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Chapter 1

Band-Gaps and Conductivities of Polythiophene-Based

Conducting Polymers

1.1 Introduction

Polymers and metals are two of the four most important solid materials (the other

(conductivity < 10™° S cm'™'), whereas metals show good conductivity (e.g. the conductivity
of copper is ca. 10° S cm™). It is desirable to achieve materials having 2 combination of the
high conductivity of metals and the processability, corrosion resistance and low density of
polymers, that is, conducting polymers or synthetic metals. A breakthrough in the
de of i came in 1977, when MacDiarmid and Heeger

discovered the fact that doping of polyacetylene (PA) with Lewis acids or bases led to a
dramatic increase in conductivity of over 10 orders of magnitude (1, 2], endowing the
polymer with metallic properties. The PA polymer was synthesized according to the
Shirakawa method [3, 4]. Another important step followed in 1979 when it was shown that

highly conducting films of polypyrrole (poly-Py) could be produced by oxidative



electrochemical polymerization of pyrrole [5]. These pioneering works stimulated rapid
discoveries and extensive studies of various conducting polymers, such as poly-Pys [6-10],

polythiophenes (poly-Ths) [11-13], polyanilines (poly-Ans) [14-16], and other polymers [16-

18].

In the meantime, a large amount of work has been directed towards finding
pplications of conducting poly in a wide range of fields covering battery materials [19-
21], el k ic displays [22, 23], antistati ings [24, 25], el lysts [26],
sensor technology [27-29], separati t [30], and molecular el ics [31-33].
H few conducting poly 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

btk 1

pp d among 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 carriers to the conduction band in the neutral state of the conducting polymer, and

thus i the intrinsic electrical conductivity. In the long term, it may lead to true organic
metals or even superconductors without the ity of oxidative (p-) or reductive (n-)
doping. Secondly, the lower p-doping p ial and less negative n-doping p ial

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



their processibility. Moreover, the red shift of the absorption and emission spectra Iting

TP

from a decrease of E, will make avai ducting poly p in the visible

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

Among the ducti I poly-Th has most often been chosen as

X

the model system for the synthesis and design of small band-gap conducting polymers [34],
due to its high environmental stability and structural versatility [35]. This introduction,

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

1.2 Background

The electrical ies of a ial are d ined largely by its electronic

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

the el i of conducti; ) [36-38]. The band structures of a monomer

P

and its polymer in different states of doping are shown in Fig. 1.1 [39]. Corresponding to the

states illustrated in Fig. 1.1, the of thiopk (Th, 1) and its poly are
shown in Fig. 1.2.
Pol ization of a to form a pol 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 termed the band-gap (E,).

3
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Fig 1.1 Schematic diagram of the evolution of the band structure of a conjugated polymer



Structure 1
/) /
S S n

(a) thiophene (b) polythiophene

N b
S _@S _/h

(c) polaron in polythiophene

(d) bipolaron in polythiophene

Fig. 1.2 The structure of thiophene and polythiophene in
neutral, partially-doped, and highly-doped states



Table 1.1 lists the band-gaps and the highest conductivities reported to date of some of the
most studied conducting polymers. Typically, band-gaps are greater than 1.4 eV, which

results in no significant intrinsic conductivity.

Table 1.1 Band-gaps and the maximum p-doping conductivities reported

for some common conducting polymers

Polymer Band-gap /eV P-doping conductivity /S cm™
Trans-polyacetelyene 1.4 [40] 2x10° [41]
Polypyrrole 32[42] 2-3 x10° [43, 4]
Polythiophene 2.1 [45] 2000 [46]
Polyaniline 760 [47]
Polyparaphenylene 3.4 [48] 500 [49]

‘When a conjugated 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 delocalized over several structural units and is called the polaron. Further
oxidation of the polymer causes polarons in the same chain to combine to produce
bipolarons. When a great many bipolarons are formed (highly p-doped), their energy states
overlap at the edges, which creates narrow bipolaron bands in the gap. Similar states are
formed when the polymer is reduced (n-doped), but the energy levels are below the
conduction band [50]. Both polarons and bipolarons are mobile and can move along the

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

-6



1.3 Polythi Polybithioph and Polyterthiophene

Studies of polythiophene (poly-Th) as a new ion of conducting poly

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

was to achieve high electrical conductivity by ding the effective conjugation length [54-
55] (that is, increasing ¢-¢.’ linkage and reducing e-p’ linkage defects), minimizing defects

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

ially p d through the optimization of the el hemical thesis [58-60].
Effects of the electrolyte [61], the solvent [62-64], concentration of precursors [65],
temperature [61], and the electrode materials [66, 67] have been taken into consideration.

