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Three isomers of a newge-TTF dyad—Cgo—X-TTF (X = ortho, metg andpara)—have been synthesized

by changing the linking position®itho, meta andpara) at a phenyl group that is attached to the methano-
[60]fullerene. The dyads showed clear intramolecular charge transfer (CT) absorption bands in the steady-
state absorption spectra, which was indicative of an intramolecular CT interaction betweeyp dnel CTF

moieties in the ground state. The increase in intensity of the CT absorption bands followed theggrder C
ortho-TTF > Cgo—metaTTF > Cgo—paraTTF, which can be reasonably explained by the optimized molecular
structures that are calculated at the ab initio level. Extreme quenching of the fluorescence intensity from the
locally excited Go moiety was observed to follow the aforementioned order, which suggests that very fast
excited singlet-state dynamics are dependent on the isomers. The quenching of the absorption intensities of
the triplet state of the & moiety detected in the nanosecond region was also observed to follow the same
order, which suggests that competitive paths that are more efficient than intersystem crossing are present.
From subpicosecond transient absorption measurements, very short-lived transient absorption bands attributed
to the overlap of $-S, with the excited CT state that has strong CT character were obtainedgfeoho-

TTF (and Go—metaTTF); appreciable charge-separated (CS) species were generategh-fqra@-TTF.

The lifetimes of the CT and CS states increased in the ordeg@fdPtho-TTF < Ceo—metaTTF < Cgo—
para-TTF. Overall, it was revealed that the ground and excited states are controlled by the difference in
proximity between the g and TTF moieties, depending on the linking positions.

1. Introduction valuable molecules, becauses€TTF dyads are considered to
have a stable CS state, because of the redox property of the
TTF core as a Weitz-type don#twhich consists of a multistage
redox system and gains aromaticity upon oxidatfivim regard

to the development of photoelectric devices, intermolecular
migration of charge carriers is also an important factor for
photocurrent generation. In this context, TTF derivatives are
as prominent as 4 because they are significant donor
molecules for producing the highly electrically conductive
materials with a variety of interesting electronic ground states,

Chemically functionalized fullerenes are considered to be
promising materials in various research fields, and considerable
research has been conducted on the chemistry of fullefénes.
Recently, donoracceptor dyad systems that are based gn C
as an acceptor unit have attracted appreciable attention, from
the viewpoint of potential applications in molecular electroactive
devices and as model compounds for artificial photosyntResis.
The Go moiety in such dyad systems retains most of the known

important redox properties, as well as photophysical properties; Y i
the low reorganization energy ofsCaffords various unique  SUCh as superconductivity The synthesis of severakgdyads

photoinduced phenomena, such as fast charge separation (CSjnked with TTF has been reported, and, for some, the precise
and slow charge recombination (CR) ig¢®based systents”’ photophysical properties also have been repditet. Ceo—
In fact, several donor-linked & derivatives fabricated on T 1F dyads with relatively long-lived CS states have been
electrodes displayed photovoltaic propeignd some of them s_uccessfully prepared. In particular, the lifetimes @ @yads
were used in self-assembled monolayers to realize high solarlinked with z-extended TTF (6—exTTF) are several hundred
energy conversion efficiendy. nanosecond®,23 and recently, a doneracceptor system that
Generally, efficient photoinduced CS and the following long- incorporates fluorofullerene and extended TTF is reported to
lived CS state are required by the component molecules of have a long-lived CS state with a lifetime of hundreds of
photoactive devices. Among the donor componentssgtigad nanoseconds als8. Furthermore, the §&—exTTF triad is

systems, tetrathiafulvalene (TTF) derivatives are regarded asreéPorted to exhibit an unusually long lifetimé 11 us—that
results from a stepwise mechanism in the CR prodess.
* Authors to whom correspondence should be addressed. E-mails: However, relatively weak or no charge transfer (CT) interaction
hiron@comp.metro-u.ac.jp, ito@tagen.tohoku.ac.jp. between the gy and TTF moieties in the ground state has been
Egﬁi’)"ku’\"&ﬁﬁ’gg‘i‘@” University. reported for the —TTF dyads examined so far, although they
s Present address: The Institute of Scientific and Industrial Research, €Xhibited intramolecular CT upon photo irradiation, namely, in

Osaka University, Ibaraki, Osaka 567-0047, Japan. the excited state.
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CHART 1: Molecular Structures of Ceo—X-TTF (X =
ortho, metg and para), Cg-Reference, and TTF-
Reference
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In this paper, we report the synthesis and the electrochemical

and photophysical properties of newo€TTF dyads, Go—X-
TTF (X = ortho, metg and para), which show clear intra-
molecular CT interaction in the ground state, unlike hitherto
known Go—TTF dyads. The TTF moiety was linked via a
propyl chain to three different positionsr(ho, metg andpara)

Nishikawa et al.

spectra. To obtain further insight into the dynamic processes in
excited states that involve excited CT and CS stateseefC
X-TTF, time-resolved photolysis spectroscopies were performed
in the nanosecond and subpicosecond regions.

2. Results and Discussion

2.1. SynthesisSynthesis of the three structural isomerg-€
X-TTF (X = ortho, metg and para), was performed via the
cycloaddition of diazo compounds tg¢as shown in Scheme
134 The cyanoethyl-protected tetrathiafulvalen#)3{ was
converted to acetals3é&—c) by deprotection with 2 equiv of
sodium methoxide in methanol, followed by treatment with the
respective iodideZa—c).3¢ Deprotection of the dioxane group
in the acetals3a—c) with p-toluenesulfonic acid afforded the
corresponding aldehydedlg—c), which were converted to
p-tosylhydrazones5@a—c). Diazo compoundst@-c) that were
required for cycloaddition to £ were generated in situ from
5a—c by treatment with sodium methoxide and readily reacted
with Cgg in refluxing toluene to give g—X-TTF dyads. Dyads
were purified by column chromatography (silica gel, carbon
disulfide), and subsequent high-performance liquid chromatog-
raphy (HPLC) using a Buckyprep column and toluene as an
eluent to separate them completely from unreactgd C

