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ABSTRACT

The covalent linkage of two [60]fullerene cores to a tetrathiafulvalene (TTF) donor affords a soluble and photoactive Ce—TTF—Cg triad.
Spectroscopic and photophysical characterization of the C4—TTF-Cg triad are given. Although the cyclic voltammetry measurements reveal
no notable interaction between the chromophores in the ground state, photophysical data show that in the excited state an intramolecular
electron transfer, evolving from the TTF donor to the singlet state of Ce, prevails, yielding a long-lived charge separated radical pair.

The implementation of the unique 3-dimensional electron and orientation of fullerene dimefsThe most promising
acceptor G into molecular donoracceptor ensembles, in  procedures encompass (i) dimerization of [60]fullerene or a
conjunction with appropriate photosensitizers and/or electron functionalized fullerene precursor, (ii) bifunctional cyclo-
donors, is a viable concept to design novel materials for addition to [60]fullerene, (iii) covalent attachment of two
artificial photosynthesis, photovoltaics, and molecular elec- fullerene spheres through a molecular bridge, or (iv) non-
tronics! An intriguing, but far less examined, approach covalent dimers.
involves fullerene dimers in which, for instance, two fullerene  In the present Letter, we wish to report on a novel synthetic
cores are connected to the two opposite ends of a molecularstrategy toward fullerene dimers in which an electroactive
electroactive bridgéThe broad and interdisciplinary interest tetrathiafulvalene (TTF) moiety is incorporated as an elec-
in connecting fullerene cages was initiated by the early troactive spacer. Furthermore, we present for the first time
observation that fullerenes coalesce in thin films upon laser photophysical studies carried out with this new molecular
irradiation® Consequently, different synthetic methodologies Cgo—TTF—Cq triad.
have been deVG'ODEd to control the formation, composition, A major shortcoming, Commomy encountered in the study
T Universi of fullerene dimers, is their inherently weak solubility. This,
niversidad Complutense. . . . .
* University of Notre Dame. in turn, prevents their meaningful spectroscopic or electro-
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problem, both the TTF and the fullerene moiety were with a fullerene derivatives)® in chloroform in the presence
functionalized with solubilizing dodecyl and oligoether of dicyclohexylcarbodiimide (DCC) and dimethylamino-
chains, respectively. In particular, TTF derivatidewas pyridine (DMAP) to yield Go—TTF—Cq triad 6 (43%).
synthesized by following the synthetic route summarized in  Because of the presence of the long alkyl and oligoether
Scheme 1. The latter was adapted from a procedurechains, triacs is quite soluble in different organic solvents,
thus allowing a full spectroscopic and electrochemical
_ characterizatiof.
S Cyclic voltammetry measurements, performed in dichlo-
cheme 1 . .
romethané, reveal in the anodic scan the presence of two
s quasireversible oxidation waves Bt,x = 0.51 V andE?y
s = 0.92 V. They correspond to the formation of the TTF
P(OCHg); H2sC12S\ g g, CO2CHs s-radical cation and dication, respectively. In the cathodic
HCOLC ; 4>H s | S>:<3]:co o scan, the three quasireversible wave&atq = _—0.75 Vv,
=0 2512 3 2T E%ea= —1.15V, andESq= —1.67 V were assigned to the
s i first three reduction steps of the fulleropyrrolidine. Closer
2 H5C128

H25C128 g

H25C128

HCO,C DIBAL-H, THF ) .
inspection of the redox features reveals a good correspon-

:[S>:<S]COH dence between the redox potential of the triépgand those
s s OH of the two references (&nd4).

4 Importantly, the absorption spectrum of triag for
example, in dichloromethane solution shows superimposed
features of fulleropyrrolidinés and bis(dodecylthio)tetra-
developed earlier by Bryce and co-workers regarding the thiafulvalene4. These data indicate that both electroactive
synthesis of bis(hexylthio)analoguesinder standard phos-  units (i.e., TTF and &) preserve their identity in the
phite-induced cross-coupling conditions, the reaction of 4,5- corresponding triaé with no significant electronic interac-
bis(dodecylthio)-1,3-dithiole-2-thione1l)( with 4,5-bis- tion in the ground state. This is in excellent agreement with
(methoxycarbonyl)-1,3-dithiol-2-on@) afforded TTF deriva- previous reports regardingsgbased dyads containing either
tive 3 as the main product. Subsequent reduction of diester TTF® or z-extended TTEdonors.

