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In recent years, there has been tremendous research
interest in the design and synthesis of narrow band gap
(Eg) electroactive polymers because of their unique
optoelectronic properties, which includes high visible
light transparency as doped conductors, their ability to
be p- and n-type doped, and the possibility of metallic
conduction of zero Eg polymers.1 Our group has devel-
oped an interest in these polymers as they can exhibit
multicolor electrochromism with three distinct color
states in the neutral, reduced, and oxidized forms.2 A
number of structural parameters control the optical
properties of narrow Eg polymers, which include the
manipulation of bond length alteration, inter-ring tor-
sion angle, resonance energy, interchain effects, and
substituent effects.1 Among these methods, electron-
releasing or -withdrawing substituents have been used
as extremely versatile means for tuning the Eg by
modification of the HOMO and LUMO levels of conju-
gated polymers. The use of alternating donor-acceptor
(D-A) units along the main chain falls into this
category.3

Here, we report on a new narrow gap, redox-active
D-A conjugated polymer composed of the highly electron-
rich dimer unit of 3,4-ethylenedioxythiophene (EDOT)
alternated with a silole repeat unit, which presents a
low LUMO level. EDOT is electron-rich because of the
presence of electron-donating alkoxy substituents on
thiophene, which effectively elevates the HOMO energy
level of the backbone. Its polymer (PEDOT) stands out
for its high degree of visible light transmissivity (Eg )

1.6 eV) and high environmental stability in the conduct-
ing state, along with a propensity toward multiple redox
switches due to its ease of oxidation.4 Silole derivatives
have been utilized as a building blocks for conjugated
polymers because of their unique electronic structure.5
They have a low-lying LUMO level, which is ascribed
to the σ*-π* interaction in the ring, that is, the orbital
interaction between the σ* orbital of the two exocyclic
σ bonds on the silicon with the π* orbital of the
butadiene moiety.6 In addition, the cisoid-1,3-butadiene
fragment of the silole may impart gap-narrowing char-
acteristics to copolymers with heterocyclic repeat units.
This has been illustrated for thiophene-silole copoly-
mers of varying composition where the band gap could
be controlled by the ratio of the components.5h

Specifically, we have synthesized 1,1-dihexyl-3,4-
diphenyl-2,5-bis{2-(3,4-ethylenedioxy)thienyl}silole, (BE-
DOT-silole) as shown in Scheme 1 and found it to
effectively polymerize electrochemically. By using EDOT
as the terminal polymerizable moiety,2,4,7 along with
optimal electrolyte conditions, facile oxidative polym-
erization occurs at an especially low potential to yield
a stable p-type dopable polymer exhibiting a narrow Eg
at 1.3-1.4 eV.

BEDOT-silole was synthesized by a Pd-catalyzed
cross-coupling reaction of the 1,1-dihexyl-3,4-diphenyl-
2,5-dibromosilole and 2-stannyl-EDOT in THF as shown
in Scheme 1. The dibromosilole and stannylated EDOT
were synthesized according to published methods.5c,3g

The monomer was purified by silica gel column chro-
matography to afford the product in a 65% yield. The
structure of the monomer was characterized using 1H
NMR, 13C NMR, and elemental analysis. Furthermore,
the electronic structure of BEDOT-silole was character-
ized by UV-vis spectroscopy. The π-π* transition was
observed at λmax ) 437 nm, which is red-shifted relative
to the value of 409 nm observed for bis(2-thienyl)-
siloles.5e

Poly(BEDOT-silole) was synthesized by utilizing re-
peated potential scan electrochemical polymerization at
a scan rate of 100 mV/s in 0.01 M monomer and 0.1 M
LiClO4 in a mixed solvent system of acetonitrile (ACN)
and water (90/10, v/v) using a bare glassy carbon
working electode and a Fc/Fc+ reference electrode. The
addition of a small amount of water into the ACN
effectively improved the kinetics of the polymerization
by decreasing the solubility of the polymer to afford good
film formation on the electrode. Use of a 100% organic

