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An amphiphilic tetrathiafulvalene (1) was prepared by condensation of tetrathiafulvalene-4-carboxylic acid with
reduced Triton X-100 to avoid crystallization. Its charge-transfer (CT) complexation behaviors were examined with a
strong electron acceptor, i.e., 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), in solutions. Although tetrathiafulva-
lene, (4-tetrathiafulvalenyl)methyl acetate (2), and methyl tetrathiafulvalene-4-carboxylate (4) reacted with DDQ to pro-
duce a dark red precipitates in CHCI3 and (4-tetrathiafulvalenyl)methyl stearate (3) with DDQ formed black red colloi-
dal dispersions in CHCls, an equimolar amount of DDQ with 1 in CHCl; formed a dark red solution without any pre-
cipitates. The UV spectrum of the solution of 1 and DDQ in CHCI3 shows a broad peak in near-IR regions. The absorp-
tion maximum at 1300 nm (€ = 3.8 x 10> M~ cm™!) that is tailing to beyond 2000 nm is derived from 7-stacked
arrangement of the TTF moiety and DDQ. UV-vis absorption spectra of 1 with DDQ in several organic solvents,
i.e., acetonitrile, acetone, CH,Cl,, toluene, and CCly, show that the CT complexation behavior of 1 was highly depend-

ent on the solvent polarity.

Derivatives of dithiafulvene, including tetrathiafulvalene
(TTF), act as electron donors and form charge-transfer (CT)
complexes with organic and inorganic acceptor species.'~
These CT complexes and radical ion salts are extensively stud-
ied in the solid state due to their conductive properties. Electri-
cally conducting organic crystals have high charge mobilities
but are usually impractical. Several approaches to solve
this problem have been reported, including polymers,*”°
Langmuir-Blodgett films,'® and liquid crystals.'! Polymers
have good processability but usually low electrical mobilities.
One of the interesting fields is the preparation of “molecular”
scale components based on TTF by utilizing self-assembly
principles.!>!3 A gel-forming bis-arborol-TTF derivative was
prepared and its absorption spectra were recorded in its gel
state after oxidized with iodine.'* After the TTF moiety self-
assembled, the components are easily oxidized to the cation
radical. These concepts are based on the idea that TTF moiety
assembly is assisted by assembled groups in addition to the
CT interaction. However, few studies of CT complexes of
TTF derivatives in the solution state have been reported, since
the TTF moieties tend to crystallize by charge transfer with
strong acceptors such as TCNQ or DDQ in the solution.

TTF-based crystals grow in the direction of their c-axis with
specific CT interaction of the resulting TTF cation radical with
the remaining neutral TTF. If substituent groups are introduced
to a TTF moiety, crystal growth of the TTF cation radical with
remaining neutral TTF would be disturbed. Here, we report
preparation of a tetrathiafulvalene substituted with an amphi-
philic oligomeric unit to avoid crystallization and its CT com-
plexation behaviors with a strong electron acceptor, i.e., 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), in solutions.
The resulting amphiphilic TTF derivative was soluble in
non-polar organic solvents as well as in water. A wide range

of solubility should be of advantage for studies of CT interac-
tion which depends on a solvent polarity. Specific aggregation
behaviors would be expected from its amphiphilic character.
We found that the amphiphilic TTF derivatives formed a 1:1
CT complex in CHCls, in which the characteristic CT absorp-
tion band observed at near-IR region derived from a 7r-stacked
arrangement of the TTF moiety and DDQ in the solution. To
our knowledge, this is the first report for a soluble CT complex
of an intermolecular 7-stacked arrangement of a 77-donor and
a Jr-acceptor in a homogeneous solution.

Experimental

Materials and Methods. Unless stated otherwise, all reagents
and chemicals were obtained from commercial sources and used
without further purification. Solvents were dried and distilled
under nitrogen atmosphere. Reduced Triton X-100 was obtained
from Aldrich Chem. Co. Tetrathiafulvalene-4-carboxylic acid,
(4-tetrathiafulvalenyl)methyl acetate (2), and (4-tetrathiafulval-
enyl)methyl stearate (3) were prepared according to the litera-
ture.'> Methyl tetrathiafulvalene-4-carboxylate (4)'® was prepared
analogously to 1.

