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1 Synthesis 
All chemicals and anhydrous solvents were used as purchased without further purification, unless stated 

otherwise. Deuterated solvents were obtained from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). 

All other commercial available starting materials were purchased from Sigma-Aldrich, Acros or Fluorochem. 

NMR experiments were acquired on a 400 or 500 MHz Bruker Avance III spectrometer equipped with a QNP or 

BBFO probe head respectively. The chemical shifts (δ) are reported in parts per million (ppm) relative to 

tetramethylsilane or referenced to residual solvent peaks and the J values are given in Hz ( ± 0.1 Hz). For high-

resolution mass spectrometry (HRMS) a HR-ESI-ToF-MS measurement on a maXisTM 4G instrument from 

Bruker was performed. Gas chromatography-mass spectrometry (GC-MS) were recorded using a Shimadzu GC-

MS-2020- SE instrument equipped with a Zebron 5 MS Inferno column, with a temperature range of up to 350 °C. 

Column chromatography was performed on SiliaFlash®P60 from SILICYCLE with a particle size of 40-63 µm 

(230-400 mesh). Thin layer chromatography (TLC) was performed on Silica gel 60 F254 glass plates with a 

thickness of 0.25 mm from Merck using fluorescent quenching under UV light at 254 nm for the localization of 

sample spots. Automated recycling GPC was performed on a Shimadzu Prominence System equipped with two 

SDV preparative columns in series from Polymer Standards Service (PSS) (20 × 600 mm each, exclusion limit: 

30,000 g/mol). UV–vis absorption spectra were recorded at 20 °C on a Jasco V-770 spectrophotometer. UV-Vis 

emission spectra were recorded at 20 °C on a JASCO Spectrofluorometer FP-8600. Cyclic voltammetry was 

performed in an MBraun Glovebox under argon. As working electrode, a glassy carbon disk electrode was used 

while as counter and (pseudo) reference electrode a silver wire was used. The voltage was applied and controlled 

with a Versastat 3-200 potentiostat from Princeton Applied Research. IR spectra were recorded with a Shimadzu 

IRTracer-100. 
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1-iodo-2-nitro-4-thiocyanatobenzene 4: An oven dried argon flushed two necked round bottom flask was 

charged with 2-nitro-4-thiocyanatoaniline (500 mg, 2.56 mmol, 1 eq.) and p-TsOH (1.460 g, 7.68 mmol, 3 eq.) 

suspended in MeCN (10 mL). The mixture was cooled to 0 °C in an ice bath. Then a solution of NaNO2 (353 mg, 

5.12 mmol, 2 eq.) and KI (1.06 g, 6.40 mmol, 2.5 eq.) in Milli-Q water (1.8 mL) was gradually added. The 

mixture was stirred at 0 °C for 10 min and left to warm up to r.t. over 2 h. The reaction was then poured into aq. 

sat. NaHCO3, extracted with EtOAc. The combined organic phase was washed with aq. sat. Na2S2O3, water, 

brine, dried over anhydrous MgSO4, filtered, concentrated under reduced pressure and purified by column 

chromatography on silica gel (cyclohexane : EtOAc gradient from 100 : 0 to 50 : 50) yielding a yellow solid (510 

mg, 1.67 mmol, 65%). 

 

1H-NMR (500 MHz, CDCl3) δ 8.13 (d, J = 8.4 Hz, 1H), 7.98 (d, J = 2.3 Hz, 1H), 7.43 (dd, J = 8.4, 2.3 Hz, 1H). 

 

13C-NMR (126 MHz, CDCl3) δ 153.57(extracted from HMBC), 143.77, 133.42, 127.28, 125.78, 108.10, 87.56. 

 

IR ν(cm-1): 3085.37, 2158.65, 1579.57, 1545.82, 1517.85, 1455.65, 1344.27, 1274.84, 1255.56, 1344.27, 

1274.84, 1255.56, 1161.53, 1102.71, 1020.71, 964.33, 877.54, 823.54, 755.07, 742.53, 700.10, 655.26, 593.54, 

481.68, 449.86 

 

GC-MS (EI): m/z (%) = 305.6 (100), 259.7(22.6), 148.9 (17.8), 132.9 (89.8), 120.9 (21.18), 74.9 (35.4), 63.0 

(36.5) 
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Figure S1.1: 1H-NMR (500 MHz, CDCl3) spectrum of 4. 

 

 

Figure S1.2: 13C-NMR (126 MHz, CDCl3) spectrum of 4. 
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Figure S1.3: HMBC_GPSW ( CDCl3) spectrum of 4. 
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Figure S1.4: FT-IR spectra and peak table of 4. 
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tert-butyl(4-iodo-3-nitrophenyl)sulfane 6: An argon flushed oven dried two necked round bottom flask was 

charged with KOH (642 mg, 11.5 mmol, 5 eq.) and absolute ethanol (20 mL). The solution was sparged with 

argon. Thiocyanide 4 (700 mg, 2.29 mmol, 1 eq.) was added portion wise at 10 °C. The mixture was stirred for 

30 min at r.t. and a degassed mixture of H2SO4 in EtOH (10% Vol.) was added cautiously. The mixture was then 

poured into water and extracted twice with EtOAc. The combined organic phase was dried over anhydrous 

MgSO4, filtered and concentrated under reduced pressure. The crud intermediate 4a was directly used without 

further purification.  

A round bottom flask equipped with a reflux condenser was charged with tert-butyl chloride (5 mL, 45.8 mmol, 

20 eq.) and sparged with argon. Thiol 4a (644 mg, 2.29 mmol, 1 eq.) was added and the mixture was degassed. 

Then AlCl3 (183 mg, 1.37 mmol, 0.6 eq.) was added portion wise (10 mg portions) and the mixture was stirred 

for 4 h at r.t. The reaction was quenched with water and extracted with DCM. The combined organic phase was 

dried over anhydrous MgSO4, filtered, concentrated under reduced pressure and purified by column 

chromatography on silica gel (cyclohexane : EtOAc 8:1) and column chromatography on silica gel (cyclohexane 

: toluene 5:1) yielding 6 as a beige solid (661 mg, 1.96 mmol, 86%) 

 

1H-NMR (500 MHz, CDCl3) δ 7.98 (d, J = 8.1 Hz, 1H), 7.96 (d, J = 2.1 Hz, 1H), 7.38 (dd, J = 8.1, 2.1 Hz, 1H), 

1.32 (s, 9H). 

 

13C-NMR (126 MHz, CDCl3) δ 152.99, 141.82, 141.66, 135.68, 133.24, 86.87, 47.53, 31.07. 

 

 

HRMS (ESI) m/z: calcd. for [C10H12INO2S+Na]+    359.9522   [M+Na]+   ; found 359.9526 
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Figure S1.5: 1H-NMR (500 MHz, CDCl3) spectrum of 6. 

 

Figure S1.6: 13C-NMR (126 MHz, CDCl3) spectrum of 6. 
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Figure S1.7: HRMS (ESI) spectrum of 6. 
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Figure S1.8: HRMS (ESI) peak table of 6. 
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Figure S1.9: HRMS (ESI) peak table of 6. 
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4-(methylthio)-2-nitroaniline 5a: An argon flushed round bottom flask was charged with KOH (845 mg, 

12.8 mmol, 5 eq.) and MeOH (15 mL). The mixture was sparged with argon for 15 min and added to a degassed 

mixture of 2-nitro-4-thiocyanatoaniline (500 mg, 2.56 mmol, 1 eq.) in MeOH (10 mL). The mixture was stirred 

under argon for 1 h. Then methyl iodide (0.32 mL, 5.12 mmol, 2 eq.) was added at once and the reaction mixture 

was stirred at r.t. for 1 h. The reaction was quenched with aq. NH3 and extracted with DCM. The combined 

organic phase was dried over anhydrous MgSO4, filtered and concentrated under reduced pressure yielding 5a as 

a red solid (470 mg, 2.55 mmol, quant.) 

 

1H-NMR (500 MHz, CDCl3) δ 8.06 (d, J = 2.2 Hz, 1H), 7.35 (dd, J = 8.7, 2.2 Hz, 1H), 6.77 (d, J = 8.7 Hz, 1H), 

6.05 (s, 2H), 2.47 (s, 3H). 

 

13C-NMR (126 MHz, CDCl3) δ 143.21, 137.01, 132.56, 126.06, 125.33, 119.62, 17.90. 

