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Electronic communication between two [10]cycloparaphenylenes 
and bisazafullerene (C59N)2 induced by cooperative complexation 
Jérémy Rio,[b]§ Sebastian Beeck,[a]§ Georgios Rotas,[c]§ Sebastian Ahles,[a]§ Denis Jacquemin,[d] Nikos 
Tagmatarchis,*[c] Chris Ewels*[b] and Hermann A. Wegner*[a] 

Abstract: The complex of [10]cycloparaphenylene ([10]CPP) with 
bisazafullerene (C59N)2 is investigated experimentally and 
computationally. Two [10]CPP rings are bound to the dimeric 
azafullerene giving [10]CPP⊃(C59N)2⊂[10]CPP. Photophysical and 
redox properties support an electronic interaction between the com-
ponents especially with the second [10]CPP bound. Unlike 
[10]CPP⊃C60, where there is negligible electronic communication 
between the two species, upon photoexcitation a partial charge 
transfer phenomenon is revealed between [10]CPP and (C59N)2 
reminiscent of CPP encapsulated metallofullerenes. Such an 
alternative electron-rich fullerene species demonstrates C60-like 
ground-state properties and metallofullerene-like excited-state 
properties opening new avenues for construction of functional 
supramolecular architectures with organic materials. 

Supramolecular chemistry can arguably be regarded as the 
most essential mechanism of life.[1] While Nature brilliantly 
employs the various concepts in supramolecular chemistry to 
achieve function, the creation of artificial systems is still 
hampered by a lack of knowledge to control molecular 
assemblies.[2] Although tremendous progress has been achieved 
in recent years,[3] e.g. in the preparation of rotaxanes,[4] knots,[5,6] 
switches[7] or machines,[8] there are still many unexplored ways 
to tie and let interact two or more individual molecules together. 
Besides hydrogen bonding, ion pairing or metal complexes, π-π 
interactions have recently gained much attention due to the 
potential in building molecular architectures for electronic 
applications.[9] Notably, cyclic π-conjugated species composed 
of multiple aromatic rings, cycloparaphenylenes (CPPs),[10-12] 
with diameter in the nm range have emerged as model systems 
to study such π-π-interactions under defined conditions. CPPs 
represent the smallest armchair carbon nanotube (CNT) 
segment,[13] hence, offering unique opportunity to gain 
fundamental insights for the design and preparation of devices 
with controlled structure, chirality and electronic properties. 

 Regarding the supramolecular chemistry of CPPs, only the 
preparation of a few 1:1 complexes of CPPs with fullerenes has 
been accomplished. Remarkably, in those complexes, high size-
specificity of the CPP, based on the number of conjugated 
aromatic rings, is identified directly related with the size of the 
carbon cage.[14-19] For example, in [10]CPP⊃C60, the best fit of 
[10]CPP, with 1.4 nm diameter, was for C60

[14,15] as well as 
Li@C60

[16] and [11]CPP, with 1.5 nm diameter, for C70
[17]

 as well 
as La@C82,[18,19] respectively. Although the association of the 
CPP species and empty fullerenes is mainly developed via 
multiple van der Waals forces, in the case of endohedral 
fullerenes Li@C60 and La@C82 charge-transfer interactions are 
also prevalent. Beyond CPPs, the tubular macrocycle [4]cyclo-
2,8-chrysenylene was employed to complex with C60

[20,21] as well 
as to form a supramolecular host-guest system with the 
dumbbell-shaped dimer (C60)2 in 2:1 ratio.[22] In the latter 
supramolecular system, solely consisting of hydrogen and 
carbon atoms, the high-reliability for the two receptors self-
sorted around the dimeric fullerene cages is facilitated by van 
der Waals interactions. 
 Motivated by the aforementioned points, the objective of 
the current work is two-fold, namely to explore different binding 
modes for CPPs owed to non-covalent aromatic interactions, 
and to manage charge-transfer processes within the self-
assembled architecture (Figure 1). Herein, we expand the scope 
of encapsulating fullerene cages by CPPs by introducing the 
dumbbell-shaped bisazafullerene (C59N)2 species as an N-doped 
fullerene analogue of C60, where a carbon atom is replaced by 
nitrogen.[23]  

Figure 1. The [10]CPP⊃(C59N)2⊂[10]CPP complex, addressing fundamental 
questions in supramolecular chemistry of carbon materials. 

