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Since the early 1990s, cyclotriveratrylene (CTV) derivatives have
been shown to form “ball and socket” complexes with C60.1

Recently, some of us have reported hydrogen-bonded self-assembled
capsules that associate higher fullerenes (C70 and C84) with increased
affinity and selectivity over C60.2 In our capsules, two CTV scaffolds
endowed with three 2-ureido-4[1H]-pyrimidinone subunits self-
assemble into dimeric capsules in the presence of the appropriate
fullerene host and can be used to purify C70 and C84

2c from complex
fullerene mixtures (fullerites) without chromatography. Although
other receptors for fullerenes based on calixarenes,3 calixpyrroles,4

corannulenes,5 or tribenzotriquinacenes6 have been employed as
scaffolds, relatively few examples of hosts in which CTV is
combined with other recognition motifs have been reported.7 On
the other hand, we have reported that the concave aromatic surface
of 2-[9-(1,3-dithiol-2-ylidene)anthracen-10(9H)-ylidene]-1,3-dithiole
(exTTF) can be exploited for the molecular recognition of C60. Even
with relatively simple tweezer-like designs, the exTTF-based
receptors form complexes with C60 with a binding constant of log
Ka ) 3.5 in chlorobenzene at room temperature.8 Later, we have
optimized the design of our exTTF-based receptors by making use
of bis-exTTF macrocyclic structures, to achieve an improvement
of 3 orders of magnitude in the binding constants.9

We reasoned an alternative strategy to obtain efficient exTTF-
based receptors for fullerenes would be to increase the number of
exTTF units in the host. Considering the precedents outlined above,
we designed and synthesized host exTTF-CTV, in which three
exTTF subunits are linked to a CTV scaffold through short ether
linkages. The concave surfaces of both the CTV and the exTTF
subunits should nicely wrap around the entrapped fullerene guest.
The exTTF-CTV host was readily synthesized from known
fragments Via a simple Mitsunobu coupling (Scheme 1). Its purity
and identity were unambiguously established by HPLC-MS, 1H and
13C NMR, and UV-vis.

An early indication of the ability of exTTF-CTV to bind
fullerenes came from the MALDI-TOF spectrum (negative mode,

pyrene matrix). When 1:1 mixtures of exTTF-CTV and either C60

or C70 were analyzed, peaks at m/z 2306.3 and 2426.2, correspond-
ing to C60@exTTF-CTV (calcd 2306.1) and C70@exTTF-CTV
(calcd 2426.1) respectively were clearly observed. No peaks
corresponding to aggregates of other stoichiometries were found.
The 1:1 complexes in solution were confirmed by a UV-vis Job’s
plot analysis (see the Supporting Information).

The host shows rather complex 1H NMR spectra (500 MHz) at
room temperature in CDCl3/CS2 (2:5 v/v) or in d8-toluene, indicative
of the coexistence of several stable conformations in solution, in
slow chemical exchange. Indeed, splitting and sharpening of most
signals were observed upon cooling, in both solvents. Similarly,
heating caused the spectrum to significantly simplify at 378 K in
d8-toluene, although without matching with a C3 symmetric
molecule. However, the spectrum displays a single set of broad
signals at room temperature in d5-chlorobenzene, which is fully
resolved at 353 K. The binding event produced slight, though
reproducible changes in the 1H NMR of exTTF-CTV. Additionally,
the C60

13C NMR signal was shifted upfield and broadened in
C60@exTTF-CTV, both processes being strengthened upon cooling
(see the Supporting Information).