 

IR ν(cm-1): 3473.03, 3340.92, 3161.55, 6112.85, 2920.95, 2851.52, 1631.64, 1576.68, 1554.98, 1498.08, 

1448.42, 1403.10, 1361.63, 1330.29, 1237.72, 1172.62, 1106.57, 953.24, 897.31, 858.73, 819.68, 761.34, 718.91, 

643.69, 530.38 

 

GC-MS (EI): m/z (%) = 183.8 (100), 168.8 (16.9), 137.9 (62.3), 123.0 (21.3), 110.8 (13.8), 90.9 (26.5) 
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Figure S1.10: 1H-NMR (500 MHz, CDCl3) spectrum of 5a. 

  

Figure S1.11: 13C-NMR (126 MHz, CDCl3) spectrum of 5a. 
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Figure S1.12: HMBC_GPSW ( CDCl3) spectrum of 5a. 
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Figure S1.13: FT-IR spectra and peak table of 5a. 
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(4-iodo-3-nitrophenyl)(methyl)sulfane 5: An argon flushed round bottom flask was charged with KOH 

(53.8 mg, 815 µmol, 5 eq.) and MeOH (4 mL). The mixture was sparged with argon for 15 min and added to a 

degassed mixture of 2-nitro-4-thiocyanatoaniline (50 mg, 163 µmol, 1 eq.) in MeOH (2 mL) and the mixture was 

stirred under argon for 2 h. Methyl iodide (0.02 mL, 326 µmol, 2eq.) was added at once and the reaction mixture 

was stirred at r.t. for 2 h. The reaction was quenched with aq.NH3 and extracted with DCM. The combined organic 

phase was washed with water, Brine, dried over anhydrous MgSO4, filtered and concentrated under reduced 

pressure yielding 5 as a yellow solid (48.0 mg, 163 µmol, quant.) 

Alternative way of synthesizing 5:  

 

(4-iodo-3-nitrophenyl)(methyl)sulfane 5: An oven dried argon flushed two necked round bottom flask was 

charged with aniline 5a (400 mg, 2.17 mmol, 1eq.) and p-TsOH (1.24 g, 6.51 mmol, 3 eq.) suspended in MeCN 

(9 mL). The mixture was cooled to 0 °C in an ice bath. A solution of NaNO2 (299 mg, 4.34 mmol, 2 eq.) and KI 

(901 mg, 5.43 mmol, 2.5 eq.) in water (1.5 mL) was added gradually into the flask. The mixture was stirred at 0 

°C for 10 min and left to warm up to r.t. over 2 h. The reaction was quenched with aq. sat. NaHCO3 diluted with 

aq. sat. Na2S2O3 and extracted with EtOAc. The combined organic phase was dried over anhydrous MgSO4, 

filtered and concentrated under reduced pressure yielding 5 as a yellow solid (416 mg, 1.41 mmol, 65%). 

 
1H-NMR (500 MHz, CDCl3) δ 7.86 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 2.2 Hz, 1H), 7.10 (dd, J = 8.4, 2.3 Hz, 1H), 

2.52 (s, 3H). 

 

13C-NMR (126 MHz, CDCl3) δ 153.26, 141.96, 141.56, 130.66, 122.05, 80.25, 15.28. 

 

HRMS (ESI) m/z: calcd. for [C7H6NIO2S+Na]+    317.9051   [M+Na]+   ; found 317.9056 
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Figure S1.14: 1H-NMR (500 MHz, CDCl3) spectrum of 5. 

 

Figure S1.15: 13C-NMR (126 MHz, CDCl3) spectrum of 5. 
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Figure S1.16: HRMS (ESI) spectrum of 5. 
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Figure S1.17: HRMS (ESI) peak table of 5. 
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Figure S1.18: HRMS (ESI) peak table of 5. 
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5-(tert-butylthio)-2-iodo-N,N-dimethylaniline 9: A Schlenk tube was charged with fluorine 7 (200 mg, 

844 µmol, 1 eq.), Cs2CO3 (825 mg, 2.53 mmol, 3 eq.) and KSC(CH3)3 (169 mg, 1.51 mmol, 2 eq.). The solids 

were purged with argon and dissolved in degassed dry DMAc (1.2 mL). The reaction mixture was heated to 

110°C and stirred for 32 h. The mixture was then cooled to r.t., diluted with water and extracted with DCM. The 

combined organic phase was dried over anhydrous MgSO4, filtered, concentrated under reduced pressure and 

purified by column chromatography on silica gel (DCM) yielding 9 as a yellowish oil (110 mg, 328 µmol, 44%). 

 

1H-NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.1 Hz, 1H), 7.19 (d, J = 2.1 Hz, 1H), 6.92 (dd, J = 8.1, 2.1 Hz, 1H), 

2.77 (s, 6H), 1.29 (s, 9H). 

 

13C-NMR (126 MHz, CDCl3) δ 155.10, 140.09, 133.94, 133.72, 129.61, 98.27, 46.25, 45.09, 31.11. 

 

 

HRMS (ESI) m/z: calcd. for [C12H19INS+H]+  336.0277   [M+H]+; found 336.0277 
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Figure S1.19: 1H-NMR (500 MHz, CDCl3) spectrum of 9. 

 

Figure S1.20: 13C-NMR (126 MHz, CDCl3) spectrum of 9. 



22 

 

Figure S1.21: HRMS (ESI) spectrum of 9. 
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Figure S1.22: HRMS (ESI) peak table of 9. 
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Figure S1.23: HRMS (ESI) peak table of 9. 
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2-iodo-N,N-dimethyl-5-(methylthio)aniline 8: A Schlenk tube was charged with fluoride 7 (99.9 mg, 377 µmol, 

1 eq.), Cs2CO3 (369 mg, 1.13 mmol, 3 eq.) and NaSCH3 (52.8 mg, 754 µmol, 2 eq.). The solids were purged with 

argon and dry degassed DMAc (1.2 mL) was added. The mixture was stirred at 110 °C for 16 h. The mixture was 

then cooled to r.t., diluted with water and extracted with DCM. The combined organic phase was dried over 

anhydrous MgSO4, filtered, concentrated under reduced pressure and purified by column chromatography on 

silica gel (DCM) yielding 8 as a yellowish oil ( 81 mg, 276 µmol, 73%). 

1H-NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.3 Hz, 1H), 6.96 (d, J = 2.3 Hz, 1H), 6.66 (dd, J = 8.3, 2.3 Hz, 1H), 

2.76 (s, 6H), 2.47 (s, 3H). 

 

13C-NMR (126 MHz, CDCl3) δ 155.29, 140.40, 139.94, 122.86, 119.02, 92.22, 44.99, 16.00. 

 

HRMS (ESI) m/z: calcd. for [C9H12INS+H]+  293.9812   [M+H]+; found 293.9808 

 

 

 

Figure S1.24: 1H-NMR (500 MHz, CDCl3) spectrum of 8. 
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Figure S1.25: 13C-NMR (126 MHz, CDCl3) spectrum of 8. 
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Figure S1.26: HRMS (ESI) spectrum of 8. 
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Figure S1.27: HRMS (ESI) peak table of 8. 
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Figure S1.28: HRMS (ESI) peak table of 8. 
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((4-(tert-butylthio)-2-nitrophenyl)ethynyl)trimethylsilane 11: An oven dried Schlenk tube was charged with 

iodine 6 (300 mg, 890 µmol, 1 eq.), CuI (17.0 mg, 89.0 µmol, 0.1 eq.) Pd(PPh3)4 (51.4 mg, 44.5 µmol, 0.05 eq.) 

the solids were degassed for 20 min and dissolved in a degassed mixture of dry THF(2.4 mL), TEA(1.2 mL) and 

TMS acetylene (0.14 mL, 0.979 mmol, 1.1 eq.). The mixture was stirred at r.t. for 15 h and poured into aq. sat. 

NH4Cl and extracted with DCM. The combined organic phase was dried over anhydrous MgSO4, filtered, 

concentrated under reduced pressure and purified by column chromatography on silica gel (cyclohexane : toluene 

3:2) yielding a yellowish oil (170 mg, 553 µmol, 59%) 

1H-NMR (500 MHz, CDCl3) δ 8.14 (d, J = 1.8 Hz, 1H), 7.67 (dd, J = 8.0, 1.8 Hz, 1H), 7.58 (d, J = 8.1 Hz, 1H), 

1.31 (s, 9H), 0.28 (s, 9H). 

 

13C-NMR (126 MHz, CDCl3) δ 150.18, 141.17, 135.72, 135.12, 132.55, 118.73, 105.85, 99.35, 48.01, 31.38, -

0.00. 

 

HRMS (ESI) m/z: calcd. for [C15H21NO2SSi+Na]+    330.0952   [M+Na]+   ; found 330.0954 
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Figure S1.29: 1H-NMR (500 MHz, CDCl3) spectrum of 11. 

