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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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——
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polymer

polymer polymer

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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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.
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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

47



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

R R
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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
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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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Chapter 2

Experimental Section

2.1 Chemicals and Reagents

‘Various thi were used in our i Thiophene (Th, Aldrich,
99%), bithiophene (BTh, Aldrich, 97%), and terthiophene (TTh, Aldrich, 99%) were used

as received. 4-di 4H- 2, 1-b; 3, 4-b"] dithi (CDM) and 3,

4-ethylenedioxythiophene (EDOT) were donated by Philips (The Netherlands) and Bayer
Corp. (Pittsburgh), respectively.

Acetonitrile (CH,CN, Fisher, HPLC grade, 99.97%) was used as received in our early

In our later i itrile (LiChrosolv, for liquid chromatography,

99.7%) was first run through an alumina column and then distilled under Argon (Ar, Air

Liquide, HP+) with calcium hydride powder (CaH,, ~40 mesh, 90-95% ) as the dessicant
before use. In most cases acetonitrile was used as the solvent for cyclic voitammetry and

of thi and i ization of

polymers. In the cases, where CDM was employed as the precursor for polymerization,
nitrobenzene, in which CDM is soluble, was used. Nitrobenzene (C;H,NO,, Fisher, Certified
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A.CS.) was purified by two distillations. It was first distilled following addition of diluted
sulphuric acid (H,SO,, Fisher, Reagent A. C. S., 95.0-98.0%) to remove most of the
impurities. The nitrobenzene distillate was then distilled after it was dried over calcium
chloride granules (CaCl,, Anachemis, anhydrous, 4-8 mesh). The middle part of the second

distillate was collected and stored under Ar for later use.

The ly it (Bu,NPF,, Fluka, puriss,

electrochemical grade, 99%) was used as purchased.

2.2 Experimental

a. Electrochemical synthesis and studies
A Pine Instruments RDE4 Potentiostat, a SE780 X-Y recorder (Goerz Metrawatt),
and a conventional three-electrode cell were used for electrochemical experiments, which

include ical studies of thi ization, and

electrochemical characterization of polymers. Polished or polymer-coated Pt discs (0.0052
cm®) were used as working electrodes. A Pt wire was used as the counter electrode, and a
SCE as the reference electrode. In all cases, the electrolyte concentration was 0.1 M. For the
electrochemical studies, normally 100 mV/s was employed as the potential scan rate, except
as specified in the text. Before each experiment, the solution was purged with Ar and the
electrochemical studies were performed under Ar. O,-Modified poly-CDM films were
prepared using dry and pure O, (Air Liquide) to treat original poly-CDM films at a negative
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potential (e.g. -0.6 V) for a certain time, then O, was purged from the solution by Ar before

the measurements.

b. In situ conductivity measurement

As discussed in section 1.4.1, among various in situ conductivity measurement

(1-5], dual-electrod has the | ivi range
(from 10 to 1 S cm* [1]), and therefore it is suitable for the study of conducting polymers

in either highly doped or lightly doped states, and was chosen in our experiments. Fig. 2.1

shows the ic structure of a dual-ely de for in situ ivi The

area of the Pt disc was 1.3x10™ cm’. One of the Pt discs was electrochemically coated with
a polymer film. Following voltammetric characterization of the polymer, the dual-electrode
was coated with a thin layer of gold by vacuum vapour deposition with resistive heating of
a tungsten wire wrapped with a gold source. Electrical contact to the gold film was made by
an adjacent Pt disk. A fixed potential difference (AEp,,, = 20 mV) was maintained between
the polymer coated Pt electrode and the gold film while the potential was slowly scanned.
By scanning slowly (I mV s™) the current due to the redox processes of the polymer film
becomes negligible relative to the current driven across the film by the applied potential
difference (AEg..,,)- According to Ohm’s law, the conductivity (o) is calculated using the
following equation

Ixd
AE,, A 2-1



Polymer film Gold film

%71

N/

Pt wire

Fig. 2.1 Schematic dual-electrode used for the measurement of
in situ conductivity against potential
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where, I is the measured current, d is the thickness of the polymer film, and A is the

electrode area.

c. UV-Vis-NIR spectroscopy
1 were using an [TO electrode (0.8

cm®, 10-20 Ohm/cm®, Donnelly Corp.) coated with the polymer, a Cary SE UV-VI-NIR
spectrometer, and a thin-layer quartz cell containing an acetonitrile solution with 0.1 M
Bu,NPF, that can control the potential of the ITO electrode vs SCE.

d. Raman spectroscopy

Raman spectra of polymers were recorded using a Reneshaw Raman Imaging
Microscope System 1000 using CCD31 as the detector and the Argon laser red line of 633
nm as the excitation source. Raman spectra for poly-CDM and poly-EDOT were measured

in their neutral states. Poly<CDM-co-EDOT), whose n- and p-doping processes overlap, was

held at a potential ing to the current minis in their between

n- and p-doping prior to Raman spectroscopy.

e. Scanning electron microscope
Scanning electron microscopy was performed with a Hitachi S-570 scanning electron
Film thi were esti from the ization charge. A

relationship of 4.6 pm per 1 C cm? was obtained from scanning electron microscopy of poly-

CDM films on Pt wire.
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All experiments in this work were carried out at room temperature (21+2 °C)

Reference

m

2

31
[4]

(51

P. G. Pickup, Ele ry of Ele ically Conducting Polymer Films, in:
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G. P. Kittlesen, H. S. White, and M. S. Wrighton, J. Am. Chem. Soc., 106, 7389
(1984)

G. Schiavon, S. Sitran, and G. Zotti, Synth. Met., 32, 209 (1989)

B. J. Feldman, P. Burgmayer, and R. W. Murray, J. Am. Chem. Soc., 107, 872
(1985)
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Chapter 3

Band-Gaps and Redox Potentials of

Thiophene Oligomers and Their Polymers

3.1 Introduction

Among various kinds of conducti lymers, polythiophene (poly-Th) has become

10g p P

the subject of considerable interest, since it not only has high conductivity comparable to
other conducting polymers [1-3], but also has good environmental stability in both its p-
doped and undoped states [1, 4). In addition, its structural versatility [5] makes possible
the development of numerous poly-Th polymers with different desired properties, such as
high stability [6, 7], superior conductivity [8, 9], good processability [10, 11], good

solubility [12-14] and low band-gap [15-18]. In order to achieve poly-Th of good quality,

in addition to the careful optimization of is conditions via thiophene (Th)

[19-20], oli particularly 2, 2'-bithiophene (BTh) and 2, 2': 5', 2"-

terthiophene (TTh) have been employed as precursors for polymerization [21-25]. Owing
to their lower oxidation potentials and exclusive e-¢.' linkage in their precursor structures,

polybithiophene (poly-BTh) and polyterthiophene (poly-TTh) are expected to possess better
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quality than the polymer from Th monomer [26, 27]. Substantial work on comparative

studies of the electrical ical and i ies of polymers

synthesized from Th, BTh, and TTh has been reported [5, 28-30]. One of the most
puzzling results is the observation that, contrary to the former prediction [31], the polymer
derived from Th monomer, which has the shortest conjugation length,among thiophene
oligomers, exhibits the highest conductivity and it is also claimed to have the best
electrochemical cyclability [S, 28] (i.e. charging (doping) and discharging (de-doping)
cycles).

To better understand the properties of different poly-Th polymers associated with
their starting molecules, this chapter has re-investigated redox potentials and band-gaps
of thiophene oligomers and their resulting polymers. Comparative studies of the n-doping
of poly-Ths originating from different oligomers, which is lacking in the literature, are

also present in this chapter.

3.2 Band-gaps and redox ials of thi i

3.2.1 Ek istry of thi and its

a. Oxidation of thiophene oligomers

Fig. 3.1 shows cyclic of the oxidation of

including Th (15 mM), BTh (5 mM) and TTh (5 mM) at Pt electrodes in acetonitrile

containing 0.1 M Bu,NPF;.
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Curve (a) illustrates the oxidation behavior of Th monomer in the potential range
from 0.00 to 2.20 V, which exhibits a ‘nucleation loop' commonly observed for the

of metals ing via a ion and phase growth mechanism [32].

When the potential was scanned forward, the oxidation of Th commenced at 1.86 V and
the oxidation current rose sharply to the peak at 2.01 V. When the potential was scanned

backward, a i ion peak to the oxidation was not observed. indicating

that the oxidation of Th is an irreversible process. However a small reduction current over
a broad potential range was produced due to the de-doping of the polymer formed during
the oxidation. If the potential scanning was continued to higher positive potentials (>2.2
V). another oxidation peak appeared at ca.2.3 V. Under this condition no reduction current
was observed in the reverse scan, thus suggesting the activity of the polymer was
destroyed during the second oxidation process, which is termed the overoxidation [33].

Curve (b) in Fig. 3.1 is for the oxidation of BTh in the potential range from 0.00
to0 1.45 V. The oxidation of BTh started at 1.19 V, and reached a peak current when the
potential was 1.32 V. The reduction current of the de-doping of poly-BTh was clearly
visible in the reverse scan, showing a peak at ca. 0.75 V.

The oxidation of TTh from 0.00 to 1.15 V is shown as curve (c) in Fig. 3.1. At
0.95 V, TTh already began to oxidize, and at 1.05 V showed an oxidation peak. When the
potential was scanned back, a reduction current peak was seen at 0.76 V with a shoulder

at 0.81 V. This peak was relatively narrow but high compared with those of Th and BTh.
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Cyclic voltammograms for Th, BTh and TTh all show irreversible oxidation
waves, due to the formation of polymers by coupling of the starting molecules and the
simultaneous doping of ions into the resulting polymers. The reduction current during the
reverse scan is due to the de-doping of the polymers, the reverse process of doping.
Compared with its oxidation current, significantly smaller de-doping currents are
generated for poly-Th than those for poly-BTh and poly-TTh, since more charge is needed

for coupling of Th units and less charge is used for doping of the formed polymer.

F poly-Th is ized at such high potential that the overoxidation of the
polymer can not be avoided [33, 34], thus decreasing the activity of the polymer.

From Fig. 3.1, as expected, both the onset oxidation potential and peak oxidation
potential reduce significantly with increasing the number of Th units in the precursor. thus
reflecting the higher HOMO energy level with longer conjugation length of the Th

oligomers.

b. Reduction of thiophene oligomers

Cyclic voltammograms of the reduction behaviors of BTh and TTh are illustrated
in Fig. 3.2 as curve (a) and curve (b) respectively. For BTh, its reduction began ar -2.28
V and peaked at -2.59 V, while for TTh, as expected, the onset reduction potential shifted
anodically to -1.92 V, and the peak potential to -2.20 V. Reduction processes of both

‘were irl il The ion of Th took place at very negative

where ition of the occurred. The onset reduction potential
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for Th was estimated to be -3.1 V. The above results indicate that as the conjugation
length increases in the starting material, the LUMO energy level decreases.

From the onsets of oxidation and reduction potentials of BTh and TTh. the
electrochemical band-gaps for BTh and TTh were estimated to be 3.47 V and 2.87 V

. And the ical gap for Th was estil as4.96 V.

3.2.2 UV-Visible spectroscopic results of Th, BTh and TTh

Fig. 3.3, curves (a), (b), and (c) illustrate the UV-Visible spectra of Th, BTh and
TTh, respectively in acetonitrile solutions. The optical absorption maximum of Th occurs

at 231 om, which is the result of a =-n* i ition. In with

expectation, the longer conjugation lengths in BTh and TTh make the absorption peaks
move bathochromically to 302 and 352 nm respectively. Following the same trend, the
absorption onset wavelength increases as the number of Th units in the starting material
obtained as 246, 344, and 407 nm, corresponding to optical band-gaps of 5.02, 3.60, and

3.04 eV, respectively.
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3.3 Electrochemical studies of poly-Th, poly-BTh and poly-TTh

3.3.1 P-doping and n-doping of poly-Th

Poly-Th films were electrochemically grown on Pt electrodes from 0.1 M Th in
CH,CN, in the presence of 0.1 M Bu,NPFy, using galvanostatic methods. With a current
density of 1 mA/cm? for 240 s, poly-Th films with thickness of about 1 ym were produced
35].

Fig. 3.4 shows cyclic voltammograms of p-doping (from 0.00 to 0.90 V) and n-
doping (from -0.90 to -2.00 V) of a 1 um poly-Th film at different potential scan rates in

0.1 M Bu,NPE/CH,CN. The results are listed in Table 3.1.

Table 3.1 Electrochemical data of the p- and n-doping of a 1 um poly-Th film

p-doping n-doping
scanrate | E,q Ipion) Egesy | et | Borety [ ey | Ewow Lnion)
mvis | v | A | v | wA | N | A | v | A

0.69 7.0 0.81 -7.0 | -1.82 | 3.8 | -1.69 | 43
0.70 14 0.8 | -145 | -18 | -74 | -1.69 | 82
0.74 22 0.82 | -195 | -1.88 | -104 | -1.68 | 11.6
0.77 30 0.83 | 250 | -1.91 | -13.0 | -1.68 | 14.4
0.80 39 0.84 | -30.5 | -1.93 | -15.1 | -1.68 | 16.7
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In the case of the p-doping of poly-Th, redox waves with good reversibility,
typically observed for conducting polymers were obtained; the de-doping charge was
approximately equal to the doping charge, and the doping peak current was proportional
to the scan rate (see insert plot). As the scan rate increased from 20 to 100 mV/s, the p-
doping peak potential shified positively from 0.69 to 0.81 V, whereas the de-doping peak
potential remained almost at the same position for all the scan rates studied. The charge for

p-doping of poly-Th was 22.2 mC/cm’. Using equation (4]

Dopinglevel: =§*%5';—' 31
where Q; is the total charge consumed for synthesis and doping of a polymer, Q upq is the
charge used for doping, and n is 6 for poly-Th, the doping level was estimated to be
20.4%. A subility test of the p-doping showed that, after multiple cycles, there was little
change of the CV of the polymer.

For n-doping of poly-Th, the CV showed clear and well-shaped peaks for both
doping and de-doping processes, and the latter gave a sharp peak. Like its p-doping
behavior, the position of n-doping potential also varied with potential scan rate; as the scan
rate was increased from 20 to 100 mV/s, it shifted negatively from -1.82 o0 -1.93 V.
Taking the CV at 20 mV/s for consideration, which invoived 10.6 mC/cm? doping charge,
the n-doping level was calculated to be 9.2% from equation 3-1. The de-doping efficiency,

which is defined as the ratio of the charges for de-doping and doping, was less than 90%,



indicating that a significant part of doped charges were trapped in the polymer matrix [36,
37] and/or were lost by self-discharge [38]. The relationship between the peak current and
the potential scan rate deviated from linearity (see insert plot) due to ionic transport
difficulty in the polymer [39]. The average potential separation between n-doping and its
de-doping was 190 mV. The stability of n-doping was not as good as for p-doping. In fact,
after 20 cycles, the current was reduced by ca. 30%.

From the CVs of poly-Th, the onset potential for p-doping is ca. 0.50 V and for n-

doping it is ca. -1.60 V, and hence electrochemical band-gap is ca. 2.1 V.

3.3.2 P-doping and n-doping of poly-BTh

Under similar electropolymerization conditions to those used for poly-Th, poly-BTh
films of ca. 1 um thickness were synthesized at 1 mA/cm® in 5 mM BTh acetonitrile
solution for 120 s. Cyclic voltammograms of the p-doping (from 0.00 to 1.20 V) and n-
doping (from -0.90 to -2.10 V) of a resuiting poly-BTh film at different potential scan rates
are shown in Fig. 3.5, along with a plot of the doping current (both p- and n-doping)
against the scan rate. Data derived from the CVs are given in Table 3.2.

The p-doping behavior of the poly-BTh film differed strikingly from that of the
poly-Th film, having a sharp and narrow p-doping peak and a broad de-doping range with

two distinct peaks. The plot of the peak current against the scan rate was a good straight

line. Positions of these peak: ials were i i of the potential scan
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rate. The p-doping charge was 21.7 mC/cm’. Using equation 3-1, where n equals 3 for
poly-BTh, the doping level was calculated to be 22%. P-doping was sufficiently stable;

after multiple cycles, there was a little change of the peak current.

Table 3.2 Electrochemical data of p- and n-doping of a 1 um poly-BTh film

p-doping n-doping
Scan rate| Eyon | ixon | Epen| boen | Eped | dredy |Ewem | Iwr | Enon [iaon
mvst | NV | Al V| A | V| Jua |V | wA | VA
1.03 [ 13.5] 1.02| -3.6 | 0.68 | -3.9 |-1.91 | 4.9 | -1.69 |12.3
27.5] 1.03| -74 | 0.69 | -7.8 |-1.91 | -9.8 | -1.68 [20.9
1.04 [ 42.5] 1.03| -11.0 | 0.69 | -11.9 |-1.92 | -14.5 | -1.67 28.4
1.04 | 57.0 [ 1.03| -14.6 | 0.70 | -15.6 |-1.93 | -19.5 | -1.67 [34.4
100 1.04 [ 70.5 [ 1.03| -18.3 | 0.70 | -20.0 |-1.93 | -24.6 | -1.67 [40.6

s(s|s(s
g

The n-doping feawmre of poly-BTh was similar to that of poly-Th with a
comparatively broad n-doping wave and a sharp de-doping wave. However, the n-doping
peak potential positions of poly-BTh did not shift with scan rate and are a little more
negative than those of poly-Th. The average peak potential difference between n-doping and
its de-doping was 240 mV, larger than the value for poly-Th. A linear dependence of the
n-doping current with the scan rate was observed(see insert plot). The n-doping level
reached 13.9% (the n-doping charge was 14.6 mC/cm?).

From Fig. 3.5, the difference between the onsets of p-doping (0.60 V) and n-doping

(-1.63 V) of poly-BTh was measured to be 2.23 V, a value higher than that for poly-Th,
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which is evidence that the conjugation length of the poly-BTh was shorter than that of the

poly-Th.

3.3.3 P-doping and n-doping of poly-TTh

Poly-TTh films of 1um thickness were synthesized at 1 mA/cm® from 5 mM TTh

acetonitrile solution for 80 s under similar conditions as for the synthesis of poly-Th and

poly-BTh films. Fig. 3. 6 p cyclic of the p-doping (from 0.00 to

1.20 V) and n-doping (from -0.90 to -2.10 V) of the synthesized poly-TTh film, and Table

3.3 is the collection of the ical data.

