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1. Synthesis and Characterization 

General Remarks: All commercially available compounds were purchased from Sigma-Aldrich, 

Acros, Apollo Scientific, Alfa Aesar, and Fluorochem and used without further purification. Anhydrous 

solvents were purchased from Sigma-Aldrich and stored over molecular sieves (4 Å). All reactions with 

reagents that are easily oxidized or hydrolyzed were performed under argon using Schlenk techniques 

with anhydrous solvents in oven-dried glassware. Column chromatography was performed on silica gel 

P60 (40-63 µm) from SilicycleTM using technical grade solvents. TLC was performed with silica gel 60 

F254 aluminum sheets with a thickness of 0.25 mm purchased from Merck. Melting points were 

measured on a Büchi M-565 melting point apparatus and are uncorrected. 1H-NMR and 13C{1H} NMR 

experiments were performed on Bruker Avance III NMR spectrometers operating at 500 MHz and 126 

MHz proton frequencies, respectively. The instruments were equipped with an indirect-detection 5 mm 

BBI probe and with actively shielded z-gradients. The chemical shifts are reported in parts per million 

(ppm) referenced to the residual solvent peak, and the coupling constants (J) are given in hertz (Hz). All 

spectra were recorded at 298.15 K. For high-resolution mass spectra (HR-MS), a HR-ESI-ToF-MS 

measurement on a maXisTM 4G instrument from Bruker was used. Since the synthesized compounds 1a-

4a as well as 9-12 shown in this publication were less prone to form adducts with common ions like H+, 

NH4
+, K+ or Na+, the characteristic binding of silver ions to aromatic hydrocarbons1,2 was used to 

increase the signal intensity in the HR-ESI-ToF-MS analysis. 
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1.1 Experimental Procedures 

 

Scheme S1: Synthesis Overview: i) boronic acid 7 or 8, K2CO3, Pd(PPh3)4, toluene/H2O (6:1), 110 °C, 16 h; b) Bi(OTf)3, AcCl, 

dry toluene/MeCN (1:1), RT, 2-3 h. The substitution patterns of the molecules in both the central PCP subunit and in the 

peripheral subunits are labeled in red and blue for para- and meta-substitution, respectively. For simplicity, the naming of 

structures was done according to the prefixes with ps as an abbreviation for pseudo, followed by the prefix referring to the 

substitution pattern of the central PCP subunit and the second one to the substitution pattern of the thiol anchoring group in the 

phenyl subunits. 

Pseudo-para-dibromo[2.2]paracyclophane 5 and pseudo-meta-dibromo[2.2]paracyclophane 6 were 

synthesized over the bromination of [2.2]paracyclophane according to literature known procedure.3 (3-

(Tert-butylthio)phenyl)boronic acid 8 was commercially available. (4-(Tert-butylthio)phenyl)boronic 

acid 7 was prepared according to literature known procedures, starting from the respective 4-

bromothiophenol and tert-butyl chloride in the presence of AlCl3 to give the desired thioether4, followed 

by lithium-halogen exchange, reacting with B(OMe)3 and hydrolysis to the desired boronic acid 7.5 

General Procedure 1: Suzuki Cross-Coupling Reaction 

Dibromo[2.2]paracyclophane 5 or 6 (1.0 eq.), boronic acid 7 or 8 (2.4 eq.), and potassium carbonate 

(2.0 eq.) were dissolved in toluene/water (6:1). The reaction mixture was sparged with argon for 20 min. 

Pd(PPh3)4 (10 mol%) was added, and the reaction mixture was heated to 110 °C for 16 h. Afterward, the 

reaction mixture was cooled to room temperature, diluted with toluene and washed with water (3x), 

brine (1x), dried over Na2SO4, and filtered. The solvent was removed under reduced pressure, and the 

crude product was purified by flash column chromatography. 

General Procedure 2: Transprotection Reaction 

This reaction procedure was adopted from literature.6 
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Previously prepared compounds 9 – 12 (1.0 eq.) and acetyl chloride (50 eq.) were dissolved in dry 

toluene/MeCN (1:1) under argon atmosphere. Bismuth(III)trifluoromethanesulfonate (3.0 eq.) was 

added and the reaction mixture was stirred at room temperature till full conversion was observed by 

TLC (2-3 h). Then, water was added, and the aqueous layer was extracted with CH2Cl2 (3x). The 

combined organic layers were dried over Na2SO4 and filtered. The solvent was removed under reduced 

pressure and the crude product was purified by flash column chromatography.  

 

Pseudo-para-bis((4’-tert-butylthio)phenyl)[2.2]paracyclophane (ps-para-para StBu PCP 9): 

Compound 9 was synthesized according to general procedure 1 

using pseudo-para-dibromo[2.2]paracyclophane 5 (200 mg, 

546 µmol, 1.0 eq.), (4-(tert-butylthio)phenyl)boronic acid 7 

(275 mg, 1.31 mmol, 2.4 eq.), K2CO3 (151 mg, 1.09 mmol, 

2.0 eq.), Pd(PPh3)4 (63 mg, 54.6 µmol, 10 mol%), toluene (12 mL) and water (2 mL). The crude was 

purified by flash column chromatography (cyclohexane/CH2Cl2 2:1) to give ps-para-para StBu PCP 9 

(201 mg, 386 µmol, 69%) as a white solid. 