H25C128

3 with diisobutylaluminum hydride led to bis(hydroxyme- In an effort to characterize the photophysics of tréac

thil)derivative 4 in 70% vyield. series of time-resolved and steady-state experiments were
Compound4 served as starting material for the preparation conducted in different solvents, ranging from tolueae=(

of the Go—TTF—Cq triad as is depicted in Scheme 2. 2.38) to dimethylformamide:(= 36.7). Taking the fullerene’s

Thus, bis(hydroxymethyl) TTF derivativé was reacted  susceptibility toward electrons and the strong donor proper-
ties of TTF in concert, charge separation is expected to

_ dominate the deactivation of the fullerene singlet excited
state. Calculations regarding the free energy changes
(—AG°g7), associated with an intramolecular electron transfer
from TTF to the photoexcited fullerene, further support this
view, that is, a strongly exothermic electron transfer in polar
solvents (see Table 1).
The steady-state fluorescence spectra of #iadtoluene,

o-dichlorobenzene, benzonitrile, and dimethylformamide
were probed, relative to that of a reference fulleropyrrolidine,

Scheme 2
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Table 1. Photophysical Data of Triaé in Different Solvents

dielectric quantum yield lifetime lifetime quantum yield
compound solvent constant (¢) fluorescence (®) singlet state (7) radical pair (1) —AG°gr? triplet (®)
reference toluene 2.38 6.0 x 1074 1.6 ns 1.0
triad 6 toluene 2.38 4.0 x 107 0.97 ns 0.06 eV 0.93
o-dcb 9.8 3.5 x 1074 0.71 ns 54 ns 0.70 eV 0.83
bzcn 24.8 2.7 x 1074 0.47 ns 88 ns 0.85 eV 0.63
dmf 36.7 1.8 x 104 0.32 ns 121 ns 0.88 eV 0.62

aCalculated from the following expressions:AGer = AEy—o — (AGget); AGer = Eox — Erep + AGs; AGs = €/(4neo)) [(L/(2R;) + 1/(2R) —
1/Ro-p) 1les — (U(2Ry) + 1/(2R.)) 1ler]; Eox = E1(D**/D); Erep = E12(A/A*7); Ry = radius donor (3.37 A)R- = radius acceptor (4.4 ARp-a =
center to center distance (9.16 A} = dielectric constant of solvent used for photophysical studies= dielectric constant of solvent used for measuring
the redox potentials (9.08)Eo-o = excited-state energy of chromophore (1.76 eV).

as a first, crude measure to indicate excited-state interactionsthe fast deactivation dynamics in trigare coupled to a

In the reference itself, only a weak solvent dependence wassynchronously occurring grow-in of a new and broad

noted. Specifically, the *80 transition shifts progressively  transient absorption in the monitored wavelength region

from 713 nm (toluene) to 719 nm (dimethylformamide), between 440 and 960 nm.

while the emission intensity remains unaffected. T6adn To complement the picosecond measurements, érisas

the other hand, gives rise, besides the same solvent-dependeiprobed under identical conditions in a set of nanosecond

red- hifts, to substantially lower fluorescence intensities (see experiments. In all solvents, except toluene, a set of VIS

Table 1 and Figure 1). Most importantly, a clear correlation and NIR maxima at 430 and 1000 nm, respectively, were
recorded. These attributes agree unmistakably with the

_ spectral fingerprints known for the one-electron oxidized

TTF 8 and the one-electron reduced,C,° respectively.