According to the position of methano-bridging, there are three
isomers for methanofullerenes: two kinetically controlled [5,6]-
open isomers and a thermodynamically stable [6,6]-closed
isomer, which are distinguishable using #&NMR signal of
the methine protoA’ The prepared dyads & X-TTF) exhib-
ited a singlet'H NMR signal of methine resonance a#.0

on a phenyl group that was attached to methanofullerene (ChartPpm, which suggests that the dyads have the [6,6]-junction

1). For Go—X-TTF (X = ortho andmetg, intramolecular CT

structure. Thermodynamically favored [6,6] isomers reportedly

absorption bands were clearly observed in the steady-statewere directly obtained from diazo precursors under refluxing
absorption spectra, and the intensities of the bands increasedonditions in toluené3a

drastically in the order of gg—ortho-TTF > Cgo—metaTTF
> Cgo—para-TTF, which is attributable to the relative distance
between the gz and TTF moieties. Ab initio calculations gave

2.2. Electrochemical PropertiesElectrochemical properties
of Ceo—X-TTF (X = ortho, metg andpara) were investigated
by cyclic voltammetry in benzonitrile at 2%C. The cyclic

the geometrical features of the three isomers, which could voltammogram of G—ortho-TTF, as a representative example,
reasonably explain the results of the steady-state absorptionis shown in Figure 1, and the redox potentials for all isomers

SCHEME 1: Synthesis of Go—X-TTF (X = ortho, metg and para)

1

(21
4,
2a-c
CHO
@ C . os HaC—_)-SO,NHNH;
SN
- :[ b ]:j THF
Me™ ™S s g
4a-c
Ny H
X
NaOMe / MeOH (I/\/\/S s s._-S
> =)
Me S S7 g

6a-c

0__0
8-S 8-S\ 1)NaOMe/MeOH
NC/\/I><IJ)aee |\ S-S s-S
S e 2T =)
o_0
Me— s  s7 g

CsHsN-CH3CgH4SO3H

Acetone / H,O
3a-c
H3C—OSOZNHN H
|\ S-S S-S
S
> Mo~
Me S S7 g
5a-c
Cgo / Toluene CGO-X-TTF

(X = ortho, meta, and para)




Intramolecular Charge Transfer inses TTF Dyads J. Phys. Chem. A, Vol. 108, No. 11, 2004883

(a) 2000

— Cgy-ortho-TTF
--------- Cg,-reference
---- TTF-reference

50
uA 1500

1

cm

1000

e/M

1 1 1 1 1 1 1
10 05 00 -05 -10 -15 -20 500~ ¢ ¢

Potential / V v

Figure 1. Cyclic voltammogram of g—ortho-TTF in benzonitrile
containing 0.1 Mn-BusNCIO, (V vs SCE). Scan rate was 50 mV/s.
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TABLE 1: Redox Potentials of Coo—X-TTF (X = ortho, 400 600 800 1000
metg and para), TTF-Reference, Go-Reference, and Gg? Wavelength / nm

compound E B EX Efed Efed ERd

Ceo—orthoTTF 052 0.84 —054 —0.95 —1.44 —2.00° (b) 2000
Ceo—metaTTF  0.49 0.81 —0.55 -095 —1.47 -2.0P — Cgp-ortho-TTF
Ceo—paraTTF 048 0.80 -052 -095 —-146 -200 | ¢ == Cgo-meta-TTF
TTF-reference  0.45 0.83 === Cgy-para-TTF
Ceoreference -0.52 —-0.95 -143 -2.03 1500 --=- C, -reference
Ceo -0.49 -0.92 -1.39 -1.89 &

B

aGiven in volts versus a saturated calomel electrode (SCE); 0.1 M
n-BusNCIO, in benzonitrile; platinum electrodé.lrreversible step.

cm

- 1000

are summarized in Table 1, together with those of the TTF-

reference sample, the ¢freference sample, andgg for

comparison. All the dyads exhibited three pairs of reversible

redox waves and one irreversible wave on the reduction side, I )

and two pairs of reversible waves on the oxidation side. The * .

reduction steps correspond to the reduction of thgniiety, e )

whereas the oxidation steps correspond to the TTF unit, which O , I ety Mt bl ininhin

is in good agreement with the molecular orbital calculation (vide 400 600 800 1000

infra); namely, the highest occupied molecular orbital (HOMO) Wavelength / nm

is localized on the TTF moiety and the lowest unoccupied rigyre 2. (a) Absorption spectra of g-ortho-TTF, Cer-reference,

molecular orbital (LUMO) spreads on thedXxore. The first and TTF-reference in benzonitrile (0.2 mM). (b) Absorption spectra

reduction potentials for —X-TTF (X = ortho andmetg are of Ceo—ortho-TTF (0.2 mM), Go—metaTTF (0.1 mM), Go—para-

slightly more negative than those ogdeference and &— TTF (0.1 mM), and Goreference (0.1 mM) in benzonitrile.

paraTTF. Such negative shifts of th&®® indicates the

decrease of electron accepting ability, which may be rationalized 700—900 nm region; however, the absorption band @§-€

by the partial CT from the TTF to theggmoieties. paraTTF was a considerably weak shoulder, unlike the cases
Compared with the oxidation potentials of TTF-reference, the Of the ortho and meta derivatives. The intensity of the CT

first oxidation potentials B>) of Ceo—X-TTF substantially ~ absorption bands followed the ordegsCortho-TTF > Ceo—

shift to more-positive values and the degree of shift follows MetaTTF > Cg—paraTTF, which is probably the order of

the order Go—ortho-TTF > Cgo—metaTTF > Cgo—para-TTF. proximity between the g and TTF moieties. Note that66)—_

The positive shifts of th&>* obtained for Go—X-TTF dyads, ~ O'tho-TTF and Go—metaTTF showed clear CT absorption

in comparison to TTF-reference indicate the decrease of electron®@nds in the ground states, in contrast to the-GTF dyads

donating ability, which may also be rationalized by the partial reported previously, in which a rather small enhancement of

e/M

500

CT from the TTF to the g moieties. absorption in the CT band regib#°2%0r no CT absorp-
2.3. Steady-State Absorption MeasurementsAbsorption tiont2~14.182.2327 was observed.
spectra of G—ortho-TTF, Cso-reference, and TTF-reference In the present laser photolysis studies, as described later, 532-

in benzonitrile are shown in Figure 2a. In addition to the local and 388-nm laser lights were used as the excitation source. With
excitation of the TTF moiety at 460 nm and thes@oiety at  the laser excitation at 532 nm, thes@oiety was predominantly
550 and 600 nm, a new broad absorption band that correspond€ca. 80%) excited. On the other hand, the 388-nm laser light
to CT interaction appeared in the region of Z@D0 nm, with excited both the g entity and the TTF moiety. After the laser

a clear peak at 750 nm, which suggests that a substantiallight irradiation at 532 nm, the absorption spectrum was
intramolecular interaction between thes@nd TTF moieties  Practically unchanged, which suggests the photostabilityset C
exists in the ground state. The absorption coefficient of this X-TTF.