Table 3.3 Electrochemical data of p- and n-doping of a 1 um poly-TTh film

p-doping n-doping
scanrate [ E,, i Epy b Enr) fngee) Euo Totony
/mV/s Vv | wAa |l v | wa]l v | wa| v | A
20 1.09 17.0 0.63 -6.1 -1.95 -6.0 -1.66 | 15.9
40 1.09 34.5 0.63 | -12.3 | -1.95 | -11.9 | -1.65 18.8
60 1.10 50.0 0.64 | -18.9 | -1.96 | -17.9 | -1.65 | 27.5
80 1.10 64.0 0.64 | -25.0 | -1.97 | -23.5 | -1.64 | 34.3
100 1.10 78.0 0.64 | -31.5 | -1.97 | -29.8 | -1.64 | 40.5

The p-doping wave of poly-TTh is similar to that of poly-BTh showing a sharp and

narrow doping peak, the position of which did not vary with the scan speed. It is located
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at the highest positive potential among the polymers derived from the monomer, dimer and
trimer of Th. The doping current was linear with the scan speed (see insert plot). The de-
doping process had a well-defined peak at 0.64 V with a broad shoulder. The doping charge
of the poly-TTh film was 23.1 mC/cm?, resulting in a doping level of 27.1% (using
equation 3-1, where n is 2 for poly-TTh). The p-doping stability of poly-TTh was
comparable to that of poly-Th and poly-BTh.

The features of the n-doping of poly-TTh are close to both poly-Th and poly-TTh,
but the doping potential lied at a more negative potential. The potential difference between
n-doping and its de-doping increased to 310 mV. The relationship between the doping
current and the scan rate was linear (see insert plot). A n-doping level of 15.3% was
achieved by doping 14.9 mC/cm? cations into the polymer. The n-doping stability of poly-
TTh is the best among these three poly-Ths, since after multiple cycles, there was no
significant reduction of the peak current. The electrochemical band-gap measured from the
potential difference between the onsets of p-doping (0.63 V) and n-doping (-1.65 V) is 2.28

V for poly-TTh.

3.4 Discussion

Electrochemical and UV-Visible absorption spectroscopic results of Th oligomers

and polymers are summarized in Table 3.4 for i Data of

hexathiophene, and octathiophene are cited from the literature [40-42].
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‘Table 3.4 Summary of and sp prop of
Er- Eouonsen E“n' Eciomen E.(m L . Ao Emuu)
A A4 N v v /nm /nm leV
2.01 1.86 -3.10* 4.96 231 246 5.4
bithiophene 1.31 1.19 -2.59 -2.28 3.47 302 344 3.60
i 1.05 0.95 2.20° -1.92 2.87 352 407 3.04
P 0.95¢ 385
p 0.88° | 0.74-0.79°
P 0.84¢ 0.60° -2.0¢ -1.70 2.30 380° 575 2.16
p 0.80 0.50 -1.93 -1.60 2.10
p 1.04 0.60 -1.93 -1.63 2.23
P 1.10 0.63 -1.97 -1.65 228
a estimated

b the peak potential, chemically irreversible
c from reference 40
d from reference 41
e from reference 42




From the electrochemical data for the Th oligomer series, it can be seen that, as the
number of monomer units in oligomers increases, the p-doping potential (both the peak
potential and the onset potential) shifts negatively, while the n-doping potential (both the
peak and the onset) moves positively, thus resulting in the reduction of the electrochemical
band-gap. The same tendency has been reported for other types of oligomer, such as the
pyrrole and benzene oligomer series [40]. These changes are reasonable. According to
Molecular Orbital Theory, extension of the 7-7 conjugation in the molecule will increase
the HOMO energy level and decrease the LUMO energy level. The effects on the
electrochemical characteristics are that the reduction (n-doping) potential shifts positively
following the lower LUMO energy level and the oxidation (p-doping) potential becomes
lower because of the higher HOMO energy level [43, 44]. Actually, a linear dependence
of the p- and n-doping peak potentials of oligomer series (such as thiophene, pyrrole,
benzene oligomers) on the inverse chain length has been claimed [40, 45].

From the optical absorption data, including the absorption peak and the absorption

onset, of oligothiophenes, the optical band-gap shows the same trend as the electrochemical

units i in the

band-gap. That is, as the number of thi the optical
band-gap shifts bathochromically, reflecting the narrowing energy gap between the LUMO
and HOMO level.

Electrochemical gaps and optical gaps of oligothiophenes are plotted against their

reciprocal conjugation length in Fig. 3.7, giving two lines with close to linear relationships,

which can be described by the following two equations,
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E (electrochem.)=>2 +1.90 32

o322
E (optical)=>2+1.88 .

where N is the number of thiophene units in the oligomer. The electrochemical and optical
band-gap of an ideal polymer with infinite chain length can be deduced by extrapolation to

the E, axis following the relationship given by above equations. They are 1.90 V and 1.88

ev ively, and are i However, for poly-Th consisting of pure
thiophene units, normally band-gaps of ca. 2.1 eV are reported [28]. This practical value
is slightly higher than our prediction, because of the a-B' linkage defects, distortion of
polymer backbone upon doping, and limited chain length of the real polymer [24, 46-48].

Poly-Ths synthesized from Th, BTh, and TTh have been reported extensively. The
most contradictory result among previous work was the claim that poly-Ths derived from
longer conjugated oligomers had longer chain lengths and higher conductivities [26, 27],
while others had reported the opposite result [28]. Through careful studies and comparison
of their electrochemical behavoirs, several pieces of evidence clearly support the claim that
longer chain length oligothiophenes lead to shorter chain length polymers.

i) As already discussed for oligothiophenes, peak potential can be related to the

extent of conjugation. The increase of the p-doping potential from poly-Th to poly-TTh



reflects a short range of conjugated chain lengths in poly-BTh and poly-TTh. The same
result is obtained for the n-doping potential, which shifts negatively from poly-Th to poly-
TTh.

ii) Separation of peak potential of the n-doping and its de-doping is also related to
the conjugation length of the polymer. For the longer chain polymer, basically doping and
the de-doping should be more reversible, that is, the peak separation is narrower than for
a shorter polymer. For poly-Th, poly-BTh and poly-TTh, their n-doping peak separation
are 190, 240, 310 mV respectively, suggesting that the reversibility becomes worse, and
hence conjugation length becomes shorter from poly-Th to poly-TTh.

iii) In our experiments, electrochemical band-gaps for poly-Th, poly-BTh, and poly-
TTh are obtained as 2.10, 2.23 and 2.28 V from their CVs respectively. According to

3-2, the cor effective average conjugation lengths are about 16, 9 and

8 for poly-Th, poly-BTh and poly-TTh respectively. The value for poly-Th is in agreement
with the result obtained from IR spectra of poly-Ths selectively labeled with deuterium at
the « and/or B positions [49]. Considering effects of e-B' linkage defects and distortion of
the polymer backbone upon doping, the real polymer chains should be longer than these
conjugation lengths. However, thy do, to some degree, quantitatively illustrate that more
conjugated oligomers produce shorter chain length polymers.

This result can be ined by idering the ch in the ivity of the

b ing from the delocaliztion of the © over the entire molecule [24].

On one hand, the overall reactivity of the substrate decreases or, in other words, the
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stability of the corresponding 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 TTh, as shown by the fact that poly-TTh contains large
amounts of unreacted TTh and of the compound resulting from an unique coupling (28, 501,
e.g. sexithiophene. On the other hand, the conjugated structure of oligomers results in a
decrease of the relative reactivity of a positions which has deleterious consequences for the

of the ization 51, 52].

From the different features of CVs of poly-Th, poly-BTh and poly-TTh, another
result that can be deduced is that poly-Th films are more compact than poly-BTh and poly-

TTh films. As the scan rate is increased, p-doping peak potentials of poly-Th shifted

positively, while n-doping ials shifted ively, which is not the case for poly-BTh
and poly-TTh, peak potentials (both p- and n-doping) of which were practically the same.
The observation indicates that ion transport (both cations and anions) is difficult because
of the compact morphology of the polymer film [53]. Other evidence is that the n-doping
current of poly-Th is not linear with scan rate, which is contrary to the normal
characteristics of conducting polymers, and arises from the difficulty of the transport of the
cation Bu,N*, which has a large size (0.5 nm in diameter) [54]. In fact, n-doping of poly-
Th was so difficult that a film synthesized by cyclic voltammetry could not be n-doped in
our experiment, while poly-BTh and poly-TTh, which had a more porous morphology,

could easily be n-doped.
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3.5 Conclusion

As expected, electrochemical and optical results for Th oligomers including the
monomer, dimer and trimer, indicate that increasing of thiophene units in the oligomer
decreases the electrochemical and optical band-gaps. Similar linear relationships were
obtained from plots of electrochemical band-gap and optical band-gap against the inverse
of the number of Th units in the oligomer, from which a band-gap (both electrechemical
and optical) of ca. 1.89 eV was predicted for an ideal polymer with infinite chain length.

Poly-Ths were ized under similar itions from the

‘monomer, dimer and trimer. Comparative study of these resulting polymers show that the
conjugation length of the polymers decrease steadily with increasing chain length of the
starting oligomer. In our experiments, the average conjugated length involved in poly-Th,
Poly-BTh and poly-TTh are determined to be 16, 9 and 8 respectively. Poly-Th is
compact, while poly-BTh and poly-TTh are porous. Extensive conjugation and compact

structure of poly-Th result in superior properties to poly-BTh and poly-TTh, such as

higher ivity, which is i with the i results.



References

]
2]

(81

9
(101
(11]

(121

[13]

[14]

[15]

G. Tourillon and F. Garnier, J. Electroanal. Chem., 135, 173 (1982)

K. Kaneto, Y. Kohno. K. Yoshino, and Y. Imuishi, J. Chem. Soc., Chem.
Commun., 382 (1983)

J. Roncali, A. Yassar, and F. Garnier, J. Chim. Phys., 86, 85 (1989)
B. Rasch and W. Vielstich, J. Electroanal. Chem., 370, 109 (1994)
J. Roncali, Chem. Rev., 92, 711 (1992)

G. Tourillon and F. Garnier, J. Electrochem. Soc., 130, 2042 (1983)

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

J. Roncali, A. Yassar. and F. Garnier, J. Chem. Soc., Chem. Commun., 581
(1989)

A. Yassar, J. Roncali. and F. Garnier, Macromolecules, 22, 804 (1989)
H. Wang, L. Toppare, and J. E. Fermandez, Macromolecules, 23, 1053 (1990)
J. C. Dubois, O. Sagnes, and F. Henry, Synth. Mer., 28, C871(1989)

M. Sato, S. Tanaka, and K. Kaeriyama, J. Chem. Soc., Chem. Commun., 873
(1986)

S. Hotta, S. D. D. V. Rughooputh, A. J. Heeger, and F. Wudl, Macromolecules,
20, 212 (1986)

M. Feldhues, G. Kampf,H. Litterer, J. Mecklenbarg, and P. Wegener, Synth.
Mer., 28, C487 (1989)

F. Wudl, M. Kobayashi, and A. J. Heeger, J. Org. Chem., 49, 3382 (1984)

-68-



[16]

onn

18]
091
[20]

211

[22]
23]

[24]

[26]
27

[28]
[29]
[30)
1]
[32]
33]
B41
351

J. P. Ferraris and T. M. Lambert, J. Chem. Soc., Chem. Commun., 1268 (1991)

M. Karikomi, C. Kitamura, S. Tanaka, and Y. Yamashita, J. Am. Chem. Soc..
117, 6791 (1995)

J. Roncali, Chem. Rev., 97, 173 (1997)
J. Roncali and F. Garnier, New J. Chem., 4-5, 237 (1986)
S. Hotta, Synth. Met., 22, 103 (1988)

A.Gald, E. T. Lwais. O. Y. Ataman, H. Zimmer, and H. B. Mark Jr., J. Polym.
Sci., 27, 1891 (1989)

J. Heinze, J. Mortensen, and K. Hinkelmann, Synth. Mez., 21, 209 (1987)
R. M. Eales and A. R. Hillman, J. Electroanal. Chem., 250, 219 (1988)
G. Zotti and C. Schiavon, Synth. Mez., 39, 183 (1990)

J. P. Ferraris and R. T. Hanlon, Polymer, 30, 1319 (1989)

Y. Yumoto and S. Yoshimura, Synth. Mez., 13, 185 (1985)

F. Martinez, R. Voelkel, D. Naegele, and H. Naarmann, Mol. Cryst. Liq. Cryst..
167, 227 (1989)

J. Roncali, F. Garnier. M. Lemaire, and R. Garrean, Synth. Mez., 15, 323 (1986)
B. Krische and M. Zagorska, Synth. Mez., 33, 257 (1989)

L. Funtand S. V. Lowen, Synth. Met., 11, 129 (1985)

R. J. Waltman, J. Bargon and A. F. Diaz, J. Phys. Chem., 87, 1459 (1983)
A.J. Downard and D. Pletcher, J. Electroanal. Chem., 206, 147 (1986)

U. Barsch and F. Beck. Electrochim. Acta, 41, 1761 (1996)

B. Krische and M. Zagorska, Synth. Met., 28, C263 (1989)

G. Zotti, S. Cattarin, and N. Comisso, J. Electroanal. Chem., 235, 259 (1987)

-69-



(36
B71
38]

(391

(40]

[41]

[42]

[43]
[44)

(45

[46]
“n

[49]

(50
[51]

(52

R. M. Crooks, O. M. Chyan, and M. S. Wrighton, Chem. Mater.. 1. 2 (1989)
G. Zotti, G. Schiavon. and S. Zecchin, Synth. Met.. 72. 275 (1995)

P. Buttol, M. Mastragostino, S. Panero, and B. Scrosati, Electrochim. Aca. 31.
783 (1986)

A.R. Hillman. D. C. Loveday, M. J. Swamn, R. M. Eales. A. Hamminex. S. J.
Higgins, S. Bruckenstein, and C. P. Wilde, Fara. Discus. Chem. Soc.. 88. 151
(1989)

K. Meerholz and J. Heinze, Electrochim. Acta, 41, 11 (1996)

R. A. Friedel and M. Orchin, Ultraviolet Spectra of Aromatic Compounds. Wiley .
New York, 1951

R. Hajlaoui, D. Fichou. G. Horowitz, B. Nessokh, M. Constant, and F. Garniar.
Adv. Mater., 9, 557 (1997)

R. O. Loutfy, J. Chem. Phys., 66, 4781 (1977)
L. E. Lyons. Aust. J. Chem., 33, 1717 (1980)

A. F. Diaz, J. Crowley, J. Baugon, G. P. Gardini, and J. B. Torrance. J.
Electroanal. Chem., 121, 355 (1981)

G. Tourillon and F. Garnier, J. Phys. Chem., 87, 2287 (1983)

L. Laguren-Davidson. Chiem Van Pham, H. Zimmer, and H. B. Mark Jr., J.
Elctrochem. Soc., 135. 1406 (1988)

J. L. Sauvajol, D. Chenouni, J. P. Pere-Oorte, C. Chorro, B. Moukala, and J.
Petrissans, Synth. Mer., 38, 1 (1990)

2 . R. Garreau, M. Lemaire, and J. Roncali, New. J. Chem., 12,
155 (1988)

R. M. Eales and A. R. Hillman, J. Mater. Sci., 25, 3806 (1990)
R. J. Waltman and J. Bargon, Tetrahedron, 40, 3963 (1984)

R. J. Waltman and J. Bargon, J. Can. Chem., 64, 76 (1986)

-70-



[53] M. Lemaire, W. Buchner, R. Garreau, A. J. Huynh, A. Guy, and J. Roncali, J.
Electroanal. Chem., 281, 293 (1990)

[54] P. Marque, J. Roncali. and F. Gamnier, J. Electroanal. Chem., 218, 107 (1987)

T71-



Chapter 4

Electrochemical, Spectroscopic, and In Situ

Conductivity Studies of Poly-CDM

4.1 Introduction

Conducting polymers prepared from bithiophene (BTh) precursors with electron
withdrawing groups at an sp*-carbon bridging the B and B' positions form an important
and interesting branch of conducting polymers with reduced band-gaps (E, < 1.5 eV) [1.

2]. The first example in this branch was the polymer electrosynthesized from

2,1-b:3.4-b]-dithi 4 (CDT; strucmre 1) [3]. Poly-CDT has a band-
gap of 1.10~1.20 eV ined by i § [3] and later
by the cyclic [4]. Compared with the band-gap of its parent,

polybithiophene (poly-BTh) (ca. 2.23 eV, see section 3. 3. 2), the band-gap of poly-CDT
is significantly lowered. This is ascribed o the electron withdrawing effects of the ketone
group which decreases the aromatic character and increases the quinoid character along
the conjugated backbone [1-3]. Following this ciue, stronger electron withdrawing groups

2-



replacing the ketone group at the bridging carbon are expected to reduce the band-gap

further. Hence, 4-di 4H- [2,1-5:3.4H

(CDM: structure 2), which has dicyanoethene, a stronger electron withdrawing group than

the ketone group, was ized [5]. The i J of
an electrogenerated poly-CDM film in the neutral state exhibits a bathochromic extension
toward the near IR region leading to a band-gap of ca. 0.8 eV, one of the lowest band-gap
values reported to date [1, 6-8]. The electrochemical band-gap judged from its cyclic
voltammetry is consistent with this optical result [5]. The band-gap value for poly-CDM
is 0.3~0.4 eV lower than that for poly-CDT, strongly supporting the success of this
methodology. More evidence is that the substitution of one of cyano groups in CDM with
a (nonafluorobutyl)sulfonyl group has been reported to further reduce the band-gap for this
type of conducting polymers to 0.67 eV [9].

