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1. Synthesis and Characterisation
All commercial solvents and reagents were used as purchased, unless otherwise stated. 
Anhydrous solvents were degassed with N2 and dried by passing them through an MBraun-
800 column. Cu(MeCN)4∙PF6 was stored in a desiccator with P2O5. TBTA was prepared 
following a literature procedure.1 Water was distilled and microfiltered using a Milli-Q 
Millipore machine. Chromatography was undertaken using silica gel (particle size: 40-63 μm) 
or preparative TLC plates (20 × 20 cm, 1 cm silica thickness).

1H and 13C NMR spectra were recorded using Bruker AVIII400 (400 MHz) and Bruker 
AVIII500 (500 MHz, equipped with a 13C detect cryoprobe) spectrometers. Mass spectra 
were recorded on Bruker MALDI Autoflex (MALDI-TOF MS) or Thermo Orbitrap Exactive MS 
(Waters Acquity Ultraperformance LC system HR ESI) mass spectrometers. 

Details of equipment used in other characterisation techniques (EPR, photophysics, CV etc.) 
are provided in their appropriate sections in this supporting information.  

The synthesis of compound 1 was achieved according to a literature procedure.2 Importantly 
for bis-bay functionalised PDI compounds, the major C1,7 regioisomer was purified during 
the synthetic procedure courtesy of repetitive recrystallization from a 1:1 CH2Cl2:hexane 
solvent mixture similar to the procedure reported by Würthner et al.3

The syntheses of compounds 5,4 6,5 76 and 87 were also achieved according to literature 
procedures. 
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Scheme S1.1. Synthesis of the bis-PDI macrocycle “Green Box” 4 and bis-pyrrolidine PDI 
single panel 5. 
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Bis-pyrrolidine perylene-3,4,9,10-tetracarboxylic dianhydride 1

This compound was synthesised according to a literature procedure.2 

O

O OO

O O

N
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1H NMR (400MHz, CDCl3) δ = 8.50 (2H, s, ArH PDA), 8.45 (2H, d, J = 8.1 Hz, ArH 
PDA), 7.64 (2H, d, J = 8.1 Hz, ArH PDA), 3.76 (4H, br. s., CH2 Py), 2.86 (4H, br. s., 
CH2 Py), 2.16 (4H, br. s., CH2 Py), 2.04 (4H, br. s., CH2 Py)

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

9.383.873.911.922.082.00

2.0423
2.1615

2.86173.7649

7.6287
7.64898.4451

8.4653

8.4989

*

*

*

Bis-butyl alkyne pyrrolidine PDI 2
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O

O O

O

N
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A round bottom flask was charged with bis-pyrrolidine PDA 1 (100 mg, 0.19 mmol, 1 
eq), hex-5-yn-1-amine 6 (91 mg, 0.95 mmol, 5 eq), Zn(OAc)2·6H2O (84 mg, 0.38 
mmol, 2 eq) as a Lewis acid catalyst and imidazole (5 g) as solvent. The temperature 
was slowly increased and, upon melting of imidazole (~ 90°C), raised to 120 °C and 
the solution stirred for six hours under a flow of N2 (g). After this time, heating was 
stopped and 1 M HCl (aq) (15 mL) was added gradually over five minutes under 
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stirring to cause formation of a green precipitate. On cooling to room temperature 
this precipitate was collected by vacuum filtration, washed with H2O until neutral pH 
and thoroughly dried in the oven and under vacuum. Silica gel column 
chromatography (50:45:5 CHCl3:cyclohexane:acetone) was used to purify the 
desired bis-butyl alkyne pyrrolidine PDI 2 from the crude reaction mixture, isolated as 
a green solid (58 mg, 0.08 mmol, 44%). 
1H NMR (500MHz, CDCl3) δ = 8.37 (2H, s, ArH PDI), 8.33 (2H, d, J = 7.9 Hz, ArH 
PDI), 7.54 (2H, d, J = 8.1 Hz, ArH PDI), 4.27 (4H, t, J = 7.2 Hz, CH2), 3.69 (4H, br. s., 
CH2 Py), 2.76 (4H, br. s., CH2 Py), 2.31 (4H, td, J = 6.9 Hz, 4J = 2.3 Hz, CH2), 2.05 
(4H, br. s., CH2 Py), 1.85 - 1.99 (8H, m, CH2, CH2 Py), 1.62 - 1.76 (6H, m, CH2, CH 
alkyne)
13C NMR (126MHz, CDCl3) δ = 164.0, 146.4, 134.1, 129.8, 126.6, 123.7, 122.0, 
121.5, 120.7, 118.9, 117.9, 84.2, 68.5, 52.1, 39.8, 29.7, 27.4, 26.1, 25.8, 18.3

MS (MALDI): m/z calc. for C44H40N4O4 [M]: 688.304; found: 688.291

HRMS (ESI): m/z calc. for C44H41N4O4 [M+H]+: 689.3122; found: 689.3129

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

5.919.734.044.083.563.614.001.922.001.85

1.6671

1.7019
1.9095

1.9595

2.0508

2.3038
2.3087

2.3178
2.3224

2.75923.6864

4.2535

4.2679

4.2822
7.53137.5474

8.3178

8.3663

*

Bis-biphenyl azide pyrrolidine PDI 3
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O O

