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A new polythiophene derivative has been synthesized by both chemical and electrochemical 
oxidative polymerization of the monomer 3,4-ethylenedithiathiophene (EDTT). Both methods 
produce a polymer which is completely soluble in 1-methyl-2-pyrrolidinone (NMP) and partly 
soluble in tetrahydrofuran (THF) and chloroform. The FT-IR spectra of the neutral polymer 
indicate a regular structure formed via a,a coupling of thiophene rings. The new polymer 
shows two absorption bands at 341 nm and 413-419 nm in NMP solution in the UV-vis 
region. Photoexcitation of the polymer in dilute NMP solution results in a broad band 
luminescence with peak at ca. 552 nm. The redox behavior of the polymer was studied by 
cyclic voltammetry in 0.1 M ( B d ) C 1 0 4  acetonitrile solution. The average molecular weights 
have been determined by gel permeation chromatography (GPC) to  be M, - 3.03 x lo3 and 
M ,  - 4.75 x lo3 for the chemically and electrochemically synthesized polymer, respectively. 
Electron spin resonance data are reported. Thermal gravimetric analysis studies show that 
the new polymer is stable in nitrogen up to 276 “C. The chemically doped (with FeCL-) 
polymer and the electrochemically doped (with c104-) polymer show electrical conductivity 
of 0.1 and 0.4 S/cm at room temperature, respectively. These results are compared to  some 
previously characterized polythiophenes. 

Introduction 

Polythiophenes and their derivatives have been in- 
vestigated intensely because of their interesting electri- 
cal and electronic properties and relatively good envi- 
ronmental stabi1ity.l Significant experimental and 
theoretical effort2 has been focused on the modification 
of their chemical structures, in order to alter their 
electronic structures and improve their electrical prop- 
erties, environmental stability, and processability. For 
example, substituting long alkyl chains on the 3-position 
of thiophene affords a series of processable and highly 
conductive poly(3-alkylthiophene~).~ These properties 
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have been attributed to the higher solubility of polymers 
with long alkyl chains and suppression of unfavorable 
2,4’-couplings that interrupt the conjugation system 
along the polymer backbone. Furthermore, using re- 
giochemically defined oligothiophenes can lead to more 
regular conjugated polymers, due to the reduced number 
of 2,4-mi~linkages.~ Fusing a benzene ring on the 3,4- 
position of thiophene leads to a low bandgap (1.0 eV) 
“transparent” conducting p~ly(isothianaphthene).~ “his 
happens because the more stable planar quinoid form 
of the thiophene is favored with the presence of the 
benzene ring.6 Recently, the synthesis of nearly 100% 
head-to-tail poly(alky1thiophene) has been reported, 
which shows great improvement of conjugation chain 
length and high electrical c~nductivity.~ In addition to 
the numerous studies on poly(3-alkylthiophenes), poly- 
mers generated from 3,kdialkylthiophene monomers 
also attracted considerable interest due to the fact that 
no possibility exists for a,/3’ or ,4,p coupling of monomers 
during the polymerization process. This approach has 
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been drastically limited by the large steric hindrance 
of the two substituents,s which forces the polymer 
backbone out of planarity and results in loss of conjuga- 
tion and reduced electrical conductivity. Cyclization 
between 3,4 positions of thiophene considerably reduces 
the steric h ind ran~e .~  Recently, we reported the syn- 
thesis and properties of the new polythiophene deriva- 
tive poly(3’,4’-dibutyl-2,2’:5’,2”-terthiophene) [poly- 
(DBTT)I,1° as another approach to reduce the steric 
hindrance and yield an ordered, soluble, conjugated 
polymer. In the poly(DBTT) backbone, every dibutyl- 
substituted thiophene unit is separated by two nonsub- 
stituted thiophene units (acting as steric diluents). The 
reduced number of side chains provides more space for 
the extension of the two butyl groups, minimizes 
extensive steric effects, and thus leads to a more 
coplanar conjugated polymer. In solution and in the 
solid state the poly(DBTT1 appears to possess one of the 
longest chain conjugation lengths among polythiophenes. 

Relative to monosubstituted polythiophenes, disub- 
stituted polythiophenes are less well explored. To date, 
there have been only a few reports on the study of 
mercapto-substituted polythiophenes, in addition to 
alkyl, alkoxy and mixed alkyl, alkoxy disubstituted 
polythiophenes.ll Poly[(3-methylmercapto)thiophenel 
(PMMT) has been prepared both chemically and electro- 
chemicallysaJ2 and shows conductivity in the order of 
10-1-10-2 S/cm. Poly[3-(ethylmercapto)thiophenel 
(PEMT) and poly[3,4-bis(ethylmercaptoXhiophenel (PBE- 
MT) have been synthesized via a nickel-catalyzed Grig- 
nard coupling reaction of the corresponding 2,5-dihalo- 
geno m0n0mers.l~ Both polymers are soluble in common 
organic solvents and semiconducting and lo-’ 
S/cm, respectively) in the oxidized state. However, both 
the 3-(ethy1mercapto)thiophene (EMT) and 3,4-bis(eth- 
y1mercapto)thiophene (BEMT) monomers fail to be 
electrochemically polymerized because neither monomer 
has significant positive spin density a t  both a-carbons 
on the thiophene rings according to the theoretical 
calculations. l3 Recently, a new polythiophene deriva- 
tive, poly(3,4-ethylenedioxythiophene) (PEDT), has been 
briefly reported.14 PEDT can be synthesized by either 
chemical or electrochemical polymerization of the cor- 
responding 3,4-ethylenedioxythiophene (EDT) monomer 
and results in the conductivity of 15-19 and 200 S/cm, 
respectively. Unfortunately, PEDT is insoluble and 
infusible, which limits its further characterization. 
When a solution of the 3,4-ethylenedioxythiophene 
(EDT) monomer reacts with a thin layer of poly(viny1 
acetate) containing an iron(II1) salt, a transparent film 
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(1 pm thikness) of PEDT has been claimed to  form. In 
this paper we report on the synthesis and characteriza- 
tion of the sulfur analog of PEDT, i.e., poly(3,4-ethyl- 
enedithiathiophene) [poly(EDTT)l, which represents a 
new type of fused-ring mercapto-disubstituted poly- 
thiophene. In contrast to PEDT, the poly(EDTT1 is 
completely soluble in NMP and partly soluble in THF, 
CHCl3, and other common organic solvents. This ad- 
vantage lends this polymer to a more detailed spectro- 
scopic, physicochemical, and charge-transport charac- 
terization than PEDT. The properties of poly(EDTT) 
are compared with some known related polythiophenes. 
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Experimental Section 
l,$-Dibromoethane, n-butyllithium, carbon disulfide, and 