Structure 1 Structure 2
o CN
I\ \
s I
cyclopenta[2,15:3', 4-b- 4-(dicyanomethylene)-4-+cyclopenta
dithiophen-4-one [2, 1-0:3, 4-b'dithiophene



Among the conducting polymers in this family, poly-CDM is of particular interest,
because it has one of the highest known formal potentials for n-doping (-0.78 V vs. SCE)
[1, 5]. It is therefore reasonably stable when n-doped, and attractive for use in polymer

p-n junction devices. However, there are a lack of further studies on this polymer. We

investigated this polymer in detail (i ing the is, and istry,

y, and in situ ivity for both p-doping and n-doping of the

polymer), and report the results in this chapter.

4.2 Redox potentials and band-gap of CDM

4.2.1 Redox potentials of CDM

The monomer, CDM, was not very soluble in acetonitrile (solubility < 2 mM),

but more soluble in ni and itril ility ~ 10 mM). In our

experiments, nitrobenzene, which was carefully purified, was used as the solvent. Fig. 4.1
shows cyclic voltammograms of the oxidation (first two cycles) and reduction of CDM

(5 mM) at a Pt el de in ni in presence of 0.1 M Bu,NPF.

Oxidation of CDM monomer was investigated in the potential range from 0.00 to

+1.50 V at a scan rate of 100 mV/s. It shows electrochemically irreversible behavior.
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During the first cycle (solid line), as the potential is scanned forward, CDM begins to
oxidize at ca.+1.31 V, and then the oxidation current increases quickly to reach a
maximum at +1.45 V. In the reverse scan, there is a reduction wave with a main current
peak at +1.02 V and a small shoulder at +1.10 V, both of which are due to the de-doping
(reduction) of the polymer deposited on the electrode during the forward scan. In the
second cycle (dashed line), apart from the main oxidation current at +1.44 V as in the
first scan. another well defined oxidation current peak is observed at lower potential (ca.
+1.31 V). This peak was absent in the first cycle, and so clearly results from the p-doping
of the polymer. The reduction current has increased compared to the first cycle.

Reduction of CDM was studied in the potential range from 0.00 to -0.90 V. In
contrast to the normal reduction behavior of other Th precursors [4], which is irreversible
in most cases, CDM shows a wave form typical of a one-electron reversible reaction. The
peak potential separation (AE = E,, - E,) is close to 60 mV, the reduction peak current
(ipe) equals the oxidation peak current (i), and the peak currents (both i and i,,) are
proportional to the square root of the scan rate. The formal potential for this reduction is
determined as -0.63 V (average of E,, and E,). From the onset potentials for the oxidation
and reduction of CDM, the electrochemical band-gap of the CDM monomer is found to
beca. 1.8 V.

E,, for the oxidation of CDM is +1.45 V, compared to +1.32 V for BTh [4, 10].
Thus, the bridging dicyanoethene group does not appear to decrease greatly the energy

level of the HOMO in CDM compared to BTh. This is consistent with the antisymmetry
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of that orbital which places a node at the bridging group [5]. However, E, for the
reduction of CDM is -0.68 V, which is much less negative than that for BTh (-2.58 V, see
section 3.2.1), indicating that the LUMO energy level of CDM has been reduced greatly
(5]. This effect is obviously due to the strong electron withdrawing group —
dicyanoethene. This substantial shift of the LUMO to low energy level makes CDM one

of Th oligomers (Ths, BThs, and TThs) with the lowest band-gap [1].

4.2.2 Optical study of CDM

Acetonitrile was adopted instead of nitrobenzene as the solvent to carry out UV-Vis
absorption spectroscopy of CDM, since nitrobenzene has a strong absorption at 450 nm.

Fig. 4.2 shows the resulting UV-Vis spectrum of CDM in acetonitrile. CDM has an

optical i i at 570 nm, i with the w-n* electronic transition.

Owing to the strong el i ing effect of the di group, the
absorption maximum is shifted ca. 270 nm bathochromically, compared to its parent, BTh.
The absorption edges at 730 nm for CDM, correspond to an optical band-gap of ca. 1.7
eV, which is about 2 eV lower than for BTh, and even lower than that of poly-Th (2.1 eV)
[11]. The optical band-gap of CDM is in agreement with the electrochemical band-gap (1.8

V).
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4.3 Electropolymerization of poly-CDM

Several ical synthesis i such as repetitive potential sweep.
constant current, and potential step, were in our o poly-
CDM films.

4.3.1 Repetitive potential sweep
Fig 4.3 shows the typical cyclic for the of a

poly-CDM film on a Pt electrode in 5 mM CDM solution in nitrobenzene containing 0.1

M Bu,NPF;. Continuous potential scanning between 0.00 and 1.50 V results in the current

responses at peak A, B and C, and the later two peaks become progressively higher and

higher. Peak A is the oxidation of the monomer to the radical cation. Its position is

independent of cyclic numbers, that is, there is no difference between depositing the

polymer on the polymer coated electrode and on the bare Pt electrode, supporting a

radical-radical coupling (RRC) rather than a radical-substrate coupling (RSC)

electropolymerization mechanism [12] for the growth of the poly-CDM film. Peak B is the

oxidation (p-doping) of the polymer deposit, and peak C is its reduction (de-doping) in the

reverse scan. A red or red-brown poly-CDM film is visible on the electrode after multiple
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0.00 0.50 1.00 1.50
Potential / V vs SCE
Fig. 4.3 Repetitive potential sweep polymerization of CDM (5 mM)
on a Pt electrode in nitrobenzene containing 0.1 M Bu,NPF,
Potential range: 0.00 - 1.5 V: Scan rate: 100 mV/s
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cycles. Poly-CDM films adhere to the Pt electrode tightly, unlike poly-BTh films, which

are powdery and easily wiped off [13], suggesting the poly-CDM films are compact.

4.3.2 Constant current

Fig. 4.4 shows potential-time (E-t) curves for the electropolymerization of CDM
in the same solution as specified in section 4.3.1 under galvanostatic synthesis conditions.
Current densities employed in the experiment were 0.05, 0.1, 0.2, 0.3, and 0.4 mA/cm’.

At a low current densities, e.g. 0.05 mA/cm?, the E-t curve (curve (a)) shows two

different stages. The p i ibits an i ing slope in the early stage, where

progressive nucleation takes place, and then becomes constant at 1.37 V as the polymer
film becomes thicker in the second stage. For current densities of 0.1 and 0.2 mA/cm?,
a different curve form (curve (b) and (c)) is obtained. When the current is applied, the
potential rises rapidly to a constant value of ca. +1.4 V. When electropolymerization is
carried out at higher current densities (e.g. 0.3 mA/cm?), the curve (curve (d)) differs

again from the previous cases and is characterized by a plateau at ca. +1.45 V for 32 s,

corresponding to the p ial for el polymerization of poly-CDM, followed by a

second plateau at ca. +1.71 V, where the simul 0 idation of the poly is
probably occurring. This phenomena has also been observed when polymerizing Th at
constant current [14-16]. By comparison of the resulting CV of poly-CDM synthesized at

0.3 mA/cm® with that at 0.1 mA/cm?, the effect of overoxidation is clearly seen, since the
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former polymer shows lower doping (p- and n-type) currents and the doping/undoping
waves are much less symmetrical. Therefore, to prepare poly-CDM films of good quality,
low current (less than 0.2 mA/cm?) should be used (This value is very low compared to
a reported current of 750 mA/cm?® [5]). When the current density is increased to 0.4
mA/cm?® (curve (e)). the second platean occurs afier only 18 s polymerization. in

agreement with the Sand equation [17]

g
PR =MTK =constant 4

from which the diffusion coefficient of 2.52x10 © cm? s is obtained, by using n=2.5

(i.e., 2e/molecule for polymerization, and 0.5 for doping of the polymer).
In these experiments, we found that fairly low doping charges were obtained for
poly-CDM films due to the low polymerization efficiency. To obtain the synthesis
. a i i between poly-CDM and poly-BTh was carried out.

Under the same polymerization conditions (0.1 mA/cm? for 400 s), 2 2.85 mClcm® doping
charge was obtained for the resulting poly-CDM film, while 7.08 mC/cm? was obtained
for poly-BTh. Assuming that the doping level of both polymers are equal and the synthesis
efficiency for poly-BTh was 100%, the synthesis efficiency for poly-CDM is calculated
to be ca. 40%.

Film thickness can be esti from the ization charge. A

relationship of 4.6 um per 1 C cm® was obtained from scanning electron microscopy of
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films on Pt wire. This relationship is close to that obtained for polymethylthiophene (poly-
MTh; ca. 5 um per 1 C cm?) [19]. But CDM contains two thiophene units in its structure.
therefore, the synthesis efficiency should be slightly lower than 50%, in agreement with

our result of ca. 40%.

4.3.3 Potential step

Electropolymerization of CDM by potential step experiments was carried out in the
same solution as in Section 4.3.1. Fig. 4.5 shows current-time (I-t) transients from a series
of experiments in which the potential was stepped from +0.00 V to a value in the range

from +1.40 Vo +1.46 V. Atall ials studied, the

exhibited a huge current spike upon application of the potential step, followed by a
monotonic current decay to an approximately constant small value. This behavior is similar
to that seen for BTh {20], but different from that for Ths containing only one Th unit [21-
25]. For the later Th monomers, the electrodeposition of polymers by potential step
techniques generally presents a well defined I-t curve with a characteristic rising I-t
transient in the initial stages, then in most cases a decay of the current 1o a constant value.

Hillman [21] analyzed these curves and concluded that, for these polymers, a monolayer

of polymer is initially formed, on which i ion and three-di
growth then occurs. The large number of overlapping nuclei formed during the early

stages of ition led to i i growth i to the
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electrode surface with a linear increase in thickness with time. The difference may arise

from the fact that the growth of poly-CDM is by diffusion of the

‘monomer, due to the low concentration of CDM and the high viscosity of the nitrobenzene
solution.
The time dependence of the current under such circumstances is described by the

Cottrell equation [17]
n
i=nFA2)"c 42
™

A linear i~t"'? plot is diagnostic for diffusion controlled behavior. Fig. 4.6 shows the
predicted linearity for the i-t curve at 1.44 V. From the siope, a value of the diffusion
constant for CDM (5SmM, in nitrobenzene containing 0.1 M Bu,NPFy) is obtained to be
2.15%10* cm?/s, with n=2.5. This value is in accordance with that obtained by the Sand

equation, and is slightly lower than that for Th in acetonitrile.

4.4 Electrochemistry of poly-CDM

The cyclic voltammetry, as a function of the sweep rate, of a poly-CDM coated Pt

electrode in acetonitrile containing 0.1 M Bu,NPF; is shown in Fig. 4.7. The polymer was
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Fig. 4.6 Plot of i vs. t*? derived from a potential step synthesis curve at 1.44 V
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Fig. 4.7 Cyclic voltammograms of p-doping (0.00 - 1.20 V) and n-doping
(0.00 - -0.60 V) of poly-CDM in acetonitrile containing 0.1 M Bu.NPF,
at different scan rates (100, 80, 60, 40, 20 mV/s)



synthesized at 0.1 mA/cm® for 400 s on a Pt electrode. From the figure, the

electrochemical data of poly-CDM are summarized in Table 4. 1.

Table 4.1 Electrochemical data for the p-doping and n-doping of poly-CDM

Scanrate | Eyon | ipon | By | dww | Ewew | fww | Ewen | iwen
/mV/s N /uA v /pA A4 /pA A4 IuA
20 099 | 074 | 095 | 059 | 048 | 0.70 | 044 0.69
40 1.01 145 | 096 | -1.25 | 048 | -1.40 0.44 1.39
1.02 | 2.20 | 097 | -1.85 | 049 | -2.15 0.44 2.14
1.02 | 291 097 | 265 | 0.50 | -2.90 | -0.44 2.92
100 1.03 | 372 | 097 | -3.36 | -0.50 | -3.65 044 3.68

P-doping (between 0.00 and 1.20 V) exhibits a symmetric reversible (in the context
of conducting polymers) redox wave form with the doping peak at 1.03 V and the
dedoping peak at 0.97 V (100 mV/s). Peak currents (both p-doping and p-dedoping) are
linearly dependent on the potential sweep rate. The p-dedoping charge is equal to the
doping charge. These curves are very similar in shape to those obtained for poly-Ths
derived from monomers with one Th unmit (e.g. Th, MTh) [26, 27], but not for the
polymers synthesized from BTh and TTh precursors [4, 26, 28, 29], which generally
produce sharp and narrow oxidation peaks. This fact suggests that poly-CDM is produced
with a long conjugated chains. Other evidence supporting this result is that the p-doping
potential of poly-CDM is comparable to or even lower than the value for poly-BTh. If

poly-CDM has the same chain length as poly-BTh, it should have a higher p-doping
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potential (although this difference should not be large), because of the strong electron
withdrawing effect of the dicyanoethene group. Therefore, the reduced p-doping peak
potential compared to BTh means that longer conjugated chain lengths have probably been
achieved for poly-CDM.

The very high formal potential for reduction of CDM potential (E° =-0.63 V)
extends to its polymer. N-doping of the resulting polymer was performed between 0.00
to -0.60 V. The polymer has a n-doping formal potential of -0.47 V (average of the n-
doping and de-doping peak potentials), about 1.5 V higher than that of poly-BTh [4],
reflecting a substantial reduction of the LUMO energy. In fact, this formal potential is one
of the highest potentials for n-doping of known polymers [1]. The voltammetric features
for n-doping are similar to those observed for p-doping. Linear relationships between peak
currents and scan rates are obtained for both the n-doping and n-dedoping processes. The
ratio of the n-dedoping charge to the n-doping charge is approximately equal to unity. The
peak potential separation is less than 60 mV for all scan rates studied. The above facts
indicate that n-doping of poly-CDM is very reversible. These characteristics differ from
those observed for other poly-Ths [30-35], which have a relatively broad n-doping wave,
and a sharp n-dedoping peak in the reverse scan. The electrochemical band-gap for poly-
CDMisca. 0.8 V.

Fig. 4.8 (a) and (b) illustrates the CV's of p-doping and n-doping respectively of
a poly-CDM film over different potential ranges. When potential was scanned between

0.00 and 1.20 V, and 0.00 and 1.40 V, doping levels of 22% and 33% were caiculated
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Potential /V vs SCE

Fig. 4.8 (b) Reduction of poly-CDM over different potential ranges
in acetonitrile containing 0.1 M Bu,NPF, . Scan rate: 100 mV/s
The lower switch potentials from right to left are -0.60 and -0.80 V
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respectively, by using the synthesis efficiency of 40% (section 4.3.2) and equation 3-1.
Over these potential ranges, poly-CDM has good stability. The current shows a slight
decrease during the first several cycles, and then becomes unchanged in the following
cycles. When the upper potential is increased to +1.6 V, a doping level of 45% is
achieved in the first cycle. However, during following cycles the current decreases
gradually. After 25 cycles, 93% of the original activity remains. For the potential range
of 0.00 to 1.80 V, the current rises quickly after 1.65 V as rapid overoxidation of the
polymer begins. De-doping in the reverse scan shows a significant loss of the charge.
‘When the potential is switched at 2.0 V, an overoxidation peak is observed at 1.86 V.
For n-doping of poly-CDM, multiple cycles do not result in a significant reduction
of the current, when the potential is cycled between 0.00 and -0.60 V. A doping level of
19% is obtained. But for the potential range from 0.00 to -0.80 V, a 13% decrease in

current is observed after 15 cycles.

4.5 Spectroelectrochemical studies of poly-CDM

A thin film of poly-CDM was i ited on an ITO ek d

(10Q/cm?, 0.8 cm?, Donnelly Corp.) for i Fig. 4.9

(a) and (b) shows the UV-Vi-NIR absorption spectra of the polymer under p-doping (from
0.20 to 1.20 V) and n-doping (from 0.00 to -0.80 V) conditions, respectively.
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Fig. 4.9 (a) Spectroelectrochemical studies of p-doped poly-CDM
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In Fig. 4. 9 (a). at 0.0 V the polymer is undoped and in the neurral state. The
optical spectrum exhibits two wavelength absorption peaks, and a broad =-%* band with
a maximum at ca. 1000 nm. For i these three ions are pamed as

absorptions A. B. and C as the wavelength increases. From the onset (ca. 1490 am) of
absorption C. a band-gap of 0.83 eV is obtained, in excellent agreement with the band-gap
derived from CV. This band-gap is much lower than that of poly-BTh (2.23 eV), making
poly-CDM one of the lowest band-gap conducting polymers known.

With increasing potential, poly-CDM is oxidized to the p-doped state. The intensity
of B decreases while A increases only slightly. In the NIR region, a new absorption (1500~
2000 nm) grows. It should be noted that when the potential is increased to 0.60 V. the
intensity of C decreases slightly compared to its value at 0.0 V, but when higher potentials
are applied. it increases. This change is ascribed to a coincidental overlap of a peak that
decreases in imtensity upon doping with one that increases in intensity [5]. These optical
results for p-doping are in accordance with feamres in the CV. When the potential
increases from 0.20 1o 0.60 V. the polymer is only very lightly doped. indicaring lite
change the absorption curve. In the potential range from 0.80 to 1.00 V., dramaric changes
in absorption intensity are observed, corresponding to a rapid increase of the doping level
as seen in CV.

Upon n-doping (Fig. 4.9 (b)), however, the absorption spectra are quite different

from those for p-doping. A ion A and ion B and shifts

slightly to the red. Absorption C decreases only slightly, and there is a small absorption
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increase at around 1500 nm. For potentials of -0.40 and -0.60, no significant difference
in the absorption spectra are observed. When the potential is decreased from 0.00 to -0.20
V, a relatively large change in the spectrum is observed. The electronic absorption changes

upon n-doping indicate that the n-doping is located on the substituent and not extensively

along the thi backb:

4.6 In situ conductivity measurements

The in situ electronic conductivities of poly-CDM films against potential were
‘measured in acetonitrile containing 0.1 M Bu,NPF by using the dual-electrode sandwich
technique [36]. Fig. 4.10 displays a log(conductivity) vs. potential plot for a 0.23 pm
poly-CDM film and the corresponding CV of this film. The p-type conductivity of the
polymer rises to a maximum of 0.59 S/cm (average of four films) at 1.2 V and is very
stable. The n-type conductivity is ca. 100 times smaller, peaking at an average (four films)
of 5.4 mS cm™ at ca. 0.5 V. This maximum is reproducible over muitiple scans. The ratio
of the n- to p-type conductivity for poly-CDM is similar to that observed for poly(3-
methylthiophene) [37]. As the polymer is doped (n- and p-) its conductivity increases

approximately exponentially with potential (with decreasing E for n-doping), as observed

in previous studies of p i [19] and [38]. This reflects the

of charge carriers [38]. The p-type conductivity
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Fig. 4.10 Plot of log(conductivity) vs. potential for 2 0.23 um poly-CDM film and
the ing cyclic of this film
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levels off at high potentials when the valence band is approximately half empty [39]. The

peak in the n-type ivil to a half-full ion band, with further

resulting in a decrease in ion as the density of states begins

to decrease [37]. This indicates that the conduction band is significantly narrower than the

valence band. as in poly(3 i [37], and in with
results [40].