O

N
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N3N3

A round bottom flask was charged with bis-pyrrolidine PDA 1 (100 mg, 0.19 mmol, 1 
eq), biphenyl amine azide 7 (224 mg, 0.95 mmol, 5 eq), Zn(OAc)2·6H2O (84 mg, 0.38 
mmol, 2 eq) as a Lewis acid catalyst and imidazole (5 g) as solvent. The temperature 
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was slowly increased and, upon melting of imidazole (~ 90°C), raised to 120 °C and 
the solution stirred for six hours under a flow of N2 (g). After this time, heating was 
stopped and 1 M HCl (aq) (15 mL) was added gradually over five minutes under 
stirring to cause formation of a green precipitate. On cooling to room temperature 
this precipitate was collected by vacuum filtration, washed with H2O until neutral pH 
and thoroughly dried in the oven and under vacuum. Silica gel column 
chromatography (50:45:5 CHCl3:cyclohexane:acetone) was used to purify the 
desired bis-biphenyl azide pyrrolidine PDI 3 from the crude reaction mixture, isolated 
as a green solid (79 mg, 0.08 mmol, 43%). 
1H NMR (500MHz, CDCl3) δ = 8.34 (2H, s, ArH PDI), 8.31 (2H, d, J = 7.8 Hz, ArH 
PDI), 7.68 (4H, d, J = 7.6 Hz, ArH biphenyl), 7.50 - 7.60 (8H, m, ArH biphenyl), 7.41 
(2H, d, J = 7.6 Hz, ArH PDI), 7.34 (4H, d, J = 7.5 Hz, ArH biphenyl), 5.52 (4H, s, 
CH2), 4.35 (4H, s, CH2), 3.61 (4H, br. s., CH2 Py), 2.67 (4H, br. s., CH2 Py), 2.00 (4H, 
br. s., CH2 Py), 1.88 (4H, br. s., CH2 Py)
13C NMR (126MHz, CDCl3) δ = 163.9, 163.8, 146.2, 140.8, 139.4, 136.9, 134.2, 
133.8, 129.5, 129.3, 128.5, 127.3, 127.0, 126.5, 123.5, 121.8, 121.3, 120.7, 118.7, 
117.7, 54.4, 52.0, 43.3, 25.6

MS (MALDI): m/z calc. for C60H46N10O4 [M]: 970.370; found: 970.402

HRMS (ESI): m/z calc. for C104H87N14O8 [M+H]+: 971.3782; found: 971.3787

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

4.513.693.363.484.003.693.912.218.034.001.871.73

1.8756
2.0029

2.6719
3.6147

4.3497

5.5217

7.5484

7.6772
7.6924

8.3145

8.3410
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Bis-PDI macrocycle 4 (“Green Box”)
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Under high-dilution conditions, bis-alkyne pyrrolidine PDI 2 (56 mg, 0.07 mmol, 1 eq) and 
bis-azide pyrrolidine PDI 3 (78 mg, 0.07 mmol, 1 eq) were dissolved in CH2Cl2 (140 mL) and 
TBTA (17 mg, 0.03 mmol, 0.4 eq) was added followed by Cu(MeCN)4∙PF6 (12 mg, 0.03 
mmol, 0.4 eq). The green solution was stirred at room temperature under an atmosphere of 
N2 (g) for a minimum of five days with reaction progress monitored by thin-layer 
chromatography (97:3 CH2Cl2:MeOH). On depletion of all azide and alkyne starting materials 
the solvent was removed in vacuo and the crude mixture purified by iterative preparative 
silica thin-layer chromatography (CH2Cl2 to 98:2 CH2Cl2:MeOH) to yield bis-PDI macrocycle 
4, the “Green Box” as a dark green solid (46 mg, 0.02 mmol, 40%).

1H NMR (400MHz, CDCl3) δ = 8.41 (2H, s, ArH PDI), 8.37 (2H, d, J = 8.1 Hz, ArH 
PDI), 8.27 (2H, s, ArH PDI), 8.22 (2H, d, J = 7.9 Hz, ArH PDI), 7.61 (4H, d, J = 8.2 
Hz, ArH biphenyl), 7.57 (2H, d, J = 8.1 Hz, ArH PDI), 7.52 (4H, d, J = 8.3 Hz, ArH 
biphenyl), 7.49 (4H, d, J = 8.2 Hz, ArH biphenyl), 7.45 (2H, d, J = 7.9 Hz, ArH PDI), 
7.28 (4H, d, J = 7.8 Hz, ArH biphenyl), 7.23 (2H, s, ArH triazole), 5.48 (8H, s, CH2), 
4.20 (4H, t, J = 7.1 Hz, CH2), 3.65 (4H, br. s., CH2 Py), 3.58 (4H, br. s., CH2 Py), 2.70 
- 2.82 (8H, m, CH2, CH2 Py), 2.66 (4H, br. s., CH2 Py), 2.02 (4H, br. s., CH2 Py), 1.65 
- 1.98 (20H, m, CH2, CH2 Py)
13C NMR (101MHz, CDCl3) δ = 164.0, 163.9, 148.2, 146.4, 146.2, 141.2, 139.3, 
137.0, 134.1, 134.0, 133.6, 129.8, 129.7, 129.4, 128.5, 127.6, 127.1, 126.7, 126.4, 
123.9, 123.5, 122.0, 121.9, 121.6, 121.4, 120.9, 120.8, 120.5, 118.8, 118.8, 118.0, 
117.8, 53.6, 52.0, 43.2, 39.8, 27.7, 26.8, 25.7, 25.6, 25.4

MS (MALDI): m/z calc. for C104H86N14O8 [M]: 1659.678; found: 1659.668 (see Section 3)

HRMS (ESI): m/z calc. for C104H87N14O8 [M+H]+: 1660.6863; found: 1660.6895 (see below)
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8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

27.4011.457.623.817.501.955.7716.741.992.052.001.97

1.80741.9107

2.0164
2.6635

2.7298

2.7460

3.57613.6549
4.1816

4.1975

5.4779

7.2303

7.5071
7.5990

8.2137

8.27278.4077

*

TB352

m/z
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%

0
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m/z
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%

