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Abstract: Herein, we investigate the association of a fullerene
fragment, hemifullerene C;H,, with an electron-donating
bowl-shaped tetrathiafulvalene derivative (truxTTF). UV/Vis
titrations and DFT calculations support formation of the
supramolecular complex, for which an association constant of
log K,=3.6£0.3 in CHCl; at room temperature is calculated.
Remarkably, electron transfer from truxTTF to C;,H,;, to form
the fully charge-separated species takes place upon irradiation
of the associate with light, constituting the first example in
which a fullerene fragment mimics the electron-accepting
behavior of fullerenes within a supramolecular complex.

The different nanoforms of carbon,!! namely fullerenes,”?
carbon nanotubes,”! and graphene,”! each present distinct
extraordinary properties that have attracted a great deal of
attention in different areas of research. Fullerenes, in
particular C4 and its derivatives, have been thoroughly
studied as electron acceptors in fundamental investigations
of photoinduced electron transfer (PET) processes, combined
with a variety of electron donors in covalent and noncovalent
dyads.’! From an application point of view, Cg and Cy
derivatives are by far the most commonly utilized n-type
semiconducting materials in organic solar cells.’! In the case
of carbon nanotubes, both their mechanical and optoelec-
tronic properties have been exploited to construct a variety of
devices, including field-effect transistors and sensors.”!
Finally, graphene is currently considered to have the potential
to be the “balm of Fierabras” of carbon-based technologies.
Transparent electrodes, extremely sensitive sensors,””’ super-

capacitors,'” and lightweight high-performance materials!"'!
have all been postulated as potential applications of gra-
phene.?

Molecular fragments of these carbon nanoforms!™® can
serve as model systems for their investigation, with the added
value of their synthetic availability in pure form with a well-
defined molecular structure. The coordination of metal
cations by fullerene fragments has been thoroughly studied,
and they have also been used frequently to construct
receptors for fullerenes,™ but their binding by other organic
hosts has not been investigated thus far. Herein, we present
the first insights into the supramolecular association of
a fullerene fragment (hemifullerene, C;H;,) with a bowl-
shaped electron donor molecule, based on a truxene core to
which three dithiole rings are covalently attached
(truxTTF).[™ The chemical structures of C;,H;, and truxTTF
are shown in Figure 1a.

Several syntheses!'®! and two crystal structures!” of hemi-
fullerene C;,H,, were reported a few years ago. In the solid
state, two polymorphs were found, each of which showed
a different packing motif, originating from the interaction
between the C;H;, molecules. In the trigonal polymorph,
bowl-in-bowl columnar stacks were found, an arrangement in
which n—7 interactions are maximized (Figure 1b). In the
orthorhombic polymorph, each hemifullerene inserts one of
its six-membered rings into the cavity of a neighboring
molecule, forming dimers in which both CH-n and n—x
interactions play a primary role (Figure 1¢). On the other
hand, in truxTTF, a bowl-in-bowl arrangement is prevented
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Figure 1. a) Chemical structures of hemifullerene CyH,, and truxTTF.
b,c) Structures of the dimers formed by Cy,H,, (C black) in its trigonal
and orthorhombic crystal polymorphs, respectively. d) Structure of the
dimers formed by truxTTF (C gray, S light gray) in its crystal packing.

by the protruding dithiole rings and, consequently, only the
dimeric form in which one of the aromatic rings of each
monomer is placed inside the cavity of the other is found
(Figure 1d). Because of their concave shape, both C;H;, and
truxTTF are inherently chiral,"™® consequently, each is
obtained as a racemic mixture of two enantiomers.

Considering the ability of truxTTF to associate ful-
lerenes,'>!” and its electron-donating character, we reasoned
that it should also be able to bind C;H,,, forming hetero-
molecular bowl-bowl complexes. To explore this possibility,
we first carried out density functional theory (DFT) calcu-
lations on four different supramolecular truxTTF-C;H,,
models, which were rationally constructed from the crystallo-
graphic information on both C;H,, and truxTTF. All of the
models proposed were fully optimized using the revPBE(0-D3
functional,® which is capable of capturing the dispersion
effects and is one of the best density functionals to accurately
describe supramolecular complexes governed by m—m inter-
actions.”" The revPBEO-D3 functional has been successfully
applied in the structural and energetic characterization of
related supramolecular nanoarchitectures between a tetra-
thiafulvalene derivative and a graphene sheet model.*?