hydrazine hydrate were used as received from Aldrich Chemi- 
cals Inc. 3,4-Dibromothiophene was used as received from 
Lancaster Synthesis. Tetra-n-butylammonium perchlorate 
was purchased from GFS Chemicals Inc. and used without 
W h e r  purification. Acetonitrile (HPLC grade) and l-methyl- 
2-pyrrolidinone (NMP) (HPLC grade) were used as received. 
Other solvents were distilled and degassed prior to  use. All 
reactions were performed under an atmosphere of nitrogen or 
argon with either standard Schlenk or drybox techniques. 
Thieno[3,4-cZl-1,3-dithiole-2-thione. A solution of 3,4- 

dibromothiophene (4.95 g, 20.5 mmol) in anhydrous diethyl 
ether (30 mL) was cooled to -78 “C (dry ice and acetone bath) 
under nitrogen. To this stirred precooled solution, n-butyl- 
lithium (8.2 mL, 20.5 “01, 2.5 M in hexane) was added via 
syringe. The solution was stirred for 0.5 h, and then sulfur 
(0.66 g, 20.6 mmol) was added and stirred for 1 h. Another 
portion of n-butyllithium (8.2 mL, 20.5 mmol, 2.5 M in hexane) 
was added via syringe and stirred for another 0.5 h. To the 
reaction mixture, additional sulfur (0.66 g, 20.6 mmol) was 
added and stirred for an additional 1 h. Finally, the mixture 
was allowed to come to room temperature, and the solvent was 
removed under vacuum to get a yellow solid. To the yellow 
solid, 2 N sodium hydroxide solution (50 mL) and carbon 
disulfide (20 mL) were added. The mixture was refluxed under 
nitrogen for 6 h and then allowed to stand at room temperature 
overnight. The excess carbon disulfide was removed under 
vacuum, and the dark reaction mixture was filtered and 
washed with 2 x 30 mL of water to  give a yellow solid. 
Recrystallization of the solid from dichloromethane-hexane 
(15 (v/v)) gave 0.85 g (22% yield) of thieno[3,4-d]-l,3-dithiole- 
2-thione as amber needles (lit.15 33% yield); mp 142 “C; GC- 
MS (in ether solution) (mh) (re1 intensity) 190 (loo), 146 (71.5), 

3,4-Ethylenedithiathiophene (EDIT). Potassium metal 
(0.284 g, 7.28 mmol) was added in one portion into stirred, 
freshly distilled, methanol (75 mL) under nitrogen. After the 
potassium dissolved completely, thieno[3,4-d]-1,3-dithiole-2- 
thione (0.380 g, 2.0 mmol) was added to the solution. The 
reaction mixture was left to react for 1-2 h a t  50 “C under 
nitrogen, and gave a clear yellow solution. To this yellow 
solution, l,2-dibromoethane (0.2 mL, 2.32 mmol) was added 
via syringe. After 24 h at  room temperature, the methanol 
was removed under dynamic vacuum, and anhydrous ether 
(30 mL) was added. A yellow liquid of 3,4-ethylenedithi- 
athiophene was obtained in 87.6% yield (0.305 g )  when the 
ether was removed from the yellow filtered extract. GC-MS 
(mlz) (re1 intensity) 174 (87), 159 (1001, 146 (381, 82 (22). lH 
NMR (CDC13) 6 6.95 (s,2H, aromatic), 3.21 (s,4H, methylene). 
I3C NMR (CDC13) 6 125.08 (aromatic, ,B-C), 118.06 (aromatic, 
a-C), 27.94 (methylene); FT-IR (KBr pellet) 3091(m), 2956- 
(m), 2915(m), 1472(m), 1411(m), 1385(w), 1324(m), 1287(m), 
857(s), and 772(s). UV-vis (CHC13) A,, = 283 nm. 
Poly(3,4-ethylenedithiathiophene) poly(EDIT)-C. 

Chemical Polymerization. Anhydrous FeCl3 (0.57 g, 3.5 
mmol) was dissolved in 80 mL of CHsCN and stirred for 10 
min. To this red-orange solution, a solution of 3,4-ethylene- 
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dithiathiophene (0.15 g, 0.86 mmol) in 20 mL of CH&N was 
added dropwise. A dark-green precipitate fomred immedi- 
ately. The reaction mixture was stirred for about 24 h under 
nitrogen at room temperature. The dark-green solid was 
filtered through a glass frit and washed with 3 x 20 mL of 
fresh CH3CN and dried under vacuum for 24 h. An amount 
of 0.076 g of product was obtained in doped form (-0.25 FeCL- 
per repeat unit). The neutral form of the polymer was 
obtained by first Soxhlet extraction of the green solid with 
methanol, followed by acetone, and then treated with 20 mL 
of NzH4sHz0 for 12 h. The resultant mixture was filtered and 
Soxhlet-extracted again with methanol and then dried under 
vacuum for 12 h. Brown neutral poly(3,4-ethylenedithi- 
athiophene) [poly(EDTT)-C] was obtained in 43% yield (0.065 
g). Elemental analysis by EDS showed almost no impurity of 
Fe and C1(<0.5%). Calcd (%) for C&&: C 41.9; 2.30. Found 
(%I: C 40.38; H 2.34. 

The neutral polymer can be redoped by reaction with either 
0.1 M FeCldCH3CN solution or 0.1 M IdCHsCN solution. The 
solution-cast films (using NMP solution) can be doped with 12 
vapor in a closed chamber. 
Poly(3,4-ethylenedithiathiophene), poly(EDTl')-E. 

Electrochemical Polymerization. Electrochemical polym- 
erization was carried out under potentiostatic conditions at 
the oxidation potential of the EDTT monomer (E,, ,) ,  at 
ambient temperature in a three-electrode single-compartment 
cell containing 5 mM monomer and 0.1 M (Ba)C104  in 20 
mL of acetonitrile (HPLC grade, Aldrich). The working 
electrode was either a platinum disk electrode of 0.015 cm2 
area or a platinum plate electrode of 1.8 cm2 area. The counter 
electrode was a platinum wire. A saturated calomel electrode 
(SCE) was used as the reference electrode. The solution was 
degassed by argon bubbling for 20 min prior to use and 
maintained under an argon blanket throughout each experi- 
ment. Thin films for electrochemical characterization were 
deposited on the small area platinum disk electrode at the 
oxidation potential of the EDTT for 1 min. The polymer- 
covered working electrode was then removed, washed with 
fresh acetonitrile, dried, and then transferred to another cell 
containing monomer-free 0.1 M (Ba)C104  acetonitrile solu- 
tion for cyclic voltammetric analysis. Bulk doped polymer 
films were prepared on the larger area platinum plate elec- 
trode under the similar conditions by using -20 mM (0.070 g) 
monomer in 0.1 M (Ba)C104  acetonitrile solution and 
holding at the oxidation potential of the EDTT for 45 min. 
After deposition, the films were rinsed with heat acetonitrile 
and dried under vacuum overnight. The doped polymer has 
-0.33 c104- per repeat unit. Neutral (undoped) polymer poly- 
(EDTT)-E were obtained by electrochemically reducing the 
doped films at -0.4 VJSCE until the residual cathodic current 
reached a constant value, then rinsed with neat acetonitrile, 
and were further chemically reduced by hydrazine hydrate 
under nitrogen for 12 h. They were washed with methanol, 
dried under vacuum overnight. Brown powder of neutral poly- 
(3,4-ethylenedithiathiophene) [poly(EDTT)-El was obtained in 
13% yield (0.009 g). EDS showed no chloride impurity. Calcd 
(%) for c&&: c 41.9; 2.30. Found (%): c, 39.80; H, 2.75. 

