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1. General information 
All solvents and chemicals used were purchased from Aldrich, TCI, or Acros and used without further purification. 
TLC analyses were carried out using Sorbent Technologies silica gel (200 mm) sheets. Column chromatography was 
performed on Sorbent silica gel 60 (40–63 mm). NMR spectra were recorded on a Varian Mercury 400 instrument. 
The NMR spectra were referenced to solvent residue peaks and the spectroscopic solvents were purchased from 
Cambridge Isotope Laboratories and Aldrich). High resolution ESI mass spectra were taken on an Ion Spec Fourier 
Transform mass spectrometer (9.4 T). UV-vis spectra were measured on a Varian Cary 5000 spectrophotometer. 
Electrospray ionization (ESI) mass spectra were recorded on Waters Micromass AutoSpec Ultima and Agilent 
Technologies 6530 Accurate-Mass Q-TOF instruments. X-ray crystallographic analyses were carried out on an 
Agilent Technologies SuperNova Dual Source diffractometer using a µ-focus Cu Kα radiation source (λ = 1.5418 Å) 
with collimating mirror monochromators. 
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2 Synthesis and characterization 
	  

To 2,6-bis(3,4-diethyl-2-pyrryl) pyridine (644 mg, 2 mmol) were added propionic acid (300 ml) and benzaldehyde 
(0.7 mL, 3.5 equiv, 7 mmol). The reaction mixture was purged with nitrogen and then stirred for 20 h at 125º. After 
allowing the mixture to cool down to room temperature, propionic acid was removed by evaporation. The resulting 
residue was redissolved by dichloromethane (200 mL) and 2,3-dichloro-5,6-dicyanoquinone (DDQ) (1.1 g, 5 mmol) 
was then added. The reaction mixture was stirred for 2 h at room temperature. The reaction mixture was then 
transferred to a neutral alumina column and eluted with CH2Cl2/acetone (v/v = 10:1-5:1). After removing the 
organic solvent, the residue was recrystallized from CH2Cl2-hexanes to give a red powder. Yield: 120 mg, 15%. 1H 
NMR (400 MHz, CDCl3) δ 13.00 (s, 3H), 7.72(m, 6H), 7.65 (m, 3H), 7.43(m, 9H), 7.35(m, 6H), 2.75 (q, J = 7.4 Hz, 
12H), 1.80 (q, J = 7.4 Hz, 12H), 1.04 (t, J = 7.4 Hz, 18H), 0.76 (t, J = 7.4 Hz, 18H). 13C NMR (101 MHz, CDCl3) δ 
153.0, 150.7, 142.01, 139.98, 138.6, 137.8, 136.8, 133.5, 130.1, 128.6, 120.9, 18.5, 18.1, 16.6, 15.4. UV/Vis 
(CH2Cl2): λmax (ε M–1 cm–1) = 303 (73,734) and 487 (67,772). HRMS (ESI+) m/z [M + 2H]2+: calcd for C84H87N9 
611.8615, found: 611.8620. 
 
 

 

Figure S1. 1H NMR spectrum of P3P6 in CDCl3. 
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Figure S2. 13C NMR spectrum of P3P6 in CDCl3. 
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Figure S3. 1H-1H COSY spectrum of P3P6 in CDCl3. 
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Figure S4. HR-ESI mass spectrum of P3P6. 
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3. 1H NMR spectroscopic titrations 
	  

A stock solution of P3P6 was prepared by dissolving 6.13 mg in 1.0 mL of deuterated 1,2-dichlorobenzene (ODCB-
d4) (to provide a starting solution of 5.00 x 10-3 M). 600 µL of the above solution was subsequently titrated with 20, 
40, 60, 80, 100, 120, 140, 160, 180, 200, 250, 300, 400, 500, 700, 900, 1300 and 1700 µL of a 15.1 x 10-3M solution 
of C60 in ODCB-d4. The 1H NMRspectra were recorded after each addition at ambient temperature. Significant 
chemical shift changes were observed for the inner NH (Δδ = 0.70 ppm) and pyridine β-H (Δδ = 0.14 ppm) protons. 
A stacked view of the resulting 1H NMR spectra for these spectral regions is given in Figure S5 below.	  No obvious 
changes in the 1H NMR chemical shifts of the P3P6 resonances were seen upon dilution over the concentration 
ranges studied in ODCB-d4 in the absence of C60. Thus, it is concluded that host dimerization is negligible under 
conditions of the titration experiment. 