 

Figure S1.30: 13C-NMR (126 MHz, CDCl3) spectrum of 11. 
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Figure S1.31: HRMS (ESI) spectrum of 11. 
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Figure S1.32: HRMS (ESI) peak table of 11. 
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Figure S1.33: HRMS (ESI) peak table of 11. 
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Trimethyl((4-(methylthio)-2-nitrophenyl)ethynyl)silane 10: An oven dried argon flushed Schlenk tube was 

charged with iodine 5 (200 mg, 0.678 mmol, 1 eq.), purged with argon and the solid was dissolved in a degassed 

mixture of THF (1.6 mL) and TEA (0.8 mL). Then CuI (13.0 mg, 67.8 µmol, 0.1 eq.), Pd(PPh3)2Cl2 (39 mg, 33.9 

µmol, 0.05 eq.) and TMS acetylene (0.15 mL, 1.02 mmol, 1.5 eq.) was added and the solution was stirred at r.t. 

for 14 h, thereafter poured into aq. sat. NH4Cl and extracted with DCM. The combined organic phase was dried 

over anhydrous MgSO4, filtered, concentrated under reduced pressure and purified by column chromatography 

on silica gel (DCM) yielding a yellowish oil (101 mg, 381 µmol, 56%). 

 

1H-NMR (500 MHz, CDCl3) δ 7.79 (d, J = 2.0 Hz, 1H), 7.52 (d, J = 8.2 Hz, 1H), 7.35 (dd, J = 8.3, 2.0 Hz, 1H), 

2.54 (s, 3H), 0.27 (s,9H). 

 

13C-NMR (126 MHz, CDCl3) δ 150.57, 141.96, 135.05, 129.64, 120.75, 114.29, 103.38, 99.45, 15.29, -0.19. 

 

HRMS (ESI) m/z: calcd. for [C12H15NO2SSi+Na]+    288.0480   [M+Na]+     ; found 288.0485 

 [C12H15NO2SSi+K]+      304.0223   [M+K]+        ; found 304.0224 
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Figure S1.34: 1H-NMR (500 MHz, CDCl3) spectrum of 10. 

 

Figure S1.35: 13C-NMR (126 MHz, CDCl3) spectrum of 10. 
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Figure S1.36: HRMS (ESI) spectrum of 10. 
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Figure S1.37: HRMS (ESI) peak table of 10. 



39 

 

Figure S1.38: HRMS (ESI) peak table of 10. 
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5-(tert-butylthio)-N,N-dimethyl-2-((trimethylsilyl)ethynyl)aniline 13: An oven dried argon flushed Schlenk 

tube was charged with iodine 9 (50 mg, 149 µmol, 1 eq.) and purged with argon. Then degassed THF (1 mL) and 

degassed TEA (0.5 mL), CuI (2.84 mg, 14.9 µmol, 0.1 eq.), Pd(PPh3)2Cl2 (5.23 mg, 7.45 µmol, 0.05 eq.) and 

TMS acetylene (0.02 mL, 164 µmol, 1.1 eq.) were added and the solution was stirred for 17 h at r.t. The reaction 

mixture was poured into aq. sat. NH4Cl and extracted with DCM. The combined organic phase was dried 

anhydrous Na2SO4, filtered, concentrated under reduced pressure and purified by column chromatography on 

silica gel (DCM) yielding 13 as a yellowish oil (23.5 mg, 77.0 µmol, 52%).  

1H-NMR (500 MHz, CDCl3) δ 7.35 (d, J = 7.8 Hz, 1H), 7.01 (d, J = 1.6 Hz, 1H), 6.99 – 6.97 (m, 1H), 2.95 (s, 

6H), 1.29 (s, 9H), 0.25 (s, 9H). 

 

13C-NMR (126 MHz, CDCl3) 154.82, 134.57, 134.24, 128.72, 125.68, 114.94, 104.21, 101.22, 46.44, 43.34, 

31.14, -0.00. 

 

HRMS (ESI) m/z: calcd. for [C17H27NSSi+H]+  306.1710   [M+H]+; found 306.1706 
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Figure S1.39: 1H-NMR (500 MHz, CDCl3) spectrum of 13. 

 

Figure S1.40: 13C-NMR (126 MHz, CDCl3) spectrum of 13. 
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Figure S1.41: HRMS (ESI) spectrum of 13. 
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Figure S1.42: HRMS (ESI) peak table of 13. 
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Figure S1.43: HRMS (ESI) peak table of 13. 
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N,N-dimethyl-5-(methylthio)-2-((trimethylsilyl)ethynyl)aniline 12: An oven dried argon flushed Schlenk tube 

was charged with iodine 8 (200 mg, 682 µmol, 1 eq.). The solids were purged with argon and dissolved in a 

degassed mixture of THF (2 mL) and TEA (1 mL). Then CuI (13 mg, 68.3 µmol, 0.1 eq.), Pd(PPh3)2Cl2 (24 mg, 

34.2 µmol, 0.05 eq.) and TMS acetylene (0.1 mL, 751 µmol, 1.1 eq.) was added. The solution was stirred at r.t. 

for 15 h, poured into aq. sat. NH4Cl and extracted with DCM. The combined organic phase was dried over 

anhydrous MgSO4, filtered, concentrated under reduced pressure and purified by column chromatography on 

silica gel (DCM : cyclohexane 1 : 2) yielding 12 as a yellowish oil (93.0 mg, 353 µmol, 52%). 

 

1H-NMR (500 MHz, CDCl3) δ 7.32 (d, J = 8.1 Hz, 1H), 6.71 (d, J = 1.8 Hz, 1H), 6.68 (dd, J = 8.1, 1.8 Hz, 1H), 

2.94 (s, 6H), 2.47 (s, 3H), 0.24 (s, 9H). 

 

13C-NMR (126 MHz, CDCl3) δ 155.24, 140.48, 135.24, 117.46, 114.56, 111.34, 104.72, 99.59, 43.32, 15.55, 

0.14. 

 

HRMS (ESI) m/z: calcd. for [C14H21NSSi+H]+  264.1239   [M+H]+; found 264.1237 
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Figure S1.44: 1H-NMR (500 MHz, CDCl3) spectrum of 12. 

 

Figure S1.45: 13C-NMR (126 MHz, CDCl3) spectrum of 12. 
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Figure S1.46: HRMS (ESI) spectrum of 12. 
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Figure S1.47: HRMS (ESI) peak table of 12. 
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Figure S1.48: HRMS (ESI) peak table of 12. 
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1,2-bis(4-(tert-butylthio)-2-nitrophenyl)ethyne 14: An oven dried Schlenk tube was charged with K2CO3 (306 

mg, 2.21 mmol, 4 eq.), CuI (10.5 mg, 55.3 µmol, 0.1 eq.) and Pd(PPh3)4 (32 mg, 27.7 µmol, 0.05 eq.). The solids 

were purged with argon and dissolved in a degassed mixture of dry THF (2 mL), MeOH (2 mL) and TEA (1mL). 

To this was added the acetylene 11 (170 mg, 553 µmol, 1 eq.) and the iodine 6 (224 mg, 664 µmol, 1.2 eq.). The 

mixture was stirred at r.t. for 16 h and poured into aq. sat. NH4Cl and extracted with DCM. The combined organic 

phase was dried over anhydrous MgSO4, filtered, concentrated under reduced pressure and purified by column 

chromatography on silica gel (cyclohexane : toluene 1:1) followed by GPC(CHCl3) yielding a white solid (209 

mg, 470 µmol, 85%). 

1H-NMR (500 MHz, CDCl3) δ 8.28 (d, J = 1.6 Hz, 2H), 7.78 (dd, J = 8.0, 1.6 Hz, 2H), 7.76 (d, J = 8.0 Hz, 2H), 

1.36 (s, 18H). 

 

13C-NMR (126 MHz, CDCl3) δ 148.97, 141.08, 136.69, 134.82, 132.33, 117.69, 92.87, 47.92, 31.05. 

 

 

HRMS (ESI) m/z: calcd. for [C22H24N2O4S2+Na]+    467.1070   [M+Na]+   ; found 467.1070 

 [C44H48N4O8S4+Na]+    911.2255   [2M+Na]+; found 911.2247 

 



51 

 

Figure S1.49: 1H-NMR (500 MHz, CDCl3) spectrum of 14. 