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

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 hology and el hemical properties of
poly-Th films. PFg, BF,, ClO;, and AsF; are generally used to obtain smooth and compact
polymers, while HSO,” and SO,* lead to poorly conducting films [73].

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

of the el lyti di The p of trace water in the solvent has deleterious
for the el polymerization and hence for the conjugation length and
conductivity of the polymer [74].

o7



iii. Polymers prepared at lower temperature have a longer mean conjugation length
than those prepared at higher temperature [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 platinum electrodes.

v. D ing the ion improves the conductivity of poly-Th

[65]. However, at too low concentration (< 20 mM) [56], poly-Th films are difficult to

deposit because the p izati iency deceases si

vi. The applied electrical conditions exert considerable effects on the morphology
and properties of electrogenerated poly-Ths. The most homogeneous and conducting films
are generally obtained under galvanostatic conditions [70, 75].

vii. i ization of thi in the presence of bithiophene or

reduce idation, and hence increase the conductivity and conjugation
length [76].
Under the optimum synthesis conditions, poly-Th films can be prepared with
enhanced effective conjugation, with band-gaps reduced from 2.2 to 1.9 eV [73, 77] and
conductivities reaching 2000 S cm* [75].

Besides the optimization of the

in parti 2, 2"-bithi (BTh, structure 2) and 2, 2": 5, 2"-terthiophene

(TTh, 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],
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of the polymer [79] and since the thi rings are i a-¢” linked
in the starting molecule, one could expect the resulting polymer to contain less a-B” defects

than the polymer prepared from the monomer [85].

Structure 2 Structure 3
Wl [ N4 )
S S’ S
2, 2"-bithiophene 2,2 5, 2terthiophene
Despite the diversity of i iti i results have been

obtained, showing that the resulting polymers differ markedly from that prepared with the
monomer. As a matter of fact, poly-BTh and poly-TTh are generally obtained as powdery
deposits with conductivities inferior by several orders of magnitude to that of poly-Th. Thus,
the conductivity of poly-BTh reaches at best a few S cm™, while that of poly-TTh lies
generally in the range of 107 S cm™ [78, 80, 86, 87]. A comparative study of the

and i ies of poly-Th, poly-BTh, and poly-TTh [78], has

shown that increasing the length of the starting molecule leads to an increase of the oxidation
potential and to blue shift of the absorption maximum of the resulting polymer. These results
show that the lower conductivities of poly-BTh and poly-TTh are correlated to a decrease

of the average length of the conjugated system in the polymer [88, 89]. This limited



can be explained by considering the changes in the reactivity of the substrate

resulting from the delocalization of the T electrons over the entire molecule. On one hand,
the overall reactivity of the substrate decreases or, in other words, the stability of the
corresponding radical cation increases, which causes a decrease or even in some cases a

loss of izability. This ion is i with the limited
electropolymerization of TTh [78], as shown by the fact that poly-TTh contains large
amounts of unreacted TTh and of the compound resulting from a single coupling, e.g.
sexithiophene [45, 78]. On the other hand and as aready discussed, the conjugated structure
of oligomers results in a decrease of the relative reactivity of the positions which has

for the ivity of the

In the ization of the and ol does not lead

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

for ization yields finally a less conjugated and less

polymer. The remains the most appropriate for efficient

is of i jt and highly ing poly-Ths.