TLC (SiO2, cyclohexane/CH2Cl2 2:1): Rf =0.15 

m.p. > 270 °C (decomposition) 

1H NMR (500 MHz, CDCl3): δ 7.68 – 7.62 (m, 4H, Ar-H), 7.51 – 7.47 (m, 4H, Ar-H), 6.69 – 6.64 (m, 

4H, PCPAr-H), 6.60 (dd, J = 7.7, 1.9 Hz, 2H, PCPAr-H), 3.45 (ddd, J = 13.9, 9.9, 4.3 Hz, 2H, CH2), 

3.04 (ddd, J = 13.9, 10.0, 4.7 Hz, 2H, CH2), 2.87 (ddd, J = 14.1, 10.0, 4.2 Hz, 2H, CH2), 2.78 (ddd, J = 

13.7, 9.9, 4.7 Hz, 2H, CH2), 1.36 (s, 18H, tBu-H) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ 141.8, 141.5, 140.1, 137.7, 137.0, 135.0, 132.5, 131.4, 129.9, 

129.6, 46.2, 34.9, 34.0, 31.2 ppm. 

HR-MS (ESI, +): m/z calcd. for C36H40S2Ag [M+Ag]+ 643.1617; found: 643.1604. 

 

Pseudo-para-bis((4’-acetylthio)phenyl)[2.2]paracyclophane (ps-para-para PCP 1a): 

Compound 1a was synthesized according to general procedure 2 

using compound 9 (51 mg, 95 µmol, 1.0 eq.), acetyl chloride 

(0.34 mL, 4.75 mmol, 50 eq.), bismuth(III)trifluoromethane-

sulfonate (189 mg, 282 µmol, 3.0 eq.), toluene (10 mL) and 

acetonitrile (10 mL). The crude was purified by flash column chromatography (cyclohexane/CH2Cl2 

1:4) to give ps-para-para PCP 1a (41 mg, 81 µmol, 85%) as a white solid. 
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TLC (SiO2, cyclohexane/CH2Cl2 1:4): Rf =0.19 

m.p. > 290 °C (decomposition) 

1H NMR (500 MHz, CDCl3): 7.59 – 7.52 (m, 8H, Ar-H), 6.68 – 6.64 (m, 4H, PCPAr-H), 6.59 (dd, J = 

7.8, 1.9 Hz, 2H, PCPAr-H), 3.44 (ddd, J = 14.0, 9.9, 4.4 Hz, 2H, CH2), 3.05 (ddd, J = 14.0, 9.9, 4.8 Hz, 

2H, CH2), 2.90 – 2.78 (m, 4H, CH2), 2.48 (s, 6H, SAc-H) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ 194.2, 142.5, 141.2, 140.2, 137.1, 135.1, 134.6, 132.5, 130.6, 

129.8, 126.6, 34.9, 33.9, 30.4 ppm. 

HR-MS (ESI, +): m/z calcd. for C32H28O2S2Ag [M+Ag]+ 615.0576; found: 615.0572. 

 

Pseudo-para-bis((3’-tert-butylthio)phenyl)[2.2]paracyclophane (ps-para-meta StBu PCP 10): 

Compound 10 was synthesized according to general procedure 1 

using pseudo-para-dibromo[2.2]paracyclophane 5 (150 mg, 

410 µmol, 1.0 eq.), (3-(tert-butylthio)phenyl)boronic acid 8 

(207 mg, 984 µmol, 2.4 eq.), K2CO3 (113 mg, 820 µmol, 2.0 eq.), 

Pd(PPh3)4 (47 mg, 41 µmol, 10 mol%), toluene (12 mL) and water (2 mL). The crude was purified by 

flash column chromatography (cyclohexane/CH2Cl2 3:1) to give ps-para-meta StBu PCP 10 (154 mg, 

287 µmol, 70%) as a white solid. 

TLC (SiO2, cyclohexane/CH2Cl2 3:1): Rf =0.15 

m.p.: 168 – 170 °C 

1H NMR (500 MHz, CDCl3): δ 7.72 (t, J = 1.7 Hz, 2H, Ar-H), 7.55 (m, 4H, Ar-H), 7.46 (t, J = 7.6 Hz, 

2H, Ar-H), 6.69 – 6.66 (m, 4H, PCPAr-H), 6.60 (dd, J = 7.9, 1.9 Hz, 2H, PCPAr-H), 3.45 (ddd, J = 

13.9, 10.0, 4.3 Hz, 2H, CH2), 3.05 (ddd, J = 14.0, 10.0, 4.7 Hz, 2H, CH2), 2.87 (ddd, J = 14.1, 10.0, 4.3 

Hz, 2H, CH2), 2.79 (ddd, J = 13.7, 9.9, 4.7 Hz, 2H, CH2), 1.38 (s, 18H, tBu-H) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ 141.7, 141.5, 140.1, 138.9, 137.0, 136.0, 135.0, 133.0, 132.4, 

130.4, 129.5, 128.8, 46.3, 34.9, 33.9, 31.2 ppm. 

