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1.  Molecular Synthesis

1.1 Synthesis of FOPD3 (2′,3′,5′,6′-tetrafluoroterphenyl dithiol)

Compound 1.  To 20mL of pressure tube was added 4-bromothiophenol (2 g, 10.58 mmol), 

vinyltrimethylsilane (2 mL, 13.65 mmol), and azobisisobutyronitrile (AIBN), (20 mg, 0.12 

mmol). After 20 minutes purging with N2, it was heated with stirring at 100 ˚C for 24 h. It was 

cooled down to room temperature, diluted with DCM, and concentrated under reduced pressure. 

3.0 g of compound 1 was obtained as yellow liquid (yield: 95%). The crude product was used for 

the next step without further purification.

Compound 2.  Compound 1 (1 g, 3.46 mmol, 1 equiv.), bis(pinacolato)diboron (1.76 g, 6.93 

mmol, 2 equiv.), potassium acetate (1.02g, 10.37 mmol, 3 equiv.), and Pd(dppf)Cl2 (0.24 g, 0.33 

mmol, 0.1 equiv.) were added in a 25mL two-neck round bottom flask. 10 mL of 1,4-dioxane 

was added and it was purged with N2 for 20 minutes. It was stirred under reflux condition for 3 h 

until all starting materials disappeared in TLC. Saturated NaCl solution was added to the solution, 
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and it was extracted with ethyl acetate 4 times. The organic solution was dried with sodium 

sulfate and concentrated under reduced pressure. The crude product was purified by column 

chromatography (Hexane : EA = 98 : 2), and 0.48 g of compound 2 was obtained as white solid 

(yield: 41%).

FOPD3.  To a pressure tube was added 1,4-diiodotetrafluorobenzene (0.05 g, 0.12 mmol, 1 

equiv.), compound 2 (0.096 g, 0.29 mmol, 2.3 equiv.), and 

tetrakis(triphenylphosphine)palladium(0) (7.2 mg, 0.006 mmol, 0.05 equiv.). 5 mL of THF and 

0.5 ml of 2M K2CO3 aqueous solution were added, and the mixture was purged with N2 for 20 

minutes. It was stirred at 85 ˚C for 72 h. It was cooled down to room temperature, saturated NaCl 

aqueous solution was added, and the reaction mixture was extracted with DCM 4 times. It was 

dried by sodium sulfate and concentrated under reduced pressure. The crude product was 

purified by column chromatography (Hexane : DCM = 9 : 1) to afford 48.8 mg of FOPD3 as a 

white solid (yield: 69 %).

1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 8.3 Hz, 4H), 7.39 (d, J = 8.6 Hz, 4H), 3.07 – 3.01 (m, 

4H), 1.03 – 0.97 (m, 4H), 0.08 (s, 18H).

13C NMR (101 MHz, CDCl3) δ -1.59, 16.82, 28.96, 124.36, 127.31, 127.90, 129.34, 130.61, 

139.71.

19F NMR (376 MHz, CDCl3) δ -144.39. 

GC-MS for [C28H34F4S2Si2]+ : 566.1569 (found) 566.1571 (calcd)
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1.2 Synthesis of BOPD3 (4,4'-(bicyclo[2.2.2]octane-1,4-diyl)dibenzenethiol) 

Compound 3.  Compound 3 was prepared following previous procedure with slight 

modifications.1 To a 500 mL two-neck round bottom flask with a condenser were added 

bicyclo[2.2.2]octane-1,4-dicarboxylic acid (3.8 g, 19.2 mmol, 1 equiv.), red mercury(II) oxide 

(6.73 g, 31.1 mmol, 1.6 equiv.), MgSO4 (4.8 g, 39.9mmol, 2.1 equiv.) in 150 ml of  

dibromomethane. It was stirred vigorously at 75 ˚C, and Br2 (6.40 g, 40.0 mmol, 2.1 equiv.) in 

60 ml of dibromomethane was added dropwise slowly. The reaction mixture was stirred for 14 h 

after adding Br2 was complete.  It was cooled down to room temperature, filtered through Celite, 

and washed with saturated sodium bicarbonate solution 3 times. It was then washed with brine 

once and dried with MgSO4. The organic layer was concentrated under reduced pressure and 
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purified by recrystallization with acetone to afford 2.8 g of compound 3 as a white solid (yield: 

54.5 %).

