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New low-gap thiophene-based regular copolymers are produced by anodic coupling of 3,4-
ethylenedioxythiophene-2,5-substituted thieno[3,4-b]pyrazine (TP), cyclopenta[2,1-b;3,4-b′]-
dithiophen-4-one (CO), and 4-dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b′]dithiophene (CN).
The copolymers are characterized by cyclic voltammetry, FTIR reflection-absorption and
UV-vis spectroscopy, electrochemical quartz crystal microbalance analysis, and in situ p-
and n-conductivity measurement. The copolymers show low optical gaps (measured at the
maximum absorption) and electrochemical gaps (measured from redox potentials) in the
range 0.8-1.3 eV. The CN-based polymer displays the lowest reported electrochemical gap
(0.8 V). Random copolymers of CO and 3,4-ethylenedioxythiophene (EDT) have also been
produced and compared with the relevant regular copolymer. Copolymerization of CO with
increasing amounts of EDT decreases the gap. From an analysis of redox potential as a
function of EDT fraction, it is found that the gap is limited by the redox potentials of the
individual homopolymers. Localization of n-doping carriers in the polythiophene chains is
progressively increased by donor-acceptor alternation and then by copolymerization till the
expected intrinsic conductivity is made completely p-type.

1. Introduction

The production of low-gap conducting polymers has
been particularly rich in the recent past with the main
purpose of producing polymers with high intrinsic
conductivity.1 An increased interest in low-gap polymers
has recently been found for applications in infrared
electrochromic displays.2

It is noteworthy that most of these polymers are
thiophene-based.1 Low-gap polymers were initially those
in which the quinoid character was stabilized, such as
in polyisothianaphthene.3 We will name these polymers
quinoid-type low-gap polymers. A later class was formed
by those in which the presence of π-electron acceptor

substituents stabilizes a nonaromatic form, such as in
the poly(cyclopentadithiophene)s.4,5 These polymers will
be named non-aromatic-type low-gap polymers. The
latest contribution has come from polythiophenes which
regularly alternate thiophene rings substituted with
electron donor (D) and acceptor (A) moieties. The
resulting alternation of electron-rich and -poor units in
the polyconjugated backbone causes the reduction of the
gap.6 These polymers will be called DA-type low-gap
polymers.

Before proceeding, we need to give a clarification since
in our opinion too many polymers have been claimed to
be low-gap. In fact, the band gap, either optical, i.e., the
energy at the maximum of absorption, Eg (and not the
ill-defined onset of absorption), or electrochemical, i.e.,
the difference of oxidation and reduction redox poten-
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tials, ∆E° (and not of the ill-defined onsets of oxidation
or reduction), may be so high that the assumed catego-
rization as low-gap polymers should in those cases be
rejected. Among several such examples we mention the
polymer from ∆4,4′-dicyclopenta[2,1-b:3,4-b′]dithiophene
(electrochemical E°-based gap, 1.7 eV, vs an onset-based
gap, <0.8 eV)7 and 4,4-ethylenedioxy-4H-cyclopenta[2,1-
b-3,4-b′]dithiophene, which displays an optical onset-
based gap of 1.2 eV but an absorption maximum at 2.2
eV.8

Following therefore the firm theoretically based ap-
proach of considering the maximum of absorption,9 we
have selected as representative low-gap homopolymers
those constituted by the monomeric units thieno[3,4-b]-
pyrazine (TP), cyclopenta[2,1-b;3,4-b′]dithiophen-4-one
(CO), and 4-dicyanomethylene-4H-cyclopenta[2,1-b;3,4-
b′]dithiophene (CN) shown in Chart 1.

The polymer produced from 2,3-dihexyl-TP shows a
maximum absorption at 1.35 eV.10 This is a marked
decrease of the gap from that of regioregular polyalkyl-
thiophenes (2.2 eV).11 This polymer belongs to the
quinoid-type family of low-gap polymers.

The cyclopentadithiophene unit has been modified
with a carbonyl moiety at the 4-position (CO).4 Polym-
erization of CO has produced a non-aromatic-type
polymer with maximum absorption at 1.7 eV.4 Since
poly(cyclopentadithiophene)s display their maximum
absorption at 2.1 eV,12 poly(CO) is a low-gap polymer
though the gap lowering is relatively modest. CN has
lowered the gap further in the relevant non-aromatic-
type polymer since the maximum absorption is at 1.3
eV.5 For this polymer a detailed in situ conductivity
investigation has been performed for both p- and n-
doping.13 Moreover, both CO and CN dimers have been
recently produced as models for the low-gap polymers
and their redox and optical properties given.14

The quinoid and the DA approaches to low-gap
polymers have also been combined using 3,4-ethylene-
dioxythiophene (EDT) (see Chart 1) as a D comonomer.
EDT, an electron-rich thiophene in which the thiophene
ring is protected from degradation at the 3 and 4
positions, and 2,3-dihexyl-TP have been R-linked, and
the resulting monomer has been electropolymerized to

a copolymer with maximum absorption at 0.87 eV,15

which is the lowest energy gap value so far reported.
Also CN has been mixed with EDT by anodic coupling

of the monomers to non-aromatic-DA-type copolymers
with the purpose of producing a progressive modulation
of the gap.16 A theoretical investigation of these mono-
mers and of their homo- and copolymers has faced the
problem of the decrease of conductivity in gap lowering
through the donor-acceptor approach.17