0

100

m/z
1620 1630 1640 1650 1660 1670 1680 1690 1700

%

0

100
TB352_ESCIpos_01  (0.040) Is (1.00,1.00) C104H86N14O8 1: TOF MS ES+ 

1

TB352_ESCIpos_01  (0.040) Is (1.00,1.00) C104H86N14O8 1: TOF MS ES+ 
3.58e121660.6863

1659.6831

1661.6893

1662.6923

1663.6953

TB352_ESCIpos_01 20 (0.709) Cm (20-1x2.000) 1: TOF MS ES+ 
8.25e51660.6895

1659.6835

1658.6697

1657.66301622.65171610.6952 1629.8296
1649.5077

1661.6917

1662.6907

1704.24511663.6937 1698.6409
1682.66531679.6652 1705.7428

Found [M+H]+

Calculated [M+H]+
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Bis-pyrrolidine PDI single panel 5

N N
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This compound was synthesised according to a literature procedure.4 

1H NMR (400MHz, CDCl3) δ = 8.60 (2H, s, ArH PDI), 8.53 (2H, d, J = 8.0 Hz, ArH 
PDI), 7.80 (2H, d, J = 8.0 Hz, ArH PDI), 7.50 (2H, t, J = 7.7 Hz, ArH mes.), 7.36 (4H, 
d, J = 7.8 Hz, ArH mes.), 3.84 (4H, br. s., CH2 Py), 2.94 (4H, br. s., CH2 Py), 2.81 
(4H, spt, J = 7.2 Hz, CH mes.), 2.14 (4H, br. s, CH2 Py), 2.04 (4H, br. s., CH2 Py), 
1.21 (12H, s, CH3), 1.19 (12H, s, CH3)

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
Chemical Shift (ppm)

23.187.634.002.993.483.942.071.531.591.59

1.2112

2.03862.1278

2.8129

2.83003.8437

7.3708

7.7949
7.81518.5416

8.5985 *

*

*

*

Hex-5-yn-1-amine 6

H2N

This compound was synthesised according to a literature procedure.5 

1H NMR (400MHz, CDCl3) δ = 2.72 (2H, t, J = 6.5 Hz, CH2), 2.17 - 2.28 (2H, m, 
CH2), 1.95 (1H, t, J = 2.6 Hz, CH alkyne), 1.53 - 1.61 (4H, m, CH2)
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7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
Chemical Shift (ppm)

3.940.942.052.00

1.5712

1.9531

2.2213

2.7224
*

*
*

Biphenyl amine azide 7

H2N N3

This compound was synthesised according to a literature procedure.6 

1H NMR (400MHz, CDCl3) δ = 7.58 (2H, d, J = 8.1 Hz, ArH biphenyl), 7.62 (2H, d, J 
= 8.1 Hz, ArH biphenyl), 7.33 - 7.50 (4H, m, ArH biphenyl), 4.40 (2H, s, CH2), 3.94 
(2H, s, CH2)
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7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
Chemical Shift (ppm)

2.002.084.304.27

3.9372

4.39557.4075

7.6079

*

Bis-bromo mesityl PDI 8

NN

O

O O

O

Br

Br

This compound was synthesised according to a literature procedure.7 

1H NMR (400MHz, CDCl3) δ = 9.58 (2H, d, J = 8.1 Hz, ArH PDI), 9.04 (2H, s, ArH 
PDI), 8.82 (2H, d, J = 7.9 Hz, ArH PDI), 7.53 (2H, t, J = 7.8 Hz, ArH mes.), 7.38 (4H, 
d, J = 7.8 Hz, ArH mes.), 2.75 (4H, spt, J = 7.2 Hz, ArH mes.), 1.21 (12H, s, CH3), 
1.20 (12H, s, CH3)
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10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)

24.394.003.931.951.941.791.76

1.2125

2.7548

7.3699
7.3895

7.53218.8114
8.8313

9.0381

9.57019.5902
*

*
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2. Further NMR spectroscopy data
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Figure S2.1. 1H–1H COSY NMR spectrum of Green Box 4 (CDCl3, 298 K, 500 MHz).
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Figure S2.2. 1H–13C HSQC NMR spectrum of Green Box 4 (CDCl3, 298 K, 500 MHz).
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Figure S2.3. 1H–1H ROESY NMR spectrum of Green Box 4 (CDCl3, 298 K, 500 MHz).
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Figure S2.4. Truncated 1H NMR spectra of Green Box 4 (0.4 mM) upon titration with up to 
three equivalents of C60 fullerene (d8-toluene, 298 K, 500 MHz).  

8.65 8.60 8.55 8.50 8.45 8.40 8.35 8.30 8.25 8.20 8.15
Chemical Shift (ppm)

cb fe

Figure S2.5. Truncated 1H NMR spectra of Green Box 4 (0.4 mM) upon titration with up to 
30 equivalents of C60 fullerene (d4-o-DCB, 298 K, 500 MHz).

cb fe

8.65 8.60 8.55 8.50 8.45 8.40 8.35 8.30 8.25 8.20
Chemical Shift (ppm)

Figure S2.6. Truncated 1H NMR spectra of Green Box 4 (0.4 mM) upon titration with up to 
30 equivalents of C70 fullerene (d4-o-DCB, 298 K, 500 MHz).
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Figure S2.7. Truncated 1H NMR spectra of bis-pyrrolidine PDI single panel 5 (0.4 mM) upon 
titration with up to three equivalents of C60 fullerene (d8-toluene, 298 K, 500 MHz).  
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Figure S2.8. Truncated 1H NMR spectra of Green Box 4 (0.4 mM) upon titration with up to 
one equivalent of C60 fullerene (d5-nitrobenzene, 298 K, 500 MHz). * refers to inherent 
impurities from the deuterated solvent.
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Green Box 4
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+ 1 eq. C60

Figure S2.9. Truncated 1H NMR spectra of Green Box–C60 fullerene complex [4]·+⊃[C60]·− 

(0.4 mM) recorded over seven days showing a gradual sharpening of peaks as radical 
concentration is depleted (d5-nitrobenzene, 298 K, 500 MHz). * refers to inherent impurities 
from the deuterated solvent. Note that proton resonances in the complex are upfield shifted 
relative to Green Box in the absence of fullerene guest. 

