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Band-Gaps and Condncti'rities ofPolytlliopbene-Based

Coadnding Polymen

1.1 IatrodactioD

Polymers aod md&1s~ two aCme four most importmt solid ma:teriaJs (the odH:r

two are semicooductors and ceramics). Most polymers are cxceUaa electrical i:nsu.Ialon

(cooductivity < 100"S em:'). wbaas ma:als sbow goodcaxhx:tivity (e..g. the cooduaivity

ofcopperis ca. 10' S em-I). h is dcsDable to -=bieve 0UIICria1s lwviDg acombinariOll afme

high caxhx:tivity ofmeWs aDd the proc:essability. cormsioD resistmce mel low dcmity of

polymers., tim is, CCGducting polymrn ex syDIbetic: IDd:als. A breakthrough in the

developmem of coaducting polytnen came in 1977, wbr::::D M-:Oiarmid aDd Hccger

discovered the fact that doping of poIyacayleDe (PA) with Lewis acids or bases led to a

dramatic increase in CODductivity of over 10 orders of magnitude (I. 2). endowing the

polymer with metallic properties. The PA polymer was syn:tbc:sizcd according to the

Sbinbwamedlod (3, 4J. ADOCber importmtstep followed in 1979 when it was shown that

highly """""""" films of polypyuole (poly-Py) oooJd be """"""" by oxUlative

-1-



electrochemical polymerization of pyrrole [5]. These pioneering works stimulated rapid

discoveries and extensive studies ofvarious conducting polymers, such as poly-Pys [6-10],

polythiophenes (poly-Ths) [I 1-13], polyanilioes (poly-ADs) [14-16], and other polymer> [16­

18].

In the meantime, a large amoWlt of work has been directed towards finding

applications ofconducting polymers in a wide range offields covering battery materials [19­

21], electroebromic displays [22, 23], antistatic coatings [24, 25], electroeatalysts [26],

sensor lechoology [27-29], separation membranes [30], and molecular electronics [31-33].

However, few conducting polymers have yet seen wide commercial success. The reason for

this is that most of these materials are either environmentally unstable or not sufficiently

processable. In addition, the conductivity of these materials is orders of magnitude lower

than metals. To overcome these disadvantages of the present conducting polymers, a key

approach suddenly co-emerged among researchers in recent years: conducting polymers with

low band-gaps may be an optimization.

First of all, reduction of the band-gap (E,) will favour the thermal excitation of

charge camers to the conduction band in the neutral state of the conducting polymer, and

thus increase the intrinsic electrical conductivity. In the long term, it may lead to true organic

metals or even superconductors without the necessity of oxidative (P-) or reductive (0-)

doping. Secondly, the lower p-doping potential and less negative n-doping potential

associated with narrow gaps is likely to stabilize the corresponding doped state. In addition,

the low or zero doping level required for low band-gap conducting polymers will maintain
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their processibility. Moreover, the red shift of the absorption and emission spectra resulting

from a decrease ofE, will make available conducting polymers transparent in the visible

spectral range and potentially useful for the fabrication of LEOs operating in the IR.

Among the numerous conducting polymers, poly-Th has most often been chosen as

the model system for the synthesis and design ofsmall band-gap conducting polymers [34],

due to its high environmental stability and struetural versatility [35]. This introduction,

therefore, will focus on poty-Th based low band-gap conducting polymers.

1.2 Background

The electrical properties of a material are detennined largely by its electronic

structure. Classical band theory for solid state materials is modified and adjusted to explain

the electronic structure ofconducting polymers [36-38]. The band structures of a monomer

and its polymer in diffel<lJt states ofdoping are shown in Fig. l.l [39). Corresponding to the

states illustrated in Fig. 1.1, the structure of thiophene (Th. structure 1) and its polymer are

shown in Fig. 1.2.

Polymerization of a monomer to fonn a polymer causes the highest occupied

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) to split,

forming two separated energy bands called the valence band and conduction band,

respectively. The energy difference between the two bands is tenned the band-gap (E').
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Structure 1

os
(a) thiophene (b) polythiophene

(c) polaron in polythiophene

~
®

+ S S
S S +,,_ _ n

(d) bipolaron in polythiophene

Fig. 1.2 The structure of thiophene and polythiophene in

neutral, partially-doped, and highly-doped stales
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Table 1.1 lists the b8nd-gaps and the bigbest conductivities reported to date of some of the

most studied conducting polymers. Typically, band-gaps are greater than 1.4 eV. wh.ich

results in no significant intrinsic conductivity.