In fact, a regular copolymer of these comonomers has
not been reported yet. We have therefore addressed the
role of the EDT moiety in decreasing the band gap of
DA-type low-gap polythiophenes, investigating the re-
sult of capping with EDT both ends of TP, CO, and CN.
In this approach, which bypasses the occurrence of
random copolymerization, EDT is the D component and
the others (TP, CO, and CN) are the A components. To
this purpose we performed the synthesis of 2,5-bis-EDT-
substituted TP (BEDTTP), CO (BEDTCO), and CN
(BEDTCN) (BEDT ) 3,4:3′,4′-bis(ethylenedioxy)-2,2′-
bithiophene) shown in Chart 2, their polymerization by
anodic coupling, the electrochemical and optical char-
acterization of the resulting polymers, and the investi-
gation of their in situ p- and n-conductivities. The CO-
based polymers have been taken as a typical case, and
to this end we performed also a detailed electrochemical
and optical analysis of (i) copolymerization of CO with
EDT, (ii) polymerization of the asymmetric monomer
EDTCO, and (iii) its copolymerization with BEDT
(Chart 2), comparing the results with those from the
regular BEDTCO polymer. Finally, the DA approach to
low-gap polymers and the use of copolymers have been
discussed.
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2. Experimental Section

Chemicals and Reagents. Melting points were measured
on a melting point apparatus and are uncorrected. All reac-
tions of air- and water-sensitive materials were performed
under nitrogen. Air- and water-sensitive solutions were trans-
ferred with double-ended needles.

Anhydrous solvents used in the reactions were obtained
from reagent grade solvents (Fluka) as follows: THF was
distilled from sodium/benzophenone. toluene was stored over
calcium hydride, refluxed, and distilled. DMF was stored over
4 Å molecular sieves, followed by distillation under reduced
pressure. Acetonitrile was reagent grade (Uvasol, Merck) with
a water content of <0.01%. The supporting electrolyte tetra-
butylammonium perchlorate (Bu4NClO4) was previously dried
under vacuum at 70 °C. All other chemicals were reagent grade
and used as received.

The following compounds were prepared according to lit-
erature procedures: TP,18 4,4-ethylenedioxy-4H-cyclopenta-
[2,1-b:3,4-b′]dithiophene,19 CO,19 2-(tributylstannyl)-3,4-(eth-
ylenedioxy)thiophene,20 2-hexyl-2,3-dihydrothieno[3,4-b][1,4]-
dioxin,21 and BEDT.22

Poly(dithienylvinylene) films were electrodeposited as previ-
ously reported.23 Regioregular head-to-tail-coupled poly(3-
octylthiophene) has been produced chemically according to
McCullough11 and film cast from a 1% CHCl3 solution.

1H and 13C NMR spectra were recorded on a Bruker FT 500
(500 MHz for 1H) and on a Bruker FT 300 (300 MHz for 1H);
chemical shift values are given in parts per million.

5,7-Dibromothieno[3,4-b]pyrazine. N-Bromosuccinimide
(320 mg, 1.80 mmol) was added portionwise to a solution of
TP (121 mg, 0.89 mmol) in DMF (20 mL). After 4 h of stirring,
the solvent was evaporated at reduced pressure, water was
added, and the resulting mixture was extracted with ether.
The organic phase was washed with water and dried (Na2SO4)
and the solvent evaporated to give the title compound as a
yellow solid which was used without any further purification
for the next step. 1H NMR (CDCl3): δ 8.49 (s).

5,7-Bis[3,4-(ethylenedioxy)thien-2-yl]thieno[3,4-b]pyr-
azine (BEDTTP). A mixture of 5,7-dibromo-thieno[3,4-b]-
pyrazine (177 mg, 0.60 mmol), 2-(tributylstannyl)-3,4-(ethyl-
enedioxy)thiophene (756 mg, 1.75 mmol), PdCl2(PPh3)2 (100
mg, 0.14 mmol), and DMF (20 mL) was heated at 90-100 °C
for 4 h. The solvent was evaporated and the residue purified
by flash chromatography (silica gel, CH2Cl2) to give the title
compound as a blue solid (143 mg, 57% yield). Mp: >200 °C.
Anal. Calcd for C18H12N2O4S3: C, 51.93; H, 2.88; N, 6.72.
Found: C, 51.79; H, 2.82; N, 6.65. 1H NMR (CDCl3): δ 4.32
(m, 4H), 4.49 (m, 4H), 6.45 (s, 2H), 8.51 (s, 2H). 13C (CDCl3):
δ 65.07, 65.88, 101.43, 128.02, 135.72, 138.73, 141.75, 143.39,
154.61. MS: m/e 416 (M•+).

2(3)-Hexyl-5-(tributylstannyl)-2,3-dihydrothieno[3,4-b]-
[1,4]dioxin. BuLi (1.6 M in hexane, 3.19 mL) was added
dropwise to a solution of 2-hexyl-2,3-dihydrothieno[3,4-b][1,4]-
dioxin (1.00 g, 4.42 mmol) in THF (75 mL), keeping the
temperature at -78 °C. After the solution was stirred for 0.5
h and warmed to -40 °C, tributylstannyl chloride (1.93 g, 5.93
mmol) was added and the resulting mixture warmed to room
temperature and stirred for 8 h. The solvent was evaporated
and the residue dissolved in hexane and filtered. The solvent
was removed under vacuum to afford the title compound as
an oil which was used without any further purification for the
next step. 1H NMR (CDCl3): δ 0.89 (m, 12H), 1.32 (m, 28H),
3.80 (m, 1H), 4.07 (m, 2H), 6.53 (s, 1H).

5,7-Bis[2(3)-hexyl-2,3-dihydrothieno[3,4-b][1,4]dioxin-
5-yl]thieno[3,4-b]pyrazine (BEDTTPC6). This compound
was prepared following the same procedure described for
BEDTTP, using 2(3)-hexyl-5-(tributylstannyl)-2,3-dihydrothieno-
[3,4-b][1,4]dioxin and 5,7-dibromothieno[3,4-b]pyrazine as re-
agents. The residue was purified by flash chromatography
(silica gel; petroleum ether/CH2Cl2, 6:4) to give the title
compound as a blue solid (51% yield). Mp: >200 °C. Anal.
Calcd for C30H36N2O4S3: C, 61.65; H, 6.16; N, 4.79. Found: C,
61.57; H, 6.12; N, 4.71. 1H NMR (CDCl3): δ 0.91 (m, 6H), 1.55
(m, 20H) 4.21 (m, 6H), 6.42 (s, 2H), 8.49 (s, 2H). MS: m/e 584
(M•+).