The formation of the [10]CPP⊃(C59N)2⊂[10]CPP complex 
was realized by mixing [10]CPP and (C59N)2 in toluene as well 
as in 1,2-dichlorobenzene (o-DCB). Job plot analysis, by plotting 
spectral changes at the absorption band of [10]CPP centered at 
340 nm (Supporting Information, Figure S1), revealed a 
maximum at a mole fraction of 0.33, hence confirming the 
stoichiometry for [10]CPP:(C59N)2 as 2:1. Binding constants for 
the [10]CPP units were calculated and found to be K1 = 8.4 x 
106 M-1 for the first CPP and K2 = 3.0 x 106 M-1 for the second 
(Supporting Information, Figure S2). The overall binding 
strength is slightly higher than that of [10]CPP with C60, 
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indicating stable complex formation.[15,16] Markedly, the 
cooperativity factor α shows a value greater than one (α = 1.45), 
supporting attractive interactions between the two [10]CPP 
macrocycles (for calculation see SI).  
 Additional assays employing variable temperature 
1H-NMR-measurements with different ratios of [10]CPP and 
(C59N)2 were performed to complement the UV-Vis study. 
Despite the low solubility of (C59N)2, CD2Cl2 was the only 
suitable solvent, which allowed analysis as well as cooling to –
40 ºC. At 30 ºC, dynamic behaviour is observed, evidenced by a 
broad band in the range 7.70-7.45 ppm (Figure 2). Cooling from 
rt to –20 ºC resulted in distinct, while still broadened, signals. 
The two larger ones can be assigned to the 1:1 complex 
[10]CPP⊃(C59N)2. These signals are assigned to the protons 
pointing to the inside and outside of the fullerene dimer, 
respectively. Further cooling sharpens these peaks, which 
appear at 7.60 and 7.46 ppm at –40 ºC. Additionally, four peaks 
can be distinguished, which correspond to the 
[10]CPP⊃(C59N)2⊂[10]CPP complex. Increasing the amount of 
[10]CPP only enlarged the signals for the 1:1 complex until the 
free [10]CPP is observed (see supporting information). This 
observation can be rationalized by the different (low) solubilities 
of the species involved (solubility order in CD2Cl2: (C59N)2 < 
[10]CPP⊃(C59N)2⊂[10]CPP < [10]CPP⊃(C59N)2 < [10]CPP). As 
the 1:1 complex shows the higher solubility compared to the 2:1 
complex it is observed as the major species. Nevertheless, the 
maximum concentration of the 2:1 complex is already reached 
with a ratio of [10]CPP:(C59N)2 of 0.5:1 supporting that the 2:1 
complex is the most favored one.  

 Figure 2. Temperature dependent 1H-NMR assays for the complexation of 
[10]CPP with (C59N)2 (in CD2Cl2).  

Local spin density (LDA) density functional (DFT) calculations 
have been conducted on [10]CPP⊃(C59N)2 revealing an 
increased binding of 1.89 eV (Figure 3a) compared to 
[10]CPP⊃C60, consistent with our experimental binding 
constants, and a net 0.15e charge transfer from [10]CPP to 
(C59N)2. The calculated migration barrier to exchange between 
the fullerene cages is rather small (0.2 eV) suggesting the 
[10]CPP will be mobile between the two fullerenes at rt. The 
[10]CPP sits on one of the fullerene cages at a 64° angle to the 

dimer axis. Addition of a second [10]CPP also occurs without a 
barrier (Figure 3d). While a metastable structure exists with each 
CPP encapsulating its own fullerene (Figure 3b) there is a strong 
(1.70 eV) driving force for the CPPs to approach one another 
(Figure 3c). This asymmetric configuration, with the CPPs at a 
tilt of 62° and 68° to the fullerene axis, can be rationalized by a 
subtle interplay of π-π interactions between the phenyl groups 
and the fullerene cage, C–H-π interactions[24] of the CPP with 
the other C59N-unit as well as maximizing London dispersion 
interactions between the H-atoms (see supporting 
information).[25] This is reflected in the calculated charge 
transfer: while the symmetric structure has a charge transfer of 
only 0.144 eV per CPP to the dimer, the tilted asymmetric 
ground state shows a transfer of 0.188 and 0.228 eV for the 
lower and upper CPP respectively, significantly higher than for 
the single CPP. With a calculated binding enthalpy of 
2.47 eV/CPP, this structure represents the system ground state 
for [10]CPP⊃(C59N)2⊂[10]CPP. 