Instrumentation. Elemental analyses (semiquantitative) 
were performed on a JEOL JSM-35C scanning electron 
microscope (SEM) equipped with a Tracor Northern energy- 
dispersive spectroscopy (EDS) detector. Infrared spectra were 
recorded as KBr pressed pellets on a Nicolet 740 FT-IR 
spectrometer. Carbon and hydrogen elemental analyses were 
performed by Oneida Research Services Inc., Whitesboro, NY. 
W-visible-NIR absorption spectra were obtained from a 
Shimadzu W-3101PC double-beam, double-monochromator 
spectrophotometer. Nuclear magnetic resonance spectra (IH 
and 13C) were obtained using a computer-controlled Varian 
Gemini NMR (300 MHz) spectrometer. The chemical shifts 
are reported in parts per million (6, ppm) using the residual 
solvent resonance peak as reference (CHCls, 6 7.24 ppm for 
'H and 77.0 ppm for W). Fluorescence emission and excita- 
tion spectra were measured on a Perkin-Elmer LS-5 fluores- 
cence spectrophotometer. Thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC) were performed 
on Shimadzu TGA-50 and DSC-50 under nitrogen or oxygen 
at  5 "C/min heating rate. Electron spin resonance (ESR) 
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spectra were recorded with a Varian EPR-E4 spectrometer 
with diphenylpicrylhydrazyl radical as g marker (g = 2.0037). 
Cylindrical quartz tubes were employed for powders. The 
conductivity data were measured by the standard four-probe 
method on pressed pellets as a function of temperature as 
described elsewhere.16 The molecular weight of the poly- 
(EDTT)-C and poly(EDTT)-E was estimated by gel permeation 
chromatography (GPC) (relative to polystyrene standards, M, 
in the range 3120-500 800) with Shimadzu LC-1OAS liquid 
chromatographed equipped with a PL-GEL 1Ou (MIXED-B) 
column of length 300 mm, using 1-methyl-2-pyrrolidinone 
(NMP) with and without containing 0.5 wt % LiCl as an eluent. 
Electrochemical polymerization and cyclic voltammetry were 
performed with a PAR 273 potentiostatJgalvanostat equipped 
with a PAR RE0091 X-Y recorder. 

Results and Discussion 

Monomer Synthesis. The precursor thieno[3,4-d]- 
1,3-dithiole-2-thione was prepared from 3,4-dibro- 
mothiophene using a slightly modified procedure re- 
ported by Chiang et al.15 Potassium reacts with the 
thione in methanol to form the dipotassium salt inter- 
mediate via the C-S bond cleavage. The dipotassium 
salt of the thiophene-dithiolate intermediate (2) reacts 
with dibromoethane to give the new monomer 3,4- 
ethylenedithiathiophene (EDTT) in good yield (87.6%), 
as shown here: 

The structure and purity of the monomer were con- 
firmed by FT-IR, 'H NMR, and 13C NMR results as 
described in the Experimental Section. 

Oxidative Polymerization. Both chemical and 
electrochemical methods have been used in the oxidative 
polymerization of aromatic hetero~yc1es.l~ To distin- 
guish the origin of the polymer, we will use the designa- 
tions poly(EDTT)-C and poly(EDTT)-E for the chemi- 
cally and electrochemically prepared material, respect- 
ively. For chemical polymerization we used FeCl3 as a 
convenient oxidant to polymerize EDTT, followed by 
reduction with hydrazine hydrate (NzHeH20) to obtain 
the undoped polymer (eq 1). 

sns sns 0 + 4FeC13 24 h, room temp 

n n 

s$ + 4FeC13 24 h, CH&N & y +  [FeC14-ly (1) room temp * 

To determine the proper conditions for electropoly- 
merization, we first examined the cyclic voltammetry 
(CV) of the EDTT monomer. During the first anodic 
scan, a solution of EDTT exhibited a rapid increase in 
current at the electrode with an onset of 1.15 V vs SCE 
as illustrated in Figure 1A. Application of repetitive 
potential scans (between 0.0 and 1.2 V vs SCE) to the 
monomer solution resulted in a new anodic process well 

(16) (a) Lyding, J. W.; Marcy, H. 0.; Marks, T. J.; Kannewurf, C .  
R. IEEE !Trans. Instrum. Meas. 1988,37, 76-80. (b) Marcy, H. 0.; 
Marks, T. J.; Kannewurf, C .  R. IEEE Trans. Instrum. Meas. 1990,39, 
756-760. 
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1983,87,1459-1463. (b) Yoshino, IC; Nakajima, S.; Sugimoto, R. Jpn. 
J .  Appl. Phys. 1987,26, L1038-L1039. (c) Hotta, S.; Soga, M.; Sonoda, 
N. Synth. Met. 1988,26, 267-279. 
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Figure 1. Cyclic voltammogram of 3,4ethylenedithiathiophene 
(ED") monomer (5  mM) in CH&N/O.l M (BuN)C104 on a 
F't disk electrode. Scan rate, 100 mV/s. (a) First scan showing 
nucleation loop on the Pt electrode. (B) Fourth to eighth scan 
showing polymer deposition on the Pt electrode. 

below the onset of oxidation of the monomer. The 
intensity of this new anodic process (at -0.91 V vs SCE, 
scanning a t  100 mV/s) increases, as shown in Figure 
1B. This is consistent with conducting polymer deposi- 
tion on the anode surface and is confirmed by the 
formation of small amount of dark-green deposit on the 
electrode. The oxidation potential of the EDTT mono- 
mer is E,, , ,  = 1.15 V vs SCE which is lower than that 
of thiophene (T, Ea,,, = 1.65 V/SCE) and 34methylm- 
ercapt0)thiophene (MMT, E,,,, = 1.30 V/SCE).8a The 
trend in oxidation potentials is consistent with the 
presence of two electron-donating sulfur atoms on the 

positions of the thiophene ring. The low oxidation 
potential of the EDTT monomer demonstrates the ease 
of formation of the radical cations and suggests polym- 
erization will occur with fewer side reactions. Two of 
the possible side reactions avoided here include the 
formation of /l linkages and overoxidation of the poly- 
mer. By holding the working electrode potential at 1.15 
V/SCE for 0.5 h, a thick dark-green, smooth deposit was 
obtained which could not be peeled off as a free-standing 
film because of its somewhat brittle nature. By strip- 
ping off the outer layer with adhesive tape, it was 
possible to measure the electrical conductivity of the 
polymer. A pressed pellet was used for the four-probe 
variable-temperature electrical conductivity measure- 
ments (see below). 

