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fAbstract: The association behavior of an electron-donating,
bowl-shaped, truxene-based tetrathiafulvalene (@F) with
two corannulene-based fullerene fragments, =, and
CsgHq 4= is investigated in several solvents. Formation of 1:1
complexes is followed by absorption titrations and comple-
mented by density functional theory (DFT) calculations. The
binding constants are in the range logK,=2.9-3.5. DFT cal-
culations reveal that the most stable arrangement is the
conformation in which the 1,3-dithiole ring of truxTTF is
placed inside the concave cavity of the corannulene deriva-
tive. This arrangement is confirmed experimentally by NMR

measurements, and implies that a combination of m-m and
CH-mt interactions is the driving force for association. Time-
dependent DFT calculations reproduce the experimental UV/
Vis titrations and provide a detailed understanding of the
spectral changes observed. Femtosecond transient absorp-
tion studies reveal the processes occurring after photoexcita-
tion of either C;,H,, or Ci4H,, and their supramolecular asso-
ciates with truxTTF. In the case of truxTTF-C3H,, photoexci-
tation yields the charge-separated state truxTTF*-CygH,,"~
with a lifetime of approximately 160 ps.

/

Introduction

Polycyclic aromatic hydrocarbons (PAHs) represent a large
family of molecular building blocks based on multiple fused ar-
omatic rings."™ If PAHs are formed solely by fused benzene
rings, their structure remains planar, except in helicenes™® or
highly strained cyclic derivatives,”'" whereas PAHs featuring
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five-membered rings as part of their structure adopt nonplanar
equilibrium geometries. In an extreme scenario, spherical ful-
lerenes evolve upon embedding twelve five-membered rings
into a PAH structure. Notably, any number of five-membered
rings below twelve produces bowl-shaped molecules, or “buck-
ybowls” 113

The fact that the concave and convex surfaces of bucky-
bowls, on one hand, and their edges, on the other hand, are
readily available for reactions offers intriguing possibilities in
chemistry. The convex surface often shows reactivity patterns
similar to those seen for fullerenes. For example, upon treat-
ment of CyH,, the smallest fullerene fragment featuring
a [6,6] double bond, under the conditions for 1,3-dipolar cyclo-
addition, carbine addition, or nucleophilic addition of Meli, it
exhibits reactions as found for [60]fullerene, that is, addition
reactions at the central [6,6] ring junction. If it is subjected to
Friedel-Crafts alkylation conditions, C,sH,, behaves like an ordi-
nary PAH, that is, it reacts at the double bonds located at the
edges."™ A more complex scenario occurs if more than one
type of [6,6] double bond is present in the buckybowl. For ex-
ample, for the larger circumtrindene (C3H,,)™ under 1,3-dipo-
lar cycloaddition conditions, the process is site-selective for
[6,6] bonds located at the point of greatest curvature.™ This
chemical reactivity resembles that observed for C,o. C;y shows
five types of [6,6] bonds, but only the a and f§ isomers are typ-
ically detected under Prato reaction conditions, with a large
preference for the a isomer. In some rare cases, traces of the y
isomer are also observed."

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Buckybowls also show very rich coordination chemistry,
which may occur at either the concave or the convex face,
yielding endo and exo complexes, respectively.'” The first
structurally  characterized  corannulene  complex  was
[(Cp*Ru),1*n’, N°-CyHio)I*", reported by Rabideau and co-
workers."® To this end, two (Cp*Ru)® are bound to nonadja-
cent arene rings on opposite sides of the corannulene. Notably,
n°-coordination causes reduction of the curvature, and in turn,
a flattening of the corannulene. Concave-selective coordination
is also possible, with [CpFe(sumanene)]* the first reported ex-
ample."

Buckybowls have been targeted as molecular building
blocks toward more complex carbon nanoforms such as
carbon nanotubes.”” In particular, buckybowls serve as seeds
from which carbon nanotubes of a specific chirality are
grown.”" Finally, and most importantly, buckybowls show
unique electronic properties, often in between those of flat
PAHs and fullerenes, which can be skillfully exploited for or-
ganic electronics applications.?*!

