standard protocol (4850) (see fig. S23), and the average of the λ  computational 

estimates for the forward and backward electron transitions is used as the 

reorganization energy for the Marcus model. 

 

For the closed molecular bridge, at room temperature, the average computational 

values of λ = 0.27 eV and 56.5OMOH ε eV lead to V0 = 0.06 V as our best estimate 

for the threshold bias voltage at which the current starts to increase, being on the order 

of 1 % of the high-V plateau value that would be achieved at sufficiently high voltages 
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Fig. S24. Reorganization energy computation for the isolated molecule. I and 

F denote the initial and final states of an ET process.  
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if the two-state approximation still holds at such voltages. The computational 

uncertainties of λ and OMOHε  locate V0 in the range 0‒0.23 V (see Fig. 2A, which 

appears to be in agreement with our estimate, although the current continues to 

increase at the upper edge of the bias voltage range explored and, anyway, 1% of the 

maximum current would not be easily appreciated in the scale of the figure). Let us 

note also that the M06-2X and the range-separated M11 density functionals lead to 

very similar results for the reorganization energy (that is, λM06-2X = 0.27 eV and λM11 = 

0.3 eV, to be compared with an experimental estimate of 0.33 eV; note that we 

calculate only the main contribution to reorganization energy from the molecule, 

while a minor contribution could result from the graphene electrodes) and for the 0V  

value: (V0)M06-2X = 0.28 V, (V0)M11 = 0.29 V. The dependence of V0 on the temperature, 

as it results from equation (12), is described in table S5. 

 

For the open diarylethene, using the best estimates of OMOHε  and λ, with the 

Table S5. The dependence of V0 on T for the closed diarylethene junction. 

T(K) V0(V) 

140 0.27 

160 0.24 

180 0.21 

200 0.18 

220 0.15 

240 0.13 

Using equation (12) and the average values of λ and OMOHε , we obtain the above 

dependence of V0 on T for the closed-form diarylethene junction, in agreement  

with the onset of the current at decreasing voltages, for increasing temperature, in 

the IV characteristics of fig. S14.  
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respective computational errors, we obtain V0 in the range 1.7‒2.3 V. The range 

1.2‒2.4 V results from using the minimum and maximum HOMO energies provided 

by the different density functionals. This range can be broadened to achieve a 95% 

level of confidence. Anyway, the result is in agreement with the experimental fact that 

no appreciable current through the junction with open diarylethene is observed in Fig. 

2A.  

9.3 Conduction through the diarylethene LUMO 

 

Next, we consider the conduction through the LUMO of the diarylethene bridge. We 

use fig. S25 to describe the energetics related to the LUMO transport channel. We 

introduce the quantity 

   ad

0 EA)()(
MMMM QEQEE ,    (13) 

where M
Q  is the equilibrium nuclear coordinate of the molecular anion. For the 

Q

E
(Q

)

l

E0

EM   

EM

QM QM  Q



 

Fig. S25. ET through the LUMO. M (M
—
) denotes the neutral (anion) molecule. 

MQ  ( -M
Q ) is the equilibrium nuclear coordinate for the neutral (negatively 

charged) molecule. 
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interfacial ET step   eMM  we obtain the energy balance condition 

 )(2)( MMMM
QEλVeQE ,    (14) 

namely, 

  02  EλVe .      (15) 

Alternatively, one can write 

)()(EA)()(2 LUMO  
MMMMMM QQQEQEVe    (16) 

from which one obtains an interface voltage threshold that satisfies the equation 

)(2 LUMOthreshold 



 

 M

eMM

n QVeU      (17) 

(after image charge correction of the LUMO) for enabling the   eMM  

transition. Similarly, for the reaction   MeM  at the other electrode, we obtain 

 


 )(2 LUMOthreshold M

MeM

n QVeU .    (18) 

)( 0LUMO Q  (with 
MM QQQ ,0 ) is the LUMO energy of the neutral molecule at the 

coordinate 0Q . Exact DFT would give )(EA)(LUMO QQ   at any Q (40, 41). 

Indeed, after image charge corrections, our computations produce the results in table 

S6, which rule out involvement of LUMO in the conduction.  
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Regarding the conductance switching of the closed species shown in Fig. 3A, our 

computations rule out involvement of the LUMO and also an intervention of the 

electron left in the SOMO of the cation. For example, using the PBE0 functional, the 

non-corrected SOMO energy at the M
Q  coordinate is ‒7.71 eV, which is at least 2.5 

eV lower than the electrode chemical potential, that is, beyond any change that image 

charges may produce.  

 

 

Table S6  Conduction through the LUMO of the closed and open 

diarylethene. 