1.4 Low band-gap conducting polymers

In order to achieve polymers with narrow band-gaps, we need to increase the energy

level of the valence band, decrease the energy level of the conduction band, or both. Several

-10-



methods [34, 90-93] to realize this goal have been developed. They are ized below

as three approaches:

Approach 1: i ing the quinoid ct in the ground state of a conjugated
polymer [90]

Approach 2: building a polymeric chain with al ing donor (; ic ch )
and acceptor (quinoid ct ) moieties [91, 92]

Approach 3: introducing electron-withdrawing groups at a carbon bridging the p and
B’ positions of bithienyl p [93]

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

than 1.0 eV have been fully thesized [34]. The following will focus on the

polymers obtained through these three approaches, which include structural modification of

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

1.4.1 Low band-gap conducting polymers with increased quinoid character

a. Poly(isothianaphthene)

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

mentioned above), poly(benzo[c]thiopk (also called poly(isothi hth (poly-ITN),
structure poly- 4) [94] is the first example of a low band-gap conducting polymer. It has been

viewed as the prototype of this h, drawing ive studies both from experimental

ST BT |
il -

and on its synthesi: ies and [95-97].

Y P
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[\

benzo{cjthiophene

Poly-ITN films were first ized by Wudl and in 1984
[94]. Their choice of ITN was based on the idea that the limiting resonance form d (see Fig.
1.3) could be expected to be i andh 1d 10 stabilizing the quinoid
form of the polymer. It was initially found that the electropolymerization of ITN was
strongly The use of hilic anions, such as CIO, ot BF,,

mp for the ition of poly-Ths, produced poly(dihydro-

as a white precipitate [94]. While ic anions, e.g. Br and CI' led

to formation of poly-INT [94, 98]. Later work has shown that satisfactory results can be
obtained by the application of repetitive potential scans to solutions containing classical
electrolytes such as EtNBF, or Bu,NPF, in acetonitrile [99-101]. More recently,
of bis(tri B ilylyisothi ((BTBDMS)ITN)

instead of ITN was proposed [102]. This method has the advantage that (BTBDMS)ITN is
a stable monomer under ambient conditions whereas ITN is unstable and must be prepared

prior to the

12~
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n
a b c d
Fig. 1.3 Four of poly-ITN by Wadl et al. [94]

Poly-ITN has also been prepared by means of chemical synthesis. Oxidation of the

dihydro-derivative with ic oxygen, FeCl, [103], sulfuric chloride [104], or N-
chlorosuccinimide [105], leads directly to the doped conducting polymer. It has also been
reported that poly-ITN could be directly obtained from phthalic anhydride or phthalide by
reaction with P,S, [106].

Electrochemical studies of poly-ITN show the p-doping peak at ca. 0.5 V vs. SCE
and n-doping peak at ca. -1.1 V giving an electrochemical band-gap of 1.0-1.2 V [100]. A
conductivity of 50 S cm has been reached for the iodine-doped polymer [107]. The UV-
Vis-NIR absorption spectrum of the neutral poly-INT shows a peak at ca. 800 nm due to the

and ion onset at ca. 1200 nm, from which the band-gap is

tobeca. 1.0eV, i with the value of the electrochemical gap. This band-
gap value is ca. 1.0 eV lower than poly-Th [108]. The undoped poly-INT film is blue in
color, while the polymer in both the p-doping and n-doping states is colorless and

Thus, ication to ic displays has been suggested.




Theoretical attention to poly-ITN has focused on band-gap structure calculations
[109-112]. In the early stage, it was suggested that poly-ITN should have an aromatic
structure (Fig. 1.3 (a)) in the electronic ground state for which a gap value of 0.54 eV [113]
was calculated. Later work, however, concluded that a quinoid structure (Fig. 1. 3 (d)) is the
ground state for the polymer with a calculated band-gap of 1.16 €V [109, 112]. This band-
gap value is consistent with the experiment result [108]. From a comparative in situ Raman
spectroscopic study of poly-ITN film in various oxidation states, it was concluded that the

quinoid form was the ground state. This result is in agreement with NMR studies [113, 114].

b. Poly(i:
In order to achieve further reduction of the band-gap, a significant work has been

devoted to the synthesis of substituted analogs of ITN.

Poly(5, 6 ioxy)isothi (poly-DOMITN, structure poly-5) was
one of the first derivatives of poly-ITN [115]. While the cyclic voltammogram of the
monomer (DOMITN) revealed a significant decrease in the oxidation potential from ca. 1.4
V vs. Ag/Ag® for ITN to ca. 0.65 V, due to the electron-donating effect of the
methylenedioxy substituent. This effect was not observed in cyclic voltammograms of the
polymer which, in contrast, showed an oxidation potential slightly higher than poly-ITN.