 

Figure S5. Proton NMR spectral titration of P3P6 with C60 in ODCB-d4. 
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Figure S6. Partial proton NMR titration spectra of P3P6 recorded upon adding C60 in ODCB-d4. 

  



S9	  
	  

 

 

Figure S7. Fitting results obtained by using the a) 1:1 and b) 2:1 binding models associated with the program 
BindFit developed by P. Thordarson.1. Ka was evaluated from the changes of the chemical shifts of the two 
symmetry independent protons of the P3P6 with obvious chemical shift changes. Based on a 1:1 binding model, the 
Ka value was calculated as 3195 ± 415 M-1 using this data set. Lower errors are seen if the data was fitted to a 2:1 
(host: guest) model; this fitting gave K11 and K21 as 2209 ± 29 and 262 ± 11 M-1, respectively.  
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Figure S8. Proton NMR spectral titration of P3P6 with C60 in ODCB-d4 with a starting host concentration of 0.91 
mM. This solution (600 µL) was then titrated with 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 80, 100, 150, 250, 450, 
850 and 1650 µL of a 9.96 mM solution of C60 in ODCB-d4. 
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Figure S9. Proton NMR spectral titration of P3P6 with C60 in ODCB-d4 using a starting host concentration of 1.23 
mM. This solution (600 µL) was then titrated with 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 300, 400, 600, 
800 and 1000 µL of a 15.4 mM solution of C60 in ODCB-d4. 
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Figure S10. Job plots constructed from the chemical shift changes during 1H NMR spectral titrations of P3P6 with 
C60 in ODCB-d4 where the starting concentration of P3P6 was a) 0.91 and b) 1.23 mM, respectively. c) Comparison 
of normalized Job plots constructed from the chemical shift changes during 1H NMR spectral titrations of P3P6 with 
C60 in ODCB-d4 where the starting concentration of P3P6 was 0.91, 1.23, and 5.00 mM, respectively. 
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4. UV and fs-TA spectral studies  
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Figure S11. UV–vis spectra changes seen for P3P6 upon adding different quantities of C60 in toluene. 
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Femtosecond Transient Absorption Measurements. The femtosecond time-resolved transient 
absorption (TA) spectrometer consisted of Palitra (optical parametric amplifier (OPA), 
S3 Quantronix) pumped by a Ti:sapphire regenerative amplifier system (Integra-C, Quantronix) 
operating at 1 kHz repetition rate and an optical detection system. The generated visible pulses by 
OPA had a pulse width of ~ 100 fs and an average power of 1 - 30 mW in the range 460-800 nm 
which were used as pump pulses. White light continuum (WLC) probe pulses were generated 
using a sapphire window (3 mm of thickness) by focusing of small portion of the fundamental 
800 nm pulses which was picked off by a quartz plate before entering to the OPA. The time delay 
between pump and probe beams was carefully controlled by making the pump beam travel along 
a variable optical delay (ILS250, Newport). Intensities of the spectrally dispersed WLC probe 
pulses were monitored by miniature spectrograph (USB2000+, OceanOptics). To obtain the 
time-resolved transient absorption difference signal (ΔA) at a specific time, the pump pulses were 
chopped at 25 Hz and the absorption spectra intensities were saved alternately with or without the pump 
pulse. Typically, 6000 pulses were used excite samples to obtain the TA spectra at a particular delay time. 
The polarization angle between the pump and probe beams was set at the magic angle (54.7°) using a 
Glan-laser polarizer with a half-wave retarder in order to prevent polarization-dependent signals. 
The cross-correlation fwhm in the pump-probe experiments was less than 200 fs while the chirp of WLC 
probe pulses was measured to be 800 fs in the 400-800 nm region. To minimize chirp, all-reflection 
optics in probe beam path and 2 mm path length of quartz cell were used. After fluorescence and 
TA experiments, the absorption spectra of the sample was checked to avoid artifacts from 
degradation and photo-oxidation of samples. HPLC grade solvents were used in all 
steady-state and time-resolved spectroscopic studies. 

