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Section 1.1. General Synthetic Experimental Methods 

All manipulations of air- or water-sensitive compounds were performed using standard 
high-vacuum techniques. Commercially available reagents were used without further purification. 
Dry DMF for reactions was purified by the solvent drying system MBraun MB-SPS-5-BenchTop 
under nitrogen atmosphere (H2O content < 20 ppm as determined by Karl-Fischer titration). Unless 
specified otherwise, all other solvents were used as commercially supplied.	 Column 
chromatography was carried out using SiO2 60 Å or activated neutral aluminum oxide 60 Å 
(Brockmann activity grade I) as stationary phase. Petroleum ether (PE) 40−60 °C was used unless 
specified otherwise. (2E,4E,6E)-2,4,6-Octatrienal (compound S5) was prepared as reported 
previously.[1]  

1H/13C NMR spectra were recorded at 298 K using a Bruker AVIIIHD 400 nanobay or Bruker 
AVII 500 with 13C cryoprobe. NMR spectra are reported in ppm; coupling constants (J) are reported 
in Hertz, to the nearest 0.1 Hz. Chemical shifts δ are calibrated by the residual solvent signals 
(CDCl3: δH = 7.26 ppm, δC = 77.0 ppm; CD3CN: δH = 1.94 ppm, δC = 1.3 and 118.3 ppm; d6-DMSO: 
δH = 2.50 ppm, δC = 39.5 ppm). UV-vis-NIR absorption spectra were recorded in solution at 298 K 
using a Perkin-Elmer Lambda 20 spectrophotometer and a Jasco V-770 UV-visible/NIR 
spectrophotometer in fused silica cuvettes with a 1 cm pathlength. Molar absorption coefficients are 
reported in L mol–1 cm–1. Fluorescence spectra were acquired at 298 K using an Edinburgh 
Instruments FS5 spectrofluorometer operating Fluoracle® software, and equipped with a xenon arc 
lamp (providing 230–1000 nm excitation range), a thermostatic sample holder (SC-20) and both an 
R13456 PMT detector (200–950 nm spectral range, Hamamatsu) and an InGaAs analogue NIR 
detector (850–1650 nm spectral range). The absolute quantum yields were measured using an 
integrating sphere (SC-30). 
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Section 1.2. Synthetic Schemes  
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Section 1.3. Synthetic Methods 

Synthesis of 4-methylthio-phenyl hydrazine (S1). This compound was prepared using a 
modification of the procedure reported by Ahlström et al.[2] 4-Methylthio-aniline (3.48 g, 
25.0 mmol) were added to aqueous HCl (37%, 12 M, 32.0 mL). The slurry was cooled to 
0 °C. A chilled solution of NaNO2 (1.37 g, 19.8 mmol) in H2O (16.0 mL) was added 
dropwise at the same temperature. After stirring for 30 min, a solution of SnCl2·2H2O (12.8 g, 56.6 
mmol) in aqueous HCl (37%, 13.0 mL) was added. After stirring for 3 h, the precipitate was 
collected by filtration. The solid was then added to aqueous sodium hydroxide (1.0 M, 20 mL) and 
stirred for 1 h. Extracting with CH2Cl2 then removing the solvent under vacuum gave compound S1 
(2.69 g, 70%) as a brown oil.  

1H NMR (400 MHz, CDCl3, 298 K): δH 7.32–7.24 (m, 2H), 6.85–6.76 (m, 2H), 5.19 (bs, 1H), 3.59 
(bs, 2H), 2.45 (s, 3H). 

Synthesis of 5-methylthio-2,3,3-tetramethylindolenine (S2). This compound was 
prepared using a similar procedure to that reported by Fung et al.[3] Compound S1 (2.69 g, 
17.4 mmol) was dissolved in acetic acid (15 mL), then iso-propylmethyl ketone (5.00 mL, 
46.6 mmol) and conc. H2SO4 (0.2 mL, 3.7 mmol) were added to the solution. The 
solution was heated to reflux for 18 h. After cooling to room temperature, the solution was 
neutralized by saturated aqueous sodium bicarbonate. Extracting with diethyl ether and removing 
the solvent under vacuum gave a dark red oil, which was used for methylation without further 
purification. The oil was dissolved in CH3CN (7 mL) and iodomethane (10 mL), and stirred at room 
temperature for 7 h. Filtration and washing with CH2Cl2 gave compound S2 as a yellow solid (3.71 
g, 61%).  

1H NMR (400 MHz, d6-DMSO, 298 K): δH 7.82 (d, J = 8.5 Hz, 1H, Hf), 7.75 (d, J = 1.8 Hz, 1H, 
Hg), 7.46 (dd, J = 8.5, 1.8 Hz, 1H, He), 3.94 (s, 3H, Hb), 2.73 (s, 3H, Hd), 2.58 (s, 3H, Ha), 1.52 (s, 
6H, Hc).	  

13C NMR (100 MHz, d6-DMSO, 298 K): δC 194.2, 142.5, 140.1, 139.3, 125.5, 120.4, 115.4, 53.8, 
34.7, 21.7, 14.9, 14.0.  

HR MS (ESI+): m/z 220.1156 (M+ 100%, C13H18NS+ requires 220.1154). 

Synthesis of Cy3·PF6. This compound was prepared using a 
similar procedure to that reported by Gunasekaran et al.[4] 
Compound S2 (0.15 g, 0.43 mmol) and triethyl orthoformate (0.19 
g, 1.3 mmol) were added to pyridine (1 mL), and the solution was 
heated to reflux for 4 h under argon, then cooled to room 
temperature and filtered. The solid was washed with ether and 
dried, then dissolved in methanol (10 mL). The solution was added to saturated aqueous potassium 
hexafluorophosphate (100 mL). After stirring at room temperature for 2 h, the resulting precipitate 
was filtered and washed with water to yield Cy3·PF6 (80 mg, 62%) as a grey solid. Elemental 
analysis (%) calcd for C27H33F6N2PS2: C 54.53, H5.59, N 4.71; found: C 54.36, H 5.71, N 4.65.  
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1H NMR (500 MHz, d6-DMSO, 298 K): δH 8.27 (t, J = 13.5 Hz, 1H, Hh), 7.59 (d, J = 1.8 Hz, 2H, 
He), 7.40 (d, J = 8.4 Hz, 2H, Hf), 7.33 (dd, J = 8.4, 1.8 Hz, 2H, Hd), 6.38 (d, J = 13.5 Hz, 2H, Hg), 
3.61 (s, 6H, Hb), 2.54 (s, 6H, Ha), 1.68 (s, 12H, Hc). 

13C NMR (125 MHz, d6-DMSO, 298 K): δC 173.3, 148.6, 141.5, 140.5, 135.2, 126.4, 120.9, 111.9, 
102.6, 48.8, 31.4, 27.2, 15.7.  

HR MS (ESI+): m/z 449.2079 ([M]+ 100%, C27H33N2S2
+ requires 449.2080). 

UV-vis (CHCl3): λ / nm (ε / M–1 cm–1): 589 (1.40 × 105). 

Synthesis of Cy5·PF6. This compound was prepared using a 
similar procedure to that reported by Gunasekaran et al.[4] 
Compound S2 (0.30 g, 0.86 mmol), malonaldehyde 
bisphenylimine monohydrochloride (0.15 g, 0.58 mmol) and 
potassium acetate (0.51 g, 5.2 mmol) were added to acetic 
anhydride (3.9 mL), then the slurry was heated to reflux for 1 
h. The mixture was cooled to room temperature and filtered. The solid was washed with ether and 
water, then dissolved in methanol (10 mL). The solution was added to saturated aqueous potassium 
hexafluorophosphate (100 mL). After stirring at room temperature for 2 h, the resulting precipitate 
was filtered and washed with water to yield Cy5·PF6 (0.060 g, 22 %) as a blue solid.  

1H NMR (500 MHz, d6-DMSO, 298K): δH 8.28 (dd, J = 13.8, 12.4 Hz, 2H, Hh), 7.59 (d, J = 1.8 Hz, 
2H, He), 7.33 (d, J = 8.4 Hz, 2H, Hf), 7.29 (dd, J = 8.4, 1.8 Hz, 2H, Hd), 6.51 (t, J = 12.4 Hz, 1H, 
Hi), 6.23 (d, J = 13.8 Hz, 2H, Hg), 3.57 (s, 6H, Hb), 2.53 (s, 6H, Ha), 1.68 (s, 12H, Hc) ppm. 
13C NMR (125 MHz, d6-DMSO, 298K) δC 172.2, 153.3, 142.0, 140.6, 134.5, 126.4, 125.2, 120.9, 
111.4, 103.2, 48.8, 31.2, 26.9, 15.8 ppm. 

HR MS (ESI+): m/z 475.2234 ([M]+ 100%, C29H35N2S2
+ requires 475.2236). 

UV-vis (CHCl3): λ / nm (ε / M–1 cm–1): 690 (2.14 × 105). 

Synthesis of Cy7·PF6. This compound was prepared using 
a similar procedure to that reported by Gunasekaran et al.[4] 
Compound S2 (73 mg, 0.21 mmol), 
N-[5-(phenylamino)-2,4-pentadienylidine] aniline 
monohydrochloride (30 mg, 0.10 mmol) and potassium 
acetate (128 mg, 1.30 mmol) were added to acetic 
anhydride (2 mL), then heated to 70 °C for 1 h under nitrogen. The reaction mixture was cooled to 
room temperature and then diethyl ether (70 mL) was added. The precipitate was collected by 
filtration, and then dissolved in methanol (12 mL). The solution was added to saturated aqueous 
potassium hexafluorophosphate (200 mL). The solid was collected by filtration, and recrystallized 
from dichloromethane and petrol ether. The solid was dissolved in dichloromethane again, filtered 
through a syringe filter. Removing the dichloromethane of the filtrate under vacuum gave Cy7·PF6 
(42 mg, 62%) as a dark solid. Elemental analysis (%) calcd for C31H37F6N2PS2: C 57.57, H5.77, N 
4.33; found: C 57.42, H 5.88, N 4.28. 
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1H NMR (500 MHz, d6-DMSO, 298 K): δH 7.82 (t, J = 13.1 Hz, 2H, Hh), 7.70 (t, J = 13.1 Hz, 1H, 
Hj), 7.54 (d, J = 1.6 Hz, 2H, He), 7.35–7.25 (m, 4H, Hd and Hf), 6.50 (t, J = 13.1 Hz, 2H, Hi), 6.27 
(d, J = 13.1 Hz, 2H, Hg), 3.55 (s, 6H, Hb), 2.52 (s, 6H, Ha), 1.63 (s, 12H, Hc) ppm. 

13C NMR (125 MHz, d6-DMSO, 298 K): δC 170.8, 155.3, 150.0, 141.9, 140.8, 134.3, 126.5, 125.2, 
120.8, 111.3, 103.9, 48.6, 31.2, 27.0, 15.7 ppm.  

HR MS (ESI+): m/z 501.2392 ([M]+ 100%, C31H37N2S2
+ requires 501.2393). 

UV-vis-NIR (CHCl3): λ / nm (ε / M–1 cm–1): 784 (1.80 × 105). 