Table 1.1 Band-gaps and the maxim\DI1 p-doping conductivities reported

for some common conducting polymers

Polymer Band-gap leV P--dopingcooductivitylS em·1

Trans-polyacetelyene 1.4[40] 2x lO' [41]

Polypyrrole 32 [42J 2-3 x Uf [43. 44]

Polythiopbene 2.1 [45] 2000 [46)

Polyanilioe 760[47]

Polyparapbenylene 3.4 [48) 500 [49J

Wbe:n a coojugated polymer is oxidized (p-doped), electrons are removed from the

valence band and vacancies, that is, radical cations in this case, are created. The radical

cation is partially deloca:lizedover several mucturaI units and is called the polaron. Further

oxidation of the polymer causes polarons in the same chain to combine to produce

bipolarons. Wbe:n a great many bipolarons are formed (highly p-doped), their energy states

overlap at the edges, which cta.tes narrow bipolaron bands in the gap. Similar states are

formed when the polymer is reduced (n~), but the energy levels are below the

conduction band (50]. Both polarons and bipolaroos are mobile and can move along the

polymer chain in an electric field, and thus conduct electrical current.



1.3 Polytbiopbene, Polybitbiopbene and Polytertbiopbene

Studies ofpolythiophene (poly-Th) as a new generation of conducting polymers

started in the early 1980s [51-53]. The emphasis ofearly work (before 1990) on this polymer

was to achieve high electrical conductivity by extending the effective conjugation length [54­

55] (that is, increasing a.-a' linkage and reducing a.-P' linkage defects), minimizing defects

caused by overoxidation [56], and improving the morphology [57]. This objective was

essentially pursued through the optimization of the electrochemical synthesis [58-60].

Effects of the electrolyte [61]. the solvent [62-64]. concentration of precurnlr.; [65].

temperature [61], and the electrode materials [66, 67] have been taken into consideration.

Various electrochemical synthesis techniques, such as constant potential [62, 68], constant

current [69. 70]. cyclic potential sweep [71] and current pulses [60. 72] have been employed

to synthesize poly-Th. A systematic analysis in a review by Roncali [35] concluded that:

i. The electrolyte strongly affects the morphology and electrochemical properties of

poly-Th films. PF,-, BF.-, CIOi, and AsF,- are generally used to obtain smooth and compact

polymers, while HSOi and sot lead to poorly conducting films [73].

ii. The solvent must have a high dielectric constant to ensure the ionic conductivity

of the electrolytic medium. The presence of trace water in the solvent has deleterious

consequences for the electropolymerization and hence for the conjugation length and

conductivity of the polymer [74].
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iii. Polymc:n prepared at lower temperature have a lODger mean conjugation length

than those prepared at higher temperat1Ue (61).

iv. Platinum, gold, tin oxide or indium·tin oxide (ITO) coated glass., titanium. and

iron have been used as the electrode materials to deposit poly-Ths [66, 67}. The most

conductive polymers have been obtained on bulk platiDum electrodes.

v. Decreasing the monomer concentration i.mproves the conductivity ofpoly-Th

{65]. However, at too low concentration « 20 mM) (56], poly·Tb films are difficult to

deposit because the polymerization efficiency deceases significmtly.

vi. The applied electrical conditions exert considerable effects on the morphology

and properties ofe1cetrogenentted poly-Tbs. The most homogeneous and conducting films

are generaUy obtained under galvanostatic conditions [70, 75].

vii. Electrocatalytic polymerization ofthiophene in the presence ofbithiopbene or

terthiophene can reduce overoxidation, and beDce increase the conductivity and conjugation

'on'" [76].

Under the optimum. synthesis conditions, poly-TIl films can be prepared with

enhanced effective conjugation, with band-gaps reduced from 2.2 to 1.9 eV (13, 77] and

conductivities reaching 2000 S em· l [75].

