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1. Materials and General Methods 

Chemicals were purchased as reagent grade and used without further purification. All reactions 

were carried out in commercial grades of solvents, including anhydrous dichloromethane 

(CH2Cl2), acetonitrile (MeCN) and N,N-dimethylformamide (DMF). Cu metal dust (diam < 425 

µm) was used in all the experiments to reduce the viologen-based compounds. 4-Azido-2,3,5,6-

tetrafluoro-benzyl alcohol (3) and 1,3-diisopropyl-2-(2-propyn-1-yloxy)benzene (6) were 

prepared according to literature procedures.1-2 Thin layer chromatography (TLC) was performed 

on silica gel 60F254 (E Merck). Column chromatography was carried out on silica gel 60F 

(Merck 9385, 0.040–0.063 mm). High performance liquid chromatography (HPLC) was 

performed on a preparative RP-HPLC instrument, using a C18 column (Agilent, 10µm packing, 

30 mm × 250 mm). The eluents employed were MeCN and H2O, both mixed with 0.1 % (v/v) 

trifluoroacetic acid (TFA). The detector was set to λ = 254 nm. HPLC Analysis was performed 

on an analytical RP-HPLC instrument, using a C18 column. For UV/Vis/Near Infrared (NIR) 

studies, all sample preparations were carried out in an Argon-filled atmosphere. Samples were 

loaded into 1 cm quartz tubes and sealed with a clear ridged UV doming epoxy (IllumaBond 60-

7160RCL) and used immediately after preparation.  Correlation spectroscopy (COSY), diffusion 
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ordered spectroscopy (DOSY), nuclear overhauser effect spectroscopy (NOESY) and nuclear 

magnetic resonance (NMR) spectra were recorded at 298 K on Bruker Avance 500 spectrometers, 

with working frequencies of 500 MHz for 1H, 125 for 13C and 470 for 19F nuclei respectively. 

Chemical shifts are reported in ppm relative to the signals corresponding to the residual non-

deuterated solvents.3 High-resolution mass spectra (HRMS) were measured on an Agilent 6210 

Time-of-Flight (TOF) LC-MS, using an ESI source, coupled with Agilent 1100 HPLC stack, 

using direct infusion (0.6 mL min‒1 Measurements at X-band (9.5 GHz) were performed with a 

Bruker Elexsys E580, equipped with a variable Q dielectric resonator (ER-4118X-MD5-W1). 

Cyclic voltammetry experiments were performed on a Princeton Applied Research 263 A 

Multipurpose instrument interfaced to a PC, using a glassy carbon working electrode (0.071 cm2, 

Cypress system). The electrode surface was polished routinely with an alumina/water slurry on a 

felt surface immediately before use. The counter electrode was a Pt coil and the reference 

electrode was an AgCl coated Ag wire. The concentrations of the samples were 1 mM in 100 

mM electrolyte solutions of tetrabutylammonium hexafluorophosphate (TBAPF6) in MeCN. 

 

2. Synthetic Protocols 
Scheme S1. Synthesis of 5•2PF6 
 

 
5•2PF6: Compound 3 (600 mg, 2.64 mmol) was dissolved in anhydrous CH2Cl2 (20 mL), and the 

solution was cooled down to 0 °C in an ice-water bath, after which PBr3 (1 mL, 10 mmol) was 

added dropwise to the solution. The reaction mixture was warmed up to room temperature and 

stirred for 2 h. An excess of NaHCO3 solution was added and the reaction mixture was extracted 

three times with CH2Cl2. The organic phase was combined, dried (MgSO4) and filtered. The 
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solvent was removed under vacuum, and the solid was re-dissolved in DMF (10 mL), to which 

4,4'-bipyridine (156 mg, 1 mmol) was added. The DMF solution was heated to 110 °C and 

stirred for 1 day. The reaction mixture was filtered, and the solid re-dissolved in H2O prior to 

precipitation with an excess of NH4PF6. The precipitate was collected by filtration and washed 

with H2O, MeOH and finally Et2O to afford 5•2PF6 as a white solid (510 mg, 60 %). 1H NMR 

(500 MHz, CD3CN): δ = 8.98 (d, J = 5.0 Hz, 4H), 8.43 (d, J = 5.0 Hz, 4H), 5.95 (s, 4H). 13C 

NMR (126 MHz, CD3CN): δ = 151.3, 147.3, 146.6, 145.3, 142.3, 140.5, 128.3, 123.8, 106.7, 

106.6, 106.5, 53.2. HRMS (ESI): m/z calcd for C24H12F14N8P [M – PF6]
+ 709.0698, found 

709.0703. 