Synthesis of N-((1E,2E,4E,6E)-7-(phenylamino)hepta-2,4,6-trien-1- 
ylidene)benzenaminium hexaflorophosphate (S3). (The synthesis of 
this compound has previously been reported as a chloride salt.[5]) POCl3 
(3.6 mL, 38 mmol) was added dropwise to a solution of dry DMF (8.0 mL, 104 mmol) and MeOH 
(1.7 mL, 42 mmol) at 0 °C. After 10 min the temperature was raised to room temperature, and (2E, 
4E)-2,4-hexadienal (2.2 mL, 20 mmol) was added dropwise to give a dark brown solution. The 
solution was then heated to 80 °C for 3 h. The reaction mixture was poured onto ice (80 g), then 
aqueous aniline hydrochloride (13.0 g, 100 mmol, in 120 mL H2O) was added. 10% aqueous KOH 
(80 mL) was then added to basify the mixture. A saturated aqueous solution of KPF6 (240 mL) was 
added to the reaction mixture and was allowed to sit overnight. The solution was filtered to obtain 
black precipitate. The precipitates were dissolved in dichloromethane and then filtered through a 
plug of silica. Recrystallization by dissolving in CH2Cl2 and layered addition of petrol ether gave 
compound S3 (2.40 g, 29%) as a purple solid.  

1H NMR (400 MHz, d6-acetone, 298 K): δH 8.48 (d, J = 12.2 Hz, 2H, Hd), 7.73 (t, J = 12.2 Hz, 2H, 
Hf), 7.50−7.43 (m, 4H, Hb), 7.42−7.36 (m, 4H, Hc), 7.32−7.18 (m, 2H, Ha), 6.56 (t, J = 12.2 Hz, 1H, 
Hg), 6.38 (t, J = 12.2 Hz, 2H, He). 

13C NMR (125 MHz, d6-acetone, 298 K): δC 161.8, 154.7, 140.0, 130.9, 126.7, 123.5, 118.4, 111.8 
ppm.  

HR MS (ESI+): m/z 275.1544 (M+ 100%, C19H19N2
+ requires 275.1543). 

Synthesis of Cy9·PF6. Compound S2 (0.24 g, 0.69 
mmol), bisphenylaminoheptamethine S3 (0.10 g, 0.24 
mmol), potassium acetate (0.37 g, 3.8 mmol) were 
added to acetic anhydride (4.5 mL) and stirred at room 
temperature for 4 h. Diethyl ether (200 mL) was added 
to the solution and the precipitate was filtered. The 
solid was dissolved in MeOH (25 mL), and added to saturated aqueous KPF6 solution (1.0 L). The 
precipitate was collected by filtration, then dissolved in CH2Cl2, and passed through a PTFE syringe 
filter. Column chromatography (washed by CH2Cl2 then CH2Cl2/ MeOH 9:1) gave Cy9·PF6 (67 mg, 
42%) as a dark solid. 

1H NMR (500 MHz, DMSO, 298 K): δH 7.78 (t, J = 12.9 Hz, 2H, Hh), 7.52 (d, J = 1.3 Hz, 2H, He), 
7.35 (t, J = 12.9 Hz, 2H, Hj), 7.28 (m, 4H, Hd and Hf), 6.50 (t, J = 12.9 Hz, 2H, Hi), 6.46 (t, J = 12.9 
Hz, 1H, Hk), 6.23 (d, J = 12.9 Hz, 2H, Hg), 3.53 (s, 6H, Hb), 2.51 (s, 6H, Ha), 1.62 (s, 12H, Hc) ppm.	  
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13C NMR (125 MHz, d6-DMSO, 298 K): δC 169.7, 150.8, 147.4, 141.5, 140.3, 134.0, 127.1, 126.8, 
126.2, 120.5, 111.2, 104.6, 48.0, 31.2, 26.9, 15.9 ppm.  

HR MS (ESI+): m/z 527.2550 (M+ 100%, C33H39N2S2
+ requires 527.2549). 

UV-vis-NIR (CHCl3): λ / nm (ε / M–1 cm–1): 894 (1.31 × 105). 

Synthesis of N-((1E,2E,4E,6E,8E)-9-(phenylamino)nona- 
2,4,6,8-tetraen-1-ylidene)benzenaminium 
hexafluorophosphate (S6). (The synthesis of this compound 
has previously been reported as a chloride salt.[5]) POCl3 (0.46 
mL, 4.9 mmol) was added dropwise to a solution of dry DMF (1.0 mL, 13.0 mmol) and MeOH 
(0.22 mL, 5.3 mmol) at 0 °C with nitrogen atmosphere. After 10 minutes the temperature was raised 
to room temperature, and a solution of compound S5 (0.24 g, 2.0 mmol) in dry DMF (1.0 mL, 13.0 
mmol) was added dropwise. The solution was then heated to 50 °C for 2.5 h. After cooling, the 
reaction mixture was poured onto ice (20 g), then aqueous aniline hydrochloride (1.79 g, 13.9 
mmol, in 30 mL H2O) was added. Aqueous KOH (10%) was then added dropwise to neutralize the 
solution to pH 7. Saturated aqueous KPF6 (30 mL) was added and the reaction mixture was stirred 
at room temperature for 2 h. The solid was collected by filtration, and recrystallized by CH2Cl2/PE. 
The solid was dissolved in CH2Cl2, and the insoluble impurities were removed by filtration. The 
filtrate was collected and the solvent was removed under vacuum. Solid was dissolved in CH2Cl2 
(35 mL) and aniline (3 mL) was added and stirred for 1 h at room temperature. The product was 
precipitated by adding the solution to PE (200 mL) and purified by recrystallized with CH2Cl2/PE 
and to yield S6 as a black solid (0.11 g, 12%, crude). This material was used for next step as a crude 
product without further purification. 

HR MS (ESI+): m/z 301.1701 ([M]+ 100%, C21H21N2
+ requires 301.1699).  

Synthesis of Cy11·PF6. Compound S2 (117 mg, 
0.34 mmol) was added to aqueous sodium 
hydroxide (1.0 M, 20 mL, 20 mmol) and diethyl 
ether (10 mL). The mixture was stirred at room 
temperature for 15 min, then the organic layer 
was separated, and the aqueous layer was 
extracted with diethyl ether. The organic phase was combined, then the solvent was removed under 
vacuo to give a yellow liquid. The liquid was dissolved in acetic anhydride (3 mL) and added to 
compound S6 (32 mg, 0.07 mmol). After stirring at room temperature for 1.5 h, diethyl ether (75 
mL) was added to the solution and the precipitate was filtered. The solid was dissolved in CH2Cl2 
and filtered through a PTFE syringe filter. The solvent of filtrate was removed under vacuum to 
give a black solid, which contained compound Cy11·PF6 as the main product together with Cy3, 
Cy5, Cy7 and Cy9 impurities. The product was purified by column chromatography on neutral 
alumina (washed by CH2Cl2 then acetone). Compound Cy3, Cy5, Cy7 and Cy9 eluted first when 
flushing column with acetone, and the fractions were monitored by UV-vis-NIR spectrometry and 
mass spectrometry. The fractions with pure Cy11 were collected and the solvent was removed 
under vacuum. Washing with petroleum ether gave Cy11·PF6 (2 mg, 4%) as a black solid.  
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1H NMR (500 MHz, CD3CN, 298 K): δH 7.58 (t, J = 13.2 Hz, 2H, Hh), 7.37 (d, J = 1.8 Hz, 2H, He), 
7.29 (dd, J = 8.4, 1.8 Hz, 2H, Hd), 7.14 (t, J = 13.2 Hz, 2H, Hj), 7.09 (d, J = 8.4 Hz, 2H, Hf), 6.97 (t, 
J = 13.2 Hz, 1H, Hl), 6.45 (t, J = 13.2 Hz, 4H, Hi and Hk), 6.12 (d, J = 13.2 Hz, 2H, Hg), 3.46 (s, 6H, 
Hb), 2.51 (s, 6H, Ha), 1.62 (s, 12H, Hc) ppm.  

13C NMR (125 MHz, CD3CN, 298 K): δC 170.3, 149.1, 148.0, 146.6, 143.1, 142.5, 135.6, 129.1, 
128.3, 128.1, 122.1, 111.7, 105.6, 49.6, 32.1, 27.5, 16.9 ppm.  

HR MS (ESI+): m/z 553.2703 (M+ 100%, C33H39N2S2
+ requires 553.2706). 

UV-vis-NIR (CH2Cl2): λ / nm (ε / M–1 cm–1): 1018 (2.27 × 105).  

Synthesis of Cy3·B(C6F5)4. Cy3·PF6 (15 mg, 25 µmol) and 
potassium tetrakis(pentafluorophenyl)borate (20 mg, 28 µmol) was 
dissolved in CH2Cl2 (10 mL) at room temperature for 10 min. After 
removing the precipitate (KPF6) by filtration, the filtrate was passed 
through a plug of silica eluting with CH2Cl2, evaporated and dried 
under vacuum gave Cy3·B(C6F5)4 as a purple solid (27 mg, 95%). 

1H NMR (500 MHz, d3-CH3CN, 298 K): δH 8.38 (t, J = 13.5 Hz, 1H, Hh), 7.43 (d, J = 1.8 Hz, 2H, 
He), 7.32 (dd, J = 8.4, 1.8 Hz, 2H, Hd), 7.19 (d, J = 8.4, 2H, Hf), 6.23 (d, J = 13.5 Hz, 2H, Hg), 3.53 
(s, 6H, Hb), 2.53 (s, 6H, Ha), 1.70 (s, 12H, Hc). 

13C NMR (125 MHz, d3-CH3CN, 298 K): δC 175.2, 150.5, 150.0, 148.1, 142.81, 141.76, 140.2, 
138.3, 137.0, 136.3, 127.7, 121.7, 112.5, 103.3, 50.3, 32.2, 28.0, 16.5 ppm. 

HR MS (ESI+): m/z 449.2079 ([M]+ 100%, C27H33N2S2
+ requires 449.2080). 

UV-vis (CHCl3): λ / nm (ε / M–1 cm–1): 592 (5.64 × 104). 

Synthesis of Cy5·B(C6F5)4. Cy5·PF6 (8.0 mg, 13 µmol) and 
potassium tetrakis(pentafluorophenyl)borate (17 mg, 24 µmol) 
was dissolved in CH2Cl2 (10 mL) at room temperature for 10 
min. After removing the precipitate (KPF6) by filtration, the 
filtrate was passed through a plug of silica eluting with CH2Cl2, 
evaporated and dried under vacuum to give Cy5·B(C6F5)4 as a blue solid (13 mg, 87 %). 

1H NMR (400 MHz, d6-acetone, 298 K): δH 8.36 (dd, J = 13.8, 12.4 Hz, 2H, Hh), 7.52 (d, J = 1.8 
Hz, 2H, He), 7.35 (dd, J = 8.4, 1.8 Hz, 2H, Hd), 7.32 (d, J = 8.4, 2H, Hf), 6.65 (t, J = 12.4 Hz, 1H, 
Hi), 6.34 (d, J = 13.8 Hz, 2H, Hg), 3.69 (s, 6H, Hb), 2.54 (s, 6H, Ha), 1.73 (s, 12H, Hc) ppm. 

13C NMR (125 MHz, d6-acetone, 298 K): δC 173.8, 154.3, 150.0, 148.1, 143.1, 141.9, 140.0, 138.1, 
136.5, 136.1, 127.8, 126.2, 121.9, 112.2, 104.1, 50.1, 31.7, 27.6, 16.4 ppm. 

HR MS (ESI+): m/z 475.2235 ([M]+ 100%, C29H35N2S2
+ requires 475.2236). 

UV-vis-NIR (CHCl3): λ / nm (ε / M–1 cm–1): 695 (1.41 × 105). 
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Synthesis of Cy7·B(C6F5)4. Cy7·PF6 (5.0 mg, 7.7 µmol) and 
potassium tetrakis(pentafluorophenyl)borate (16 mg, 22 µmol) 
were dissolved in CH2Cl2 (10 mL) at room temperature for 10 
min. After removing the precipitate (KPF6) by filtration, the 
filtrate was passed through a plug of silica eluting with CH2Cl2, 
evaporated and dried under vacuum to give Cy7·B(C6F5)4 as a green solid (8.0 mg, 88%). 