With regard to supramolecular chemistry, buckybowls have
been studied thoroughly as hosts for fullerenes owing to their
shape complementarity.**?® However, the association of buck-
ybowls by other organic hosts has hardly been investigated.
Recently, we described the association of a fullerene fragment,
hemifullerene C;H,,, by an electron-donating, bowl-shaped
tetrathiafulvalene derivative (truxTTF), in which three 1,3-di-
thiole rings are attached to a truxene core (Scheme 1).?” The

truxTTF C_H

Scheme 1. Chemical structures of truxTTF, C;,H,,, and CsgH,,.

stability of the associate was remarkable, with an association
constant of logK,=3.6+0.3 in CHCl; at room temperature.
Moreover, we demonstrated photoinduced electron transfer
from truxTTF to CsoH,, to form the fully charge-separated spe-
cies, which constituted the first example in which a buckybowl
mimicked the electron-accepting properties of fullerenes
within supramolecular complexes.?”

In contrast to hemifullerene C;H,,, the recently reported
larger C;,H,, and CgH,, buckybowls (Scheme 1) are corannu-
lene-based fragments of [60] and [70]fullerene, respective-
ly.?#2% Such a difference in core aromatic structure is likely to
be accompanied by fundamental differences in electronic
properties.

Here, we demonstrate that truxTTF forms heteromolecular
associates (logK,~3) with C;,H,, and C;gH,, in a variety of or-
ganic solvents. Density functional theory (DFT) calculations
showed several different approximations of the heteromolecu-
lar complexes, all with favorable interaction energies, but only
one, that is, the staggered arrangement, with a significant neg-
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ative free energy of complexation. NMR experiments confirmed
the formation of staggered structures for both heterodimers in
solution. Spectroelectrochemical and transient absorption
studies revealed that photoinduced electron transfer (PET)
occurs in truxTTF-CsgH,,, thus showing that corannulene m-ex-
tended derivatives resemble the electronic behavior of [60]full-
erene.

Results and Discussion

The synthesis and comprehensive characterization of
truxTTEE? Cy,H,,, B and CgHi,%%%% have been reported else-
where. Very briefly, truxTTF was synthesized from commercially
available truxenone through a threefold Horn@adsworth—
Emmons olefination with the appropriate li llox-ml dithiole
phosphonate ilyde. The highly straine 12 and C5gH,, were
synthesized from the appropriate ll llox7m M planar fluoroan-
thene derivatives through Pd-catalyzed C—C coupling reac-
tions.

On the basis of our previous experience with hemifullerene
C30Hq, we expected the larger C;,H;, and CigH,, to associate
with truxTTF in a similar fashion. To test this hypothesis, we
began by investigating the supramolecular interaction in silico,
through dispersion-corrected DFT calculations. There are four
different ways in which truxTTF and C;,H,, can interact with
each other. These four-modeled configurations are depicted in
Figure 1.

In 1 and 2, the convex surface of C;,H,, perfectly matches
the two concave cavities of the truxTTF host, in particular,
either through the cavity formed by the truxene core (struc-
ture 1) or through the cavity formed by the three 1,3-dithiole
rings and the central benzene ring of the truxene core (struc-
ture 2). Both are best described as bowl-in-bowl arrangements,
in which m—m interactions are maximized. The concave cavities
of truxTTF and C5,H,, can also interact, giving rise to hetero-
dimers in which either a benzene or a dithiole ring of truxTTF
is placed inside the concave cavity of the corannulene-based
bowl, resulting in 3 and 4, respectively. These two dispositions
resemble the arrangement found in the crystal packing for the
homodimers of truxTTF and the related C;,H,,, implying a mix-
ture of -n and CH-m interactions.***? All the optimized het-
erodimeric structures (1-4) show close intermolecular contacts
in the 2.5-3.7 A range (Figure S1 in the Supporting Informa-
tion), indicative of stabilizing noncovalent interactions be-
tween both bowls.

To assess the strength of the interaction between the
truxTTF and C;,H,, bowls, we calculated the association ener-
gies for the previously optimized heterodimers at the revPBEO-
D3/cc-pVTZ level of theory, including the three-body correction
(Engc) to the dispersion interaction (see Supporting Information
for full computational details). 1-4 exhibit significant gas-
phase association energies ranging from —20.4 and —20.0 kcal
mol~' for 1 and 2, respectively, to —24.7 and —29.9 kcal mol™
for 3 and 4, respectively (Table 1). The bowl-in-bowl structures
are therefore significantly less stable than the staggered ar-
rangements.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Minimum-energy structures (1-4) computed at the revPBEO-D3/cc-pVTZ level for the most stable conformations of the heterodimer formed by the
C;,H,, fullerene fragment with truxTTF (truxTTF-C3,H,,). Carbon atoms of the truxTTF are depicted in green, sulfur in yellow, and hydrogen in white. Carbon

atoms of C;,H,, are depicted in red, and hydrogen in white.