 

Scheme S2. One-Step Synthesis of Dumbbell 2•2PF6 
 

 
2•2PF6: A solution of CuSO4 (2 mg, 0.012 mmol) in DMF (2 mL) was added to 5•2PF6 (51 mg, 

0.06 mmol) and 6 (64 mg, 0.3 mmol) dissolved in DMF (6 mL). After stirring for 30 min under a 

N2 atmosphere, excess of ascorbic acid was added. The reaction mixture was then stirred for 3 

days at room temperature. H2O and an excess of NH4PF6 was added and the resulting precipitate 

was re-dissolved in Me2CO, and H2O was added prior to precipitation with an excess of NH4PF6. 

The solid was collected by filtration and washed with H2O, MeOH and finally Et2O to afford 

2•2PF6 as a white solid (73 mg, 95 %). 1H NMR (500 MHz, CD3CN): δ = 9.06 (d, J = 5.0 Hz, 

4H), 8.48 (d, J = 5.0 Hz, 4H), 8.36 (s, 2H), 7.16–7.23 (m, 6H), 6.11 (s, 4H), 5.05 (s, 4H), 3.47 

(sep, J = 5.0 Hz, 4H), 1.24 (d, J = 5.0 Hz, 24H). 13C NMR (126 MHz, CD3CN): δ = 153.3, 151.4, 

146.9, 145.3, 142.5, 128.4, 126.9, 125.8, 124.8, 124.6, 67.6, 53.2, 27.0, 26.9, 23.8. HRMS (ESI): 

m/z calcd for C54H52F14N8O2P [M – PF6]
+ 1141.3727, found 1141.3719. 

Scheme S3. One-Step Synthesis of Rotaxane 1•6PF6 
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1•6PF6: An excess of Cu dust was added to a solution of 5•2PF6 (51 mg, 0.06 mmol) and 

CBPQT•4PF6 (77 mg, 0.07 mmol) in degassed MeCN (20 mL) in an Ar-filled glovebox. After 

stirring for 20 min, the colorless solution turned dark purple. A MeCN solution (5 mL) of 6 (64 

mg, 0.3 mmol) was added and the reaction mixture was stirred for 3 days at room temperature. 

The solvent was removed by evaporation, and the residue was purified by column 

chromatography (SiO2: 2 % w/v Me2CO solution of NH4PF6 as the eluent). The major 

component was collected, the solvent removed under vacuum, and the solid re-dissolved in H2O, 

prior to precipitation with an excess of NH4PF6. The precipitate was collected by filtration and 

washed with H2O, MeOH and finally Et2O to afford 1•6PF6 as a white solid (75 mg, 53 %). 1H 

NMR (500 MHz, CD3CN): δ = 9.21 (d, J = 5.0 Hz, 2H), 9.11 (d, J = 5.0 Hz, 2H), 8.91 (d, J = 5.0 

Hz, 8H), 8.59 (d, J = 5.0 Hz, 2H), 8.51 (d, J = 5.0 Hz, 2H), 8.36 (s, 1H), 7.96 (d, J = 5.0 Hz, 8H), 

7.80 (s, 8H), 7.37–7.47 (m, 3H), 7.16–7.23 (m, 3H), 6.19 (s, 2H), 6.14 (s, 2H), 5.89 (dd, J = 5.0 

Hz, 4H), 5.78 (dd, J = 5.0 Hz, 4H), 5.05 (s, 2H), 3.82 (s, 2H), 3.72 (s, 1H), 3.46 (septet, J = 7.5 

Hz, 4H), 3.36 (septet, J = 7.5 Hz, 4H),  1.63 (d, J = 5.0 Hz, 12H), 1.24 (d, J = 5.0 Hz, 12H). 13C 

NMR (126 MHz, CD3CN): δ = 148.2, 147.0, 146.9, 145.7, 142.5, 142.1, 137.2, 131.2, 128.6, 

128.5, 127.2, 125.8, 125.6, 124.8, 67.6, 66.0, 65.3, 30.5, 27.0, 26.9, 24.8, 23.8. HRMS (ESI): m/z 

calcd for C90H84F32N12O2P4 [M – 2PF6]
2+ 1048.2640, found 1048.2640. 