1H NMR (500 MHz, d3-CH3CN, 298 K): δH 7.76 (t, J = 13.2 Hz, 2H, Hh), 7.51 (t, J = 13.2 Hz, 1H, 
Hj), 7.39 (d, J = 1.8 Hz, 2H, He), 7.29 (dd, J = 8.4, 1.8 Hz, 2H, Hd), 7.13 (d, J = 8.4 Hz, 2H, Hf), 
6.48 (t, J = 13.2 Hz, 2H, Hi), 6.15 (d, J = 13.2 Hz, 2H, Hg), 3.48 (s, 6H, Hb), 2.52 (s, 6H, Ha), 1.64 
(s, 12H, Hc) ppm. 

13C NMR (125 MHz, d3-CH3CN, 298 K): δC 172.5, 151.3, 150.0, 148.1, 143.1, 142.1, 140.2, 138.3, 
136.2, 127.8, 126.3, 121.9, 118.3, 112.0, 104.6, 49.9, 32.0, 27.6, 16.7 ppm. 

HR MS (ESI+): m/z 501.2391 ([M]+ 100%, C31H37N2S2
+ requires 501.2393). 

UV-vis (CHCl3): λ / nm (ε / M–1 cm–1): 798 (1.93 × 105). 

Synthesis of Cy9·B(C6F5)4. Cy9·PF6 (3.0 mg, 4.4 µmol) and 
lithium tetrakis(pentafluorophenyl)borate ethyl etherate (6.0 
mg, 6.9 µmol) were dissolved in CH2Cl2 (1 mL) at room 
temperature for 10 min. After removing the precipitate 
(LiPF6) by filtration, the filtrate was passed through a plug of 
silica eluting with CH2Cl2, evaporated and dried under vacuum to give Cy9·B(C6F5)4 as a dark 
solid (2.0 mg, 37%). 

1H NMR (500 MHz, d6-acetone, 298 K): δH 7.87 (t, J = 13.1 Hz, 2H, Hh), 7.50 (d, J = 1.8 Hz, 2H, 
He), 7.37 (t, J = 13.1 Hz, 2H, Hj), 7.34 (dd, J = 8.4, 1.8 Hz, 2H, Hd), 7.27 (d, J = 8.4 Hz, 2H, Hf), 
6.55 (t, J = 13.1 Hz, 2H, Hi), 6.50 (t, J = 13.1 Hz, 1H, Hk), 6.31 (d, J = 13.1 Hz, 2H, Hg), 3.66 (s, 
6H, Hb), 2.53 (s, 6H, Ha), 1.71 (s, 12H, Hc) ppm. 

13C NMR (125 MHz, d6-acetone, 298K): δC 172.4, 156.5, 151.5, 150.0, 148.1, 143.0, 142.0, 140.0, 
138.1, 136.3, 127.9, 126.4, 121.9, 112.0, 104.7, 49.9, 31.7, 27.7, 16.5 ppm. 

HR MS (ESI+): m/z 527.2550 (M+ 100%, C33H39N2S2
+ requires 527.2549). 

UV-vis-NIR (CHCl3): λ / nm (ε / M–1 cm–1): 912 (1.91 × 105). 

Synthesis of Cy11·B(C6F5)4. Cy11·PF6 (3.0 mg, 4.3 µmol) 
and potassium tetrakis(pentafluorophenyl)borate (10 mg, 
14 µmol) were dissolved in CH2Cl2 (1 mL) at room 
temperature for 10 min. After removing the precipitate 
(KPF6) by filtration, the filtrate was passed through a plug 
of alumina eluting with CH2Cl2, evaporated and dried under vacuum to give Cy11·B(C6F5)4 as a 
black solid (3.0 mg, 57%). 
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1H NMR (500 MHz, d6-acetone, 298 K): δH 7.78 (t, J = 13.1 Hz, 2H, Hh), 7.50 (d, J = 1.8 Hz, 2H, 
He), 7.33 (dd, J = 8.4, 1.8 Hz, 2H, Hd), 7.29−7.14 (m, 4H, Hf and Hj), 6.98 (t, J = 13.1 Hz, 1H, Hl), 
6.52 (t, J = 13.1 Hz, 2H, Hk), 6.49 (t, J = 13.1 Hz, 2H, Hi), 6.31 (d, J = 13.1 Hz, 2H, Hg), 3.65 (s, 
6H, Hb), 2.53 (s, 6H, Ha), 1.71 (s, 12H, Hc) ppm. 

13C NMR (125 MHz, d6-acetone, 298 K): δC 170.2, 150.0, 149.3, 148.0, 146.7, 143.0, 142.4, 140.0, 
138.1, 135.8, 129.1, 128.5, 128.2, 122.2, 111.7, 105.8, 49.6, 31.8, 27.5, 16.7 ppm. 

HR MS (ESI+): m/z 553.2704 (M+ 100%, C33H39N2S2
+ requires 553.2706). 

UV-vis-NIR (CHCl3): λ / nm (ε / M–1 cm–1): 1025 (2.01 × 105). 

Note on the stability of Cy11·PF6 and Cy11·B(C6F5): These compounds are stable at room 
temperature under air in the dark, with no detectable decomposition after several months, but they 
have poor stability when exposed to light, acid (e.g. 1% trifluoroacetic acid), base (e.g. pyridine) or 
heat (e.g. above 50 °C). 

 

Section 2. UV-Visible-NearIR Absorption and Fluorescence Spectroscopy 
 
Table 1. Absorption maxima of cyanine dye molecular wires in different solvents (molar absorption 
coefficient in the brackets, ε / M–1 cm–1).  

solvent 

cyanine             

toluene THF CHCl3 CH2Cl2 acetone CH3CN DMSO MeOH CS2 dioxane 

Cy3·PF6 
595 nm 

(5.71×104) 

586 nm 

(5.85×104) 

590 nm 

(6.40×104) 

590 nm 

(5.97×104) 

576 nm 

(6.16×104) 

575 nm 

(5.54×104) 

582 nm 

(5.69×104) 

574 nm 

(6.15×104) 

606 nm 

(7.62×104) 

584 nm 

(4.75×104) 

Cy3B·(C6F5)4 
594 nm 

(5.59×104) 

586 nm 

(5.15×104) 

592 nm 

(5.64×104) 

590 nm 

(5.30×104) 

578 nm 

(6.10×104) 

576 nm 

(5.91×104) 

584 nm 

(6.08×104) 

577 nm 

(6.02×104) 

607 nm 

(4.92×104) 

587 nm 

(5.28×104) 

Cy5·PF6 
684 nm 

(1.03×105) 

679 nm 

(1.00×105) 

688 nm 

(8.90×104) 

689 nm 

(1.08×105) 

670 nm 

(1.02×105) 

669 nm 

(1.10×105) 

676 nm 

(9.13×104) 

669 nm 

(9.98×104) 

697 nm 

(1.01×105) 

679 nm 

(1.07×105) 

Cy5·B(C6F5)4 
701 nm 

(1.42×105) 

683 nm 

(1.34×105) 

695 nm 

(1.41×105) 

691 nm 

(1.57×105) 

672 nm 

(1.33×105) 

670 nm 

(1.34×105) 

678 nm 

(1.37×105) 

670 nm 

(1.46×105) 

714 nm 

(1.53×105) 

688 nm 

(1.66×105) 

Cy7·PF6 
763 nm 

(1.12×105) 

777 nm 

(1.07×105) 

778 nm 

(1.02×105) 

792 nm 

(1.35×105) 

774 nm 

(9.89×104) 

773 nm 

(9.74×104) 

782 nm 

(8.65×104) 

771 nm 

(1.02×105) 

777 nm 

(9.70×104) 

760 nm 

(1.02×105) 

Cy7·B(C6F5)4 
806 nm 

(1.92×105) 

786 nm 

(1.57×105) 

798 nm 

(1.93×105) 

795 nm 

(1.80×105) 

775 nm 

(1.42×105) 

774 nm 

(1.42×105) 

779 nm 

(1.36×105) 

772 nm 

(1.49×105) 

818 nm 

(1.67×105) 

790 nm 

(1.97×105) 

Cy9·PF6 
899 nm 

(8.22×104) 

900 nm 

(1.51×105) 

907 nm 

(1.84×105) 

905 nm 

(2.27×105) 

883 nm 

(1.19×105) 

878 nm 

(1.20×105) 

894 nm 

(1.03×105) 

877 nm 

(1.27×105) 

930 nm 

(1.12×105) 

873 nm 

(8.50×104) 

Cy9·B(C6F5)4 
909 nm 

(1.82×105) 

900 nm 

(1.28×105) 

912 nm 

(1.91×105) 

908 nm 

(1.78×105) 

884 nm 

(9.56×104) 

880 nm 

(9.25×104) 

896 nm 

(8.68×104) 

878 nm 

(1.10×105) 

923 nm 

(1.87×105) 

898 nm 

(1.71×105) 

Cy11·PF6 
942 nm 

(8.31×104) 

1002 nm 

(1.13×105) 

1019 nm 

(1.65×105) 

1018 nm 

(2.27×105) 

864 nm 

(6.84×104) 

846 nm 

(6.74×104) 

1001 nm 

(7.01×104) 

983 nm 

(4.71×104) 

975 nm 

(1.00×105) 

813 nm 

(8.02×104) 

Cy11·B(C6F5)4 
1014 nm 

(1.52×104) 

1008 nm 

(8.92×104) 

1025 nm 

(2.01×105) 

1017 nm 

(1.75×105) 

989 nm 

(5.11×104) 

985 nm 

(3.94×104) 

1002 nm 

(4.11×104) 

984 nm 

(5.48×104) 

1027 nm 

(1.91×105) 

998 nm 

(1.32×105) 
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Table 2. Fluorescence quantum yields (all measured for PF6 salts in dichloromethane).  

cyanine quantum yield 
excitation 
wavelength 

peak 
emission 
wavelength 

measurement technique 

Cy3·PF6 9.1 ± 1.3 % 562 nm 626 nm integrating sphere 
Cy5·PF6 10.4 ± 1.0 % 650 nm 725 nm integrating sphere 

Cy7·PF6 9.9 ± 0.5% 
733 nm 831 nm reference: indocyanine green in 

ethanola 

Cy9·PF6 15.5 ± 4.6% 900 nm 942 nm reference: IR-1061 in CH2Cl2
b 

Cy11·PF6 2.8 ± 1.4% 960 nm 1068 nm reference: IR-1061 in CH2Cl2
b 

a: φF = 0.283 ± 0.017 (ref. 6). b: φF = 0.012 ± 0.004 (ref. 7). 
 
 

 
Figure S1. UV-vis-NIR absorption and fluorescence spectra of compounds Cy3·PF6, Cy5·PF6, Cy7·PF6, 
Cy9·PF6 and Cy11·PF6 recorded in CH2Cl2. The intensities for the fluorescence spectra are scales so that the 
areas of the peaks are proportional to the quantum yields. 
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Figure S2. UV-vis absorption spectra of compounds Cy3·PF6, Cy5·PF6, Cy7·PF6, Cy9·PF6 and Cy11·PF6 
recorded in CH3CN. 

 
Figure S3. Normalized fluorescence and UV-vis-NIR absorption spectra of compounds Cy3·PF6, Cy5·PF6, 
Cy7·PF6, Cy9·PF6 and Cy11·PF6 recorded in CH2Cl2. Excitation wavelengths: Cy3·PF6: 550 nm, Cy5·PF6: 
654 nm, Cy7·PF6: 754 nm, Cy9·PF6: 834 nm and Cy11·PF6: 973 nm. 
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Figure S4. Normalized UV-vis-NIR absorption and excitation spectra of Cy3·PF6, Cy5·PF6, Cy7·PF6, 
Cy9·PF6 and Cy11·PF6 recorded in CH2Cl2. Detection wavelengths: Cy3·PF6: 660 nm, Cy5·PF6: 775 nm, 
Cy7·PF6: 880 nm, Cy9·PF6: 980 nm and Cy11·PF6: 1068 nm. 