148 146 144 142 140 138 136 134 132
Chemical Shift (ppm)

C60

Figure S2.10. 13C NMR spectrum of Green Box–C60 fullerene complex [4]·+⊃[C60]·− (0.4 mM) 
after seven days showing the presence of C60 fullerene in solution (d5-nitrobenzene, 298 K, 
101 MHz). Note there is negligible decomposition since any functionalisation causes 
desymmetrisation of the cage and appearance of multiple new resonances in this region of 
the 13C NMR spectrum.   
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3. Further mass spectrometry data

Figure S3.1. Theoretical (bottom) and measured (top) MALDI-TOF mass spectra of Green 
Box 4 (dithranol matrix). 
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Figure S3.2. Theoretical (bottom) and measured (top) ESI mass spectra of Green Box–C60 
fullerene complex [4]⊃[C60] (m/z = [4+C60+2H]2+).  
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Figure S3.3. The ESI MS/MS spectrum of [4]⊃[C60] as the complex is broken into its 
constituent parts upon increasing collision energy (CE, eV).  
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Figure S3.4.  MALDI-TOF mass spectrum of Green Box–C60 fullerene complex [4]·+⊃[C60]·− 
after seven days showing the presence of C60 fullerene (m/z = 720) and negligible 
decomposition products (dithranol matrix). 
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4. Photophysics 
a) Data
All steady state electronic absorption and emission spectra were recorded at a concentration 
of 1 x 10−5 M (unless otherwise stated) at 298 K. For UV-Vis-NIR spectroscopy a Jasco V-
780 or a PGT60 U spectrophotometers were used. For fluorescence spectroscopy a Horiba 
Fluorolog 3 was used. Quartz cuvettes with 1 cm path length were used. For PDI host–
fullerene guest titration spectra; [4] is kept constant, red line = start point, blue line = end 
point and absorption spectra have been corrected for fullerene absorbances unless 
otherwise stated.  
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Figure S4.1. Normalized Vis-NIR absorption spectra of Green Box 4 recorded in aromatic 
solvents of differing polarity. Solvatochromism arises from the charge transfer character of 
the S0S1 transition (λmax = 689 - 712 nm). 
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Figure S4.2. Uncorrected Vis-NIR absorption spectra of Green Box 4 upon the titration of 
170 equiv. of C60 in o-DCB. 
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Figure S4.3. Uncorrected Vis-NIR absorption spectra of Green Box 4 upon the titration of 30 
equiv. of C70 in toluene. 

650 700 750 800
0.0

0.2

0.4

0.6

A
bs

. 