2,6-Dibromo-4,4-ethylenedioxy-4H-cyclopenta[2,1-b:
3,4-b′]dithiophene. N-Bromosuccinimide (1.48 g, 8.34 mmol)
was added portionwise to a solution of 4,4-ethylenedioxy-4H-
cyclopenta[2,1-b:3,4-b′]dithiophene (0.98 g, 4.14 mmol) in DMF
(20 mL). After 5 h of stirring, water was added and the
resulting mixture extracted with ether. The organic phase was
washed with water and dried (Na2SO4) and the solvent
evaporated to give the title compound as a brown solid which
was used without any further purification for the next step.
1H NMR (CDCl3): δ 4.25 (s, 4H), 6.95 (s, 2H).

2,6-Dibromo-4H-cyclopenta[2,1-b:3,4-b′]dithiophen-4-
one. Concentrated hydrochloric acid (6 mL) was added drop-
wise to a solution of 2,6-dibromo-4,4-ethylenedioxy-4H-cyclo-
penta[2,1-b:3,4-b′]dithiophene (1.27 g, 3.22 mmol) in THF (10
mL). After 1 h of stirring, the reaction mixture was extracted
with CH2Cl2, the organic phase washed with water and dried
(Na2SO4), and the solvent evaporated. Flash chromatography
of the residue (silica gel; CH2Cl2/petroleum ether, 8:2) afforded
the title compound as a violet solid (1.70 g, 75% yield). Mp:
190-192 °C. Anal. Calcd for C9H2Br2OS2: C, 30.89; H, 0.57.
Found: C, 30.77; H, 0.61. 1H NMR (CDCl3): δ 6.99 (s). 13C
(CDCl3): δ 113.95, 139.49, 148.63, 180.45.

2,6-Bis[3,4-(ethylenedioxy)thien-2-yl]-4H-cyclopenta-
[2,1-b:3,4-b′]dithiophen-4-one (BEDTCO). A mixture of 2,6-
dibromo-4H-cyclopenta[2,1-b:3,4-b′]dithiophen-4-one (103 mg,
0.29 mmol), 2-(tributylstannyl)-3,4-(ethylenedioxy)thiophene
(424 mg, 0.93 mmol), Pd(PPh3)4 (11 mg, 0.01 mmol), and
toluene (10 mL) was refluxed for 5 h. After cooling, the solid
precipitated was filtered and washed several times with
petroleum ether to give the title compound as a green solid
(91 mg, 63% yield). Mp: >300 °C. Anal. Calcd for C21H12O5S4:
C, 53.39; H, 2.54. Found: C, 53.25; H, 2.39. 1H NMR (C2D2Cl4):
δ 4.24 (m, 4H), 4.34 (m, 4H), 6.25 (s, 2H), 7.05 (s, 2H). 13C
(C2D2Cl4): δ 64.36, 64.91, 97.35, 116.66, 137.73, 137.98, 141.59,
141.80, 146.73, 146.86. MS: m/e 416 (M•+).

2-[3,4-(Ethylenedioxy)thien-2-yl]-4H-cyclopenta[2,1-b:
3,4-b′]dithiophen-4-one (EDTCO). A mixture of 2,6-di-
bromo-4H-cyclopenta[2,1-b:3,4-b′]dithiophen-4-one (101 mg,
0.29 mmol), 2-(tributylstannyl)-3,4-(ethylenedioxy)thiophene
(419 mg, 0.92 mmol), PdCl2(PPh3)2 (25 mg, 0.04 mmol), and
DMF (10 mL) was heated at 90-100 °C for 8 h. The solvent
was evaporated and the residue washed several times with
petroleum ether and purified by flash chromatography (silica
gel, CH2Cl2/petrol ether 9:1) to give, in elution order, the title
compound as a solid (16 mg) and BEDTCO (39 mg, 30% yield).
The following are data for EDTCO. Anal. Calcd for C15H8O3S3:
C, 53.89; H, 2.39. Found: C, 53.76; H, 2.35. 1H NMR (CDCl3):
δ 4.25 (m, 2H), 4.33 (m, 2H), 6.23 (s, 1H), 6.97-7.00 (AB
system, 2H), 7.09 (s, 1H). MS: m/e 334 (M•+).

2,6-Bis[3,4-(ethylenedioxy)thien-2-yl]-4H-cyclopenta-
[2,1-b:3,4-b′]dithiophen-4-ylidenemalononitrile (BEDTCN).
A mixture of BEDTCO (17 mg, 0.04 mmol), malononitrile (8
mg, 0.13 mmol), one drop of piperidine, and THF (5 mL) was
refluxed for 14 h. After cooling, petroleum ether was added
and the solid filtered and washed with petroleum ether to give
the title compound as a dark solid (11 mg, 59% yield). Mp:
>300 °C. Anal. Calcd for C24H12N2O4S4: C, 55.38; H, 2.31; N,
5.38. Found: C, 55.29; H, 2.25; N, 5.32. 1H NMR (C2D2Cl4): δ
4.27 (m, 4H) 4.37 (m, 4H), 6.31 (s, 2H), 7.47 (s, 2H). MS: m/e
520 (M•+).

Electrochemical Apparatus and Procedure. Experi-
ments were performed at 25 °C under nitrogen in three
electrode cells. The counter electrode was platinum; the
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reference electrode was silver/0.1 M silver perchlorate in
acetonitrile (0.34 V vs SCE). The voltammetric apparatus
(AMEL, Italy) included a 551 potentiostat modulated by a 568
programmable function generator and coupled to a 731 digital
integrator.