 
Figure S5. UV-vis-NIR absorption spectra of compounds Cy3·B(C6F5)4 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 
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Figure S6. UV-vis-NIR absorption spectra of compounds Cy3·PF6 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 
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Figure S7. UV-vis-NIR absorption spectra of compounds Cy5·B(C6F5)4 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 

 
Figure S8. UV-vis-NIR absorption spectra of compounds Cy5·PF6 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 



	

S16 

	

 
Figure S9. UV-vis-NIR absorption spectra of compounds Cy7·B(C6F5)4 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 

 
Figure S10. UV-vis-NIR absorption spectra of compounds Cy7·PF6 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 
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Figure S11. UV-vis-NIR absorption spectra of compounds Cy9·B(C6F5)4 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 

 
Figure S12. UV-vis-NIR absorption spectra of compounds Cy9·PF6 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 
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Figure S13. UV-vis-NIR absorption spectra of compounds Cy11·B(C6F5)4 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 

 

 

Figure S14. UV-vis-NIR absorption spectra of compounds Cy11·PF6 recorded in a range of solvents: 
dichloromethane, chloroform, acetone, acetonitrile, methanol, DMSO, THF and toluene. 
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Section 3. X-Ray Crystallography 

Methods: Single crystal X-ray diffraction were collected on a Rigaku Oxford Diffraction 
SuperNova diffractometer or at beamline I19, Diamond Light Source.[8] The CrysAlisPro software 
was used for data collection and integration. Crystallographic data have been deposited with the 
Cambridge Crystallographic Data Centre (CCDC 2074549-59) and can be obtained via www. 
ccdc.cam.ac.uk/data_request/cif. 
 
 

 
Table 3. Bond lengths and bond length alternation from this work for Cy3 and Cy5. 

cyanine Cy3 (a) Cy3 (b) Cy5 Cy5 (c) Cy5 (c) 
X– B(C6F5)4

– PF6
– B(C6F5)4

– PF6
– I– 

R factor 4.89% 4.92% 4.44% 4.69% 3.50% 
mean sd in bond lengths ±0.004 ±0.005 ±0.005 ±0.003 ±0.002 
a / Å 1.353 1.347 1.348 1.361 1.352 1.351 1.350 
a' / Å 1.308 1.345 1.347 1.344 1.342 1.351 1.350 
a – a' / Å 0.045 0.002 0.001 0.017 0.010 0.000 0.000 
b / Å 1.381 1.394 1.394 1.390 1.383 1.385 1.390 
b' / Å 1.352 1.383 1.395 1.390 1.390 1.385 1.390 
b – b' / Å 0.029 0.11 –0.001 0.000 –0.007 0.000 0.000 
c / Å 1.383 1.379 1.386 1.395 1.388 1.393 1.389 
c' / Å 1.379 1.394 1.385 1.393 1.378 1.393 1.389 
c – c' / Å 0.004 –0.05 0.001 0.002 0.010 0.000 0.000 
d / Å     1.383 1.389 1.391 
d' / Å     1.382 1.389 1.391 
d – d' / Å     0.001 0.000 0.000 
mean BLA / Å 0.007 0.005 0.001 0.006 0.007 0.00 0.00 
BLA sd / Å ±0.037 ±0.007 ±0.000 ±0.009 ±0.005 – – 
(a) structure has substantial disorder, leading to uncertainty in the bond lengths. (b) three molecules in the asymmetric 
unit. (c) molecule has crystallographic symmetry. 
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Table 4. Bond lengths and bond length alternation from this work for Cy7, Cy9 and Cy11. 

cyanine Cy7 Cy7 Cy7 Cy9 Cy9 Cy11 
X– B(C6F5)4

– PF6
– Br– B(C6F5)4

– PF6
– B(C6F5)4

– 
R factor 4.29% 6.88% 7.42% 6.52% 9.02% 6.80% 
mean sd in bond lengths ±0.003 ±0.011 ±0.002 ±0.006 ±0.004 ±0.009 
a / Å 1.348(2) 1.363 1.3683(15) 1.351(5) 1.354(3) 1.364(8) 
a' / Å 1.349(2) 1.354 1.3428(16) 1.345(4) 1.343(3) 1.346(7) 
a – a' / Å –0.001 0.009 0.0255 0.006 0.011 0.018 
b / Å 1.388(3) 1.396 1.3701(17) 1.382(5) 1.366(4) 1.373(9) 
b' / Å 1.383(3) 1.394 1.3978(16) 1.387(5) 1.385(3) 1.386(9) 
b – b' / Å 0.005 0.002 –0.0277 –0.005 –0.019 –0.013 
c / Å 1.391(3) 1.394 1.4076(17) 1.392(5) 1.399(3) 1.400(9) 
c' / Å 1.392(3) 1.379 1.3843(18) 1.388(5) 1.368(3) 1.377(9) 
c – c' / Å –0.001 0.015 0.0233 –0.004 0.031 0.023 
d / Å 1.391(3) 1.375 1.3777(18) 1.386(6) 1.356(4) 1.371(9) 
d' / Å 1.386(3) 1.424 1.3922(18) 1.383(5) 1.392(3) 1.378(9) 
d – d' / Å 0.005 –0.049 –0.0145 0.003 –0.036 –0.007 
e / Å 1.388(3) 1.391 1.4033(17) 1.386(5) 1.395(3) 1.407(9) 
e' / Å 1.387(3) 1.368 1.3810(18) 1.394(5) 1.371(4) 1.378(9) 
e – e' / Å 0.001 0.023 0.0223 –0.008 0.024 0.029 
f / Å    1.382(6) 1.360(4) 1.378(9) 
f' / Å    1.383(5) 1.391(3) 1.393(9) 
f – f' / Å    –0.001 –0.031 –0.015 
g / Å      1.397(9) 
g' / Å      1.376(9) 
g – g' / Å      0.021 
mean BLA / Å 0.002 0.019 0.023 0.001 0.025 0.018 
BLA sd / Å ±0.003 ±0.019 ±0.005 ±0.005 ±0.009 ±0.007 
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Table 5. Bond lengths and bond length alternation in cyanine structures from CCDC.[9-19] 

CCDC 
no. 

619814 619809	 619813 1139377 2003730 661299 

X– BPh4
– BPh4

– ClO4
– I– Bi2I9

3– PF6
– 

Reference 9 10 11 12 13 14 
R (%) 5.21% 5.56% 5.78% 8.40% 6.70% 17.52% 
a / Å 1.327 1.335 1.322 1.352 1.371 1.411 1.369 1.333 1.410 1.416 1.380 
a' / Å 1.319 1.308 1.321 1.339 1.341 1.383 1.368 1.269 1.301 1.338 1.324 
a – a' / Å 0.008 0.027 0.001 0.013 0.030 0.028 0.001 0.064 0.109 0.078 0.056 
b / Å 1.361 1.339 1.368 1.375 1.372 1.366 1.298 1.390 1.376 1.415 1.388 
b' / Å 1.337 1.363 1.385 1.409 1.410 1.359 1.341 1.424 1.430 1.382 1.455 
b – b' / Å 0.024 –0.024 –0.017 –0.034 –0.038 0.007 –0.043 –0.034 –0.054 0.033 –0.067 
c / Å 1.374 1.375 1.387 1.431 1.349 1.406 1.340 1.293 1.415 1.307 1.433 
c' / Å 1.393 1.355 1.382 1.353 1.319 1.330 1.357 1.349 1.394 1.381 1.394 
c – c' / Å –0.019 0.020 0.005 0.078 0.030 0.076 –0.017 –0.056 0.021 –0.074 0.039 
d / Å 1.363 1.349 1.376 1.413 1.361 1.325 1.405 1.455 1.428 1.344 1.414 
d' / Å 1.361 1.342 1.386 1.426 1.387 1.419 1.391 1.396 1.321 1.401 1.338 
d – d' / Å 0.002 0.007 –0.010 –0.013 –0.026 –0.094 0.014 0.059 0.107 –0.057 0.076 
e / Å 1.354 1.348 1.388 1.405 1.355 1.395 1.400 1.334 1.436 1.457 1.318 
e' / Å 1.376 1.351 1.373 1.348 1.376 1.440 1.402 1.415 1.461 1.404 1.356 
e – e' / Å –0.022 –0.003 0.015 0.057 –0.021 –0.045 –0.002 –0.081 –0.025 0.053 –0.038 
mean 
BLA 

0.012 0.012 0.010 0.039 0.021 0.029 0.002 0.020 0.010 0.016 0.010 

BLA sd / 
Å 

±0.014 ±0.016 ±0.007 ±0.028 ±0.024 ±0.057 ±0.024 ±0.064 ±0.082 ±0.066 ±0.063 
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Table 5 (continued). Bond lengths and bond length alternation in cyanine structures from CCDC. 

CCDC no. 600891 600892	 610543 226535 717753 620268 647547 634859 668666 681120 
X– BF4

– BF4
– BF4

– BF4
– TRISPHAT Br I PF6

– SbF6
– B(C6F5)4

– 
Reference 15 15 16 16 17 18 18 18 18 18 
R factor 4.61% 5.20% 3.82% 4.62% 5.00% 7.32% 6.11% 4.99% 5.80% 6.38% 
a / Å 1.338 1.340 1.346 1.351 1.363 1.409 1.384 1.358 1.371 1.394 
a' / Å 1.330 1.330 1.338 1.339 1.346 1.336 1.341 1.347 1.349 1.355 
a – a' / Å 0.008 0.010 0.008 0.012 0.017 0.073 0.043 0.011 0.022 0.039 
b / Å 1.395 1.404 1.398 1.397 1.375 1.347 1.367 1.368 1.385 1.393 
b' / Å 1.411 1.412 1.409 1.407 1.390 1.413 1.394 1.381 1.403 1.384 
b – b' / Å –0.016 –0.008 –0.011 –0.010 –0.015 –0.066 –0.027 –0.013 –0.018 0.009 
c / Å 1.398 1.389 1.397 1.397 1.398 1.424 1.408 1.397 1.397 1.364 
c' / Å 1.371 1.386 1.383 1.379 1.391 1.360 1.394 1.374 1.378 1.387 
c – c' / Å 0.027 0.003 0.014 0.018 0.007 0.064 0.014 0.023 0.019 –0.023 
d / Å 1.388 1.392 1.387 1.393 1.386 1.359 1.372 1.387 1.395 1.403 
d' / Å 1.412 1.404 1.411 1.403 1.390 1.406 1.399 1.394 1.406 1.392 
d – d' / Å –0.024 –0.012 –0.024 –0.010 –0.004 –0.047 –0.027 –0.007 –0.011 0.011 
e / Å 1.415 1.408 1.410 1.410 1.407 1.424 1.439 1.410 1.423 1.394 
e' / Å 1.391 1.396 1.399 1.399 1.403 1.371 1.395 1.381 1.385 1.400 
e – e' / Å 0.024 0.012 0.011 0.011 0.004 0.053 0.044 0.029 0.038 –0.006 
mean BLA 0.020 0.009 0.014 0.012 0.009 0.061 0.031 0.017 0.022 0.002 
BLA sd / Å ±0.008 ±0.004 ±0.006 ±0.003 ±0.006 ±0.010 ±0.013 ±0.009 ±0.010 ±0.024 
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Table 5 (continued). Bond lengths and bond length alternation in cyanine structures from CCDC. 