	  

Figure S12. Kinetic traces with fitted lines associated with the ground state bleaching (GSB) and excited state 
absorption (ESA) of a) P3P6 only and b) P3P6 with 1 equiv. C60. A pump wavelength of 500 nm was used. 
Measurements were made over the visible and NIR region (up to 1200 nm) spectral regions. 
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5. Supporting crystal data and X-ray experimental details 
 

 

Figure S13. Interactions between P3P6 and C60 seen in the P3P6•C60 1:1 complex. a) distances (Å) between the 
pyrrolic N and C60; b) distances (Å) of the centroids of the pyrrole (red ball) and pyridine (blue ball) rings to C60; c) 
selective distances from the alkyl substituents to C60. 
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Figure S14. Distance (Å) between the centroids of C60 found in the repeating unit of the 1:1 P3P6•C60 complex. 
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Figure S15. Interactions between C60 and the adjacent P3P6 macrocycles as inferred from the packing diagram for 
the 1:1 P3P6•C60 complex. 
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Figure S16. Distance (Å) between the center of the pyridine ring (blue balls) and the five membered rings of C60 
(red balls) in the 2:1 P3P6•C60 complex. 

 

Figure S17. Distance (Å) between the center of the C60 guest seen in the packing of the 2:1 P3P6•C60 complex. 
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Figure S18. Pyrrole-pyrrole π-π interactions inferred from the packing arrangement seen for the 2:1 P3P6•C60 
complex. 
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X-ray experimental for P3P6 (CCDC number:1525293) 

Crystals grew as thin, red needles by vapor diffusion of hexanes to a dichloromethane solution of the macrocycle. 

The data crystal had approximate dimensions; 0.37 x 0.04 x 0.04 mm. The data were collected on an Agilent 

Technologies SuperNova Dual Source diffractometer using a µ-focus Cu Kα radiation source (λ = 1.5418 Å) with 

collimating mirror monochromators. A total of 677 frames of data were collected using ω-scans with a scan range of 

1° and a counting time of 13 seconds per frame for frames collected with a detector offset of +/- 40.8° and 50 

seconds per frame with frames collected with a detector offset of +/- 106.8°. The data were collected at 100 K using 

an Oxford Cryostream low temperature device. Details of crystal data, data collection and structure refinement are 

listed in Table S1. Data collection, unit cell refinement and data reduction were performed using Agilent 

Technologies CrysAlisPro V 1.171.37.31.2 The structure was solved by direct methods using SuperFlip3 and refined 

by full-matrix least-squares on F2 with anisotropic displacement parameters for the non-H atoms using SHELXL-

2014/7.4 Structure analysis was aided by use of the programs PLATON985 and WinGX.6 The hydrogen atoms were 

calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq of the attached atom (1.5xUeq 

for methyl hydrogen atoms). The absolute position of the hydrogen atoms could not be determined. Results using the 

methods of Flack7 and the Hooft8 were inconclusive. 

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0527*P)2 + (0.6104*P)] and 

P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.0884, with R(F) equal to 0.0358 and a goodness of fit, S, = 1.03.  

Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given below.9 The data were checked 

for secondary extinction effects but no correction was necessary. Neutral atom scattering factors and values used to 

calculate the linear absorption coefficient are from the International Tables for X-ray Crystallography (1992).10  
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Table S1. Crystal data and structure refinement for P3P6. 

Empirical formula  C84 H87 N9 

Formula weight  1222.62 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  trigonal 

Space group  R 3 c :H 

Unit cell dimensions a = 33.1271(7) Å a= 90°. 

 b = 33.1271(7) Å b= 90°. 

 c = 10.8586(3) Å g = 120°. 

Volume 10319.8(5) Å3 

Z 6 

Density (calculated) 1.180 Mg/m3 

Absorption coefficient 0.533 mm-1 

F(000) 3924 

Crystal size 0.370 x 0.040 x 0.040 mm3 

Theta range for data collection 2.668 to 73.526°. 