CT band is independent of the concentration in the range of 2.4. Steady-State Fluorescence Spectriigure 3 displays
0.02-2.0 mM; therefore, the CT interaction can be assigned to the fluorescence spectra ogf=X-TTF (X = ortho, metg and

an intrinsic intramolecular one. As shown in Figure 2igy€ para) and Go-reference observed by excitation at 520 nm in
metaTTF and Go—para-TTF showed a similar CT band in the  toluene. The gyreference and §—X-TTF (X = ortho, meta
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Figure 3. Steady-state fluorescence of (ajo@ference (0.1 mM),
(b) Cso—ortho-TTF (0.1 mM), (c) Go—metaTTF (0.1 mM), and (d)
Cso—paraTTF (0.1 mM) in toluenedex = 520 nm.

TABLE 2: Wavelength at Peak Maximum of
Charge-Transfer Absorption Band (Act), Energy Level of
Excited Charge-Transfer States Ect+), Fluorescence Peak
(AFL), Fluorescence Quantum Yield ®f ), and Free-Energy
Change for Charge Separation £ AGcs) of Ceo—X-TTF (X =
ortho, meta and para) and Cgo-Reference

fluorescence

At Ecr® Am —AGed
solvent (nm) (eV) (nm) Dp (eV)
Cso-Reference
toluene 700 7.0 104
benzonitrile 700  6.00x 107%
Coo—ortho-TTF
toluene 770 1.61 766 0.02x 1074 0.35
benzonitrile 750 1.65 70GF 0.03x 10%e 0.85
Cgo—metaTTF
toluene 750 1.65 706 0.14 104 0.33
benzonitrile 740 1.68 767 0.11x 10% 0.85
Ceo—paraTTF
toluene d 706 0.21x 104 0.20
benzonitrile d d 707 0.13x 10 0.83

ke = 124OﬂCT b —AGcs = AEg—o — (—AGCR), where— AGcr
= Eox — Erea+ AGs (AGs = ¥/(4meq){[1/(2R") + 1/(2R7) — 1/R.J(1/
€) — [L/(2R") + 1/(2R)](1/e)}) and AEo—o is the energy of the 80
transition of Gg; Eox and Ereq are the first oxidation potential of the
donor (TTF-reference) and the first reduction potential of the acceptor
(Ceo-reference) in benzonitrile, respectivelR(and R~ are radii of
the ion radicals of TTF (4.7 A) and¢g(5.6 A) 2 respectivelyR. is
the center-to-center distance between the two moietiesgaand e

Nishikawa et al.

Figure 4. Ab initio HF/3-21G calculated geometric structures of (a)
Ceo—0rtho-TTF, (b) Go—metaTTF, and (c) Go—para-TTF.

interaction of Go—X-TTF in the ground state leads to the
nonfluorescent excited state o= X-TTF, probably because

of the high degree of CT character in the excited state, even in
a nonpolar solvent. Notably, extra new fluorescence was not
observed in the wavelength region®850 nm, which suggests
the absence of exciplex fluoresceriédt was very difficult to
evaluate the fluorescence lifetimes ofo€X-TTF, because of
very weak fluorescence; the fluorescence lifetimes probably are
<10 ps, which was the limit of our instrument. Similar results
were obtained in polar solvents.

2.5. Optimized Structures and Molecular Orbital Calcula-
tions. To obtain geometrical insight, especially the proximity
between the g3 and TTF moieties, molecular orbital calculations
were performed at the Hartre€ock theory with a 3-21G basis
set using the Gaussian-98 progfafior Coo—X-TTF (X = ortho,
metg andpara). The optimized molecular structures are shown

are static dielectric constants of solvent used for photophysical studiesin Figure 4. In the optimized structure og&-ortho-TTF, the

and the redox measurementshn tetrahydrofuran (THF), because

center-to-center distance between the TTF aggk6tities Rec,

of the fluorescence spectrometer was increasédimost flat. ¢ Very
weak fluorescence peak.

and para) showed fluorescence peaks a700 and 770 nm
(shoulder), which are typical peaks for monoadduct derivatives
of Cgp, suggesting that the emissions result from the singlet
excited state of the g moiety (Cso —X-TTF). Compared with
the fluorescence of ggreference, considerable quenching of
the fluorescence intensity of thes@moiety was observed for
Ceo—X-TTF, and the fluorescence intensities followed the order
Ceo—0rtho-TTF < Cgo—metaTTF < Cgo—paraTTF. The
quantum yields ®g), calculated on the basis of the reported
value}*238 are summarized in Table 2. This order is exactly
the opposite of that for the absorption intensity of the CT band.

of the Gyo spheroid) is estimated to be 9.46 A. On the other
hand, the edge-to-edge distané¢( from the center of the
central double bond of TTF to the closest C atom on the C
sphere) is estimated to be 3.8 A. The TTF moiety gf-@rtho-
TTF slightly bends to fit the round-shapeds@oiety, whereas
such a curving of the TTF moiety is not observed fap€
metaTTF and Go—para-TTF. The concave structure of the TTF
molecule was reported in the crystal of (BEBTTF),Csg, in
which CT occurs from BEDFTTF to Gs.*2 The relatively short
distance between theggCand TTF moieties and the concave
molecular structure of the TTF moiety indicate that appreciable
electronic interaction exists in the ground state gf-€drtho-
TTF. For Go—metaTTF, Ree= 4.3 A andR.. = 9.88 A:; these