  

Figure 3.	 (a) [10]CPP⊃(C59N)2 (b) [10]CPP⊃(C59N)2⊂[10]CPP in metastable 
symmetric configuration (c) [10]CPP⊃(C59N)2⊂[10]CPP in stable asymmetric 
configuration. (d) Calculated barriers for insertion of (C59N)2 into single (left) 
and then second (right) [10]CPP, x-axis shows distance between the CPP ring 
centres and centre of the (C59N)2 dimer, dotted lines indicate centres of the 
two C59N fullerenes 9.05 Å apart (show in grey), y-axis gives energy difference 
compared to isolated [10]CPP (eV). 

Electrochemical measurements conducted by differential pulsed 
voltammetry (DPV) were used to establish the redox 
characteristics of the [10]CPP⊃(C59N)2⊂[10]CPP complex. 
Initially, DPV of free [10]CPP in o-DCB revealed an oxidation 
peak at 0.88 V (Figure 4). On addition of 0.25 equiv. (C59N)2, a 
broad oxidation signal appeared, which upon addition of further 
(C59N)2 resulted in the evolution of two peaks, at 0.68 V and 

[10]CPP : (C59N)2 = 0.5 : 1, DCM-d2 

 

[10]CPP : (C59N)2 = 1 : 1, DCM-d2 
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0.84 V. When excess of (C59N)2 was added, the peak at 0.68 V 
became stronger than that at 0.88 V. Overall, considering the 
[10]CPP⊃(C59N)2⊂[10]CPP complex, the [10]CPP oxidation 
potential was cathodically shifted by ca. 40 mV, corroborating 
the easier oxidation of [10]CPP when complexed with the 
azafullerene. This behaviour is in contrast to the [10]CPP⊃C60 

but compares to 20 mV shift observed for Li@C60
[16] confirming 

the development of charge-transfer phenomena from the CPP to 
azafullerene seen in the calculations. Interestingly, a second 
oxidation peak, at even less positive potentials developed 
corresponding to the oxidation of the second CPP of the 
[10]CPP⊃(C59N)2⊂[10]CPP complex, which shows increased 
charge transfer with its fullerene host, in agreement with our 
calculated charge states of the [10]CPP pair on the dimer.   

 

Figure 4.	Differential pulse voltammograms of the [10]CPP⊃(C59N)2⊂[10]CPP 
complex, obtained in o-DCB, as formed upon mixing [10]CPP:and (C59N)2 at 
1:0 (black), 1:0.25, (dark grey), 1:1 (light grey) and 1:2 (red) equivalents.  

This splitting is also reflected in the HOMO and LUMO states 
(Figure 5). While the HOMO and LUMO of the complex are 
spatially separated on the CPPs and azafullerene respectively, 
matching the behaviour for the complex [10]CPP⊃C60, there is 
an upwards shift compared to the separate component units 
introducing a splitting of the CPP states. The azafullerene-
centred reduction peaks were also identified on the 
[10]CPP⊃(C59N)2⊂[10]CPP complex, at -1.21, -1.66 and -2.22 V. 
This anodical shift with respect to those observed for free 
(C59N)2 shows the more facile reduction processes of 
azafullerene when complexed with [10]CPP. Notably, the redox 
potentials for [10]CPP⊃C60 remained unaffected for both 
[10]CPP and C60,[16] contrasting the current case, which would 
be better described as a polarized [10]CPPδ+⊃(C59N)2

δ-

⊂[10]CPP complex. At high (C59N)2 concentrations, azafullerene 
aggregates were formed, thus the reduction waves due to C59N 
become unresolved (see Figure 4, when [10]CPP:(C59N)2 = 1:2). 
 
 
 

Figure 5. Variation in the HOMO (solid) and LUMO (dotted) eigenvalues (eV) 

for (a) [10]CPP (black lines), (b) (C59N)2 (red lines) and (c) 
[10]CPP⊃(C59N)2⊂[10]CPP. Only HOMO-LUMO levels for each subunit are 
shown, there are additional (C59N)2 states between the LUMOs of (C59N)2 and 
[10]CPP. 