Table 1. Thermodynamic parameters [kcalmol™"] including association
energy (E..), free energy in gas phase (AGg,,) and free energy including
solvent effects (AGy.,,) for the dimerization process. Theoretical and ex-

perimental log K, values are also included. @ @
R b d.
Heterodimer Eusoe  AGg™  AGyeo!® 109 Kineor™

IOQKaIexp
truxTTF-CyoH,® 17 —21.02  —-827 113 37 3.6+0.3¢
2 —1938 598 264
3 —2523 -1088 —2.96
4 2852 —1434 —5.00
truxTTF-C,H,, 1 —2044 —387 507 3.2 2.940.4%
2 1997 424 367 324011
3 2469 -695 097 3.340.29
4 2991 1284 —4.29
truxTTF-CygHis 5 —2337 —432 581 36 3.440.11%
6 —2163 —346 480
7 —29.09 -972 051 @
8 3348 -1439 -3.75 3.540.29
9 —3157 —11.71 —265
10 —3424 —1494 —4.93

[a] Minimum-energy geometries as used in reference [27]. Notation 1'-4
refers to systems 1-4 in the original work. [b] Free energy of complexa-
tion including zero-point energy, themmal, enthalpy, and entropy correc-
tions. [c] Free energy of complexd pfter addition of solvent effects
through SMD and chloroform as @sorvent. [d] Theoretical logK; values
calculated for the most stable conformer using the AGy.,, value. [e] De-
termined in CHCI; as solvent. [f] PhCl as solvent. [g] THF as solvent.

The supramolecular complexes formed by truxTTF and
C3gH,, were likewise modeled in several conformations. De-
pending on the relative disposition of one moiety with respect
to the other, two bowl-in-bowl (5 and 6) and four staggered
(7-10) conformations were optimized at the revPBEO-D3/cc-
pVTZ level of theory (Figure 2). Conformations 7 and 8 differ
from 9 and 10 in an approximately 90° rotation of the stag-
gered arrangements. The bowl-in-bow! arrangements 5 and 6
offer an optimal disposition for maximizing m-smt interactions,
with short intermolecular contacts in the 3.2-3.8 A range (Fig-
ure S2, Supporting Information). The staggered arrangements
7-10 are governed by a mixture of -t and CH-m interactions
between the electron-donating truxTTF and the electron-ac-
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cepting CggH,,, with short intermolecular contacts in the range
2.7-3.9 A (Figure S2).

The bowl-in-bowl arrangements, in which the convex surface
of CyH,, perfectly matches the two concave cavities of the
truxTTF host, are represented in 5 and 6. Both 5, through the
cavity formed by the carbon backbone, and 6, through the
cavity formed by the central benzene ring and the three di-
thiole rings, show favorable interactions with stabilizations of
—23.4 and —21.6 kcalmol™, respectively. The staggered ar-
rangements 7-10 show significantly larger interaction energies.
The conformer in which a dithiole ring of truxTTF is placed
inside the concave cavity of C;gH,, is computed to be the most
stable arrangement, with —33.5 kcalmol™ for 8 and —34.2 kcal
mol~! for 10 (Table 1).

The interaction energy computed for the most_stable struc-
tures of heterodimers truxTTF-C;,H,, and truxTC)BH14 sur-
passes the association energy computed for the (hemifullerene-
trUXTTF (truxTTF-CyH,,) heterodimer (—28.5 kcalmol™) at the
same level of theory.”” Theoretical calculations therefore sug-
gest favorable arrangements in which truxTTF is merged with
corannulene-based C;,H;, and CjH,, carbon nanoforms in
highly stable supramolecular heterodimers.