Index ranges -39<=h<=39, -39<=k<=41, -13<=l<=9 

Reflections collected 13468 

Independent reflections 4003 [R(int) = 0.0425] 

Completeness to theta = 67.684° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.697 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4003 / 1 / 289 

Goodness-of-fit on F2 1.032 

Final R indices [I>2sigma(I)] R1 = 0.0358, wR2 = 0.0849 

R indices (all data) R1 = 0.0417, wR2 = 0.0884 

Absolute structure parameter 0.1(6) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.151 and -0.222 e.Å-3 
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X-ray experimental for P3P6•C60 1:1 complex (CCDC number:1525294) 

Crystals grew as clusters of highly intertwined, black prisms upon vapor diffusion of n-heptane into a toluene 

solution containing the host and guest in 1:1 host/guest mole ratio. The data crystal was cut from a large cluster of 

crystals and had approximate dimensions; 0.15 x 0.11 x 0.049 mm. The data were collected on an Agilent 

Technologies SuperNova Dual Source diffractometer using a µ-focus Cu Kα radiation source (λ = 1.5418 Å) with 

collimating mirror monochromators. A total of 1022 frames of data were collected using ω-scans with a scan range 

of 1° and a counting time of 12 seconds per frame using a detector offset of +/- 41.9° and a counting time of 30 

seconds per frame using a detector offset of +/- 110.4°. The data were collected at 100 K using an Oxford 

Cryostream low temperature device. Details of crystal data, data collection and structure refinement are listed in 

Table S2. Data collection, unit cell refinement and data reduction were performed using Agilent Technologies 

CrysAlisPro V 1.171.37.31.2 The structure was solved by direct methods using SHELXT11 and refined by full-

matrix least-squares on F2 with anisotropic displacement parameters for the non-H atoms using SHELXL-2014/7.4 

Structure analysis was aided by use of the programs PLATON985 and WinGX.6 The hydrogen atoms on carbon 

were calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq of the attached atom 

(1.5xUeq for methyl hydrogen atoms). The hydrogen atoms bound to the pyrrole ring nitrogen atoms were observed 

in a ΔF map and refined with isotropic displacement parameters. 

A molecule of n-heptane was found to be badly disordered around a crystallographic inversion center at ½, 

1, ½. Attempts to model the disorder were unsatisfactory. The contributions to the scattering factors due to this 

solvent molecule were removed by use of the utility SQUEEZE12 in PLATON98. PLATON98 was used as 

incorporated in WinGX. 

 The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.1249*P)2 + (4.0613*P)] and 

P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.244, with R(F) equal to 0.0824 and a goodness of fit, S, = 1.04.  

Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given below.9 The data were checked 

for secondary extinction effects but no correction was necessary. Neutral atom scattering factors and values used to 

calculate the linear absorption coefficient are from the International Tables for X-ray Crystallography (1992).10 
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Table S2. Crystal data and structure refinement for P3P6•C60 1:1 complex. 

Empirical formula  C144 H87 N9 

Formula weight  1943.22 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  triclinic 

Space group  P -1 

  Unit cell dimensions a = 16.7655(7) Å a= 112.270(4)°. 

 b = 17.4824(9) Å b= 99.654(4)°. 

 c = 20.3823(9) Å g = 108.913(4)°. 

Volume 4933.6(4) Å3 

Z 2 

Density (calculated) 1.308 Mg/m3 

Absorption coefficient 0.590 mm-1 

F(000) 2028 

Crystal size 0.150 x 0.110 x 0.049 mm3 

Theta range for data collection 2.882 to 75.601°. 