Thus, we tentatively consider that isomer dependence of thedistances are slightly longer than those gf-€ortho-TTF, but

qguenching of fluorescence intensity results from the intra-
molecular CT interaction between the TTF moiety and the
photoexcited @ moiety. Namely, the intramolecular CT

the molecular plane of the TTF moiety faces thg €phere.
Consequently, ther-orbital of TTF (HOMO, vide infra) can
interact with the z"-orbital of G (LUMO, vide infra).
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Figure 5. HOMO and LUMO, calculated at the HF/3-21G level of
Ceo—o0rtho-TTF.
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Furthermore, the flexibility of the alkyl chain allowss&-ortho-

TTF and Go—metaTTF to take such orientations with the
relatively close distances between they @nd TTF entities,
causing intramolecular CT interaction. On the other hand, the
Ree and R distances of gg—paraTTF are much longerRee
=6.9 A, Rc = 12.5 A), compared with those ofg&-ortho-

TTF and Go—metaTTF. In addition, the TTF plane lies in the
upright position against theggsphere. As a result, theorbital

of TTF is orthogonal to p-orbitals of C atoms that are situated
on the near side of theggsphere to the TTF moiety. However,

it is noted that the shortest distance from the S atom of TTF on
the Gy side to the nearest C atom on the,€pheroid is 4.2 A,
which suggests a weak interaction with theorbital of Gso
through the n-orbital on the S atom in the TTF moiety. The
geometrical features ingg—X-TTF are completely consistent

with the results of the steady-state absorption and steady-state
fluorescence measurements; viz., the intensity of CT absorption toluene

bands was on the order ofs&c-ortho-TTF > Cgo—metaTTF
> Cgo—para-TTF, along with the strength of CT interaction in

the ground state. On the other hand, the fluorescence intensity

followed the order Gg—ortho-TTF < Cgg—metaTTF < Cgo—
para-TTF, which suggests the same order of the CT interaction
in the excited state as that in the ground state.

The HOMO and LUMO of Ggy—ortho-TTF are shown in
Figure 5. Similar to the g—TTF dyads reported previ-
ously120.13b.22b.29the HOMO is located on the TTF plane,
whereas the LUMO is located on thegGramework. Unfor-
tunately, the contribution of CT characters to the HOMO and
LUMO is not determined in the MO calculations at the Hartree
Fock level with the 3-21G basis set.

2.6. Nanosecond Transient Absorption Measurements.
Transient absorption spectra o€ X-TTF (X = ortho, metag
and para) and Go-reference in the nanosecond region were
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Figure 6. Nanosecond transient absorption spectra @fr€ference
in benzonitrile after pulse irradiation using 532-nm ligh®) (Cec-
reference,®) Ceo—paraTTF, (o) Ceo—metaTTF, and A) Cgo—ortho-
TTF. Inset shows a time profile at 720 nm of,Ceference.

TABLE 3: Quantum Yield ( ®1) and Lifetime (z7) for 3Ceo’
from the Nanosecond Transient Absorption Band at 720 nm
and Fast Decay Rate ConstantKgecay) and Lifetime (zgecay Of
the Transient Band at 980 nm in Subpicosecond Transient
Absorption Measurements of Go—X-TTF (X = ortho, meta
and para) and Cgo-Reference

solvent Py 71 (1S)  Kiecay(S™Y) Tdecay(PS)
Ceo-Reference
toluene 0.40 17.9
benzonitrile 0.35 5.3
Ceo—ortho-TTF
<0.001 1.3x 101 8
benzonitrile 0.003 3.7 3.6 101t 3
Ceo—metaTTF
toluene 0.004 2.6 1.6 101 10
benzonitrile 0.009 1.8 1. 101t 10
Ceo—paraTTF
toluene 0.070 1.0 8.2 100 12
benzonitrile 0.068 3.8 8.% 10 12

extremely low: 0.003, 0.009, and 0.068 for thegho, metg

and para derivatives, respectively. The time profile gave the
lifetime of the triplet states in thertho, meta and para
derivatives to be 3.7, 1.8, and 3.8, respectively, which are
almost the same as that of the triplet state gf@ference. In
nonpolar toluene, transient spectra similar to those in benzonitrile
were observed. Thér values and the lifetimes otCsg —X-

TTF are summarized in Table 3, together with those in
benzonitrile.

measured by nanosecond laser photolysis, using 532-nm laser The appearance of the triplet state gh@ference indicates

irradiation in benzonitrile (Figure 6). Thesgreference exhibited

that the triplet state is formed by an intersystem crossing (ISC)

an absorption peak at 720 nm and a shoulder peak at 820 nmprocess from the singlet excited state of thg @oiety, whose

which are characteristic of the triplet state of thg @oiety3

lifetime is ca. 1.2 ng3 The low ®1 values of3Cgy —ortho-

From the time profile in a deaerated solution (shown in the inset TTF indicate that there is a competitive path with the ISC, such

of Figure 6), the lifetime of the triplet state ofs&reference,
3(Ceo-reference), was evaluated to be 5.8, which is shorter
than the lifetimes for other & derivatives'® The quantum yield
(Pr) of the triplet state was calculated to be 0.35, from the

as formation of the excited CT state € —ortho-TTF*)"]
from 1Cgo'—ortho-TTF. For Go—metaTTF, it is reasonable to
consider that’Cgy'—metaTTF should also be formed from
1Ceo' —metaTTF, which may also be competitive with the path

initial absorbance at 720 nm, using the assumption that the molarto (Ceo’~—metaTTF*)". The appearance 8€Cs; —para-TTF

extinction coefficient is 12 000 crd M1 at 720 nnt*
For Geo—X-TTF (X = ortho, metg andpara) in benzonitrile,

may be attributed to the ISC process fré@so —para-TTF,
which may be competitive with the charge-separation (CS)

although transient absorption bands are quite similar to the triplet process, generatings€ ~—para-TTF*, because of the weaker

state of Gg-reference, which is indicative of the formation of
the triplet state of the § moiety,3Cso' —X-TTF, the absorption
intensities of the g—X-TTF were quite weak, especially for
Cso—ortho-TTF, in comparison with the initial intensity at 720
nm in the spectra of the ggreference. Consequently, tider
values estimated from the initial intensities at 720 nm were

CT interaction of Go—para-TTF in the ground state, compared
with Cgo—ortho-TTF and Go—metaTTF.