The successful oxidative polymerization of the EDTT 
monomer stands in contrast to EMT and BEMT which 
cannot polymerize under the same ~0nditions.l~ On the 
basis of the spin density argument advanced for EMT 
and BEMT radical cations, it can be concluded that in 
the EDTT radical cation, the positive spin density is 
mainly localized on both a positions of the thiophene 
ring. Theoretical calculations of the cation-radical spin 
densities for the EDTT monomer are needed, however, 
to confirm this. 

Regardless of the polymerization method, poly(ED?T) 
is completely soluble in NMP and partly soluble in THF 
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Figure 2. (A) Typical cyclic voltammogram of a directly 
electrogenerated poly(ED?T)-E film on Pt electrode in CH3- 
CN/O.l M (Bfl)C104. Scan rate, 20 mV/s. (B) Plot of peak 
current density vs the scan rate for a directly electrogenerated 
poly(ED'M')-E film on Pt electrode in CH&N/O.l M (Ba)- 
c104. 

and CHC13. This is in contrast to its oxygen analog, 
PEDT, which is totally insoluble. The solubility of poly- 
(EDTT) allows us to do a detailed spectroscopic char- 
acterization of this new polythiophene derivative. The 
powder X-ray diffraction (XRD) pattern of the neutral 
poly(EDTT)-C shows that it is amorphous. 

Polymer Electrochemistry. The electrochemistry 
of both poly(EDTT)-C and poly(EDTT1-E was studied 
by cyclic voltammetry. Figure 2A shows a representa- 
tive cyclic voltammogram (CV) of a directly electrogen- 
erated poly(EDTT)-E film on a Pt electrode in 0.1 M 
BqNClOdCH3CN solution a t  scan rate of 20 mV/S. The 
Epa and E ,  values are linearly dependent on scan rate. 
The CV of electrogenerated poly(EDTT)-E exhibits a 
broad, weak, first anodic peak at f0.54 V/SCE and a 
sharp strong second anodic peak at +OB6 V vs SCE. 
The latter is associated with one broad cathodic peak 
at ca. f0.70 V/SCE. These two oxidation steps seem to 
be related to  the formation of polarons and bipolarons, 
as has been seen in several polythiophene derivatives.18 
The high symmetry and narrowness of the second 
anodic peak (half-height width = 84 mV) suggests 
relatively homogeneous conjugated chains. The second 
anodic peak currents vary linearly with scan rates in 
the range 0.02-0.1 VIS as shown in Figure 2B, which 
indicate the surface-confined nature of the species, as 
has been observed in many p01ythiophenes.l~ No sig- 
nificant loss of electroactivity was seen after 50 cycles 
as the applied potential swept continuously between 0.0 

(18) (a) Zotti, G.; Schiavon, G. Synth. Met. 1989,31,347-357. (b) 
Child, A. D.; Reynolds, J. R. J .  Chem. SOC., Chem. Commun. 1991, 
1779-1781. (c) Guay, J.; Kasai, P.; Diaz, A.; Wu, R.; Tour, J. M. Chem. 
Muter. 1992, 4 ,  1097-1105. 

(19) Tourillon, G.; Garnier, F. J. EZectrounuZ. Chem. 1984,161,51- 
58. 
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and poly(EDTT)-E (Epa = 0.90 V/SCE) are lower than 
those of PBEMT (Epa = 1.27 V/SCE) but comparable to 
PEMT (Epa = 0.98 V/SCE).13 

Chromatographic Molecular Weight Studies. 
The average molecular weights of both poly(EDTT)-C 
and poly(EDTT)-E were determined by gel permeation 
chromatography (GPC). The molecular weights were 
estimated from a retention time calibration curve 
constructed using a series of polystyrene standards. This 
commonly used technique assumes that, in solution, the 
conjugated polymer and polystyrene behave similarly, 
which we recognize may not be entirely appropriate. 
Thus, the numbers reported here are only relative. Both 
neat NMP and NMP containing -0.5 wt % LiCl were 
used as eluents with a flow rate of 0.2 mumin. The 
UV-vis detector was set at 400 nm with a temperature 
of 23 "C. A dramatic difference in the GPC results is 
observed when -0.5 wt % LiCl is added to the NMP 
solvent. In the absence of LiC1, a multimodal distribu- 
tion of polymer species was observed in the GPC trace 
corresponding to very high molecular weights. When 
LiCl is added to the solution, this behavior disappears 
and only one peak is observed. For example, a repre- 
sentative GPC trace of the poly(EDTT)-C is presented 
in Figure 4, where the molecular weight distribution is 
clearly trimodal in character in neat NMP. It basically 
consists of a high and a low molecular weight fraction 
with area of ca. 38% and 62%, respectively. The high 
molecular weight fraction corresponds to number aver- 
age molecular weight (M,) -3.93 x lo5 and weight 
average molecular weight (M,) -5.30 x lo5 with poly- 
dispersity (PD) of 1.35 and is due to polymer chain 
aggregates in solution. The low molecular weight 
fraction corresponds to Mn - 2.64 x lo3 and M, - 5.38 
x lo3 with PD of 2.0. Figure 4B shows the single peak 
obtained when the NMP/0.5 wt % LiCl was used as an 
eluent. This peak has a longer retention time and 
corresponds to a molecular weight fraction (Mn = 3.03 
x lo3, M ,  = 5.75 x lo3, PD = 1.9). The dramatic 
change in the GPC trace upon addition of LiCl suggests 
that in neat NMP the polymer does not disperse into 
single chains but forms intermolecular aggregates, 
which give rise to the large molecular weight. Li+ ions 
help dissolve these aggregates, probably via Lewis acid- 
base interactions, into single chains and allows for the 
estimation of the correct molecular weight. Such ag- 
gregation phenomena in NMP have been observed in 
previous GPC studies of polyanilines.21 Similar behav- 
ior was observed in the GPC measurements of the poly- 
(EDTTI-E. A single GPC trace was observed, corre- 
sponding to the Mn = 4.75 x lo3, M, = 8.08 x lo3, PD 
= 1.7, when NMPI0.5 wt % LiCl was used as an eluent 
(see Figure 4C,D). 

In comparison with poly(3-ethy1mercapto)thiophene 
(PEMT)13 (Mn = 2200, M ,  = 13 000, DP = 5.9), and 
poly[3,4-bis(ethylmercapto)lthiophene (PBEMT) (Mn = 
2600, M, = 9000, DP = 3.46), the Mn of poly(EDTT)-C 
and poly(EDTT1-E are slightly higher, though in the 
same order of magnitude. The Mn corresponds to about 
17 repeat units in the polymer chain for poly(EDTT1-C 
and 27 repeat units for poly(EDTT)-E. The relatively 
small polydispersity indexes for both poly(EDTT)-C and 
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Figure 3. (A) Typical cyclic voltammogram of a cast poly- 
(EDTTI-C film on Pt electrode in CH&N/O.l M (B@)C104. 
Scan rate, 20 mV/s. (B) Plot of peak current density vs the 
scan rate for a cast poly(EDTT)-C film on Pt electrode in CH3- 
CNlO.1 M (B@')C104. 

and 1.2 V vs SCE. The film was brown-yellow in the 
neutral state and dark-green in the oxidized state. 

