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Abstract

Electrochemical doping and dedoping processes in poly(3,4-ethylenedioxythiophene)—PEDOT have been studied by in situ ESR spec-
troelectrochemistry with an aim to investigate the behaviour of charge carrying species, generated and annihilated in these processes, with
changing potential. As an extension of earlier studies, we investigated the behaviour of PEDOT at high oxidation potentials, beyond the limit
of electrochemical stability of the polymer located at ca. 1.6 V. Past this limit, a sudden and irreversible drop in the concentration of spins
together with narrowing of the ESR signal is observed. Changes in the spectroscopic response of the film are irreversible as evidenced by the
course of the subsequent reduction process, which by no means resembles the reduction process of the polymer recorded within the potentia
window in which the polymer is stable. Supplemented by results of electrochemical studies, it is concluded that direct overoxidation of the
polymer chain most probably leads to a decrease in the conjugation length of the polymer’s delechlisel] through cross-linking of the
polymer chains. Consequently, the remaining spins become trapped in isolated packets where they behave more like oligomer type radicals.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction originate from the high regularity of the polymer backbone,
which are purelya—’ coupled, thanks to the blocking of
Since the development of poly(3,4-ethylenedioxyth- unfavourabled positions by the cyclic 3,4-dioxy substituent.
iophene)—PEDOT in the late 1980s by scientists at Bayer The two oxygen atoms bonded directly to the thiophene back-
A.G. [1], this polymer to date received an ever-accelerating bone enrich the conjugatetgbond with electrons, lowering
scientific interest of scientists throughout the world. Today the oxidation potential of the polymer, while the cyclic char-
PEDOT is being investigated in a many research fields start-acter of the ethylenedioxy substituent curbs the disorder that
ing from basic polymer sciendg] through material science  otherwise linear side groups could introduce into the polymer
[3], electrochemistr{4], electronicg5] and optoelectronics  structure. A review of the state of development of PEDOT's
[6-8], photovoltaic§9-11], corrosion protectiofil2], novel chemistry and contemporary applications together with arich
cell systemq13] down to biosensorfl4] as one of future  list of references has been given by Groenendaal §t]al.
prospects. The reasons for such widespread interest are its The electronic properties of a conductive polymer can be
much sought for properties like high conductivity, interest- altered through doping. Nowadays it is widely accepted that
ing electrical and spectrochemical properties associated withdepending upon the doping level two different charge car-
its low band gap, electrochromic and antistatic properties rying species can prevail i.e., polarons and bipolarons both
and good stability all of which paved this polymer way into of which can propagate the electrical current along the poly-
numerous important applicatiofi$5,16] These properties  mer chain[17-19] Polarons carry a magnetic moment and
can therefore be observed and distinguished from diamag-
* Corresponding author. Tel.: +48 32 237 1743; fax: +48 32 237 1509. netic blpolarons by means Of ESR spectroscopy. ThE!I’ spec-
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part of that environment, the spectroscopic response of po-uponits electrochemical degradation. Since to date there have
larons will be influenced by the presence of bipolarons as well been no reports concerning the intrinsic behaviour of charge
as any other paramagnetic species in the polymer material.carriers at high oxidation potentials, we decided to take a
This influence will be evident not only at high doping levels more detailed look at the ESR spectroscopic behaviour of
where polarons become oxidised to bipolarons but also at in-PEDOT at potentials past the stability boundary. Our aim
termediate doping levels where both species coexist togethemwas see if the spectroscopy results of PEDOT's overoxida-
[20]. The influence of the doping level on such properties of tion studies can add anything or better still provide new ev-
PEDOT as conductivity and carrier mobility has been already idence to help elucidate the degradation mechanism of this
studied21]. Recently our group has published results on the polymer.
ESR spectroelectrochemical studies of PEDOT during dop- We are aware that the degradation process is a very com-
ing and subsequent dedopif?,23] These results revealed plex one, being a sum of several parallel reactions and de-
some interesting information about the behaviour of param- pends on numerous variables, some of which may be elusive
agnetic species during these processes like the hysteresis aind immeasurable and thus difficult to reproduce. Therefore
the potential dependence of concentration of spins, strong in-any conclusions have to be taken cautiously as they may
teractions between polarons atintermediate doping levels andonly apply to degradation conditions studied. Nevertheless,
the presence of an ESR signal in the dedoped polymer. Someknowledge of the behaviour of charge carriers beyond nor-
of these features of PEDOT have been already observed bymal application regimes is necessary not only for a complete
Kvarnstbm et al. by means of in situ IR and EQC&H]. characterisation of the redox properties of the material but
One of the features of PEDOT is its extraordinary stability may also shed some light on the changes taking place in the
towards different ageing factors both physical and chemical. polymer matrix at these extreme conditions.
One of the first stability studies of PEDOT concerned its ther-
mal stability with respect to such properties as conductivity
[16,25,26] It was found that PEDOT could withstand temper- 2- Experimental
atures just above 10, without notable loss of conductiv-
ity for considerable lengths of time. Rannou and Nechtschein 2-1. Electrochemistry
have studied the kinetics of conductivity decay at higher tem- _ _
peratureg27], while Winter et al. have studied the structural ~~ CYclic voltammetry experiments and measurements
changes taking place in PEDOT upon its thermal treatment'Veré done on AUTOLAB model PGSTAT20 poten-
[28]. When the electrochemical approach towards Symhesistlostat—galvanostat (EcoChemie, Nether.lands) under the con-
of PEDOT has been applied, investigations of electrochemi- ol of a PC class computer. The following electrodes were
cal stability of this polymer have also been initiated. Studies US€d: platinum wire@=1mm) sealed using TefldM tape