To provide a more realistic description reflecting the
strength of complexation at room temperature and in solution,
we made theoretical estimations of the free energy of the di-
merization process for all the possible conformers of
truxTTF-C;,H,, and truxTTF-CygH,,, and compared them with
that computed for truxTTF-C;oH,, (see Supporting Information
for full computational details). The free energies in the gas
phase show that entropic effects are similar for both bowl-in-
bowl! and staggered dimers (Table S1, Supporting Information).
Upon inclusion of solvent effects (chloroform), the AGy.o,
values obtained indicate the same trends for the relative stabil-
ities of the different supramolecular arrangements as predicted
by the association energy (Table 1). Interestingly, only the stag-
gered conformers provide negative values of AGy,.,, suggest-
ing that bowl-in-bowl arrangements might not be formed in
solution (Table 1). For the three buckybowls, the staggered
dimers in which the dithiole ring is placed inside the bowl

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Minimum-energy structures (5-10) computed at the revPBEO-D3/cc-pVTZ level for the most stable conformations of the heterodimer formed by the
C3gH,4 fullerene fragment with truxTTF (truxTTF-C3gH,,). Carbon atoms of the truxTTF are depicted in green, sulfur in yellow, and hydrogen in white. Carbon

atoms of C;H,, are depicted in red, and hydrogen in white.

basin are computed as the most stable structures, with AGy.,,
values of —4.29, —4.93, and —5.00 kcal mol™" for truxTTF-C5,H,,,
truxTTF-C3gH,,, and  truxTTF-C5H,,, respectively. Theoretical
log K, values are predicted in the range 3-4, showing a perfect
match in the case of truxTTF-C;H,, (I theor = 3.7) with re-
spect to the experimental value (logKjz5—3.6+0.3) reported
previously.””! Calculations using chlorobenzene led to both
qualitatively and quantitatively similar results (Table S1, Sup-
porting Information).

Considering these encouraging results, we studied the asso-
ciation in solution through absorption titrations in PhCl, CHCI;,
and THF at room temperature. Typical results for the titration
of truxTTF with Cy,H,, are shown in Figure 3a. Overall, the
spectral changes are very small. For example, the truxTTF band
at 450 nm lacks any notable decrease in absorption despite
the fact that C;,H,, absorbs only very weakly in this spectral
region.”® However, a very weak increase in absorption in the
500-600 nm region was observed, which is correctly repro-
duced by TDDFT calculations (vide infra) and parallels our pre-
vious observations with CsH,;, in terms of a charge-transfer
transition.””) Indeed, multiwavelength analysis for three sepa-
rate titration experiments in each solvent consistently afforded
satisfactory results for the 1:1 binding model only.”*¥ In particu-
lar, we obtained logK,.,,=3.194+0.02, 29404, and 3.34+0.2
in PhCl, CHCl;, and THF, respectively.

More pronounced were the spectral changes noted during
the titration of truxTTF versus C;H,, as shown in Figure 3b.
Here, we observed a significant decrease in the intensity of the
truxTTF absorption band at around 450 nm, accompanied by
the increase of a broad band and a charge-transfer band in the
500-600 nm region, with concomitant formation of an isosbes-
tic point at 490 nm. The isosbestic point is, however, buried
upon addition of more than one equivalent of CyH,,. Multiwa-
velength analysis afforded binding constants of logK,e,=
3.4+0.1 and 3.5+0.2 in PhCl and THF, respectively. As seen in

Chem. Eur. J. 2017, 23, 1-9 www.chemeurj.org

Table 1, the theoretical values estimated for logK, are in very
good agreement with the experimental results, supporting the
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Figure 3. a) Experimental aksargtion spectra as obtained during the titration
of truxTTF (1.76x 10 *m) L,H1> (8.78x 10 *m) in PhCl at room tempera-
ture; up to 3.81 equivalentSts;m,;, were added. b) Experimental absorption
spectra as obtained during the titration of truxTTF (1.5x 10™*m) with CsgH,,
(7.7x107* nﬁPhCl at room temperature; up to 3 equivalents of CyH,,
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formation of the staggered structures predicted theoretically
as the preferred conformations.