The lifetimes 0ffCgg"—X-TTF were slightly shorter than that
of 3(Cep-reference), which was also characteristic ofs&=X-
TTF; in 3Ceo —X-TTF, there may be appreciable interaction
between théCgo moiety with the TTF moiety in close position.
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Figure 8. (a) Subpicosecond transient absorption spectra@f @ara-
TTF in benzonitrile after 150-fs pulse irradiation with 388-nm laser
light. (b) Time profile at 980 nm.
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Figure 7. (a) Subpicosecond transient absorption spectra®f@tho-
TTF in benzonitrile after 150-fs pulse irradiation with 388-nm laser
light. (b) Time profile at 980 nm.

. . ; Ceso—para-TTF showed a slightly sharper absorption peak at
2.7. Subplcosecongl Transient Ak_)sorptlon Measurements. ~980 nm, with an 850-nm band just after the photoexcitation

To probe the dynamic processes in the excited states, a laser L S . .
benzonitrile, as shown in Figure 8a. The time profiles at 980

; n
]E)OhrOéZLy_S)I(S_ -?EF:E &Etourfﬁ: gwlztisfr;gspﬁlrsair Efgljse\’\%sscr?gvs:dednm (Figure 8b) indicate that tHecayvalues were estimated to

. ; ) be 8.2x 10'0—8.5 x 10 s7! (tgecay= 12 ps) in benzonitrile
T emons e e o vegon, &1l o G paraTTE T broad asorpton banc
: } " inth ion of 11 ith k at =
In the transient spectrum at 1 ps after the 150-fs laser pulse, In the region of 806-1100 nm with a peak at 980 nm ot&

. . . a]oarafTTF can be thought as the overlap 6€§y' —paraTTF)
broad absorption band appeared in the region of-8@D0 nm. and Gg —paraTTF+: the sharper peak at 980 nm may be

At 40 ps, almost the broad absorption disappeared, leaving weaky o 1o the weaker interaction between therCand TTE
absorption bands. The time profile of broad absorption band at moieties in G¢~—paraTTF*. Slightly smallkyecayvalues for
980 nm is shown in Figure 7b, from which the decay rate Ces~—paraTTF suggest that CR occurs through the bond,
constant Kqeca) Was estimated to be 3.2 10 s71, which whereas largeksecay Values for (Go'~—ortho-TTF*)" and
corresponds to a lifetimedecay) Of 3 ps. Similar subpicosecond (Co~—metaTTF)" suggest spatial back electron transfer

_translient absorpti_onl sspectlrgl \l/ve_ri obser\ﬁed8 f;gﬁﬁrthgTTf from Ces’~ to the proximal TTR+ 7.2847.48 |
in toluene Kaecay = .3 X S ™% Tdecay= 8 PS) an 1@31_ 2.8. Energy Diagrams of Go—X-TTF. Photoinduced
metaTTF in benzonitrile and toluen&decay= 1.0 x 101 s7%; processes of G—X-TTF (X = ortho andmetg and Go—para-

Tdecay= 10 ps). As was observed in the broad absorption band TTgE are schematically summarized in the energy diagrams
in the 806-1200 nm region, the :S'S, transition of Go (980 shown in Figure 9a and b, respectively, in which the former
nmy** and the radical anion of theg€moieties (1000 nnf} has appreciable CT interaction, whereas the latter has very weak
were reported. It is reasonable to consider thagf(G-ortho- CT interaction. The energy levels of ¢ —ortho-TTF*+)" and
TTF*)land [(Cee’~ —metaTTF**)"] showed broad absorption  (C~—metaTTF*+)" can be estimated from the CT bands in

in this region, because the absorption band of the"Gnoiety the steady-state absorption spectra to be-31668 eV, which
centered at 1000 nm broadens by the interaction with the nearbyare lower than that of théCss™ moiety by ca. 0.1 eV. These

TTF* moiety. Because both the process of the internal (Ce®—ortho-TTF1)" and (G —metaTTFT)" species are

relaxation from {Ceq —ortho- TTF)/('Ceg —metaTTF) to [(Cos’ — generated fromMCgg —ortho-TTF and'Csy —metaTTF within
ortho-TTF*)/[(Cee’ —metaTTF**)’] and the CR process  ca. 1 ps after photoexcitatidfiwhich is the predominant path,
from [(Ce® -ortho- TTF*)")/[(Cec® -metaTTF*)"] to (Ceo® — suppressing thér values 0fCgo —ortho-TTF and3Cgy —meta

ortho-TTF)/(Cee®>~—metaTTF®T) are very fast processes, it TTF.

is difficult to discriminate between these processes. Both decay  On the other hand, the free-energy change for the GS (€
processes may be included in the decay of the broad absorptiorpara-TTF*) can be calculated to be ca. 0.83 eV in benzonitrile

in the 806-1200 nm region. The internal relaxation process and 0.20 eV in toluene, as listed in Table 2. In benzonitrile, the
from (1Cso —ortho-TTF)/(*Cso' —metaTTF) to [(Cec”~—ortho- free-energy change for the CS process (0.83 eV)!@a —
TTFH) V[(Ces®> —metaTTF")"] occurs usually within ca. 1 paraTTF may be almost a top region of the Marcus parabola
ps;6 therefore, the rapid decay procekg¢y) can be attributed  for fullerene-donor dyads, because similar values (085
mainly to the CR process from [ —ortho-TTF*)")/ eV) were reported for the reorganization enetdthus, the CS
[(Cee®~—metaTTFO)"] to (Cee®~ —ortho-TTFF)/(Ces’~—meta process may be extremely fast. The rapid CS process suppresses
TTRFOH). the formation of3Cgy —para-TTF. In toluene, the CS state
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a . b
( ) 'Co"-X-TTF ( ) 1Cgo"-para-TTF
1.75 eV 1.75 eV .
h ... @ise = 0.003-0.009 e @i =0.068
1C .
k e 3Cgo-para-TTF
1.65-1.68 eV e 3C. *_X.TTF cs e Co0 P
3- SHy* 60 —
(Coo™-X-TTF™") - 1.52eV i 1.52 eV
: ' h - ~ +
hv>532 nm : %3 Cgo -para-TTF
l;(V)CT L : hv>532nm | 0.92 eV ;
~760 nm CR : i k i
Ltp =2-4 s CR tr =3.8 us
Coo®-X-TTF*" (X = ortho and meta) Coopara-TTE

——> Major electron-transfer process
----- > Minor electron-transfer process
— Electronic transition

Figure 9. Energy diagram for electron-transfer processes and triplet formation processes gfg<{2)TTF (X = ortho andmetg and (b) Go—
paraTTF; the energy level of the CS state in benzonitrile is depicted.

