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ABSTRACT

Electrolytic A
oxidation
——

Two derivatives of ethylenedioxy-substituted terthiophene

p-doped

neutral

n-doped

[

_In poly-1

—fullerene dyads were newly synthesized as the precursors for polythiophene having

fullerene side chains. By electrolytic oxidation of dyad 1, the charm-bracelet type polythiophene, poly-1, was obtained as a purple film, which
showed electrochemical activity, electrochromism, and photoelectronic response.

Preparation of composite materials made of fullerepsa€

a typical electron acceptor amddonating polymers has been
attracting great interest from the viewpoint of fundamental
chemistry-? as well as practical applicatioA$:or the purpose

of application, fixation of the g cages on the-conjugated
polymer by covalent bonds is superior to simple mixing of
the polymer and € because phase separation and/or
aggregation of each component can be prevehtedly-
thiophenes (PTs) are typicat-donating polymers, and

T Institute for Chemical Research, Kyoto University.

*NTT Basic Research Laboratories, NTT Corp.

8 International Innovation Center, Kyoto University.

(1) Martin, N.; Sanchez, L.; lllescas, B.; Pérezdhem. Re»1998,98,
2527 and references therein.

(2) Diederich, F.; Gomez-L6pez, MChem. Soc. Re1.999,28, 263 and
references therein.

(3) For example, see: Brabec, C. J.; Sariciftci, N. S.; Hummelen, J. C.
Adv. Funct. Mater2001,11, 15.

(4) Cravino, A.; Sariciftci, N. SJ. Mater. Chem2002,12, 1931.

10.1021/0l048081h CCC: $27.50
Published on Web 12/04/2004

© 2004 American Chemical Society

several PTs bearing fullerene subunits have been synthesized
from bithiopheneor from terthiopherfemonomers. Recently,
oligothiophenes having d¢ as end group(s) have been
prepared and their use for a photovoltaic device was
reported. Compared with these PTs with absorption at400
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sorbs at longer wavelength such as 6108 nwmith more
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coupling and Sonogashira coupling in good yields from
2-trimethylstannyl-3,4-ethylenedioxythiophéttéollowed by
desilylation. The lithium acetylide generated from ethynyl-
terthiophene5 was added to a solution of ¢&in o-
dichlorobenzene (ODCB) at room temperature. The resulting
ethynylated fullerenyl anion was treated with either methyl
iodide or tosyl cyanide to give fullerergerthiophene dyad

1 or 2, respectively. The structure dfwas determined as
the 1,2-adduct of g with Cs symmetry by*H and'3C NMR,

. ) MS, IR, and UV~vis spectroscopy: thBC NMR spectrum
efficient harvesting photons. Recently, EDOT has attracted oy hibited 42 signals in the 3garbon region and the UY
more attention as the building block for-conjugated g spectrum indicated an absorption maximum at 709 nm
systems, which have unique properties such as enhanceqgigre 1). The UV—vis spectrum @&was quite similar to
_zr—dlolno.r ability? low band gag? and electrochromic behav- ¢ o1 (Figure 1), indicating that there is no interaction
ior.*! Since thea—f and f—f mislinkage is forbidden by paryeen the donor and acceptor moieties in the ground state.

blocking thef3 positions of the thiophene unitshe polymer Unfortunately, the extremely low solubility &did not allow
PEDOT also has the advantage of having a regiochemically i ¢, rther characterization.

defined structure. Here, we report the synthesis and elec- o redox behavior ofl was investigated by cyclic
tr(_)polymeriza_tion_ of twq ethylenedioxy-substituted_ter- voltammetry (CV) in ODCB (glassy carbon (GC), 0.1 M
thiophene derivatives having a@age connected byatrlp!e Bu:NBF, scan rate 0.1 V&). As shown in Figure 2a, an
bO”P‘: as thg d_onerraccep.tor hybrid polymer. A.nucleoph|l|c irreversible anodic peak and three reversible cathodic waves
addition of lithium acetylide was used to modifydowhich a6 ohserved at the first scan, corresponding to oxidation
can further introduce Fhe secqnd group of choice onto the ¢ e terthiophene unit and reduction of the Goiety Ep
Ceo cage by electrophilic reactiod. , +0.49 andEy, —1.14, —1.53, and—2.08 V vs Fc/Fe).