Besides the optimization of the electropolyme:riDtion conditions, thiophene

oligomers, in particular, 2, 2'-bitbiopbene (BTh, structure 1:) and 2, 2': 5', 2"-tertbiopbene

(TIb, structure 3) [78-82], have been proposed. as another approach to control the structure

and properties of poly-Ths. Owing to their lower oxidation potentials [83, 84],

-8-



oftile polymer [79J and furtbmnore. since tile thiophene rings are exclusively «-<t' linked

in the swtiDg molec:u1e, ODe coaldexpccttbc rcsuItiog polymer to contain less «-~' defects

thaD the polymer prepared from the moaomer [85]._3
2. 'Z-bithiophene 2,Z:S,2"-tertt1iclpheoe

Despite the diversity of electro5yDtbesis conditiOD$, consistent n:suhs have been

oblained, showing that the resulting polymers differ markedly from. that prepared with the

monomer. As a DUdter of filet, poly·BTh aDd poly-TIlt are generally obcained as powdery

deposits with conductivities inferior by severaJ orders ofmagnitude to that ofpoly-Th. Thus.

the conductivity of poly-BTh reaches at best a few S em,l, while tbat of poly-Tfh lies

generally in the range of 10-1 S em,l [78, 80, 86, 87]. A comparative stUdy of the

eleotrocbeuUooI md~cprope<tiC$ ofpoly-Th, poly-8Th, md poly-TTb (781. has

shown that increasing the length oftile SIarting molecule leads to an increase oftbe oxidatioo

potcotial and to blue shift oftile absorptioo. maximum. oftbe resutting poJyme:r. These results

show that the Iowa' conductivities ofpoly-BTh and poly-TIh are com:Iarcd to a decrease

of the average la:agth of the conjugated. sysICm in the polymer [88, 89]. This limited
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conjugation can be explained by considering the cbmges in the reactivity of the substrate

resulting from the delocalization oftbe:lt electrons overtbe entire molecule. On one band,

the overall reactivity of the substrate decreases or. in other words, the stability of the

conespooding radical cation increases. which causes a decrease or even in some cases a

complete loss of polymerizability. This conclusion is consistent with the limited

electropolymerization of lib [78], as shown by the fBct that poly-TIb contains large

amounts of umeacted lib and of the compound resulting from a single coupling, e.g.

~ [45. 78J. Onthe"",",bandaod_oIreadym.cu..ed. 1heooajuga><d_

of oligomers results in a decrease of the relative reactivity of the positions which bas

deleterious consequences for the stereoselectivity of the polymerization.

In summary. the e1ectropolymeri23tim ofthe monomer and oligomers does not lead

to the same polymer. Contrary to what could be expected [85. 86], the use of a more

conjugated precursor for electropolymerization yields finally a less conjugated and less

conducting polymer. The thiophene monomer remains the most appropriate for efficient

electrosynthesis ofextensively conjugated and highly conducting poly~Ths.

1.4 Low baDd1l"P eoadactiDg palymers

In order to achieve polymers with DaDOW blmd-gBps, we need to increase the energy

level of the valeoce band, decrease the eoergy level oftbe CODduction band, or both. Several
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methods [34, 90-93] to realize this goal have been developed. They are summarized below

as three approaches:

Approach 1: increasing the quinoid character in the ground state of a conjugated

polymer [90)

Approach 2: building a polymeric chain with alternating donor (aromatic character)

and acceptor (quinoid character) moieties [91, 92]

Approach 3: introducing electron.withdrawing groups at a carbon bridging the Pand

P' positions ofbithienyl precursors [93]

Following these ideas, a significant number ofconducting polymers with band-gaps lower

than 1.0 eV have been successfully synthesized [34]. The following will focus on the

polymers obtained through these three approaches, which include stnlctwaJ. modification of

the thiophene unit and have proved effective to reduce the band-gap.