Time-dependent DFT (TDDFT) calculations in the presence of
the solvent (PhCl) were performed for the most stable struc-
tures of truxTTF-C5,H,, (4) and truxTTF-CyH,, (10) and for their
corresponding monomeric units, to disentangle the spectro-
scopic changes detected in the absorption spectra upon titra-
tion (see Supporting Information for computational details).
TDDFT calculations on truxTTF-C;,H,, predict four singlet excit-
ed states S,-S, in the 500-650 nm range, with very low oscilla-
tor strengths (f<0.01, Table S2, Supporting Information). These
electronic transitions correspond to charge-transfer excitations
from the HOMO and HOMO-1, located on truxTTF, to the
LUMO and LUMO + 1, located on C;,H,, (Figure S3, Supporting
Information), which relate to the hardly observed band record-
ed experimentally above 500 nm (Figure 3a). Similarly, the
lowest singlet excited states S;-S, for the truxTTF-C;H,, com-
plex imply charge-transfer excitations, and are computed at
500-700 nm, with a moderate oscillator strength in the case of
S, (f=0.016). This state, in conjunction with the larger interac-
tion energy, might explain the detection of the weak, broad CT
band in the case of the CyH,,-based dimer (Figure 3b). The
new absorption band rising at 500 nm in truxTTF-CygH,, is as-
signed to the electronic transition to the first excited state S,
of CyH,, calculated at 489 nm, which appears at a similar
wavelength (492 nm) for truxTTF-C;gH,, (Table S2). In contrast,
C,Hy, p ts no significant absorption above 400 nm
(Table S2 Figure S4, Supporting Information). In both
dimers, the typical truxTTF band centered at 450 nm is predict-
ed to decrease slightly in inte==i4y, but preserves its position
upon complexation (Table 521@ Figure S5, Supporting Infor-
mation). Finally, the experimental peak rising at 360 nm in
truxTTF-C5gH,, (Figure 3b) is assigned to the intense electronic
transition to Sg (f=0.373) predicted for the CyH,, fragment at
356 nm. Spectroscopic changes in absorption upon complexa-
tion are therefore easily understood by joining the absorption
features of the constituent monomeric units.

'H NMR experiments helped to shed light on the structure
of these associates in solution. Figure 4a shows the 'H NMR
spectra of truxTTF (black), C;,H,, (blue), and truxTTF-C;,H;,
(red). The lettering is in accordance with Scheme 1 and shows
the assignment for truxTTF. Upon complexation, all the signals
of C3,H,, suffer slight and quantitatively similar upfield shifts.
Meanwhile, the signals carresponding to the truxene core of
truxTTF (b—e in Figure 4pear unaltered, and only the di-
thiole ring signals (a+{a” in Figure 4a) are shifted upfield by
approximately 0.02 ppm. Moreover, a change in multiplicity
from a singlet to two doublets (J=6.8 Hz) with a very strong
rooftop effect is also noticeable (see insets in Figure 4a). These
changes support the structure depicted as 4 in Figure 1, which
was calculated to be the only thermodynamically favorable ar-
rangement in chloroform solution for truxTTF-C;,H,, (vide su-
pra).

The case of truxTTF-CiH,, is not so straightforward. The
'H NMR spectra are shown in Figure 4b with analogous color
coding. As in the previous example, all the signals of the cor-
annulene-based buckybowls are shifted slightly upfield. How-
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Figure 4. 'H NMR spectra (CDCl,, 400 MHz, 298 K, all species at ~5 mm) of:
a) truxTTF (black), C5,H,, (blue), and truxTTF + C;,H;, (red), and b) truxTTF
(black), CsgH,, (blue) and truxTTF + CygH,, (red). The insets show an overlay
of the spectra of truxTTF and the complexes in the region 6.74-6.68 ppm
(a+a’) and 7.48-7.34 ppm (c+d).

ever, we can see shielding of both the truxene core and the di-
thiole signals of truxTTF upon association. The former are
quantitatively smaller and mostly affect the d and c triplets,
whereas the latter are larger, and in this case do not result in
a change of multiplicity, but only in broadening (see insets in
Figure 4b). These spectroscopic changes point to a coexistence
in solution of the staggered structures (7-10 in Figure 2), with
a predominance of those in which the dithiole rings are inside
the cavity of CyH,, (8 and 10 in Figure 2), again in perfect
agreement with the relevant calculations.