For comparison, the electrochemical behavior of the 
chemically synthesized poly(ED'M')-C in the solid state 
was also investigated with solution-cast films (NMP 
solution) on a Pt electrode. Figure 3A shows a repre- 
sentative cyclic voltammogram of a cast film of poly- 
(EDTT)-C. It exhibits a reversible redox process with 
an anodic peak potential (Epa) at 0.92 V and a cathodic 
peak potential (Epc) at 0.69 V vs SCE and at 20 mV/s. 
The anodic peak is noticeably sharper than the cathodic 
peak and the narrow peak width at half-height of about 
84 mV indicates a homogeneous and relatively narrow 
distribution of conjugation lengths among the polymer 
chains. This is in agreement with the relatively small 
polydispersity found from the GPC molecular weight 
measurements (see below). A large potential hysteresis 
(M, = 0.23 V) is attributed to a number of factors 
including the ease of diffusion of dopant ions in and out 
of the film, film thickness, and conformational relax- 
ation of polymer chains between the rigid planar 
oxidized and flexible neutral states. The film was 
brown-yellow in the neutral state and dark-green in the 
oxidized state. No significant loss of electroactivity was 
seen after 30 cycles. The peak currents vary linearly 
with scan rate (see Figure 3B), as was observed in the 
electrochemically prepared polymer. We also observe 
that the E,  is relatively independent of scan rate, while 
the E,, shifts to higher positive values with increased 
scan rates. 

The cyclic voltammetry of poly(EDTT)-C Wers  slightly 
from that of poly(EDTT)-E, in that the first anodic redox 
wave occurs at a slightly higher oxidation potential, 
suggesting smaller average molecular weight for poly- 
(EDTTI-C relative to poly(EDTT)-E. Thus, as has been 
found in other conjugated polymers,20 the method of 
synthesis yields a slightly different polymer. Both the 
oxidation potentials of poly(EDTT)-C (Epa = 1.00 V/SCE) 

(20) Shi, L. H.; Gamier, F.; Roncali, J. Macromolecules 1992, 25, 
6425-6429. 

(21) (a) Hsu, C.-H.; Peacock, P. M.; Flippen, R. B.; Manohar, S. K.; 
MacDiarmid, A. G. Synth. Met. 1993, 60, 233-237. (b) Wei, Y.; 
Hariharan, R.; Patel, S. A. Macromolecules 1990,23, 758-764. 
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Figure 4. GPC traces of neutral poly(3,4-ethylenedithiathiophene) in NMP solution at  room temperature. (A) poly(EDTT)-C 
without PCl,  (B) poly(ED'IT)-C, with addition of LiCl (C) poly(EDTT)-E, without LiCl (D) poly(ED'IT)-E, with addition of LiCl: 
The Li+ ions are thought to serve as Lewis acid centers probably complexing the sulfur atoms on the polymer chains, interfering 
with chain-to-chain interactions. Thus, they help dissolve the large agglomerated particles in to single chains. 
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Figure 5. FT-IR transmission spectra (KBr pellets) of (A) 
monomer 3,4ethylenedithiatophene (ED"), (B) neutral 
poly(ED?T)-C, and (C) neutral poly(ED")-E. 

poly(ED'IT)-E indicate a more homogeneous distribution 
of polymer chain lengths. 

Infrared Spectroscopy. Figure 5 shows the infra- 
red spectra of the EDTT monomer and the correspond- 
ing neutral polymers poly(EDTT1-C and poly(EDTT)- 
E. The principal IR absorption bands for the monomer 
and polymer and their assignments, including data for 
mono- and poly-(3-ethylmercapto)thiophene (EMT and 
PEMT), mono- and poly-[3,4bis(ethylmercapto)lthiophene 
(BEMT and PBEMT), poly(3',4'-dibutyL2,2':5',2''-ter- 
thiophene) [poly(DBl")I, polythiophene (PI?), and poly- 
(3-hexylthiophene) (P3HT) are compared in Table 1. The 
absence of absorbance at 820 cm-' (due to Cp-H 
bending vibration) in the spectra of PBEMT, poly- 
(ED'l")-C, and polyfED'l")-E is consistent with the lack 
of thiophene ring hydrogen atoms in these polymers. In 
the thiophene ring vibration region, only two peaks are 
present in the EDTT monomer and the poly(EDTT)-C. 
The reduced number of vibrational modes, compared to 

W A V E  I MBER (rm-I) 

the other listed polymers, could be attributed to the 
existence of additional symmetry in the chemical struc- 
ture of the repeating units. Similar effects were ob- 
served in the IR spectra of poly(DBTT).'O The absence 
of the aromatic Cp-H stretch at 3070 cm-l is consistent 
with the 3,4-disubstitution in the monomer and in the 
corresponding polymers. The band due to C,-H stretch 
at ca. 3091 cm-l is nearly absent in the IR spectra of 
poly(EDTT)-C and poly(EDTT)-E in contrast to the IR 
spectra of PEMT and PBEMT, and this can be at- 
tributed to the higher molecular weights for the poly- 
(EDTT)-C and poly(EDTT1-E, in agreement with the 
GPC results. However, there are slight differences in 
the IR spectra of poly(ED'IT)-E and poly(ED'IT)-C. This 
may be because the two different synthetic methods 
yield products which may differ in the degree of crystal- 
linity, cis/trans conformation ratio, and the number of 
defects . 

The IR spectra of the oxidized polymer, doped with 
FeCL-, 13- (chemically), and (2104- (electrochemically), 
are all similar and shown in Figure 6. The doping 
process causes a profund change in the IR spectra 
presumably due to the change in the electronic structure 
of the neutral polymer. Surprisingly, the doped poly- 
mers (regardless of the dopant anion) have an additional 
intense band at 831-818 cm-'. In other polythiophene 
derivatives, this band has been assigned to the Cp-H 
deformation vibration of the 2,3,5-trisubstituted thio- 
phene ring.22 However, in the polymers described here 
such a Cp-H group does not exist. We note that this 
band is not observed in the IR spectrum of the neutral 
polymer and it disappears when the doped polymers are 
reduced back to the undoped state. This precludes the 
possibility of a C-S cleavage and formation of a C-H 
group on the thiophene ring upon doping. Thus, the 