CCDC no. 989957 989956 
X– PF6

– TRISPHAT 
Reference 19 19 
R factor 5.59 6.43 
a / Å 1.369 1.371 1.372 1.370 1.356 
a' / Å 1.343 1.344 1.334 1.344 1.344 
a – a' / Å 0.026 0.027 0.038 0.026 0.012 
b / Å 1.378 1.362 1.391 1.364 1.388 
b' / Å 1.414 1.404 1.408 1.420 1.391 
b – b' / Å –0.036 –0.042 –0.017 –0.056 –0.003 
c / Å 1.412 1.395 1.421 1.411 1.389 
c' / Å 1.378 1.375 1.366 1.372 1.389 
c – c' / Å 0.034 0.020 0.055 0.039 0.000 
d / Å 1.381 1.371 1.362 1.365 1.400 
d' / Å 1.395 1.406 1.398 1.432 1.394 
d – d' / Å –0.014 –0.035 –0.036 –0.067 0.006 
e / Å 1.393 1.427 1.408 1.444 1.401 
e' / Å 1.425 1.382 1.395 1.366 1.406 
e – e' / Å –0.032 0.045 0.013 0.078 –0.005 
mean BLA 0.015 0.034 0.032 0.053 0.001 
BLA sd / Å 0.028 0.010 0.017 0.021 0.007 
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Section 4. DFT Simulations and Transport Calculations 
4.1. Computational Methodology. DFT geometry optimizations of cyanine dyes were first 
performed using Gaussian 16/A.03 with the BHandHLYP/6-311G* functional/basis set.[20-22] The 
minimized structures were subjected to frequency calculations, revealing no imaginary frequencies. 
TD-DFT calculations were conducted for the first 20 excited states employing Gaussian16/A.03 
with the BHandHLYP/6-311G* functional/basis set.[20,21] The transition states for moving the 
positive charge between the ends of the low-symmetry cyanine dyes were found by optimizing the 
structures with imposed C2 symmetry. In most cases, this procedure gave the transition state directly, 
as shown by the presence of one imaginary frequency corresponding to the interconversion of long 
and short bonds in the cyanine chain. But in some cases, this approach yielded a structure with two 
imaginary frequencies. In these cases, we used intrinsic reaction coordinate (IRC) calculations, with 
the local quadratic approximation (LQA) method, and a stepsize of 0.05 Bohr, as implemented in 
the Gaussian, to locate the transition state geometry. Frequency calculations were then performed 
on the refined geometries to confirm they were transition states with one imaginary frequency.   
 
4.2. Calculated Bond Length Alternation  

 

Figure S15. Calculated bond length alternation of Cy3+ to Cy35+ in MeCN, CH2Cl2, PhMe and vacuum. 
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Table 6. Calculated bond lengths and bond-length alternation of cyanine dyes in CH3CN. 
cyanine Cy3+ Cy5+ Cy7+ Cy9+ Cy11+ Cy13+ Cy15+ Cy17+ Cy19+ Cy21+ 
a / Å 1.338 1.341 1.344 1.347 1.349 1.364 1.372 1.376 1.378 1.379 
a' / Å 1.338 1.341 1.344 1.347 1.349 1.338 1.332 1.329 1.328 1.327 
a – a' / Å 0.000 0.000 0.000 0.000 0.000 0.026 0.040 0.047 0.050 0.052 
b / Å 1.386 1.382 1.380 1.377 1.375 1.362 1.356 1.353 1.352 1.351 
b' / Å 1.386 1.382 1.380 1.377 1.375 1.387 1.394 1.397 1.398 1.399 
b – b' / Å 0.000 0.000 0.000 0.000 0.000 –0.025 –0.038 –0.044 –0.046 –0.048 
c / Å 1.386 1.388 1.391 1.394 1.397 1.415 1.424 1.428 1.431 1.432 
c' / Å 1.386 1.388 1.391 1.394 1.397 1.384 1.376 1.373 1.371 1.370 
c – c' / Å 0.000 0.000 0.000 0.000 0.000 0.031 0.048 0.055 0.060 0.062 
d / Å  1.383 1.381 1.378 1.375 1.360 1.353 1.350 1.349 1.348 
d' / Å  1.383 1.381 1.378 1.375 1.389 1.397 1.401 1.403 1.404 
d – d' / Å  0.000 0.000 0.000 0.000 –0.029 –0.044 –0.051 –0.054 –0.056 
e / Å   1.386 1.389 1.392 1.412 1.422 1.427 1.430 1.431 
e' / Å   1.386 1.389 1.392 1.378 1.370 1.367 1.364 1.363 
e – e' / Å   0.000 0.000 0.000 0.034 0.052 0.060 0.066 0.068 
f / Å    1.383 1.380 1.362 1.354 1.350 1.348 1.347 
f' / Å    1.383 1.380 1.396 1.405 1.409 1.411 1.412 
f – f' / Å    0.000 0.000 –0.034 –0.051 –0.059 –0.063 –0.065 
g / Å     1.386 1.408 1.420 1.426 1.429 1.431 
g' / Å     1.386 1.372 1.363 1.360 1.358 1.357 
g – g' / Å     0.000 0.036 0.057 0.066 0.071 0.074 
h / Å      1.366 1.356 1.351 1.348 1.347 
h' / Å      1.402 1.412 1.416 1.418 1.419 
h – h' / Å      –0.036 –0.056 –0.065 –0.070 –0.072 
i / Å       1.417 1.424 1.428 1.430 
i' / Å       1.359 1.356 1.354 1.353 
i – i' / Å       0.058 0.068 0.074 0.077 
j / Å        1.353 1.349 1.348 
j' / Å        1.421 1.423 1.424 
j – j' / Å        –0.068 –0.074 –0.076 
k / Å         1.426 1.429 
k' / Å         1.351 1.350 
k – k' / Å         0.075 0.079 
l / Å          1.348 
l' / Å          1.427 
l – l' / Å          –0.079 
mean BLA / Å 0.000 0.000 0.000 0.000 0.000 0.031 0.049 0.058 0.064 0.067 
BLA sd / Å – – – – – ±0.004 ±0.007 ±0.009 ±0.010 ±0.011 
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Table 7. Calculated bond lengths and bond-length alternation of Cy15+ in CH3CN, CH2Cl2, toluene and 
vacuum. 
environment CH3CN CH2Cl2 toluene vacuum 
a / Å 1.372 1.368 1.353 1.352 

a' / Å 1.332 1.337 1.353 1.352 
a – a' / Å 0.040 0.031 0.000 0.000 
b / Å 1.356 1.359 1.371 1.372 
b' / Å 1.394 1.388 1.372 1.372 
b – b' / Å –0.038 –0.029 –0.001 0.000 
c / Å 1.424 1.420 1.402 1.401 
c' / Å 1.376 1.383 1.402 1.401 
c – c' / Å 0.048 0.037 0.000 0.000 
d / Å 1.353 1.356 1.370 1.370 
d' / Å 1.397 1.390 1.371 1.370 
d – d' / Å –0.044 –0.034 –0.001 0.000 
e / Å 1.422 1.417 1.398 1.397 

e' / Å 1.370 1.377 1.397 1.397 
e – e' / Å 0.052 0.040 0.001 0.000 
f / Å 1.354 1.358 1.374 1.374 
f' / Å 1.405 1.396 1.375 1.374 
f – f' / Å –0.051 –0.038 –0.001 0.000 
g / Å 1.420 1.414 1.392 1.391 
g' / Å 1.363 1.370 1.392 1.391 
g – g' / Å 0.057 0.044 0.000 0.000 
h / Å 1.356 1.361 1.380 1.380 
h' / Å 1.412 1.403 1.380 1.380 
h – h' / Å –0.056 –0.042 0.000 0.000 
i / Å 1.417 1.409 1.386 1.385 

i' / Å 1.359 1.365 1.386 1.385 
i – i' / Å 0.058 0.044 0.000 0.000 

mean BLA / Å 0.049 0.038 0.000 0.000 
BLA sd / Å ±0.007 ±0.005 ±0.001 – 
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4.3. Calculated Charge Distributions.  

 

Figure S16. Electrostatic potential surface of (a) Cy11+, (b) Cy13+ and (c) Cy15+ in CH3CN. 

 
Figure S17. Electrostatic potential surface of Cy13+ in (a) toluene and (b) CH3CN. 
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Table 8. Mulliken charge distribution of cyanine molecular wires in CH3CN. 
atom Cy3+ Cy5+ Cy7+ Cy9+ Cy11+ Cy13+ Cy15+ Cy17+ Cy19+ Cy21+ 
0 0.1251 –0.0118 0.0659 –0.0215 0.0753 –0.0165 0.0558 –0.0104 0.0374 –0.0066 
1 –0.1430 0.1003 –0.0135 0.0699 –0.0202 0.0628 –0.0159 0.0397 –0.0104 0.0261 
1’ –0.1430 0.1003 –0.0135 0.0698 –0.0202 0.0726 –0.0111 0.0525 –0.0066 0.0362 
1 – 1' 0.0000 0.0000 0.0000 0.0001 0.0000 –0.0098 –0.0048 –0.0128 –0.0038 –0.0101 
2 0.5102 –0.1450 0.0969 –0.0131 0.0665 –0.0226 0.0438 –0.0160 0.0275 –0.0104 
2’ 0.5102 –0.1450 0.0969 –0.0132 0.0665 –0.0146 0.0698 –0.0071 0.0508 –0.0041 
2 – 2’  0.0000 0.0000 0.0000 0.0001 0.0000 –0.008 –0.0260 –0.0089 –0.0233 –0.0063 
3 –0.5241 0.5012 –0.1449 0.0915 –0.0136 0.0455 –0.0238 0.0298 –0.0160 0.0190 
3’ –0.5241 0.5012 –0.1449 0.0914 –0.0137 0.0735 –0.0092 0.0682 –0.0045 0.0500 
3 – 3'  0.0000 0.0000 0.0000 0.0001 0.0001 –0.028 –0.0146 –0.0384 –0.0115 –0.031 
4  –0.5243 0.4957 –0.1462 0.0869 –0.0209 0.0264 –0.0453 0.0201 –0.0161 
4’  –0.5243 0.4957 –0.1463 0.0869 –0.0046 0.0761 –0.0058 0.0673 –0.0029 
4 – 4'   0.0000 0.0000 0.0001 0.0000 –0.029 –0.0497 –0.0395 –0.0472 –0.0132 
5   –0.5260 0.4907 –0.1480 0.0588 –0.0242 0.0350 –0.0242 0.0137 
5’   –0.5260 0.4906 –0.1480 0.1030 0.0019 0.0767 –0.0036 0.0670 
5 – 5'    0.0000 0.0001 0.0000 –0.0442 –0.0261 –0.060 –0.066 –0.068 
6    –0.5278 0.4863 –0.1604 0.0402 –0.0464 0.0072 –0.0243 
6’    –0.5279 0.4862 –0.1333 0.1114 0.0054 0.0769 –0.0025 
6 – 6’    0.0001 0.0001 –0.0271 –0.051 –0.0518 –0.0697 –0.0218 
7     –0.5297 0.4599 –0.1648 0.0447 –0.0256 0.0025 
7’     –0.9297 0.5044 –0.1232 0.1144 0.0075 0.0774 
7 – 7'      0.0000 –0.0445 –0.0416 –0.066 –0.071 –0.074 
8      –0.5407 0.4447 –0.1685 0.0244 –0.0259 
8’      –0.5201 0.5142 –0.1182 0.1160 0.0084 
8 – 8'       –0.0206 –0.0695 –0.0503 –0.0916 –0.0343 
9       –0.5457 0.4542 –0.1666 0.0208 
9’       –0.5142 0.5183 –0.1155 0.1171 
9 – 9'       –0.0315 –0.0641 –0.0511 –0.077 
10        –0.5478 0.4332 –0.1668 
10’        –0.5116 0.5204 –0.1138 
10 – 10'        –0.0362 –0.0872 –0.053 
11         –0.5488 0.4307 
11’         –0.5102 0.5215 
11 – 11'         –0.0386 –0.0908 
12          –0.5494 
12’          –0.5094 
12 – 12'          –0.0400 
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Table 9. Mulliken charge distribution of Cy15+ in CH3CN, CH2Cl2, toluene and vacuum. 
Cy15+ CH3CN CH2Cl2 toluene vacuum 
0 0.0558 0.0612 0.06386 0.05855 