HR-MS (ESI, +): m/z calcd. for C36H40S2Ag [M+Ag]+ 643.1617; found: 643.1610. 
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Pseudo-para-bis((3’-acetylthio)phenyl)[2.2]paracyclophane (ps-para-meta PCP 3a): 

Compound 3a was synthesized according to general procedure 2 

using compound 10 (50 mg, 93.1 µmol, 1.0 eq.), acetyl chloride 

(0.33 mL, 4.66 mmol, 50 eq.), bismuth(III)trifluoromethane-

sulfonate (187 mg, 279 µmol, 3.0 eq.), toluene (4 mL) and 

acetonitrile (4 mL). The crude was purified by flash column chromatography (cyclohexane/CH2Cl2 1:2) 

to give ps-para-meta PCP 3a (30 mg, 59 µmol, 63%) as a white amorphous solid.  

TLC (SiO2, cyclohexane/CH2Cl2 1:2): Rf =0.15 

1H NMR (500 MHz, CDCl3): δ 7.59 – 7.56 (m, 4H, Ar-H), 7.54 (t, J = 7.8 Hz, 2H, Ar-H), 7.43 (dt, J 

= 7.4, 1.6 Hz, 2H, Ar-H), 6.67 – 6.62 (m, 6H, PCPAr-H), 3.48 (ddd, J = 13.8, 9.9, 4.2 Hz, 2H, CH2), 

3.04 (ddd, J = 14.0, 10.0, 4.9 Hz, 2H, CH2), 2.92 – 2.78 (m, 4H, CH2), 2.49 (s, 6H, SAc-H) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ 194.0, 142.4, 141.1, 140.2, 137.1, 136.0, 135.0, 132.5, 132.4, 

130.9, 129.7, 129.5, 128.3, 34.8, 33.8, 30.5 ppm. 

HR-MS (ESI, +): m/z calcd. for C32H28O2S2Ag [M+Ag]+ 615.0576; found: 615.0576. 

 

Pseudo-meta-bis((4’-tert-butylthio)phenyl)[2.2]paracyclophane (ps-meta-para StBu PCP 11): 

Compound 11 was synthesized according to general procedure 2 

using pseudo-meta-dibromo[2.2]paracyclophane 6 (200 mg, 

546 µmol, 1.0 eq.), (4-(tert-butylthio)phenyl)boronic acid 7 

(275 mg, 1.31 mmol, 2.4 eq.), K2CO3 (151 mg, 1.09 mmol, 2.0 eq.), 

Pd(PPh3)4 (63 mg, 54 µmol, 2.0 eq.), toluene (12 mL) and water (2 mL). The crude was purified by flash 

column chromatography (cyclohexane/CH2Cl2 3:1). The remaining impurities were precipitating in 

CH2Cl2 by adding MeOH, followed by filtration and evaporation of mother liquor to give ps-meta-para 

PCP 11 (175 mg, 344 µmol, 60%) as a colorless oil. 

TLC (SiO2, cyclohexane/CH2Cl2 2:1): Rf =0.23 

1H NMR (500 MHz, CDCl3): δ 7.65 – 7.61 (m, 4H, Ar-H), 7.48 – 7.44 (m, 4H, Ar-H), 6.72 (d, J = 1.9 

Hz, 2H, PCPAr-H), 6.69 (d, J = 7.8 Hz, 2H, PCPAr-H), 6.58 (dd, J = 7.7, 1.9 Hz, 2H, PCPAr-H), 3.28 

– 3.06 (m, 6H, CH2), 2.56 – 2.48 (m, 2H, CH2), 1.35 (s, 18H, tBu-H) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ 141.9, 141.6, 139.8, 137.7, 137.5, 132.5, 132.0, 131.6, 131.4, 

129.8, 46.2, 35.3, 33.6, 31.2 ppm. 

HR-MS (ESI, +): m/z calcd. for C36H40AgS2 [M+Ag]+ 643.1617; found: 643.1615. 

  



 

 

S8 

 

Pseudo-meta-bis((4’-tert-acetylthio)phenyl)[2.2]paracyclophane (ps-meta-para PCP 2a): 

Compound 2a was synthesized according to general procedure 2 

using compound 11 (20 mg, 37.3 µmol, 1.0 eq.), acetyl chloride 

(0.13 mL, 1.86 mmol, 50 eq.), bismuth(III)trifluoromethane-

sulfonate (74.9 mg, 112 µmol, 3.0 eq.), toluene (2 mL) and 

acetonitrile (2 mL). The crude was purified by flash column chromatography (cyclohexane/CH2Cl2 1:2) 

to give ps-meta-para PCP 2a (13.6 mg, 33 µmol, 72%) as a white amorphous solid. 

TLC (SiO2, cyclohexane/CH2Cl2 1:2): Rf =0.32 

1H NMR (500 MHz, CDCl3): δ 7.54 – 7.50 (m, 8H, Ar-H), 6.72 (d, J = 1.9 Hz, 2H, PCPAr-H), 6.67 

(d, J = 7.9 Hz, 2H, PCPAr-H), 6.57 (dd, J = 7.8, 1.9 Hz, 2H, PCPAr-H), 3.27 – 3.07 (m, 4H, CH2), 2.62 

– 2.54 (m, 2H, CH2), 2.47 (s, 6H, SAc-H) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ 194.2, 142.4, 141.7, 139.9, 137.6, 134.6, 132.6, 132.1, 131.8, 

130.5, 126.6, 35.3, 33.5, 30.4 ppm. 