Wavelength / nm

Figure S4.4. Uncorrected Vis-NIR absorption spectra of Green Box 4 upon the titration of 80 
equiv. of C70 in o-DCB.
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Figure S4.5. Vis-NIR absorption spectra of bis-pyrrolidine PDI single panel 5 upon the 
titration of 170 equiv. of C60 in toluene. Spectra changes are negligible in comparison to 
Green Box 4.  
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Figure S4.6. Vis-NIR absorption spectra of Green Box (left [4] = 10−5 M, right [4] = 10−6 M) 
upon the titration of 1.5 equiv. of C60 in nitrobenzene (spectra corrected for C60 absorptions), 
forming the 1:1 host–guest stoichiometric complex [4]⊃[C60], χ ([4]⊃[C60]) = 1. 
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Figure S4.7. Comparative electronic absorption spectra (zoomed NIR regions below) of the 
1:1 host–guest stoichiometric complex 4 ⊃ C60 and mixtures of 4:Cu(II) triflate and single 
panel PDI 5:Cu(II) triflate in nitrobenzene (blue lines). With both C60 and Cu(II), a near 50% 
decrease in intensity of the main PDI absorption band (S0S1 transition, λabs,max = 712 nm) 
indicates the stoichiometric oxidation of a single PDI unit. For reference, red lines = Green 
Box (GB) 4 in the absence of fullerene.
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Figure S4.8. Vis-NIR electronic absorption spectra of chemically generated [PDI]·+ and 
[C60]·− species (left) and the Green Box–fullerene radical ion pair complex [4]·+⊃[C60]·− (right) 
showing that the latter is a superposition of the former i.e. [PDI]·+ + [C60]·− = [4]·+⊃[C60]·−. All 
spectra collected in nitrobenzene except [C60]·− which is in benzonitrile. [PDI]·+ generated 
from 4 with one equivalent of Cu(II) triflate, [C60]·− generated from C60 with one equivalent of 
cobaltocene.8 Relative to [4]·+⊃[C60]·− in nitrobenzene, a small perturbation to the [C60]·− 
absorption band in [Cp2Co]·+⋅[C60]·− in benzonitrile is expected due to, a) its complexation 
and, b) the change in solvent.
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Figure S4.9. Vis-NIR electronic absorption spectrum of 1:4 stoichiometric mixture of Green 
Box 4:Cu(II) triflate in nitrobenzene reveals diagnostic peaks (λ = 490, 614 nm) for the 
doubly oxidized bis-pyrrolidine PDI species.9 These absorbances (i.e. λmax = 614 nm) are not 
present in the 1:1 host–guest stoichiometric complex [4]⊃[C60] (Figure S4.6), indicating only 
a single electron transfer (SET) process occurs between Green Box and fullerene. 
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Figure S4.10. Vis-NIR absorption spectra of Green Box upon the titration with up to 60 
equiv. of C60 (corrected for C60 absorptions) and a 1:2 stoichiometric mixture of Green Box 
4:Cu(II) triflate in nitrobenzene. Comparison indicates partial oxidation of the second PDI 
panel of Green Box can occur in the presence of a large excess of guest (i.e. for C60 ε = 
29,800 vs 43,000 M-1 cm-1 for Cu(II) at λabs = 890 nm). However, there is only weak 
association with the second fullerene guest i.e. fitting of titration data to a 1:2 host:guest 
model indicates Ka2 << Ka1.   
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Figure S4.11. Variable temperature Vis-NIR electronic absorption spectra of the 1:1 host–
guest stoichiometric complex [4]·+⊃[C60]·− in nitrobenzene. Cooling the solution increases the 
yield of the neutral complex [4]δ+⊃[C60]δ− at the expense of [4]·+⊃[C60]·−, illustrating the 
thermodynamic equilibrium (isosbestic point λ = 764 nm). The freezing point of nitrobenzene 
is 278K. 
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Figure S4.12. Fluorescence emission spectra of Green Box 4 upon the titration of 10 equiv. 
of C60 in nitrobenzene.
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Figure S4.13. Uncorrected Vis-NIR absorption spectra of Green Box 4 upon the titration of 
1.5 equiv. of C70 in nitrobenzene ([C70]·− λabs ~ 1150 nm). 
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Figure S4.14. Vis-NIR absorption spectra of Green Box 4 (left) and C60 fullerene (right, [C60] 
= 10−4 M) in nitrobenzene indicating the absence of any radical ions prior to their mixing. 
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Figure S4.15. Vis-NIR absorption spectra of the 1:1 host–guest stoichiometric charge 
separated complex [4]·+⊃[C60]·− (5 x 10−4 M) in nitrobenzene recorded over three days 
showing gradual reduction in concentration of radical ions. 
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Figure S4.16. Vis-NIR absorption spectra of the 1:1 host–guest stoichiometric complex of 
Green Box 4 and C60 fullerene in nitrobenzene after three days indicating residual ground 
state charge transfer interactions and so the presence of the polarised complex [4]δ+⊃[C60]δ−. 
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Figure S4.17. Vis-NIR absorption spectra of bis-pyrrolidine PDI single panel 5 upon the 
titration of 60 equiv. of C60 in nitrobenzene. Spectral changes, including the formation of 
radical ions are negligible in comparison to Green Box 4.  

b) Further comments and discussion
As expected for a [1+1] macrocycle, the extinction co-efficient of λabs,max (ε = 136,000 M-1 cm-

1) of 4 (Figure S4.9) is a near summation of two single PDI panels, 5 (ε = 69,000 M-1 cm-1, 
Figure S4.12).

From Figure 5c in the manuscript, comparable extinction co-efficients for the [PDI]·+ band at 
λabs = 890 nm with that of an electrochemically generated [PDI]·+ (ε = 17,300 M-1 cm-1 and 
17,400 M-1 cm-1 respectively)9 also indicates that only a single bis-pyrrolidine PDI panel of 
the Green Box is oxidised in [4]·+⊃[C60]·−. 

For a number of previous imide-appended PDI–C60-based dyads10,11 weak electronic 
coupling has arisen from the existence of a node in the HOMO at the PDI imide nitrogen 
atoms and orthogonality of the donor–acceptor aromatic planes.9,12 It would appear that this 
effect can be alleviated through the greater orbital flexibility afforded by intermolecular vs. 
intramolecular electronic communication in the dyad; as evidenced by significant 
spectroscopic changes observed upon formation of the non-covalent Green Box–fullerene 
complex [4]⊃[C60] in a variety of solvents. Indeed, calculated ground and excited state dipole 
moments of a bis-pyrrolidine PDI show that charge is primarily transferred from nitrogen 
atoms in a direction perpendicular to the plane of the perylene core9 thereby enabling an 
electronic interaction with the fullerene bound above it. 
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5. Electrochemistry
Cyclic voltammetric (CV) studies were carried out using an Autolab PGSTAT302N 
potentiostat, in a three-electrode arrangement in a single compartment cell. A glassy carbon 
working electrode, a Pt wire secondary electrode and a saturated Ag/AgCl reference 
electrode (chemically isolated from the test solution via a bridge tube containing electrolyte 
solution and fitted with a porous Vycor frit) were used in the cell. Experiments were 
performed under an atmosphere of argon and in anhydrous solvents. Sample solutions were 
prepared under an atmosphere of argon using Schlenk line techniques and consisted of a 
0.1 M solution of the supporting electrolyte [nBu4N][BF4] and a 0.5-1 mM solution of the test 
compound. Redox potentials were referenced vs. the Fc+/Fc couple either directly by adding 
an equal amount of ferrocene to the test solution. Compensation for internal resistance was 
not applied. Only one oxidation process was observed for 4 in o-DCB, most likely due to the 
low stabilisation of the oxidised states by the relatively low polarity solvent in comparison to 
nitrobenzene.

Table S5.1. Electrochemical data of the bis-PDI macrocycle Green Box 4 and C60 recorded 
in nitrobenzene and o-DCB in the presence of 0.1 M [nBu4N][BF4]. All electrochemical 
potentials quoted vs. Fc+/Fc redox couple. 