(Ceo~—para-TTF*) is at almost the same level as @, — transfer through spatially. On the other hando€paraTTF
paraTTF, which suggests slower CS W& —para-TTF in undergoes charge separation to form the CS staie (Epara-
the normal region and slower CR in the inverted region in the TTF*), which returns to G—para-TTF with slightly slower
Marcus parabola, compared to the case in benzonitrile; however,back electron transfer than those fafp€ortho-TTF and Go—
the short distance between thgg@nd TTF moieties may make  metaTTF, probably via a through-bond mechanism.

the relaxation via the CS state a major process and give fast

rates for both the CS and CR processes. 4. Experimental Section

2.9. Comparison with Other Ceo—TTF Dyads. Compared 4.1. General and Materials.*H NMR andC NMR spectra
with the Go—TTF dyads reported previously, whose lifetimes o6 measured on a JEOL model JNM-LA400 spectrometer.
of CS states are usually in the nanosecond range dor TTF Matrix-assisted laser desorption ionizatiesime of flight

and several hundreds of nanoseconds fes—@XTTF, the A\ p| —TOF) mass spectroscopy (MS) spectra were recorded
lifetime of CS states of ga—par&TTF_ln benzqmtnle is rather  \ith a Shimazu Kompact PROBE, usigcyano-4-hydroxy-
short, probably because of short linkage, in addition to the cinnamic acid (CHCA) as the matrix. Steady-state absorption
stronger intramolecular mteractlo'n than those in the previous ;.4 fluorescence spectra were measured on a Hitachi model
Coo—TTF dyads. However, Gonigz et al. reported that ;3500 spectrophotometer and a Shimadzu model RF-5300 PC
methanofullerene-basedsé-exTTF dyads and triads showed  gpecirofluorophotometer that was equipped with a photo-
CS states lifetimes on the order of _plCE)SGCOﬂdS 28D ps multiplier tube with high sensitivity up to 860 nm, respectively.
In tqluene and ,5590 ps in benzonitriley; .com.pared to these All reactions were performed in a dry reaction vessel under
lifetimes, the lifetime of G—paraTTF is still short. The — iyrq0en Column chromatography was performed on silica gel
mod_lflcatlt_)n_ Of Go—X-TTF to pr_owde Io_ng-llved CS states that (60 spherical 1086210 um). All solvents and chemicals were
retain their intramolecular CT interaction between the &hd reagent-grade, purchased commercially, and used without further
TTF moieties is a continuing issue in our laboratory. purification unless otherwise noted. Tetrahydrofuran (THF) was
distilled from sodium benzophenone ketyl under a nitrogen
atmosphere prior to use, and toluene was distilled from CaH
We have described the synthesis of novel methanofullerene-Tetrabutylammonium perchlorate, which was used for electro-
based dyads of g and TTF (Go—X-TTF, X = ortho, metg chemical measurements, was recrystallized from ethanol (EtOH)
and para). Unlike the previous g—TTF dyads, the present before use.
dyads showed pronounced intramolecular charge transfer (CT) 4.2. General Procedure for Synthesis of Acetals (3&c).
absorption bands in the steady-state absorption spectra, sugThe synthesis oB8a is representative. A methanol solution of
gesting the partial CT character, which is depicted g8 ¢ NaOMe (28%x 594 mg, 3.08 mmol) was added dropwise to
X-TTF* in the ground state. The magnitude of the CT a suspension of &yanoethyl-5methyl-4,5-ethylenedithiotetra-
absorption bands follows the ordeggortho-TTF > Cgo— thiafulvalene {) (362 mg, 1.01 mmol) in MeOH (30 mL), under
metaTTF > Cgo—paraTTF, which corresponds to the strength a nitrogen atmosphere at room temperature. After stirring for 3
of the intramolecular interaction between thgo@nd TTF h, a methanol solution of acetda was added dropwise. The
moieties, plausibly explained by the proximity between the two reaction mixture was stirred for an additié2eh and then water
chromophores. The optimized molecular structures obtained bywas added. The mixture was extracted with several portions of
the ab initio calculations support the same order of proximity. CH,Cl, and washed with water. The extracts were dried over
The extremely low fluorescence intensity ane T absorption MgSO, and concentrated under reduced pressure. Purification
intensity of Go—X-TTF suggest the presence of efficient CT by column chromatography on silica gel, using a CH—
and CS paths fromdCgo —X-TTF. In the case of appreciable n-hexane (4:1) mixture as an eluent, was performed, to afford
CT interaction observed forgg-ortho-TTF and Go—metaTTF, 525 mg (0.96 mmol) oBa (96% yield).
the excited CT statedepicted as (&°~—X-TTF)*—may be 4.2.1. 5{3-[2-(1,3-Dioxan-2-yl)phenyl]propylthijo4'-meth-
produced vialCey' —X-TTF; (Coo’ —X-TTF*)" may return to yl-4,5-ethylenedithiotetrathiafudlene @a). Red oil. 1H NMR
the ground CT state (@ —X-TTF*) with fast back electron ~ (CDChk): 6 1.40 (d,J = 13.6 Hz, 1H), 1.91 (m, 2H), 2.11 (s,

3. Conclusion
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3H), 2.17-2.26 (m, 1H), 2.73-2.82 (m, 4H), 3.25 (s, 4H), 3.96  MS(El): m/z 485(M*). Anal. Calcd for GoH:60S;: C, 46.88;

(t, J=10.4 Hz, 2H), 4.23 (dd) = 4.8, 11.2 Hz, 2H), 5.61 (s, H, 3.73. Found: C, 46.85; H, 3.84.