HR-MS (ESI, +): m/z calcd. for C32H28O2S2Ag [M+Ag]+ 615.0576; found: 615.0583. 

 

Pseudo-meta-bis((3’-tert-butylthio)phenyl)[2.2]paracyclophane (ps-meta-meta StBu PCP 12): 

Compound 12 was synthesized according to general procedure 2 

using pseudo-meta-dibromo[2.2]paracyclophane 6 (150 mg, 

410 µmol, 1.0 eq.), (3-(tert-butylthio)phenyl)boronic acid 8 

(200 mg, 952 µmol, 2.4 eq.), K2CO3 (113 mg, 820 µmol, 2.0 eq.), Pd(PPh3)4 (47.4 mg, 41 µmol, 

10 mol%), toluene (12 mL) and water (2 mL). The crude was purified by flash column chromatography 

(cyclohexane/CH2Cl2 4:1). The remaining impurities were precipitating in CH2Cl2 by adding MeOH, 

followed by filtration and evaporation of mother liquor to give ps-meta-meta StBu PCP 12 (149 mg, 

278 kµmol, 68 %) as a colorless oil. 

TLC (SiO2, cyclohexane/CH2Cl2 4:1): Rf =0.13 

1H NMR (500 MHz, CDCl3): δ 7.68 (t, J = 1.7 Hz, 2H, Ar-H), 7.54 (dt, J = 7.5, 1.5 Hz, 2H, Ar-H), 

7.49 (dt, J = 7.7, 1.5 Hz, 2H, Ar-H), 7.44 (t, J = 7.6 Hz, 2H, Ar-H), 6.72 (d, J = 1.9 Hz, 2H, PCPAr-H), 

6.68 (d, J = 7.8 Hz, 2H, PCPAr-H), 6.59 (dd, J = 7.8, 1.9 Hz, 2H, PCPAr-H), 3.27 – 3.06 (m, 6H, CH2), 

2.58 – 2.49 (m, 2H, CH2), 1.36 (s, 18H, tBu-H) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ 141.9, 141.6, 139.9, 138.7, 137.5, 136.0, 133.0, 132.4, 132.0, 

131.6, 130.2, 128.8, 46.3, 35.3, 33.6, 31.2 ppm. 

HR-MS (ESI, +): m/z calcd. for C36H40AgS2 [M+Ag]+ 643.1617; found: 643.1604. 
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Pseudo-meta-bis((3’-tert-acetylthio)phenyl)[2.2]paracyclophane (ps-meta-meta PCP 4a): 

Compound 4a was synthesized according to general procedure 2 

using compound 12 (50 mg, 93.1 µmol, 1.0 eq.), acetyl chloride 

(0.33 mL, 4.66 mmol, 50 eq.), bismuth(III)trifluoromethane-

sulfonate (187 mg, 279 µmol, 3.0 eq.), toluene (4 mL) and acetonitrile (4 mL). The crude was purified 

by flash column chromatography (cyclohexane/CH2Cl2 1:2) to give ps-meta-meta PCP 4a (31 mg, 61 

µmol, 66%) as a white amorphous solid. 

TLC (SiO2, cyclohexane/CH2Cl2 1:2): Rf =0.26 

1H NMR (500 MHz, CDCl3): δ 7.56 – 7.49 (m, 6H, Ar-H), 7.41 (dt, J = 6.7, 1.9 Hz, 2H, Ar-H), 6.73 

(d, J = 7.8 Hz, 2H, PCPAr-H), 6.69 (d, J = 1.9 Hz, 2H, PCPAr-H), 6.58 (dd, J = 7.8, 1.9 Hz, 2H, PCPAr-

H), 3.27 – 3.16 (m, 4H, CH2), 3.14 – 3.06 (m, 2H, CH2), 2.60 – 2.51 (m, 2H, CH2), 2.47 (s, 6H, SAc-H) 

ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ 194.0, 142.2, 141.5, 139.8, 137.7, 135.7, 132.6, 132.5, 132.0, 

131.7, 130.8, 129.5, 128.3, 35.2, 33.5, 30.5 ppm. 