1H NMR (400 MHz, CDCl3) δ 2.37 (s, 12H).

13C NMR (101 MHz, CDCl3) δ 40.34, 59.04.

Compound 4. Compound 3 (0.2 g, 0.75 mmol, 1 equiv.) in 20 ml of anhydrous benzene was 

purged for 20 minutes in 50 ml two-neck round bottom flask, and the solution was cooled to 0 ˚C 

in an ice bath. To the solution was added AlCl3 (0.065 g, 0.49 mmol, 0.65 equiv.), and the 

mixture was stirred at 40 ˚C for 12 h under N2 condition. The reaction mixture was quenched 

with ice water, extracted with chloroform 3 times, and concentrated under reduced pressure. It 

was purified by column chromatography (hexane : chloroform = 9 : 1) to afford 0.12 g of 

compound 4 as a white solid (yield: 61.0 %).

1H NMR (400 MHz, CDCl3) δ 7.42 – 7.36 (m, 4H), 7.33 (t, J = 7.7 Hz, 4H), 7.24 – 7.17 (m, 2H), 

1.99 (s, 12H).

13C NMR (101 MHz, CDCl3) δ 32.93, 35.13, 125.67, 125.75, 126.07, 128.26, 149.99.

Compound 5. Compound 5 was prepared by following the previous protocol with a slight 

modification.2 To a two-neck round bottom flask were added iodine (76.5 mg, 0.30 mmol, 1.6 

equiv.) and (Bis(trifluoroacetoxy)iodo)benzene (0.17 g, 0.39 mmol, 2.1 equiv.) under N2 

condition. Compound 4 (50 mg, 0.19 mmol, 1 equiv.) in 3mL chloroform was purged with N2 

and then added to the solid mixture. It was stirred at room temperature overnight under N2. 

Saturated sodium sulfite aqueous solution was added, and the reaction mixture was extracted 

with chloroform 4 times. It was dried with sodium sulfate and concentrated under reduced 
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pressure. The crude molecules were recrystallized with chlorobenzene to afford 60.2 mg of 

compound 5 (yield: 61.6 %).

1H NMR (400 MHz, CD2Cl2) δ 7.66 – 7.60 (m, 4H), 7.15 – 7.10 (m, 4H), 1.92 (s, 12H).

BOPD3. Compound 5 (50 mg, 0.097 mmol, 1 equiv.), Xantphos (8.2 mg, 0.014 mmol, 0.15 

equiv.) and tris(dibenzylideneacetone)dipalladium(0) (9.0 mg, 0.0098 mmol, 0.1 equiv.) in 5mL 

of anhydrous 1,4-dioxane were purged with N2 for 20 minutes. N,N-Diisopropylethylamine 

(0.126 g, 0.97 mmol, 10 equiv.) and 2-(trimethylsilyl)ethanethiol (78.4 mg, 0.58 mmol, 6 equiv.) 

were added to the reaction mixture, and it was stirred at 105 ˚C for 24 h. After the reaction was 

complete solvent was evaporated under reduced pressure, and it was dissolved again with DCM. 

The reaction mixture was washed with brine three times and dried with sodium sulfate. It was 

concentrated under reduced pressure, and purified by column chromatography (hexane : DCM = 

9:1) to afford 31.9 mg of BOPD3 as white solid (yield= 62.4 %).

1H NMR (400 MHz, CD2Cl2) δ 7.29 (d, J = 8.7 Hz, 4H), 7.24 (d, J = 8.6 Hz, 4H), 3.00 – 2.91 (m, 

4H), 1.94 (s, 12H), 0.95 – 0.90 (m, 4H), 0.04 (s, 18H).