The low n-type conductivity relative to the p-type conductivity is due in part to the
lower doping level that can be achieved. The doping level at a particular potential can be
calculated from the charge under the voltammogram from un-doping. If we assume that
the conductivity is limited by electron hopping between chain segments, and that there are
no interactions between charge carriers, then it will be given by the following equation

[41]
o=FCp_ «FC‘;; L 43

where C, and C, are the effective concentrations of the n- and p-type carriers, respectively,
and p, and g, are their mobilities. C, and C, depend on the doping level and the

concentration of undoped sites to which that charge carriers can hop. They are given by




where, for p-doping, C,, is the concentration of p-doped sites and C, is the concenration
of undoped sites. For n-doping, C. is the concentration of n-doped sites and C,, is the
concentration of undoped sites.

The conductivity will reach a maximum when C,; = Creg, 20d C 4 4ep. max = Co/2
or Cooy/2. In Fig. 4. 10, the n-type conductivity peaks at ca. -0.5 V, when the n-doping
charge(which is proportional to C,) is 0.045 uC. For p-doping, the intrinsic maximum
conductivity was not reached in our experiments. However, we can estimate from the
charge under the voltammogram at 1.2 V that the p-doping charge (which is proportional
0 C;) is > 0.12 pC at C, .. Thus, based on the carrier concentrations alone, the p-type
conductivity should be ~ 2.6 times higher than the n-type conductivity. The experimental
difference is ca. 40 times larger than this, indicating that the mobility of the n-type charge
carriers is ca. 40 times lower than for the p-type carriers (i.€. u/p, —40).

Fig. 4.11 shows the variation of conductivity with potential at its minimum. In this
potential range, the polymer switches from being lightly n-doped to lightly p-doped as the
potential is increased. The conductivity in this potential range will be due to both n- and
p-type carriers, and should follow equation 4-3. Since y,/u,, ~40, the intrinsic conductivity
of the polymer (when C, = C,) will be dominated by p-type carriers, and will be the
conductivity at a potential (at E o) €a. 60 mV positive of the minimum conductivity (at
E,») in Fig.4. 11 (since from the slopes of the linear regions of Fig. 4. 10, logo,/o, =
26.1(E,-E), and 0,/0,~40 at Egy). From the data in Fig, 4.11, the intrinsic

conductivity can therefore be estimated to be 1.0x10* S cm.
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Fig. 4.11 Plot of conductivity against potential at the minimum
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By ing the intrinsic ivity with the maximum p-type ivity, we
obtain a relative charge carrier concentration (C;, wese/Cy.meo) Of 1.7x10°® mol/cn?’, From
the charge under the voltammogram for p-doping (Fig. 4. 10), C, .., is ca. 8.5x10*
mol/crm®, and 50 C me i 1.4 X 104! mol/cm®. From the usual equation for the thermal

excitation of a semiconductor, C, ey [42]
x5
Comrmne =4 2¥10exp—t 45

:heband—gup(E,)mbcaﬁmzmdmbeOJSeV.'l‘hisisinmmzrhblygoodngmmnl

with the optical gap of 0.83 eV.

4.7 Conclusion

The CDM monomer exhibits a substantial anodic shift of its formal potential for
reduction, and a slightly anodic shift of its formal potential for oxidation compared to
BTh, indicating that the strong electron-wi ing group, di de the
LUMO erergy level significantly, but has little effect on the HOMO. These characteristics

of the monomer are extended to its polymer, giving the polymer one of the lowest band-

gaps known.
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Both electrochemical and optical studies yield the band-gap value of ca. 0.8 eV for
poly-CDM. P-doping and n-doping show good stability after multiple cycles over different
potential ranges. The much smaller change of the electronic absorption for n-doping
compared with those for p-doping suggest that n-doping is located on the substiment in the

branch and does not ize well along the

In situ conductivity measurements of the polymer provide both p- and n-doping

conductivities as a function of the potential. The i p- and n-doping

were found to be 0.59 and 5.4 X10> S cm™* respectively. A y mini at0.2

V yields the intrinsic conductivity of 1.0x10* S cm, consistent with the band-gap of ca.

0.8eV.
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Chapter 5

Poly-CDM Modified by O,: A Tunable and

Extremely Low Band-Gap Polymer

5.1 Introduction

7-Conjugated electroactive polymers have attracted considerable attention in the last
two decades. In this field, the search for low band-gap conducting polymers has become one
of the central goals in recent years [1], since band-gap governs the intrinsic electronic and
optical properties of conjugated polymers [1, 2]. Low band-gap polymers have high intrinsic
electrical conductivities, and possibly even intrinsic metallic conductivities [3]. Also they
are stable when doped, due to the lower p-doping potential or less negative n-doping
potential associated with their narrow gaps [4, 5]. In addition, in contrast to highly doped
polymers, they maintain the processibility, which is attractive for commercialization.

Several approaches to the design and synthesis of low band-gap polymers have been
developed. Increasing the weight of the quinoid structure in the ground state of the

polymer [6-8], ing regular iy moieties along

the polymeric chain [9-11], and the introducing electron-withdrawing groups at the carbon
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bridging the B and B* positions of bithienyl precursors [12, 13] have proved effective
methods. Following these ideas, a significant number of conducting polymers with band-gap
less than 1 eV have now been successfully synthesized [1]. More recently, an electroactive
polymer exhibiting a vanishingly small ical band-gap has been reported [14].

Tv-4 4H.

[2,1-b; 3.4-b Jdithiophene (poly-CDM) has one of the lowest band-gaps reported to date [1,
15-17). When we investigated the p- and n-type in situ conductivities of poly-CDM films
vs. potential [18], we found that when O, was present in the solution and the polymer-coated
electrode was maintained at a negative potential (e.g. -0.60 V) rather than a positive
potential, a new electroactive polymer with a variable and extremely low band-gap was
produced. The electrochemical, optical, and electrical properties, and the structural
modification of this O,-modified polymer are reported in this chapter.

5.2 Electrochemistry of O,-modified poly-CDM

Poly-CDM films were i i onPt at 0.1 mA/cm®
for 800 s in S mM CDM nitrobenzene solution in the presence of 0.1 M Bu,NPF;. According
to the calibration relationship between the synthesis charge and the film thickness ( 4.6 pm
per C cm™ (Section 4.3.2) obtained by SEM, these films were 0.37 pm thick. Cyclic
voltammetric studies of the original and modified polymer were performed in acetonitrile
containing 0.1 M Bu,NPF in the potential range from -0.60 to +1.20 V at 100 mV/s.
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Fig. 5.1 (a) shows a cyclic voltammogram (dotted line) of an original poly-CDM
film. The p-doping peak potential is +0.99 V, similar to the potential value of most
polythiophenes [19-23]. While the n-doping peak occurs at -0.50 V. The formal potential
(E®; average of the doping and de-doping peak potential) for the n-doping is -0.47 V, which
is much higher than that of other polythiophenes [19, 22-26]. This substantial anodic shift
of the n-doping region causes poly-CDM to be reasonably stable when n-doped as discussed
in Chapter 4. The electrochemical band-gap between the onsets of p-doping and n-doping
isca.0.8V.

When the poly-CDM film was maintained at -0.60 V in an O,-saturated solution first
for 2 min, then for 6 min, the cyclic voltammograms shown in Fig. 5.1 (b) and (c) as the
dashed line and the solid line, respectively were obtained. In comparison with the original
polymer, both the n- and p-doping peak currents of the modified film decrease, and the n-
doping peak shifts slightly to more negative potentials. A new doping current appears and
grows within the band-gap between the original onsets of n-doping and p-doping potential
(-0.1 V t0 +0.7 V) of the unmodified poly-CDM. This change gives the modified polymer
a narrower band-gap than the original polymer.

Comparing Fig. 5.1 (b) and (c), increasing the reaction time with O, decreases further
the n-doping and p-doping peak currents, but increases the new current in the potential range
from -0.1 to +0.7 V, resulting in a flat and broad p-doping region, and therefore a lower
electrochemical band-gap. As the time is increased, the position of the current minimum
between n— and p- doping also shifts cathodically from -0.1 to -0.2 V. Because of the overlap
of n-doping and p-doping in this potential region, it is difficult to measure the
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Potential / V vs SCE
Fig. 5.1 Cyclic voltammograms (n- and p-doping) of (a) the original poly-CDM, (b) poly-CDM modified with O,
for 2 min, and (c) poly-CDM modified with O, for 6 min. Potential range: -0.60 - 1.20 V. Scan rate: 100 mV/s




electrochemical band-gaps of the modified polymers. However, it is clear that by controlling

the reaction time, polymers with various band-gaps can be achieved.

Doping levels (n- and p-doping) from the cyclic (Fig.5.1)

versus potential are plotted in Fig. 5.2 as curve (a), (b) and (c) for the original film and the

two O,-modified films, i In the potential range studied the highest p-doping level
reaches 22.0% at +1.20 V for the original poly-CDM film, and the highest n-doping level is
21.2 % at -0.60 V. The maximum n-doping level is approximately the same (~96%) as that
for the p-doping, indicating that a relatively high n-doping level can be achieved for poly-
CDM, in contrast to most other polythiophenes [25, 27, 28], which normally have
significantly lower doping levels for the n-doping. After the polymer has been reacted with
0, for 2 or 6 min, the p-doping level increases to 31.2% and 35.5%, while the n-doping level
decreases to 16.9% and 13.3%, respectively. The gain in the p-doping level occurs in the
potential range between -0.1 and +0.7 V, in which the original polymer is undoped. As the
reaction time is increased, this current growth becomes higher and the potential for the
minimum doping level shifts from ca. -0.1toca. -0.2 V.

Cyclic voltammogram against scan rate for an O.-modified polymer are shown in
Fig. 5.3. The electrochemical results are listed in Table 5.1. In the figure, all peak potentials
are practically unchanged with the scan rate. The formal potentials for the p-doping are +0.32
v (E",,) and +1.02 V (E"n,_). For n-doping, the formal potential (E?%) is -0.51 V, which is
slightly negative compared to the original film (E” =-0.47 V). All peak currents, including
the doping and de-doping processes for both n- and p-type doping, are linear with the scan
rate as indicated in Fig. 5.4. Both the n-doping and p-doping processes of the modified poly-
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Fig. 5.2 Doping lcvel (n< and p- dapmg) versus potential for
the original poly-CD!
(b) poly—G)M meodified with 0, for 2 min;
(c) poly-CDM modified with O, for 6 min
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Fig. 5.3 Cyclic voltammograms of an O,-modified poly-CDM film at different potential scan rates in acetonitrile
containing 0.1 M Bu,NPF,. Potential range: -0.60 - 1.20 V. Scan rate: 100, 80, 60, 40, 20 mV/s
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Table 5.1 Voltammetric data for an O,-modifed poly-CDM film

p-doping n-doping
¥ Ep(oxl) ipiuxll E’(mll) ip(mm Fq»(m) ip(oxl) Ew(mm ip(mﬂ) Eme) i-m) E-m) in(oll
mvVis| IV | A IV [ A | v | WA VLIV LIV [ AL IV | IpA
20 | 034 [061]0.30 |-0.51]1.03 [1.29 | 1.00 | -1.17 |-0.53 | -1.80 [ -0.48 | 1.59
40 | 034|121 030 |-1.03[ 034 | 2.66| 1.00 | -2.32 |-1.91 | -3.60 | -0.48 | 3.21
60 |[034[1.90] 030 |-1.57| 034 | 3.93| 1.00 |-3.57 [-1.92-5.39|-0.48 | 4.92
80 | 0.34 (253 030 |-2.08( 034 | 522| 1.00 |-4.76 |-1.93(-7.18 | -0.48 | 6.57
100 | 0.34 [3.19] 0.30 | -2.54| 0.34 [6.50 | 1.00 |-5.96 [-1.93|-8.88|-0.48 | 8.20




Current /uA

| =
\
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Scan rate /mV/s

Fig. 5.4 Peak currents versus scan rates for a 0.37 pm poly-CDM film
modified with O, for 2 min in acetonitrile containing 0.1 M Bu.NPF,
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CDM exhibit good stability during multiple scans under Argon.

In contrast to the results described above, maintaining a poly-CDM coated Pt
electrode at an anodic oxidation potential (e.g. +1.40 V) in the presence of O, does not lead
to a low band-gap polymer. It produces two obvious pre-peaks, which grow and separate as
longer time is used. We have not fully investigated the reasons why the polymer exhibits
different behaviors when maintained at negative and positive potentials, but we assume that
it is the result of attack by different species, i.e. electrophilic attack of the reduced polymer

by O, vs nuleophilic attack of the oxidized polymer by trace H,O (overoxidation) [3].

5.3  Electronic absorption spectra of O,-modified poly-CDM

ITO electrodes (0.8 cm®, 10~20 Q, Donnelly) coated galvanostatically (0.1 mA/cm?)

with a thin layer poly-CDM were used for i i ies. The

measurements were carried out in acetonitrile containing 0.1 M Bu,NPF; with control of the
potential of the poly-CDM coated ITO electrode. For the original poly-CDM film, the
potential was set at +0.20 V, where the polymer is in the neutral state. While for the O,
modified films, the potential was kept at -0.10 V, where the polymer is at its minimum
doping level. The Vis-NIR absorption spectra of the original polymer, and after reaction with
0, for 2 and 6 min are shown in Fig. 5.5 as curves (a), (b) and (c), respectively. The optical

absorption onset for the original polymer is 1520 nm, corresponding to a band-gap of ca. 0.8
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Fig. 5.5 Electronic absorption spectra for (a) the original poly-CDM,
(b) poly-CDM modified with O, for 2 min, and (c) poly-CDM modified
with O, for 6 min on an ITO electrode in 0.1 M Bu,NPF; acetonitrile solution

-117-



eV. Following reaction with O, for 2 and 6 min, it shifts to ca. 1850 (0.67 eV) and ca. 2600
nm (0.48 eV), respectively, showing a significant reduction of the band-gap, in good
agreement with the new features of the CVs (see Fig. 5.1). With controlled O, treatment, the

band-gap can be tuned down to values that are too low to measure by our UV-Vis-NIR

spectrometer cell.

5.4 In situ conductivity measurement

In situ conductivity data on a log scale against potential are plotted in Fig. 5.6.
Curves (a), (b) and (c) are for an original poly-CDM film (0.37 pm), and the modified
polymer following reaction with O, at -0.6 V for 20 min and 30 min, respectively. Longer
times were needed to modify the polymer, because of the covering of a thin layer of porous
gold film needed for the conductivity measurements. Table 5.2 lists the results of the
conductivity measurements, including maximum conductivities for n-doping (0,.,,) and p-
doping (Opg.,), the minimum conductivity (0,,;,) and its corresponding potential (E,,,), and
calculated results of the intrinsic conductivities (Ons.) and band-gaps [18, 29].

In curve (a), the p-type conductivity of the original poly-CDM rises to a maximum
of 1.1 S cm™ at +1.2 V. The n-type conductivity is ca. 90 times smaller, peaking at 0.012 mS
cm™ at -0.5 V. Further n-doping to more negative potentials decreases the conductivity. The
low n-type conductivity relative to the p-type conductivity is due mainly to the lower
mobility or the n-type carriers [30] and in part to the lower doping level when conduction
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(a) the original poly-CD!
(b) poly-CDM reacted with O, for 20 min;
(c) poly-CDM reacted with O, for 30 min
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band is half filled during n-doping [18]. The intrinsic conductivity and band-gap are
calculated as 1.0x10* S cm™ and 0.78 eV, respectively.

Table 5.2 Electrical properties of original and O,-modified poly-CDM films

Curve [ (7 (o - S | g
/Scm’ /Sem” [Scm’ N /S cm! eV
a L1 1.2x10° 7.9x10° 0.18 1.0x10* 0.78
b 044 23x10% | 22x107 | 005 | 8.0x107 | 0.52
c 2.0x10° 22x10% | 12x10° | 020 | 13x10% | 022

note: 2 the fresh-made poly-CDM;
b: poly-DM modified with O, for 20 min;
c: poly-CDM modified with O, for 30 min

In curve (b), when O. is used to modify the poly-CDM, maximum conductivities for
both n- and p-doping of the resulting polymer decrease to 0.44 and 23x10° S cm’

respectively, and the potential of o type ivi ¥ However,

the mini ivity at-0.1 V has i by a factor of ca. 30,1022x107 S cm'.

Further reaction with O, (curve (¢)) reduces the maximum n-type and p-type conductivities

further to 2.2x10® and 2.0x10” S cm™ i and increases the

to 1.2x10° S cm”, which is ca. 150 times higher than that of the original polymer.
Calculations as described in section 4.7 show that the intrinsic conductivities was increased
0 8.0x107 S cm™ by the 20 min treatment and to 1.3x10* S cm™ by the 30 min treatment,

and the band-gap was reduced to 0.52 and 0.22 eV, respectively.



5.5 Raman spectra of O,-modified poly-CDM

A structural change that would explain the effect of O, on poly-CDM at negative
potentials is proposed in Scheme 1 [31]. That is, -OH groups are forming at f positions
when O, attacks reduced poly-CDM. Support for this scheme was obtained from Raman
spectrocopy.

Fig. 5.7 (a) and (b) shows Raman spectra of an original poly-CDM film on Pt
electrode and the same film after reaction with O, at -0.65 V for 8 min. Assignments of
Raman shifts of both films are listed in Table 5.3 [7, 32-35].