Figure 2 displays the minimum-energy structures (1-4)
computed for the truxTTF-C;)H,, heterodimer at the
revPBEO-D3/cc-pVTZ level. The most relevant intermolec-
ular distances in 1-4 are given in Figure S1 in the Supporting
Information. The truxTTF-Cq, associate was also calculated at
the same level of theory (Figure S2). In structures 1 and 2, the
convex surface of the C;,H;, bowl perfectly matches the two
concave cavities of the truxTTF host; that is, either through
the cavity formed by the carbon backbone (structure 1) or
through the cavity formed by the central benzene ring and the
three dithiole rings (structure 2). Both structures can be thus
seen as bowl-in-bowl arrangements where m—m interactions
are maximized. The concave cavities of truxTTF and C;,H,,
can also interact, giving rise to heterodimers in which either
a benzene or a dithiole ring of the truxTTF molecule is placed
inside the concave cavity of the hemifullerene bowl (struc-
tures 3 and 4, respectively). The optimized heterodimeric
structures 1-4 all show close intermolecular contacts in the
2.5-3.7 A range (Figure S1), which is indicative of the positive
noncovalent interaction between both bowls.
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Figure 2. Minimum-energy structures (1-4) computed for the
truxTTF-CyoH,, heterodimer at the revPBEO-D3/cc-pVTZ level. For
truxTTF: C gray, S light gray, H white. For C3oH,,: C black, H white.

To assess the strength of the interaction between the
truxTTF and C;H;, bowls, association energies for the
previously optimized heterodimers were also calculated at
revPBEO-D3/cc-pVTZ. The four supramolecular structures
1-4 exhibit significant gas-phase association energies, ranging
from —21.0 and —19.4 kcalmol™! for 1 and 2, respectively, to
—25.2 and —28.5 kcalmol™' for 3 and 4, respectively. The
bowl-in-bowl arrangements are therefore significantly less
stable than the staggered ones. The truxTTF-Cy model
system, for which we have experimentally calculated associ-
ation constants in the range of log K,=3-4 in a variety of
solvents at room temperature,'>') presents an association
energy of —22.1kcalmol™!, which is very close to that
computed for structure 1, owing to the similarity in the
concave—convex interaction.

The electronic properties of the truxTTF-C;,H,, associate
have also been theoretically investigated. Figure S3 a sketches
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Figure 3. a) Experimental UV/Vis spectra, as obtained during the
titration of truxTTF (1.7x107*m) with CyH,, (0.8x107* M) in CHCI; at
room temperature. Each addition corresponds to 0.2 equiv. b) TDDFT
simulation of the absorption spectra of truxTTF as the ratio of
truxTTF-CsoH,, increases from 0 to 100% (B3LYP/cc-pVDZ calculations
including CHCl; as solvent).

the highest occupied (HOMO-2 to HOMO) and lowest
unoccupied (LUMO to LUMO + 4) molecular orbitals com-
puted at the revPBEO-D3/cc-pVTZ level for the most stable
structure (4) of truxTTF-C;H;,. Similar molecular orbital
distributions are found for the rest of supramolecular
structures 1-3 (Figure S3b). The HOMO, HOMO-1, and
HOMO-2 spread over the electron-donating truxTTF moiety.
In contrast, the LUMO, LUMO +1, and LUMO +2 are
localized on the electron-accepting C;H,, bowl, with
LUMO +1 and LUMO + 2 being almost degenerate. Above
LUMO +2, LUMO +3 and LUMO +4 are again concen-
trated on the truxTTF bowl. The nature and energies
calculated for the HOMOs and LUMOs of truxTTF-C;,H,,
therefore suggest that photoinduced charge-transfer process-
es from truxTTF to C;,H;, should take place in the UV/Vis
range.

Encouraged by the results of the theoretical calculations,
we titrated truxTTF (1.7 x 10~*M) with CyH;, (0.8 x 107 M) in
CHCI; at room temperature. The electronic absorption
spectra resulting from this titration experiment are depicted
in Figure 3a. We observed a decrease in the intensity of the
truxTTF absorption at 1 =450 nm, accompanied by the
increase of a broad charge-transfer band in the 500-600 nm
region. These spectral changes are analogous to those found
in the titration of truxTTF vs. Cy, albeit with a significantly
less intense charge-transfer feature.'” The results of three
separate titration experiments were analyzed with Reactlab
Equilibria software, affording a binding constant of log K, =
3.6+0.3.