The working electrode for cyclic voltammetry was either
platinum (0.003 cm2) or glassy carbon (0.2 cm2) minidisk elec-
trodes. For electronic spectroscopy an 0.8 × 2.5 cm indium-
tin oxide (ITO) sheet (ca. 80% transmittance, ca. 20 Ω sq-1

resistance, from Balzers, Liechtenstein) was used.
FTIR spectra of the polymer films were taken in reflection-

absorption mode on a Perkin-Elmer 2000 FTIR spectrometer;
electronic spectra were obtained on a Perkin-Elmer Lambda
9 UV-vis-near-IR spectrometer.

Electrochemical quartz crystal microbalance (EQCM) analy-
sis was performed with a platinum-coated AT-cut quartz
electrode (0.2 cm2), resonating at 9 MHz, onto which the
polymers were deposited. The oscillator circuit was homemade,
and the frequency counter was an Agilent model 53131A.
Measurements were performed either ex situ (to correlate
polymer dry mass and redox charge) or in situ (to correlate
polymer mass changes with potential or redox charge).

The apparatus and procedures used for the in situ dc
conductivity experiments were previously described in de-
tail.24,25 The electrode for conductivity measurements was
typically a two-band platinum electrode (0.3 cm × 0.01 cm for
each band) with an interband spacing of 20 µm. In the case of
conductivities lower than 10-2 S cm-1, the electrode was a
microband array platinum electrode (5 µm bandwidth, 100 nm
thick) with an interband spacing of 5 µm. The deposit was
thick enough to ensure minimum resistance, under which

condition the conductivity σ is given by σ ) k/(R - R0), where
R is the measured resistance, R0 the lead resistance, and k
the cell constant.

3. Results and Discussion

Synthesis of the Monomers. The synthetic access
to the monomers prepared for the first time in the
context of this work is depicted in Scheme 1. BEDTTP,
BEDTTPC6, and BEDTCO were obtained by Stille
coupling reaction of the proper 2-(tributylstannyl)EDT
with 5,7-dibromo-TP and 2,6-dibromo-CO, catalyzed by
PdCl2(PPh3)2 or Pd(PPh3)4. In the case of 2,6-dibromo-
CO, if the reaction is carried out in DMF with PdCl2-
(PPh3)2 as catalyst, together with the desired product,
some EDTCO is obtained in low yield. This compound
is presumably the result of a monocoupling reaction
followed by a metal-halogen exchange and hydroly-
sis. BEDTCO is obtained in higher yield if the reac-
tion is carried out in toluene with Pd(PPh3)4. BEDTCN
is finally obtained by Knoevenagel condensation of
BEDTCO with malononitrile in the presence of piperi-
dine.

Polymer Electrosynthesis and Electrochemis-
try. The redox properties of the investigated monomers
and polymers are summarized in Table 1. Redox poten-
tials E° of polymers are given as the average of forward
and backward CV peak potentials: E° ) (Ep,ox + Ep,red)/
2. The table also reports the data of the homopolymers
for comparison. All the produced polymers are insoluble
in the commonly used solvents.

(24) Schiavon, G.; Sitran, S.; Zotti, G. Synth. Met. 1989, 32, 209.
(25) Aubert, P. H.; Groenendaal, L.; Louwet, F.; Lutsen, L.; Vander-

zande, D.; Zotti, G. Synth. Met. 2002, 126, 193.

Scheme 1

Table 1. Oxidation and Reduction Peak Potentials Ep and Maximum Absorption λm for Monomers and Oxidation and
Reduction Redox Potentials E°, Electrochemical Gap ∆E°, Maximum Absorption λp, and Optical Gap Eg for Polymers

monomer Ep/V E° b/V ∆E°/V λm
a/nm λp/nm Eg/eV

BEDTTP 0.20, -1.62 -0.40, -1.70 1.30 355, 583 490, 950 1.30
BEDTTPC6 0.21, -1.63 -0.50, -1.70 1.20 355, 589 480, 940 1.30
EDTCO 0.51, -1.50 -0.10, -1.60 1.50 345, 558 445, 750 1.65
BEDTCO 0.42, -1.45 -0.35, -1.60 1.25 380, 612 500, 800 1.55
BEDTCN 0.53, -0.95 -0.30, -1.10, -1.55 0.80 360, 820 545, 1300 0.95
TPC6 1.35, -2.0143 0.1, -1.544 1.6044 30744 91510 1.35
CO 0.98, -1.54 0.45, -1.50 1.95 47214 740 1.70
CN 1.08, -1.0314 0.50, -1.055 1.55 57614 950 1.30

a In CHCl3. b E° ) (Ep,ox+ Ep,red)/2.
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BEDTTP. The EDT-disubstituted TP-based monomer
BEDTTP is oxidized at Ep ) 0.20 V, i.e., with a large
negative shift compared with the thiophene-disubsti-
tuted TP (Ep ) 0.63 V26), due to the electron-donor EDT
moieties. Film formation occurs easily potentiostatically
at the peak potential.

The polymer film is reversibly oxidized and reduced
(Figure 1a). The monomer is similarly reduced revers-
ibly in a one-electron step at a potential very close to
that of the polymer. On the contrary, the oxidation
process of the polymer is 0.6 V more negative than that
of the monomer. This indicates that the reduction
charge is much more localized than the oxidation
charge.

Comparison with poly(TPC6) (Table 1) shows that the
EDT units lower the electrochemical gap, but only a
moderate DA effect is observed in this case on the band
gap. The dihexyl-substituted monomer BEDTTPC6
behaves similarly to BEDTTP.

CO and EDTCO. The electrochemical properties of
monomer CO and of its polymer were reported previ-
ously.4 Polymer film formation occurs potentiostatically
at the peak potential from a 10-2 M solution of the
monomer.