* To whom correspondence should be addressed.
† University of Florida.
‡ SungKyunKwan University.
§ Ecole Normale Supérieure de Cachan.
(1) Roncali, J. Chem. Rev. 1997, 97, 173, and references therein.
(2) Irvin, D. J.; DuBois, C. J.; Reynolds, J. R. Chem. Commun. 1999,

2121.
(3) (a) van Mullekom, H. A. M.; Vekemans, J. A. J. M.; Havinga,

E. E.; Meijer, E. W. Mater. Sci. Eng: R 2001, 32 (1), 1. (b) Kitamura,
C.; Tanaka, S.; Yamashita, Y. Chem. Mater. 1996, 8, 570. (c) Yama-
moto, T.; Sugiyama, K.; Kushida, T.; Inoue, T.; Kanbara, T. J. Am.
Chem. Soc. 1996, 118, 3930. (d) Zhang, Q. T.; Tour, J. M. J. Am. Chem.
Soc. 1997, 119, 5065. (e) Sotzing, G. A.; Thomas, C. A.; Reynolds, J. R.
Macromolecules 1998, 31, 3750. (f) Zhang, Q. T.; Tour, J. M. J. Am.
Chem. Soc. 1998, 120, 5355. (g) Akoudad, S.; Roncali, J. Chem. Comm.
1998, 2081. (h) Huang, H.; Pickup, P. G. Chem. Mater. 1998, 10, 2212.
(i) Lee, B. L.; Yamamoto T. Macromolecules 1999, 32, 1375.

(4) Groenendaal B. L.; Jonas F.; Freitag D.; Reynolds, J. R. Adv.
Mater. 2000, 12 (7), 481, and references therein.

(5) (a) Dubac, J.; Laporterie, A.; Manuel G. Chem. Rev. 1990, 90,
215. (b) Tamao, K.; Yamaguchi, S.; Shiozaki, M.; Nakagawa, Y.; Ito,
Y. J. Am. Chem. Soc. 1992, 114, 5867. (c) Tamao, K.; Yamaguchi, S.;
Shiro, M. J. Am. Chem. Soc. 1994, 116, 11715. (d) Yamaguchi, S.; Jin,
R-Z.; Tamao, K. Organometallics 1997, 16 (1), 2231. (e) Yamaguchi,
S.; Itami, Y.; Tamao, K. Organometallics 1998, 17, 4910. (f) Dysard,
J. M.; Tilley, T. D. J. Am. Chem. Soc. 1998, 120, 8245. (g) Dysard, J.
M.; Tilley, T. D. J. Am. Chem. Soc. 2000, 122, 3097. (h) Yamaguchi,
S.; Goto, T.; Tamao, K. Angew. Chem. Int. Ed. 2000, 39, 1695.

(6) Yamaguchi, S.; Tamao, K. J. Chem. Soc., Dalton Trans. 1998,
3693.

(7) (a) Sotzing, G. A.; Reynolds, J. R.; Steel, P. J. Chem. Mater. 1996,
4, 882. (b) Sotzing, G. A.; Reddinger, J. L.; Katritzky, A. R.; Soloducho,
J.; Musgrave, R.; Reynolds, J. R. Chem. Mater. 1997, 9, 1578.

2234 Chem. Mater. 2001, 13, 2234-2236

10.1021/cm010138w CCC: $20.00 © 2001 American Chemical Society
Published on Web 06/19/2001



electrolyte led to soluble oligomers during electro-
polymerization as the hexyl groups of the silole enhance
organic solubility. Figure 1a shows electrodeposition of
the highly electroactive poly(BEDOT-silole) during the
repeated potential scan experiment. A peak for mono-
mer oxidation (Ep,m) is observed at 0.29 V vs Fc/Fc+ and
a rapid and regular growth of the polymer on the
electrode was observed.. The monomer’s Ep,m is quite
low and comparable to that of BEDOT-thiophene (0.33
V), BEDOT-furan (0.30 V), and ter-EDOT (0.20 V).7a

Initially, a simple polymer redox process is observed to
evolve with an E1/2 at - 0.11 V. After a few successive
scans, a second, lower potential, polymer oxidation peak
is observed at -0.15 V and a broad reduction peak is
observed ranging from -0.15 to -0.3 V.

