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Tetrathiafulvalene (TTH)is known as an organic conductive
material whose high electron conductivity is originated from their
m-stacked columnar structures in its single crystakeducing the
dimensional parameters of the bulk materials matrix from the three-
dimensional crystal structure into the one-dimensional columnar
structure gathers strong attention since this concept would furnish
the functional nanowiréswhich are key materials in advanced
nanosciences. Recently, we reportetiockbased low molecular-
weight gelators that gave extremely elongatestacked assemblies
through the strong— interaction! On the basis of this knowledge,
we have developed a TTF-based low molecular-weight gel in which
TTF cores stack with each other to give one-dimensional TTF
aggregates, and upoa doping, the one-dimensional aggregates

show a characteristic near-infrared (NIR) absorption band at room §
temperature assignable to a mixed-valence state, which is known §

to be indispensable for constructing conductive nanowires.

We have newly designed a TTF gelatd)* having a 3,4,5-
trialkoxybenzoic acid backbone as a gel-forming segf@tigure
1la). CompoundL shows fine gelating properties in hydrocarbon

solvents, such as hexane, decane, and cyclohexane, and their critica: ™ '

gelation concentrations are about 10 gdifTable S1). A<l gives

very transparent gels, they are very suitable for optical analyses
without any light scattering effect (Figure 1b). In addition, the
hexane gel oflL has a very viscous property (Figure 1c) at high
concentration unlike those of other stiff (sometimes fragile) low
molecular-weight gels. This property is advantageous for preparing
the elastic film in which the gel fibers are anisotropically arranged
(vide post)’

To obtain visual images of the assembledwe analyzed the
samples with transmission electron microscopies (TEM). For the
TEM observations, a carbon-coated copper grid was immersed in
the hexane gel at relatively low concentration (50 g-énand dried
for 12 h in a desiccator. As seen in Figure 2a, well-developed
fibrous structures are observed in the TEM image. This morphology
implies that TTF molecules stack with each other, forming one-
dimensional wire-like superstructures. Next, the grid was immersed
in the hexane gel df at high concentration (100 g di¥) and pulled
up vertically from the gel. After dried, the sample was examined
by TEM. As seen in Figure 2b, the fibers are composed of the
one-dimensionally assemblddvith less than 20 nm in width and
more than several micrometers in length. Very interestingly, the
fibers are highly aligned into the one direction, in accord with that
prepared at low concentration. Thus, this gel offers a very simple
method to cover the large area with the parallel-oriented TTF-based
nanowires, leading to production of thin films with anisotropic
conductivity.

T Kyushu University.
*ITMC/TexMC.
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Figure 1. (a) Chemical structure ol and photographs showing (b)
transparent and (c) viscous nature of the gel prepared franth hexane
(100 g dnt3).
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Figure 2. TEM images of the hexane gel df the samples were prepared
at (a) 50 g dm? and (b) at 100 g drr?.

It is well-known that conductivity of TTF assemblies is due to
its aggregation manner; that is, TTF molecules should stack with
each other and form the one-dimensional columnar structure. To
obtain the structural insight into the assembleid the gel phase,
XRD analyses were applied to this gel system. The cyclohexane
gel of 1 (150 g dnT3) was freeze-dried, and the resultant xerogel
of 1 was subjected to XRD analyses. An XRD profile of the xerogel
shows the appearance of strong peakst23.0° (100), 6.0
(110 and 200), and 7°§210), which are reasonably assigned to a
rectangular structure whose cell parametea is 29.5 A b = 17
A, andc = 4.4 A (Figure S1). Each cell consists of two molecules
of 1, and their alkyl substituents, solvophilic with cyclohexane,
occupy the outer phase and the TTF molecules occupy the core
due to the solvophobicity against cyclohexane. Actually, the AFM
image (Figure S2) of the assembtkedast on HOPG by spin-coating
shows the thinnest fibers having a height of 14 A, which is
consistent with a single fiber composed of dimelicd = 17 A).
Figure 3a shows a simulation of a stack of 12 TTF gelatbydy
means of force field calculations (MMFF, vacuum, TNCG mini-
mization to gradient below 0.001 kJ/mol). In the simulated structure,
one can find reasonable TTF stacks, which is consistent with the
XRD profile and the AFM observations df gel.