Nitrobenzene o-DCB
E1/2

ox1, V E1/2
ox2, V E1/2

red, V E1/2
ox1, V E1/2

red, V
PDI single 
panel 5

+0.22 +0.35 - - -

Green Box 
4

+0.19 +0.33 - +0.21 -

C60 - - −0.92 - −1.0413

4+C60 (1:2) +0.19 +0.32 −0.92 - -
4+C60 
(1:10)

+0.19 +0.33 - +0.23 -
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Figure S5.1. Cyclic voltammograms recorded in o-DCB of Green Box 4 (top) and 
[4]δ+⊃[C60]δ− (bottom). Dashed lines indicate the position of the E1/2 in each case.
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Figure S5.2. Cyclic voltammograms recorded in nitrobenzene containing 0.1M [nBu4N][BF4] 
at 0.1 V/s: a) bis-pyrrolidine PDI reference compound 5; b) C60 fullerene; c) Green Box 4 
after the addition of 1 eq. C60; d) Green Box 4 after the addition of 2 eq. C60; d) Green Box 4 
after the addition of 10 eq. of C60.
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6. EPR spectroscopy
Continuous-wave electron paramagnetic resonance (CW-EPR) was acquired in the Centre 
for Advanced Electron Spin Resonance (CAESR) in the Department of Chemistry of the 
University of Oxford.  X-band data collection involved use of a Bruker BioSpin EMXmicro 
spectrometer with a Premium-X bridge and an ER123-SHQE-W1 Bruker BioSpin resonator.  
The sample was placed within an Oxford Instruments ESR900 cryostat that fits within the 
resonator, given a resonant mode frequency of approximately 9.38 GHz.  Transient EPR or 
time-resolved EPR (TR-EPR) made use of a Bruker BioSpin EleXSys I E680 spectrometer at 
both X-band and W-band (94 GHz), while the resonators were a TE01δ mode cylindrical 
sapphire dielectric ER4118X-MD5-W1 at X-band and a cylindrical cavity TE011 mode EN600-
1021H Teraflex ENDOR resonator at W-band. Temperature was maintained at 85 K for both 
frequencies with Oxford Instruments CF935 cryostats under N2 flow and an ITC-503s 
temperature controller.  The LASER flashes of about 9 ns length for TR-EPR were produced 
with an Opotek Opolette HE355 LASER which features an optical parametric oscillator 
(OPO) crystal of beta-barium borate (BBO).  For X-band the LASER beam was directed into 
the X-band resonator and cryostat windows via turning mirrors and at W-band it was 
conveyed via a fibre coupling with ThorLabs FT600UMT 0.39 NA multimode fibre of 0.6 mm 
O.D. core threaded into a standard insertion rod and made vacuum tight with Dow Corning 
silicone high vacuum grease.  The LASER repetition rate was 20 Hz with a pulse energy of 
1.5 mJ at X-band and 450 μJ at W-band.  The master time synchronization of LASER flash 
lamp, Q-switch and E680 spectrometer was a Stanford Research DG645 delay generator.  
The triplet state and CW-EPR simulations employed the EasySpin toolbox in Matlab 
(MathWorks, Inc.).14
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Figure S6.1.  EPR spectrum of C60 in nitrobenzene showing the absence of any radical 
species (10−4 M). 
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Figure S6.2. EPR spectrum of [4]·+⊃[C60]·− after two weeks on the bench showing 
persistence of the radical pair in nitrobenzene. 
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Figure S6.3. EPR spectra showing gradual decrease in intensity of signal for the radical pair 
over 10 hours. 
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Figure S6.4. TR-EPR spectra at 85 K and 600 nm excitation of two 100 M samples of in 
frozen toluene, for [4]⊃[C60] at X-band (panel a) and W-band (panel b) and simulation of the 
X-band data in the isotropic limit (panel c, with acquisition trigger time offset). The colour bar 
on the far right has red as positive and blue as negative, representing microwave absorption 
and emission, respectively.  The data was collected as described in the EPR Spectroscopy 
methods section and the simulation was a spin dynamics calculation in Matlab.  The 
microwave frequencies were 9.7313 and 93.956 GHz, for a) and b) respectively.

       
Figure S6.5. Frozen solution CW-EPR of the [4]⊃[C60] prepared in nitrobenzene.  On left, 
CW-EPR at 85 K, 170 K, and 255 K, with microwave power indicated in Watts and maxima.  
The microwave frequencies were 9.689 GHz, 9.723 GHz and 9.632 GHz with respect to 
temperature.  The modulation amplitude was 0.5 mT.  On right, CW-EPR of the frozen 
solution at two frequencies with acquisition parameter values: temperature 255 K frequency 
of 9.6297 GHz, microwave power 3.9830x10-6 W, modulation amplitude of 0.5 G and 57 
sweeps of 671.09 sec., microwave power 5.024 x10-6 W, and temperature 85 K, frequency 
of 34.0174 GHz, 1.5 G, 89 sweeps of 600 sec., for X-band and Q-band, respectively.
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Figure S6.6. ELDOR pulsed EPR of photo-excited [4]⊃[C60] prepared in toluene.  An 
inversion pulse of 32 ns was followed by a 500 ns ELDOR pulse with sufficient time (2 μs) 
for decoherence prior to 16-32ns echo detection following the literature reference.15 A 
representative plot of two Gaussian lines that broaden with ELDOR power are in blue (-12 
MHz) and cyan with the summation in red.
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7. Kinetic data
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Figure S7.1. Time course measurement of [4]·+⊃[C60]·− (1:5 host–guest stoichiometric ratio, 
[4] = 10−4 M) by electronic absorption spectroscopy (λ = 890 nm) in nitrobenzene showing 
persistence of [PDI]·+ in solution with t½ > 600 minutes.  
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Figure S7.2. Time course measurement of [4]·+⊃[C60]·− (1:1 host–guest stoichiometric ratio, 
[4] = 10−4 M) by EPR spectroscopy (maxima and minima of peak) in nitrobenzene showing 
persistence of [C60]·− in solution. NB. There was a 30 minute delay between sample 
preparation and measurement of the first EPR spectrum, preventing accurate calculation of 
t½. 
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Figure S7.3. Time course measurement over first 200 minutes of [4]·+⊂[C60]·− by EPR 
spectroscopy in nitrobenzene under dinitrogen showing similar behaviour to oxygenated 
conditions (1:1 host–guest stoichiometric ratio, [4] = 10−4 M).  