1.4.1 Low baod-gap conducting polymers with increased quinoid character

a. Poly(isothiaoapbthene)

Among the low band-gap conducting polymers derived from approach 1 (as

mentioned above), poly(benzo[c)thiophene) (also called poly(isothianaphthene) (poly-ITN),

structure poly- 4) [94) is the first example ofa low band-gap conducting polymer. It has been

viewed as the prototype of this approach, drawing extensive studies both from experimental

and theoretical perspectives on its synthesis, properties and structure [95-97].
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PoIy-ITN fiJms ..... fbst~_ by WudlBDd «>W<>d<= in 1984

(94}. Tbcir cboice ofrTN was bescd 011 the idea tbld: the limitiDg resooaoce form d (see FII­

1.3) could be expccred to be importmr: aDd beDce would cc:dn1luce to stabilizing the quinoid

form. of the pettymer'. It was initially fouod tbld: the elccttopolymeri:mioo of fIN was

sttoogfy dcctroJytedepc:Dl:koL The use OfDOD-DUCIeophilic: anioos, such as CIO; or BF,',

commooJy employed for the electrodc:posi:ti of pofy-Ths, produced poty(dihydro­

i~) as a whitt precipi:l:IIle [94]. Wb:iJc ouckopbilic anicas. e.g.. Br aod CI" led

to formatim. of poly-INT [94. 98]. Ldcr work has shown tbI1 S*tisfactory resulb can be

obl:aiDed by the applicdioo. of~ poum:ial scaDS to solulic:ns cmtaining classaI

electropo1ymerimino of bi«tri-bulyl<timelhybiJyl~_in..ophtbene «BTBDMS)IDl)

_ofITN wu proposed (102]. TIn. methodiw the adv-.e lhat (BTBDMS)rTN b

immediately prior to the pol)'lllCriz:lltif



F"IC- 1.3 Four rcsooaoce strueClJrCS ofpoly-ITN sugesIlld by Wudl et at. [94]

Poty-rIN bas also been prepared by meaDS ofcbemical synthesis. Oxidation oftbe

dihydro-derivative with attnospberic oxygen,. FeCI) [103], sulfuric chloride [104], or N­

_de(105]. ''''''' di=tIy to the doped «>a<Iuotmg polyu=. It"" .... been

«po<te<Ithat poly-ITN rouId '" di=tIy obWDod nom pbIbalic ....ydridc '" pbtbalide by

EJec:aocbemicaI studies of poly-ITN show the p-doping peak: at ca.. 0.5 V V$. SCE

aod o-doping peak. ca. -1.1 V givingm electrocbemical bIDd-gap of 1.0-12 V [tOO]. A

CODductivity of50 S em:' bas been I"CIIC:bed fortbc iodi:Pe-doped polymer [107]. The uv­

Vis-NIRabJorptioospectrum oftbeocutral poIy.INT shows a pcak.ca.. 800 am due to the

interbaDd ex:c:itmioa. aod absorpticu oosct • ca.. 1200 om. from which the baDd--gap is

evaluated to be ca. 1.0 eV. coosimm wiIh tbcv1Juc oftbe elccaocbemicaJ. gap. This band-

gap value is ca. 1.0 eV lower than poly-Th [108]. The UDdoped poly-INT film. is blue in

color. wbile the polymer in both the p-dopiDg md n-doping stales is colorless and
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Theoretical attention to poly-IlN bas focused on band-gap stI'1JctUR calculations

[l09·112j. In the early stage, it was suggested that poly-ITN should b&ve an ;uomatic

sb'UclUrC(Fig. 1.3 (a» in the elec:tronic: ground stale for which a gap value of0.54 eV {lI3}

was calculated. L.ater work, however, concluded that a quinoid structure (Ftg. 1. 3 (d» is the

ground stale for the polymer with a calculated band...gap of 1.16 eV [109, 112J. This hand­

gap value is consisttnt with the experimem: result [lOS}. From a comparative in situ Raman

specttoseopic study of poly-ITN film in various oxidation ststcs., it was concluded that the

quinoid form was tbeground state. This result is inagreemem withNMR studies [113, 114J.

b. Poly(isothialllapbthenc) derintives

In order to achieve further reduction ofthe baod-gap, a significant work has been

devoted to the synthesis of substituted analogs ofITN.