The band-gap of poly-DOMINT was comparable to that of poly-ITN, but the conductivity

of both the chemically and jcally prepared p (3-6x107 S cm) was

considerably lower than that of poly-ITN (50 S cm™) [115].



Structure §

[\

)

5,6-(methylenedioxy)isothianaphthene

Halogen substitution on the phenyl ring [116-119] causes positive shifts for the
potentials of both p-doping and n-doping. The shift of p-doping potential is not as significant
as that of the n-doping potential, e.g. the onset potential for n-doping shifted from -1.1 V vs.
SCE for ITN to -0.35 V for the dichloro derivative, while the peak for p-doping, shifted from
ca. 0.5 V for ITN to 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 has been
attributed to both electronic and steric effects [118].

Several poly-INT derivatives with alkyl chains on the phenyl ring have been prepared
[120]. Polymers of this class are soluble in common organic solvents. Poly(5-
decylisothianaphthene) in solution showed a A, at 512 nm, while a solution-cast film
exhibited an optical band-gap of 1.0-1.3 eV [121]. 5-methylisothianaphthene was reported
to electropolymerize at a lower potential than unsubstituted ITN, however, the polymer

oxidized at a higher potential than poly-ITN [116], similar to DOMINT mentioned above.

-15-



c. Poly(thieno[3,4-b]pyrazine)

Poly(thieno[3,4-b]pyrazine) (poly-TP, structure poly-6) is another representative
conducting polymer of approach 1. This polymer was designed on the basis of theoretical
calculations predicting a band-gap smaller than that of poly-ITN (0.70 eV vs 0.80 eV) [122].
Furthermore, reduced steric interaction between adjacent monomer units was also expected.
Th 23 ienof3,4 i ? ized by FeCl,. The

undoped polymer was dissolved in chioroform. The electronic spectrum showed an
absorption maximum at 915 nm for a solution cast film with a band-gap of 0.95 eV. Films
cast after doping with NOBF, in solution exhibited a maximum four-probe conductivity of
3.6x10? S cm™* [123]. More recently, other polymers derived from poly-TP with various

alkyl chains have been i i by Raman and it was that the

polymer has a quinoid ground-state geometry in the neutral state and an aromatic one in the

doped state [118].

Structure 6
R R
;/ \(
N N
z/ \§
Thieno{3,4-blpyrazine



1.4.2 Low band-gap conducting polymers with alternating donor or acceptor moieties

along the chain

As soon as the idea that

p with regular i i
donors or quinoid-acceptors should present low band-gaps was proposed [91, 125, 126],

several groups [127-129] almost

poly(isothi It-bithi (poly-INTBT, structure poly-7). In which the

isothianaphthene unit behaves as the electron-acceptor and the two adjacent bithiophene

units as the electron-donor.
Structure 7 Structure 8
PN\ 7\ N\ /7 \_ /7 \
£ S S

The oxidation potential of 7 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 ivity of the polymer by four-probe

electrodes was about 107 S cm™ [129), the same order of magnitude obtained for poly-TTh

[72]. A UV-Vis-NIR study of the polymer in the neutral state showed the absorption onset
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atca. 730 nm, ing to a band-gap of 1.7 eV [127, 129], intermediate
between those of poly-Th and poly-ITN. Although poly-8 has a very similar structure to
poly-7, a much lower band-gap of 0.65 eV was claimed [131]. This low value, however, was
obtained at 0.0 V vs. SCE, a potential at which the polymer was still slightly doped judging
from its CV.

Nonclassical thiophene units, such as thieno[3,4-blpyrazine [132, 133] and
thieno[3,4-c][1,2,5]thiadiazole [134, 135] have been used as the median rings in the trimmer
instead of the isothianaphthene unit. One of the advantages of this substitution is that the
steric interactions produced between the fused benzene ring and the adjacent thiophene rings

in8are reduced [133]. When R=CH,, compound 9 was irreversibly oxidized at 0.88 V vs.