 

3. HR-MS Spectroscopic Characterization  

The HR-MS spectra of 1•6PF6 and 2•2PF6 are shown in Figure S1 and S2 respectively. 
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Figure S1. HRMS (ESI) of 1•6PF6. Calculated for C90H84F32N12O2P4 1048.2640 [M – 
2PF6]2+ 

 

 
Figure S2. HRMS (ESI) of 2•2PF6. Calculated for C54H52F14N8O2P 1141.3727 [M – 
PF6]+. 
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4. 1H NMR, 1H-1H COSY and DOSY Spectroscopies of the Oxidized States 
The 

1H NMR spectra of compounds 1•6PF6 and 2•2PF6, and 1H-1H COSY and DOSY spectra of 
compounds 1•6PF6 are shown in Figure S3–S6. 

 
Figure S3. 1H NMR (500 MHz, CD3CN, 298 K) Spectrum of the [2]rotaxane 1•6PF6. 
 

 
Figure S4. 1H–1H Gradient-selected double-quantum filtered phase-sensitive COSY 
(500 MHz, CD3CN, 298 K) spectrum of the [2]rotaxane 1•6PF6. 
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Figure S5. DOSY Spectrum (500 MHz, CD3CN, 298 K) of the [2]rotaxane 1•6PF6. 
 
 

 
Figure S6. 1H NMR (500 MHz, CD3CN, 298 K) Spectrum of 2•2PF6. 
 
5. Variable Temperature NMR Spectroscopies of the Oxidized Rotaxane 
The variable temperature (VT) 1H and 19F NMR Spectra of 1•6PF6 are shown in Figure S7 and 
S8. 
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Figure S7. Variable-temperature partial 1H NMR (500 MHz, CD3CN) spectra of the 
[2]rotaxane 1•6PF6 recorded over a range (233–343 K) of temperatures. 

 
Figure S8. Variable-temperature partial 19F NMR (470 MHz, CD3CN) spectra of the 
[2]rotaxane 1•6PF6 recorded over a range (243–343 K) of temperatures. 
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As the temperature is increased, no coalescence of signals for heterotopic nuclei on the dumbbell 

component is observed (Figure S7 and S8) in either the 1H or the 19F NMR spectra, indicating 

that the CBPQT4+ ring component is not shuttling between discrete recognition sites on the 

dumbbell component under these conditions on the NMR time scale. It should be noted, however, 

that the proton signals of Hα and Hβ, which are assigned to the protons of the CBPQT4+ ring, 

become sharper at higher temperature, indicating that there is rotation (Figure S7) of the BIPY2+ 

units around the C–N bonds.  

 

6. UV/Vis/NIR Spectroscopic Investigation of the Radical States 

In order to demonstrate the binding mode of the rotaxane in its radical cationic state, the 

absorption spectra of a series of MeCN solutions of 13(•+) with a range of concentrations (10–100 

µM) were recorded. The absorption spectrum of the dumbbell, 2•+, was also recorded as a 

reference. The results shows that in the case of 2•+, absorption bands centered at 400 and 605 nm, 

which are characteristic features for the generation of BIPY•+ species, were observed. In contrast, 

the spectra of 13(•+) shows an absorption band at 1091 nm, an observation which confirms the 

formation of the trisradical complex. More importantly, the intensities of these bands have a 

linear relationship with the concentrations, indicating the recognition is a result of the 

intramolecular radical-pairng interaction between the CBPQT2(•+) ring and the BIPY•+ unit of the 

dumbbell. 

 

Figure S9. a) UV/Vis/NIR Absorption spectrum of the MeCN solution of 2•+ (100 µM) 
recorded under reducing conditions. b) UV/Vis/NIR Absorption spectra of the MeCN 
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solution of 13(•+) recorded over a range of different concentrations (10–100 µM). c) The 
linear relationship between the concentrations of 13(•+) and the absorption intensities at 
1091 nm indicates that the absorption bands result from intramolecular radical-pairing 
interactions. 
 
 

7. 1H, DOSY and NOESY NMR Spectroscopies of the Neutral Rotaxane 

In order to confirm the formation of the neutral rotaxane, 1(0), under reducing conditions, as well 

as to confirm the proton assignments, 1H, DOSY and NOESY NMR experiments were carried 

out. The fully reduced neutral sample of the rotaxane 1(0) was prepared4 by extraction from a 

heterogeneous two-phase system. The chloride salt 1⋅6Cl (4.8 mg, 2 µmol) was dissolved in a 

D2O buffer (CO3
2− / HCO3

−) at pH 9.0 (1.00 mL), and C6D5CD3 (1.00 mL) was added to the 

buffered solution. After adding activated Zn dust as a reducing agent, the D2O layer turned 

purple immediately and gradually faded, while the color of the C6D5CD3 layer changed from 

colorless to light yellow, indicating that the fully reduced rotaxane had been extracted into the 

C6D5CD3 layer. The organic layer was transferred into a NMR tube which was capped and sealed 

with parafilm for NMR experiments. 