of PEDOT and other thiophene polymers in such ‘extended’ '€aving a geometric area of ca. 0'102‘3‘7‘76‘_5 used as work-
potential windows past the potential of electrochemical sta- N9 €lectrode. Agwire was used as a quasireference electrode.
bility of the polymer have been reported in several papers Platinum coil wound around the two electrodes served as an

throughout the last years. Heinze and co-workers reporteda“Xi".ary electrode. All potentials are given versus the Ag
that overoxidation of PEDOT up to 3.0V leads to evolution duasireference electrode used. By measurement of the po-
of a strong double and irreversible oxidation pg2@]. Such tential of ferrocene couple versus this electrode, its potential

treatment led to inactivation of electrochemical properties Was estimated at +0.6 V versus SCE.
of the material. Kvarnstim et al. have evaluated the onset Poly(3,4-ethylenedioxythiophene) (PEDOT) was synthe-

of degradation potential at 1.9]24]. Comparing this value sised through elegtropolymerisation on platinum electrode
with a boundary at ca. 1.4V for other polythiopheifi@g] it from 0.01M solution of monomer in 0.1M (By\PFs

can be seen that PEDOT is indeed an electrochemically sta!n CHsCN. Cyclic voltammetry was employed with ad-
ble material. The effect of high oxidation potentials on other ditional control of maximum oxidation current of the
properties of PEDOT has also been investigated. Lapkowski Monomer. For a given electrode area, the current value at
and Pron have demonstrated a finite potential window of con- Which the40mdat|0n half-cycle was reversed, did not exceed
ductivity of PEDOT[31], while Du and Wang have reported 4-0 107" A. Thanks to such optimised procedure we were
in a recent study the effect of polymerisation potential on abletq synthesise polymer films having similar CV responses
PEDOT's conductivity and ESR respori8é]. Alsorecently, ~ €ach time.
a detailed study of electrochemical dissolution of polythio-

phene has been presented by Aoki and co-wolBa&is Their

work gives some insight into the degradation mechanisms

that could be involved in the degradation of an electroactive

polymer such as PTh upon its overoxidation. The course of

the degradation of polythiophene main chain studied through
identification of its fragmentation products may be an indica- poly(3,4-ethylenedioxythiophene)
tion as to what happens to the main polymer chain of PEDOT PEDOT
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