Po1y(5. 6-<methylonedioxy)do1Itimapblbene)(poIy-DOMITN. _ poly-S) was

one of the tim derivatives of polypITN' [lIS}. While the cyclic voltammogram of the

monomer (DOMlTN) revealed a significant decIease in the oxidation potcntia.I from ca. 1.4

V vs. AWAg" for ITN to ca. 0.65 V, due to the elcetron-donating effect of the

mc:thyleoedioxy substituent. This effect was not observed in cyclic voltammognuns oftbe

polymer which, in contrast, showed aD oxidation pateDtial slightly higher than poly-ITN.

The band.-gap ofpoly-OOMINT was comparable 10 that ofpoly-ITN, but the conductivity

of both the c:banically and electrochemically prepared polymers (3-6xI~ S em·l ) was

coosidaably lower-than that ofpoly-ITN (SO S em· l
) [lIS].
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Structure 5

5.6-(methylenedioxy)isoltlianaphttlene

Halogen substinniOD on the phenyl ring [116-119] causes positive shifts for the

potentials ofboth p-doping and n--doping. The shift ofp-dopiDg potential. is not as significant

as that of then~ potential, e.g. the 0DSd potential forn-doping shifted from ·1.1 V vs..

SCE for ITN to ~.35V for the dichloro derivative., while the peak for p-doping, shifted from

ca. 0.5 V for ITNto ca. 0.8 V for the dichloro derivative., respectively (116]. The dichloro

derivative has an electrochemical gap of ca. 0.8 V (119]. Full substitution by fluorine

produces a considerable increase of the band-gap from 1.10 to 2.10 eV, which bas been

attributed to both electronic and steric effects [118].

Severa1 poly-fiIIT derivatives with alkyl chains on the phenyl ring have been prepared

[120]. Polymers of this class are solubJe in common organic solvents. Poly(5-

decylisotbianapbthene) in solution showed a "-- at 512 om, while a solurion-casr: film

exhJ.bitcd an optical band-gap of 1.0-1.3 eV [121]. 5·metbylisothianaphtbene was reported

to ele<:tropOlymeriz.e at a lower potential than uosubstituted ITN. however. the polymer

oxidized at a higher potential thm poly.ITN (116], similar to DOMINT mentioned above.
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Co PoIy(ttue.o[3.U}pyruiae)

Poly(tbic00[3,4-b]py<ume) (poly-ll', """"'"' poly~ ;s """""""""""'"

cooductingpolymel' ofapproach 1. This polymer was desiped on the basis oftbeoretica.l

calcu1atioas predictiog a bmd-gap smaUertbm~ ofpoly-ITN (0.70 eV vs 0.80 eV) [122}.

The monomer, ~1thic00(3,4-bJpyraziDe.was cbemicalJypotymeriz.ed by FeCI). The

lJlldoped polymer was dissolved in cbIorofonn. The c1cctronic spectrum showed an

absorption maximum at 915 nm. for a solution cast film with a baod-gap of0.95 eV. Films

cast after doping with NOBF. in solution exhibited a maximum fout-probe conductivity of

3.6)<1O-l S em·1 [123}. More recanJ.Y. other polymers derived &om poly-TP with various

alkyl chains have been invcstiglllCd by Raman spectJ"05WpY. aDd it was concluded tim the

polymer bas a quiDoid ground-swe geometry in die DCUtnlI stile mel aD aromatic one in the

dopod .... (118].

Structure 6
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1.4.2 Low "bd-pp~ndncting:potymtn with alternatillgdoDoror .cceptor moieties

As soon as the idea that 1t-conjugated polymers with regular alternating aromatic-

donors or quinoid-acceptors should pn:sent: low band-gaps was proposed [91, 125, 126],

several groups [127-l29] almost simultaneously sucecssfully synthesized

poly(isothianapbthcne-alt-bithiopbene) (poly~mTBT, structure poly-7). In which the

isothianaphthene unit behaves as the e1e<:tron-accept and the two adjacent bithiophene

units as the electron-donor.

StrueMe7

()
0-0----0S S S

_.
The oxidation potential of7 occurred at 0.80 V vs. SCE [130], which was lower than that

of terthiophene (1.05 V), due to the intrachain charge transfer between thiophene and

isothianaphthene rings. The highest conductivity oftbe polymer measltted by four-probe

electrodes was about 1(tZ S em· l [129], the same order ofmagnitudc: obtained forpoly-Tfb.