 XC )(EA MQ  )(LUMO MQ   
nU  )(EA M

Q  )(LUMO 
M

Q  
nU 
 λ  

Closed pbe0 0.98 -1.36 3.84 1.37 -1.75 3.45 0.19 

 m06-2x 0.97 -1.35 3.85 1.42 -1.81 3.39 0.23 

 m11 0.94 -1.32 3.88 1.45 -1.84 3.36 0.26 

 cam-b3lyp 0.90 -1.28 3.92 1.37 -1.76 3.44 0.24 

 best value 0.95 

(0.02) 

-1.33 

(0.02) 

3.87 

(0.02) 

1.40 

(0.02) 

-1.79 

(0.02) 

3.41 

(0.02) 

0.23 

(0.01) 

Open pbe0 0.19 -0.76 4.44 0.62 -0.98 -4.22 0.21 

 m06-2x 0.008 -0.38 4.82 0.50 -0.86 -4.34 0.25 

 m11 -0.18 -0.18 5.02 0.37 -0.72 -4.48 0.27 

 cam-b3lyp -0.09 -0.28 4.92 0.43 -0.78 -4.42 0.26 

 best value -0.02 

(0.08) 

-0.40 

(0.13) 

4.80 

(0.13) 

0.48 

(0.05) 

-0.83 

(0.05) 

4.37 

(0.05) 

0.25 

(0.01) 

All energy quantities are in eV, unless differently specified. For the closed 

molecule, the different density functionals give eV38.0LUMO

0  . The LUMO 

energy, obtained as minus the electron affinity, is thus pushed correspondingly 

down by the correction. The LUMO is pushed down by approximately the same 

amount by which the HOMO is pushed up. This is expected from the literature, 

where it is usually assumed that the image charge corrections to HOMO and 

LUMO are opposite to each other and the HOMO correction is only calculated. We 

calculated directly both corrections. The best value of each quantity, which is 

reported in bold, is defined as the average over the estimates using different DFT 

implementations. The corresponding standard deviation is reported in parentheses. 
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9.4 Temperature and bias voltage effects on the stochastic switching according to 

the polaron model for resonant tunneling 

The observed stochastic switching may be associated with fluctuations in 

molecular conformation that in turn may be coupled to the local charge on the 

molecule. Such effects may be described within both the polaron model (23, 51) and 

the charge hopping model (21, 22). This section focuses on the former. 

The semiclassical approximation for the polaron model (23) incorporates a 

classical treatment of an effective nuclear mode coupled to an electron transfer 

process treated quantum mechanically. The relevant model variables are )(1 Tkβ B , 

γRL  2  (molecule-electrode coupling strengths), the molecular electronic 

energy level Mxεxε  0)(  (which depends on the nuclear coordinate x via the 

electron-phonon coupling constant M), and the characteristic nuclear frequency ω. 

This model implicitly assumes that γω
~
 . Since γ was argued to be small, on the 

order of ~0.002 eV, this would mean that the coordinate responsible for this 

configuration change should be slower – some large torsional mode. Under this 

assumption, the nuclear position x evolves under a potential of mean force  mfV x  

that is determined (using the Hamiltonian in Ref. 23 and the Hellmann-Feynman 

theorem) by the instantaneous electronic population  n x  as follows: 

  2

0; , , ( )
2

x

mf

ω
V x ε V T x M n y dy


       (19) 

with 
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where  is the mode frequency. The approximate expression of  n x  in equation 

(20) was obtained for γ << kBT (as it is for the system under study; see fig. S2). In this 

approximation, the integral in equation (19) can be evaluated to yield 
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This leads to 
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   (22) 

For large enough M the potential of mean force can have two minima in the unbiased 

case and even three in the presence of bias. 
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Fig. S26. Voltage- and temperature-dependent potential of mean force plotted 

against the nuclear coordinate x. The changing relative stability of the two 

configurations/charging-states are shown above, for ε0 – μ = 0.36 eV, 

4105 ω eV, ωλM 2 , T = 100 K (dark cyan curves), 200 K (red), 300 K 

(black). The voltage is indicated below each figure. 
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Figs. S26 and S27 show that in some range of the bias potential the system is 

characterized by two or more locally stable states. When the states are of comparable 

stability and the barrier between them is not large relative to kBT, transitions between 

them can be manifested as stochastic fluctuations in the system conductance. When 

the temperature is low, one of these states can dominate and switching stops. At 

temperatures such that kBT is larger than the barrier height, the distinction between 

states, and thus the stochastic conductance switching, will disappear again. This is 

consistent with the experimental observation of temperature-dependent switching 

 

Fig. S27. The potential of mean force at different temperatures in a variant of 

the polaron model with a T-dependent molecular energy level. The model used 

for this dependence is 2)( 0 TkaMxεxε B . Shown are potentials of mean 

force for T = 100 K (dark cyan curves), 200 K (red), 300 K (black). The values of 

the parameter a and the bias voltage are indicated below each figure. 
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characteristics for the closed molecule shown in figs. S14, S15 and table S2 and the 

voltage-dependent switching characteristics shown in fig. S18 and table S3. 

Note that Eqs. (19) and (20) by themselves cannot account for the change in 

relative stability of the two states observed, which is produced by the temperature 

dependence discussed above. That is, we can account for these observations by 

assuming that the electronic energy 0  itself is temperature dependent. Indeed, a 

10% change in this parameter in the range 100300K (fig. S26 and S27) can give an 

effect of the observed magnitude. We note that 0  has a part that comes from the 

electronic structure of the frozen molecule, and a part that comes from the nuclear 

reorganization. The latter can be temperature dependent due to entropic terms or if the 

contributing nuclear modes are anharmonic. This is consistent with the assumption 

that the nuclear reorganization is dominated by low-frequency torsional modes. 
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