With such assembletlin hand, we estimated the electropotential
of the gel fibers. The hexane gel bfvas cast on an ITO electrode
and dried for 10 days under ambient conditions to remove the
solvent. The resultant gel fibers on the ITO electrode were subjected
to the analyses by cyclic voltammetry (tetrabutylammonium
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Figure 3. (a) Force field calculations of 12 molecules band (b) NIR
spectra of the assemblddprepared from hexane gel G4f(1.0 g dnr3).

phosphate: 50 mM, reference electrode: Ag/AgCl, counter elec-
trode: Pt wire, scan rate: 100 mV/s, Figures S3 and S4). The
obtained cyclic voltammogram of the assembleshows the first
oxidation potential at 0.62 V (vs SHE) and the second oxidation
potential at 0.96 V (vs SHE)n acetonitrile. Meanwhile, oxidation
potentials of naked TTF (15 mM) in acetonitrile are observed at
0.62 and 1.1 V (vs SHE) for the first and the second oxidation
potentials, respectively. Althoughhas an amide substituent which
may act as an electron-withdrawing group, the first oxidation
potential of the assembleldis the as same as that of naked TTF,
and the second one is observed at the slightly lower potential. In
solution,1 (6.0 mM in benzonitrile) possesses oxidation potentials
at 0.66 and 1.2 V (vs SHE) for the first and second oxidation
potentials, respectively, which are higher than those of naked TTF
under the same conditions (0.57 and 1.1 V vs SHE for the first

and second oxidation potentials, respectively). These results clearly

show that the oxidation potentials of the assemtleédcome lower
owing to the stabilization effect arising from the stromg-z
interaction. Suchr-stacked TTF aggregates are expected to show
a mixed-valence state upon appropriate doping with oxidation
reagents. It is known that lacts as a suitable oxidation reagent
because it has reduction potentials at 0.615 V (fovs SHE) and
0.784 (for k=, vs SHE)? One can expect, therefore, that the
assembled would undergo the one-electron oxidation to generate
the radical cation species @f

To construct TTF nanowires composed Iofn the gel phase,
the hexane gel of (10 g dnv3) was placed on the sidewall of a
quartz cell and dried for 5 min. Then, the drigdel was subjected
to I, doping in an }-saturated desiccator for 10 min. The MR
UV —vis absorption spectral analyses of this sample revealed that
the L-doped nanowires show a characteristic absorption band at
850 nm, which is assignable to the dimeric radical cation species
of the TTF core £-dimers). Interestingly, the-ddoped nanowires
composed ofl show a characteristic absorption band at 1750 nm
at room temperature after removing the excese vacuo, which
is assignable to the mixed-valence state of the stacked TTRore.
Time-dependence NHRUV —vis absorption spectral analyses dur-
ing the removal of J process clearly show that the absorbance at

around 1750 nm gradually increases with the decrease in the ab-

sorption band at around 850 nm (Figure 3b). This striking observa-
tion supports the view that the TTF coreslaire assembled through
the strongr—x stacking to give one-dimensional columnar struc-

tures, and the assembled TTF cores form the mixed-valence state.

In summary, we have demonstrated that the one-dimensional
columnar structure, characteristic of a low molecular-weight gel
system, is useful as a potential strategy for construction of TTF
nanowires. An unexpected result is that the obtained gel possesses
the high viscosity, which has enabled us to prepare the highly
aligned self-assembled TTF fibers on the surface. In addition, the
mixed-valence state of the TTF stack was observed updoding
as a characteristic absorption band at the NIR region, which is
indispensable to the conductivity generation. These findings
consistently indicate that the low molecular-weight gel system is
able to provide novel soft materials for electrochemistry.

Acknowledgment. This work was partially supported by Grant-
in-Aid for Young Scientists (B) (No. 16750122), JSPS fellows (for
M.S. and S.-i.K.), and the 21st Century COE Program, “Functional
Innovation of Molecular Informatics” from the Ministry of Educa-
tion, Culture, Science, Sports and Technology of Japan.

Supporting Information Available: Synthesis and gelation proper-
ties of1. Cyclic voltammogram, XRD analyses, and AFM observation
of 1 gel. This material is available free of charge via the Internet at
http://pubs.acs.org.