Vibrational frequencies of bonds, which are not involved in the backbone of the chain
including C=N, C-CN, C=C(CN), and C;-C, are almost unchanged. The imner C,=C; bonds
and the inter-ring C,-C, bonds are in the backbone but remote from the proposed modified
positions. Their vibrational frequencies shift slightly. A new mode at 2759 cm™ is
characteristic of a -OH group. The significant impact of modification occurs on the Cy-Cy-
single bond, and the outer C, =C, bonds, which are in the backbone and adjacent to the
proposed -OH group. The Cy-Cj. stretch position shifts positively to 1381cm™ from 1345
cm'', while the outer C,=C; stretch moves negatively from 1434 cm! and split into 1417 and
1396 cm™.

The result of the modification proposed in Scheme 1 is that the HOMO energy
level increases significantly, but the LUMO energy level increases only slightly, and hence
the band-gap is decreased. However, a )C =0 tautomeric structure will exist in equilibrium
with the C-OH structure. The existence of the )C=O structure is shown by the new peak
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Table 5.3 Assignment of Raman spectra of an original poly-CDM film

and an O,-modified poly-CDM film
Poly-CDM O,-modified poly-CDM
Bond Wave number /cm™! Bond Wave number / cm™
C-H 3171 O-H 2759
C=N 2230 C=N 2230
c=0 1712
C=C(CN), 1589 C=C(CN), 1587
C=C; 1511, 1434 C.=Cy 1511, 1417, 1396
Gy 1345 Gy 1381
=C-CN 1334 =C-CN 1335
Cy-OH 1256
Cy-C= 1225 cy-C= 1225
inter ring C,-C,. 1161 inter ring C,-C, 1168
C-s-C 702, 782 C-s-C 695




at 1712 cm. This structure destroys the conjugation along the backbone and reduce the

maximum conductivities for both p- and n-doping.

5.6 Conclusion

A tunable and extremely low band-gap polymer has been successfully achieved by
modifying poly-CDM in the reduced state (e.g. at -0.6 V) with O,. Cyclic voltammograms
of the O,-modified polymer show a new p-doping wave appearing within the band-gap
between the onsets of n- and p-doping (-0.1 V to 0.7 V) of the original polymer. This
results in a lower band-gap, as confirmed by optical studies. The band-gap of the original
poly-CDM is 0.83 eV. Upon reaction with O, for 2 or 6 min, it reduces to 0.67 or 0.48 eV,

. With 0, the band-gap can be tuned down to values that

are too low to measure by UV-Vis-NIR . In situ
show that both the maximum p- and n-type conductivities decrease when the polymer is

modified with O,, but the mini; ivity increases bly by up to several

orders of i An intrinsic ivity of 1.3x10¢ S/cm measured for one O

modified polymer corresponds to a band-gap as low as 0.22 eV. Raman spectroscopy
suggests that substitution of the polymer in the B positions with hydroxyl groups is

responsible for the lowered band-gap.
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Chapter 6

Electrochemical and Spectroscopic Characterization,
and In Situ Conductivity Measurement of

Poly(3, 4-ethylenedioxythiophene)

6.1 Introduction

Maodification of the structure of the thiophene (Th) ring by substitution at the 3- or
3- and 4-positions has enabled the synthesis of a large number of Th derivatives, resulting
in numerous polymers with diverse of properties, such as stability, conductivity, solubility,
and band-gap [1]. Introduction of a functional group, particularly an electron donating
group such as an alkyl [2], alkoxy [3], or aryl [4] group (monomers with an electron
withdrawing group, such as -F, -Cl, -Br [5,6], -CN [7], and -NO, [7] have been found to
be difficult to electropolymerize due to the high oxidation potential) at the 3 position, can

lead to not only a in the oxidati ial, but also to a decrease in the number

of the coupling defects (-B' linkage). Thus polymers with high conductivities and lower
band-gaps can be formed [5,8]. However, pronounced reduction of band-gaps has not been
realized by using this method. For instance, electropolymerization of 3-methylthiophene

-129-



produced a polymer having a conductivity of 2000 S cm™ [9], the highest value among
poly-Ths reported to date, and a band-gap of 1.9 eV [10], which is slightly lower than that
of poly-Th (2.1 eV) [11, 12], and close to the value expected for a perfect poly-Th chain
[13].

As a further step in this direction, disubstitution at the 3- and 4- positions has

appeared as an i ing method to ize perfectly polymers by

climinating any possibility of «-B' linkage. However, poly(3,4-dialky-thiophenes)
normally have higher oxidation potentials, higher optical band-gaps and lower electrical

conductivities than mono-subsitituted polymers [14-16]. This can be explained the severe

the conjugated = system, providing a considerable loss of effective conjugation.
However, this steric interaction between neighboring monomer units is significantly
reduced by a cyclo-substituent fused at the 3- and 4 positions [17-19]. Two
representatives of this type polymer are poly(benzo[c]thiophene) (poly-BCT or poly-INT)
[20] and poly(3,4-ethylenedioxythiophene) (poly-EDOT) [19]. The former is viewed as
the first effectively reduced band-gap polymer [21], drawing considerable interests [22-26]
in both theoretical and experimental sdies. However, the INT monomer is not stable, and

needs to be prepared i i prior to the ization. Poly-EDOT is one of the

most promising poly-Th derivatives [27-30], because it shows not only higher conductivity
and a much lower band-gap, but also better environmental stability and a higher doping

level than its parent poly-Th.



In this chapter, the ical and optical ies of the EDOT monomer
and its electrochemically synthesized polymer are described. A smdy of the in-situ

electronic conductivity of the polymer is also present.

6.2 Redox potential and band-gap of EDOT

Fig. 6. 1 shows the first two cycles for the oxidation (from -0.80 to +1.50 V) of

5 mM EDOT 1in itril ining 0.1 M Bu,NPF;. The first cycle (the

solid line) gives an electrochemically irreversible wave and shows the hysterisis typically
observed in the first cycle during the synthesis of a conducting polymer [31, 32]. In the
forward scan, the oxidation of EDOT monomer begins at +1.35 V and peaks at +1.45
V. In the reverse scan, the reduction behavior shows a broad wave (from +1.18 to -0.68
V) with two peaks identified at +0.18 and -0.46 V. This reduction current is attributed

to the de-doping of the polymer formed when EDOT is oxidized.

Structure 1
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In the second cycle (the dashed line), a current appears at +0.04 V, which was
absent during the first cycle, resulting from the oxidation (p-doping) of the polymer.
Compared with the first cycle, both the oxidation onset potential for the monomer and the
peak potential of the second cycle shift cathodically to +1.24 and +1.40 V respectively.
These cathodic shifis have also been observed for Th monomers containing one Th unit
in their structures [32-34], but not in the cases of those containing two or more Th units
[35-38], implying that oxidation of the monomer is easier on the polymer coated electrode

than on the bare electrode, and micleation from one Th unit precursors is more difficult

than that from two or more Th unit Based on this is, catalysis of the

of Th by bithi (BTh) and i (TTh) has been suggested

[391.

It should be noted that the oxidation of EDOT occurs at potentials much less than
those required for oxidation of Th (E,, = +2.07 V) [12, 40] and close to the range for
BTh (E, = +1.35 V) [12, 40]. This means that the electropolymerization of EDOT can
be carried out at relatively low potentials, where overoxidation [41, 42], which seriously
degrades the properties of electrochemicaily prepared poly-Th, is completely eliminated.

This low is potential is to the strong electron donating effect of

ethylenedioxy fused at 3- and 4- positions, which raises the HOMO energy level of the Th
ring significantly.
This strong electron donating group also raises the LUMO energy of EDOT,

causing the reduction of EDOT to be even more difficult than that of Th, but this effect
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is not so great as that on the HOMO energy. The onset of the reduction of EDOT was
estimated as ca. -3.2 V from CV, thus giving the electrochemical band-gap of ca. 4.5 V.

An optical absorption spectrum of the EDOT monomer in acetonitrile is shown in
Fig. 6.2. The absorption peak due to the m~m* transition appears at 258 nm and the
absorption edge occurs at 277 nm. Both are shifted bathochromically compared with the
Th monomer (231 and 250 nm for the absorption peak and edge of Th, respectively (see
section 3.2.2)), indicating that a lower optical band-gap has been achieved with EDOT.

This optical band-gap is 4.47 eV, in with the ical band-gap (ca. 4.5

V).

6.3 Redox potential and band-gap of poly-EDOT

6.3.1 Synthesis of poly-EDOT films
In our experiments, repetitive potential sweep and constant current techniques were
employed to synthesize poly-EDOT films. Fig 6.3 shows a typical sequence of

v for the electrochemical generation of a poly-EDOT film on a Pt electrode

from EDOT (5 mM) in acetonitrile containing 0.1 M Bu,NPF,. The broad cathodic

processes and anodic processes at lower p i which i progressively in

intensity with the number of cycles, result from the de-doping and doping of the polymer
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Fig. 6.2 UV-Visible absorption spectrum of 3,4-ethylenedioxythiophene
in acetronitrile solution
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Potential / V vs SCE

Fig. 6.3 Multisweep voltammograms of EDOT (5 mM) on a Pt electrode

(0.0052 cm’) in acetonitrile containing 0.1 M BuNPF,
Potential range: -0.80 - 1.50 V. Scan rate: 100 mV/s
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grown during the anodic process at higher potentials. A dark blue film was observed on
the electrode after the final electrochemical reduction.

It has been found that electrochemical growth of poly-EDOT is much easier than
for its parent, poly-Th. This has been explained by the stress caused by the ethylenedioxy

ring fused at 3- and 4- positions which p an optimal conjugation b the lone

pairs of the two oxygen atoms and the Th moiety and increases the relative reactivity of

the a-carbons for coupling [43-45].

6.3.2 Electrochemistry of poly-EDOT

A poly-EDOT film of ca. 0.3 um was synthesized on Pt electrode (0.0052 cm?) by
using a constant current density of 0.5 mA/cm? for 80 s. Cyclic voltammograms for p-
doping and n-doping of the film in acetonitrile + 0.1 M Bu,NPF, at different potential
scan rates are shown in Fig. 6.4 (a) and (b) respectively. Electrochemical data for the p-

doping are given in Table 6.1.

Table 6.1 Electrochemical data of p-doping for poly-EDOT

Scanspeed | Eq 178 Epery oer) Eper) i)
/mV/s N i N A N JuA
20 0.04 0.79 0.20 -0.38 -0.48 0.56

40 0.04 1.60 020 -0.76 -0.48 1.15

60 0.05 245 020 -1.18 -0.48 1.74

80 0.05 3.20 021 -1.55 -0.48 2.30
100 0.05 4.01 0.21 -191 -0.48 2.87
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Fig. 6.4a Cyclic voltammograms for the p-doping (-0.90 - 1.00 V)
of poly-EDOT in acetonitrile containing 0.1 M Bu.NPF,
at different scan rates (100, 80, 60, 40, 20 mV/s)
Insert: the plot of peak currents versus scan rates
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Potential / V vs SCE

Fig. 6.4b Cyclic voltammograms for the n-doping (-1.00 - -2.20 V)
of poly-EDOT in acetonitrile containing 0.1 M Bu,NPF,
at different scan rates (100, 80, 60, 40, 20 mV/s)
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The p-doping of poly-EDOT was carried out in the potential range between -0.90
and +1.50 V. The CVs show an oxidation wave with a peak at +0.05 V, followed by a
broad flat plateau and, in the reverse sweep, a flat reduction wave at +0.21 and a main
reduction peak at -0.48 V. These peak positions are practically independent of the scan
rate. The plot inserted in Fig. 6.4 (a) displays the peak currents for the doping and de-
rate. The CV behavior and the ratio berween the de-doping charges and doping charges,
which is unity, show that p-doping of poly-EDOT is a very reversible process.

The stability of poly-EDOT films was tested by continuous cycling over different
potential ranges. Over the potential ranges of -1.00 t©0 +1.00 V and -1.00 to +1.20 V,
the polymer is very stable (100 cycles). Even when the upper switch potential limit was
increased to +1.40 V, no significant decrease in the current was detected afier 100 cycles.
However, when the positive limited potential was set to +1.60 V, a rapid decay of the
current was observed during the first several cycles, followed by a gradual decrease. It
has been claimed that poly-EDOT is even stable in aqueous media [19, 47] and at high
temperatures (e.g. 110°C) [48].

It is worth noting that poly-EDOT has one of the lowest onset potential for p-
doping among the poly-Th family [1] and has an extremely wide potential range for p-
doping. Based on the CVs, the relationship between the doping level and potential is

plotted in Fig. 6.5. The doping level is calculated according to equation 3-1, where n
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equals 6, and the charge used for doping of the polymer during its synthesis is 6.67
mC/cm?. The p-doping level becomes appreciable at -0.2 V, and accelerates quickly in the
potential range from -0.1 to +0.3 V, after which it increases steadily. At +1.40 V, a
doping level of 48.2% was reached. This value is much higher than for most poly-Ths
(typically 15%-30% [49-53]). At 4+1.60 V, a doping level of ca. 60% has been achieved,
making it one of the most heavily doped polymer known. Because of its excellent stability
and large doping capacity, poly-EDOT is a promising electrode material for batteries [19]
and supercapacitors [54].

N-doping of poly-EDOT was studied in the potential range from -0.90 to -2.20 V.
The voltammetric waves are not so regular and reversible as for p-doping. The ratio
between the de-doping charge and the doping charge was substantially less than unity
(<75%), indicating that a large amount of charge is trapped or lost and can not be
recovered [55]. Charge trapping is proven by a huge pre-peak that appears when the
potential is scanned into the p-doping range. The n-doping of poly-EDOT is also unstable;
after 20 cycles, the current decreases to about 66% of its initial value. The formal
potential for n-doping, E, is -2.09 V (average of the doping peak potential and the de-
doping peak potential), less than that of poly-Th (-1.83 V, see section 3.3.1).

The electrochemical band-gap for poly-EDOT is ca. 1.4 V (the onset potentials for
p-and n-doping are -0.25 V and -1.65 V respectively). This value is in accordance with
a published result [30], but lower than the value given by optical studies (1.6 eV). This

difference may be due to the effects of solvation [56-58].
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6.3.3 Spectroelectrochemical characterization of poly-EDOT

A thin poly-EDOT film was deposited on an ITO electrode (10Q/cm?, 0.8 cm?,
Donnelly Corp.) at 0.5 mA/cm? for 800 s. Fig. 6.6 shows UV-Vi-NIR absorption spectra
of the polymer under different controlled potentials.

At -0.80 V, poly-EDOT is undoped and in the neutral state. The optical spectrum

shows a strong and narrow ion band with a il at 598 om, cor

10 the conjugated T~* transition, and giving the film in a dark-blue color. Compared
with its parent polymer, poly-Th (480 nm), this absorption maximum is shifted ca. 120 nom
bathochromically. From the onset (ca. 770 nm) of the absorption, a band-gap of 1.61 eV
is obtained. This band-gap is 0.5 eV lower than that of poly-Th (2.1 eV), indicating that
poly-EDOT is one of the lowest band-gap conducting polymers.

When the potential is increased to -0.40 V, a weak absorption appears in the high
wavelength region. At 0.00 V (a doping level of 9.1%), the absorption due to the T—1*
transition (598 nm) decreases, and two new absorption bands appear at longer
wavelengths. One at A,,, = 950 nm (1.3 eV), corresponds to absorption by polarons, and
the other which is above 1300 nm (< 0.9 eV) is due to bipolarons. It is clearly evident that
at this doping level (9.1%), undoped units (&—m* transition), polarons (low doping level),
and bipolaron (high doping level) coexisted along the polymer chain. At +0.40 V (a

doping level of 27%), the n~m* transition disappears, turning the color of the polymer

to light blue (almost and the ion bands i with polarons and
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bipolarons becomes stronger. At higher potentials, e.g. +0.80 V (doping level of 35%),
the polarons and bij merge, ing a broad ion with a peak at ca. 1400

nm (0.85 eV).

6.4 In situ conductivity measurements on a poly-EDOT film

In situ p- and n-type conductivities of poly-EDOT were measured as a function of
potential by using the dual-electrode sandwich technique [59, 60]. A poly-EDOT film of
ca. 0.3 um thickness was synthesized at 0.5 mA/cm? for 80 s, and the potential scan rate
of 1 mV/s was used for the measurement of conductivity. The results are plotted in log
format in Fig. 6.7.

For low levels of p-doping (i.e. < 5.2%, in the potential range from -0.50 to -0.10

exponential increase of the concentration of charge carriers. Even at a doping level as low
as 1% (at -0.35 V), a fairly high conductivity of ca. 10* S cm™ was observed. When the
potential reaches +0.20 V (doping level > 22%), the conductivity becomes constant at
0.60 S cm”. The same conductivity profile was reproducible over multiple cycles
indicating that the polymer is very stable when p-doped.

The n-type conductivity of poly-EDOT also shows the exponential increase of

conductivity as the doping level increases (decreasing potential). At -2.2 V, it reaches a
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Fig. 6.7 Plot of log(conductivity) versus potential for a poly-EDOT film
Open circle: p-type conductivity; Open triangle: n-type conductivity



maximum of 5.7x10° S cm™, about 100 times smaller than the maximum p-type
conductivity. However, lower conductivities (max. 3.5X 10° S cm) are measured for the

second cycle suggesting the n-doped state is not stable.

6.5 Conclusion

Electrochemical studies of the EDOT monomer have revealed that due to the strong

I donating effect of di group fused at the 3 and 4 positions, EDOT has

a significantly higher HOMO energy level compared to Th. This results in a reduced band-
gap for the monomer, as seen from the UV-Vis absorption spectrum.

Upon polymerization, the resulting poly-EDOT maintains the characteristics of the
monomer, that is, the polymer has a reduced band-gap and much low oxidation potential
(p-doping) compared to poly-Th. Two other remarkable properties of poly-EDOT are that
it can be heavily p-doped (doping levels of 48% and 60% at 1.4 V and 1.6 V,
respectively) and it exhibits excellent cycling stability for the p-doping. Measurement of

the in situ conductivity against potential of the polymer shows a wide potential range

(>0.1 V) for highest p-type ivity, in with cyclic Y.
p- and n-type ivities were found to be 0.60 and 5.7X10° S cm,

respectively.
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Chapter 7

Poly-(CDM-co-EDOT): A Very Low Band-Gap
Conducting Polymer
with High Intrinsic Conductivity

7.1 Introduction

According to band theory [1, 2}, conjugated polymers with narrow band-gaps can be

achieved either by increasing the energy level of the valence band, or by lowering the energy

level of conduction band, or by both. Several [3-6] have been ped to

realize this goal. One of them is to build a polymeric chain with alternating donor and
acceptor moieties [7, 8]. There are now a significant number of examples in the literature
which appear to prove that this approach is effective [9-14].