HR-MS (ESI, +): m/z calcd. for C32H28O2S2Ag [M+Ag]+ 615.0576; found: 615.0577. 
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1.2 Characterization 

1H, 13C{1H} NMR (CDCl3, 500/126 MHz) and HR-MS spectra of ps-para-para StBu PCP (9) 
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1H, 13C{1H} NMR (CDCl3, 500/126 MHz) and HR-MS spectra of ps-para-para PCP (1a) 
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1H, 13C{1H} NMR (CDCl3, 500/126 MHz) and HR-MS spectra of ps-para-meta StBu PCP (10) 

 

  



 

 

S19 

 

 

  



 

 

S20 

 

 

  



 

 

S21 

 

 

  



 

 

S22 

 

1H, 13C{1H} NMR (CDCl3, 500/126 MHz) and HR-MS spectra of ps-para-meta PCP (3a) 
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1H, 13C{1H} NMR (CDCl3, 500/126 MHz) and HR-MS spectra of ps-meta-para StBu PCP (11) 
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1H, 13C{1H} NMR (CDCl3, 500/126 MHz) and HR-MS spectra of ps-meta-para PCP (2a) 
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1H, 13C{1H} NMR (CDCl3, 500/126 MHz) and HR-MS spectra of ps-meta-meta StBu PCP (12) 
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1H, 13C{1H} NMR (CDCl3, 500/126 MHz) and HR-MS spectra of ps-meta-meta PCP (4a) 
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2. Transport Measurements 

2.1 Mechanically Controlled Break Junction 

 

Figure S1: Schematic illustration of the MCBJ setup. 

The single-molecule measurements, described in the main text, were carried out with a mechanically 

controlled break junction. The MCBJ sample consists of a lithographically fabricated gold wire 

suspended on a flexible substrate made out of phosphor bronze (PB) with an insulating coating of 

polyimide (PI). The gold wire was defined with electron-beam lithography and evaporated with an 

electron-beam evaporator with a thickness of 80 nm together with a 3 nm titanium adhesive layer. In a 

typical room temperature MCBJ measurement, the gold wire is stretched through a three-point bending 

mechanism with a piezoelectric element and eventually ruptures, forming a nanogap between atomically 

sharp electrode surfaces for single-molecule characterization. During the breaking of the gold wire, the 

electrical conductance is recorded with or without the presence of molecules, and the closing of the 

junction is performed when the contact is broken, as signaled by a conductance below 10−6𝐺0. During 

the successive breaking and making of the gold contacts through the bending/unbending of the substrate, 

the electrical conductance is monitored, and a large number of “breaking traces” is collected. With a 

molecule of interest inside the junction, we can determine the single-molecule electrical conductance 

statistically.  

2.2 Fast-Breaking Measurements 

In the measurements performed for the PCP molecules, the MCBJ junctions were first characterized 

without the molecules for reference purposes. After the reference gold measurement, we deposited 

molecular solutions with concentrations ranging from 1 to 100 μM in CH2Cl2 onto the MCBJ samples. 

The fast-breaking measurements were performed at a constant DC bias voltage with the electrical current 

recorded by a homemade logarithmic current amplifier. During the fast-breaking measurements, the 

molecular junctions were continuously opened and closed by the piezoelectric element, creating 

thousands of conductance breaking traces. The thousands of breaking traces were then plotted together 

to form a two-dimensional conductance histogram. 
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Figure S2: One-dimensional histogram of a fast-breaking measurement of ps-para-para and ps-meta-para PCP. 

The one-dimensional conductance histogram, which is illustrated in Figure S2, was obtained by 

summing the counts at a fixed conductance level across all displacement values from a two-dimensional 

conductance vs. displacement histogram (see Figure 2). With a log-normal fit, the most probable 

conductance values for the ps-para-para and ps-meta-para PCP molecules are 1.3 × 10−5𝐺0 and 2.2 ×

10−5𝐺0, respectively.  

2.3 Distance-Modulation Measurements 

 

Figure S3: Distance-modulation traces of ps-para-para PCP. The blue lines display three different types of conductance 

measurements, namely in-phase, double frequency, and anti-phase, and the red line displays the voltage applied to the 

piezoelectric stack. Note that an increase in piezo voltage corresponds to an increase in electrode displacement. The total 

modulation time of the experiment is 15 seconds. 
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An additional set of measurements of ps-para-para PCP is presented in Figure S3. The modulation 

traces clearly show in-phase and anti-phase behavior for the whole duration of 15 s. Note that the 

ascribed double frequency signal changes to the in-phase configuration after around 8 s during the 

modulation experiment. There are 112 traces in total showing a clear modulation signal in this 

modulation experiment, and the ratio of each behavior is provided in Figure S4. 

 

Figure S4: Ratio of phase response behaviors of ps-para-para PCP during the distance-modulation experiments. 

The ratio between the in-phase, anti-phase, and double-frequency is 60:13:27. The in-phase case is 

clearly dominating the modulation behavior compared to the anti-phase case. This difference also results 

in much fewer counts in the negative gauge factor shown in Figure 4a. The scarceness of the anti-phase 

behavior can be understood by looking at the starting electrode position in the modulation experiment. 

There, we first opened the junction up to 7.5 Å and then started modulating the junction with an 

amplitude of 5 Å. The total length of the molecular plateau is about 12.5 Å according to the fast-breaking 

measurement shown in Figure 2. Although the modulation size in the junction may not directly transform 

into the deformation of the molecule, we thus expect that the modulation occurs mostly in the strained 

molecular state. Considering the transmission vs. displacement chart for ps-para-para PCP shown in 

Figure 5b and the conductance dip depicted in Figure 3e, the in-phase behavior should be prevalent for 

a strained molecule. 

2.4 Estimation of the Gauge Factor 

In the main text, we introduced the gauge factor to quantify the mechano-sensitivity of the molecules. 