The synthetic route for dyadsand2 is shown in Scheme o mnared with unsubstituted terthiophene—fullerene dyads
1. Thus, ethynylterthiophen® was prepared by Stille (E,a +0.82)6 the oxidation potential was found to be

significantly lowert2%3indicating an enhanced donor ability

1) n-BuLi / THF
—_—
2) Cgo/ ODCB

3) Mel or TsCN 1: Ry, = CHj (64%)
2:R,=CN (10%)
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Figure 3. Electronic absorption spectra of palyfilm on an ITO
electrode at various applied potentials in MeCN (0.1 MyBBF,,

V vs Fc/Fc). The peak at around 1400 nm is attributed to an
absorption of the ITO electrode.

peared with the concomitant development of a new broad

peak at around 1500 nm corresponding to the typically ob-

served absorption of the cationic or p-doped state of PEDOT

polymerst! which resulted in color change of the pdlyfilm

to green (Figure 3, green line). On the other hand; &i6

V corresponding to the second reduction of thg @oiety

.05 0 05 10 15 20 (Figure 3, blue line), the absorption band in the visible region
Potential (V vs Fc / Fc™) gentering .at 550 nm grew up with the c_olor changg qf the

film to bluish purple. This color change is characteristic of

Figure 2. Cyclic voltammograms (0.1 M BNBF,, scan rate 0.1  that observed upon reduction ofdllerivatives as has been

V s7) of (a) dyadlin ODCB and (b) polyt on a glassy carbon  reported for a G-charm-bracelet-type polythiopheffe.

electrode in MeCN. Although the color change was reversible in the potential

range betweent0.4 and—1.2 V, it became irreversible

beyond the stage of the second reduction gf €1.6 V),

and the bluish purple film was peeled off from the glass

electrode. This is attributed to disintegration of the ITO

substrate itself because a clear voltammogram of the poly-

film with three reduction waves has been observed at the

potential range oft-0.7 to —2.1 V, when a GC electrode

was employed instead of an ITO electrode (Figure 2b).

An atomic force microscopy (AFM) was conducted for
the surface of the polg-film. Particles of 206-300 nm in
diameter were observed (Figure 4a) together with up-and-
downs with about 2630 nm height in the cutout view
(Figure 4b). These particles are considered to be formed by
anionic electrolytes (BF) acting as the cores during the
polymer growth in the oxidative polymerizatidh.

Photoelectrochemical measurements were performed in a

Current

The CV in MeCN (0.1 M BuNBF,) of the poly4 film
electrodeposited on the GC working electrode exhibited a
voltammogram with one anodic wave and three cathodic
waves atEy, +0.24 andE;;, —0.94,—1.40, and—1.90 V,
respectively (Figure 2b). This oxidation wave was also
shifted to less positive potential than that of a polymer film
obtained by electropolymerization of the unsubstituted ter-
thiophene—@, dyad (B, +0.63)8 The first reduction peak
of the Gy cage at—0.98 V is broad, which could be due to
reorganization of the film structure taking place during the
formation of the monoanionic speci&s.

A clear electrochromism was observed when CV was
conducted on the polg-film deposited on an indiumtin
oxide (ITO) electrode. The absorption spectra of polynl
the ITO electrode recorded at different potentials are shown . -
in Figure 3. The neutral polymer, which was purple in color, O.'l M NaSQ, agueous solution contammg 5 mM methyl
showed a broad absorption band corresponding tarthe* wologen by using the pon-;-deposﬂed ITO electrode as a
transition of PEDOTS at 586600 nm at a potential 0£0.6 working electrode gnd a platinum count.er e[ectrode. Robust
V (Figure 3, red line). When an oxidation potential was and stable poly-Tilms up to 300 nm in thickness were

. : ) «an. successfully fabricated on ITO by electrochemical polym-
applied to this polymer at0.4 V, the 600-nm band disap erization as described above. Figure 5 shows a typical
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Figure 5. Photocurrent response of palyfTO irradiated with a
halogen lamp at-100 mV of bias vs Ag/Ag in 0.1 M N&SO,

5 agueous solution containing 5 mM methyl viologen.

and the efficiency would be further increased by optimizing
the device design and measurement conditions.

In summary, we synthesized novel ethylenedioxy-substi-
tuted terthiophenefullerene dyad4 and2 with a triple bond
Figure 4. AFM images of (a) the surface and (b) the cutout view Connector. The electrochemical oxidation of dyadoby
(along blue-line in (a)) of the pol{-film deposited on an ITO repetitive CV scans gave a corresponding polymer on the
electrode. electrode. Polyt was electroactive on both p- and n-dope
states and exhibited electrochromism. A preliminary study

o ) revealed a photoelectrochemical response, which implies the
(50 mW/cn#) at —100 mV bias against an Ag/Ageference  grganic solar cells.

electrode. As shown, a significant cathodic photocurrent was
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