Index ranges -20<=h<=21, -21<=k<=21, -20<=l<=25 

Reflections collected 31923 

Independent reflections 19578 [R(int) = 0.0629] 

Completeness to theta = 67.684° 99.1 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.814 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19578 / 2 / 1434 

Goodness-of-fit on F2 1.035 

Final R indices [I>2sigma(I)] R1 = 0.0824, wR2 = 0.2179 

R indices (all data) R1 = 0.1023, wR2 = 0.2437 

Extinction coefficient n/a 

Largest diff. peak and hole 1.867 and -0.530 e.Å-3 
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X-ray Experimental for the 2:1 complex of P3P6 with C60 (CCDC number:1525295) 

Crystals grew as red needles by vapor diffusion of n-heptane into toluene in 2:1 host/guest mole ratio. The data 

crystal was cut from a larger crystal and had approximate dimensions; 0.25 x 0.06 x 0.04 mm. The data were 

collected on an Agilent Technologies SuperNova Dual Source diffractometer using a µ-focus Cu Kα radiation 

source (λ = 1.5418 Å) with collimating mirror monochromators. A total of 1041 frames of data were collected using 

ω-scans with a scan range of 1° and a counting time of 25 seconds per frame with a detector offset of +/- 41.9° and 

83 seconds per frame with a detector offset of +/- 111.0°. The data were collected at 100 K using an Oxford 

Cryostream low temperature device. Details of crystal data, data collection and structure refinement are listed in 

Table S3. Data collection, unit cell refinement and data reduction were performed using Agilent Technologies 

CrysAlisPro V 1.171.37.31.2 The structure was solved by direct methods using SHELXT11 and refined by full-

matrix least-squares on F2 with anisotropic displacement parameters for the non-H atoms using SHELXL-2014/7.4 

Structure analysis was aided by use of the programs PLATON985 and WinGX.6 The hydrogen atoms were 

calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq of the attached atom (1.5xUeq 

for methyl hydrogen atoms). 

The C60 molecule resides around a crystallographic inversion center at ½, ½, ½. The toluene molecule is 

disordered around a crystallographic inversion center at 0, ½, 0. One phenyl ring and two ethyl groups were 

disordered. The disorder was modeled in the same way for each group. For example, for the phenyl ring, the site 

occupancy factor for one component of the ring was set to the variable x. The site occupancy factor for the alternate 

component was set to (1-x). The variable x was refined while refining a common isotropic displacement parameter 

for all the affected atoms. The geometry of the two rings was restrained to be equivalent throughout the refinement 

process. 

    The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0801*P)2 + (0.5577*P)] and 

P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.276, with R(F) equal to 0.0934 and a goodness of fit, S, = 1.20.  

Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given below.9 The data were checked 

for secondary extinction effects but no correction was necessary. Neutral atom scattering factors and values used to 

calculate the linear absorption coefficient are from the International Tables for X-ray Crystallography (1992).10  
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Table S3. Crystal data and structure refinement for the 2:1 complex of P3P6  with C60. 

Empirical formula  C235 H182 N18 

Formula weight  3257.98 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  triclinic 

Space group  P -1 

Unit cell dimensions a = 16.2770(10) Å α= 108.487(7)°. 

 b = 16.6922(12) Å β= 105.496(6)°. 

 c = 18.7187(13) Å γ = 107.046(6)°. 

Volume 4232.2(6) Å3 

Z 1 

Density (calculated) 1.278 Mg/m3 

Absorption coefficient 0.576 mm-1 

F(000) 1718 

Crystal size 0.25 x 0.06 x 0.04 mm3 

Theta range for data collection 3.066 to 77.449°. 

Index ranges -18<=h<=20, -20<=k<=19, -22<=l<=14 

Reflections collected 26435 

Independent reflections 16497 [R(int) = 0.0835] 

Completeness to theta = 67.684° 97.2 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.700 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 16497 / 952 / 1285 

Goodness-of-fit on F2 1.198 

Final R indices [I>2sigma(I)] R1 = 0.0934, wR2 = 0.2221 

R indices (all data) R1 = 0.1361, wR2 = 0.2763 

Extinction coefficient n/a 

Largest diff. peak and hole 0.602 and -0.492 e.Å-3 
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6. DFT calculation details 
Quantum mechanical calculations were carried out with Gaussian 09 program suite.13 Geometry 
optimization in ground state (S0) was performed by density functional theory (DFT) method with 
B3LYP,14 employing a basis set consisting of 6-31G(d) for all atoms.15 All substituents were 
considered during the calculation. 

  

130	  meV

2

126	  meV

Figure S19. Optimized structure of P3P6•C60 complexes both (top) 1:1 and (bottom) 2:1 and their binding energies 
compared to pristine P3P6 and C60.  
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