1 –0.0159 –0.0145 –0.0082 –0.0040 
1’ –0.0111 –0.0109 –0.0081 –0.0040 
1 – 1' –0.0048 –0.0036 –0.0001 0 
2 0.0438 0.0516 0.0634 0.0573 
2’ 0.0698 0.0716 0.0635 0.0573 
2 – 2’  –0.0260 –0.0200 –0.0001 0 
3 –0.0238 –0.0215 –0.0123 –0.0064 
3’ –0.0092 –0.0108 –0.0123 –0.0064 
3 – 3'  –0.0146 –0.0107 0 0 
4 0.0264 0.0346 0.0521 0.0449 
4’ 0.0761 0.0724 0.0526 0.0449 
4 – 4'  –0.0497 –0.0378 –0.0005 0 

5 –0.0242 –0.0207 –0.0079 –0.0013 
5’ 0.0019 –0.0019 –0.0082 –0.0013 
5 – 5'  –0.0261 –0.0188 0.0003 0 
6 0.0402 0.0489 0.0732 0.0687 
6’ 0.1114 0.1026 0.0737 0.0687 
6 – 6’ –0.0712 –0.0537 –0.0005 0 
7 –0.1648 –0.1624 –0.1534 –0.1551 
7’ –0.1232 –0.1334 –0.1532 –0.1551 
7 – 7'  –0.0416 –0.0290 –0.0002 0 
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4.4. Calculated Absorption Spectra.  

 
Figure S18. TD-DFT calculated absorption wavelength of cyanine dye molecular wires and oscillator 
strengths in CH2Cl2. 

 
Table 10. TD-DFT calculated absorption wavelength of first excited state, transition energies and oscillator 
strengths of cyanines in CH2Cl2.  
cyanine λmax (nm) Emax (eV) f 

Cy3+ 428 2.898 1.85 
Cy5+ 490 2.529 2.43 
Cy7+ 553 2.240 2.95 
Cy9+ 616 2.014 3.44 
Cy11+ 676 1.833 3.92 
Cy13+ 735 1.687 4.37 
Cy15+ 742 1.672 4.48 
Cy17+ 736 1.685 4.56 
Cy19+ 729 1.700 4.69 

Cy21+ 722 1.718 4.85 
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Figure S19. TD-DFT calculated absorption wavelength of cyanine dye molecular wires in CH2Cl2. 

4.5. Calculated Activation Energies for Bond-Shift Tautomerism 

 
Figure S20. Calculated activation energy of for bond-shift tautomerism to relocate the positive charge in 
Cy3+–Cy21+, in acetonitrile and dichloromethane, respectively. Both results are from DFT calculations using 
intrinsic reaction coordinate (IRC) calculations with the local quadratic approximation (LQA) method and a 
stepsize of 0.05 Bohr, using Gaussian 16/A.03 with BHandHLYP/6-311G*. The transition states were 
confirmed by single imaginary frequencies.  
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Table 11. Calculated activation energy of the bond-shift tautomerization in cyanine dye molecular wires in 
CH3CN and CH2Cl2. 

cyanine ΔE‡(CH3CN) / kJ mol–1 ΔE‡(CH2Cl2) / kJ mol–1 

Cy3+ 0.00 0.00 
Cy5+ 0.00 0.00 
Cy7+ 0.00 0.00 
Cy9+ 0.00 0.00 

Cy11+ 0.00 0.00 
Cy13+ 0.28 0.00 
Cy15+ 1.75 0.65 
Cy17+ 3.89 2.10 
Cy19+ 6.56 4.14 
Cy21+ 9.43 6.54 

 

4.6. Charge Transport Calculations 
We used density functional theory to find an optimized structure of the cyanine dye molecular wires 
in the gas phase and between gold electrodes. The optimized geometry, ground state Hamiltonian 
and overlap matrix element of each structure was self-consistently obtained using the SIESTA[23] 
implementation of density functional theory (DFT). SIESTA employs norm-conserving 
pseudopotentials to account for the core electrons, and linear combinations of atomic orbitals to 
construct the valence states. The generalized gradient approximation (GGA) of the exchange and 
correlation functional is used with the Perdew-Burke-Ernzerhof parameterization (PBE) a double-ζ 
polarized (DZP) basis set, a real-space grid defined with an equivalent energy cut-off of 250 Ry. 
The geometry optimization for each structure is performed to achieve forces smaller than 10 meV / 
Å. The mean-field Hamiltonian obtained from the converged DFT calculation was combined with 
the Gollum[24] implementation of the non-equilibrium Green’s function method to calculate the 
phase-coherent, elastic scattering properties of each system consisting of left gold (source) and right 
gold (drain) leads and the scattering region. The transmission coefficient 𝑇 𝐸  for electrons of 
energy 𝐸  (passing from the source to the drain) is calculated via the 
relation:  𝑇 𝐸 = 𝑇𝑟𝑎𝑐𝑒 𝛤!(𝐸)𝐺!(𝐸)𝛤!(𝐸)𝐺!!(𝐸) . In this expression,  𝛤!,! 𝐸 = 𝑖 ∑!,! 𝐸 −
∑!,!

! 𝐸  describe the level broadening due to the coupling between left (L) and right (R) electrodes 
and the central scattering region, ∑!,! 𝐸  are the retarded self-energies associated with this coupling 
and 𝐺! = 𝐸𝑆 − 𝐻 − ∑! − ∑! !! is the retarded Green’s function, where 𝐻 is the Hamiltonian and 
𝑆 is overlap matrix. Using obtained transmission coefficient 𝑇 𝐸 , the conductance could be calculated 
by Landauer formula (𝐺 = 𝐺! 𝑑𝐸 𝑇 𝐸 (−𝜕𝑓/𝜕𝐸)) where 𝐺! = 2𝑒!/ℎ is conductance quantum. 

Figure S21 illustrated an example of molecular junction and the calculated conductance of the 
molecules Cy3+–Cy11+ in presence of PF6

–. Comparing with the experimental trend our results 
suggest that EF falls within the highlighted region in the figure near the middle of the 
HOMO-LUMO gap.  
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Figure S21. (A) Optimized junction structures of Cy3·PF6 (B) Calculated conductance for Cy3·PF6 – 
Cy11·PF6 versus electrode energy. 

The bond length alternation for the longer cyanine dyes	is underestimated by the DFT method 
used in this work (GGA-PBE/DZP) to calculate the charge transport of the junction as also reported 
for the cumulenes series.[25] So the attenuation factor, β, is predicted to be higher in the experiment. 

Figure S22 shows the transmission coefficient and the electrical conductance of the optimized 
structures of the cyanine dye molecular wires in acetonitrile using BHandHLYP/6-311G*. As 
shown in Figure S22.C, the overall conductance for Cy3–Cy11 are very similar. However as we go 
beyond the length of Cy11 the conductances drop more rapidly. This is in agreement with our bond 
length alternation calculation for the molecules in acetonitrile environment.  
 

	 

B	

A 
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Figure S22. (A) Calculated transmission coefficient and (B) conductance for the optimized structures of 
Cy3–Cy21 in acetonitrile using BHandHLYP/6-311G*, where 𝐸!" =  𝐸! − 𝐸! 2 .  (C) Conductance 
value versus length for selected Fermi energies. 

4.7. The Hückel model for a linear polymethine chain 
Equation (4) results from analysis of a Hückel model of a linear chain with alternating bonds.[26] It 
is valid when ts = tD and its derivation makes no assumptions about the extent of 
bond-length-alternation. Its validity when ts = tD is demonstrated by equation (S1),[27] which shows 
that the Green’s function of a Hückel model of a linear chain of N sites with non-alternating bonds 
of strength ts, is given by: 

𝐺!" 𝐸 =  !"# !" !"# {! !! !!! }
!! !"#[! !!! ] !"#(!)

 (S1) 

where the Green’s function Gjp is the wave amplitude at site j created by a source connected to site 
p ≤ j, and k is the dimensionless wave vector. 

When the electrodes are weakly coupled to terminal sites p = 1 and j = N, the electrical 
conductance is proportional to [𝐺!!]2, where from equation (S1), 

𝐺!! =
! !"#(!)

!!!"#[! !!! ]
  (S2) 

For N even and in the presence of N/2 π electrons, the middle of the HOMO-LUMO gap 
corresponds to k = π/2, in which case, equation (S2) yields 

𝐺!! 0 = (!!)
!
!!!

!!
 (S3) 

For N odd and (N–1)/2 π electrons, the middle of the HOMO-LUMO gap corresponds to 

𝑘 ≈ !
!
− !

!(!!!)
 . 

In this case, equation (S2) yields 

𝐺!! 0 = !
!!

  (S4) 

In either case, equations (S3) and (S4) show that the electrical conductance is proportional to 
[𝐺!!]! = 1/𝑡!!, which is independent of the length 𝑁 of the chain, in agreement with equation (4).  
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Section 5. STM Break-Junction Measurements 
5.1 Sample preparation: A gold substrate was immersed in a dichloromethane solution (10–4 M) 
containing the relevant compound for 15 minutes and subsequently removed, dried, and placed 
directly inside the STM. Experiments were carried out under dry ambient conditions, applying a 
tip-sample bias of 0.2 V. 

5.2 Single Molecule Conductance Measurements: The conductance of each compound was 
measured using the STM-BJ method. All experiments were performed using a home-built STM, 
optimized for room temperature measurements in air. During the break-junction experiment, the tip 
is moved vertically in and out of contact with the substrate at a constant speed of approximately 10 
nm/s, in 1 pm steps. For the conductance (G = I/V) versus distance measurements, a bias voltage V 
of 0.2 V was applied between the tip and the substrate. A linear current-to-voltage converter with 
two amplification stages allows us to record conductance values over a large dynamic range. The 
gains used in this study were 9.7 × 106 V A–1 and 4.6 × 108 V A–1. We placed a resistor in series 
with the circuit of 1 MΩ to limit the current in the contact regime. 

The motion of the tip and the conductance measurement are controlled by an in-house 
computer program to record conductance versus tip-displacement (G-z) curves. Typically, when 
moving out of contact, we move several nm after reaching our lower conductance limit. When in 
contact, the piezo moves a further 1–2 nm after reaching 1.0 G0. These limits guarantee that a broad 
gold contact is formed and broken in each cycle, and that any molecular junction is broken at the 
end of the cycle. We aim to carry out 5000–10000 approach and retraction cycles in each run, and 
we vary the location of the tip over the sample in order to avoid systematic errors in the data. We 
focus on the opening stages of the cycle. After data acquisition is complete, we first remove any 
blocks of traces in which there is a clear degradation in trace quality due (most likely) to tip 
blunting or excessive build-up of material between the electrodes. We then use an automated 
routine to separate traces displaying plateaus from those with tunneling-only. This searches for 
regions of individual traces in which the conductance change is less than a certain amount across a 
minimum distance interval (for example, a plateau is identified when a Δz > 0.1 nm is needed to 
produce a change in conductance of Δlog(G/G0) < 0.1 at any region below 0.5 G0). We aim to use 
very similar criteria for all compounds. 

Reproducibility was checked by performing the experiments on several different samples for 
selected compounds, preparing fresh electrodes each time. Fig. S41 shows the comparison of two 
samples each of Cy7/9/11·PF6 in which the histogram peak positions hardly vary. 