We define it as: 

GF(𝑓) ≡ FFT [log
𝐺

G0
] (𝑓)/FFT [𝑑/𝑑0](𝑓)    (1) 

where GF(f) is the frequency-dependent gauge factor, which we evaluate at f=5 Hz. In Eq. (1), FFT is 

the amplitude of the Fast-Fourier transform, G is the conductance, G0 is the conductance quantum, d is 

the electrode displacement estimated from the piezo voltage, and d0 is the length of the molecule 

estimated from the most probable molecular length in fast-breaking measurements. Essentially, GF 

involves a Fast-Fourier transform of the conductance signal on a logarithmic scale and of the electrode 

displacement on a linear scale. The obtained FFT amplitudes at the driving frequency f of 5 Hz are then 

taken to define GF by taking the ratio of the two. Note that the sign of GF is fixed by the phase of the 

signal obtained from the FFT spectra, where in-phase gives a positive GF and anti-phase a negative GF. 
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For example, if we use a highly mechano-sensitive molecule with mainly anti-phase behavior, we expect 

to see GF <0, and a large absolute value |GF|≠0 indicates a large conductance change. In the case of a 

non-mechano-sensitive molecule, such as ps-meta-para PCP, |GF| is close to 0, while we find |GF| >1 

for the mechano-sensitive ps-para-para PCP. 

2.5 Stick-Slip Motion in Molecular Junctions 

  

Figure S5: Individual fast-breaking traces for ps-meta-para and ps-para-para molecules. 

In the fast-breaking experiment described in the main text, thousands of breaking traces for ps-meta-

para and ps-para-para molecules were obtained. As suggested by Figure S2, the average conductance 

value of ps-meta-para is slightly larger and exhibits a narrower conductance distribution than those of 

ps-para-para. This is explained by the absence of DQI in the case of ps-meta-para. When the individual 

traces shown in Figure S5 are examined further, it is clear that ps-para-para features conductance 

oscillations during the displacement of electrodes, indicating the presence of DQI. However, oscillations 

can repeat up to 3 or 4 times instead of the single oscillation expected from crossing a DQI dip. Such a 

behavior was already observed in the previous experiment with OPE PCP, and we explained it by the 

stick-slip motion of the molecule in the junction.7 This stick-slip motion happens, when the molecule is 

strained sufficiently. As the gold-sulfur connection breaks due to the high strain, the molecule contracts 

before it establishes a new connection between the sulfur anchor and a nearby electrode gold atom. This 

process leads to multiple conductance oscillation as observed in the breaking traces. A similar motion 

can be conceived, if the molecule drags along with it a gold adatom or generally a smaller gold cluster 

that slides along a macroscopic gold surface. The stick-slip motion is discussed further in the theory 

section below. 
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3. Transport Calculations 

3.1 DFT Calculation Setup 

We describe electronic transport through the PCP-based single-molecule junctions as phase-coherent 

and elastic in terms of the Landauer scattering theory.8 The conductance at sufficiently low temperatures 

simplifies to 

𝐺 = 𝐺0𝜏(𝐸𝐹),            (1) 

i.e. the product of the energy-dependent transmission function 𝜏(𝐸), evaluated at the Fermi energy 𝐸F, 

and the conductance quantum 𝐺0 = 2𝑒2/ℎ. The elastic transmission 𝜏(𝐸) is computed in a parameter-

free approach by combining DFT with NEGF techniques. The established theoretical methods have been 

discussed in detail previously.9  

The calculations to obtain the transmission as a function of energy and electrode displacement for the 

four PCP derivatives comprise the following steps: First, the molecular structures are optimized in the 

gas phase. Then terminal hydrogens at each sulfur atom are removed, and the molecules are placed 

between two tetrahedral gold leads. We distinguish “top-top” and “hollow-hollow” junction geometries, 

where we use either atomically sharp tips, ending with a single Au tip atom for “top-top”, or blunt tips 

for hollow-hollow, where the tip atoms are removed on each side. The resulting junction structures are 

subsequently optimized by relaxing both the molecule and the four (for top-top geometries) or three (for 

hollow-hollow geometries) gold atoms that are located at the top of each pyramid. The rest of the gold 

atoms are fixed in a face-centered cubic lattice configuration. The resulting geometries are displayed in 

Figure 5a of the main text for the hollow-hollow junction configuration and in Figure S6a for the top-

top junction configuration. In the stretching process we separate the gold contacts in steps of 0.1 Å, 

optimize the geometries as described before, and keep increasing the electrode separation d until the 

contact ruptures. For compression we proceed in an analogous way until the molecular structure starts 

to strongly deform. Finally the transmission 𝜏(𝐸, 𝑑) and from Eq. (1) the conductance 𝐺(𝑑) are 

computed for the static geometries within the DFT-NEGF formalism.9 

The DFT calculations are performed with the quantum chemistry code TURBOMOLE10, employing the 

def-SV(P) Gaussian basis set11 for all atoms and the PBE exchange-correlation functional.12 Total 

energies are converged to an accuracy of better than 10-8 a.u., while geometries are optimized until the 

change of the maximum norm of the Cartesian gradient is below 10-3 a.u. The transport program13 that 

we use for computing the elastic transmission is custom-built and interfaced with TURBOMOLE. For 

evaluating the transmission function, we employ 16×16 transverse k-points to properly describe the 

semi-infinite gold electrodes. 
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3.2 Transmission Maps and Stick-Slip Motion in the Top-Top Configuration 