'"HNMR spectra were recorded on a 400 MHz JEOL NMR
spectrometer. UV-vis absorption spectra and near-IR spectrum
were obtained on a JASCO V-530 and a PerkinElmer Lambda
800, respectively. Vaper pressure osmometry was performed on
a Knauer K-7000.

Synthesis of Amphiphilic TTF (1). To a stirred solution of
tetrathiafulvalene-4-carboxylic acid (347 mg, 1.40 mmol) and re-
duced Triton X-100 (911 mg, 1.40 mmol) in 30 mL ethyl acetate
under nitrogen atmosphere, dicyclohexylcarbodiimide (500 mg,
2.42 mmol) and 4-dimethylaminopyridine (30 mg, 0.25 mmol)
were added. The mixture was refluxed for 12 h. After cooling,
the precipitated dicyclohexylurea was removed by filteration and
the solution was evaporated in vacuo. Column chromatography
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(silica gel) using ethyl acetate as eluent gave 1 as a brown oil;
yield: 303 mg (25%).

'"HNMR (400 MHz, acetone-ds/TMS) 8 0.8-2.1 (m, 26H), 3.4—
3.8 (m, 39H), 4.37 (t, 2H), 6.35 (s, 2H), 7.40 (s, 1H).

Results and Discussion

We have prepared several TTF derivatives. The amphiphilic
TTF (1) was prepared by condensation of tetrathiafulvalene-4-
carboxylic acid with reduced Triton X-100 (Scheme 1). The
'"HNMR confirmed quantitative introduction of the TTF unit.
The amphiphilic TTF was soluble in common organic solvents
such as toluene, CHCls3, acetonitrile, and THF as well as in wa-
ter. According to the 'HNMR spectrum and elemental analysis
data of 1, 7 wt % of dicyclohexylurea was contaminated even
after purification by silica column chromatography. (4-Tetra-
thiafulvalenyl)methyl acetate (2) and stearate (3) were pre-
pared according to the reported method (Chart 1)."> A methyl
ester of TTF (4) was also prepared for checking the effect of
the electron-withdrawing character of COOR directly attached
on the TTF unit.

In CHCI;, TTF reacted with DDQ to produce a dark red pre-
cipitate. The combination of TTF and both methyl esters 2 and
4 also formed dark red precipitates in CHCl;. DDQ and 3
formed black red colloidal dispersions in CHCl;. An equimo-
lar amount of DDQ was added to a solution of (0.52 mM) 1 in
CHCl3, and the mixture was stirred for 5 min at room temper-
ature. The solution gradually turned to dark red without any
precipitates. These results show that the amphiphilic unit
avoids precipitation in the solution.

The UV spectrum of the solution of 1 and DDQ in CHCI3
shows broad peak in near-IR regions, with the absorption max-
imum at 1300 nm (€ = 3.8 x 10> M~ cm™!) tailing to beyond
2000 nm (Fig. 1). No clear peak appeared at around 590 nm
assignable to the anion radical of DDQ,!” while the cation radi-
cal of TTF!® was recognized. Segregated stacked crystalline
CT complexes of TTF such as TTF—chloranil CT salts show
bands around 1300 nm.!° These results suggest that a 7-
stacked arrangement of the TTF moiety and DDQ was formed
in the solution.

Abs.

m

400 800 1200 1600 2000

wavelength / nm

Fig. 1. Near-IR absorption spectrum of 1 in CHCl;3 at room
temperature.