Figure S7.4. Dynamic light scattering intensity distribution of [4]⊂[C60] in nitrobenzene over 
two hours showing the average particle size is over doubled.  This is due to C60 because 
analysis of C60 alone revealed similar behaviour. 
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Figure S7.5. Vis-NIR absorption spectra showing regeneration of radical ions [4]·+⊂[C60]·− in 
nitrobenzene, after their depletion, through the addition of a further equivalent of C60 
fullerene. 
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Figure S7.6. Vis-NIR absorption spectra showing regeneration of radical ions [4]·+⊂[C60]·− in 
nitrobenzene, after their depletion, through five minutes sonication. 
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Figure S7.7. Time course measurement of [4]δ+⊃[C60]δ− by electronic absorption 
spectroscopy (λ = 689 nm) in toluene showing no time dependence to the spectral changes 
arising from partial charge transfer interactions ([4] = 10−5 M). 
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8. Bindfit data
Vis-NIR spectroscopic titration curves for Green Box 4 upon the titration with up to 170 eq. of 
C60 or C70 fullerene guest. Association constants obtained from binding curves through 
multiwavelength fitting of the largest spectral changes, which occurred to the main PDI 
absorption band (λ = 690 – 720 nm). This region was also chosen because the absence of 
spectral overlap with fullerene bands permitted the use of non-corrected absorption spectra 
thus minimizing error. The Job’s plot analysis is considered appropriate when there is a 1:1 
host–guest stoichiometric complex,16 and so has been performed for C60 binding in 
nitrobenzene. However, when more than one complex is present, i.e. 1:2 host–guest 
binding, the Job’s method is considered unreliable such that non-sigmoidal residues and low 
fitting covariances are better indicators of an appropriate binding model.17–19 All fitting errors 
< 10 %. Solid points represent experimental data; continuous line represents theoretical 
binding isotherm. Average values from three experiments have been taken. Relative 
standard deviations are provided, and all are < 8%. For toluene and o-DCB, since Ka1 >> 
Ka2, the fitting to a 1:1 host–guest binding model at early stage of titration is shown where 
possible. Stronger binding in nitrobenzene made a 1:1 host–guest model a superior fit than a 
1:2 model. As such, a Jobs Plot was performed for this data set.  

a) Green Box + C60 in toluene

Mean (Ka1) = 41,389

Rel. st. dev. (Ka1) = 2.37%

1:1 host:guest model fitting of first 10 titration points:

Ka1 = 42,150

Ka2 < 1

Ka1 = 40,001

Ka2 < 1 

Ka1 = 42,007

Ka2 < 1
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b) Green Box + C70 in toluene

Mean (Ka1) = 20,381

Rel. st. dev. (Ka1) = 2.85%

1:1 host:guest model fitting of first 10 titration points:

c) Green Box + C60 in o-DCB

Mean (Ka1) = 69,894

Rel. st. dev. (Ka1) = 1.41%

Ka1 = 20,503

Ka2 < 1

Ka1 = 21,024

Ka2 < 1 

Ka1 = 19,616

Ka2 < 1

Ka1 = 68,538

Ka2 = 83

Ka1 = 70,288

Ka2 = 108 

Ka1 = 70,855

Ka2 = 98
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1:1 host:guest model fitting of first 10 titration points:

d) Green Box + C70 in o-DCB

Mean (Ka1) = 71,667

Rel. st. dev. (Ka1) = 0.87%

d) Green Box + C60 in 1:1 nitrobenzene:toluene

Mean (Ka1) = 53,134 

Ka1 = 72,499

Ka2 = 102

Ka1 = 70,999

Ka2 = 101 

Ka1 = 71,500

Ka2 = 102

Ka1 = 53,420

Ka2 < 10 

Ka1 = 54,381

Ka2 < 10

Ka = 51,603

Ka2 < 10 
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Rel. st. dev. (Ka1) = 2.17 %

e) Green Box + C60 in nitrobenzene

 

 

 

Mean (Ka) = 138,413
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Figure S8.1. Job’s plot analysis for C binding to Green Box 4 in nitrobenzene indicates a 1:1 
host–guest binding stoichiometry; the maximum change in absorbance occurs when the 
mole fraction of fullerene guest χ (C60) = 0.5. 
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9. Free energy of photoinduced electron transfer 

The free energy for photoinduced electron transfer and charge separation (CS) in eV from 
the PDI donor (D) excited singlet state to C60 acceptor (A) in complex [4]⊃[C60] can be 
estimated by:20

−ΔGCS = ΔE0-0 + ΔGCR

Where ΔE0-0 is the energy level of the lowest singlet excited state of the PDI as determined 
from the intersection of the absorption and fluorescence emission spectra and ΔGCR is the 
driving force for charge recombination (CR) in eV calculated by:

−ΔGCR = e[Eox(D/D+) – – Ered(A/A–)] + ΔGs

The correction term (ΔGs) for the effects of solvent polarity is often found to be negligible in 
solvents of moderate polarity such as o-DCB (ε = 9.9). Therefore, using the electrochemical 
data recorded in o-DCB (Table S5.1) and without the correction term, for complex [4]⊃[C60]; 
−ΔGCR = 1.25 eV.

