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Electronic communication between two [10]cycloparaphenylenes
and bisazafullerene (Cs9N); induced by cooperative gomplexation
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Abstract: The complex of [10]cycloparaphenylene ([10]CPP) with
bisazafullerene (CssN), is investigated experimentally and
computationally. Two [10]CPP rings are bound to the dimeric
azafullerene giving [10]CPPD(CsgN),C[10]CPP. Photophysical and
redox properties support an electronic interaction between the com-
ponents especially with the second [10]JCPP bound. Unlike
[10]CPPDCg, where there is negligible electronic communication
between the two species, upon photoexcitation a partial charge
transfer phenomenon is revealed between [10]JCPP and (CssN),
reminiscent of CPP encapsulated metallofullerenes. Such an
alternative electron-rich fullerene species demonstrates Ceo-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."!" 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 molec

assemblies.”? Although tremendous progress has been achj
in recent years,™ e.g. in the preparation of rotaxanes," knots,!
switches!”! or machines,® there are still many unexplog
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potential in building molecular architectures
applications.” Notably, cyclic T-conjugated s
of multiple aromatic rings, cycloparaphenylenes

segment,"® hence, offering uniqu

fundamental insights for the design

[a] Sebastian Beeck, Sebastian
Justus Liebig University, Ins

[b]
[e]
[d
103 Blvd. Saint-Michel}
§ These authors contributed equally.

Supporting information for details on spectroscopic studies and
calculations for this article is given via a link at the end of the
document.
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and to manage charge-transfer processes within the self-
assembled architecture (Figure 1). Herein, we expand the scope
apsulating fullerene cages by CPPs by introducing the
ell-shaped bisazafullerene (CsgN), species as an N-doped
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Figure 1. The [10]CPPD(CsoN),C[10]CPP complex, addressing fundamental
questions in supramolecular chemistry of carbon materials.

The formation of the [10]CPPDO(Cs9N).C[10]CPP complex
was realized by mixing [10]CPP and (CsgN), in toluene as well
as in 1,2-dichlorobenzene (0-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:(Cs9N). as 2:1. Binding constants for
the [10]CPP units were calculated and found to be K; = 8.4 x
10° M for the first CPP and K, = 3.0 x 10° M for the second
(Supporting Information, Figure S2). The overall binding
strength is slightly higher than that of [10]CPP with Cgo,



indicating stable complex formation.'">'® Markedly, the

cooperativity factor a shows a value greater than one (a. = 1.45),
supporting attractive interactions between the two [10]CPP
macrocycles (for calculation see Sl).

Additional assays employing variable temperature
'"H-NMR-measurements with different ratios of [10]CPP and
(CsoN). were performed to complement the UV-Vis study.
Despite the low solubility of (CsesN)2, CD.Cl, was the only
suitable solvent, which allowed analysis as well as cooling to —
40 °C. At 30 °C, dynamic behaviour is observed, evidenced by a
broad band in the range 7.70-7.45 ppm (Figure 2). Cooling from
rt to —20 °C resulted in distinct, while still broadened, signals.
The two larger ones can be assigned to the 1:1 complex
[10]CPPD(CsoN).. 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 °C. Additionally, four peaks
can be distinguished, which  correspond to the
[10]CPPD(CsoN).C[10]CPP complex. Increasing the amount of
[10]CPP only enlarged the signals for the 1:1 complex until the
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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 fullere igure 3b) there is a strong
(1.70 eV) driving force for the CPP roach one another
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free [10]CPP is observed (see supporting information). This ol << bl N il
observation can be rationalized by the different (low) solubilities d's y
of the species involved (solubility order in CD,Cly: (CsoN)z <
[10]CPPD(Cs9N).C[10]CPP < [10]CPPD(CsgN), < [10]CPP). As 4 Vi (A
the 1:1 complex shows the higher solubility compared to the 2:1 ; » '(C*f*f S
complex it is observed as the major species. Nevertheless, the Y D //’\,'7
maximum concentration of the 2:1 complex is already reac X 4 A/f
with a ratio of [10]CPP:(CsgN), of 0.5:1 supporting that thﬁ
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Figure 3. (a) [10]CPPD(CsgN), (b) [10]CPPD(CssN),C[10]CPP in metastable
symmetric configuration (c) [10]CPPD(CsgN),C[10]CPP in stable asymmetric
configuration. (d) Calculated barriers for insertion of (CsgN), into single (left)
and then second (right) [10]CPP, x-axis shows distance between the CPP ring
centres and centre of the (CsgN), dimer, dotted lines indicate centres of the
two CsoN fullerenes 9.05 A 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]JCPPD(CssN).C[10]JCPP 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. (CsoN)2, a
broad oxidation signal appeared, which upon addition of further
(CsoN). resulted in the evolution of two peaks, at 0.68 V and