S12 
 

 

Figure S10. 1H NMR (500 MHz, CD3C6D5, 298 K) Spectrum of the [2]rotaxane 1(0). 

 
Figure S11. DOSY Spectrum (500 MHz, CD3C6D5, 298 K) of the [2]rotaxane 1(0). 
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Figure S12. 1H–1H NOESY Spectrum (500 MHz, CD3C6D5, 298 K) of the [2]rotaxane 
1(0). 
The result of the DOSY experiment demonstrates (Figure S11) that the peaks that are assigned to 

the protons of 1(0) have the same diffusion coefficient, indicating that the mechanically 

interlocked structure is retained in the neutral state. In addition, the key correlating peaks in the 

1H–1H NOESY spectrum (Figure S12), such as Hα1↔HCH2, Hα↔a and b↔Me confirm the peak 

assignment. 

 

8. Variable Temperature NMR Spectroscopies of the Neutral Rotaxane 

In order to investigate whether the CBPQT(0) ring component can shuttle freely on the dumbbell 

component in the neutral state and compare it with its fully oxidized-state counterpart 16+ in 

solution, VT- 1H and 19F NMR studies were carried out.  
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Figure S13. Variable-temperature partial 1H NMR (500 MHz, CD3C6D5) spectra of the 
[2]rotaxane 1(0) recorded over a range (193–298 K) of temperatures. 

 
Figure S14. Variable-temperature partial 19F NMR (470 MHz, CD3C6D5) spectra of the 
[2]rotaxane 1(0) recorded over a range (193–298 K) of temperatures. 
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The results show (Figure S13) that in the neutral state, both proton a and b appear as one set of 

peak even at a temperature as low as 193 K. This observation indicates that the “left” and the 

“right” sides of the dumbbell component experience identical chemical environments, i.e., the 

CBPQT(0) ring undergoes5 fast shuttling on the dumbbell component on the 1H NMR timescale. 

A similar conclusion was drawn (Figure S14) from the result of the VT-19F NMR experiments, 

where only two signals were observed, indicating that the two ArF units on the dumbbell are in 

the same chemical environment. 

 

9. UV/Vis/NIR Spectroscopic Investigation of the Neutral States 

In order to study the charge transfer between the ArF unit and the neutral CBPQT(0) ring, the 

UV/Vis/NIR spectra of the neutral rotaxane and the neutral dumbbell were recorded in PhMe. 

The samples were prepared5 in an Argon glove box as follows. 

1
(0): The chloride salt 1⋅6Cl (2.4 mg, 1 µmol) was dissolved in a degassed aqueous buffer (CO3

2− 

/ HCO3
−) at pH 9.0 (1.00 mL), and degassed PhMe (1.00 mL) was added to the buffered solution. 

After adding activated Zn dust as a reducing agent, the aqueous layer turned purple immediately 

and gradually faded, while the color of the PhMe layer changed from colorless to light yellow, 

indicating that the fully reduced rotaxane had been extracted into the PhMe layer. The organic 

layer was transferred into a clean vial and used for UV/Vis/NIR experiments after dilution. 

2
(0): The chloride salt 2⋅2Cl (2.5 mg, 2 µmol) was dissolved in a degassed aqueous buffer (CO3

2− 

/ HCO3
−) at pH 9.0 (1.00 mL). After adding Na2S2O4 powder as a reducing agent, the aqueous 

layer turned purple first, followed by the formation of yellowish-orange precipitates. Degassed 

PhMe (1.00 mL) was added to the mixture, and the color of the PhMe layer changed from 

colorless to light yellow, indicating that the fully reduced dumbbell had been extracted into the 

PhMe layer. The organic layer was transferred into a clean vial and used for UV/Vis/NIR 

experiments after dilution. 
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Figure S15. a) UV/Vis/NIR Absorption spectrum of the PhMe solution of 1(0) (100 µM) 
recorded under reducing condition. b) UV/Vis/NIR Absorption spectra of the MeCN 
solution of 2(0) recorded over a range of different concentrations (200–800 µM). c) The 
linear relationship between the concentrations of 2(0) and the absorption intensities at 
515 nm indicates that the absorption bands result from intramolecular charge transfer 
interactions. 
The results (Figure S15a) show that in the neutral state, 1(0) displays two absorption bands in 

PhMe. While the first absorption band at 376 nm is characteristic of the existence of the neutral 

