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A series of different counterions have been incorporated into polypyrrole electrochemically.
These include toluenesulphonate (TS), pyrenesulphonate (PSA), Pyrene-1,3,6,8-tetrasulphonate
(PTSA), dodecylbenzenesulphonate (DBS), 1,2-bis(decyloxycarbonyl)ethane-1-sulphonate
(DOCES), octachloro-dirhenate (Re,Clg) and tetraphenylborate (TPB). Electrochemical redox
behaviour of the pyrrole monomer and the polypyrrole incorporating these different anions
was investigated and is discussed. From scanning electron microscopy (SEM), it is shown
that the different counterions incorporated strongly affect the morphology of the polymer
fitms, they vary from fully dense to open structures. Chemical and physical characterization of
the materials is presented and suggests that the sizes of the different counterions incorporated
also influence the polymer chain structures, packings and their thermal stabilities. The pyrrole
to counterion stoichiometries are very different, ranging from 1 to 13. In most cases, the redox

potential of the polymer can be related to the size of the counterion but the electrical conduc-

tivity, which ranges from 2 x 1072 to 50 Scm™

, is not simply related to the counterion but is

dependent on both chain structure and bulk morphology.

1. Introduction

Conducting polymers are regarded as potential
materials for the electronics industry especially in bat-
teries [1], molecular transistors [2], ion-gates [3], elec-
tronic displays [4], cable shielding and as molecular
electronics circuit elements [5]. Many of these are
oxidised, or in some cases reduced, polymeric aromatic
and heteroaromatic compounds with conductivities in
arange of 107" to 10°Scm™', similar to that of semi-
metals and metals. Since the first observation of metal-
lic conductivity in polyacetylene [6] and the electro-
chemical synthesis of free-standing polypyrrole film
by Diaz et al. [7], the field of conducting polymers
has expanded dramatically. Research has been carried
out attempting to change the flexibility, solubility,
electrical conductivity, mechanical properties and
chemical stability of these conducting polymers. In the
case of polypyrrole, the effect of different electropoly-
merization parameters, such as the temperature [8],
the concentration of monomers and supporting
electrolyte [9] with which the film was grown, the
water content in the aprotic solvent [10] and the nature
of the working electrodes [11, 12], have been investi-
gated. An alternative approach has been to modify the
chemical structure of the pyrrole monomers prior to
electropolymerization. 3-, and 3,4-disubstituted pyr-
role derivatives have been utilised, e.g. 3-alkyl [13],
3-carboxylate [14, 16], 3-cyano [17], 3-keto [18], 3-,
4-dialkyl [19] and 3-, 4-alkane-pyrrole [20, 21], etc.
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Besides these modifications of the electrochemical
polymerization other methods have been used to
prepare polypyrrole films, e.g. chemical vapour
deposition (CVD) [22, 23], polymerization of LB films
[24-27] and chemical preparations [28-30].

In an electrochemical preparation, the pyrrole is
oxidised, forming radical cations which then dimerise
and eventually the reaction proceeds to the formation
of a polypyrrole film. The anions, (X 7), present in the
supporting electrolyte, are incorporated in the matrix
of the polypyrrole film (Fig.1), neutralizing the
positive charge of the oxidized polymer. The structure
of Fig. 1 is idealized and in practice there will be o—f
as well as a—o bonding, crosslinks, and the ratio of
chain repeat units to counterions will vary. Therefore,
the anions used in the electropolymerization also
play an important role in the preparation of the
polypyrrole film. Many publications have reviewed
the effects on polypyrrole films of incorporating
different anions, e.g. long alkyl sulphate {31}, Keggin-
type heteropolyanions (SiW,,0%, ) [32, 33], phos-
photungstate (PO, 12WQO3 ) [34], polysulphonate [35],
Br, C10,- and AsF,- {36, 37], etc.

In this paper we report on the physical character-
ization and electrochemical behaviour of polypyrrole
(PPy) films containing several different anions obtained
by electro-polymerized on a platinium electrode. The
anions used are toluenesulphonate (TS™), pyrene-
sulphonate (PSA™), pyrene-1,3,6,8-tetrasulphonate
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Figure 1 The structure of polypyrrole with the incorporated anion.

(PTSA*"), dodecylbenzenesulphonate  (DBS™),
sodium 1, 2-bis(decyloxycarbonyl)ethane-1-sulphon-
ate (DOCES ), octachloro-dirhenate (Re,CIZ~) and
tetraphenylborate (TPB™) (Fig. 2).