Here we present a new copolymer with a very small band-gap (<0.2 eV) and high
intrinsic conductivity (ca. 0.7 mS cm"). This copolymer has been prepared by
copolymerization of a monomer having a high HOMO energy (the electron donor sub-unit)

with another monomer having a low LUMO energy (the electron acceptor sub-unit). 4-

4H- 2,1-b; 3,4-b 'ldithi (CDM, structure 1) and 3,4-
ethylenedioxy-thiophene (EDOT, structure 2) have been chosen as for this purpose.
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Structure 1 Structure 2

N CN
O/__\O
AN U
5 S
4-(dicyanomethylene)4 3. 4-ethylenedioxythiophene

H-cyclopenta
[2. 1-5:3, 4-b']dithiophene

CDM and its polymer were first studied by Ferraris and Lambert in 1991 [15]. As

discussed in Chapter 4, an electrochemical study of CDM, in comparison with bithiophene,

showed that CDM has an oxidative peak potential (E,,) at +1.44 V (vs. SCE), which is a
little higher than the E,, of bithiophene (1.31 V, see section 3. 2. 1), however its formal
potential for reduction (E.”™) is -0.63 V, much higher than that of bithiophene (-2.2 V, see
section 3.2.1). This indicates that the dicyanoethene group bridging at the § and B’ positions
has little effect on the HOMO but a large effect on the LUMO [15], making CDM on¢ of the
monomers that have the lowest LUMO energy level.

EDOT has been discussed in Chapter 6. It has an ethylenedioxy substituent fused in
the 3 - and 4- positions [16, 17]. Due to the strong electron donation of the ethylenedioxy
group, EDOT has an E,, of +1.43 V [16] much lower than that of thiophene (+2.07 V, see
section 3.2.1) and close to that of bithiophene, indicating that EDOT has a high HOMO
energy level.

In addition, the oxidation potentials for CDM and EDOT are very close (oxidation
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potential peaks are at +1.44 and +1.43 V, respectively) allowing their copolymerization to

be carried out readily by electrochemical methods.

7.2 Synthesis of poly-(CDM-co-EDOT) copolymer

Cyclic of the two (CDM (5 mM) and EDOT (5 mM))

in nif ining 0.1 M Bu,NPF, show that, in the first cycle, both have

very similar potentials for the oxidation peak and onset (E,, and E ., for CDM are +1.44 and
+1.32 'V, and for EDOT are +1.43 and +1.32 V, respectively). However, EDOT gives much
- higher peak currents (~ 4 times higher than CDM), and in the second cycle, the oxidation
onset for EDOT shifts cathodically to +1.18 V, while that for CDM shifts only slightly to
+1.30 V. These observations indicate that poly-EDOT is more easily deposited than poly-
CDM. Therefore, in order to achieve effective copolymerization, a relative low
concentration of EDOT (2 mM) to CDM (8 mM) was chosen. Repetitive potential sweep and
potential step techniques were employed to prepare poly-(CDM-co-EDOT) films in our

experiments.

7.2.1 Repetitive potential sweep

Fig. 7.1 shows typical multisweep cyclic voltammograms of a mixture of CDM (8
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Potential / V vs SCE

Fig. 7.1 Multisweep voltammograms of a mixture of CDM (8 mM) and EDOT (2 mM)

in nitrobenzene containing 0.1 M Bu,NPF; on a Pt electrode (0.0052 cm?®)
Potential range: 0.00 - 1.35 V. Scan rate: 100 mV/s
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mM) and EDOT (2 mM) in nitrobenzene containing 0.1 M Bu,NPF; in the potential range
between 0.00 and +1.35 V. The first cycle exhibits a "nucleation loop" commonly observed
when a conducting phase is deposited [18-21]. The rising current at higher potentials (>

+1.25 V) is the oxidation of the monomers to radical cations [22]. Polymer is subsequently

formed either by radical-radical ling or by a radical-sut ion [23]. The broad

thodic p and anodic at lower p ial, which i in i ity with
the number of cycles, result from the growth of the polymer. It is interesting that these
multisweep CVs of a mixture of CDM and EDOT are different from a simple combination
of those of CDM (see Fig. 4. 3) and EDOT (see Fig. 6. 3). The characteristic oxidation peaks
atca. +1.3 V for CDM and ca. +0.05 V for EDOT, and the reduction peaks at ca. +0.9 V for
CDM and +0.21 V for EDOT are absent in Fig. 7. 1. Instead, a new oxidation peak at ca.

+1.0 V and a new reduction peak at ca. +0.65 V, which are characteristic of a copolymer are

seen. These differences strongly support our ion that a true copoly is produced

and not blends of two homopolymers.

7.2.2 Potential step

Copolymerization of CDM and EDOT by potential step techniques was carried out

in the same solution as was used in repetitive cyclic vol ic synthesis. The ial

employed were 1.26, 1.28, 1.30, 1.32, and 1.34 V, and the corresponding current-time (i vs.t)

curves are shown in Fig. 7. 2.
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In all cases the chronoamperometric response exhibits a huge current spike upon

of the oxidizing potential. A ing i-t transient follows in the early stages

of the polymerization. This transient is shorter when a higher potential is applied. After this
decrease, the current begins to increase in most cases, and for higher potentials, this increase
is more pronounced. At 1.26 V. when a longer total time was used, this current increase is
also very evident.

According to Hillman's analysis of the mechanism for the nucleation and growth of

polythiophene [24], a monolayer of polymer is rapidly formed initially on the electrode

surface. ion and th i i growth of the polymer take place

causing a istic rising i-t transient. When the nuclei overlap, continued
growth is only possible perpendicular to the substrate (one-dimensional growth), and is
characterized by an approximately constant current.

In our experiments, the current continues to increase during 1-D growth. This may
be due to an increasing surface area for growth as more polymer is deposited. This
enlargement should be quicker as higher potential is applied. The i~t behavior for the
mixture of CDM and EDOT is different from that for poly-CDM alone (Section 4. 3. 2 ). In

the later case, we have confi that the ization of CDM is by

monomer diffusion.

The resulting copolymers prepared at different potentials exhibit different colors.
Copolymers synthesized at 1.26 and 1.28 V are blue in color, suggesting that EDOT is
dominant in the structure, while at 1.34 V, the film is reddish, suggesting that CDM is
dominant. Copolymers synthesized at 1.30 and 1.32 V are purple.
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7.3  Electrochemistry of poly(CDM-co-EDOT)

Fig. 7.3 makesa i f the cycli fthe two

poly-CDM (dashed line; curve (a)) and poly-EDOT (dotted line; curve (b)), and the poly-
(CDM-co-EDOT) (solid line; curve (c)) synthesized at +1.30 V. Curve (a) shows both the
p-doping and n-doping of poly-CDM in the potential range from -0.60 to +1.20 V,
corresponding to an electrochemical band-gap of ca. 0.8 V (section 4. 4). Curve (b) only
shows the p-doping of poly-EDOT, because its n-doping, which takes place below -2.0 V
(section 6.3.2), is not observed in the potential range of the experiment. The p-doping
process of poly-EDOT occurs over a very broad potential region from -0.4 V to more than
+1.2 V for the anodic scan. It is clearly seen that the electrochemical band-gap (from -0.1 to

+0.7 V) of poly-CDM is covered by the range for the p-doping of poly-EDOT. Therefore,

of the two would be expected to produce very low band-gap
conducting polymers.
Curve (c) in Fig. 7.3 shows that the copolymer does have a significantly reduced

band-gap. The p-dopi which obvi igil from the EDOT subunit, appears

within the electrochemical band-gap of poly-CDM, resulting in a much lower band-gap. E,,
of the copolymer occurs at -0.78 V, more negative than that of poly-CDM (-0.45 V). This
can be explained by the fact that EDOT is an electron-donating unit causing the LUMO

energy level of the attached CDM units to increase. The cathodic shift of E,, is further

-159-



S/AW () 2213 uedS IIN'E W 1°0 Suruimuoa ajumuolase ut (LOAT-03-WaD)-Ajod (2)
pur* Loag-Alod (q) ‘Wad-Aod (v) jo suesGownumoa 21124 jo uostiedwo) ¢* ‘814

308 SA A/ lepiusjod
00°} 050 000 05°0- 00°4-

T T T T 1

-160-



evidence that this polymer is a true copolymer, not a mixture of poly-CDM and poly-EDOT.
Fig. 7.4 shows the cyclic voltammogram:s at different scan rates of a poly-(CDM-co-

EDOT) film synthesized at 1.30 V for 100 s, and Table 7.1 gives the electrochemical data.

Table 7.1 electrochemical data for a poly-(CDM-co-EDOT)

pioping_ rdoping

scan rate| By | ety | Exoy | i | Bpen) ety | Bow | dow) | Boiomy | ioiom

mVis | Vv | A | V| A | V] A | NV | mAa | V| A
20 021 | 0284 | 1.10 | 0.320 | 0.73] -0.284 | -0.78 |-0.604 | -0.62 | 0.372
40 0.21 | 0.564 | 1.10 | 0.656 | 0.73]| -0.560 | -0.78 [ -1.19 | -0.63 | 0.726
60 0.21 | 0.840 | 1.10 | 0.956 | 0.73| -0.840 | -0.78 [ -1.80 |-0.63 | 1.21
80 0.21 1.12 1.10 1.28 | 0.73] -1.12 [-0.78 | -2.38 [ -0.64 | 1.68
100 0.21 1.40 1.10 1.58 | 0.73| -1.40 [-0.78 [-3.04 |-0.64 | 2.15

In the potential range from -0.25 V to +1.20 V is the very broad p-doping region,

peaking at ca. +0.2 and +1.0 V, which represents the oxidation of EDOT and CDM units in

the copoly pectively. These p are ible and very stable over multiple
cycles (no significant change after 30 cycles). The n-doping process starts at -0.3 V and ends
at-0.8 V with a sharp reduction peak at -0.78 V. The formal potential (E) for the n-doping
is -0.72 V. This process is also stable over multiple cycles (no significant change after 20
cycles). Both the p-doping and n-doping peak currents are linear with the scan rate (see the
insert plot of Fig. 7. 4). The overlap of the p-doping and n-doping regions suggests that the

electrochemical band-gap of the copolymer has vanished.
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Fig. 7. 5 shows cyclic voltammograms of various poly-(CDM-co-EDOT) films
prepared at different potentials. As the polymerization potential increases, the peaks at ca.
-0.75 V due to the n-doping of polymer segments rich in CDM increase relative to the p-
doping region. This reflects the increasing CDM:EDOT ratio in the structure. Interestingly,
the potential of these peaks does not shift significantly with changing composition (although

they do appear to split into two separate waves), indicating that the n-type charge carriers

formed by CDM are not i i This ion is by the fact
that the reduction wave of the CDM monomer (E”,. =-0.63 V) is shifted very little compared
with its polymer (E”,. =-0.45 V).

Only the films with the highest CDM:EDOT ratio show a significant feature at ca.
+0.90 V that could be attributed to the p-doping of poly-CDM. This provides further strong
evidence that we are dealing with true copolymers, rather than polymer blends. Based on the
size of the -0.78 V peaks in Fig. 7. 5 and the similar heights of the p- and n- doping waves
of poly-CDM (Fig. 7.3), all of the copolymer films would have shown significant peaks at

ca. +0.90 V if they were mixtures of poly-CDM and poly-EDOT.

7.4 Raman spectra of poly-(CDM-co-EDOT)

Poly-(CDM-co-EDOT) films were synthesized at 1.34, 1.32, 1.30, and 1.28 V in
nitrobenzene containing 2 mM EDOT and 8 mM CDM in the presence of 0.1 M Bu,NPF,.
Fig. 7. 6 shows the Raman spectra of these copolymer films (b, c, d, e), together with the
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Fig. 7.6 Raman spectra of poly-CDM, poly-EDOT, and poly-(CDM-0-EDOT)
films. (a): poly-CDM; (b), (¢), (d), (e): copolymers synthesized at 1.30, 1.32,
1.33, 1.34 V, respectively; (f): poly-EDOT
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Table 7.2 Assignments of some main modes in Raman spectra of

poly-CDM, poly-EDOT and copoly-(CDM-co-EDOT)

Poly-CDM Poly-EDOT Copoly-(CDM-co-EDOT)
Bond Wave number /cm” | Bond Wave number /cm’ | Bond Wave number /cm’
C-H 3171 ethyl C-H 2849 ethyl C-H 2848
C=N 2230 C=N 2230
C=C(CN), 1589 C=C(CN), 1590
C.=Cy 1438, 1514 C.=Cy 1504, 1429 C,=C; (CDM) 1512
Cp-Cpr 1348 Cp-Cy 1370 C,=Cy (EDOT) 1423
Cy-Cy (EDOT) 1369
C;y-Cy (CDM) 1341
C-0-C ~ 1257, 859 Cc-0-C 1267, 858
inter ring C,-C,: 1161 inter ring C,-C,. ~1257 inter ring C,-C,. 1203
C-S-C 782 C-S-C 702 C-S-C 695, 701




two homopolymers: poly-CDM (a) and poly-EDOT (f) respectively. Assignments of some
main modes are given in Table 7.2. [25-27]

It is clear from the Fig. 7. 6 that the spectra of the copolymers are not the simple
overlap of the spectra of the individual components. The C-H, C-C and C-O-C bonds in the
ethylenedioxy group, and C=N and C=C(CN), bonds in dicyanoethene group are not
involved in the backbone of the polymer chain and remote from the inter-ring connection
site. Their vibrational modes are not or only slightly affected by the copolymerization. The
stretch of the outer C,=C, bonds which are adjacent to the inter-ring connection site, moves
from 1429 to 1422 cm, due to the electron-withdrawing effect of the CDM unit. The C.-C,
inter-ring stretches of poly-CDM and poly-EDOT are 1166 and 1257 cm respectively. Both

modes disappear in th of thy and instead, a new mode which is associated

with the interring C,-C, coupling between CDM and EDOT units occurs at 1203 cm™.

The new band at 964 cm" in the copolymer spectra is probably due to the Cy-H band
of monomer CDM units that are adjacent to monomer EDOT units. This band occurs at 990
cm™ in the homopolymer. The new band at 648 cm can probably be assigned to a C-S-C
ring deformation, which would be expected to be significantly shifted in a copolymer. The
corresponding bands in the homopolymer are presumably those at 596 cm in poly-CDM
and 578 cm™ in poly-EDOT. The 578 cm’ band and a shoulder at ~590 cm are still seen
in the copolymer spectra.

As potential increases, the features of poly-CDM in the Raman spectra increases
indicating the trend that the higher potential used the more CDM component in the
copolymer, in agreement with the result obtained from the electrochemical studies. The
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above spectroscopic evidences strongly support the contention that the polymer is a true

copolymer.

7.5 Measurements of the in situ conductivity and estimation of the

band-gap

Fig. 7.7 shows in situ conductivities against potential for poly{CDM-co-EDOT)
films synthesized at 1.31 (curve (b)), 1.32 ( curve (c)), 1.33 (curve (d)), and 1.34 V (curve
(e)). together with that of poly-EDOT (curve (a)) and that of poly-CDM (curve (f)) for
comparison. Despite the low potential scan rate (1 mV/s) used during collection of these data
there was hysteresis between conductivities obtained from cathodic and anodic scans,
particularly for poly-EDOT and the copolymer prepared at 1.31 V. The data shown in Fig.
7. 7 are for the cathodic scans. Similar trends with changing composition were observed in
data from anodic scans.

There is only p-type conductivity in this potential range (between -0.80 and +1.20 V)
for poly-EDOT. For this polymer, conductivity reaches the highest value (ca. 0.60 S cm™)
and remains unchanged when the potential is scanned positively higher than +0.2 V. As the
potential is scanned negatively to less than -0.1 V, however, its conductivity drops
dramatically and it becomes insulating after -0.6 V (conductivity < 10* S cm™).

A study of the in situ conductivity against potential of poly-CDM has been discussed



log(conductivity) /log(S cm™)

-1 -0.5 0 0.5 1 1.5
Potential /V vs SCE

Fig. 7.7 In situ conductivity against potential of poly-CDM, poly-EDOT, and
poly-(CDM-co-EDOT) films.
(a): poly-CDM; (b), (¢), (d), and (e): copolymers synthesized at 1.31, 1.32,
1.33, and 1.34 V, respectively; (f): poly-EDOT
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in Chapter 4. Poly-CDM film has i n- and p-doping ivities of 0.59 and

0.54x10° S cm respects The intrinsic ivity was found to be 1.0x10* S cm™, in

agreement with a band-gap of 0.8 eV [28].

‘When EDOT is copolymerized with CDM, the conductivity rises in the potential
region from -0.3 to -0.8 V , owing to the n-doping of the CDM subunit. As the synthesis
potential is increased, the n-doping conductivity increases.