[72]. A UV-Vis-NIRstudy of the polymer in the neutral state showed the absorption onset
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wavelength at ca. 730 om, corresponding to a band-gap of 1.1 eV (121. 129]. intermediate

between those ofpoly-Tb and poly-ITN. Although poly..s bas a very similar st:rueture to

poly-1. a much lower band-gap of0.65 eV was claimed [131]. This low value. however. was

obtained at 0.0 V vs. SeE. a potential at which the polymer was still slightly doped judging

from its CV.

Nonclassical thiophene units, such as thieno{3,4-b]pyrazine [132, 133] and

thieno[3.4-c][1.2.5]thiadiamle [134. 135] have been used as the median rings in the trimmer

instead of the isothianaphthene UDit. One of the advantages of this substitution is that the

steric interactions produced between the fused benzene ring and the adjacent thiophene rings

in 8 are reduced (133]. When R""CH1, compO\Dld 9 was irreversibly oxidized at 0.88 V vs.

SCE, and reversibly reduced at -1.36 V [135]. Polymerization ofcompound 9 by repetitive

potentia] scans led to a polymer with a band-gap of 1.40 eV. While electropoiymeri7Jltion

ofcompotmd 10 produced a polymerwith a band-gapofO.90 eV. This small band-gap value

wasconfinncd by itsCV which showed. oxidation and reduction peaks at 0.10 V and -1.10

V vs SCE with a 0.90 V difference between the threshold potentials for p-doping and n-

doping [134, 135].

Strueture9
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The medim ring bas been exteDdcd to tricyclic DODclassical tbiopbeDe sysrems [136.

137]. The ele:ctrogeDented polymer of compouDd 11 exhibited a very narrow

electroebemical t.Dd-pp ofca. 0.30 V, estimated from the 0DSd potaItiaIs for p-doping m:I

n-doping. The absorption edge oftbe optical spectrum \WS below 0.50 eV (136). More

recently, the polymer electrosyntbesiz.ed from compoUDd 11, wbicb differs from 11 in the

substitution oftbc: two sidethiopbene rings with two pyrrole rings., produced a vanishingly

small electroehemical band-gap between the p-doping aDd n-doping [137). But there were

no detailed studies on this -zero band-gap polymer.

Structure 11 Structure 12

bridging tile Paad P' positioas

This approach was based on the idea thiIl the effect ofelectron-withdrawing groups

bridging the Pand P' positions should decrease the aromaticity ofthe polymers, and beDce
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increase the quinoid character [34]. Following this approach, polymers e1ectrosyntbesized

from cyclopenta{2, I-b; 3, 4-b']dithiopbeoe4-one (COT, structure 13) [138, 139] and 4­

dicyanomethylene-4H·cyclopenta[2, I-b; 3,4-b']dithiopbaJe(CDM. structure 14) [140, 141J

are two rqmseuta:tives with band-gaps significantly reduced compared with poly-BTh. The

oxidation potential ofCDT was 1.26 V vs. SeE. very close to that ofbithiopbene [138],

indicating that the carbonyl group bas DO significam effect on the energy level of1be HOMO.

The band-gap value detetmined by spectroelectrochemica1 experiments was 1.1-1.2 eV

[138]. in agreement with the electtoebemica1 gap from its CV [139].

Sttucture13

o

d!:os s

cydOpenta(2,1.D:3',4'-tt1­
dithiophell4-one

Structure 14

4-(dicyanomethylene~

[2, 1-.b:3, 4-b'}dittdophene

Compared to COT, the stronger electron-withc:b:awing effect of the dicyanoetbene

group in CDM lowers the LUMO level and leads to a decrease in band-gap confirmed by a

100 nm red shift of the longest absorption maximum. [l4OJ. 1bis absorption band was

assigned to a x-x· transition both by analogy with CDT and based on sovatochromic

effects. The optical spectrum ofpoly-eDM is stroogfy reminiscent oftbat ofpoly-CDT with
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the emergence ofa new absorption b8Dd extc:oding 10 the oea:r IR and with a loog WKVClengtb

edge at ea. 0.80 eV. The mW1 d.i.fJcmJcc observed between the onsetpoCeDtial forp- and 0­

doping was consistent with this low band-gap value [14OJ.