The poly(CO) film is reversibly oxidized at E° ) 0.45
V4 and reversibly reduced at E° ) -1.50 V. The
monomer is reversibly reduced in a one-electron step
at a potential very close to that of the polymer. On the
contrary, the oxidation process of the polymer is ca. 0.5
V more negative than that of the monomer. Also in this
case the reduction charge is much more localized than
the oxidation charge.

The EDT-monosubstituted monomer EDTCO (ca. 10-3

M standard solution in acetonitrile) is oxidized with easy
film formation. The polymer film is reversibly oxidized
and reduced, and the resulting electrochemical gap (∆E°

) 1.50 V) is decreased markedly from that of poly(CO)
(1.95 V) by alternation with EDT.

BEDTCO. The EDT-disubstituted monomer CO,
scarcely soluble in acetonitrile, has been investigated
in CH2Cl2 + 0.1 M Bu4NClO4, where it is oxidized with
polymerization.

The polymer film is reversibly oxidized and reduced
(Figure 1b). The monomer is reversibly reduced at E°
) -1.45 V, i.e., with a moderate shift compared with
the polymer. Making a comparison with poly(CO) and
poly(EDTCO), it is clear that the electrochemical gap
has been strongly decreased further (from 1.95 to 1.50
V and finally to 1.25 V).

The extent of the reduction process depends on the
film thickness. Whereas the reversible oxidation charge
Qox increases linearly with the deposition charge Qd up
to a thickness of several micrometers (on the basis of
redox stoichiometry and assuming a density of 1 g cm-3),
the reversible reduction charge Qr behaves similarly up
to Qd ) ca. 10 mC cm-2, and then Qr decreases to very
low levels at film thicknesses higher than 100 nm.

BEDTCN. BEDTCN is scarcely soluble in ordinary
solvents. In hot tetrachloroethane, where a ca. 5 × 10-4

M solution may be prepared, and with added 0.1 M
Bu4NClO4, the monomer is polymerized anyway.

The polymer film is reversibly oxidized in a single
process and reversibly reduced in two isoelectronic steps
(Figure 1c). The first reversible reduction of the mono-
mer, obtained in tetrachloroethane (for solubility rea-
sons) on a glassy carbon electrode, shows also in this
case only a moderate shift in the polymer. From the
redox potentials of the polymer a very low electrochemi-
cal gap (0.8 eV) is evaluated, i.e., the minimum value
ever recorded. Comparison with poly(CN) shows that
the electrochemical gap has also been in this case
strongly decreased (almost halved) by alternation with
bis-EDT units.

As in the case of poly(BEDTCO) and with similar
limits, the extent of the reduction is limited by the film
thickness. The result is accounted for by a slow electron
transport in a redox-type conduction among localized
states.27 This has precluded the possibility of measuring
for these polymers the conductivity of the n-doped form
(see below).

EQCM Analysis. The stoichiometry of p- and n-
doping and the relevant changes of composition were
investigated by EQCM analysis. We have previously
found that the reversible oxidation of polythiophenes
involves roughly the same amount of charge inde-
pendently from the monomer type. Thus, 1.0 electron
for the cyclopentadithiophene28 and 0.6 electron for the
EDT29 moieties were measured at 0.8 V so that a value
of 0.5 electron per thiophene ring may be taken as a
good approximate value for the repeat units used in this
investigation.

Poly(BEDTTP) has been chosen as a typical example
of the polymers investigated here. EQCM correlation of
dry mass in the undoped state and reversible charge
(measured at the maximum allowed oxidation, namely,

(26) Kitamura, C.; Tanaka, S.; Yamashita, Y. Chem. Mater. 1996,
8, 570,

(27) Chidsey, C. E. D.; Murray, R. W. J. Phys. Chem. 1986, 90, 1479.
(28) Zotti, G.; Zecchin, S.; Berlin, A.; Schiavon, G.; Giro, G. Chem.

Mater. 2001, 13, 43.
(29) Zotti, G.; Zecchin, S.; Schiavon, G.; Vercelli, B.; Berlin, A.;

Dalcanale, E.; Groenendaal, L. Chem. Mater. 2003, 15, 4642.

Figure 1. Cyclic voltammetry of (a) poly(BEDTTP), (b) poly-
(BEDTCO), and (c) poly(BEDTCN) in acetonitrile + 0.1 M
Bu4NClO4. Scan rate: 0.1 V s-1. Reversible charge: (a) 7, (b)
1.3, and (c) 0.8 mC cm-2.
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that obtained at 0.8 V) indicates that 1.5 electrons per
monomeric unit (0.5 electron per thiophene ring) are
exchanged during an oxidation CV cycle. The stoichio-
metric rule above is therefore once more confirmed.

In each of the reductive processes the exchanged
charge corresponds to 1.0 electron per monomeric unit.

The mass changes during the redox processes are
shown in Figure 2. The mass increases almost linearly
with charge with a slope corresponding to the uptake
of the perchlorate anion during oxidation and of the
tetrabutylammonium cation during reduction.

UV-Vis Spectroscopy. The electronic spectra of
monomers and undoped polymers (Figures 3 and 4)
show two absorption maxima, attributable to transitions
from the thiophene-based valence band to its antibond-
ing counterpart (for the high-energy transition) and to
the substituent-localized and narrow conduction band
(for the low-energy transition).17

The undoped poly(BEDTTP) film displays a maximum
absorption in the near-IR region at 950 nm (Figure 3a),
which indicates a very low optical gap (1.3 eV).

The low-energy maximum absorption of poly-
(BEDTCO) in the undoped state (Figure 3b) is at
800 nm (1.55 eV), whereas the undoped polymer film
from EDTCO displays its maximum at 750 nm. Thus,
a significantly higher optical gap is measured for
poly(EDTCO), in agreement with the electrochemical
gap.

In the undoped form poly(BEDTCN) displays its low-
energy maximum absorption at 1300 nm (Figure 3c).
The optical gap (0.95 eV) is one of the lowest ever
reported.

The oxidized form of all these polymers is a light blue
color with an extended plateau in the near-IR.