As discussed in section 4. 6, the intrinsic conductivity is somewhat higher than the

ina ivity vs. potential plot because the p-type charge carriers

are more mobile than the n-type carriers. Since y, >> , (i is the mobility), the intrinsic
conductivity of the polymer (when C, = C,; C = concentration of charge carriers) is

dominated by p-type carriers. The potential at which C, = C, (Emsc) can be estimated from:

-0.03810g%2 -
3

E, ntrinsic. :Emm

where E_,, is the potential of the conductivity minimum. The band-gap can be estimated
from the intrinsic conductivity by using equation 4-5. Data for these calculations, and
estimated band gaps are shown in Table 7.3 for the copolymers which exhibited a
conductivity minimum between the n- and p- doping regions. From these data, it can be seen
that the band gap decreases with increasing content of EDOT. This is to be expected since

the onset of p-doping shifts to lower potentials as the content of EDOT is increased. By

the prepared ials below 1.32 V would be expected to have

band-gaps below the minimum value of 0.19 eV reported in Table 7.3.
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Table 7.3 Conductivity data and band-gaps for selected copolymers

IE, Opmax Opmax | Comoa/Comax | Mo/l | Eisenmsic |  Giernmme | Band-gap
N /mS cm| mS cm” N | mScm|  /eV
1.32 0.60 0.22 0.2 0.0018 | -0.34 0.69 0.19
133 0.74 0.48 03 0.0022 | -0.19 0.68 0.21
1.34 0.62 0.44 0.4 0.0018 | -0.11 0.052 0.33

The conductivity profile for the film prepared at 1.31 V is consistent with this

hypothesis in that it exhibits significantly higher conductivities than poly-EDOT in the

expected n-doping region (ca. -0.3 to 0.8 V) but no ivity mini L
the absence of a conductivity minimum makes it difficult to estimate the band-gap for this
film. However, if we assume that E .., =-0.34 V, as for the film prepared at 1.32 V, then
we obtain an estimated band-gap of zero for data from a cathodic scan and 0.16 eV for data
from an anodic scan (note that the hysteresis in the conductivity profile was largest for this
copolymer). Since we have almost certainly assumed an E, .. that is too anodic, we can
conclude that the band-gap of the film prepared at 1.31 V was significantly lower than 0.16
eV, and probably close to zero. The absence of a significant band-gap is consistent with the
voltammetric results.

The mobility ratios for the copolymers (i,/jt, ~ 0.002 (Table 7.3) are significantly
less than for poly-CDM (u,/u, ~ 0.025). This is presumably because the n-doped sites are

diluted and therefore less mobile.
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7.6 Conclusion

Copolymerization of CDM and EDOT appears to have little influence on the
potential at which the dicyanoethene bridged bithiophene moiety is reduced. This

presumably arises because the n-type charge carriers thus generated are not significantly

d beyond the bithil unit. This leads to facile n-doping of all of the
copolymers.
In contrast, p-type charge carriers are more delocalized so that the potential at which

they begin to form is strongly on the ition of the l} As the ratio

of the electron rich 3, 4-ethylenedioxythiophene moiety to the electron deficient
dicyanoethene bridged bithiophene moiety is increased, p-doping becomes easier and the
band-gap of the polymer decreases. The mobility of the p-type carriers remains high because
they are delocalized.

As a consequence of these effects, copolymers with vanishingly small band-gaps and
high intrinsic conductivities can be produced. The low mobility of the n-type carriers in such
materials is of little consequence since their intrinsic conductivities are dominated by the

more mobile p-type carriers.
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Chapter 8

Conducting Polymer-Based Supercapacitors

8.1 Introduction

Significant advances have been made in the application of battery technology for

portable electrical i (e.g. laptop cellular phones) during the past
decade. However, existing batteries can not fully satisfy the requirement of the equipment,
because batteries have high internal resistance (typically > 0.15 Q) and the required loads
are not constant but rather span a range of power levels [1-3]. For example, digital
communication, which allows several users to conduct conversations simultaneously on

the same issi requires higher i power (e. g., discharge

current of 4 A for 15 ms) than the conventional analog systems [4]. As the current is
increased, the internal impedance of the battery produces a large voltage drop, and
sometimes the drop is so significant that the output voltage is brought below the operating
cut-off voltage of an electronic device, effectively disabling the device. Supercapacitors,
which have high power densities and long cycling lives relative to batteries, and high
energy densities relative to conventional capacitors, are designed to operate in parallel with
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a battery as a secondary power source. They can provide the peak power output,
minimizing the drop of source voltage and stabilizing the output during the pulse [5, 6].

Another promisi lication for

percap is in the hybrid electric vehicles to
ensure high power output during acceleration and hill climbing 7, 8]. The combination
of battery and supercapacitor often yields a better system, which can offer less volume and
mass, better performance and longer battery life.

Currently, there are two types of itor under i igation, namely double

layer and redox capacitors. In the double layer supercapacitors, carbon materials (e.g.,
various active carbon [9-14], carbon fibers [15, 16], modified glassy carbons [17, 18]) are
the most studied electrode material. Since the electrostatic charge is stored at the
carbon/electroiyte double layer interface, carbon with high specific surface areas is
needed, for example carbons with 2400 and 3000 m*/g show capacitances up to 120 [19]

and 145 F/g [20] respectively. However, el

ity with higher

surface area and voltage limitations are observed. These restrict the power capability and

the time (RC) of the itor. R ly, carbon nanofibers [21] and
carbon nanotubes [22] have been introduced as electrode materials for supercapacitors.
One of the main advantages of these materials is that they have high capacitance responses
at very high frequencies. For example, for a carbon nanotube supercapacitor [22], most
of its stored energy is accessible at a frequency of 100 Hz and the capacitance is 49 F/g,
and even at a frequency of 1000 Hz, a rather high capacitance (13 F/g) is available. This

good response to high frequency makes them very suitable for pulse applications.
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Redox supercapacitors fall into two classes according to pseudo-capacitive material:
metal compounds [23-31] (mainly including metal oxides, metal hydrous oxides, and metal
nitrides) and conducting polymers [32-34].

It has been shown that ruthenium(IV) oxide hydrate as an active material in a
supercapacitor, provides a specific capacitance of up to 50 F/g [30]. The electrochemical
properties of ruthenium(IV) oxide depend dramatically upon the method of preparation and
upon the chemical composition. For a material prepared by a sol-gel process [31] at low
temperatures, an amorphous form is obtained which shows a specific capacitance of about

720 F/g [31]. The problem with this material is its high cost. Molybdenum nitride seems

to be an interesting and cheaper alternative to r jum(IV) oxide. The d values
for its capacitance are about 40 F/g [25, 26].

The application of electronic ing polymers in is

with their reversible and fast ion doping/dedoping processes, and their high charge
densities. The versatility of conducting polymers enables different redox supercapacitor
configurations. Three distinct schemes referred to as type I, II, III have been developed
[35]. In type I, both electrodes are formed from the same p-dopable conducting polymer,
such as polyaniline [36-38], polythiophene [39], or polypyrrole [34, 40, 41]. Type II uses
two different p-dopable conducting polymers, e.g. polypyrrole/polymethyl-thiophene [42].
And type III adopts both a p-dopable and an n-dopable conducting polymer as the electrode

active materials [35, 43-45]. Compared with other classes of conducting polymers,
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polythiophenes are structurally versatile and can readily to be p- and n-doped, and hence
they are the focus of most studies of type III capacitors.

In terms of energy density, type II is the most favorable alternative among these
three types of supercapacitor. since it provides the highest cell voltage and the highest
capacitance. According to the equation E=1/2CV?, to achieve higher energy density one

must increase the cell voltage or improve the capacitance. In addition, when a type Il

capacitor is charged, both bave a high i ivity, while for types
I and II, one of the electrode is in undoped state, resulting in a high electronic resistance.

However, these of type Il itors are offset by the lower stability of

the n-doped state relative to the p-doped state, due to the very negative potentials (<-2.0
V vs. Ag/Ag™) that are normally required for n-doping. Use of a low band-gap conducting
polymer, which can be n-doped at less negative potentials, has been proposed to achieve
better n-doping stability.

Previous studies at Los Alamos National Laboratory [35, 43, 46] on various
poly(phenyl)thiophenes have identified poly{3-(p-fluorophenyl)thiophene] (poly-PFPT,

structure poly-1) as a isil i for a type Il 1i However the n-

type stability does not meet the requirement for a supercapacitor. For a poly-PFPT film
deposited on a Pt electrode, the n-type charge for the 100th cycle was reduced to 40% of
that for the initial cycle [46]. This work aims to improve and test the n-type stability of

poly-PFPT grown on carbon paper and measure its ivity ic and

ionic) and capacitance.
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Structrue 1

3~(p-fluorophenyi)thiophene

8.2 Experimental

Chemicals

Acetonitrile (Aldrich. 99.8%. anhydrous, H,0 < 50 ppm) and Carbon paper
(Spectrocarb, 8 um fibers, 17 mil thickness, 0.28 g/cm®) were used as received.

Various electrolytes were used. Et;NCF;SO; (Fluka, puriss) and Bu,NPF; (Fluka,
puriss) were used as received. Et,;NBF, (Fluka, Chemika, >99%) was purified through
four recrystallizations from methanol (Fisher, HPLC Grade), and then dried under vacuum
at 250 °C for 24 hrs. Et,NPF, (Fluka, Chemika, >98%) was recrystallized four times
from methanol (95%)/H,0 (5%), and dried under vacuum at 150 °C for 36 hrs.

Me,NCF;SO; (prepared in this lab previously) was purified by dissolving first in hot
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acetone and recrystallization by addition of hexane. After recrystallization in this way

three times, it was dried at 75 °C under vacuum for 32 hrs.
3-(p-fluorophenyl)-thiophene (PFPT) was received from the Chemistry Department

of University of Texas, Dallas. The synthesis method of this monomer was described

previously in the literature [46, 47].

Stability test
Cycling stability tests on poly-PFPT were carried out in an H-cell with a large area

carbon paper as the counter electrode and Ag/Ag* (silver wire in 0.2 mM AgNO; + 0.3

M ENBF. itrile) as the lectrode, using an EG&G Model 273A
Potentiostat and Model 270 software. For n-doping, the electrode potential was cycled
between -1.00 and -2.15 V at 20 mV/s. For p-doping, the potential was scanned between
0.00 and 0.90 V at 20 mV/s. The electrode was tested for 1000 cycles and every 10th
cycle was recorded. The dedoping charge (for both n- and p- doping) was integrated and

used to represent the activity of the polymer.

AC impedance spectroscopy

For i the 273 A i was to a Solarton

Instruments 1260 Impedance/Gain Phase Analyzer. Zplot for windows (Version 1.1,
Scriber Assit. Inc.) was used to control the experiments and acquire data. The measured

impedance response is different for the doping process and the de-doping process because

-180-



of hysterisis. In a capacitor, discharge is associated with the de-doping process and so in
our experiments impedance was measured from high doping levels to low doping levels
(e.g. for p-doping, from high potentials to low potentials, while for n-doping, from low
potentials to high potentials).

The i response of a ing polymer ited on porous carbon paper

electrode can be modeled using the equivalent circuit shown in Fig. 8.1 [48-51], where

Rg and R, are the distributed polymer ic and ionic resi: ively, R is

the solution resi: and Cg the polymer film’s Faradaic

capacitance. A typical Nyquist plot shape is characterized by a 45° Warburg-type line

followed by a straight line response vertical to the real impedance axis, from which, Rg

and R, can be out using the ing two
Lol
R. R, R, 81
Re=R,+R, 82

where R. is given by the subtraction of R from the intercept at high frequency in the
Nyquist plot (e.g. R. = Ryg, - Ry , and Ry is obtained by extrapolation of the linear
portion at low frequency of the Nyquist plot to the real axis (e.g., Ry = 3(Riw - Rs)). The

capacitance (C) of the polymer film is given by
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Cp=

1
__21Efz - 83

where f is the frequency and Z”is the imaginary impedance.

8.3 Partl. Poly-PFPT grown using constant current

8.3.1 Stability tests on poly-PFPT

a. P-doping stability
EtNBF,, Et,NCF,S0,, and Et, NPF; which have the same cation but three different
anions, were chosen as the electrolyte for the cycling solution to test the effect of anions
on the p-doping stability of poly-PFPT. The polymer was grown galvanostatically on 0.5
cm? carbon paper at 10 mA/cnr* for 500 s in 0.05 M FPT acetonitrile solution containing
1 M Et,NPF;. The potential-time (E-t) curves that were obtained for PFPT were typical

of those commonly observed when other thi were ized at

constant current. When the current was applied, there was a sharp jump of potential,
followed by a characteristic decay of the potential to a constant value. The constant

potential value was ca. 1.07 V, corresponding to the synthesis current of 10 mA/cm®.
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Cyclic voltammograms (the second cycle) of poly-PFPT electrodes in 1 M
Et,NBF,, 1 M Et,NCF,SO,, and 1 M Et,NPF; solutions are shown in Fig. 8.2 as curve
(a), (b) and (c) respectively. The potential was scanned between 0.00 and 1.00 V ata

sweep rate of 20 mV/s. Table 8.1 lists data derived from the figure.

Table 8.1 Effect of anions (BF,", CF;SOy’, and PF ) on the
cyclic voltammogram (the second cycle) of poly-PFPT

P-doped ions Ev/v- Erﬁﬁu AE Qraoping | Qpssping n*

A'A /mC /mC
BE, 0.845 0.586 0.259 274.4 272.8 99.4%
CF;805 0.865 0.568 0.297 273.4 270.0 98.8%
PF, 0.870 0.555 0.315 263.5 262.3 99.5%

* 1 is the discharge efficiency, which is the ratio of Qu sopime 20 Quopey-

For these three the di iencies in all cases are close to the

unity, indicating a good charge balance between the p-doping and p-dedoping processes
for poly-PFPT. The polymer doped with BF,, which is the smallest anion, shows the
narrowest separation (0.259 V) between the doping and dedoping peaks, and has the
highest dedoping charge (272.8 mC), while the polymer doped with PF¢, the largest
anion, has the largest peak separation (0.315 mV) and the lowest charge (262.3 mC).
Fig. 8.3 shows the p-type stability test results for poly-PFPT carbon paper
electrodes in these three electrolyte solutions. For these electrolytes, all curves of stability

vs cyclic number show two stages. The first stage is a pronounced decrease of activity (the
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Fig. 8.2 Effect of el lyte on the cyclic (the second cycle) of

poly-PFPT. a) IM ELNBF,, b) IM Et,NCF,SO,, and c¢) IM EtNPF,.
Poly-PFPT was synthesized in 0.1 M PFPT acetonitrile solution
containing 1 M Et,NPF,
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dedoping charge) with cyclic number for about 100 cycles. The decreases of activity in the
first stage for BF,, CF;S0;', and PF ¢ are 6.5%, 6.4%, and 9.4% respectively. After the
first stage, the slope of the curve becomes almost constant, reflecting a decrease of the
polymer activity at a constant rate. The slope for BF," is 1.96 mC/100 cycles, for CF;SO;"
is 1.99 mC/100 cycles, and for PFy is 2.23 mC/100 cycles. After 1000 deep
charge/discharge cycles, 79% of the initial charge has been maintained for PFy, 83% for
CF,S0y’, and 84% for BF,. Among these three p-doped polymers, the polymer doped with

BF, has the slightly highest activity and stability.

b. Effect of cations on the n-type stability
Poly-PFPT was deposited on carbon paper using the identical synthesis conditions

as above. C used tetraalkyl jum cations, such as BuN*, EL,N*, and

Me,N* were chosen to test their effects on the n-doping stability of poly-PFPT. Although
cations are predominately involved when a polymer is n-doped, anion and electrolyte
transport into the polymer can accompany the cation. To eliminate the effect of the anion,
it is better to chose electrolytes with the same anion. However, most tetramethyl
ammonium salts are poorly soluble in acetonitrile (the solubilities of Me,NBF, and
Me,NPF; in acetonitrile are less than 0.1 M) except for Me,NCF,SO,, which is very
soluble (the solubility is about 1.4 M at room temperamre). Therefore, Me,NCF,SO; was

used in our experiments.
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The initial cyclic voltammograms of poly-PFPT coated carbon paper electrodes
immersed in 1 M Bu,NPE,, 1 M ELNPF,, and 1 M Me,NCF,SO, are shown in Fig. 8.4
as curve (a), (b) and (c) respectively. The potential range is from -1.00 to0 -2.15 V and the
sweep rate is 20 mV/s. The initial charge for the polymer doped with different cations
varies significantly. The initial n-dedoping charge for the polymer doped with Me,N* was
182.1 mC, the highest charge among these three cations, indicating the high penetration
and transport ability for Me,N* in the polymer. These abilities are associated with its
small ion size. The polymer doped with Bu,N~, the largest cation, shows much lower
activity with an initial charge of 57.03 mC. For the polymer doped with Et;N*, the initial
charge was 163.9 mC, close to the value for the polymer doped with Me,N~. Compared
with the initial charge for p-doping, the initial charge for n-doping is much lower. For
example, charge obtained by n-doping with EL,N* was about 60 ~70% of the charge for
p-doping.

N-type stability test resuits for poly-PFPT electrodes are illustrated in Fig. 8.5. In
the figure, curve (a). (b) and (c) are for the polymers doped with Bu,N*, ELN*, and
Me,N~ respectively. In the initial stage of cycling when the polymer is n-doped, the
activity of the polymer increases. This increase is more pronounced for the polymer doped
with Bu,N~, for which the charge increased from an initial value of 57.03 mC to a
maximum of 102.8 mC after 50 cycles. For films doped with Me,N* and Et,N*, the
maximum charges (214 mC for Me,N* and 194 mC for Et,N*) are reached after several

cycles. The initial increase of activity is not seen when the polymer is p-doped. After the
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Fig. 8.4 Effects of electrolyte on the initial cyclic voltammogram of poly-PFPT.
a) Bu.NPF,, b) EtNPF,, and ¢c) Me.NCF,SO,
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initial increase, the activity decreases. The rate of decrease of the activity can be defined
as the slope of the curve when the rate of decrease becomes almost constant. The rate of
decrease of activity for films doped with Bu,N*, EtN*, and Me,N™ are 2.08, 7.86, and
13.6 mC/100 cycles respectively. After 1000 cycles, the percentages of maximum charge
that are maintained are 76%, 47%, and 27% for Bu,N*, E4N*, and Me,N* respectively.
The polymer doped with Bu,N~ shows superior stability over films doped with Me,N~ and
Et,N*. However, the charge involved for Bu,N* is much lower, especially in the first 500

cycles.

c. Effect of electrolyte used for polymer growth on the n-doping

Since p-doping of the polymer with anions accompanies the polymerization of the
monomer to form polymer, anions play an important role in polymer growth. To evaluate
the effect of the anion on the properties of poly-PFPT, ELNPF, (1 M), Et,NBF, (1 M),
and Et,NCF;SO; (1 M), which have the same cation but different anions, were used as
electrolyte solutions for synthesis of the polymer. Other conditions for the synthesis are
the same as above. Three poly-PFPT coated carbon paper electrodes were prepared and
tested in 1 M Et,NBF, electrolyte solutions.