With a (nonafluorobutyl)sulfooyl group substitution ofone ofcyano groups in COM..

similar to poly-13 and poly-I", the electronic absorption spectrum of the neutral

elcctrogcncrated polymer exhibits a bathocbromic extension toward the near IR region

leading to an estimated band-gap of0.67 eV [141].

1.5 In situ clectroDic conductivity mcuuremeab of conducting polymen

1.5.1 TecbDiques for iIt sitll electronic coadudivity mcasuremeot

The elcetroo.ic conductivities of conducting polymers reported in the literature are

mostly measured in the dry state by the two-probe or fom-probe methods [142-145].

However, neither method can accundely revea1 how the conductivity varies with the doping

level. Thus, in sirucooductivity measurement techniques, which can provide valuable insight

into elcctroo. transport when the polymer is in the electrolyte solution wetted state under

potential control, have been developed. The in situ techniques include two parallel band

electrode voltammetry [146, 147], sandwiched dual-electrode voltammetry [148. 149J,

roIatingdUcvol1ammetty[I50.151J""'AC"""""""'~[152.153). They ...
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summarized in Table 1.2 [39].

Table 1.2 Comparison of in situ cooductivity measurement techniques

Technique Conductivity measurement range! S em-'

Two parallel band electrode voltammetry 1<r'-10'[147]

Sandwiched dual-electrode voltammetry I<r'-I [154J

Rotating disc voltammetry 1<r'-I<r'[150J

AC impedance spectroscopy 10"'-lcrz[153]

Of these techniques, duaJ-electrode voltammetry ClLD cover the largesl: conductivity

range(from 10-' to I S em:l
). So it is perl1Ips the most suited teclmique for the measuremc:ut

ofconducting polymers at various states [154], that is. highly doped, lightly doped or even

undopcd (for low band.gap polymers). In this technique [157, 158], • small·amplitude

potc:ntial difference is applied between a polymer-coalcd Pt elcctrodc: aDd. thin porous gold

film deposited over the polymer film. The scanning potentials oftbc polymer and the gold

film are CODtI"Ollcd using a bipotc:utioslal. At: any seleeu:d JX*Dtial the polymer's electrooie

resistance can be obc:aiDed &om the steady state currad: using Ohm's law. Thus the specific

conductivity can be calculated ifthe thickness ofthe film is known.

The ponIlel bead electrode. "'" _ by placing .. m.ulatingspo=_

two sheets of platinum foil [147]. The polymer is bridged between the two electrodes by

deposition., or spin- 01" drop-coating. A bipotentiostat is used to control the scanning
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potentials of the two electrodes with a fixed potential diffezmce. The CODductivity is

caJculated by comparing the resulting curreDt with that ofa standard polymethylthiopbeoe

film (= 60 S em'l) [ISS). This method is weU suited for the measurement of high

conductivities (>10-" S em,l). Cooductivities otcamed by this ted:miquc are. to some degree..

dependent oftbe film thickness aDd the imerbandgap [147. 156],

Both rowing disc voltammecry aDd AC impedmx:e spectroscopy have low practical

conductivity measurement nmges. and thus are useful. for investigating polymers having low

conductivity or ones doped lightly. The main advantage ofAC impedance is that it also can

provide the in situ ionic conductivity against potential [152).

1.5.2 III UtII coDdaetivity of CODdgdiD.g polymers

The electroo.ic cooductivities of conducting polymers an:: known to be strongly

de:peDdmt on tbeirdoping levels (oxidmve(p-doping) or reductive (n-doping) states) (142.

159J. and can vary over more !han 10 orden ofmagnitude with changing potential (160.

161]. A typical in situ JHYpe CODductivity against potential for a polymethylthiopbeoe film.

is shown in Fig. IA. along with its cyclic voltammograms .ddiffi:reot scan rates [162. 163J.