To shed light onto the excited state properties of truxTTF,
CigH,4 and their supramolecular associate truxTTF-CigH,, we
conducted transient absorption experiments. Upon 480 nm ex-
citation of truxTTF in chlorobenzene, a new transient develops
immediately.?” Characteristics of the latter are a marked maxi-
mum in the visible region at 530 nm, and marked ground-state
bleaching observed around 450 nm. This excited state decays
rapidly, as in other sulfur-rich electron donors, with a lifetime
of only 1.0(£0.5) ps. This short lifetime is rationalized by the
presence of the sulfur atoms, with strong second-order vibron-
ic spin-orbit coupling, as it transforms into a much weaker ab-
sorbing state with maxima at 505 and 700 nm (Figure 5), with
a detected lifetime of 20(£5) ps.

Upon excitation of C;5H,, at 480 nm in chlorobenzene, sever-
al strong transient maxima evolve with the completion of the
laser pulse (Figure 6). Three sharp maxima at 450, 546, and
800 nm are accompanied by broad transients ranging from
625 to 725 nm. After excitation, a multiexponential deactiva-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Differential absorption spectra obtained upon femtosecond pump
probe experiments (480 nm) of truxTTF in argon-saturated chlorobenzene
with time delays of 1.8-75 ps at room temperature.
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Figure 6. Differential absorption spectra obtained upon femtosecond pump
probe experiments (480 nm) of C;gH,,4 in argon-saturated chlorobenzene
with time delays of 0-5750 ps at room temperature.

tion of these features is observed. Whereas the 546 nm maxi-
mum persists, the features at 450 and 800 nm and 625-
725 nm deactivate within 46 ps (20%) and 3.5 ns (80%). The
former is assigned to a nonradiative intrinsic deactivation, and
the latter reflects the intersystem crossing to the triplet excited
state of Cy4H,,. The triplet excited state shows a transient ab-
sorption maximum at 546 nm and one broad transient around
670 nm, which deactivate within 18 ps to the ground state. Ex-
periments in toluene and benzonitrile gave similar results.

To gain insight into the processes occurring after photoexci-
tation, we conducted spectroelectrochemical measurements,
that is, we recorded the differential absorption spectra upon
electrochemical oxidation of truxTTF?” and reduction of CyH,,
(Figure 7). TDDFT calculations were performed on the anion
species of CyH,, and the simulated differential absorption
spectrum is shown in Figure S7 (Supporting Information). The
broad band, experimentally centered around 650 nm, corre-
sponds to the D,—D, excitation of CyH;,”~ with oscillator
strength f=0.094. Theoretical calculations nicely reproduce the
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Figure 7. Differential absorption spectrum obtained upon electrochemical
reduction of C3gH,, in deoxygenated ortho-dichlorobenzene containing
TBAPF, (0.1 M) with an applied potential of —1.1 V versus Ag wire at room
temperature.

crossing @ around 550 nm, {that is, the negative signal at
500(nm orignated by the intense S, excited state of neutral
CigHya

Upon excitation of truxTTF-CyH,, (10:1) in toluene, chloro-
benzene, or benzonitrile at 480 nm, truxTTF-centered transi-
ents dominate the spectra (Figure 8) rather than charge-trans-
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Figure 8. Differential absorption spectra obtained upon femtosecond pump

probe experiments (480 nm) of truxTTF-C3gH,, (10:1) in argon-saturated tolu-
ene with time delays of 1.8-75 ps at room temperature.

fer-related characteristics.?¥ In particular, the 530 nm marker is
discernible at the conclusion of the excitation. With a lifetime
of 0.8(£0.2) ps, the latter transforms into a new transient spe-
cies, that is, the charge-separated state featuring truxTTF'* and
CygH,,~. Of great importance are changes in the differential
absorption in the range between 500 and 700 nm, at which
both the truxTTF'" and the C;3H,,~ species present higher ab-
sorption (Figure 7), supporting the notion of electronic com-
munications taking place in the excited state.

A detailed kinetic analysis corroborates our hypothesis. To
this end, iwavelength analysis yields four major lifetime
componen ter excitation, a very short lifetime of 0.8(+
0.2) psll Mok ?H M is followed by a 15(+5) ps component. We
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assign the shorter component to ultrafast charge separation
yielding the truxTTF*-C,H,,~ charge-separated state. The
longer component is probably attributable to intrinsic deacti-
vation of noncomplexated truxTTF and C;gH,,. The third com-
ponent of 160(=+ 15) ps, which is observed neither for truxTTF
nor for CyH,, reflects the charge recombination to yield
truxTTF-C5H,, in the ground state. Finally, the fourth compo-
nent of > 5.5 ns is probably caused by the slow deactivation of
the CgH,, triplet excited state, as confirmed by the detection
of the 450, 546, and 800 nm markers. The latter is populated
by intersystem crossing within noncomplexated C;gH,, and,
potentially, charge recombination.