Since for [4]⊃[C60] ΔE0-0 = 1.74 eV ; −ΔGCS = 0.49 eV indicated that excited state electron 
transfer processes were energetically favourable in the complex. 

This value is in good agreement with that from a previously reported covalently linked bis-
pyrrolidine–C60 dyad.20,21
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10. Molecular Modeling
Methods
4 was generated through atomic manipulation of single crystal X-ray diffraction structures, 
deposited with the Cambridge Crystallographic Data Centre (CCDC).22 The PDI panels were 
obtained from the crystal structure with the CSD RefCode YOYTUB,23 while the biphenyl-
triazole moieties were taken from the crystal structure with the CSD RefCode EWEQIH.24 
C60 was obtained from the crystal structure with the CSD RefCode AGIGEF.25

A preliminary conformational search for [4]⊃[C60] binding arrangements in gas-phase was 
carried using AMBER18.26 Both the host and the guest were described with the General 
AMBER Force Field,27,28 along with MOPAC charges obtained after optimizing each 
components in PM7 with MOPAC2016.29 The initial host-guest complex [4]⊃[C60]was 
subjected to a gas-phase conformational analysis process, consisting of an initial molecular 
mechanics (MM) energy minimization, followed by a heating stage to 300 K for 50 ps, and 
ensued by a collection run of 500 ps, using a time step of 1 fs. 5000 structures resulted from 
this run, which were saved and further energy minimized by MM until the convergence 
criterion of 0.0001 kcal mol-1 was achieved. This process was undertaken in 5 independent 
runs, yielding 25000 structures. Binding arrangements A and B were selected from a RMSD 
clustering analysis of these data.

As a technical note, given the size of the Green Box-C60 fullerene complex, it was only 
possible to carry out partial frequency calculations in gas-phase for the host, with the guest 
frozen. Still, in these conditions, no imaginary frequencies were found. Naturally, other 
conformational binding scenarios beyond A and B with different energies are possible (vide 
supra). These putative structures would be mainly derived through the variations of the 
endocyclic torsion angles on the flexible alkyl spacers, as observed in the preliminary 
conformational analysis carried out for Green Box-C60 host-guest complex.

The Natural Population Analysis charges were determined via Natural Bond Orbital 
analysis,30 through the NBO 3.1 executable31 as implemented in Gaussian09.32

Additional figures, schemes, and tables

Figure S10.1. DFT structures of [4]⊃[C60] of binding arrangements A and B optimised in 
nitrobenzene for the singlet state. The C60 guest is shown in spheres and the macrocyclic 
host is shown in sticks, with the C-H protons hidden for clarity, except those in the triazole 
and pyrrolidine moieties.
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Figure S10.2. Isodensity surface plots of frontier molecular orbitals HOMO-1, HOMO and 
LUMO of [4]⊃[C60] in binding arrangements A and B, for the singlet state optimized 
structures in toluene (density value of ±0.015 ea0

–3).

Figure S10.3. DFT structures of [4]⊃[C60] of binding arrangements A and B optimised in 
nitrobenzene for the triplet state. The C60 guest is shown in spheres and the macrocyclic 
host is shown in sticks, with the C-H protons hidden for clarity, except those in the triazole 
and pyrrolidine moieties.
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Scheme S10.1.

Table S10.1. RMSD (Å) between DFT optimized structures of singlet state [4]⊃[C60] in gas-
phase, toluene and nitrobenzene.

Binding arrangement
A B

Toluene Nitrobenzene Toluene Nitrobenzene
Gas 0.42 0.42 0.28 0.40
Toluene – 0.07 – 0.27
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Table S10.2. Structural parameters assessed in the DFT optimized structures of [4]⊃[C60].

Binding arrangement A B A B A B A B
State Singlet Triplet
Medium Gas Toluene Nitrobenzene
Dihedral angle θ (°) 62.8; 66.6 21.5; 18.9 71.3; 69.5 22.2; 20.4 71.4; 69.6 26.1; 24.2 69.5; 74.0 26.6; 24.5

Distances (Å)a

PDI depth 0.58; 0.41 -0.71; -0.34 0.40; 0.32 -0.69; -0.32 0.41; 0.32 -0.66; -0.38 0.35; 0.26 -0.70; -0.37
C60⋯PDIC6 3.37; 3.48 – 3.43; 3.60 – 3.44; 3.59 – 3.32; 3.62 –
C60⋯PDIhalf – 3.40; 3.30 – 3.40; 3.34 – 3.44; 3.37 – 3.45; 3.38

C-Hpyr⋯C60
2.69; 3.59; 
2.62; 2.62

2.87; 2.93; 
2.62; 2.82

2.58; 3.36; 
2.56; 2.66

2.83; 3.03; 
2.67; 2.77

2.61; 3.36; 
2.56; 2.67

2.91; 2.97; 
2.67; 2.75

2.63; 3.67; 
2.56; 2.64

2.85; 2.97; 
2.64; 2.74

a The values given in italics are for the bottom PDI.

Table S10.3. HOMO-1, HOMO and LUMO energies (in eV), for the toluene and nitrobenzene DFT optimized structures of [4]⊃[C60] in binding 
arrangements A and B 

Implicit solvent Binding arrangement HOMO-1 HOMO LUMO
A -7.15 -6.85 -1.81Toluene B -6.62 -6.54 -1.88
A -6.94 -6.75 -1.62Nitrobenzene B -6.44 -6.36 -1.62

Tables S10.4, S10.5 and S10.6 are available to download.  
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