To gain more insight into the electronic nature of the
absorption bands observed experimentally, and their evolu-
tion during the titration experiment, the lowest-energy singlet
excited states (S,) of the truxTTF-C;,H;, heterodimer and of
isolated truxTTF were computed using the time-dependent
DFT (TDDFT) approach, taking into account the solvent
effects (see the Computational Details in the Supporting
Information). Only the results obtained for the most stable
structure (4) of truxTTF-C;H,, are discussed. TDDFT
calculations predict the first two excited states S; and S, at
537 nm (2.31eV) and 516 nm (2.40 eV) above the ground
state S, with moderate oscillator strengths (f) of 0.036 and
0.046, respectively. The S;—S; and Sy—S, electronic transi-
tions are mainly described by one-electron promotions from
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the HOMO to the LUMO and LUMO + 1, respectively.
These transitions therefore imply a charge transfer from the
electron-donor, truxTTF, where the HOMO is located, to the
electron-acceptor, C;)H;,, where the LUMO and LUMO + 1
are spread (Figure S3a), and are the major contribution to the
charge-transfer band experimentally recorded in the 500-
600 nm range. Other charge-transfer transitions are computed
around 500 nm, but they are less intense (Supporting Infor-
mation, Table S1). At higher energies, the S, (454 nm,
2.73eV), Sy (452 nm, 2.75eV), and S;; (445 nm, 2.78 eV)
states are calculated to be very close in energy and present
higher oscillator strengths (0.178, 0.178, and 0.093, respec-
tively). The So—S,, Sy—S;0, and Sy—S;; electronic transitions
mainly originate from the HOMO, HOMO-1—-LUMO + 3,
LUMO +4 one-electron excitations localized on truxTTF
(Figure S3a), and give rise to the absorption band observed at
450 nm. The oscillator strengths calculated for these transi-
tions are significantly smaller than those computed for
isolated truxTTF (0.277, 0.320, and 0.145, respectively).

A TDDFT simulation of the absorption spectra of the
truxTTF chromophore as the amount of truxTTF-C;H,,
increases from 0 (spectrum of truxTTF) to 100% is shown
in Figure 3b. The simulation clearly reveals that the truxTTF
band decreases in intensity as truxTTF-C;H,, forms. This
decrease is due to the smaller oscillator strengths computed
for the truxTTF-centered transitions in the truxTTF-C;H,,
complex. The charge-transfer band associated with the
formation of truxTTF-C;H,, simultaneously increases in
intensity. The theoretical simulation is in notable agreement
with the experimental evolution of the absorption spectra,
and supports the formation of the supramolecular donor—
acceptor truxTTF-C;H,, heterodimer.

In addition to the ground-state interactions, we turned to
pump probe absorption measurements to unravel the pro-
cesses following photoexcitation of truxTTF-C;,H;, and their
references, truxTTF and C;H;,. Upon 470 nm excitation of
truxTTF, a new transient immediately develops (Figure S4).
Characteristics of the latter are a marked maximum in the
visible at 530 nm and a broad, featureless transition that spans
all throughout the near infrared. Furthermore, a marked
ground-state bleaching is observed around 450 nm. This
excited state decays rapidly, as in other sulfur-rich electron
donors, with a lifetime of only 1.0 £ 0.1 ps. The short lifetime
is rationalized by the presence of the sulfur atoms, with
a strong second-order vibronic spin-orbit coupling, as it
transforms into a much weaker absorbing state, for which
a lifetime of 20+ 1 ps is detected.

For C;Hj,, the singlet and triplet excited states upon
387 nm excitation include transient maxima at 515 and
586 nm(Figure S5). These reflect the singlet excited state
that decays within 11 ns through intersystem crossing to the
energetically low-lying triplet excited state.

Following 470 nm photoexcitation of truxTTF-C;,H,, (1:5
ratio), the differential absorption changes are dominated by
truxTTF-centered features (Figure 4). Within approximately
1.5+0.5 ps, the latter give place, however, to a new transient
with characteristics that include maxima at 440, 475, 495, 530
(sh), and 615 nm, as well as a minimum at 450 nm. Neither
photoexcited C;H;, nor photoexcited truxTTF exhibit differ-
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Figure 4. a) Differential absorption spectra (visible) obtained upon
femtosecond pump probe experiments (470 nm) of truxTTF-C;oH,,
(1:5 ratio) in chlorobenzene with time delays of 0.1-55.0 ps at room
temperature. b) Time absorption profiles of the spectra shown in (a)
at 500 (black spectrum), 550 (gray spectrum), 600 (dark-gray spec-
trum), and 650 nm (light-gray spectrum) monitoring the charge
transfer.

ential absorption changes that bear any significant resem-
blance to these data (Figure S4 and S5). Thus, a tentative
assignment of these features implies the formation of
a charge-separated state.