The toluenesulphonate counterion has been exten-
sively studied and it has been shown to produce poly-
pyrrole films which are volume filling and dense with
good mechanical properties, good stability and reason-
able electrical conductivity (ca. 20 to 50Scm™") [11].
It was considered important to explore the influence of
other counterions with specific structural features
complementary to the toluenesulphonate anion and
others which could enhance chain separation and
allow metallic anions to be incorporated.

The physical factors which influenced the choice of
the counterions shown in Fig. 2 were:

1. PSA™ may act as a site for electron transfer
(hopping) and is physically bulky;
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2. PTSA*" can act as an electron transfer site but is
bulkier, has a more regular shape and has more
charges than PSA~;

3. DBS™ has long alkyl benzene sulphonate and has
surfactant properties;

4. DOCES™ is similar to DBS™ but has two long
flexible alkyl ester chains;

5. Re,Cli™ is a very bulky metal containing ion and

6. TPB™ is also a very bulky ion.

These different anions should also affect the poros-
ity, texture and redox behaviour, in particular reversi-
bility, of the polypyrrole films.

The materials obtained were characterized by
elemental analysis, resonance Raman spectroscopy,
UV-visible spectroscopy, scanning electron micro-
scopy (SEM), fast atom bombardment (FAB), ther-
mal analysis, and d.c. electrical conductivity
measurements.

2. Experimental details

2.1. Reagents

Pyrrole monomer (Aldrich) was distilled twice under
reduced pressure and stored in the dark. The solvents,
propylene carbonate (PC) and tetrahydrofuran
(THF) (Aldrich, gold label, anhydrous) were used as.
supplied. Water was triply distilled and methanol was
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Figure 2 The structures, names and symbols of the
anions used to incorporate in the polypyrrole.
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dried and distilled. The supporting electrolytes, lithium
perchlorate (LiClO,), tetrabutylammonium octa-
chlorodirhenate (2TBA* Re,Cly), tetrabutylam-
monium tetraphenylborate (TBA*TPB™) (Aldrich)
and 1,3,6,8-pyrenetetrasulphonic acid tetrasodium salt
(4Na*PTSA*") (Kodak) were used as supplied. Tetra-
ethylammonium p-toluenesulphonate (TEA*TS™)
was dried by heating at 100°C for 24h in vacuo.
Tetraethylammonium  dodecylbenzene-sulphonate
(TEATDBS ™), tetraecthylammonium pyrene-sulphonate
TEA"PSA~ and sodium 1,2-bis(decyloxycarbonyl)
ethane (Na® DOCES ™) were prepared as follows.

2.2. Synthesis of TEA" PSA™

Pyrenesulphonic acid [38] (6g, 2.13 x 10"2mol) was
dissolved in water (20 ml), resulting in a silky green
solution. Tetraethylammonium hydroxide (40%)
(7.83g, 2.2 x 107*mol) was then added, and the
resultant brown solution heated up to ca. 50°C and
stirred for 10 h. The water was evaporated off and a
greenish-brown syrup, which solidified when left in air
for a few hours was obtained. The solid was then
dissolved in CHCl,; (80 ml) and filtered. After evapor-
ation of the solvent, a brown solid was obtained (5.3 g,
58% yield).

2.3. Synthesis of TEA"DBS"~

Dodecylbenzenesulphonic  acid (44.3g, 1.36 x
10~ 'mol) (donated by Tenneco Co., Albright &
Wilson Ltd., detergent division) was neutralized by an
equimolar amount of tetracthylammonium hydroxide
(40%) (50 g, 1.36 x 10~'mol). The procedure for the
preparation of TEA* DBS™ was similar to that for the
preparation of TEA* PSA~. The resulting semi-solid
was dissolved in CHCI; (200ml) and filtered. After
evaporation of the solvent, a light yellow semi-solid
was obtained (38 g, 59.1% yield).

2.4. Synthesis of Na*
1,2-bis(decyloxycarbonyl)ethane-
1-sulphonate [39]

Maleic acid (16.6 g, 1.43 x 10~ mol) was dissolved in

acetone (150 ml) and decanol (45.2g,2.86 x 10 mol)

and 5 drops of concentrated H,SO, were added. The
mixture was refluxed overnight, resulting in a red
solution. After evaporation of the solvent, NaHCO,
solution was added, and a foamy, milky suspension
was obtained. The ester was then extracted with
CH,Cl, (2 x 200ml), washed with NaCl solution
(1 x 300ml) and dried in a Na,SO,. After evapor-

ation of the solvent, a yellow liquid (18 g, 31% yield)

was obtained.