SCE, and reversibly reduced at -1.36 V [135]. P ization of 9 by repetiti

potential scans led to a polymer with a band-gap of 1.40 eV. While electropolymerization
of compound 10 produced a polymer with a band-gap of 0.90 V. This small band-gap value
was confirmed by its CV which showed oxidation and reduction peaks at 0.70 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].
Structure 9 Structure 10
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‘The median ring has been extended to tricyclic i i systems [136,
137]. The electrogenerated polymer of compound 11 exhibited a very narrow
electrochemical band-gap of ca. 0.30 V, estimated from the onset potentials for p-doping and
n-doping. The absorption edge of the optical spectrum was below 0.50 eV [136). More
recently, the polymer electrosynthesized from compound 12, which differs from 11 in the
substitution of the two side thiophene rings with two pyrrole rings, produced a vanishingly
small electrochemical band-gap between the p-doping and n-doping [137]. But there were

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

Structure 11 Structure 12
S,

N7 SN

N7 N ) (

N/ \N 4 \N
ava (N7 31D
S S ) |

143 Low band-gap i with el i il groups

bridging the B and B’ positions

This approach was based on the idea that the effect of electron-withdrawing groups

bridging the B and B’ positions should decrease the aromaticity of the polymers, and hence



increase the quinoid character [34]. Following this approach, polymers electrosynthesized

from 2, 1-b; 3, 4-b")dithi 4-one (CDT, structure 13) [138, 139] and 4-
4H- [2, 1-b; 3, 4-b'dithi CDM, structure 14)[140, 141]
are two ives with band-gaps signi reduced with poly-BTh. The

oxidation potential of CDT was 1.26 V vs. SCE, very close to that of bithiophene [138],
indicating that the carbonyl group has no significant effect on the energy level of the HOMO.

The band-gap value ined by hemical i was 1.1-1.2 eV

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

Structure 13 Structure 14
cyclopenta[2,14:3', 4-b- 4-(dicyanomethylen
dithiophen-4-one 2, 16:3, mammphena
Compared to CDT, the stronger electron-wit ing effect of the di

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 i i [140]. This ion band was

assigned to a T-7* transition both by analogy with CDT and based on sovatochromic

effects. The optical spectrum of poly-CDM is strongly reminiscent of that of poly-CDT with
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the fanew ion band ing to the near IR and with a long wavelength

edge at ca. 0.80 eV. The small difference observed between the onset potential for p- and n-
doping was consistent with this low band-gap value [140].

Witha )sulfonyl group itution of one of cyano groups in CDM,

similar to poly-13 and poly-14, the electronic absorption spectrum of the neutral
electrogenerated polymer exhibits a bathochromic extension toward the near IR region

leading to an estimated band-gap of 0.67 eV [141].

1.5 In situ i ivil of

1.5.1 Te i for in situ

The i ivities of ing polymers reported in the literature are
mostly measured in the dry state by the two-probe or four-probe methods [142-145].
However, neither method can accurately reveal how the conductivity varies with the doping

level. Thus, in sit ivit i which can provide valuable insight

into electron 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 [146, 147, iched dual-electrod y [148, 149],

rotating disc voltammetry [150, 151] and AC impedance spectroscopy [152, 153]. They are
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summarized in Table 1.2 [39].

Table 1.2 C ison of in situ
Technique Conductivity measurement range/ S cm™
Two parallel band electrode voltammetry 10% ~ 10%[147)
Sandwiched dual-electrode voltammetry 107~ 1[154]
Rotating disc voltammetry 10° ~ 10* [150]
AC i 107~ 107 [153]
Of these i dual-els d can cover the largest conductivity

range (from 10 to 1 S cm). So it is perhaps the most suited technique for the measurement

of conducting polymers at various states [154], that is, highly doped, lightly doped or even

undoped (for low band-gap In this ique [157, 158], a small.
potential difference is applied between a polymer-coated Pt electrode and a thin porous gold
film deposited over the polymer film. The scanning potentials of the polymer and the gold
film are controlled using a bipotentiostat. At any selected potential the polymer’s electronic
resistance can be obtained from the steady state current using Ohm’s law. Thus the specific
conductivity can be calculated if the thickness of the film is known.

The parallel band by placing an insulating spacer between
two sheets of platinum foil [147]. The polymer is bridged between the two electrodes by

deposition, or spin- or drop-coating. A bipotentiostat is used to control the scanning

22-



potentials of the two electrodes with a fixed potential difference. The conductivity is
calculated by comparing the resulting current with that of a standard polymethyithiophene
film (= 60 S cm™) [155]. This method is well suited for the measurement of high
conductivities (>10* S cm™). Conductivities obtained by this technique are, to some degree,
dependent of the film thickness and the interband gap [147, 156].