Support for this interpretation comes from spectroelec-
trochemical oxidation and reduction experiments with
truxTTF and C;H,, in ortho-dichlorobenzene, respectively.
For the former, upon applying a potential of + 0.8 V versus
Ag wire, maxima at 500 and 615 nm and a minimum at 450 nm
are noted (Figure 5a). Importantly, resetting the potential
back to 0V led to a quantitative recovery of the starting
spectrum. In the context of the latter, a potential of —1.0 V
was chosen, and the differential absorption changes for the
reduced C;)H;, include maxima at 445, 475, 530, and 640 nm,
which are accompanied by a 455 nm minimum (Figure 5b).
Again, these changes were reversed upon resetting the
applied potential back to 0V. As such, the differential
absorption changes upon photoexciting truxTTF-C;H,,
(Figure 4) are in sound agreement with the superimposition
of the spectroelectrochemically initiated oxidation and reduc-
tion of the truxTTF and hemifullerene, respectively. From
multiwavelength analyses we derive rate constants of 6.6 x

Angew. Chem. Int. Ed. 2014, 53, 21770-2175

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

a) b
0.01 [

AOD ;
-0.01

-0.02 [

03l v e
400 500 600 700 800

Wavelength / nm

b)

0.0085 +

AOD 0.0042 —

-0.0042

400 500 600 700 800
Wavelength / nm

Figure 5. Differential absorption spectra (visible) obtained upon spec-
troelectrochemical oxidation of truxTTF (a) and reduction of C;oH,, (b)
in deoxygenated ortho-dichlorobenzene containing TBAPF, (0.1 M) with
potentials vs. Ag wire of +0.8 and —1.0V, respectively.

10" and 1.0x 10" s™" for the charge separation and charge
recombination dynamics, respectively.

To better understand the spectroelectrochemical data
recorded for the truxTTF and C;H,, fragments, the theoret-
ical absorption spectra of the singly oxidized truxTTF" and
singly reduced C;,H,," species were computed. The spectra
calculated for the neutral species were subtracted from the
spectra of the oxidized/reduced systems to obtain a theoretical
simulation of the differential absorption spectra (Figure S6).
For the truxTTF fragment, the predicted spectrum (Fig-
ure S6a) is in excellent agreement with the experimental
spectrum (Figure 5a). The long tail over 550-800 nm origi-
nates from electron promotions from high-energy, doubly
occupied molecular orbitals to the single-occupied molecular
orbital (SOMO) (doublet states Ds to Dy). The peak observed
at 500 nm is due to higher-energy excitations (states D;, to
D,5), where SOMO —LUMOs transitions are involved. The
steep slope experimentally recorded at around 480 nm is
nicely reproduced by the theoretical simulation and originates
from the proximity in energy of the intense excitation to the
doublet state D,; in the cation and the excitation to the singlet
state S, in the neutral species. The two-peak bleaching in the
400-450 nm region is due to the intense transitions (Ss—S¢ and
S;-Ss) of neutral truxTTF counterbalanced between them by
the intense doublet excitation (D,,) in the cation. For the
hemifullerene fragment, the theoretical simulation (Fig-
ure S6b) is in worse agreement with the experimental
spectrum (Figure 5b) because the most intense band is

www.angewandte.org

2173


http://www.angewandte.org

Angewandte

Communications

calculated too high in energy. The lower-energy band
appearing at 600-700 nm corresponds to doublet excitations
(Ds-Ds) from the SOMO to higher-unoccupied molecular
orbitals. The near-degeneracy of the LUMOSs in neutral
C;0H,, is the origin of these low-energy transitions. Otherwise,
the main features experimentally observed above 420 nm are
assigned to doublet transitions (Dg to D,;) implying electron
excitations from doubly occupied molecular orbitals to the
SOMO.

In summary, we have corroborated the association of
a fullerene fragment, namely hemifullerene C;H,,, with
a bowl-shaped electron-donor, truxTTF. The association was
investigated experimentally through UV/Vis titrations. To this
end, changes in the absorption spectra, most notably
a decrease in the truxTTF absorption and the formation of
a weak charge transfer band, are clearly indicative for the
truxTTF-C;H,, heterodimer in solution. Quantitatively, we
calculated a binding constant of log K, =3.6 +£0.3 in CHCI; at
room temperature, which is comparable to that found for the
association of truxTTF with Cy,. Calculations at the revPBEO-
D3/cc-pVTZ level of theory supported the noncovalent
interactions between truxTTF and C;H,,; providing insight
into the possible structure of the heterodimer and the nature
of the changes observed during the UV/Vis titration.

Remarkably, femtosecond pump-probe experiments
reveal the formation of a transient species that corresponds
to a charge-separated truxTTF*-C;H,,~ state. Overall, the
latter assignment was backed by both spectroelectrochemical
measurements and theoretical calculations. Analysis of the
time evolution of these features afforded rate constants of
6.6x10" and 1.0x10"s™" for the charge separation and
charge recombination dynamics, respectively. This is the first
example of a fullerene fragment mimicking the charge
transfer behavior of Cg,, which paves the way to the study
of other related known fullerene fragments, thus opening
a new avenue for these electronically less-known carbon-
based materials.
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