1H), 7.14 (d,J = 6.4 Hz, 1H), 7.26-7.27 (m, 2H), 7.58 (dJ 4.4. General Procedure for Synthesis of Hydrazone (5a

= 6.8 Hz, 1H).1*C NMR (CDCk): 0 15.38, 25.85,30.28,31.28, ¢). The synthesis oba s representative. A mixture a@fa (250
31.48, 35.85, 67.58, 100.07, 105.59, 114.04, 115.57, 119.47,mg, 0.59 mmol) ang-toluenesulfonyl hydrazide (172 mg, 0.92
126.50, 126.68, 128.89, 129.58, 134.50, 136.46, 138.76.mmol) in THF (30 mL) was refluxed under nitrogen for 2 h.
MS(EI): m/z534(M"). Anal. Calcd for GoH240,S7: C, 48.49; After concentration under reduced pressure, the residue was

H, 4.44. Found: C, 48.17; H, 4.56. subjected to column chromatography on silica gel, using@H
4.2.2. 5-{3-[3-(1,3-Dioxan-2-yl)phenyl]propylthic-4'-meth- as an eluent, to afford 303 mg (0.47 mmol)5af (80% yield).
yl-4,5-ethylenedithiotetrathiafualene @b). Red oil. 'H NMR 4.4.1. 2-[3-(4-Methyl-4,5-ethylenedithiotetrathiafudlen-3-

(CDCh): 6 1.43 (d,J = 13.6 Hz, 1H), 1.90 (m, 2H), 2.13 (s,  ylthio)propyl]benzaldehyde p-toluenesulfonylhydrazoBe).(

3H), 2.16-2.24 (m, 1H), 2.69 (m, 4H), 3.24 (s, 4H), 3.98 (t, Orange solid; mp, 9798 °C. H NMR (CDCly): 6 1.78 (t,J

2H), 4.25 (ddJ = 4.0, 11.2 Hz, 2H), 5.48 (s, 1H), 7.13 (@, = 7.2 Hz, 1H), 2.10 (s, 3H), 2.40 (s, 3H), 2.64Jt= 7.0 Hz,

= 7.6 Hz, 1H), 7.25:7.31 (m, 3H)*C NMR (CDCk): 6 15.35,  2H), 2.80 (t,J = 7.6 Hz, 2H), 3.27 (s, 4H), 7.12 (d,= 8.0

25.78, 30.24, 30.98, 34.29, 35.39, 67.40, 101.60, 105.32, 114.03Hz, 1H), 7.19 (tJ = 7.4 Hz, 1H), 7.27 (dJ = 7.2 Hz, 1H),

115.46, 119.34, 123.85, 125.96, 128.39, 128.94, 134.78, 138.89,7.31 (d,J=7.6 Hz, 2H), 7.63 (dJ = 7.6 Hz, 1H), 7.87 (d)

141.03. MS(EI): m'z 543(M"). Anal. Calcd for GH240,Sr: = 8.4 Hz, 2H), 8.02 (s, 1H), 8.57 (s, 1H¥C NMR (CDCL):

C, 48.49; H, 4.44. Found: C, 47.45; H, 4.32. 0 15.40, 21.67, 30.29, 30.98, 31.64, 35.39, 114.09, 119.23,
4.2.3. 3-{3-[4-(1,3-Dioxan-2-yl)phenyl]propylthio4'-meth- 126.65, 128.05, 128.41, 129.81, 130.30, 130.86, 134.84, 135.43,

yl-4,5-ethylenedithiotetrathiafualene @c). Red oil. I1H NMR 140.29, 144.39, 146.71. Anal. Calcd foreH26N20,Ss: C,

(CDCly): 0 1.43 (d,J = 13.7 Hz, 1H), 1.921.96 (m, 2H), 47.67; H, 4.00; N, 4.28. Found: C, 47.17; H, 4.43; N, 3.91.

2.13 (s, 3H), 2.192.24 (m, 1H), 2.70 (tJ = 6.0 Hz, 2H), 4.4.2. 3-[3-(4-Methyl-4,5-ethylenedithiotetrathiafudlen-5-

2.80 (t,J = 7.4 Hz, 2H), 3.26 (s, 4H), 3.97 (§ = 12.3 Hz, ylthio)propyl]benzaldehyde p-toluenesulfonylhydrazoBé).(

2H), 4.24 (ddJ = 4.8, 10.4 Hz, 2H), 5.28 (s, 1H), 7.33 (@,  Orange solid; mp, 7#78°C.*H NMR (CDCl): 6 1.84-1.89

= 8.0 Hz, 2H), 7.80 (d)) = 8.0 Hz, 2H).13C NMR (CDCk): (m, 2H), 2.11 (s, 3H), 2.38 (s, 3H), 2.62.69 (m, 4H), 3.27

0 15.35, 25.77, 30.21, 31.02, 34.06, 35.18, 67.35, 101.59, (s, 4H), 7.15 (dJ = 7.6 Hz, 1H), 7.24 (tJ = 7.6 Hz, 1H),

113.91, 119.28, 126.12, 128.20, 129.12, 130.02, 135.01, 136.64,7.29 (d,J = 7.6 Hz, 2H), 7.35 (s, 1H), 7.40 (d,= 7.6 Hz,

141.62. MS(EI): m/z 543(M*). Anal. Calcd for GoH240,Sy: 1H), 7.73 (s, 1H), 7.87 (d] = 8.4 Hz, 2H), 8.53 (s, 1H)C

C, 48.49; H, 4.44. Found: C, 48.14; H, 4.41. NMR (CDCl): ¢ 15.38, 21.62, 30.24, 30.92, 33.98, 35.10,
4.3. General Procedure for Synthesis of Aldehydes (4a 105.44, 114.01, 115.26, 125.15, 127.49, 127.95, 128.80, 129.66,