Both rotating disc and ACi have low practical

conductivity measurement ranges, and thus are useful for investigating polymers having low
conductivity or ones doped lightly. The main advantage of AC impedance is that it also can

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

1.5.2 In situ ity of

The i ivities of i are known to be strongly

dependent on their doping levels (oxidative (p-doping) or reductive (n-doping) states) [142.
159], and can vary over more than 10 orders of magnitude with changing potential [160,
161]. A typical in situ p-type conductivity against potential for a polymethylthiophene film
is shown in Fig. 1.4, along with its cyclic voltammograms at different scan rates [162, 163].

The plot of resistance (or conductivity) against potential shows hysterisis between
the anodic and cathodic scan, correlating with hysterisis in the cyclic voltammetry. In the
neutral state (e.g. -0.4 V vs. Ag), the polymer is insulating with a resistance larger than 10'°

Q. Upon doping, the resi: de (or the




CURRENT
T
|

100uA

DRAIN CURRENT I

POTENTIAL (V) vs Ag

Fig. 1.4 In situ conductivity versus potential for a polymethylithiophene film[162]. The
upper figure is the cyclic voltammograms of the film at different scan rates



exponentially with increasing potential. This is because in the lightly doped state, the

is i to the ion of charge carriers (polarons),

which i ially with ing potential. After ca. 0.2 V, the polymer reaches

its maximum conductivity (resistance < 200 Q), and exhibits a potential window with the
highest conductivity from 0.2 V to 1.2 V. However, further oxidation of the polymer causes
the conductivity to decline significantly (ca. 2x10* Q at 1.8 V). At higher doping levels,
bipolarons become the dominant charge carries [164-166]. The conduction of electrons is
realized by electron hopping from bipolaron to polaron or unoxidized sites [163]. When the
polymer is highly or close to fully oxidized, this type of “mixed valence” conductivity will
decrease, making electron hopping difficult, and thus causing the reduction of the

conductivity. Indeed, it has been shown that p iline has a i ivity when

it is oxidized to an extent of approximate 0.5 electron per aniline repeat unit, and becomes
insulating when it is oxidized to about 1.0 electron per repeat unit [167].

There are reports on the electrochemical reduction (the n-doping) of poly-Ths [34],
but the n-type conductivity has been studied much less than the p-type conductivity, because
of the poor stability of most conducting polymers under n-doped condition, thus making the

in situ ivi i ible. Until now, only n-doping conductivities

of i [168] and polydithienylvi [169] have been reported. The two

polymers showed similar in siru conductivity behavior with potential. For the lightly doped
polymers, the conductivity increases exponentiaily with potential scan cathodically. The n-
doped type showed a much narrower window of high conductivity than the p-doped type,
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and the maximum conductivity was about 100 times lower. These results suggest that the
conduction band of the polymer (filled during n-doping) is narrower than its valence band
(emptied during p-doping) [39], or the lower conductivity is attributed to the effect of the
larger counterion inserted into the film [169]. For most low band-gap poly-Ths, the n-
stable. Therefore, the measurement of n-type conductivities for the low band-gap polymers
should be relatively easily carried out. However, there are lack of these data till now.

1.6 Scope of this thesis

Although a significant number of conducting polymers with band-gap lower than 1.0

eV are now known [34], there is lack of detailed characterization of these materials.

Especially lacking is data on one of their most i ies, their

including their in situ ivities and intrinsic ivities. Therefore, the purpose of

this work is to characterize known and novel low band-gap conducting polymers, and

‘measure their iz situ and intrinsic conductivities. It includes:

1. UV-visible and cyclic of thi based
such as thi (Th), bithi (BTh), i (TTh), dicy:
P ithi (CDM), and i i (EDOT). C ion of

experimental results with theoretical HOMO and LUMO energies.



2. Electrochemical polymerization of Th, BTh, TTh, CDM and EDOT.

Characterization of their p- and n-doping properties by cyclic voltammetry, UV-Vis-NIR

'y, and in situ

3. Copolymerization of EDOT with CDM. Characterization of p- and n-doping

of the by cyclic i UV-visible

ry, and in situ
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