References

(1) (a) Wudl, F.; Smith, G. M.; Hufnagel, E.J.Chem. Soc., Chem. Commun.
197Q 1453-1454. (b) Nielsen, M. B.; Lomholt, C.; Becher, Ghem.
Soc. Re. 2000 29, 153-164. (c) Segura, J. L.; Martin, Mngew. Chem.,
Int. Ed 2001, 40, 1372-1409. (d) lyoda, M.; Hasegawa, M.; Miyake, Y.
Chem. Re. 2004 104, 5085-5113.

(2) (a) Ferraris, J.; Cowan, D. O.; Walatka, V. V.; Perlstein, JJHAm.
Chem. Soc1973 95, 948-949. (b) Coleman, L. B.; Cohen, M. J.;
Sandman, D. J.; Yamagishi, F. G.; Garito, A. F.; Heeger, Salid State
Commun 1973 12, 1125-1132.

(3) (a) Jagrgensen, M.; Bechgaard, K.; Bjornholm, T.; Sommer-Larsen, P.;
Hansen, L. G.; Schaumburg, B. Org. Chem1994 59, 5877-5882. (b)
Schoonbeek, F. S.; van Esch, J. H.; Wegewijs, B.; Rep, D. B. A.; de
Haas, M. P.; Klapwijk, T. M.; Kellogg, R. M.; Feringa, B. lAngew.
Chem., Int. Ed1999 38, 1393-1397. (c) Gall, T. L.; Pearson, C.; Bryce,
M. R.; Petty, M. C.; Dahlgaard, H.; Becher,Bur. J. Org. Chem2003
3562-3568. (d) Hill, J. P.; Jin, W.; Kosaka, A.; Fukushima, T.; Ichihara,
H.; Shimomura, T.; Ito, K.; Hashizume, T.; Ishii, N.; Aida, $cience
2004 304, 1481-1483. (e) Sly, J.; Kdda P.; Gomar-Nadal, E.; Rovira,
C.; Gariz, L.; Thordarson, P.; Amabilino, D. B.; Rowan, A. E.; Nolte,
R. J. M.Chem. Commur005 1255-1257.

(4) (a) Ikeda, M.; Takeuchi, M.; Shinkai, &hem. Commur2003 1354-
1355. (b) Sugiyasu, K.; Fujita, N.; Shinkai, 8ngew. Chem., Int. Ed.
2004 43, 1229-1233. (c) Shirakawa, M.; Fujita, N.; Shinkai, $.Am.
Chem. Soc2005 127, 4164-4165. (d) Kishida, T.; Fujita, N.; Shinkai,
S.J. Am. Chem. So®005 127, 7298-7299. (e) Kawano, S.-i.; Fujita,
N.; Shinkai, S.Chem—Eur. J.2005 11, 4735-4742.

(5) Green, D. CJ. Org. Chem1979 44, 1476-1479.

(6) (a) Beginn, U.; Sheiko, S.; Mier, M. Macromol. Chem. Phy200Q 201,
1008-1015. (b) Beginn, U.; Tartsch, BChem. Commur2001, 1924~
1925.

(7) Pisula, W.; Menon, A.; Stepputat, M.; Lieberwirth, I.; Kolb, U.; Tracz,
A.; Sirringhaus, H.; Pakula, T.; Mien, K. Adv. Mater. 2005 17, 684—
689.

(8) de Cremiers, H. A.; Clavier, G.; Ilhan, F.; Cooke, G.; Rotello, V.Ghem.
Commun2001, 2232-2233.

(9) Qi, P. H.; Hiskey, J. BHydrometallurgy1993 32, 161-179.

(10) (a) Torrance, J. B.; Scott, B. A.; Welber, B.; Kaufman, F. B.; Seiden, P.

E.Phys. Re. B1979 19, 730-741. (b) Spanggaad, H.; Prehn, J.; Nielsen,
M. B.; Levillain, E.; Allain, M.; Becher, JJ. Am. Chem. So€00Q 122,
9486-9494. (c) Hasegawa, M.; Takano, J.; Enozawa, H.; Kuwatani, Y.;
lyoda, M. Tetrahedron Lett2004 45, 4109-4112.

JA0552038

J. AM. CHEM. SOC. = VOL. 127, NO. 43, 2005 14981