The stability of the complexes was estimated through three
independent UV-vis titrations. In a typical experiment, 0.1 equiv
aliquots of the fullerene were added (up to 3.3 equiv) to a constant
concentration of the exTTF-CTV host (10-4 M, chlorobenzene).
Upon addition of either C60 or C70 a significant decrease in intensity
of the exTTF band at λmax ) 434 nm was observed (Figure 2),
accompanied by the emergence of an intense charge-transfer band
centered at λ ) 478 nm for C60 and at λ ) 472 nm for C70. During
the early steps of the titration (after addition of 1-1.2 equiv of
guest), well-defined isosbestic points at 452 nm (C60) and 445 nm
(C70) were observed. The changes in the electronic absorption
spectra are fully consistent with those found for our previously
reported tweezer-like exTTF receptors8,9 and constitute the typical
signature of the exTTF-fullerene interaction.10

Analysis of the UV-vis data was carried out with both Specfit
and Origin software, in the latter case fitting the data to the equation
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Scheme 1. Synthesis of exTTF-CTV

Figure 1. Simulated (red) and found (MALDI-TOF, black) isotopic pattern
for (a) C60@exTTF-CTV and (b) C70@exTTF-CTV.
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currently employed by us8,9 and by others11 (see the Supporting
Information). An association constant toward C60 of log Ka ) 5.3
( 0.2 was obtained. With regard to C70, analysis of the titration
data produced a binding constant of log Ka ) 6.3 ( 0.6, 10-fold
higher than that found for C60. The values of the binding constants
are among the highest reported to date for a nonmetalloporphyrin
containing host and comparable to those reported by the groups of
Boyd, Reed, and Armaroli for bisporphyrin tweezers3a and by Aida
for bisporphyrin cages,12 with the exception of the Rh (III)12b and
Ir(III)12c metalloporphyrin derivatives.

The electrochemical characterization of exTTF-CTV and its
fullerene complexes was carried out by cyclic voltammetry of 10-5

M solutions in chlorobenzene/acetonitrile (5:1 v/v) (0.1 M of
Bu4NClO4 as electrolyte, glassy carbon as working electrode, Pt
wire as counter electrode, Ag/AgCl as reference electrode, scan
rates: 25, 50, 100, and 200 mV/s). The voltammogram of exTTF-
CTV displays the characteristic electrochemically irreversible
oxidation of exTTF at 0.36 V, with a weak shoulder at 0.74 V,
most probably due to weak adsorption processes. Upon complex-
ation with either fullerene, we observed a significant shift of the
oxidation potential to 0.54 V. With respect to the reduction waves
of the fullerenes we observed the first four reduction processes for
C60, C70, and their complexes. The changes to the first and second
reduction potential upon complexation are approximately 10-50
mV, while the third reduction process is affected to a greater extent,
up to 100 mV in the case of C70@exTTF-CTV.

The structure and properties of the complexes were determined
computationally by using DFT methods as implemented in the ADF
v.2008 package.13 Full geometry optimizations were carried at the
BP86/DZP level, while final energies were evaluated by single-
point calculations at the BP86/TZP and BH&H/TZ2P levels. Despite
the intrinsic limitations of pure DFT methods for evaluating
nonbonding interaction energies, we found recently that this hybrid
method was suitable to evaluate the interaction strength of these
species in the gas phase.8b,c,9,14 As predicted by our initial modeling,
the calculated structures show that the fullerenes dwell deep into
the cavity of the exTTF-CTV host, with the CTV serving as both
a bowl-shaped recognition element and as a preorganizing scaffold
for the exTTF subunits, which wrap almost completely around the
surface of the fullerenes. Host deformation energies, calculated as