Upon excitation of C;,H;, at 500 nm in chlorobenzene, a tran-
sient centering at 520 nm is observed (Figure 9). This feature
deactivates within 1.6 ns to the ground state or the lower-lying
triplet excited state, which is, however, not observed spectro-
scopically. Similar results were observed in toluene, anisole,
ortho-dichlorobenzene, and benzonitrile.

« 0 . 3.7 « 150

« 10 « 70 « 250 . « 65000

0.03 .
0.025 |
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AOD F
lau. 001 [
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Figure 9. Differential absorption spectra obtained upon femtosecond pump
probe experiments (500 nm) of C;,H,, in argon-saturated chlorobenzene
with time delays of 0-6500 ps at room temperature.

To shed light on the excited state interactions between
truxTTF and Cs,H,;,, we explored mixtures of various molar
ratios (10:1-1:10) in solvents of different polarities (anisole, tol-
uene, chlorobenzene, ortho-dichlorobenzene, and benzonitrile)
through transient absorption experiments with excitation at
387 and 480 nm. Figure 10 exemplifies the differential absorp-
tion changes recorded in chlorobenzene. The spectral similarity
between the excited-state absorptions of truxTTF and C;,H,,,
on one hand, and the radical cation of truxTTF as well as the
radical anion of C;,H,, (Figure 11), on the other hand, rendered
an unambiguous characterization of the charge-separated
state truxTTF *-Cg,H,," rather difficult. TDDFT simulations con-
firmed the absence of any characteristic feature for the anion
species of Cy;H,, above 700 nm (Figure S6, Supporting Infor-
mation) that could help in identifying the charge-separated
state. On the basis of the current investigation with C38ﬁnd
the past investigation with C;H,,, excited-state (interactions in
terms of charge transfer with truxTTF are likely to occur.®”
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Figure 11. Differential absorption spectra obtained upon electrochemical re-
duction of C;,H;, in deoxygenated ortho-dichlorobenzene containing TBAPF,
(0.1 m) with an applied potential of —1.0 V versus Ag wire at room tempera-
ture.

Conclusions

We have demonstrated the association of two corannulene-
based fullerene fragments, C;,H;, and CiH,, with a bowl-
shaped tetrathiafulvalene unit, truxTTF. Absorption titrations
aided in following the complexation process. The most remark-
able features are the depletion of intrinsic truxTTF absorption
upon addition of C;,H;, or C;gH,,, accompanied by the rise of
a charge-transfer band in the visible region between 500 and
600 nm. Multiwavelength analysis revealed association con-
stants of logK,=2.9-3.5. DFT calculations performed at the
revPBEO-D3/cc-pVTZ level supported the supramolecular asso-
ciation. Here, different possible complex geometries were pre-
dicted, revealing either bowl-in-bowl or staggered arrange-
ments, with the latter offering the largest interaction energies,
even surpassing the association energy obtained for the analo-
gous truxTTF-CyH;, complex. Accurate calculations of the free
energy of complexation suggested that only the staggered
conformer in which one dithiole ring is placed inside the bowl

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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basin could be formed in solution for truxTTF-C;,H,,, whereas
a mixture of staggered conformers might be present for
truxTTF-C5gH,,. NMR experiments confirmed these theoretical
predictions. Femtosecond transient absorption studies shed
light on the excited-state interactions in the associates. In the
case of truxTTF-CgH,,, photoexcitation yielded the charge-sep-
arated state truxTTF *-C3gH,,~ with a lifetime of approximately
160 ps in the most polar solvent benzonitrile. For
truxTTF-C;,H,,, the assignment of the charge-separated state
was extremely difficult, but on the basis of earlier findings, its
existence is regarded to be very likely.

These experimental and theoretical findings reveal m-extend-
ed corannulene derivatives as suita ystems to form 1:1
supramolecular complexes with bowQ ped electron-donor
molecules, in which intermolecular PET processes occur, mim-

icking the related buckyball@
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