(22) Akiyama, M. J. Mol. Spectrosc. 1972,43, 226-238. 
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Table 1. Comparison of Infrared Band Positions (cm-l) and Their Assignments for Some Monomeric and Polymeric 
Polythiophene Derivative@ 

sample 
EDTT 
poly(ED'M')-C 
poly( ED'M')-E 
EMP 
PEMP 
BEMTb 
PBEMP 
poly(DBTTY 
F T h d  
P3HTd 

arom C-H 
a B 

3091 

3101 3066 
3090 3070 
3101 
3090 

3062 
3063 
3055 

2956 
2951 
2962 
2974 
2974 
2970 
2968 
2951 

2959 

aliph 

stretch 
2915 
2911 
2909 
2924 
2916 
2924 
2922 
2925 

2930 

C-H ring 
stretch 

arom 
C-H 

methyl def out-of-plane 
1472 1411 
1442 1409 

1409 
2870 1492 1446 1427 
2867 1508 1481 1423 
2870 1473 1446 1427 
2865 1508 1489 1446 
2856 1492 1456 

1491 1453 1441 
2858 1512 1458 1439 

1385 970 857 772 
1384 
1373 
1373 1099 852 779 
1373 825 
1373 960 856 787 
1373 
1377 788 
1377 788 
1377 825 

a All polymers are in the undoped state. See ref 13. See ref 10. See ref 3a FTH-polythiophene, P3HT-poly(3-hexylthiophene). 
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Figure 6. FT-IR transmission spectra (KBr pellets) of (A) 
poly(EDTT)-C doped with FeCL-, (B) poly(EDTT)-C doped with 
13-, and (C) poly(EDTT)-E doped with C104-. 
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Figure 7. UV-visible absorption spectra of poly(EDlT)-C and 
poly(ED'I"I')-E in NMP solution at room temperature. 

origin of this band is uncertain at this stage. The bands 
a t  1110 and 625 cm-l in Figure 6C are due to the 
presence of C104- dopant. The higher background 
absorbance levels at the high-energy region of the 
spectra, compared to the undoped polymer, are charac- 
teristic of conducting polymers and is attributed to the 
tailing of the electronic bipolaronic absorption from 
oxidatively doped regions in the polymer. 

W-Vis-NIR Spectroscopy. The electronic spec- 
tra of both poly(EDTT)-C and poly(EDTT)-E in NMP 
solution display two absorption bands in the W-vis 
region as shown in Figure 7, in contrast to the single 
absorption observed in the case of PEMT and PBEMT 
and some other polythiophenes. The low-energy peaks, 
both with an onset around 2.39 eV (518 nm), have an 
absorption maximum a t  413 nm for poly(EDTT)-C and 
419 nm for poly(EDTT)-E, which is a result of the n-n* 
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Figure 8. UV-visible-NIR absorption spectra of (A) neutral 
and doped poly(EDlT)-C films and (B) neutral and doped poly- 
(EDlT)-E films at room temperature. 

absorption t r a n ~ i t i o n . ~ ~  The higher energy peaks at 341 
nm are attributed to  n-n* transitions involving the 
excitation of nonbonding electrons from the periphery 
substituents (i.e., S atoms) to the antibonding Jc* orbitals 
of the heterocyclic raings. The onset of W-vis absorp- 
tion in poly(EDTT)-C and poly(EDTT)-E, in solution, is 
close to that of PBEMT (2.4 eV) but slightly larger than 
that of PEMT (2.2 em, suggesting enhanced ring 
rotation in poly(EDTT). 

Figure 8A shows electronic spectra of neutral and 
doped solid films of poly(EDTT)-C. In the solid state, 
the absorption maximum of poly(EDTT)-C appears a t  
434 nm, indicating a greater degree of planarity than 
in solution.24 The bandgap of the poly(EDTT)-C of ca. 
2.19 eV (onset of the n-n* transition), which is also 
confirmed by optical diffuse reflectance measurements, 
lies between that of PEMT (Eg - 2.0 eV) and PBEMT 
(Eg - 2.24 eV). Upon doping with iodine vapor, the 
doped solid film shows two new low-energy absorptions 

(23) (a) Rughooputh, S. D. D. V.; Hotta, S.; Heeger, A. J.; Wudl, F. 
J. Polym. SOC., Polym. Phys. Ed. 1987,25, 1071-1078. (b) Curtis, R. 
F.; Phillips, G. T. Tetrahedron 196'7,23, 4419-4424. 

(24) Inganas, 0.; Salaneck, W. R.; Osterholm, J.-E.; Laakso, J. 
Synth. Met. 1988,22, 395-406. 
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Figure 9. (A) Fluorescence emission spectra of poly(EDTT)-C 
and poly(ED'IT)-E in dilute NMP solution at room temperature 
(1, = 400 nm) and (B) excitation spectra of poly(EDTT)-C and 
poly(EDTT)-E in dilut NMP solution at room temperature. 

with peak maxima a t  -0.80 and 1.47 eV. This is 
qualitatively similar to other polythiophenes and con- 
sistent with charge storage primarily in bipolar on^.^^ 
The electronic spectra of cast films (from NMP solution) 
of poly(EDTT)-E in the neutral and doped state show 
similar features to those of poly(EDTT)-C, as depicted 
in Figure 8B. The bandgap of the poly(EDTT)-E is 
slightly lower at -2.14 eV. Upon doping with iodine 
vapor, the doped solid film shows two new lower energy 
absorptions with peak maxima at -0.74 and 1.41 eV. 
These results are consistent with the slightly higher 
molecular weight of poly(EDTT)-E. However, neither 
poly(EDTT)-C nor poly(EDTT)-E are optically transpar- 
ent in the doped state, as has been claimed for the 
oxygen analog PEDT.14 

Photoluminescence Spectroscopy. The photolu- 
minescence spectra of the polymers were studied both 
in solution and in the solid state. Figure 9A shows the 
emission spectra of both poly(EDTT)-C and poly(EDTT)- 
E in dilute NMP solution (-1 mg/30 mL) a t  room 
temperature when excited a t  400 nm. Photoexcitation 
of these polymers results in broad band luminescence 
with a peak at ca. 552 nm (2.25 eV), and half-height 
width of 0.33 eV for both poly(ED?T)-C and poly(EDIT)- 
E. Both emission spectra exhibit a broad tail a t  low 
energy, presumably a result of emission from longer 
conjugated segments.26 Figure 9B shows the excitation 
spectra of the of the poly(EDTT)-C and poly(EDTT)-E 
in dilute NMP solution at room temperature with 
emission monitored a t  552 nm. Both spectra show two 
peaks a t  ca. 340 and 394 nm, which correspond to  the 
two absorptions in the W-vis spectra (Figure 7). In 
the solid state, the poly(EDTT)-C emits light at low 
energy (at 611 nm) when excited at 350 nm (see Figure 

(25) Patil, A. 0.; Heeger, A. J.; Wudl, F. Chem. Rev. 1988,88,183- 

(26) Xu, B.; Holdcroft, S. J. Am. Chem. SOC. 1993,115,8447-8448. 
200. 
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Figure 10. Fluorescence emission spectra of poly(EDTT)-C 
in the solid state at room temperature (1, = 350 nm). 
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Figure 11. TGA thermograms of neutral poly(EDTT)-C (A) 
under nitrogen and (B) under oxygen. 