In the main text, we discuss conduction properties of the four PCP molecules immobilized in hollow-

hollow junctions. In this part we now focus on a different geometry, namely the behavior of the PCP 

derivatives in the top-top configuration, see Figure S6a. The conductance and the total energy of DFT 

are illustrated in Figure S6b for all four PCP derivatives. Considering the example of the ps-para-para 

PCP single-molecule junction, both quantities show pronounced jumps at certain stretching steps during 

the electrode displacement process. Starting from the initial junction geometry at zero displacement, 

conductance and total energy grow to a local maximum at 1.5 Å. At this point an anchoring sulfur slips 

to the next gold atom, see Figure S7a, and the molecule releases the mechanical tension that has been 

built up due to the mechanical stretching process. An instantaneous decrease of both conductance and 

energy is observed, restoring the latter to a lower value. After reaching the final tip gold atom, the 

junction breaks at 5.6 Å, and the molecule snaps back and loses contact to one electrode as the 

mechanical tension becomes too high, which leads to a sharp drop in the conductance. Molecular 

contacts based on the other three PCP derivatives show a similar interplay of elastic and plastic 

stretching stages. The sliding of the anchor group along the surface of the electrode, as presented in 

Figure S7 and called stick-slip motion, is evident from the experimental data in Figure S5 and has also 

been observed in our previous work.7 

In the two-dimensional contour maps of transmission in dependence of energy and electrode 

displacement, see Figure S6c, sudden geometric rearrangements in the junctions (such as the slipping of 

the anchor group to a neighboring gold atom) result in a discontinuous distance dependence (for ps-

para-para PCP at 1.5 Å and 4.6 Å, for ps-meta-para PCP at 2.3 Å, for ps-para-meta PCP at 3.1 Å and 

5.0 Å, and for ps-meta-meta PCP at 0.8 Å and 2.4 Å). 

A closer look at Figure S6c reveals a similar transport behavior of the top-top molecular junctions 

compared to the hollow-hollow junctions of Figure 5 in the main text. Again, inside the electronic gap 

between the HOMO and the LUMO the ps-para-para PCP junction shows transmission valleys (blue 

diagonal traces) with transmission values lower than 10-6, which cause DQI conductance dips. In 

contrast the ps-meta-para PCP junction features a rather constant transmission in the range of about 10-

3 to 10-4. Different from the observations in the main text, remnants of transmission valleys are faintly 

visible close to the LUMO for the ps-para-meta PCP molecular junction in top-top configuration, further 

consolidating the hypothesis of the central ps-para PCP subunit as origin of the DQI phenomenon. 

Again, rather uniform transmission values are predicted in the molecule’s electronic gap for ps-meta-

meta PCP as structural analogue with a central ps-meta PCP subunit. 
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Figure S6: (a) Illustration of the PCP derivatives 1-4, immobilized in top-top junctions between two gold electrodes. (b) 

Calculated conductance and total energy of the PCP molecular junctions during the gap opening. (c) Transmission maps of the 

four types of PCP single-molecule junctions. Horizontal red resonances in the maps arise from molecular frontier orbitals. For 

the ps-para-para PCP molecule, an anti-resonance is observed inside the HOMO-LUMO gap that shifts in energy as the 

displacement is varied. Analogous behavior can be found for the ps-para-meta PCP molecule as well, but the effect is masked 

by the DQI, resulting from the meta coupling at the terminal benzene rings. Tunable DQI effects are neither found in the 

simulations of ps-meta-para PCP junctions nor ps-meta-meta PCP junctions with central ps-meta PCP systems. The position 

of the Fermi energy EF is indicated as a horizontal dashed line in each plot. The conductance curves of panel b are obtained by 

tracing the transmission along this line. 
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Figure S7: Snapshots illustrating the stick-slip motion of the sulfur anchor group on the gold electrode at different electrode 

displacements d for the (a) ps-para-para, (b) ps-meta-para, (c) ps-para-meta, and (d) ps-meta-meta PCP molecules. 
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3.3 Quantum Interference Effects and Symmetry Rules 

 

Figure S8: Illustration of frontier molecular orbitals of ps-para-para, ps-meta-para, ps-para-meta and ps-meta-meta PCP 

molecules in the gas phase. Shown are the gas phase HOMO (GPH) and gas phase LUMO (GPL), as in Figure 6 of the 

manuscript, supplemented by the corresponding lower and higher states GPH-1 and GPL+1. The DFT energies of all orbitals 

are indicated. 