 

Figure S1.50: 13C-NMR (126 MHz, CDCl3) spectrum of 14. 
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Figure S1.51: HRMS (ESI) spectrum of 14. 
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Figure S1.52: HRMS (ESI) peak table of 14. 
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Figure S1.53: HRMS (ESI) peak table of 14. 
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1,2-bis(4-(methylthio)-2-nitrophenyl)ethyne 2b: An oven dried argon flushed Schlenk tube was charged with 

iodine 5 (61.0 mg, 207 µmol, 1.1 eq.), K2CO3 (104 mg, 752 µmol, 4 eq.), CuI (3.58 mg, 18.8 µmol, 0.1 eq.) and 

Pd(PPh3)4 (10.9 mg, 9.40 µmol, 0.05 eq.). The solids were purged with argon and dissolved in degassed THF (1 

mL), MeOH (1 mL) and TEA (0.5 mL). To this was added a degassed solution of the TMS acetylene 10 (50.0 

mg, 188 µmol, 1 eq.) in THF (1 mL). The solution was stirred at r.t. for 16 h, poured into an aq. sat. NH4Cl 

solution and extracted with DCM. The combined organic phase was dried over anhydrous MgSO4, filtered, 

concentrated under reduced pressure and purified by column chromatography on silica gel (DCM) and 

GPC(CHCl3) yielding 2b as an orange solid (59.0 mg, 164 µmol, 87%). 

 
1H-NMR (500 MHz, CDCl3) δ 7.91 (d, J = 2.0 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.44 (dd, J = 8.3, 2.0 Hz, 2H), 

2.58 (s, 6H). 

 

13C-NMR (126 MHz, CDCl3) δ 149.37(extracted form HMBC/HMQC), 142.89, 135.11, 129.97, 121.02, 

113.97, 91.99, 15.29. 
 

 

HRMS (ESI) m/z: calcd. for [C16H12N2O4S2+H]+    361.0305   [M+H]+    ; found 361.0311 

 [C16H12N2O4S2+Na]+  383.0126   [M+Na]+  ; found 383.0131 

 [C16H12N2O4S2+K]+    398.9864   [M+K]+   ; found 398.9870 
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Figure S1.54: 1H-NMR (500 MHz, CDCl3) spectrum of 2b. 
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Figure S1.55: 13C-NMR (126 MHz, CDCl3) spectrum of 2b. 
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Figure S1.56: HMQC_GPSW ( CDCl3) spectrum of 2b. 
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Figure S1.57: HMBC_GPSW ( CDCl3) spectrum of 2b. 
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Figure S1.58: HRMS (ESI) spectrum of 2b. 
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Figure S1.59: HRMS (ESI) peak table of 2b. 
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Figure S1.60: HRMS (ESI) peak table of 2b. 
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6,6'-(ethyne-1,2-diyl)bis(3-(tert-butylthio)-N,N-dimethylaniline) 15: An oven dried argon flushed Schlenk 

tube was charged with iodine 9 (40.9 mg, 122 µmol, 1.1 eq.), K2CO3 (61.4 mg, 444 µmol, 4 eq.), CuI (2.11 mg, 

11.1 µmol, 0.1 eq.) and Pd(PPH3)2Cl2 ( 3.4 mg, 6.00 µmol, 0.05eq.). The solids were purged with argon and 

dissolved in a degassed mixture of THF (1.2 mL), MeOH (1.2 mL) and TEA (0.6 mL). To this was added a 

degassed solution of acetylene 13 (33.9 mg, 111 µmol, 1eq.) in THF (0.6 mL). The solution was stirred at r.t. for 

16 h, poured into aq. sat. NH4Cl solution and extracted with DCM. The combined organic phase was dried over 

anhydrous Na2SO4, filtered, concentrated under reduced pressure and purified by column chromatography on 

silica gel (DCM) yielding 15 as a yellow solid (28.5 mg, 65.0 µmol, 58%).  

1H-NMR (400 MHz, CDCl3) δ 7.42 (d, J = 7.8 Hz, 2H), 7.07 (d, J = 1.6 Hz, 2H), 7.05 (dd, J = 7.8, 1.7 Hz, 2H), 

3.00 (s, 12H), 1.31 (s, 18H). 

 

 
13C-NMR (101 MHz, CDCl3) δ 154.19, 133.87, 133.68, 129.17, 126.00, 116.03, 95.09, 46.54, 43.61, 31.22. 

 

HRMS (ESI) m/z: calcd. for [C26H36N2S2+H]+  441.2390   [M+H]+; found 441.2393 
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Figure S1.61: 1H-NMR (500 MHz, CDCl3) spectrum of 15. 

  

 

Figure S1.62: 13C-NMR (126 MHz, CDCl3) spectrum of 15. 
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Figure S1.63: HRMS (ESI) spectrum of 15. 
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Figure S1.64: HRMS (ESI) peak table of 15. 
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Figure S1.65: HRMS (ESI) peak table of 15. 
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6,6'-(ethyne-1,2-diyl)bis(N,N-dimethyl-3-(methylthio)aniline) 3b: An oven dried argon flushed Schlenk tube 

was charged with iodine 8 (178 mg, 607 µmol, 1 eq.), K2CO3 (336 mg, 2.43 mmol, 4 eq.), CuI (11.6 mg, 60.7 

µmol, 0.1 eq.) and Pd(PPh3)4 (21.3 mg, 30.4 µmol, 0.05 eq.). The solids were purged with argon and dissolved in 

a mixture of degassed THF(2 mL), MeOH(5 mL) and TEA(3 mL). To this was added a degassed solution of 

acetylene 12 (160 mg, 607 µmol, 1eq.) in THF (3 mL). The solution was stirred at r.t. for 16 h, poured into an 

aq. sat. NH4Cl solution and extracted with DCM. The combined organic phase was dried over anhydrous MgSO4, 

filtered, concentrated under reduced pressure and purified by column chromatography on silica gel (DCM)(TLC 

spectroscopy reviled that the product is poorly visible at 254 nm but shows a clearly visible fluorescent spot at 

an irradiation of 366 nm) followed by GPC (CHCl3) yielding 3b as a yellow solid (169 mg, 474 µmol, 78%). 

1H-NMR (500 MHz, CDCl3) 7.39 (d, J = 8.0 Hz, 2H), 6.78 (d, J = 1.8 Hz, 2H), 6.75 (dd, J = 8.0, 1.8 Hz, 2H), 

2.98 (s, 12H), 2.49 (s, 6H). 

 

13C-NMR (126 MHz, CDCl3) δ 154.43, 139.70, 134.20, 118.00, 115.00, 112.66, 94.05, 43.51, 15.70. 

 

HRMS (ESI) m/z: calcd. for [C20H24N2S2+H]+  357.1456   [M+H]+; found 357.1454 
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Figure S1.66: 1H-NMR (500 MHz, CDCl3) spectrum of 3b. 

 

 

Figure S1.67: 13C-NMR (126 MHz, CDCl3) spectrum of 3b. 
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Figure S1.68: HRMS (ESI) spectrum of 3b. 
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Figure S1.69: HRMS (ESI) peak table of 3b. 
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Figure S1.70: HRMS (ESI) peak table of 3b. 
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S,S'-(ethyne-1,2-diylbis(3-nitro-4,1-phenylene)) diethanethioate 2a: An oven dried argon flushed two necked 

round bottom flask was charged with tolane 14 (54.0 mg, 121 µmol, 1 eq.) and purged with argon. Dry CH3CN 

(1 mL), acetyl chloride (0.02 mL, 303 µmol, 2.5 eq.) and bismuth(III)triflate (24.0 mg, 36.3 µmol, 0.3 eq.) were 

added and the reaction mixture was stirred at r.t. for 3 h. The reaction was quenched with water and extracted 

with DCM. The combined organic phase was dried over anhydrous MgSO4, filtered, concentrated under reduced 

pressure and purified by column chromatography on silica gel (DCM : toluene 1:1) and GPC(CHCl3) yielding 

2a as a yellow solid (19.0 mg, 46.0 µmol, 38%). 

 

1H-NMR (500 MHz, CDCl3) δ 8.22 (d, J = 1.7 Hz, 2H), 7.85 (d, J = 8.1 Hz, 2H), 7.68 (dd, J = 8.1, 1.8 Hz, 2H), 

2.50 (s, 6H). 

 

13C-NMR (126 MHz, CDCl3) δ 191.34, 149.31, 138.47, 135.54, 131.06, 130.18, 118.45, 92.99, 30.50. 

 

 

HRMS (ESI) m/z: calcd. for [C18H12N2O6S2+H]+    417.0205   [M+H]+   ; found 417.0210 

 



74 

 

Figure S1.71: 1H-NMR (500 MHz, CDCl3) spectrum of 2a. 