5.3 Break-junction analysis and clustering results 
Example conductance vs. distance traces (G-z) are shown in Fig. S23. The G-z traces were initially 
divided into two groups, with and without conductance plateaus (see Figs. S24 and S25 for the 
B(C6F5)4

– and PF6
– salts, respectively). The resulting 1D conductance histograms of the plateau 

group (Fig. S26) contain contributions from (at least) two separate groups and cannot be described 
with a single Gaussian peak. We thus performed a further clustering analysis using a k-means based 
algorithm to divide the traces into subgroups (for details see reference 28). This procedure 
identified two main groups per compound, a ‘high’ and a ‘low’ conductance group, plus several 
minor groups. We then compared the ‘high’ and ‘low’ conductance groups with histograms built 
using only data points recorded above a (molecule dependent) threshold distance using the full 
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plateau-containing data set (i.e., before the clustering analysis), which focuses on the conductance 
of fully stretched junctions. The ‘length cut’ histograms coincide very closely with the ‘low’ 
conductance group (Figs. S38, 39). This analysis shows that the low conductance group represents 
the end-to-end transport pathway. We note that the conclusions also hold if we only consider the 
‘high’ conductance group; Fig. S40. 

Most traces fall into two main groups, a ‘high’ and a ‘low’ conductance group. A further two 
groups, not seen in all cases, result from traces with either ‘short/high’ or ‘short/low’ conductance 
plateaus. The ‘high’ and ‘low’ conductance groups both contain traces which reach the maximum 
expected junction length and are thus consistent with anchoring to the SMe terminal groups (Tables 
12 and 13). The difference between ‘high’ and ‘low’ groups (visible from the 2D histograms shown 
in Figs. S28–S37) is that the high conductance traces tend to begin at high conductance and 
decrease upon elongation. The ‘low’ group traces, on the other hand, tend to show little to no 
change with length. The conductance at the greatest elongation of the ‘high’ group appears to 
coincide with the mean conductance for the ‘low’ group. This is confirmed by plotting histograms 
using only data points recorded above a certain threshold distance for all the plateau-containing 
traces for each compound (see Section 5.4 for further details).  

Possible mechanisms for a decreasing conductance with length include successive rupture of 
multiple molecular junctions, each time reducing the number of transport pathways. Alternatively, 
this behavior may be explained by a single molecule initially interacting with one electrode (or both) 
strongly through its backbone. The majority of junctions on each sample do not contain a molecule, 
and typically less than 20% of all traces recorded fall into the high group. This makes 
multiple-molecule effects seem unlikely, and thus we suggest the latter single molecule ‘sliding’ 
mechanism is responsible for the high conductance junction states. 

The short plateaus most likely represent ‘failed’ molecular junctions that rupture at an early 
stage of evolution. The ‘short/high’ group is probably related to highly compressed junctions with 
significant Au-backbone interactions. The ‘short/low’ group generally lies below even the ‘low’ 
conductance group and is probably representative of poorly contacted junctions. 

Finally, in some cases we observe highly inclined traces, more so than generally found in the 
‘high’ group. These probably result from molecular junctions that begin in the same geometry as the 
‘short/high’ group but remain attached as the electrodes separate (see Fig. S31 and S35 for 
examples).   
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Figure S23. Examples of individual G(z) traces for Cy3/7/11 as PF6

– salts (upper panel) and B(C6F5)4
– salts 

(lower panel). In each panel traces for Cy3/7/11 are represented in black/red/blue respectively. 
 

 
Figure S24. 2D conductance-distance histograms of pure tunneling (molecule-free) traces (a–e) and all 
plateau-containing traces (f–j) for cyanine-B(C6F5)4 salts. 
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Figure S25. 2D conductance-distance histograms of pure tunneling (molecule-free) traces (a–e) and all 
plateau-containing traces (f–j) for cyanine-PF6 salts. 

 
Figure S26. 1D conductance histograms of the pure tunneling (molecule-free) traces (upper panels) and all 
plateau-containing traces (lower panels) for all compounds measured. 
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Figure S27. Calibrated plateau length distributions (achieved by adding 0.4 nm to the original plateau 
lengths). (a) All traces with plateaus for Cy3-11·PF6. (b) All traces with plateaus for Cy3-11·B(C6F5)4. (c) 
Low conductance group for Cy3-11·PF6. (d) Low conductance group for Cy3-11·B(C6F5)4. The histograms 
in (c) and (d) have been offset in the vertical axis for clarity. The peak values for the low and high 
conductance groups (not shown) are given in Tables 12 and 13.  

 

 
Figure S28. Cluster groups found for Cy3·B(C6F5)4. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms.  
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Figure S29. Cluster groups found for Cy5·B(C6F5)4. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms. 

 
Figure S30. Cluster groups found for Cy7·B(C6F5)4. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms. 

 
Figure S31. Cluster groups found for Cy9·B(C6F5)4. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms. 

 
Figure S32. Cluster groups found for Cy11·B(C6F5)4. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms. 
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Figure S33. Cluster groups found for Cy3·PF6. (a) 1D conductance histograms. (b-e) 2D 
conductance-distance histograms. 

 
Figure S34. Cluster groups found for Cy5·PF6. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms. 

 
Figure S35. Cluster groups found for Cy7·PF6. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms. 

 
Figure S36. Cluster groups found for Cy9·PF6. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms. 
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Figure S37. Cluster groups found for Cy11·PF6. (a) 1D conductance histograms. (b–e) 2D 
conductance-distance histograms. 

5.4. Measuring the Conductance at the End of the Plateau Length Distribution 
To obtain histograms of the conductance at larger electrode separation, we restricted the number of 
points going into the histograms by removing those below a specified distance for each compound. 
This was 0.7 nm for Cy3, 0.8 nm for Cy5, 0.9 nm for Cy7, 1.0 nm for Cy9 and 1.1 nm for Cy11 
(N.B. these distances correspond to 1.1 nm, 1.2 nm, 1.3 nm, 1.4 nm and 1.5 nm when considering 
the calibrated values (i.e. values with snapback distance added). Identical thresholds were used for 
both counter anions except for Cy3·PF6 and Cy5·PF6 whose plateaus were slightly shorter than the 
corresponding B(C6F5)4 salts. In this case thresholds of 0.4 nm and 0.5 nm were used respectively). 
They were chosen to correspond with a distance 2–3 Å shorter than the mean plateau length in each 
case. 

 
Figure S38. 1D histograms of the high and low conductance groups plotted alongside the length data 
restricted histograms for Cy3 and Cy5 salts.  
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Figure S39. 1D histograms of the high and low conductance groups plotted alongside the length data 
restricted histograms for Cy7, Cy9 and Cy11 salts.  

 

 

 

Figure S40. Mean histograms peak positions for ‘high’ conductance groups for cyanine salts.  
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Table 12. Single molecule conductance values and plateau lengths for the ‘low’ and ‘high’ groups for Cy3–
Cy11·B(C6F5)4.  

 Glow 
(logG/G0) 

FWHM 
(logG/G0) 

Ghigh 

(logG/G0) 
FWHM 

(logG/G0) 
Llow 

(nm)[a] 
Lhigh 

(nm)[b] 
Lcalc 

(nm)[c] 
Eg(UV) 
(eV)[d] 

Cy3 -4.26 0.88 -3.67 0.87 1.32 (1.77) 1.42 (1.84) 1.91 2.10 

Cy5 -4.22 0.98 -3.62 0.95 1.41 (2.06) 1.54 (2.14) 2.14 1.79 

Cy7 -4.15 0.96 -3.59 1.01 1.79 (2.39) 1.66 (2.31) 2.39 1.56 

Cy9 -4.13 1.10 -3.50 0.88 1.54 (2.44) 1.84 (2.43) 2.64 1.37 

Cy11 -4.26 1.14 -3.72 1.28 1.86 (2.65) 1.52 (2.60) 2.88 1.22 

[a]Mean plateau length of the ‘low’ group. Values in parentheses are the 95th percentiles. [b]Mean plateau 
length of the ‘high’ group. Values in parentheses are the 95th percentiles. [c]Calculated sulfur-to-sulfur 
distance. [d]Values extracted from Table 1 using the CH2Cl2 data. 
 
 
Table 13. Single molecule conductance values and plateau lengths for the ‘low’ and ‘high’ groups for Cy3–
Cy11·PF6.  

 Glow 
(logG/G0) 

FWHM 
(logG/G0) 

Ghigh 

(logG/G0) 
FWHM 

(logG/G0) 
Llow 

(nm)[a] 
Lhigh 

(nm)[b] 
Lcalc 

(nm)[c] 
Eg(UV) 
(eV)[d] 

Cy3 -4.18 0.74 -3.56 0.62 1.10 (1.34) 1.12 (1.37) 1.91 2.10 

Cy5 -4.13 0.88 -3.54 1.00 1.37 (1.70) 1.48 (1.84) 2.14 1.80 

Cy7 -4.10 0.82 -3.57 0.74 1.68 (2.19) 1.66 (2.21) 2.39 1.57 

Cy9 -4.31 0.86 -3.69 1.08 1.69 (2.49) 1.85 (2.63) 2.64 1.37 

Cy11 -4.60 1.08 -4.02 1.34 2.03 (2.86) 1.95 (2.97) 2.88 1.22 

[a]Mean plateau length of the ‘low’ group. Values in parentheses are the 95th percentiles. [b]Mean plateau 
length of the ‘high’ group. Values in parentheses are the 95th percentiles. [c]Calculated sulfur-to-sulfur 
distance. [d]Values extracted from Table 1 using the CH2Cl2 data.  
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Table 14. Number of traces for each group for Cy3–Cy11·B(C6F5)4. 
 Total Tunneling All plateaus Short/high Short/low High Low Highly Sloped 

Cy3 8415 5581 
(66 %) 

2834 
(34 %) 

225 
 (2.7 %) 

460 
(5.5 %) 

1344 
(16 %) 

805 
(9.6 %) 

 

Cy5 10449 7027 
(67 %) 

3422 
(33 %) 

276 
(2.6 %) 

810 
(7.8 %) 

930 
(8.9 %) 

1406 
(13 %) 

 

Cy7 4824 3505 
(73 %) 

1319 
(27 %) 

144 
(3.0 %) 

323 
(6.7 %) 

376 
(7.8 %) 

229 
(4.7 %) 

 

Cy9 10681 8734 
(82 %) 

1947 
(18 %) 

218 
(2.0 %) 

464 
(4.3 %) 

364 
(3.4 %) 

799 
(7.5 %) 

102 
(1.0 %) 

Cy11 4429 2934 
(66 %) 

1495 
(34 %) 

179 
(4.0 %) 

400 
(9.0 %) 

614 
(14 %) 

302 
(6.8 %) 

 

 
Table 15. Number of traces for each group for Cy3–Cy11·PF6. 