0.84 V. When excess of (CsoN). was added, the peak at 0.68 V
became stronger than that at 0.88 V. Overall, considering the
[10]CPPD(CseN).C[10]CPP complex, the [10]CPP oxidation
potential was cathodically shifted by ca. 40 mV, corroborating
the easier oxidation of [10]JCPP when complexed with the
azafullerene. This behaviour is in contrast to the [10]CPPDCqg
but compares to 20 mV shift observed for Li@Ceo"® 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]CPPD(CseN).C[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.
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Figure 4. Differential pulse voltammograms of the [10]CPP!
complex, obtained in 0-DCB, as formed upon mixing [10]
1:0 (black), 1:0.25, (dark grey), 1:1 (light grey) and 1:2 (re
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Figure 5. Variation in the HOMO (solid) and LUMO (dotted) eigenvalues (eV)
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Photoluminescence studies were carried out to investigate the
electronic infgractions at the excited states within the

]CPPD(SiZCHO]CPP complex. Photoexcitation at 376 nm,

CPP le a characteristic emission pattern due to different
tional levels of the ground electronic states (Figure 6). Upon
of [10]CPP with (Cs9N),, the emissive band centred at
became gradually quenched and blue-shifted by 2, 3
additions of 0.5, 1.0 and 2.0 equiv. of (CsgN)2,
tronger in toluene in comparison to the more polar
nt, see supporting information, Figure S3). The
latter establishes the effective development of electronic
interactions between the two species, within the
PD(CsoN)C[10]CPP complex, in the excited state.
ly, the absence of emission in the NIR range, i.e. 800-950
corresponding to the azafullerene emission,”®?”! implies
ak, if any, singlet-singlet energy transfer from [10]CPP to
CsoN)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).
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Figure 6. Steady state emission spectra (Aex = 340 nm) of a 5x107 M [10]CPP
in toluene (black), upon incremental additions of 0.5 (red), 1.0 (blue) and 2.0
(magenta) equivalents of (CsgN)s.



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 '([10]CPP)* was mono-
exponentially fitted with a lifetime of 4.5 ns. However, the decay
component in [10]CPPD(CssN).C[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 '([10]CPP)* within the
[10]CPPD(CsoN)C[10]CPP complex is faster than the 50 ps time
resolution of our instrumentation.

In conclusion, we show that bisazafullerene (CsgN), can be
complexed by two [10]JCPP macrocycles, with the first one
stabilizing the binding of the second by maximizing -1, C—H-1r
as well as attractive London dispersion interactions, forming
[10]CPPD(CseN).C[10]CPP. Theoretical simulations reveal an
unexpected tilted structure with an asymmetric arrangement of
the [10]CPPs on the (CsgN).. 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]CPPD(CsoN)C[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 (CseN). in good
agreement with the theoretical modelling. This is the first neutral
fullerene-CPP species to demonstrate such strong cha
transfer effects. This behaviour is reminiscent of
metallofullerene  Li'@Ceso, with similar positive
delocalization to the exterior CPPs when encapsulated,
with much easier accessibility. The efficient flu
depression of the emission of
[10]CPPD(CsoN).C[10]CPP complex suggests the
of intra-complex electronic interactions in the e
general the unique arrangement in [10]CPPD(C
expected to bring new potential in the area of sup
material science of T-systems.

Experimental

Self-assembled [10]CPP D (CsgN), < [10
monitored by absorption and fluorescence titra
(0.74 mg, 0.97 pmol) was dissolv
0.1 mL of this solution (0.097 p
10 mL (0.97 pm). Also, (CsgN).
100 mL toluene (10.2 p
solution was placed int
added in 15 pL increments.
measured each time. The form
[10]CPP to (C59N)2
analysis followin
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The complex of two
[10]cycloparaphenylenes ([10]CPPs)
with bisazafullerene (CsgN); is
investigated experimentally and
computationally. Photophysical and
redox properties support an electronic
interaction between the components.
This supramolecular organic fullerene
assembly demonstrates Cgo-like
ground-state properties and
metallofullerene-like excited-state
properties opening new avenues for
organic materials.
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