A comparison between the optical and the electro-
chemical gaps (see Table 1) evidences a substantial
agreement between the two sets of data, thus providing
further support to the validity of considering standard

redox potentials and absorption maxima for a correct
evaluation of energy gaps.

The absorbance at the low-energy band of these
polymers (Figure 3) and of their monomers (Figure 4)
progressively decreases in the series BEDTTP >
BEDTCO > BEDTCN. The band intensity decreases
both in comparison with that of the high-energy band
and in absolute terms (BEDTTP, ε ) 6 × 103 M-1 cm-1

in CHCl3; BEDTCO, ε ) 1.7 × 103 M-1 cm-1 in CHCl3;
BEDTCN, ε ) 1.0 × 103 M-1 cm-1 in tetrachloroethane).
The progressive decrease of the transition moment,
which is probably associated with the increased local-
ization of the transition, is of high importance for
applications.

In Situ Conductivity. The results of in situ conduc-
tivity measurements for the polymers investigated here
and their homopolymers for comparison are summarized
in Table 2.

The polymer from BEDTTP becomes conductive at
oxidation (Figure 5a) with a plateau of conductivity 0.5
S cm-1 and at reduction at the first reduction step

Figure 2. In situ EQCM analysis vs (a) potential and (b)
charge for poly(BEDTTP) in acetonitrile + 0.1 M Bu4NClO4.
Scan from oxidation to reduction. Dashed curve: cyclic voltam-
mogram for comparison.

Figure 3. Spectroelectrochemistry of (a) poly(BEDTTP), (b)
poly(BEDTCO), and (c) poly(BEDTCN) on ITO in acetonitrile
+ 0.1 M Bu4NClO4: (s) undoped and (---) p-doped forms.

Figure 4. UV-vis-near-IR spectra of (dotted line) BEDTTP
in CHCl3, (dashed line) BEDTCO in CH2Cl2, and (solid line)
BEDTCN in tetrachloroethane.
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(Figure 5b) with a redox-type conductivity (centered at
the redox potential)27 of 10-2 S cm-1.

Similarly, poly(BEDTTPC6) becomes p-conductive
with a plateau of 15 S cm-1 and n-conductive with a
peak of 0.03 S cm-1. The p-conductivity is much
increased, compared with BEDTTP, possibly due to
ordering by the alkyl chain, as observed in alkyl-
substituted poly(EDT).30 On the contrary, the n-con-
ductivity is only moderately increased.

The maximum conductivity of oxidized poly(BEDTCO)
is 0.3 S cm-1, i.e., practically the same as that of poly-
(BEDTTP). The undoped polymer form could not be
reduced completely (see above), thus preventing the
n-conductivity from being measured. This behavior
suggests that the carbonyl group hinders charge trans-
port. In fact, in the parent poly(CO) we found that the
15 S cm-1 p-conductivity drops to 10-2 S cm-1 in
n-doping, with a p/n-conductivity ratio of 1500.

Poly(BEDTCN) becomes conductive at oxidation, but
the maximum coverage of the electrode gap was incom-
plete (due to loose mechanical properties of the polymer)
so that only a lower limit of conductivity (>10 S cm-1)
could be determined. Due to difficult charge transport
the n-conductivity could not be measured. In fact, the
0.6 S cm-1 p-conductivity of poly(CN) drops to 5 × 10-3

S cm-1 in n-doping,13 and in our case the drop is
expectedly even more severe.

It results that n-conductivity decreases strongly going
from the homo- to the copolymers so that it is not even
measured in the latter. This fact must be ascribed to
the increased hopping distance among redox centers in
the copolymer produced by the insertion of the bis-EDT
subunits.

CO-co-EDT and BEDTCO-co-BEDT Polymeriza-
tion. For the production of real copolymers (and not of
blends) in the copolymerization via anodic coupling it
is required that the oxidation potentials of the concur-
rent monomers are close (within 0.1 V) so that their
radical cations are produced at the same time. In our
case CO (0.98 V) and EDT (1.04 V) fulfill this require-
ment as well as the couple BEDTCO (0.42 V) and BEDT
(0.51 V22). This opens up the possibility of a comparison
between the random copolymers from the two copolym-
erization mixtures and the regular copolymer described
above.

Copolymerization may be followed by FTIR spectros-
copy as well as by integration of the redox charges of
the polymers. The FTIR reflection-absorption spectrum
of the undoped poly(CO-co-EDT) film shows the strong
bands of the ethylenedioxy moieties (C-O-C stretching
mode) at 1070 cm-1 31 and of the carbonyl moiety (CdO

stretching mode) at 1700 cm-1. The bands are of the
same intensity in the BEDTCO monomer (two EDT
moieties and one CO moiety), which makes the evalu-
ation of the copolymer composition straightforward.

As far as the CV redox charge is concerned, a
comparison of the reduction charge of the carbonyl
moiety (one electron per CO moiety) and of the oxidation
charge of the thiophene rings at 0.8 V (with the electron
stoichiometry of 0.5 electron per thiophene ring; see
above) allows an alternative evaluation of the copolymer
composition.

For CO-co-EDT copolymerization the experimental
results from both FTIR and CV indicate that potentio-
static oxidation of the monomeric mixture in acetonitrile
(typically 3 × 10-3 M in CO and 5 × 10-4 to 4 × 10-3 M
in EDT) at 1.0 V produces a copolymer with 6 times
more EDT content than indicated by the monomeric
ratio in the solution. The composition was not particu-
larly dependent on the used potential. Detailed analysis
of the oxidative redox cycle (Figure 6) shows that while
the reduction process occurs at a fixed potential the
oxidation process shifts cathodically as the EDT content
increases, pointing to the limit of the homopolymer
(-0.6 V30,32). From this result we may conclude that the
“vanishingly small” onset-based gap claimed previ-
ously16 is not in fact achievable by this route since the
gap is dictated by the redox values of the individual
homopolymers only.