The reversibility of the complex formation was confirmed
by monitoring the CT band by changing the temperature. Heat-
ing the solution at 60 °C for 10 min resulted in a decrease of
the CT absorption. When the solution was left at room temper-
ature after heating, the absorption of the CT band returned to
the same value, indicating the formation of the CT complex.
In the "HNMR spectrum of 1 with DDQ in CDCls, the proton
of the TTF moiety of 1 disappeared (Fig. 2). Broadening of the
poly(oxyethylene) moiety was also observed. This indicates a
significant spin concentration on the donor and acceptor moie-
ties. Recently, TTF-s-polynitrofluorene diads showed similar
broad CT bands at 1300 nm in non-polar organic solvents
and paramagnetic broadening in 'H NMR analysis in CDCl;3.2°

A spectrophotometric dilution analysis was performed in
CHCI;5 at 900 nm at 25 °C yielded an association constant
(K,) of 3 M~!. Vaper pressure osmometry (VPO), a traditional
technique to measure the number-average molecular weight of
a solute in a solution, has proven useful for the studies of non-
covalent aggregation. VPO measurements were made on 1
with DDQ in CHCl;s at 40 °C, using benzil for calibration.
The quotients of vapor pressure signal over concentration were
plotted against the concentration ([C]). The number-average
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Fig. 2. '"HNMR spectra of 1 and 1 with DDQ in CDCl;.

molecular weight (M,) value, inversely proportional to the in-
tercept at [C] = 0, was determined as 797 gmol~'. If 1 and
DDQ individually existed in the solution after charge transfer,
the M, value should be 555. On the basis of the assumption
that 1 and DDQ form a 1:1 complex, K, is calculated to be
4 M~'. This value was in good agreement with that of the
spectrophotometric dilution analysis. The results support the
conclusion that the CT complexes are formed in the solution.

The CT complex of 1 with DDQ in CHCl; dissociated into a
neutral 1 by addition of ferrocene as a donor. After addition of
4 equivalent molar amounts of ferrocene in CHCls, black pre-
cipitates were formed. The UV—vis absorption spectrum of the
solution after removing the black precipitates shows no CT
band, but a small peak at 590 nm assignable to the anion radi-
cal of DDQ (Fig. 3). The '"HNMR spectrum of the CT com-
plex of 1 with DDQ in CDCI3 with DDQ after addition of fer-
rocene showed the peaks corresponding to the TTF moiety.
These results indicate that the CT complex of 1 with DDQ dis-
sociated into neutral 1 by removal of the CT salts of DDQ and
ferrocene as precipitates.

Figure 4 shows the UV-vis absorption spectra of 1 with
DDQ in several organic solvents. No CT bands derived from
7r-stacked arrangement of the TTF moiety and DDQ were ob-
served in acetonitrile or acetone. Shoulder peaks at ca 540 and
590 nm assignable to the anion radical of DDQ were more
clearly observed than those in CHCl; along with the CT ab-
sorption band. Polar solvents promote charge transfer from a
donor to an acceptor in their ground states due to stabilization
of the resulting CT salt. The UV spectrum of the solution of 1
and DDQ in CH,Cl, also shows broad peaks in near-IR re-
gions. The degree of the formation of the cation radicals and

Bull. Chem. Soc. Jpn., 78, No. 3 (2005) 521

400 500 600 700 800 900 1000
wavelength (nm)

Fig. 3. UV-vis absorption spectra of 1 with DDQ in CDCl;
before (a) and after (b) addition of ferrocene.
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Fig. 4. UV-vis absorption spectra of 1 with DDQ in (a)
CCly, (b) CH)Cl,, (c) acetone, (d) toluene, and (e)
CH;CN.