the difference between the energy of the host in the complex and
the energy of the free exTTF-CTV structure at both the BP86/
TZP and BH&H/TZ2P levels, gave convergent results. exTTF-
CTV requires 7-9 kcal mol-1 to adapt to C60, whereas less
deformation, namely 1.5-2.5 kcal mol-1, is needed to form the
complex with C70. The average angle between the centroids of two
consecutive aromatic rings in the CTV and the linking methylene
carbon in the C60@exTTF-CTV complex is 113.6° and slightly
larger (114.0°) for C70@exTTF-CTV. The curvature of the exTTF
units is also dependent on the guest. The average angle between
the planes defined by the two aromatic rings of each exTTF subunit
is 49.9° for C60@exTTF-CTV and 52.0° for C70@exTTF-CTV.
The energy release to build up the complex starting from the two
isolated units computed at the BH&H level nicely correlates with
the binding constants reported above and with those of related
systems.8,9 For C70@exTTF-CTV, the interaction energy is -22.1
kcal mol-1, while for C60@exTTF-CTV we evaluated -15.0 kcal
mol-1. These values also agree with the tiny amount of charge
transferred from host to the fullerene (0.31 for C70, 0.25 for C60)
when forming the complex. TDDFT calculations (BP86, DZP) were
carried out to shed light on the electronic absorption spectra. The
charge transfer band is quite accurately reproduced by the calcula-
tions, with a calculated λmax ) 498 nm (observed )478 nm) for a
C60 complex and λmax ) 484 nm (observed )472 nm) for a C70

complex (see the Supporting Information).

Besides the very high binding constants, one of the most
significant features of the C60@exTTF-CTV complex is the
combination of shape and electronic complementarity between
exTTF and C60. We have previously shown that photoinduced
electron transfer (PET) from the electron donor exTTF to the
electron acceptor C60 occurs readily in our tweezer-like receptors.8c

This is also the case for the C60@exTTF-CTV complex, as
demonstrated by preliminary light-induced electron spin resonance
measurements at 298 K (Figure 4). When a 1:1 mixture of C60 and
exTTF-CTV in deareated PhClsESR silent in the darks was
irradiated with a broad-band Hg lamp, a clearly visible, albeit weak
signal (g ) 2.0014; ∆H ) 5.9 G) was observed,15 which increases
in intensity with irradiation time and decreases rapidly upon
switching the lamp off. To unambiguously establish the PET origin
of this ESR signal, control LESR experiments were carried out with

Figure 2. UV-vis spectra as recorded during the titration of (a) exTTF-
CTV vs C60 and (b) exTTF-CTV vs C70 (inset shows the first 12 additions),
PhCl, 298 K.

Table 1. Redox Potentials (V vs Ag/Ag+) of exTTF-CTV, C60, C70,
and Their Complexes

E1
red E2

red E3
red E4

red E1
ox

exTTF-CTV s s s s 0.36
C60 -0.50 -0.92 -1.41 -1.87 s
C60@exTTF-CTV -0.49 -0.91 -1.37 s 0.54
C70 -0.51 -0.92 -1.37 -1.77 s
C70@exTTF-CTV -0.48 -0.87 -1.27 -1.74 0.54

Figure 3. Energy-minimized structures (DFT) of (a) C60@exTTF-CTV
side view, (b) C60@exTTF-CTV top view, (c) C70@exTTF-CTV side view,
and (d) C70@exTTF-CTV top view.
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both C60 and exTTF-CTV separately, which remained ESR silent
under light irradiation.

In summary, exTTF-CTV features the combination of two
concave recognition fragments, resulting in a very effective
association of both C60 and C70, with binding constants comparable
to the strongest reported in the literature for metalloporphyrin-based
receptors, and superior to any other receptors containing only purely
organic fragments. Taking into account the successful application
of our previous receptorsswith binding constants 2 orders of
magnitude weakersto the construction of nanostructured electro-
active materials16 and the relatively simple synthetic route that gives
access to exTTF-CTV, we will focus our future research on the
utilization of this new host-guest system to similar goals. Finally,
given the chiral nature of the CTV central scaffold, the enantiose-
lective recognition of the D2-isomers of higher fullerenes C76 and
C84 constitutes current pursuit in our laboratories.17
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(8) (a) Pérez, E. M.; Sánchez, L.; Fernández, G.; Martin, N. J. Am. Chem.
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N. Chem. Soc. ReV. 2008, 37, 1512.
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Figure 4. ESR spectra of C60@exTTF-CTV (PhCl, 298 K) taken at 45 s
intervals. The sample was irradiated with a broad-band Hg lamp.
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