BIPY(0) units, both in the dumbbell and in the ring component, the broad absorption band 

centered at 547 nm, which is ascribed to the charge transfer interactions between the electron-

poor ArF unit and the electron-rich CBPQT(0) ring, clearly suggests that the CBPQT(0) ring 

encircles the ArF unit in the neutral state. Similar phenomena are also observed in the case of 2(0), 

where a weaker broad absorption band centered at 515 nm, compared with the absorption band at 

547 nm in the case of 1(0), grows (Figure S15b, c) its intensity linearly with the increasing 

concentration. This observation demonstrates that in the neutral dumbbell, the BIPY(0) unit can 

interact with the ArF unit in an intramolecular manner through charge transfer interactions. It is 

also noteworthy that in both cases, the intensities of the charge transfer absorption bands are 

weaker than those of the bands observed in MeCN solution, which is ascribed to the fact that the 

electron-rich PhMe solvent molecule can also interact with the ArF unit, hence lowering the 

tendency of the ArF units to interact with the BIPY(0) units. 

10. Solid-State Structure of the Dumbbell 

A 1 mM MeCN solution of 2•2PF6 was filtered through a Pall syringe filter (pore size 0.45 µm) 

into VWR culture tubes (6 × 50 mm). The tubes were allowed to stand at room temperature in a 

closed scintillation vial containing iPr2O (3 mL). After one week, colorless crystals of 2•2PF6 

appeared in the tubes from which a rod-like crystal was picked out and mounted using oil 

(Infineum V8512) on a glass fiber and transferred to the cold gas stream, cooled by liquid N2 on 

a Bruker APEX-II CCD with graphite monochromated Mo-Kα radiation. The structure was 

solved by direct methods and refined subsequently using the OLEX2 software.6 Data collection 
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and structure refinement details are available in CIF files, corresponding to CCDC deposition 

1827213. The supplementary crystallographic data for this manuscript can be obtained free of 

charge from www.ccdc.cam.ac.uk/data_request/cif.  

Crystal Data for 2•2PF6: C54H52F20N8O2P2, M =1286.97, crystal size 0.175 × 0.068 × 0.015 mm3, 

monoclinic, space group P21/c (no. 14), a = 33.633(3), b = 10.3014(11), c = 33.059(3) Å, α = 90, 

β = 103.544(5), γ = 90°, V = 11135.2(19) Å3, T = 99.99 K, Z = 8, ρcalc = 1.535 g/mm3. Of a total 

of 34474 reflections that were collected (10.844 ≤ 2Θ ≤ 102.272), 11773 were unique (Rint = 

0.2437, Rsigma = 0.1763). Final R1 (F
2 > 2σF

2) = 0.1162, wR2 = 0.3297. 

 
Figure S16. a) Structural formula of the dumbbell 2•2PF6. b) and c) Wireframe 
representation of the solid-state structure of the dumbbell 2•2PF6 obtained by single-
crystal X-ray crystallography, where the conformation of the dumbbell and the torsion 
angles between the ArF units and the triazole rings are shown. The solvent and the PF6

– 
anion are omitted for the sake of clarity. 
 
The solid-state structure shows (Figure S16b) that in the fully oxidized state, 22+ appears as an 

elongated conformation, where the two “arms” connecting to the BIPY2+ unit point in opposite 

directions. It is also noteworthy that a torsion angle of ca. 54° (Figure S16c) between the 

adjacent triazole and the ArF unit is observed, which indicates that the conjugation effect 

between these two units is very weak. 

11. Computational Details 

Quantum mechanics (QM) calculations were carried out on the level of M06-2X density 

functional7 and the 6-311G** basis set with zero dumping D3 van der Waals corrections8 using 

54.2°

53.3°

a)

b)

c)

2•2PF6
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the Poisson-Boltzmann solvation model as implemented in Jaguar 8.2,9 which we expect to 

provide an accurate descriptions of the noncovalent interactions important for these systems. 

For the force field based molecular dynamics (MD) simulations, the valence parameters (bond 

distances, angles, and dihedrals) are from our optimized QM structures, while the force constants 

are from the universal force field (UFF).10 The charge parameters are QM Mulliken charges from 

our M06-2x DFT calculations while and -bond parameters are from UFF force field. The MD 

calculations were carried out using GROMACS 5.0. The time step is 1.0 fs. We first carried out 

500 ps NVT simulations to equilibrate the system. Then, 5 ns of NPT simulation were carried out 

to equilibrate the simulation cell. Using the equilibrated cell parameters, were carried out 20 ps 

NVT simulations to produce the energies and the trajectories for 2PT analysis. All the energies 

and entropies were obtained from 3 independent simulations. 
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