10). This is in good agreement with the decrease in 
bandgap observed in going from solution to the solid 
state. The photoluminescence data suggest that these 
materials may be good candidates for application in 
electroluminescence devices. 
Thermal Analysis. The thermal properties of the 

neutral poly(EDTT)-C were examined by thermogravi- 
metric analysis (TGA), and the results are depicted in 
Figure 11. The poly(EDTT)-C under nitrogen atmo- 
sphere starts to decompose a t  276 "C and loses about 
66% of its weight by 800 "C. The decomposition in 
oxygen starts at -245 "C and results in 92% weight loss 
by 400 "C. By comparison, poly(3-octylthiophene) ex- 
hibits thermal stability in nitrogen up to 300 "C and 
about 250 "C in oxygen.27 

Figure 12 shows the DSC thermogram of poly- 
(EDTT)-C under nitrogen atmosphere. At the first 
heating and cooling cycle it displays an irreversible 
sharp exothermic peak at ca. 253 "C with the heating 
and cooling rate of 5 "C/min. The exothermic peak is 
an irreversible event and could be due to energy 

(27) Gustafsson, G.; Inganas, 0.; Nilsson, J. 0. Synth. Met. 1989, 
28, C435-C444. 
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Figure 12. DSC thermogram of neutral poly(EDlT)-C (under 
nitrogen) (* due to the baseline of empty Al pan). 
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Figure 13. ESR spectra of neutral poly(EDlT)-C (A) at 23 
"C and (B) -157 "C. 

released from ring opening of the fused ring substituted 
on the thiophene. 

Electron Spin Resonance Spectroscopy. The 
nature of localized and itinerant spins in the poly- 
(EDTT) materials was probed by ESR spectroscopy. 
Figure 13 shows the ESR spectrum of the neutral poly- 
(EDTTI-C a t  room temperature (RT) of 23 "C and low 
temperature (LT) of -157 "C. A largely anisotropic 
signal with g values of 2.0062 (gl) and 2.0035 ( g z )  was 
well resolved at 23 "C, while it was less resolved at -157 
"C. The number of spins corresponding to this signal 
was calculated (using a DPPH standard) to be -5.89 x 
lozo spindmol and -3.40 x lozo spindmol for the room- 
temperature and low-temperature measurements, re- 
spectively. The origin of these spins lies in defects along 
the polymer backbone. At room temperature there is 
approximately 1 spin per -1022 rings (corresponding 
to a bulk susceptibility of xm = 1.2 x emdmol), 
which is a very small number compared to other 
conjugated polymers and indicative of a high-quality 
polymer. 

In contrast to the generally observed single sy-m- 
metrical line of poly(alkylthiophenes),3a~za the larger gl 
and anisotropic character of the ESR spectra of the 
neutral poly(EDTT)-C indicates that the orbitals of the 

I I 

19 Gauss 1 

FIELD (GAUSS) 

I 

3 Gauss 

FIELD (GAUSS) 

Figure 14. ESR spectra of (A) doped poly(EDTT)-C (IS-) and 
(B) doped poly(ED'IT)-E (C104-) at 23 "C. 

sulfur atoms in the thiophene ring periphery are 
significantly involved in the highest occupied molecular 
orbital (HOMO) of the polymer where the unpaired 
spins reside. It appears that the spins localize part of 
the time on the ethanedithiolate sulfur atoms, instead 
of just along the conjugated backbone, which would 
imply a significant degree of mixing of the 3s and 3p 
orbitals on the sulfur atoms with the thiophene carbon 
p orbitals as has been proposed in the related PEMT 
and PBEMT.13 

The anisotropic ESR spectrum becomes more sym- 
metric and more intense when poly(EDTT)-C is iodine 
doped, see Figure 14. The broad nearly symmetrical 
line (AHpp - 19 G) at g = 2.0058 a t  23 "C, corresponds 
to -1.16 x loz1 spindmol. At -157 "C, the line width 
of the ESR spectrum decreases to 7.2 G at  g = 2.0061. 
The dramatic changes of the ESR line shapes and 
intensities in going from the neutral to the doped state 
of poly(EDTT)-C are attributed to the significant changes 
in electronic structure, the increase in the number of 
defects in the polymer backbone during the doping 
process, and perhaps the appearance of some itinerant 
spins. The contribution of the ethane-dithiolate ring 
substituent to the ESR response is less significant in 
the doped poly(ED?T)-C, possibly due to either the 
greater delocalization of spins in the oxidized, conduct- 
ing, state or the formation of the bipolaron band which 
contains virtually no contributions from the substituted 
sulfur orbitals in the fused sin-membered ring. The 
creation of additional spins whose spectrum masks that 
of those present in the undoped material cannot be ruled 
out. 

The ESR spectra of neutral and doped (C104-) poly- 
(EDTT)-E reveal similar features as the neutral and 
doped poly(ED'M')-E at 23 and -157 "C, i.e., anisotropic 
and isotropic line shape for the neutral and doped 

(28) Elsenbaumer, R. L.; Jen, IC Y.; Oboodi, R. Synth. Met. 1986, 
15, 169-174. 
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Table 2. ESR Data for Various Poly(EDIT) Samples 
sample g factor A H p p  (G) spinsfmol line shape 

At 23 "C 
poly(EDTT)-C (neutral) 2.0062 6.0 5.89 x lozo anisotropic 

poly(ED'M')-E (neutral) 2.0062 6.0 4.64 x loz1 anisotropic 

poly(ED1T)-C (13- doped) 2.0058 19.3 1.16 x loz1 isotropic 
poly(ED?T)-E (C104- doped) 2.0047 3.2 8.36 x loz1 isotropic 

2.0035 

2.0035 

At -157 "C 
poly(ED?T)-C (neutral) 2.0059 

2.0035 
poly(ED!M')-E (neutral) 2.0060 

2.0035 
poly(ED'IT)-C (13- doped) 2.0061 
poly(ED!M')-E (c104- doped) 2.0046 

polymer, respectively. The detailed ESR data for all 
versions of poly(EDTT) are summarized in Table 2. 