We relate the valleys of low transmission in Figures 5 and S6 to DQI effects, resulting from molecular 

frontier orbital contributions. The appearance or absence of these valleys can be explained by using 

orbital symmetry rules for the molecules’ gas-phase orbitals, which are documented in the literature.14-16 

For off-resonant transport inside the HOMO-LUMO gap, embedding self-energies of the electrodes can 

be neglected to first approximation. Therefore, the retarded Green’s function 𝐺𝑖𝛼,𝑗𝛽
r (𝐸) that describes 

the probability amplitude for the propagation of electrons from orbital α at atom i to orbital β at atom j 

through the molecule can be approximated by the zeroth-order Green’s function 

𝐺𝑖𝛼,𝑗𝛽
r,(0) (𝐸) = ∑

𝐶𝑖𝛼,𝑘𝐶𝑗𝛽,𝑘
∗

𝐸+𝑖η−ϵ𝑘
𝑘          (2) 

with the energy 𝜖𝑘 of molecular orbital k, its coefficient 𝐶𝑖𝛼,𝑘 at atom 𝑖 and atomic orbital α, and a 

positive infinitesimal broadening parameter 𝜂. We identify the sites 𝑖 and 𝑗 with the terminal sulfur 



 

 

S51 

 

atoms of the respective PCPs (see Figure S9). The relation between the transmission and the Green’s 

function  

𝜏(𝐸) ∝ |𝐺𝑖𝛼,𝑗𝛽
r,(0)

(𝐸)|
2
          (3) 

ultimately connects transmission to molecular orbital contributions k.  In Eq. (3) a sum should be carried 

out over all orbitals α and β that couple well to the electrodes, and there should be a weighting factor 

included that depends on this molecule-electrode coupling. For simplicity and under the assumption that 

the energy E is located between the HOMO energy 𝜖HOMO and the LUMO energy 𝜖LUMO, we reduce the 

Green’s function in Eq. (2) to the largest terms and thus only consider the HOMO and LUMO 

contributions  

𝐺𝑖𝛼,𝑗𝛽
r,(0) (𝐸) ≈

𝐶𝑖𝛼,HOMO𝐶𝑗𝛽,HOMO
∗

𝐸+𝑖𝜂−𝜖HOMO
+

𝐶𝑖𝛼,LUMO𝐶𝑗𝛽,LUMO
∗

𝐸+𝑖𝜂−𝜖LUMO
.      (4) 

For a full description of the transmission behavior further orbital contributions k may need to be taken 

into account16, but Eq. (4) still allows for a qualitative explanation of the occurrence or absence of DQI 

in the case of the studied PCP systems. We will omit the atomic orbital indices α and β in Eqs. (2)-(4) 

in the following and not specify them further, similar to the presentation in the paper. They will simply 

be of the form of the HOMO and LUMO wavefunctions at the atoms i and j. It is important though that 

the orbital characters of HOMO and LUMO wavefunctions are of compatible character in order to 

interfere as given in Eq. (4). Figure S8 reveals that this is the case here, i.e. all of the relevant HOMOs 

and LUMOs exhibit the same π-character and spatial orientation at the respective terminal sulfur atoms 

for each of the four PCP derivatives. The form of the Green’s function in Eq. (4) combined with Eq. (3) 

allows to draw the following conclusions12,13: First, the products of the orbital coefficients 

𝐶𝑖HOMO𝐶𝑗HOMO
∗  of the HOMO and 𝐶𝑖LUMO𝐶𝑗LUMO

∗  of the LUMO need to be of decent size in order to 

contribute to the transmission. For this reason, the weights of HOMO and LUMO wave functions need 

to be sufficiently large on the anchoring atoms i and j, meaning that these are delocalized orbitals. 

Second, the parities of the molecule’s HOMO and LUMO need to be different (sign(𝐶𝑖HOMO𝐶𝑗HOMO
∗ ) =

−sign(𝐶𝑖LUMO𝐶𝑗LUMO
∗ )) in order to achieve high transmission, as in this case the terms in Eq. (4) add 

up. If the parities of HOMO and LUMO are the same instead, the two terms cancel each other inside the 

gap, and DQI occurs, resulting in a low transmission. Figure S8 shows relevant frontier molecular 

orbitals and their energies, from which orbital weights on terminal sulfurs as well as their parity can be 

inferred. The quantities are needed to rationalize the transport behavior in Figure 5 of the main text as 

well as Figure S6 in terms of the orbital symmetry rules.  

3.4 Transmission Eigenchannels 

Figure S9 visualizes the wave function of those left-incoming transmission eigenchannels with the 

highest transmission for each of the four studied PCP isomers at the Fermi energy and at a particular 
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electrode separation d. We see that the amplitude of the eigenchannels decays along the propagation 

direction inside the molecules, as expected in an off-resonant transport situation.  

The spatial distribution of the wave function is quite similar for all four molecules, exhibiting a high 

weight on the molecular deck that is directly connected through a sulfur anchor to the left electrode and 

a low weight on the molecular deck that is directly connected to the right electrode. Note the low weight 

of the wave function on the ethylene braces of the central paracyclophane units. It indicates that they do 

not contribute to the phase-coherent electronic transmission through the PCP molecules at EF.  

 

Figure S9: Illustration of the wave function of the most transparent left-incoming transmission eigenchannel, evaluated at the 

Fermi energy EF, for electron transport through (a) ps-para-para, (b) ps-meta-para, (c) ps-para-meta, and (d) ps-meta-meta 

PCP molecules connected to gold electrodes. The selected electrode displacement d is indicated separately for each junction. 
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