In agreement with these results, the UV-vis-near-
IR spectra of the CO-EDT copolymers above (Figure
7) show that the low-energy band shifts bathochromi-
cally and weakens as the EDT content increases.

The electrochemical and optical shifts are definitive
proof that we deal with a real copolymer. Similarly, the
copolymerization of 3-butyl- and 3,4-dibutylthiophene
has given polymers with a progressive shift of electro-

(30) Groenendaal, L.; Zotti, G.; Jonas, F. Synth. Met. 2001, 118,
105.

(31) Kvarnstrom, C.; Neugebauer, H.; Blomquist, S.; Ahonen, H.
J.; Kankare, J.; Ivaska, A. Electrochim. Acta 1999, 44, 2739.

(32) Dietrich, M.; Heinze, J.; Heywang, G.; Jonas, F. J. Electroanal.
Chem. 1994, 369, 87.

Table 2. p- and n-Conductivities σ for Polymers

monomer σp/S cm-1 σn/S cm-1

BEDTTP 0.5 0.01
BEDTTPC6 15 0.03
BEDTCO 0.3
BEDTCN >10

TPC610 0.04
CO 15 0.01
CN13 0.6 0.005

Figure 5. Insitu (a) p- and (b) n-conductivity of poly(BEDTTP)
in acetonitrile + 0.1 M Bu4NClO4. Dashed curves: cyclic
voltammograms for comparison.
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chemical (oxidative redox potential) and optical (energy
gap) properties with the monomer molar fraction.33,34

The increase of the EDT component clearly decreases
the relative contribution of both the reduction charge
and the low-energy absorption (see Figures 6 and 7),
which clearly poses serious limits to the application of
the copolymerization approach for the production of low-
gap polymers.

For BEDTCO-co-BEDT polymerization the CV results
indicate that potentiostatic oxidation of the monomeric
mixture in CH2Cl2 (typically 5 × 10-4 M in BEDTCO
and 5 × 10-4 to 2 × 10-3 M in BEDT) at 0.6 V produces
a copolymer with the same EDT molar fraction as that
in the solution. This is due to a practical equalization
of the reactivities of the radical cations due to the fact
that both monomers are EDT-ended. The potential shift

occurs also in this case (Figure 8) though clearly from
a more negative starting value and with a slower
progression.

A comparison of copolymers of the same composition
but produced by either route does not evidence signifi-
cant electrochemical differences, which is a final con-
firmation of the efficient copolymerization in the con-
sidered cases.

Charge Localization in the Investigated Poly-
mers. The subunits of the investigated regular copoly-
mers are BEDT as electron donor and TP, CO, or CN
as electron acceptor moieties. The oxidation process
might to a first approximation be assumed to involve
the BEDT moiety alone. Yet the charge is situated on
the CH backbone of this dimeric moiety and is conju-
gated with the CH backbone of the acceptor. Thus, it
results that, contrary to a first thought, the positive
charge is in fact delocalized over the whole CH backbone
of the polymer chain. As a consequence the oxidation
potential of the BEDT molecule (0.51 V22), which is
roughly the same (0.5 V) in the CO- and CN-based
monomers, is strongly shifted to the negative direction
(by ca. 0.7 V) in the polymers.

The reduction process involves highly localized sites,
namely, the pyrazine ring and the carbonyl or the
dicyanomethylene moieties. For this reason the redox
potential of the acceptor moiety in the monomer (see,
e.g., BEDTCO) is in practice the same as that of the
isolated acceptor molecule (see, e.g., CO) and is only
slightly (0.1 V at most) shifted to the negative direction
in the polymer.

A further difference between the oxidation and the
reduction processes is their half-height width W, which
is high for the oxidation (1.2 V at least, capacitive
plateau) and quite narrow (ca 0.2 V, redox bell) for the
reduction process (Figure 1).

From the reduction redox potentials (CN > CO > TP)
and the extent of electrochemical reduction, from the
intensity of the low-energy bands and the n-doping con-
ductivity values, it results that localization is stronger
in CO and CN than in TP. It is suggested that in TP
the charge is distributed over the pyrazine-fused
thiophene ring rather than localized on the pyrazine
ring alone, and this allows a comparatively higher
mobility.

Charge Localization and Conductivity in Poly-
thiophenes. Gap lowering by the donor-acceptor ap-

(33) Catellani, M.; Arbizani, C.; Mastragostino, M.; Zanetti, A.
Synth. Met. 1995, 69, 373.

(34) Catellani, M.; Botta, C.; Stein, P.C.; Luzzati, S.; Consonni, R.
Synth. Met. 1995, 69, 375.

Figure 6. (Top) Cyclic voltammograms of poly(CO-co-EDTn)
as a function of n (0, 1, 2, 4, 8) in acetonitrile + 0.1 M
Bu4NClO4. (Bottom) E°ox (circles) and E°red (triangles) vs n.
Scan rate: 0.1 V s-1.

Figure 7. UV-vis-near-IR spectra of poly(CO-co-EDTn) as
a function of monomer ratio n. n ) 1 (solid line), 2 (dashed
line), and 4 (dotted line).

Figure 8. Oxidation redox potential E°ox of (O) poly(CO-co-
EDTn) and (4) poly(BEDTCO-co-BEDTn) vs n.
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proach is in general accompanied in fact by band
narrowing, which means that charge localization leads
to a decreased level of conductivity.17 Moreover, DA
alternation also decreases dramatically the gap lower-
ing with the increase of the degree of polymerization.17

This outcome may be a positive result since low DP
oligomers are in practice as conducting as long-chain
polymers, but it is in any case a limitation of the DA
approach.