The plot ofre:sistaDce (orconduct:ivity) against potential shows hysterisis between

the anodic and cathodic scan. correlating with hysterisis in the cyclic voitammmy. In the

neuttalstate (e.g. -0.4 V vs. Ag). the polymer is insulating with a resistance larger than 1010

C. Upon doping, the resistance deaeasc:s (or the conductivity increases) approxinwely
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exponentially with inCIeasing poteutiaL This is because in the lightly doped state, the

elcetrooic cooductivity is proportional to the coocentntion of charge carriers (polaronsl,

which increases exponentially with increasing poteDtiaI. After ca. 0.2 V, the polymer reaches

its maximum conductivity (resistance < 200 0), and exhibits a poteDtiaI window with the

bigbestconductivity from 0.2 V to 1.2 V. However, furtbcroxidaDon ofthe polymer causes

the conductivity to decline significantly (ca. 2x 10" 0 at 1.8 V). At higher doping levels,

bipolarons become the dominant charge carries [164-166]. The conductioo ofelectrons is

rcaliz.cd by electron hopping from bipolaron to polaroo GrtmOxidized sites [1631. When the

polymer is bigbly or close to fully oxidized, this type of"mixcd valence" cooductivity will

decrease, malcing electron bopping difficult, and thus causing the reduction of the

cooductivity. Indecd, it bas been shown that polyanilioc bas a maximum conductivity when

it is oxidiud to an extem ofapproximate 0.5 electron per aniline repeal unit, and becomes

insulating when it is oxidized to about 1.0 elcetroo per repeat unit [167].

There are reports on the electrochemical reduction (the n-doping) ofpoly-Ths [34],

but the n-typc conductivity has been studied much less than the JHYpe conductivity, because

ofthe poor stability ofmost conducting polymers UDder n-dopcd condition, thus making the

in situ conductivity measurement irreproducible. Until now, only n-doping cooductivities

ofpolymcthykbiopht:oe [168] and polydithienylvinylcnc [169] have been reported.. The two

polymers sbowtd similar in situ conductivity behavior with pote:ntia..I. For the lightly doped

polymers., the cooductivit:y increases~y with pott:utial scan cathodically. The n·

doped type showed a much narrower window ofhigb. conductivity than the p-doped type,
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and the maximum cooductivity was about 100 times lower. These results suggest that the

cooductioD baDd of the polymer (filled during n-dopmg) is oar:rower than its vaJeDce bmd

(emptied during p-doping) [39J, or the 10wcr coaductivity is IItbibuled to the effect of the

larger counterioo in5ertcd into the film [l69J. For most low bmd-g:ap poly-Ths, the D­

<lopmg""""""_obifts_~.moIcing""n-<IopU>g.... """""ly

stable. 1beIefore, the meuuremeor. ofD-fype cooductivities for the low beDd-g:ap polymers

should be relatively easily carried out. However, there are lack oftbesc~ till now.

1.6 Scope of this tbesis

AJtbougb a significaot number ofcooducting polymers with t:.nd-gap lower than 1.0

eV are now known [34], there is lack of detailed cbarade:rizario of tbesc materials..

EspeciaUy lacking is dzla 00 one of their most importmt properties., their cooductivities.

including their in situ cooductivities and intrinsic ccodut:tivities. Therefore, the purpose of

this work is to~ Icnown and novel low t:.nd-pp cooductiog polymers, and

measure their in situ and intrinsic CODductivities. It iDcludes:

1. UV·visibJe specttoseopy and cyclic voltammetry ofthiopbme-based precurson.

such as thiophene (Th), bithiopbene(B1'b), tcrthiopbenc:(TIb), dicyano-methyleoe-­

cyclopeota-bithiophene (CDM), and ethylcnedioxythiophc:oe (EOOl). Correlation of

experimental results with theoretical HOMO and LUMO energies.
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2. Electrochemical polymerization of Tb, BTh, TIh. COM and EDOT.

Characterization of their p- and D-doping properties by cyclic voltammetty, UV-Vis-NIR

specuoelectrochemistry, and in situ conductivity measurements.

3. Copolymerization of EDOT with COM. Cbaracteriz.ation of p- and n-doping

properties of the copolymer by cyclic voltaounetry, impedaDce spectroscopy, UV-visible

specttoelectroehemistry, and in situ cooductivity measurements.
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