 

Figure S1.72: 13C-NMR (126 MHz, CDCl3) spectrum of 2a. 
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Figure S1.73: HMBC_GPSW ( CDCl3) spectrum of 2a. 
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Figure S1.74: HRMS (ESI) spectrum of 2a 
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Figure S1.75: HRMS (ESI) peak table of 2a 
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S,S'-(ethyne-1,2-diylbis(3-(dimethylamino)-4,1-phenylene)) diethanethioate 3a: An oven dried Schlenk tube 

was charged with tolane 15 (23.0 mg, 52.2 µmol, 1 eq.) and purged with argon. Dry DCM (1 mL) was added 

followed by acetyl chloride (0.11 mL, 123 mg, 1.57 mmol, 30 eq.) and BBr3 (0.01 mL, 115 µmol, 2.2 eq.). The 

mixture was stirred at r.t. for 1 h, poured over ice and extracted fife times with DCM. The combined organic 

phase was washed with aq. 1M Na2SO3, Brine, dried over anhydrous Na2SO4, filtered, concentrated under 

reduced pressure and purified by GPC (CHCL3) yielding 3a as an off-white solid (11.0 mg, 27.0 µmol, 51%). 

 

1H-NMR (500 MHz, CDCl3) δ 7.48 (d, J = 7.9 Hz, 2H), 6.96 – 6.90 (m, 4H), 3.00 (s, 12H), 2.42 (s, 6H). 

 

 
13C-NMR (126 MHz, CDCl3) δ 193.92, 154.63, 134.36, 128.61, 125.74, 122.64, 116.28, 94.98, 43.29, 30.28. 

 

HRMS (ESI) m/z: calcd. for [C22H24N2O2S2+H]+  413.1360   [M+H]+; found 413.1352. 
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Figure S1.76: 1H-NMR (500 MHz, CDCl3) spectrum of 3a. 

 

Figure S1.77: 13C-NMR (126 MHz, CDCl3) spectrum of 3a. 
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Figure S1.78: HRMS (ESI) spectrum of 3a. 
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Figure S1.79: HRMS (ESI) peak table of 3a. 
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Figure S1.80: HRMS (ESI) peak table of 3a. 
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1.1 CV measurement 

 

 
Figure S1.81. CV spectra of the 6 different tolanes (1a, 1b, 2a, 2b, 3a and 3b) recorded in dry deaerated CH3CN 

with 0.1 M TBAPF6 as electrolyte at a scan rate of 0.1 V/s and calibrated against the Fc/Fc+ couple. The CV 

spectra of 1a, 2a, 3a and 3b were recorded at a molar concentration of 2 mM while the spectra of 1b was recorded 

at a concentration 2.5 mM and 2b was recorded at a concentration of 1.5 mM. 2b was recorded in a concentration 

of 1.5 mM due to its poor solubility. None of the recorded oxidation/reduction peaks showed reversibility at any 

scan rate. The irreversibility also causes artefacts to appear because of the irreversible nature of the reduction and 

oxidation processes. Therefore, the onset potential was used to determine the HOMO/LUMO levels of the 

compounds. The solvent acetonitrile was chosen such that it has a wide RED/OX window so all spectra could be 

recorded in the same solvent. 
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Figure S1.82. UV-Vis absorption and emission spectra of all 6 tolanes (1a, 1b, 2a, 2b, 3a, and 3b) in DCM: The 

black line shows the UV-Vis spectra while the red line shows the fluorescence spectra. All measurements were 

normalised to the longest (highest wavelength) absorption peak and the shortest emission peak respectively. The 

0-0 transition of every spectra couple is given by the number displayed in each graph. 

 

 

 
Figure S1.83. UV-Vis absorption measurement before (green) and after (blue) the florescence measurement (scan 

rate of 1000 nm /s excitation band with 5 nm using a xenon lamp, the excitation shutter was only opened during 

the measurement). The nitro derivatives 2a and 2b show clear degradation while the dimethyl amine derivatives 

3a and 3b as well as the parent tolanes 1a and 1b seem to be photostable under the given conditions. 

 

 

Table S1.1. Cyclic voltammetry data, their respective calculated HOMO/LUMO level and Egap_CV, the 0-0 transition 

determined by UV-Vis, the respective Egap_UV-Vis as well as the HOMO/LUMO level calculated using first principle 

methods and there resulting Egap calc. The HOMO/LUMO level determined by CV were determined by an empirical 

relationship established in literature1,2. The 0-0 transition was used to determine the Egap_UV-Vis according to Petr Klán3.   

 

Molecule Eox
onset 

[V] 

HOMO 

[eV] 

Ered
onset 

[V] 

LUMO 

[eV] 

UV-Vis 

0-0 

transition 

[nm] 

Egap_UV-

Vis 

 [eV] 

Egap_CV 

[eV] 

HOMO 

calc. 

[eV] 

LUMO 

calc. 

[eV] 

Egap 

calc.  

[eV] 

 

1a 0.94 -5.74 -2.34 -2.46 332 3.73 3.3 -4.49 -1.91 2.58 

1b 0.70 -5.48 -2.57 -2.22 345 3.59 3.3 -4.28 -1.77 2.50 

2a 1.51 -6.31 -0.98 -3.82 391 3.17 2.5 -5.00 -3.27 1.72 

2b 1.24 -6.04 -1.04 -3.76 475 2.61 2.3 -4.77 -3.16 1.60 

3a 0.41 -5.21 -2.14 -2.66 418 2.97 2.6 -3.79 -1.49 2.29 

3b 0.17 -4.97 -2.65 -2.15 400 3.1 2.8 -3.63 -1.35 2.27 

 

 

 



85 

2 MCBJ measurements and data analysis 

 

For the classification of empty traces, the feature space was defined as follows. The 2D-histogram of the trace 

computed on a 25x32 grid, with limits set to -0.5nm  to 3nm in displacement and -0.5 to -6 log(G/G0) in 

conductance. Rows are then concatenated to each other to obtain an 800 dimensional vector. The 1D histogram 

of the trace with 100 bins and limits 1 to -6 log(G/G0) was also appended to the previous vector, for a total of 900 

dimensions. 

 

The fully-connected neural network used for classification consists of  an input layer with 900 nodes, 2 hidden 

layer having 128 and 64 nodes respectively, and an output layer of 2 dimensions (tunnelling vs. molecular). A 

30% dropout rate was used between each hidden layer to prevent overfitting. Additionally, a Rectified Linear 

Unit (ReLU) function was applied to the output of each hidden layer, while a Softmax function was used on the 

output nodes. When a trace is input into the network, it will result in two scalar values, which can be interpreted 

as the probability of the trace being empty, and the probability of it being molecular. If the output value of the 

trace being molecular is  >0.5, while the probability of it being empty is <0.5, the trace is classified as molecular. 

 

The network was then trained using the adaptive moment estimation (Adam) algorithm4 on a set of around 

200.000 hand-classified traces containing a roughly equal amount of empty traces and molecular traces (where 

the molecular traces consisted of alkanes of different lengths: propanedithiol, hexanedithiol, and octanedithiol). 

A 4:1 ratio between training and validation set was used.  

 

Each dataset measured for this study was first run through the neural network described above, which yielded a 

class of “empty” traces for each measurement. Subsequently, the remaining “molecular” traces were further 

classified using k-means++, according to a previously published method5. Note that the feature space used in this 

study consists of a 30x40 bins 2D histogram, with limits set as 0nm to 1.5nm in displacement, and -1 to -6 

log(G/G0) in conductance. The 1D histogram of the trace with 100 bins and limits -1 to -6.5 log(G/G0) was also 

appended to the previous vector, for a total of 1300 dimensions. 

 

2.1 Measurement Overview 

In this section it is possible to find tables summarising the results of all measurements for each molecule, as well 

as the 1D-conductance and the 2D-conductance/displacement histograms obtained from the raw data and from 

the classification analysis explained in the method section. 

Table S2.1. Summary table for the results of molecule 1a measurements; The columns report the total number of traces in 

the measurement, the conductance extracted through fitting the raw data, the percentage of traces that were classified as 

molecular by the Neural Network (Yield); then, the conductance and yield for HC, LC1, and LC2 classes are reported. Note 

that the yield is reported with respect to the total number of traces. 

Measure

ment 

N traces Raw 

Data 

conduct

ance 

(G0) 

Yield 

(%) 

HC 

conduct

ance 

(G0) 

HC 

Yield 

(%) 

LC1 

conduct

ance 

(G0) 

LC1 

Yield 

(%) 

LC2 

conduct

ance 

(G0) 

LC2 

Yield 

(%) 

1 1000 1.2·10-3 43 1.2·10-3 14 1.4·10-5 10 2.0·10-6 4 

2 2482 1.0·10-3 36 1.1·10-3 10 1.6·10-5 9 2.0·10-6 3 

 

Table S2.2. Summary table for the results of molecule 2a measurements; The columns report the total number of traces in 

the measurement, the conductance extracted through fitting the raw data, the percentage of traces that were classified as 

molecular by the Neural Network (Yield); then, the conductance and yield for HC, LC1H, and LC1L classes are reported. 