13C NMR (101 MHz, CD2Cl2) δ -1.73, 17.35, 30.01, 33.11, 35.10, 126.50, 129.16, 134.43, 

148.03.

GC-MS for [C30H46S2Si2]+ : 526.2557 (found) 526.2574 (calcd)

1.3 Synthesis of OPD3 (Terphenyl dithiol) 

4,4''-Diiodo-p-terphenyl (50 mg, 0.10 mmol, 1 equiv.), Xantphos (8.7 mg, 0.015 mmol, 0.15 

equiv.) and tris(dibenzylideneacetone)dipalladium(0) (9.5 mg, 0.01 mmol, 0.1 equiv.) in 5 mL of 

anhydrous 1,4-dioxane were purged with N2 for 20 minutes. N,N-Diisopropylethylamine (0.13 g, 

1.03 mmol, 10 equiv.) and 2-(trimethylsilyl)ethanethiol (8.4 mg, 0.62 mmol, 6 equiv.) were 
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added to the reaction mixture, and it was stirred at 105 ˚C for 24 h. After the reaction was 

complete solvent was evaporated under reduced pressure, and it was dissolved again with DCM. 

The reaction mixture was washed with brine three times and dried with sodium sulfate. It was 

concentrated under reduced pressure, and purified by column chromatography (hexane : DCM = 

9:1) to afford 38.6 mg of OPD3 as white solid (yield= 75.2 %).

1H NMR (400 MHz, CD2Cl2) δ 7.68 (s, 4H), 7.59 (d, J = 8.5 Hz, 4H), 7.38 (d, J = 8.4 Hz, 4H), 

3.08 – 2.98 (m, 4H), 1.02 – 0.92 (m, 4H), 0.07 (s, 18H).

2. X-ray Photoelectron Spectroscopy (XPS). 

Figure S1. XPS characterization of pure OPD3, BOPD3 and FOPD3 SAMs on Au.

 

Figure S2. XPS characterization of pure BOPD3 and FOPD3 SAMs on Ag.   
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3. Angle Resolved XPS. 

Angle-resolved XPS (ARXPS) was employed to measure the thickness of molecular layer on 

SAMs of different molecules. When photoelectrons come out from a sample at the specific angle 

, as shown in Figure S3A, the intensity of photoelectrons can be expressed as I = I0 e-d/(sin). I0 

is the intensity of photoelectron on a bare metal substrate without molecular layer, I is the 

attenuated photoelectron intensity due to the SAM layer. d is the thickness of the SAM,  is the 

attenuation length (4.2 nm for Au4f), and is the take-off angle between the sample and the 

analyzer. The thickness of the SAM layer can be obtained as a slope in the plot of ln|I/I0| versus 

1/(sin). Different take-off angles (30˚, 40˚, 50˚, 60˚, and 70˚) were used for the measurement 

of Au4f photoelectron for SAMs and bare metal substrates, and the results were shown in Figure 

S3B. The thickness values were similar to those from ellipsometry, and they were summarized in 

Table S1. The molecular tilt angle was calculated based on the estimated thickness (molecular 

length in addition to Au-S bond length), giving 16-41˚ of tilt angle.

Figure S3. (A) A general description of ARXPS. (B) A plot of |ln(I/I0)| vs 1/(lsin). Thickness was calculated from 
the slope of the linear fit.
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Table S1. Thickness measurements by ARXPS for BOPD3, FOPD3, and OPD3 on Au. Molecular structure was 
optimized by Chem3D software (MM2), and the molecular length was determined as the distance between terminal 
H to S plus Sulfur-metal bond length (2.35 Å).

4. Ultraviolet Photoelectron Spectroscopy.

Figure S4. Measurements of the HOMO binding energy by UPS for BOPD3, FOPD3, and OPD3 SAMs on Au (A-
C) and BOPD3 and FOPD3 SAMs on Ag (D-E). 
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5.  I-V traces for Ag Junctions.