The conductivity of polyconjugated polymers in gen-
eral is expected to be symmetrical for p- and n-doping.
In fact, polyacetylene, which may be p- and n-doped with
Lewis acids and alkali metals, respectively,35 displays
similar conductivies in the two types of doping. Yet in
polythiophenes a strong decrease of conductivity from
p- to n-doping is the general rule. Polythiophene elec-
trochemically n-doped with tetrabutylammonium ion
displays a conductivity of ca. 5 × 10-2 S cm-1 vs 15 S
cm-1 for the tetrafluoroborate p-doped material; i.e., the
n-conductivity is ca. 300 times lower.36 In poly(3-
methylthiophene)37 conductivity of the n-doped form is
ca. 100 times lower than that of the p-doped form. Also
the conductivity of the p- and n-doped forms of poly-
(dithienylvinylene)23 are in a 300 ratio. All the polymers
investigated here follow this rule.

Also the shape of the cyclic voltammograms in poly-
thiophenes shows large potential windows (capacitive
current plateaus) for oxidation and narrow redox-like
peaks for reduction, in agreement with wide and narrow
bands, respectively. Chemically prepared regioregular
poly(3-octylthiophene)11 and anodically coupled poly-
(dithienylvinylene), which is appreciably defect free due
to the low oxidation potential of the monomer,23 show
a p-doping cyclic voltammogram 0.6-0.8 V wide but a
narrow (ca 0.1 V) n-doping cyclic voltammogram (Figure
9). Since no DA alternation is present in these polymers,
the reason for the asymmetrical CV behavior must be
ascribed to the thiophene component itself in every case.

Localization of charge in polythiophenes may in
principle be traced to the different localization of the
LUMO (on the sulfur atoms) and of the HOMO (on the
polyacetylene CH backbone) orbitals. Quantomechanical
calculations on the isolated polyconjugated polymer
chain38 have in fact shown that whereas the valence
band is constituted exclusively by carbon 2pz orbitals,
pz orbitals of the heteroatoms take part in the conduc-
tion band, and this is reflected, e.g., in the different ESR
g values, 2.0045 for anions39 and 2.0025 for cation
radicals.40 Bandwidths of valence and conduction bands
are in any case comparable.38 It is therefore suggested
that the reason for the different charge localization in
the bulk material lies on an intermolecular (rather than
intramolecular) basis, i.e., that π-interaction is weaker
among orbitals constituting a partially filled conduction
band than among those forming a partially empty
valence band. In agreement with this suggestion

thiophene radical anions do not show any tendency to
π-dimerize,41 different from radical cations.42

As a conclusion charge localization is in fact already
present in non-DA-type polythiophenes. It is then
enhanced in DA-type polymers and is finally brought
to higher limits in copolymers.

4. Conclusions

Anodic coupling of monomers constituted by two 3,4-
ethylenedioxythiophene units R-linked to thieno-
pyrazine, cyclopentadithiophen-4-one, and 4-dicyano-
methylenecyclopentadithiophene has produced new low-
gap thiophene-based polymers. The regular copolymers
thus produced show optical gaps (measured at the
maximum absorption) in the range 0.95-1.30 eV and
electrochemical gaps (measured from redox potentials)
in almost the same range (0.80-1.30 V). Alternation of
electron donor bis-3,4-ethylenedioxythiophene subunits
is so effective in gap lowering that the dicyano monomer
has produced a regular copolymer with the lowest
reported electrochemical gap (0.8 V).

Copolymerization of acceptor monomers with increas-
ing amounts of 3,4-ethylenedioxythiophene as donor
comonomer does decrease the gap but at the expense of
optical and electrochemical densities. From an analysis
of the redox potential as a function of comonomer
fraction, it results that the gap is limited by the redox
potentials of the individual homopolymers only, as
reasonably expected. Thus, a vanishingly small gap is
not achievable by this route.

Finally, it must be stressed that the DA copolymer-
ization approach to gap lowering dealt with in this paper

(35) McDiarmid A. G.; Heeger, A. J. Synth. Met. 1979, 1, 101.
(36) Kaneto, K.; Ura, S.; Yoshino K.; Inuishi, Y. Jpn. J. Appl. Phys.

1984, 23, L109
(37) Crooks, R. M.; Chyan, O. M. R.; Wrighton, M. S. Chem. Mater.

1989, 1, 2.
(38) Bakhshi, A. K.; Ladik, J.; Seel, M. Phys. Rev. B 1987, 35, 704.
(39) Alberti, A.; Favaretto, L.; Seconi, G. J. Chem. Soc.. Perkin

Trans. 2 1990, 931.
(40) Kaneto, K.; Hayashi, S.; Ura, S.; Yoshino, K. J. Phys. Soc. Jpn.

1985, 54, 1146.

(41) Bauerle, P.; Segelbacher, U.; Gaudl, K. U.; Huttenlocher, D.;
Mehring, M. Angew. Chem., Int. Ed. Engl. 1993, 32, 76.

(42) Miller, L. L.; Mann, K. R. Acc. Chem. Res. 1996, 29, 417 and
references therein.

(43) Kenning, D. D.; Funfar, M. R.; Rasmussen, S. C. Polym. Prepr.
(Am. Chem. Soc., Div. Polym. Chem.) 2001, 42, 506.

(44) Zecchin, S.; Casalbore, G.; Gallazzi, M. C. Manuscript in
preparation.

Figure 9. Cyclic voltammograms of (a) poly(3-octylthiophene)
and (b) poly(dithienylvinylene) in acetonitrile + 0.1 M
Bu4NClO4. Scan rate: 0.1 V s-1.
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brings about negative effects on the expected intrinsic
conductivity entirely limited to the n-type component.
Negative charges produced in n-doping are localized in
the polythiophene chains already without DA moieties,
and addition of DA alternation localizes the n-type
conductivity carriers further. An even lower n-conduc-
tivity is produced in copolymers by a higher content
of 3,4-ethylenedioxythiophene units due to increased
electron hopping distances. The final result is that in

these polymers the intrinsic conductivity is completely
p-type.
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