Photoluminescence studies were carried out to investigate the 
electronic interactions at the excited states within the 
[10]CPP⊃(C59N)2⊂[10]CPP complex. Photoexcitation at 376 nm, 
[10]CPP led to a characteristic emission pattern due to different 
vibrational levels of the ground electronic states (Figure 6). Upon 
titration of [10]CPP with (C59N)2, the emissive band centred at 
472 nm became gradually quenched and blue-shifted by 2, 3 
and 7 nm upon additions of 0.5, 1.0 and 2.0 equiv. of (C59N)2, 
respectively (stronger in toluene in comparison to the more polar 
o-DCB solvent, see supporting information, Figure S3). The 
latter establishes the effective development of electronic 
interactions between the two species, within the 
[10]CPP⊃(C59N)2⊂[10]CPP complex, in the excited state. 
Notably, the absence of emission in the NIR range, i.e. 800-950 
nm, corresponding to the azafullerene emission,[26,27] implies 
weak, if any, singlet-singlet energy transfer from [10]CPP to 
(C59N)2. While full TDDFT calculations are not possible on 
systems of this size, the PL response is consistent with our 
calculated 4.3 nm blue-shift in HOMO-LUMO gap for the dimer 
complexed [10]CPP (Figure 5).  

 

Figure 6. Steady state emission spectra (λex = 340 nm) of a 5x10-7 M [10]CPP 
in toluene (black), upon incremental additions of 0.5 (red), 1.0 (blue) and 2.0 
(magenta) equivalents of (C59N)2. 
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Concomitantly, emission decay studies based on the time-
correlated single-photon-counting method were performed. The 
evaluation of the time profile of the photoluminescence decay at 
472 nm for the single excited state of 1([10]CPP)* was mono-
exponentially fitted with a lifetime of 4.5 ns. However, the decay 
component in [10]CPP⊃(C59N)2⊂[10]CPP, which corresponds to 
the quenching of the emission intensity in the steady-state 
spectrum was not observed. Implicitly, the latter suggests that 
singlet excited state deactivation of 1([10]CPP)* within the 
[10]CPP⊃(C59N)2⊂[10]CPP complex is faster than the 50 ps time 
resolution of our instrumentation. 

In conclusion, we show that bisazafullerene (C59N)2 can be 
complexed by two [10]CPP macrocycles, with the first one 
stabilizing the binding of the second by maximizing π-π, C–H-π 
as well as attractive London dispersion interactions, forming 
[10]CPP⊃(C59N)2⊂[10]CPP. Theoretical simulations reveal an 
unexpected tilted structure with an asymmetric arrangement of 
the [10]CPPs on the (C59N)2. Moreover, electrochemical as well 
as photoluminescence studies deliver meaningful insight for the 
electronic communication. Redox assays reveal the presence of 
reduction processes centred at the azafullerene part in 
[10]CPP⊃(C59N)2⊂[10]CPP and two distinct oxidations due to 
[10]CPP. The emission of [10]CPP found quenched upon 
complexation with the azafullerene, confirming the occurrence of 
charge-transfer phenomena from [10]CPP to (C59N)2 in good 
agreement with the theoretical modelling. This is the first neutral 
fullerene-CPP species to demonstrate such strong charge 
transfer effects. This behaviour is reminiscent of the 
metallofullerene Li+@C60, with similar positive charge 
delocalization to the exterior CPPs when encapsulated, however, 
with much easier accessibility. The efficient fluorescence 
depression of the emission of [10]CPP in the 
[10]CPP⊃(C59N)2⊂[10]CPP complex suggests the development 
of intra-complex electronic interactions in the excited state. In 
general the unique arrangement in [10]CPP⊃(C59N)2⊂[10]CPP is 
expected to bring new potential in the area of supramolecular 
material science of π-systems. 

Experimental 

Self-assembled [10]CPP⊃ (C59N)2⊂ [10]CPP complex formation 
monitored by absorption and fluorescence titrations: The [10]CPP[28] 
(0.74 mg, 0.97 µmol) was dissolved in 100 mL toluene (9.7 µM) and 
0.1 mL of this solution (0.097 µmol) was diluted to a final volume of 
10 mL (0.97 µM). Also, (C59N)2 (1.47 mg, 1.02 µmol) was dissolved in 
100 mL toluene (10.2 µM). Then, 3 mL of the diluted [10]CPP toluene 
solution was placed into a cuvette and the (C59N)2 toluene solution was 
added in 15 µL increments. The UV-Vis and fluorescence spectra were 
measured each time. The formation of [10]CPP⊃(C59N)2⊂[10]CPP, in a 
[10]CPP to (C59N)2 at a 2:1 stoichiometry, was proved by Job plot 
analysis following changes in the absorption band of [10]CPP-(C59N)2-
mixture centred at 340 nm. 
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