Figure 1b shows a series of cyclic voltammograms of
poly(BEDOT-silole) in 0.1 M LiClO4/propylene carbonate
as a function of scan rate between 40 and 100 mV/s.
The oxidative peak of the polymer is observed at -0.01
V and two reduction peaks are observed at -0.19 and
-0.35 V with a half wave potential (E1/2,p) at -0.13 V
for the main redox process. The evolution of the anodic
and cathodic peak current densities is linear as a
function of the scan rate, which indicates that the redox
centers are surface-confined. While the monomer’s Ep,m
is comparable to other BEDOT-heterocycles as men-

tioned above, the resultant poly(BEDOT-silole) exhibits
a higher E1/2,p by 440, 30, and 210 mV when compared
to poly(BEDOT-thiophene), poly(BEDOT-furan), and
poly(ter-EDOT), respectively.7a This confirms that the
silole unit has an effect on the polymer’s redox proper-
ties.

Poly(BEDOT-silole) films were electrochemically de-
posited on ITO-coated glass plates from a water/ACN
mixture with 0.01 M monomer and 0.1 M LiClO4 at a
constant potential of 0.3 V vs Fc/Fc+ for spectroelectro-
chemical studies (Figure 2). The spectra were initially
obtained in the fully reduced state to determine the
band gap of the polymer, which is defined as the onset
of the π - π* transition. The band gap of neutral
polymer is estimated to be between 1.3 and 1.4 eV. The
potential applied to the polymer-coated electrode was
then sequentially increased to higher potentials to
oxidize the polymer while monitoring the creation of the
charge carriers. A broad absorption beginning at 830
nm and extending into the mid-IR region was observed
in the doped form. The electrochromic properties of this
polymer was also studied by in situ colorimetry.8 Poly-
(BEDOT-silole) changes from blue in its reduced form
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to transmissive yellow-green upon oxidation. The lumi-
nance, which represents the relative transmissivity of
a color, is very informative because it provides informa-
tion about the human eye perceived transparency of a
sample over the entire visible range of light with only
one value. The relative luminance of poly(BEDOT-silole)
increased upon oxidation from 54% to 80%. This is

expected as the absorbance of the π-π* transition
located in the visible spectrum is depleted while oscil-
lator strength is shifted to the NIR.

In conclusion, a new silole-containing monomer
(BEDOT-silole) was synthesized by a Pd-catalyzed
cross-coupling reaction. This monomer can be easily
electropolymerized to yield an electroactive polymer
with a low half-wave oxidation potential. Spectroelec-
trochemistry has shown that the polymer switches
between blue and transmissive yellow-green upon dop-
ing. The low-lying LUMO level of the silole combined
with the electron-rich character of the 3,4-ethylene-
dioxythiophene units confers upon this new polymer a
narrow band gap of 1.3-1.4 eV.
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Figure 1. (a) Repeated scanelectrochemical polymerization
(ν ) 100 mV s-1) of BEDOT-silole from a 0.01 M monomer
and 0.1 M LiClO4/ACN + water (90/10, v/v) solution on a glassy
carbon electrode; (b) cyclic voltammetry of poly(BEDOT-silole)
on a glassy carbon electrode in 0.1 M LiClO4/propylene
carbonate; scan rate: a, 40; b, 60; c, 80; d, 100 mV s-1.

Figure 2. Spectroelectrochemical analysis of poly(BEDOT-
silole) in 0.1 M LiClO4/PC at applied potentials of (a) f (s):
-0.43 V f 0.17 V vs Fc/Fc+ in 20 mV potentials steps.
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