Fig. 8. 6 (a), (b) and (c) are the initial cyclic voltammograms for the n-doping of
the polymers synthesized with BF,’, CF,SO;’, and PF, anions respectively. The charges
obtained for n-doping and n-dedoping are significantly different. The polymer synthesized

with BF, has the lowest initial charge (56.09 mC), while the polymer synthesized with
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Fig. 8.6 Initial cyclic voltammograms of n-doping for poly-PFPT synthesized
in a)IM EtLNBF,, b) IM EtNCF,SO, and ¢) IM EtNPF,
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PF, has the highest initial charge (180.2 mC), suggesting that the later polymer has a
more open structure and that it is easier for cations to migrate to the doping sites.

Plots of charge for n-dedoping vs. cycle number are shown in Fig. 8.7 (a), (b) and
(c) for the three polymer electrodes synthesized with BF,, CF,SO;, and PF6-,
respectively. Similar trends for activity vs. cyclic number were obtained for the three
polymer electrodes. The activity increases with cyclic number over the initial cycles, and
decays after this initial increase. For the polymer synthesized with BF,, the maximum
charge of 157 mC was reached after 80 cycles. For the polymer with CF,SO;", a maximum
charge of 168 mC was obtained after 20 cycles, and for the polymer with PFy, the
maximum charge was 194 mC after several cycles. The decay rates of the polymer activity
after the initial increase for BF,, CF,SOy, and PF; were 5.74, 5.46, and 5.14 mC/100
cycles, respectively, which are all very similar. After 1000 cycles, 47%, 44%, and 47%
of the maximum were maintained for the films synthesized with BF,", CF,SO;, and PFy,
respectively. However, the polymer synthesized with PF, shows higher activity for all

cycle numbers studied.

8.3.2 AC impedance spectroscopy

a. Impedance study on the effect of anions on p-doping of poly-PFPT
Fig. 8.8a shows the complex plane impedance plots for a poly-PFPT coated

carbon paper electrode immersed in 1 M Et,NBF, electrolyte solution for electrode
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Fig. 8.7 N-type stability of poly-PFPT synthesized in 0.1 M FPT itrile solution
a) EtNBF,, b) ELNCF,SO;, ¢) ELNPF,. Cycling solution: 1M Et,;NBF,
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Fig. 8.8a AC complex impedance plot for p-doped poly-PFPT in
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potentials corresponding to p-doped state (0.00 to 1.00 V). From Fig. 8.8a, the
capacitance vs. frequency (in log format) at various potentials is plotted in Fig. 8. 8b.
When the poly-PFPT film is highly p-doped, its impedance spectra show a 45°
Warburg-type line followed by a response vertical to the real resistance axis, which is
typical for a conducting polymer [53-56]. However when the polymer is only slightly
doped, a semicircle is observed at high frequencies reflecting the charge transfer process
at electrode/polymer interface [53-55]. Similar impedance spectra were obtained for
polymers doped with CF,SO; and PF; . Table 8.2 lists the ionic and electronic resistances,

and i i at various p ials when the polymer is p-doped with BF,",

CF;S0y, and PFg, respectively.

Table 8.2 Ionic and i i and
for poly-PFPTs doped with different anions at various potentials

P-doped with BF,- P-doped with CF,SO,” | P-doped with PF¢"
[Potential | R Re | Com | R Re | Cax | R | Re | Cou
J\'4 Q Q /E J/°] Q /F J°] Q /F

1.0 2.19 | low [0.295| 2.58 low [0.291 | 2.58 | low | 0.289
0.9 2.10 low | 0.338 | 2.37 low |0.328 | 2.34 | low | 0.326
0.8 2.01 low | 0.435 | 2.40 low (0432 2.25 | low | 0.429
0.7 2.12 | <0.1/0.542 | 247 | <0.1 (0.527 | 2.28 | <0.1 | 0.521
0.6 235 | 0.17 [0.383 | 2.71 | 0.17 |0.394 | 2.62 | 0.17 | 0.388
0.5 571 | 0.23 [0.214 | 6.14 | 0.35 |0.238 | 6.23 | 0.39 | 0.237
0.4 20.6 | 0.57 [ 0.065 | 19.7 0.62 | 0.087 | 23.6 | 0.64 | 0.071
0.3 high | 0.99 high 1.05 high | 1.14
0 high 1.04 high 1.06 high | 1.09
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From the above table. the ionic resistance shows the same trend with the potential
for the polymer doped with BF,’, CF;SO5, and PFy. The lowest ionic resistance always
occurs at 0.8 V. At higher potential, the ionic resistance increases slightly. With
decreasing potential, the ionic resistance increases, more sharply after 0.5 V. The polymer
doped with BF, exhibits lower ionic resistances compared to the polymer doped with the
other two anions, although the difference is probably not significant.

AC impedance can not reveal the electronic resistance accurately when the polymer
is highly doped and has a low resistance [57] (less than 0.1 Q in our case). Other
techniques, such as two-band electrode [58], dual electrode [59] and microelectrode array
[60] voltammetry have been used to measure in situ conductivity (normally the
conductivity is high), but these techniques are difficult to apply to carbon paper electrodes.
In its partially or lightly doped state, the polymer does not show significant difference in
electronic resistance when doped with different anions (Table 8.2). When the polymer is
undoped and in the neutral state (e.g., at 0 V), the ionic resistance of the electrode
becomes very high, and the electronic resistance converges to a value of about 1 ~1.1 Q.

The highest capacitance is observed at 0.7 V, for all three anions used as the
dopant for the polymer. The polymer film doped with BF, (0.542 F at 0.7 V) has a slighly
higher capacitance than the films doped with CF;SO;y (0.527 F at 0.7 V) or PF; (0.521 F
at 0.7 V). From Fig. 8. 8b, it is seen that most of the capacitance is only accessible at

frequencies below 1 Hz.
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b. Impedance study on the effect of cations on the n-doping of poly-PFPT

AC impedance spectra for poly-PFPT coated carbon paper electrodes in 1 M

Bu,NPE,, 1 M Et,NPF,, and | M Me,NCE,SO, are shown in Fig.8.9al, Fig. 8.9b1 and

Fig. 8.9cl respectively for the n-doping potential range (from -2.15 to -1.50 V). Fig.

8.9a2, Fig. 8.9b2 and Fig. 8.9c2.are the corresponding plots of capacitance vs

log(freq ). Ionic and el and p from
these figures are summarized in Table 8.3.
Table 8.3 Ionic and electronic resistances and maximum capacitances
for poly-PFPT doped with different cations at various potentials
N-doped with Bu,N* N-doped with Et,N* N-doped with Me,N*
Powntial | R [ Re [ Cow [ R | Re [ Com [ R [ Re [ Com
IV Q Q /F Q Q /F Q Q /F
2.1 18.5 | low | 0.280 | 6.84 | low | 0.256 | 4.29 | low [ 0.342
2.0 9.21 | low | 0310 | 5.13 low | 0.325 | 3.90 [ low | 0.385
-1.9 7.82 | <0.1 | 0.261 | 4.14 | <0.1 | 0.430 | 3.60 | <0.1 | 0.469
-1.8 6.62 | 0.34 | 0.124 | 3.85 0.23 | 0.235 | 3.33 | 0.21 | 0.234
-1.7 8.91 | 0.75 | 0.057 | 4.90 0.65 | 0.091 | 6.93 | 0.54 [ 0.115
-1.6 high 1.12 | 0.026 | 16.9 0.85 | 0.027 | high | 0.82 | 0.026
-1.5 high | 1.18 | 0.001 | high | 1.16 | 0.001 | high | 1.16 | 0.005

For the polymer n-doped with Bu,N*, the lowest ionic resistance (6.62 Q) is

obtained at -1.8 V. At more negati

the ionic

significantly,

e.g. at-2.1 V, an ionic resistance of 18.5 Q is obtained, and at higher potentials, the ionic

resistance increases abruptly to very high values. The similar change of the ionic resistance
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Fig. 8.9 bl AC Impedance of n-doped poly-PFPT (5 C/em’) in
1 M EtNBF, acetonitrile solution
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with potential are observed for the films doped with Et,N* or Me,N*. The lowest ionic
resistances for films doped with EGL,N* and Me,N* are 3.85 and 3.33 Q respectively,
which are significantly lower than that for Bu/N*. In all cases the ionic conductivity for
n-doping is lower than that for p-doping at the corresponding doping level. Comparison
of the electronic resistances of the polymer electrodes when partially or lightly doped
reveals the order: Me,N* > E(,N* > Bu/N*, the same order as the ionic resistances.
The maximum capacitance for the polymer doped with Me,N* was obtained at -1.9
V as 0.469 F, which is slightly higher than that of the polymer doped with EtN* (0.430
Fat-1.9 V), but much higher than that of the polymer doped with Bu,N* (0.310 Fat -2.0
V). At various potentials, the order of the capacitances is Me,N* > EL,N* > BuN*.
From Fig. 8.8a2, b2 and ¢2, most of the capacitance is available only when the frequency

is less than 2 Hz.

8.4 PartII. Poly-PFPT grown using cyclic voltammetry with intervals

between cycles (CV mode)

8.4.1 Poly-PFPT synthesized by CV mode
Poly-PFPT synthesized on carbon paper at constant current has been discussed
extensively in section 8.3. However, it has been found that the polymer synthesized by this

is not di evenly the carbon paper layer. This is attributed

to hindrance of the diffusion of the monomer inside the carbon paper, making the polymer
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prevalently grow on the surface layer, as observed by SEM. This is thought to lead to
lower electronic conductivity and extra ionic transport resistance. To achieve polymer
distributed evenly through the carbon paper, the technique of cyclic voltammetry with
intervals between cycles (CV mode) was used in our later experiments. Several
parameters, such as the length of the interval, the upper potential, and the sweep rate need
to be optimized. In this preliminary work, the interval between cycles we adopted was 20s,
which allows the diffusion of the monomer inside the carbon paper (thickness of 17mil).
Suitable upper potentials for poly-PFPT growth are 1.15~1.25 V, because at lower

potentials (e.g. 1.10 V), no polymer growth occurs, when all charge is consumed for the

doping of polymer, and at higher ials (>1.30 V), idation of the polymer
begins to occur, which is known to degrade on the properties of polymer. In our
experiments, 1.20 V or 1.25 V was selected as the upper potential in most cases. The
sweep rate was 20 mV/s. Fig. 8.10 shows the CV mode waveform used.

Fig. 8. 11 shows a typical sequence of for the

of poly-PFPT on a carbon paper electrode (0.5 cm?) from PFPT (0.05 M) in acetonitrile
containing 1 M Et,NPF,. The upper potential was 1.25 V. The first cycle shows an
electrochemically irreversible wave and the trace-crossing commonly observed in the first
cycle during the synthesis of a conducting polymer. The cathodic current and anodic
current at lower potentials, which increases progressively with the number of cycles, are
due to the de-doping and doping of the polymer grown during the anodic processes at

higher potentials. The synthesis charge for each cycle was obtained by subtracting the
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Fig. 8. 11 Typical cyclic voltammograms for poly-PFPT growth on carbon paper
by CV mode
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charge for doping from the total charge. After 11 cycles, 2592.7 mC, that is 5.19 C/cm?,
had been used for polymer growth. Synthesis charges of 5.1 to 5.3 C/cm?® were typically

used for polymer growth.

8.4.2 Stability test of the polymer synthesized by CV mode using different electrolytes

Fig. 8.12 (a), (b) and (c) are stability test results (n-dedoping charge vs. cyclic
number) for the poly-PFPT carbon paper electrodes synthesized by CV mode in 0.05 M
PFPT acetonitrile containing 1 M Et,NBF,, 1 M E(NCF,SO;, and 1 M Et,NPF,,
respectively. The test was performed in 1M Et,NBF, solution.

For the polymers synthesized with PF, and CF,SOy, the initial increase in activity,
which was observed when the polymers were synthesized at constant current, is absent in
this case. But the initial increase of the activity is still observed when BF, is used as the
anion for CV synthesis, although this increase is not so significant as that for constant
current synthesis. The maximum charges for BF,", CF;SO, and PFy synthesized poly-
PFPTs are 156.0, 168.2, and 183.1 mC respectively, and the decay rates of the activity
are 6.44, 4.38, and 4.48 mC/100 cycles, respectively. After 1000 cycles, 58%, 67%, and
65% of the maximum charge is maintained for BF,, CF,SO;", and PF, respectively. The
stability has been greatly improved compared to that obtained for constant current

synthesis.
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8.43 of the polymer ized by CV mode using different electrolytes
AC impedance spectra for poly-PFPT carbon paper electrodes synthesized by CV
mode using EL,NBF,, Et;NCF,SO;, and Et,NPF, are shown in Fig.8.13al, Fig. 8.13b1

and Fig. 8.13c1 respectively. The AC i were inlM

EtNBF,. Fig. 8.13a2, Fig. 8.13b2 and Fig. 8.13¢c2 are the corresponding plots of

capacitance vs. log(frequency). The ionic and i i and

capacitances are summarized in Table 8.4.

Table 8.4 Ionic and i i and i i for poly-PFPT
synthesized by CV mode using different electrolytes for synthesis

hesis with BF, is with CF,SO, | _Synthesis with PF,
i R Rg Cos R, Re Co | R R | Cau
v ||| F|m@a|m@a|F|m@a|@|F
2.1 | 7.77 | low | 0.248] 7.70 | low | 0.228 | 7.14 | low | 0.240
2.0 | 657 | low | 0315 | 630 | low | 0.293 | 5.40 | low | 0.291
19 | 528 | <0.1 | 0408 | 4.89 | <0.1 | 0.426 | 4.17 | low | 0.416
18 | 645 | 0.18 | 0.173 | 557 | 0.16 | 0.187 | 3.39 | <0.1 | 0.325
17 | 11.82 | 0.66 | 0.067 | 10.89 | 0.72 | 0.066 | 3.85 | 0.26 | 0.120
1.6 | high | 1.03 | 0.024 | high | 1.45 | 0.022 | 9.74 | 1.05 | 0.051
15 | high | 1.36 | 0.003 | high | 1.57 | 0.003 | high | 1.05 | 0.011

Of the three polymers that synthesized with PF, shows the lowest ionic and

The polymer ized with BF, has slightly higher ionic
resistance but slightly lower electronic resistances than the polymer synthesized with
CF;S0,". The capacitances obtained for the three polymers are all very close. Compared
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Fig 8. 13 al Impedance of n-doped poly-PFPT synthesized by CV mode in
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Fig. 8. 13 a2 N-type capacitance of poly-PFPT synthesized by CV mode in | M E4NBF,.
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Fig. 8.13 b1 Impedance of n-doped poly-PFPT synthesized by CV mode
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Fig.8.13 c1 Impedance of poly-PFPT synthesized by CV mode in 1 M Et;NPFs
acetonitrile solution. Test solution 1 M Et,NBF, aceronitrile solution
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1o the polymer synthesized at constant current with PF, the polymer synthesized by CV

mode has the similar ionic ivity, lower i ivity, and slightly lower

capacitance.

Fig. 8.14 a and Fig. 8.14 b show AC impedance spectra and a plot of capacitance
vs log(frequency) after 1000 cycles for the polymer synthesized with PF,. For
convenience of the comparison of the polymer before and after 1000 cycles, the data are

listed in Table 8.5.

Table 8.5 C ison of ionic and i i and
of a poly-PFPT carbon paper electrode before and after 1000 cycles

Synthesis with PFy, before cycling is with PFg, afier cycling
Potential R, Re e R, Re Coe
v Q Q /E Ji°} J[°} /F
2.1 7.14 low 0.240 4.56 low 0.238
2.0 5.40 low 0.291 4.79 <0.1 0.201
-1.9 4.17 low 0.416 4.66 0.18 0.251
-1.8 3.39 <0.1 0.325 5.38 0.33 0.167
-1.7 3.85 0.26 0.120 14.74 0.59 0.064
-1.6 9.74 1.05 0.051 high 0.90 0.022
-1.5 high 1.05 0.011 high 1.13 0.002

The above data shows that after 1000 cycles, the ionic resistance at very negative
potentials (< -2.0 V) has decreased, but that it has increased at less negative potentials

( 2 -1.9 V). The electronic resistance has also become larger. The highest capacitance
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Fig. 8. 14a Impedance of poly-PFPT in 1 M Et,;NBF; acetonitrile solution
after 1000 cycles
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obtained after 1000 cycles of deep charge/discharge is 0.251 F at -1.9 V, which is about

60% of the value before cycling, in agreement with the stability test results.

Conclusion

In our early experiments, the technique of constant current was employed to grow
poly-PFPT on carbon paper electrodes. Different anions (PF, CF,SOy’, and BF,") have been
used to study their effects on the p-doping performance of the polymer. Among these three
p-doped polymers, the polymer doped with BF, has the highest charge, the highest
capacitance and the lowest ionic resi: although the diffe is not signi After

1000 charge/discharge cycles. 79% of the initial charge is maintained for PF,, 83% for
CF,SO;, and 84% for BF,".

The effect of cations on the n-type stability of poly-PFPT has been investigated using
BuN", EtN", and Me,N". The n-doped polymer shows inferior stability compared to the p-
doped polymer. After 1000 cycles, the percentages of the maximum charge that are
maintained are 76%, 47%, and 27% for BuN™ , Et;N", and Me,N" respectively. Although
the polymer doped with Bu,N" has the highest n-type stability, the charge involved is low,
especially in the first 500 cycles. As expected, the ionic resistance increases with increasing
the ionic size, that is, Bu,N" > Et, N~ >Me,N", while the capacitance is in the reverse order.

In order to improve n-doping stability of poly-PFPT, a CV mode (the technique of
cyclic voltammetry with intervals between cycles) was applied to grow polymer in our later

experiments. The n-type stability of the polymer synthesized by this technique has greatly
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improved compared to that obtained for constant current synthesis. A polymer synthesized

using Et,NBF, maintains 58% of the maximum charge after 1000 cycles, while those

synthesized using Et, NCF,SO, and Et,NPF, maintains 67% and 65%, respectively. The later

polymer exhibits the lowest electronic and ionic resistance. After 1000 cycles, the electronic

resistance increases over the whole potential range studied, while the ionic resistance

decreases in the potential range between -2.1 V and -1.9 V, but increases when potential is

higher than -1.8 V.
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