Figure S5. Individual I-V characteristics for  AgTS/SAM/AgTip junctions of (A) BOPD3 and (B) FOPD3. Single 
level model was used to extract electronic parameters shown in the insets. (C) and (D) show semi-log plots of 
average I-V curves for AuTS/SAM/AuTip junctions and AgTS/SAM/AgTip junctions for BOPD3 and FOPD3 SAMs, 
respectively. 
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6. Fit to the Non-Dimensionalized Prediction for Off-Resonance Tunneling (IR vs VR).

Non-dimensional parameters for current and voltage, denoted as IR and VR, are defined as IR = I / 

IC and VR = V / VC, respectively, as shown in Figure S6. Characteristic voltage (VC) and current 

(IC) are transition points where the I-V curve shifts from an ohmic linear regime (V < VC) to a 

non-linear regime (V > VC). Consistent with prior studies3,4, VC is obtained as the maximum 

value in the recast dataset of |V2/I| plotted against V, Figure S6B. Substituting VC, identified as 

the maximum of |V2/I| vs V, into equation 1 allows VC and IC to be expressed as:

(S1)

∂
∂𝑉(𝑉2

𝐼 )𝑉 = 𝑉𝐶
= 0

(S2)𝑒𝑉𝐶 = 2|𝜀0|/ 3 

(S3)𝐼𝐶 = 3 𝐺 |𝜀0|/𝑒

Using equations S1, S2 and the definition of IR and VR, equation 1 can be reformulated in 

terms of the non-dimensional parameters VR and IR, as shown in equation 3.
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Figure S6. (A) Representative single I-V characteristic of an AuTS/OPD3/AuTip junction. (B) The corresponding plot 
of |V2/I| vs V, where the maximum value is used to define VC and corresponding IC. These values are utilized for 
non-dimensional IR-VR analysis, which demonstrates strong alignment with the theoretical IR vs VR prediction for off-
resonant tunneling.

7. Current-Voltage Behavior of Binary Component SAMs.

Figure S7. Current-voltage behavior of FOPD3x:OPD3(1-x) mixed SAMs. (A-D) Representative individual I-V 
characteristics of AuTS/SAM/AuTip junctions for FOPD3x:OPD3(1-x) SAMs. Pure FOPD3 and OPD3 data were shown 
in Figure 2. Black lines are two parameter fits to the off-resonance single level model (or-SLM). Fit parameters G and 
h are shown in the insets, as well as metal-HOMO coupling  calculated from equation 2 using N 80.≅
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Figure S8. Current-voltage behavior of FOPD3x:BOPD3(1-x) mixed SAMs. (A-E) Representative individual I-V 
characteristics of AuTS/SAM/AuTip junctions for FOPD3x:BOPD3(1-x) SAMs. Pure FOPD3 and BOPD3 data were 
shown in Figure 2. Black lines are two parameter fits to the off-resonance single level model (or-SLM). Fit parameters 
G and h are shown in the insets, as well as metal-HOMO coupling  calculated from equation 2 using N 80.≅
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8. Single Level Model Analysis with Mixed SAM Composition.

Figure S9. Junction electronic structure parameters versus binary SAM composition. (A) h versus SAM 
composition and (B) semilog plot of  versus SAM composition for FOPD3x:OPD3(1-x) mixed junctions. (C) h versus 
SAM composition and (D) semilog plot of  versus SAM composition for FOPD3x:BOPD3(1-x) mixed junctions. In 
all cases h and  were extracted from I-V characteristics using the orSLM.

9. Density Functional Calculations of HOMO for BOPD3, FOPD3, and OPD3.

Figure S10. Results of HOMO calculation of BOPD3, FOPD3, OPD3 molecules by Gaussian 16 software with 6-
311++g(d,p) basis sets.5
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