700000 ; From this spectral resemblance we conclude that the resulting
600000 toluene | Ceo —TTF" radical pair is formed via a photoinduced
3 /I\\ . g'zi":hmbenze"e electron-transfer evolving from the TTF donor to the
> 500000 f ——= dmf : electron-accepting singlet excited state of the fullerene.

g 00000 7 .-\ On a time scale of a few hundred nanoseconds #ge-€

£ TTF* radical pair exhibits monoexponential decay dynamics,

g 300000 converting the distinct features of the radical ions into a new

g 200000 “:\\\ transient. Interestingly, the product of back electron transfer

5 \\;\*._ — was confirmed to be the fullerene triplet excited state, as

£ 100000 ‘;l:_..;;:; distinguished by maxima at 360 and 700 nm (Figuré 2).
0 R BRI B This pathway can be best rationalized on the basis of the

750 800 880
Wavtrgn T —

Figure 1. Emission spectra of triad in different solvents

o 0.12
(excitation wavelength 337 nm). :
- triplet
0.1 A / \ — r-radical cation
’ \ « » » « m-radical anion

can be drawn between the fluorescence quantum yields (®) s
and the solvent polarity: (@uend > (Po-dichiorobenzens >

20D[a.u.]

(q)benzonitrilé > ((def)- 0.06 i \\ / \\
Time-resolved pico- and nanosecond transient absorption \
spectroscopy was conducted to probe the fate of the 004 | ~

photoexcited fullerene i and to inspect the identity of the | — . R

resulting products. In particular, the instantaneously formed 0.0z /
fullerene singlet—singlet absorption, with a characteristic R \' T T N T T T T
maximum around 880 ni?,decays rapidly, following the 300 400 500 600 700 800 900 1000 1100
completion of the short laser pulse §(18 ps; 355 nm). Wavelength [nm]

This is in sharp contrast to the singlet excited-state dynamics . ) . ]
of the reference fulleropyrrolidine, which is governed by a Figure 2. Differential absorption spectra obtained upon flash

oo photolysis of triade, revealing the characteristics of theradical
much slower (= 1.6 ns) and nearly quantitative>(~ 1.0) cation andr-radical anion (immediately after the laser pulse) and

intersystem crossing to the triplet excited state. Furthermore,those of the fullerene triplet excited state (300 ns after the laser
pulse).
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strong second-order vibronic spiorbit coupling induced the reference showed a marked decreased (i.e., 12%) which

by the sulfur nucleu$t The latter results in a rapid spin- is due to the nearly diffusion-controlled reaction between

state transformation of the TTA=radical cation. In turn, the  fullerene triplets and molecular oxygen.

singlet character of the g —TTF* radical pair changes In summary, we reported the synthesis, electrochemistry,

to the corresponding triplet features and, therefore, facilitatesand photophysical properties of a new, highly soluble-C

the fullerene triplet production. Probing a solution of the TTF—Csg triad. Although no significant electronic interac-

fulleropyrrolidine reference with matching absorption at the tions were found between the electroactive species in the

337 nm excitation wavelength allowed the determination of ground state, an efficient intramolecular electron transfer

the quantum yield of the fullerene triplet in triédsia relative occurs in the excited state resulting in the formation of a

actinometry. High triplet yields, ranging typically between long-lived charge-separated state. These data reveal that

62 and 93%, are a clear token of the overall efficiency. electroactive @ dimers are appealing ensembles and
To further test the triplet formation via the back electron potentially useful in photovoltaic devices.

transfer route, the triplet quantum vyields of triédwere )

measured in an oxygenated and deoxygenated system, 50 Acknowledgment. This work has been supported by the

ns after the laser pulse, and compared to that of a fullero- DGESIC of Spain (Project PB98-0818). Part of this work

pyrrolidine reference. It should be noted thaiyC itself was supported by the Office of Basic Energy Sciences of

reacts quite slowly with oxygen, for instance, in benzonitrile the U.S. Department of Energy (Contribution No. NDRL-

at~10? M~ s112 Thus, not surprisingly the quantum yields 4269 from the Notre Dame Radiation Laboratory).

in triad 6 were identical for the two scenarios. In contrast, o 006645L

(11) A. Maciejewski, R. P. Steethem. Rev1993,93, 67. (12) Konishi, T.; Fujitsuka, M. lot, OChem. Lett2000, 202.

4024 Org. Lett., Vol. 2, No. 25, 2000