 Total Tunneling All plateaus Short/high Short/low High Low Highly Sloped 

Cy3 8917 8089 
(91 %) 

828 
(9.3 %) 

- - 557 
(6.2 %) 

271 
(3.0 %) 

 

Cy5 4952 1729 
(35 %) 

3223 
(65 %) 

- 321 
(6.5 %) 

2427 
(49 %) 

474 
(9.6 %) 

 

Cy7 10902 7005 
(64 %) 

3897 
(36 %) 

368 
(3.4 %) 

688 
(6.3 %) 

1368 
(13 %) 

1129 
(10 %) 

344 
(3.2 %) 

Cy9 16602 10185 
(61 %) 

6417 
(39 %) 

- 1312 
(7.9 %) 

3488 
(21 %) 

1617 
(9.7 %) 

 

Cy11 8707 6602 
(76 %) 

2105 
(24 %) 

267 
(3.1 %) 

491 
(5.6 %) 

841 
(9.7 %) 

506 
(5.8 %) 

 

 

 
Figure S41. Normalized 1D conductance histograms of Cy7+-Cy11+ PF6

- salts from different freshly 
prepared samples. 
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5.5. Current vs. Voltage (I-V) Measurements 
We carried out I–V measurements on Cy3, Cy7 and Cy11 PF6 salts. For the I–V measurements, we 
paused the piezo movement at regular intervals during the stretching of a single molecule junction 
and perform a voltage ramp. This was done every 0.5 to 1 Å during an opening trace. A sweep rate 
of roughly 1 V s–1 was used. Between each two ramps (+V to –V and -–V to +V), the voltage was 
returned to a predetermined value (0.2 V) and the current recorded as the piezo is moved, thus 
building the full G(z) trace. After collecting the data, we selected the clearly defined G(z) plateaus 
and extracted the I–V curves. For each curve, we divided the current (I) by the voltage (V) yielding 
the conductance (G) to give a G-V trace. We then combined each G–V trace in the form of 
2D-histograms as shown in Fig. S42. 
 

  
Figure S42. (a and b) 1D Gz histograms for the plateaus recorded for the B(C6F5)4

- salts and PF6
- salts 

respectively. The color scheme is the same as used in Figure 5 of the main text.  
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Figure S43. (a-e) 2D histograms of the log(G/G0)-V curves for Cy3+- Cy11+ B(C6F5)4

- salts and (f-i) Cy5+- 
Cy11+ PF6 salts. The number of individual G-V curves in each is given in Table 16.  
 

 
Figure S44. Mean log(G/G0)-V curves for Cy3+-Cy11+ as B(C6F5)4

– and PF6
– salts.  
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Table 16. Number of G-V curves and junctions studied for Cy3+–Cy11+ B(C6F5)4
- and PF6

- salts. 
 G-V curves B(C6F5)4

- salts  G-z curves B(C6F5)4
- salts G-V curves PF6

- salts G-z curves PF6
- salts 

Cy3+ 3253 1204   

Cy5+ 1351 472 1668 389 

Cy7+ 1205 328 917 125 

Cy9+ 916 279 236 226 

Cy11+ 152 68 274 225 

 

5.6. Thermopower Measurements 
We carried out a thermoelectric characterization of Cy5·B(C6F5)4. To do so, a temperature 
difference, ΔT, was established between the tip and the substrate and small voltage ramps were 
applied during the formation of the molecular junctions with the STM-BJ technique.[29] The voltage 
ramps (IV curves) allowed simultaneous measurement of conductance, G, and thermovoltage, Vth, at 
different points during the evolution of single molecule junctions. We used a range of ΔT values 
between 0 and 15 K. The resulting thermovoltage histograms were fitted with Gaussian 
distributions to obtain the mean thermovoltage. These values are plotted in Fig. S42 as a function of 
ΔT. The Seebeck coefficient, described by S = −Vth/ΔT, was obtained from the slope of a linear fit 
of Vth vs. ΔT and the values are shown in Fig. S43. 

 
Figure S45. Thermovoltage histograms obtained with different temperature differences applied between the 
tip and the substrate. Red lines represent Gaussian fits to each histogram. 
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Figure S46. Seebeck coefficient (S) of Cy5·B(C6F5)4. The red line is a linear fit to the mean thermovoltage 
values obtained from Gaussian fits to the thermovoltage histograms (black squares). The Seebeck coefficient 
is taken as the slope of the fit. 
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Section 6. NMR Spectra 

 
Figure S47. 1H NMR spectrum of compound S2 (d6-DMSO, 400 MHz, 298 K). 

 
Figure S48. 13C NMR spectrum of compound S2 (d6-DMSO, 100 MHz, 298 K). 
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Figure S49. 1H-1H COSY NMR spectrum of compound S2 (d6-DMSO, 400 MHz, 298 K). 

 
Figure S50. 13C-1H HSQC NMR spectrum of compound S2 (d6-DMSO, 100 MHz, 298 K). 
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Figure S51. 1H NMR spectra of Cy3·PF6 (d6-DMSO, 500 MHz, 298 K). 

 
Figure S52. 13C NMR spectra of Cy3·PF6 (d6-DMSO, 125 MHz, 298 K). 
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Figure S53. 1H-1H COSY NMR spectrum of Cy3·PF6 (d6-DMSO, 400 MHz, 298 K). 

 
Figure S54. 1H-1H COSY NMR spectrum of Cy3·PF6, zoom-in (d6-DMSO, 400 MHz, 298 K). 
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Figure S55. 13C-1H HSQC NMR spectrum of Cy3·PF6 (d6-DMSO, 125 MHz, 298 K). 

 

Figure S56. 1H NMR spectrum of Cy5·PF6 (d6-DMSO, 500 MHz, 298 K). 
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Figure S57. 13C NMR spectra of Cy5·PF6 (d6-DMSO, 125 MHz, 298 K). 

 
Figure S58. 1H-1H COSY NMR spectrum of Cy5·PF6 (d6-DMSO, 500 MHz, 298 K). 
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Figure S59. 1H-1H COSY NMR spectrum of Cy5·PF6 with zoom-in (d6-DMSO, 500 MHz, 298 K). 

 
Figure S60. 13C-1H HSQC NMR spectrum of Cy5·PF6 (d6-DMSO, 125 MHz, 298 K). 
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Figure S61. 1H NMR spectrum of Cy7·PF6 (d6-DMSO, 500 MHz, 298 K). 

 
Figure S62. 13C NMR spectrum of Cy7·PF6 (d6-DMSO, 125 MHz, 298 K). 
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Figure S63. 1H-1H COSY NMR spectrum of Cy7·PF6 (d6-DMSO, 500 MHz, 298 K). 

 
Figure S64. 1H-1H COSY NMR spectrum of Cy7·PF6 with zoom-in (d6-DMSO, 500 MHz, 298 K). 
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Figure S65. 13C-1H HSQC NMR spectrum of Cy7·PF6 (d6-DMSO, 125 MHz, 298 K). 

 
Figure S66. 1H NMR spectrum of S3 (d6-acetone, 500 MHz, 298 K). 
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Figure S67. 13C NMR spectrum of S3 (d6-acetone, 125 MHz, 298 K). 

 
Figure S68. 1H-1H COSY NMR spectrum of S3 (d6-acetone, 500 MHz, 298 K). 
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Figure S69. 1H-1H COSY NMR spectrum of S3 with zoom-in (d6-acetone, 500 MHz, 298K). 

 
Figure S70. 13C-1H HSQC NMR spectrum of S3 (d6-DMSO, 125 MHz, 298 K). 
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Figure S71. 1H NMR spectra of Cy9·PF6 (d6-DMSO, 500 MHz, 298 K). 

 
Figure S72. 13C NMR spectra of Cy9·PF6 (d6-DMSO, 125 MHz, 298 K). 
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Figure S73. 1H-1H COSY NMR spectrum of Cy9·PF6 (d6-DMSO, 500 MHz, 298 K). 

 
Figure S74. 1H-1H COSY NMR spectrum of Cy9·PF6, zoom-in (d6-DMSO, 500 MHz, 298 K). 
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Figure S75. 13C-1H HSQC NMR spectrum of Cy9·PF6, zoom-in (d6-DMSO, 125 MHz, 298 K). 

 
Figure S76. 1H NMR spectra of Cy11·PF6 (d3-CH3CN, 500 MHz, 298 K). 
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Figure S77. 13C NMR spectrum of Cy11·PF6 (d3-CH3CN, 125 MHz, 298 K). 

 
Figure S78. 1H-1H COSY NMR spectrum of Cy11·PF6 (d3-CH3CN, 500 MHz, 298 K). 
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Figure S79. 1H-1H COSY NMR spectrum of Cy11·PF6 with zoom-in (d3-CH3CN, 500 MHz, 298K). 

 
Figure S80. 13C-1H HSQC NMR spectrum of Cy11·PF6 (d3-CH3CN, 125 MHz, 298 K). 
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Figure S81. 13C-1H HSQC NMR spectrum of Cy11·PF6, zoom-in (d3-CH3CN, 125 MHz, 298 K). 

 
Figure S82. 1H NMR spectrum of Cy3·B(C6F5)4 (d3-CH3CN, 500 MHz, 298 K). 
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Figure S83. 13C NMR spectrum of Cy3·B(C6F5)4 (d3-CH3CN, 125 MHz, 298 K). 

 

Figure S84. 1H-1H COSY NMR spectrum of Cy3·B(C6F5)4 (d3-CH3CN, 500 MHz, 298 K). 
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Figure S85. 1H-1H COSY NMR spectrum of Cy3·B(C6F5)4, zoom (d3-CH3CN, 500 MHz, 298 K). 

 
Figure S86. 13C-1H HSQC NMR spectrum of Cy3·B(C6F5)4 (d3-CH3CN, 125 MHz, 298 K). 
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Figure S87. 1H NMR spectrum of Cy5·B(C6F5)4 (d6-acetone, 400 MHz, 298 K). 

 
Figure S88. 13C NMR spectrum of Cy5·B(C6F5)4 (d6-acetone, 125 MHz, 298 K). 
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Figure S89. 1H-1H COSY NMR spectrum of Cy5·B(C6F5)4 (d6-acetone, 500 MHz, 298 K). 

 
Figure S90. 1H-1H COSY NMR spectrum of Cy5·B(C6F5)4, zoom (d6-acetone, 500 MHz, 298 K). 
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Figure S91. 13C-1H HSQC NMR spectrum of Cy5·B(C6F5)4 (d6-acetone, 125 MHz, 298 K). 

 
Figure S92. 1H NMR spectrum of Cy7·B(C6F5)4 (d3-CH3CN, 400 MHz, 298 K). 
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Figure S93. 13C NMR spectrum of Cy7·B(C6F5)4 (d3-CH3CN, 125 MHz, 298 K). 

 
Figure S94. 1H-1H COSY NMR spectrum of Cy7·B(C6F5)4 (d3-CH3CN, 500 MHz, 298 K). 
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Figure S95. 1H-1H COSY NMR spectrum of Cy7·B(C6F5)4, zoom (d3-CH3CN, 500 MHz, 298 K). 

 
Figure S96. 13C-1H HSQC NMR spectrum of Cy7·B(C6F5)4 (d3-CH3CN, 125 MHz, 298 K). 



	

S75 

	

 
Figure S97. 1H NMR spectrum of Cy9·B(C6F5)4 (d6-acetone, 500 MHz, 298 K). 

 
Figure S98. 13C NMR spectrum of Cy9·B(C6F5)4 (d6-acetone, 125 MHz, 298 K). 
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Figure S99. 1H-1H COSY NMR spectrum of Cy9·B(C6F5)4 (d6-acetone, 500 MHz, 298 K). 

 
Figure S100. 1H-1H COSY NMR spectrum of Cy9·B(C6F5)4, zoom (d6-acetone, 500 MHz, 298 K). 
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Figure S101. 13C-1H HSQC NMR spectrum of Cy9·B(C6F5)4 (d6-acetone, 125 MHz, 298 K). 

 
Figure S102. 1H NMR spectrum of Cy11·B(C6F5)4 (d6-acetone, 500 MHz, 298 K). 
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Figure S103. 13C NMR spectrum of Cy11·B(C6F5)4 (d6-acetone, 125 MHz, 298 K). 

 
Figure S104. 1H-1H COSY NMR spectrum of Cy11·B(C6F5)4 (d6-acetone, 500 MHz, 298 K). 
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Figure S105. 1H-1H COSY NMR spectrum of Cy11·B(C6F5)4 with zoom-in (d6-acetone, 500 MHz, 298 K). 

 
Figure S106. 13C-1H HSQC NMR spectrum of Cy11·B(C6F5)4 (d6-acetone, 125 MHz, 298 K). 
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