86 

Note that the yield is reported with respect to the total number of traces. 

Measure

ment 

N traces Raw 

Data 

conduct

ance 

(G0) 

Yield 

(%) 

HC 

conduct

ance 

(G0) 

HC 

Yield 

(%) 

LC1H 

conduct

ance 

(G0) 

LC1H 

Yield 

(%) 

LC1L 

conduct

ance 

(G0) 

LC1L 

Yield 

(%) 

1 10000 2.3·10-5 23 1.1·10-3 5 2.0·10-4 8 3.0·10-5 10 

2 10000 3.8·10-5 38 1.5·10-3 3 3.4·10-4 5 4.3·10-5 30 

3 10000 2.2·10-5 30 1.8·10-3 2 2.1·10-4 4 2.5·10-5 28 

 

Table S2.3. Summary table for the results of molecule 3a measurements; The columns report the total number of traces in 

the measurement, the conductance extracted through fitting the raw data, the percentage of traces that were classified as 

molecular by the Neural Network (Yield); then, the conductance and yield for HC, LC1, and LC2 classes are reported. Note 

that the yield is reported with respect to the total number of traces. 

Measure

ment 

N traces Raw 

Data 

conduct

ance 

(G0) 

Yield 

(%) 

HC 

conduct

ance 

(G0) 

HC 

Yield 

(%) 

LC1 

conduct

ance 

(G0) 

LC1 

Yield 

(%) 

LC2 

conduct

ance 

(G0) 

LC2 

Yield 

(%) 

1 2218 1.7·10-3 55 2.0·10-3 32 6.7·10-5 19 9.7·10-7 4 

2 2230 2.2·10-3 64 2.7·10-3 28 // // // // 

3 10000 1.6·10-3 42 2.0·10-3 27 5.3·10-5 13 3.0·10-6 2.3 

 

Table S2.4. Summary table for the results of molecule 1b measurements; The columns report the total number of traces in 

the measurement, the conductance extracted through fitting the raw data, the percentage of traces that were classified as 

molecular by the Neural Network (Yield); then, the conductance and yield for HC, LC1, and LC2 classes are reported. Note 

that the yield is reported with respect to the total number of traces. 

Measurem

ent 

N traces Raw Data 

conductance (G0) 

Yield (%) HC 

conductance 

(G0) 

HC 

Yield 

(%) 

LC 

conductance 

(G0) 

LC 

Yield 

(%) 

1 14994 3.3 · 10-4 51 4.7 · 10-4 24 1.8 · 10-5 27 

2 86885 3.6 · 10-4 87 5.4 · 10-4 40 1.9 · 10-5 47 

3 33368 4.6 · 10-4 77 5.0 · 10-4 37 9.0 · 10-6 40 

4 10000 6.8 · 10-4 96 6.9 · 10-4 40 1.2 · 10-5 56 

5 10000 7.2 · 10-4 97 7.5 · 10-4 69 9.6 · 10-6 28 

6 10000 5.2 · 10-4 92 5.7 · 10-4 69 9.1 · 10-6 23 

 

Table S2.5. Summary table for the results of molecule 2b measurements; The columns report the total number of traces in 

the measurement, the conductance extracted through fitting the raw data, the percentage of traces that were classified as 

molecular by the Neural Network (Yield); then, the conductance and yield for HC, LC1, and LC2 classes are reported. Note 

that the yield is reported with respect to the total number of traces. 

Measurem

ent 

N traces Raw Data 

conductance (G0) 

Yield (%) HC 

conductance 

(G0) 

HC 

Yield 

(%) 

LC 

conductance 

(G0) 

LC 

Yield 

(%) 

1 14994 7.9· 10-4 90 8.6 · 10-4 34 2.5 · 10-5 56 
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2 86885 4.9 · 10-4 63 5.1 · 10-4 19 1.9 · 10-5 20 

3 33368 6.0 · 10-4 65 6.7 · 10-4 23 1.2 · 10-5 26 

4 10000 6.9 · 10-4 80 7.3 · 10-4 34 1.8 · 10-5 46 

5 10000 6.6 · 10-4 82 6.8 · 10-4 26 2.1 · 10-5 56 

6 10000 7.2 · 10-4 51 7.3 · 10-4 22 1.4 · 10-5 29 

 

 

Table S2.6. Summary table for the results of molecule 3b measurements; The columns report the total number of traces in 

the measurement, the conductance extracted through fitting the raw data, the percentage of traces that were classified as 

molecular by the Neural Network (Yield); then, the conductance and yield for HC, LC1, and LC2 classes are reported. Note 

that the yield is reported with respect to the total number of traces. 

Measurem

ent 

N traces Raw Data 

conductance (G0) 

Yield (%) HC 

conductance 

(G0) 

HC 

Yield 

(%) 

LC 

conductance 

(G0) 

LC 

Yield 

(%) 

1 10000 8.0 · 10-4 94 8.7 · 10-4 64 1.5 · 10-5 30 

2 10000 7.4 · 10-4 74 7.6 · 10-4 31 8.2 · 10-6 43 

3 10000 7.4 · 10-4 85 

 

8.0 · 10-4 27 7.3 · 10-6 58 

4 10000 6.0 · 10-4 73 6.5 · 10-4 30 1.3 · 10-5 43 

5 10000 4.8 · 10-4 85 5.6 · 10-4 30 9.6 · 10-6 55 
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2.1.1 -SAc Anchoring Group Measurements’ Histograms 

 

 

Figure S2.1. 2D and 1D histograms for measurement 1 and 2 of molecule 1a; In addition to the data before any classification, 

the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, LC1, and LC2) . When present, the light-blue shaded area corresponds to the log-normal fit 

performed on the corresponding 1D-histogram. 
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Figure S2.2. 2D and 1D histograms for measurement 1 and 2 of molecule 2a; In addition to the data before any classification, 

the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, LC1H and LC1L) . When present, the light-blue shaded area corresponds to the log-normal fit 

performed on the corresponding 1D-histogram. 
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Figure S2.3. 2D and 1D histograms for measurement 3 of molecule 2a; In addition to the data before any classification, the 

histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, LC1H and LC1L) . When present, the light-blue shaded area corresponds to the log-normal fit 

performed on the corresponding 1D-histogram. 
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Figure S2.4. 2D and 1D histograms for measurement 1 and 2 of molecule 3a; In addition to the data before any classification, 

the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, LC1, and LC2). When present, the light-blue shaded area corresponds to the log-normal fit 

performed on the corresponding 1D-histogram. Note that in measurement 2 it was not possible to identify clearly the low-

conductance classes. Instead, a class containing traces with two steps was found. 
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Figure S2.5. 2D and 1D histograms for measurement 3 of molecule 3a; In addition to the data before any classification, the 

histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, LC1, and LC2). When present, the light-blue shaded area corresponds to the log-normal fit 

performed on the corresponding 1D-histogram. 
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2.1.2 -SMe Anchoring Group Measurements’ Histograms 

 

Figure S2.6. 2D and 1D histograms for measurement 1 and 2 of molecule 1b; In addition to the data before any classification, 

the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal fit performed on 

the corresponding 1D-histogram.  
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Figure S2.7. 2D and 1D histograms for measurement 3 and 4 of molecule 1b; In addition to the data before any classification, 

the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal fit performed on 

the corresponding 1D-histogram. 
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Figure S2.8. 2D and 1D histograms for measurement 5 and 6 of molecule 1b; In addition to the data before any classification, 

the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal fit performed on 

the corresponding 1D-histogram. 
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Figure S2.9. 2D and 1D histograms for measurement 1 and 2 of molecule 2b; In addition to the data before any classification, 

the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal fit performed on 

the corresponding 1D-histogram. Note that measurement 2 also shows a class containing traces with multiple steps. This 

class was not consistently identified across measurements. 
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Figure S2.10. 2D and 1D histograms for measurement 3 and 4 of molecule 2b; In addition to the data before any 

classification, the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes 

identified with clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal 

fit performed on the corresponding 1D-histogram. Note that measurement 3 also shows a class containing traces with 

multiple steps. This class was not consistently identified across measurements. 
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Figure S2.11. 2D and 1D histograms for measurement 5 and 6 of molecule 2b; In addition to the data before any 

classification, the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes 

identified with clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal 

fit performed on the corresponding 1D-histogram.  
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Figure S2.12. 2D and 1D histograms for measurement 1 and 2 of molecule 3b; In addition to the data before any 

classification, the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes 

identified with clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal 

fit performed on the corresponding 1D-histogram. 
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Figure S2.13. 2D and 1D histograms for measurement 3 and 4 of molecule 3b; In addition to the data before any 

classification, the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes 

identified with clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal 

fit performed on the corresponding 1D-histogram. 
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Figure S2.14. 2D and 1D histograms for measurement 5 of molecule 3b; In addition to the data before any classification, 

the histograms are reported for the traces excluded using the neural network (“empty”) and for the classes identified with 

clustering analysis (HC, and LC1). When present, the light-blue shaded area corresponds to the log-normal fit performed on 

the corresponding 1D-histogram. 