Charge-Transport Properties. Electrical Conduc- 
tivity. The electrical conductivities of doped poly- 
(EDTT)-C (with FeC14-) and doped poly(EDTT)-E (with 
C104-) and also the neutral materials were measured 
by the standard four-probe method on pressed pellets 
as a function of temperature. In the neutral state, the 
polymers have conductivities -10-lo S/cm at room 
temperature. With doping, the room-temperature con- 
ductivities increase to -0.1 S/cm for poly(EDTT1-C and 
0.4 S/cm for poly(EDTT)-E. These samples maintain 
these conductivities for several months. These conduc- 
tivity values are comparable to that of the poly(DBTT) 
and among the highest obtained in mercapto-substitut- 
ed polythiophenes. They are several orders of magni- 
tude higher than those of the related polymer PBEMT 
(a = S/cm) and PEMT (a = S/cm)13 and about 
2 orders of magnitude lower than that of PEDT (a = 
15-19 S/cm).14 The slightly higher conductivity of poly- 
(EDTT)-E compared to poly(EDTT)-C is in good agree- 
ment with its higher molecular weight. Given the 
comparable molecular weights of PBEMT, PEMT, poly- 
(EDTT)-C, and poly(EDTT)-E, one reason for the high 
conductivity of the latter two polymers is that their 
charge carriers are less localized on the peripheral 
sulfur atoms compared to PEMT and PBEMT,I3 which 
could give rise to higher carrier mobilities. A contribut- 
ing factor may be the decreased steric interactions in 
poly(EDTT) due to the cyclic disubstitution pattern on 
the thiophene ring which eliminates a,P couplings and 
gives rise to a more planar backbone. 

The electrical conductivity of poly(EDTT)-C and poly- 
(EDTTI-E was also measured as a function of tempera- 
ture and shows a thermally activated behavior in which 
the conductivity drops with falling temperature. The 
data in Figure 15 show that the temperature depen- 
dence does not follow the typical semiconductor behavior 
for a single activation energy. This suggests that the 
charge transport in these materials is affected by 
scattering mechanisms that are not dominant in clas- 
sical semiconductor samples. A significant factor af- 
fecting charge flow in these samples is boundaries 
between adjacent polymer grains as well as other 
activation barriers associated with chain-to-chain trans- 
port. To gain further insight into the conduction 
mechanism of poly(EDTT1-C and poly(EDTT1-E, we 
attempted to fit the experimental variable temperature 
data to the analytical expression 
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Figure 15. Four-probe variable-temperature electrical con- 
ductivity of (A) poly(EDTT)-C doped with FeCL- and (B) poly- 
(ED'M')-E doped with c104-. The temperature range is 5-300 
K. 

where uo and TO are constants and a = V2, V3, or l/4 
based on several conduction mechanisms suggested for 
such s y ~ t e m s . ~ ~ ~ ~ ~  It must be noted that several conduc- 
tion models, such as carrier tunneling between small 
metallic particles in an insulating matrix,29930 one- 
dimensional variable range hopping (1D-VRH) between 
localized states,30 and the Coulomb gap model for 
certain disordered systems31 can be described with a = 
V2.  Three-dimensional variable range hopping (3D- 
VRH) is described by a = V4. Single-exponential fits of 
the electrical conductivity data, with a = l/2 and a = 
V4, are shown in Figure 16. It is clear from these plots 
that the fits over the entire temperature range are not 
entirely satisfactory except for poly(EDTT1-C when a 
= V2, which excludes the 3D-VRH model for this 
material. The poly(EDTT)-E shows a definite change 
in slope at 25 K below which it gives a good fit for a = 
l/2. This slope change may be due to a change in charge- 
transport mechanism. In any case it would be difficult 
to separate the effect of grain boundaries from that of 
interchain hopping with the data a t  hand. Given the 
one-dimensional nature of the conducting species in 
these polymers it is reasonable to envision a charge- 
transport model favoring a 1D-VRH. 

(29) (a) Abeles, B.; Sheng, P.; Coutts, M. D.; Arie, Y. Adv. Phys. 
1975,24,407-461. (b) Sheng, P. Phys. Rev. B: Condens. Mutter 1980, 
B21, 2180-2195. (c) Sheng, P.; Abeles, B.; Arie, Y. Phys. Rev. Lett. 
1973,31, 44-47. 

(30) Isotalo, H.; Stubb, H.; Mi-Lahti, P.; Kuivalainen, P.; Osterholm, 

(31) Efros, A. L.; Shklovskii J. Phys. C: Solid State Phys. 1975, 
J.-E.; Laasko, J. Synth. Met. 1989,28, C461-C466. 

C8, L49-L51. 
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Figure 16. Four-probe variable-temperature electrical con- 
ductivity of poly(EDIT)-C, doped with FeCL- and poly(EDTT)- 
E, doped with C104-: (top) log u vs !F1'z format; (bottom) log 
u vs !FV4 format. The temperature range is 5-300 K. 

Thermoelectric power measurements are less suscep- 
tible to grain boundary effects and can better probe the 
intrinsic transport properties of materials. That is 
because it is a zero-current technique. Such measure- 
ments were performed on doped pressed pellets of both 
the chemically and electrochemically derived polymer. 
The values of the thermopower varied from -5 to +5 
pV/K and in all samples this property trended toward 
zero at lower temperatures; see Figure 17. The mag- 
nitude of the thermopower suggests a metallic state for 
doped poly(EDTT) as has been found in other highly 
conducting polythiophenes. The vacillation between a 
negative and a positive sign to the thermopower, in 
what appears to be similarly doped samples, is more 
difficult to assess. Ideally, oxidatively doped poly- 
(EDTT) should be a p-type conductor if the polaron/ 
bipolaron model proposed for these materials is correct. 
All other polythiophene derivatives have found to pos- 
sess small positive thermopowers between 300 and 5 
K.l0 Although such changes in thermopower sign have 

-10.0 
100 150 200 250 300 

Temperature (K) 
Figure 17. Variable-temperature thermopower data for 
several pressed pellet samples of doped poly(ED'M'). Regard- 
less of chemical or electrochemical origin of the sample, both 
positive and negative thermopower values have been observed. 

been previously observed in polyaniline samples, they 
have been attributed to variations in protonation levels. 
This possibility does not exist in poly(ED'M'), and thus 
a satisfactory explanation cannot be advanced at this 
state. The findings reported here with respect to the 
thermopower of poly(EDTT) may imply that currently 
accepted views of charge transport in some conjugated 
polymers may need further refinement. Work to  iden- 
tify the factors that affect the sign of the thermopower 
from sample to sample is continuing. 

Concluding Remarks 
The incorporation of the ethylenedimercapto group at 

the 3,4-positions of thiophene allows for a better control 
of polymer synthesis and gives the resultant polymer 
high solubility, unusual optical absorption, and aniso- 
tropic ESR spectra. In contrast to  its oxygen analog, 
PEDT, poly(EDTT) is not optically transparent in the 
doped state. The doped polymer shows metallic con- 
ductivity with o - 0.1-0.4 S/cm at room temperature 
about 2-6 orders of magnitude higher than that of 
PEMT and PBEMT, two polythiophenes with mercapto 
substituents on the thiophene ring. The dramatic 
enhancements in the conductivity of poly(EDTT) can be 
attributed to improved conjugation and better inter- 
chain contacts compared to other poly(mercaptothi0- 
phenes). We note, however, that these conductivity 
values are still much lower than those claimed for 
PEDT. The reasons for this difference are not clear. 
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