DDQ anion radicals in CH,Cl, was higher than that in CHCls,
which can be explained by the solvent polarity. In toluene, nei-
ther CT band nor radical ions were observed, indicating that no
CT complex was formed in the less polar solvent. DDQ was
added in CCly solution of 1, resulting in new peaks at A =
750 nm and 1000 nm (Fig. 4). These new peaks are presuma-
bly due to TTF dimers or oligomers, and they are observed in
7t-stacks of TTF salts in the crystalline state.'®

Conclusion

We have demonstrated that the amphiphilic TTF derivatives
formed a 1:1 CT complex in CHCls, in which characteristic
CT absorption band observed at near-IR region was derived
from 7-stacked arrangement of the TTF moiety and DDQ in
the solution. The amphiphilic oligomeric unit attached on the
TTF unit avoid crystals growth in the direction of their c-axis
with specific CT interaction of the resulting TTF cation radical
with the remaining neutral TTF in solution. Crystallization of
TTF unit was less avoided by long alkyl chains. Since TTF it-
self is soluble in all the solvents tested, the CT complexation
behavior of 1 was dependent on the solvent polarity. Assembly
of a TTF moiety of TTF derivatives modified with long alkyl
chain would be expected in hydrophobic solvents such as par-
affin since the TTF moiety is insoluble in these solvents.



522 Bull. Chem. Soc. Jpn., 78, No. 3 (2005)

We would like to thank Dr. Yoji Misaki at Kyoto University
for the near-IR absorption spectra analysis.

References

1 M. R. Bryce, Chem. Soc. Rev., 20, 335 (1991).

2 T. K. Hansen and J. Becher, Adv. Mater., 5, 288 (1993).

3 M. R. Bryce, J. Mater. Chem., 5, 1481 (1995).

4 Y. Ueno, Y. Masuyama, and M. Okawara, Chem. Lett.,
1975, 603.

5 C. U. Pitman, Jr., Y.-F. Liang, and M. Ueda, Macromole-
cules, 12, 541 (1979).

6 S. Frenzel, S. Arndt, M. R. Gregorious, and K. Miillen,
J. Mater. Chem., 5, 1529 (1995).

7 T. Yamamoto and T. Shimizu, J. Mater. Chem., 7, 1967
(1997).

8 K. Naka, T. Uemura, and Y. Chujo, Macromolecules, 31,
7570 (1998).

9 K. Naka, T. Uemura, and Y. Chujo, Polym. J., 32, 435
(2000).

10 M. Vandevyver, Thin Solid Films, 210/211, 240 (1992).

11 R. Andreu, J. Barbera, J. Garin, J. Orduna, J. L. Serrano,
T. Sierra, P. Leriche, M. Salle, A. Riou, M. Jubault, and A.

Amphiphilic Tetrathiafulvalene Derivative

Gorgues, J. Mater. Chem., 8, 881 (1998).

12 M. B. Nielsen, C. Lomholt, and J. Becher, Chem. Soc.
Rev., 29, 153 (2000).

13 J. L. Segura and N. Martin, Angew. Chem., Int. Ed., 40,
1372 (2001).

14 M. Jorgensen, K. Bechgaard, T. Bjoernholm, P. Sommer-
Larsen, L. G. Hansen, and K. Schaumburg, J. Org. Chem., 59,
5877 (1994).

15 J. Garin, J. Orduna, S. Uriel, A. J. Moore, M. R. Bryce,
S. Wegener, D. S. Yufit, and J. A. K. Howard, Synthesis, 1994,
489.

16 R. A. Aitken, L. Hill, and N. J. Wilson, Tetrahedron Lett.,
40, 1061 (1999).

17 J. S. Miller, P. J. Krusic, D. A. Dixon, W. M. Relff, J. H.
Zhang, E. C. Anderson, and A. J. Epstein, J. Am. Chem. Soc., 108,
4459 (1986).

18 J. B. Torrance, B. A. Scott, B. Welber, F. B. Kaufmann,
and P. E. Seiden, Phys. Rev. B, 19, 730 (1979).

19  S. Matsuzaki, T. Moriyama, M. Onomichi, and K. Toyoda,
Bull. Chem. Soc. Jpn., 56, 369 (1983).

20 D. F. Perepichka, M. R. Bryce, A. S. Batsanov, E. J. L.
Mclnnes, J. P. Zhao, and R. D. Farley, Chem.—Eur. J., 8, 4656
(2002).