 

3 STMBJ measurements and data  

 

From the raw data, it is performed a selection of traces with the expected shape for a molecular junction, removing 

“empty” and “bad” traces that come as a result of several events during the experiment like the saturation of the 

electrical signal, mechanical perturbations, or junctions with a non-well-defined breaking. To this “cleaned” 

dataset, an unsupervised algorithm for clustering, in this case, the k-means, is applied. The parameters used to 

introduce the data in the algorithm are the same as the ones used for the MCBJ data classification: For each trace, 

a linear vector is created appending consecutively the raws of a 2D-histogram with 40 bins between -2 and -6 

log(G/G0) values and 30 bins between 0 and 1.5 nm of displacement. Besides, another vector from a 1D-

histogram with 100 bins between -1 and -6.5 log(G/G0) values is appended.  

 

Up to 6 clusters may be separated to isolate both different conductance behaviors and tunnel traces. For some 

clusters with a molecular feature, the algorithm may be applied again to remove the remaining tunnel traces. Then 

all the clusters with molecular features are put together and the algorithm is applied one more time considering 

the number of clusters accordingly to the selection observed in the previous process, since clusters belonging to 

the same behavior may have been separated, or traces belonging to a different cluster may have been 

misclassified.  

 

3.1 Conductance values and histograms 

 

Table S3.1. Summary table for the results of all the molecules. The columns report the conductance values as log(G/G0) 

for HC, LC1, and LC2 classes and the percentage of traces with a molecular feature with respect to the total number of 
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traces for HC, LC1, LC2, and Double classes, including the sum of all the classes. 

 

 

 

 

Figure S3.1. Conductance (Log(G/G0)) 1D-histograms for all the compounds, -SAc compounds 1a, 2a and 3a in the upper 

part (A-C) and -SMe compounds 1b, 2b and 3b in the lower part (D-F). The peaks correspond to the different classes HC, 

LC1, LC2 and Double identified by colors in the legend, including the histogram with all the classes together in black. 

 

Molecule All HC LC1 LC2 Double 

 % Raw log(G/G0) % Raw log(G/G0) % Raw log(G/G0) % Raw % Raw 

1a 28.0 -2.6 15.8 -4.5 1.3 -5.5 1.7 9.2 

2a 25.0 -2.7 8.8 -3.8 

-4.7 

9.4 

6.8 

// // // 

3a 24.9 -2.6 13.8 -3.8 21.3 -5.6 4.6 1.2 

1b 22.3 -3.2 12.8 -5.0 2.3 // // 6.8 

2b 14.6 -3.1 8.5 -4.5 6.1 // // // 

3b 6.1 -3.1 3.3 -5.0 2.8 // // // 
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Figure S3.2. Conductance (Log(G/G0)) / displacement (Z) 2D-histograms of molecule 1a for classes HC, LC1, LC2 and 

Double, plus all combined (A-E) (inset) Examples of individual traces for each class. 

 

 

Figure S3.3. Conductance (Log(G/G0)) / displacement (Z) 2D-histograms of molecule 2a for classes HC, LC1H, and LC1L, 

plus all combined (A-D) (inset) Examples of individual traces for each class. 
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Figure S3.4. Conductance (Log(G/G0)) / displacement (Z) 2D-histograms of molecule 3a for classes HC, LC1, LC2 and 

Double, plus all combined (A-E) (inset) Examples of individual traces for each class. 

 

Figure S3.5. Conductance (Log(G/G0)) / displacement (Z) 2D-histograms of molecule 1b for classes HC, LC1, and 

Double, plus all combined (A-D) (inset) Examples of individual traces for each class. 
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Figure S3.6. Conductance (Log(G/G0)) / displacement (Z) 2D-histograms of molecule 2b for classes HC and LC1, plus all 

combined (A-C) (inset) Examples of individual traces for each class. 

 

 

Figure S3.7. Conductance (Log(G/G0)) / displacement (Z) 2D-histograms of molecule 3b for classes HC and LC1, plus all 

combined (A-C) (inset) Examples of individual traces for each class. 

 

3.1.1 Comparison of MCBJ and STMBJ measurements 

 

Overall, MCBJ and STMBJ measurements show very similar classes across the series molecules, with 

similar conductance values and trends. However, there are some noticeable differences between MCBJ and 

STMBJ measurements. In general, STMBJ traces are statistically shorter than MCBJ traces, which is related to 

the stability of the junctions.  This is not the case for compounds 3a and 3b traces, which are remarkably large 

for STMBJ. In addition to this, for compound 1a it seems to be difficult to form a junction in MCBJ experiments, 

while in STMBJ experiments the percentage of LC traces is low compared to the HC. Finally, a remarkable fact 

is the appearance of clusters formed by double plateau traces in compounds 1a and 1b. It was possible to isolate 

a cluster of these traces also for compound 3a, but not many. In fact, this behavior is observable for all the 

compounds in STMBJ experiments. Nevertheless, for measurements of compounds 1a and 1b, the amount of 

traces in the Double class is even higher than for LC. On the other hand, in MCBJ measurements, this kind of 

behaviour is not found in clustering. Some measurements show classes with two steps (see Figure S2.4, S2.9, or 

S2.10), but such classes do not show two clear plateaus as it is found in STMBJ. Additionally, the presence of 

two-peak clusters in MCBJ measurements is not consistent across all molecules, and not even across different 

measurements on the same molecule. This Double-class might be related to π-stacking, since it is present in the 

measurements at 1 mM concentration, while when measuring at 0.1 mM concentration, the same as for the MCBJ 

experiments, the class is no longer found when clustering (Figure S3.8).  
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Figure S3.8. Conductance (Log(G/G0)) / displacement (Z) 2D-histograms of molecule 1a at a concentration 0.1 mM, and 

order of magnitude lower than the previous measurements, for classes HC, LC1, and LC2, plus all combined (A-D). (E) 

Conductance (Log(G/G0)) 1D-histogram. The peaks correspond to the different classes HC, LC1 and LC2 identified by 

colors in the legend, including the histogram with all the classes together in black. 

 

 

3.2 Thermopower  

 

 

Figure S3.9. Seebeck Coefficient (S) / Conductance (Log(G/G0)) histograms for all the compounds, -SAc compounds 1a, 

2a and 3a in the upper part (A-C) and -SMe compounds 1b, 2b and 3b in the lower part (D-F). The distribution of the points 

follows the tendency of the 1D-histograms in Figure S.3.1. 
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Figure S3.10. Linear regressions of the temperature difference dependence of the thermovoltage measurements for all 

the compounds, centered to the origin for comparison. The slope of each line is the total Seebeck coefficient corresponding 

to the values in Table 2. 

 
Figure S3.11. IV-curves measured for compound 2b corresponding to class HC, under tip-sample temperature difference 

of 0K and 30 K. The slope of the curves is the conductance and the offset in voltage at 30K is the thermovoltage. 

Therefore, conductance and thermopower are simultaneously determined for every measurement in every single-molecule 

junction. 
 

Table S3.2. Length of molecular junctions obtained from MCBJ and STMBJ experiments. 

Molecule HC length 

(nm) 

 LC1 length 

(nm) 

 LC2 length 

(nm) 

 

 MCBJ STMBJ MCBJ STMBJ MCBJ STMBJ 

1a 0.70 ± 0.06 0.72 ± 0.17 0.90 ± 0.04 1.09 ± 0.32 1.41 ± 0.09 1.29 ± 0.15 

2a 0.79 ± 0.19 0.78 ± 0.22 0.70 ± 0.12 

0.92 ± 0.09 

0.61 ± 0.54 

0.92 ± 0.58 

// // 

3a 0.80 ± 0.11 1.37 ± 0.16 0.94 ± 0.10 1.58 ± 0.19 

 

2.00 ± 0.38 2.08 ± 0.14 

1b 0.59 ± 0.08 0.62 ± 0.12 1.07 ± 0.11 1.44 ± 0.26 // // 

2b 0.60 ± 0.08 0.56 ± 0.17 1.08 ± 0.08 0.91 ± 0.14 // // 

3b 0.64 ± 0.08 1.29 ± 0.24 1.14 ± 0.08 1.48 ± 0.30 // // 

4 Theory and modelling 

 

4.1 Computational methods 

Geometry optimization: The geometry of each structure studied in this paper was relaxed to the force 

tolerance of 10 meV/Å using the SIESTA6 implementation of density functional theory (DFT), with a double-ζ 

polarized basis set (DZP) and the Local Density Approximation (LDA) functional with CA parameterization. A 
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real-space grid was defined with an equivalent energy cut-off of 250 Ry. To calculate molecular orbitals and spin 

density of gas phase molecules, an experimentally parameterised B3LYP functional was employed using 

Gaussian g09v2 with 6-311++g basis set and tight convergence criteria.  