). The synthesis oflais representative. A mixture &a (360 130.68, 133.36, 134.94, 135.37, 141.54, 144.24, 147.98. Anal.

mg, 0.66 mmol) and pyridiniump-toluenesulfonic acid (5 mg,  Calcd for GeH26N20,Sg: C, 47.67; H, 4.00; N, 4.28. Found:

0.02 mmol) in acetone (25 mL) and water (5 mL) was refluxed C, 46.35; H, 4.00; N, 4.13.

under nitrogen overnight, and acetone was removed under 4 4.3, 4-[3-(4-Methyl-4,5-ethylenedithiotetrathiafudlen-5-

reduced pressure. The residue was extracted withQGHnd ylthio)propyllbenzaldehyde p-toluenesulfonylhydrazose). (

washed with water. Purification by column chromatography on Red solid; mp, 165166 °C. 'H NMR (CDCly): 6 1.84-1.88

silica gel, using a CbCl,—n-hexane (2:1) mixture as an eluent, (m, 2H), 2.13 (s, 3H), 2.41 (s, 3H), 2.62.73 (m, 4H), 3.30

was performed to afford 250 mg (0.59 mmol)4z (89% yield). (s, 4H), 7.08 (dJ = 8.1 Hz, 2H), 7.24 (dJ) = 8.6 Hz, 2H),
4.3.1. 5-[3-(2-Formylphenyl)propylthio]-4methyl-4,5-ethyl- 7.39 (d,J = 8.1 Hz, 2H), 7.63 (s, 1H), 7.76 (d,= 8.3 Hz,

enedithiotetrathiafulalene @a). Red oil.'H NMR (CDCL): ¢ 2H), 8.16 (s, 1H)13C NMR (CDCk): ¢ 15.37, 21.64, 30.31,

1.88-1.95 (m, 1H), 2.14 (s, 3H), 2.75 (§ = 7.0 Hz, 2H), 30.85, 34.22, 35.21, 100.82, 127.64, 127.98, 128.87, 129.73,

3.14 (t,J = 7.4 Hz, 2H), 3.28 (s, 4H), 7.28 (d, = 7.2 Hz, 131.16, 134.91, 135.42, 141.33, 143.91, 144.27, 146.46, 147.94.

1H), 7.40 (tJ= 7.6 Hz, 1H), 7.52 (tJ = 7.2 Hz, 1H), 7.81 (d, Anal. Calcd for GeH2eN20:Ss: C, 47.67; H, 4.00; N, 4.28.

J = 6.8 Hz, 1H), 10.21 (s, 1H®3C NMR (CDCk): 6 15.34, Found: C, 47.20; H, 4.02; N, 4.24.

30.23, 31.33, 35.49, 105.59, 114.05, 119.19, 126.83, 131.12, 4.5. General Procedure for Syn’[hesis of —X-TTF. The

133.11, 133.77, 134.78, 143.65, 192.48. MS(Hiyz 485(M"). synthesis of G—ortho-TTF is representative. A methanol
Anal. Calcd for GoH1g0Sy: C, 46.88; H, 3.73. Found: C, 46.72;  solution of NaOMe (28%< 102 mg, 0.53 mmol) was added to
H, 3.72. a solution of5a (303 mg, 0.47 mmol) in methanol (30 mL),

4.3.2. 5-[3-(3-Formylphenyl)propylthio]-4methyl-4,5-ethyl- and the mixture was refluxed for 10 min under nitrogen. A
enedithiotetrathiafulalene @b). Red oil.'H NMR (CDCL): 6 toluene (distilled from Cal 20 mL) solution of G (162 mg,
1.91-1.97 (m, 2H), 2.14 (s, 3H), 2.41 (§ = 7.0 Hz, 2H), 0.23 mmol) was successively added to the refluxing mixture,
2.71 (t,J = 7.6 Hz, 2H), 3.29 (s, 4H), 7.457.47 (m, 2H), and the resulting mixture was refluxed for 8 h. After water was
7.69-7.74 (m, 2H), 10.00 (s, 1H}3C NMR (CDCk): ¢ 15.40, added, the mixture was extracted with toluene and washed with
30.28, 30.90, 34.04, 35.20, 105.85, 114.04, 115.18, 119.11,water. The extracts were dried over Mg&S€oncentrated under
127.93, 129.36, 134.86, 135.02, 136.73, 142.15, 192.38.reduced pressure, and purified by column chromatography on
MS(El): mVz 485(M"). Anal. Calcd for GoH1s0S;: C, 46.88; silica gel, using carbon disulfide as an eluent, to afford 4.8 mg

H, 3.73. Found: C, 46.67; H, 3.77. (0.04 mmol) of Go—ortho-TTF in 8.4% yield (27% from reacted
4.3.3. 5-[3-(4-Formylphenyl)propylthio]-4methyl-4,5-ethyl- Ceo).
enedithiotetrathiafutalene @c). Red oil.'H NMR (CDCly): ¢ 4.5.1. 3-{2-[3-(4-Methyl-4,5-ethylenedithiotetrathiaflen-

1.88-1.98 (m, 2H), 2.13 (s, 3H), 2.70 (§ = 7.4 Hz, 2H), 5'-ylthio)propyl]pheny}-3'H-cyclopropal1,9](Go—I1)[5,6]-

2.80 (t,J = 7.4 Hz, 2H), 3.28 (s, 4H), 7.33 (d, = 7.6 Hz, fullerene (Go—ortho-TTF). Dark brown solid; mp, 226222
2H), 7.80 (d,J = 8.2 Hz, 2H), 9.97(s, 1H):3C NMR (CDCk): °C dec.!H NMR (CDCl:CS, = 1:4): 6 1.91 (m, 2H), 2.08 (s,
0 15.35, 30.23, 30.65, 34.50, 35.18, 105.93, 113.93, 114.03,3H), 2.65 (t,J = 7.8 Hz, 2H), 2.82 (t) = 7.6 Hz, 2H), 3.26 (s,
115.02, 119.02, 129.13, 130.04, 134.76, 135.01, 148.37, 191.824H), 4.01 (s, 1H), 7.327.34 (m, 1H), 7.387.40 (m, 2H),
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