Electron transport: To calculate the electronic properties of the device, from the converged DFT calculation, 

the underlying mean-field Hamiltonian H was combined with our quantum transport code, GOLLUM7,8. This 

yields the transmission coefficient 𝑇𝑒(𝐸) for electrons of energy 𝐸 (passing from the source to the drain) via the 

relation 𝑇𝑒(𝐸) = 𝑇𝑟(𝛤𝐿
𝑒(𝐸)𝐺𝑒

𝑅(𝐸)𝛤𝑅
𝑒(𝐸)𝐺𝑒

𝑅†(𝐸)) where 𝛤𝐿,𝑅
𝑒 (𝐸) = 𝑖(∑𝐿,𝑅

𝑒 (𝐸) − ∑𝐿,𝑅
𝑒 †(𝐸)) describes the level 

broadening due to the coupling between left L and right R electrodes and the central scattering region, 𝛴𝐿,𝑅
𝑒 (𝐸) 

are the retarded self-energies associated with this coupling, and 𝐺𝑒
𝑅 = (𝐸𝑆 − 𝐻 − ∑𝐿

𝑒 − ∑𝑅
𝑒 )−1 is the retarded 

Green’s function, where H is the Hamiltonian and S is the overlap matrix obtained from SIESTA implementation 

of DFT. DFT+∑ approach has been employed for spectral adjustment8. 

Electrical conductance: Using the approach explained in8,9, the electrical conductance 𝐺 =

𝐺0 ∫ 𝑑𝐸 𝑇𝑒(𝐸)(−𝜕𝑓𝐹𝐷(𝐸, 𝑇, 𝐸𝐹)/𝜕𝐸)
+∞

−∞
 is calculated from the electron transmission coefficient 𝑇𝑒(𝐸) where 

𝑓𝐹𝐷 = (𝑒(𝐸−𝐸𝐹)/𝑘𝐵𝑇 + 1)−1 is the Fermi-Dirac probability distribution function, T is the temperature, EF is the 

Fermi energy, 𝐺0 = 2𝑒2/ℎ is the conductance quantum, e is electron charge and h is the Planck’s constant.  

Data analysis and theoretical conductance histograms: First, we form a series of junctions with different 

contacting modalities to electrodes and calculate the electrical conductance G for a range of electrodes Fermi 

energies. Next, we create the conductance histograms using the calculated conductance for each junction and for 

a wide range of EF between the HOMO-LUMO gap. To ensure including conductance values in co-tunnelling 

regime, the range of EF is chosen such that they do not include HOMO and LUMO resonances. For this, EH+Δ/5 

< EF < EL-Δ/5 where Δ= EL-EH is the energy gap and EH and EL are energy of HOMO and LUMO, respectively. 

The peaks in conductance histograms are fitted with a log-normal distribution and their centre is defined as the 

most probable conductance.  

 

4.2 Molecular orbitals  

 

 
Figure S4.1. Molecular orbitals of molecule 1-3 with thiol (a) and SME (b) anchor groups. All energy units are eV. 

 

HOMO-3 HOMO-2 HOMO-1 HOMO Gap LUMO LUMO+1 LUMO+2 LUMO+3

1a
-6.18 -6.13 -5.27 -4.49 2.58 -1.91 -1.10 -1.09 -0.59

2a

-6.20 -5.70 -5.34 -5.00 1.72 -3.27 -2.83 -2.10 -1.23

3a

-4.99 -4.76 -4.56 -3.79 2.29 -1.49 -0.58 -0.44 -0.15

HOMO-3 HOMO-2 HOMO-1 HOMO Gap LUMO LUMO+1 LUMO+2 LUMO+3

1b

-6.01 -5.86 -4.95 -4.28 2.50 -1.77 -0.97 -0.97 -0.45

2b

-6.08 -5.35 -5.21 -4.77 1.60 -3.16 -2.70 -1.92 -1.05

3b

-4.73 -4.63 -4.46 -3.63 2.27 -1.35 -0.45 -0.34 -0.06
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Figure S4.2. The effect of substituents on the electron transmission probability through junctions.  

 

The substituents (e.g. side groups) are expected to affect electrical conductance in three ways. They might tune 

energy levels of the molecular backbone (e.g. shift the position of HOMO and LUMO) just like doping in the 

semiconductors (Figure S4.2)10,11 leading to a shift in the transport resonances (Figure S4.2I). If the energy level 

of a side group happens to be in the HOMO-LUMO gap of the molecule, it can also open a new transport channel 

(e.g. due to quantum interference) and affect the electrical conductance (Figure S4.2II)12–16. Side groups can also 

affect electrical conductance if they alter conjugation of the system17–21 which is not our focus in the present study 

(Figure S4.2III).  

 

 

 

 

Figure S4.3. Conductance of 1a with additional conformations including pi-pi stacking. (a) examples of different molecule 

electrodes conformations. (b) associated conductance histogram with (dashed line) and without (solid line) pi-pi stacking 

conformations. (c) correspondence G vs EF for full range of energies between HOMO and LUMO resonances. 
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Figure S4.4. Example of T(E) for 1a, 2a and 3a with similar anchor-electrode conformations. The HOMO-LUMO gap of 

2a is smaller compared to 1a and 3a and a new resonance close to E=0eV is formed in 2a (blue line) between the HOMO-

LUMO of tolane 1a (red line). This additional resonance is due to the nitro groups. Around DFT Fermi energy (E=0eV), the 

transport is dominated by HOMO for 1a and 3a while transport is through LUMO for 2b. Around this Fermi energy, a 

positive Seebeck coefficient (S) is expected for 1a and 3a whereas a negative S is predicted for 2a. 

 

 
Figure S4.5. The effect of asymmetric contacting to electrode. (a) examples of binding configurations between OPE2 and 

electrode through 1Au-1Au, 2Au-2Au, 3Au-3Au and 1Au-3Au atoms, (b) conductance histograms with (1a) and without 

(1a’) asymmetric configurations, (c) the conductance of 1a versus EF with different configurations to electrode. The 

conductance histogram changes while retaining the main feature without additional asymmetric configurations. There are 

still two peaks in the histogram, and the mean of each peak is almost the same with and without additional configurations. 
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Figure S4.6. The Seebeck coefficient calculations. (a-d) room temperature electrical conductance and (e-h) corresponding 

Seebeck coefficient of 1a, 2a, 3a, 1b, 2b, 3b with 1Au-1Au (b, d, f, h) and 3Au-3Au (a, c, e, g) electrode structures.  

 

To ensure the impartiality of our calculations, we have kept the procedure the same for forming different 

configurations with different anchors and molecules. For example, we begin from the ground-state Au-S binding 

configuration for all molecules and then move the electrodes away from them by the same amount. However, the 

probability of forming junctions with a certain Au-S distance experimentally depends on the binding energy 

between Au-S in SAc and SMe, which is different. For longer junctions, Au-S with a SMe anchor is likely to 

break earlier than the corresponding junction with a SAc anchor. This is supported by our length analysis of the 

junctions using the experimental conductance traces (see Table S3.2 in the SI), which shows that the junctions 

formed by SMe anchors are generally shorter (by ~1-2Å) than those of SAc Anchors. 

 

The probability of electron transmission through molecules with SMe anchors is more sensitive to the Au-S 

distance and decreases rapidly as the distance increases (see Figure 5a). For example, if the Au-S distance is 

increased by 1-2 Å, the conductance decreases by up to an order of magnitude in junctions with SMe anchors. 

These low conductance configurations contribute to the low conductance peak in the computed conductance 

histograms. If we avoid these low conductance junctions, the conductance histograms are less broadened (see 

Figure S4.7 in the SI). But this is not desirable. The key point is that even without data selection and using a 

similar and equivalent number of configurations, our proposed method provides qualitative agreement between 

features observed experimentally and theoretically. This predictive modelling ability of the proposed theoretical 

method makes it a valuable tool for predicting the conductance of various molecular junctions. 

 

 

 
Figure S4.7. Conductance histograms for molecules with SMe anchor. (a) with the same and equivalent number of 

configurations as junctions with SAc anchor, (b) without junctions with large Au-S distance. 
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