The ester (18g, 7.56 x 107*mol) was mixed with
CHCl, (20ml) and a solution of Na,S,05 (5.5g,
2.89 x 10~?mol) was added. The mixture was refluxed
for 2 days. and filtered. After addition of 500ml hot
methanol and cool down, the methanol was then
removed by evaporation until a white powder was
observed in the solution, at which point, the solution
was cooled in ice. The solid was then filtered off and
dried, yielding a white powder (6g, 23.2%).

All these salts gave elemental analysis, NMR and.

IR specira consistent with the chemical formulae.
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2.5. Electrochemical methods
Electropolymerization was carried out under galvan-
ostatic control using a Thompson Electrochem 401
potentiostat in a single compartment cell under nitro-
gen. Two 35 x 35mm?’ platinum titanium electrodes
(ICT Electrochem Co.) with a separation of ca. 40 mm
were used.

Cyclic voltammetry (CV) of the pyrrole monomer
and the polypyrrole films was carried out in a 100ml
glass cell with a fitted cork stopper which held a
saturated calomel reference electrode (SCE), platinum
working eletrode (disc, dia. = 3mm) and a platinum
counter electrode (disc, dia. = 1 mm). The CV experi-
ments were run using an in-house potentiostat with a
built-in sweep generator, and the voltammograms
were recorded on a Bryans 5000 XY recorder.

A typical pyrrole/electrolyte composition was ca.
6.0 x 107°M pyrrole and 0.1M TEAX/PC, where
TEA is tetraethylammonium and X is the correspond-
ing anion. When X was Re,Cly and DOCES™,
concentrations of TEAX were 0.01M and 0.04M,
respectively. All the solutions were flushed with nitro-
gen before each experiment. Various amounts of
charge in the range 800-1000 C were passed at a cur-
rent density of 0.82 mAcm? to produce film thick-
nesses from 0.2 to 0.4mm. After each polymerization,
the films were peeled off the clectrode and washed in
water and acetone in an ultrasonic bath three times
before being dried without heating in vacuo. In the case
of PPy/Re,Cl;, the film was washed in water and
acetone in an ultrasonic bath first before being peeled
off the clectrode. For PPy/PSA, the polymer which
was powdery, was washed in water and acetone before
being scraped off the electrode for analysis. For CV,
different quantities of pyrrole monomer were used
(3.13 x 107*moldm* for PPy/TS, 1.15 x 10" mol
dm™ for PPy/PSA, 1.15 x 10"'moldm™> for PPy/
PTSA, 4.48 x 10~ 2moldm > for PPy/DBS, 1.49 x
107 *moldm™ for PPy/DOCES, 8.36 x 10 *mol
dm~* for PPy/Re,Cly) and background scans of the
pure electrolyte were also recorded.

2.6. Chemical and physical characterization
Elemental analysis (EA) of C, H, N, S, O was carried
out by the University of London analysis service at
University College and EA of Re and Cl at the Chem-
istry Department of Brunel University. Resonance
Raman spectroscopy was employed as described else-
where [11]. UV absorption spectra were recorded on a
Perkin-Elmer 555 spectrophotometer. Differential
scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) was carried out on a Perkin Elmer 7
series system. Scanning electron microscopy was per-
formed on a Hitachi S800 microscope employing a
field emission source.

In the fast atom bombardment (FAB) experiment,
the source and the fast atom gun was manufactured by
M-Scan Co. The Argon atoms were accelerated at
about 6 kV.and the fragment signals were recorded on
a Kratos MS 50RF mass spectrometer.

X-ray diffraction patterns were recorded on a
Philips diffractometer comprising a PW 1743 gener-
ator control, PW 1390 channel control, PW 1394



(a) pyrrole / TEA-TS / PC
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Figure 3 Cyclic voltammograms of pyrrole; scan speed = 50 mV
sec™!; of concentrations (a) 3.13 x 10~?moldm™? in 0.1 M TEA-
TS/PC, (b) 1.15 x 107'moldm~® in 0.1M TEA-PSA/PC,
(¢) .15 x 107 moldm™ in 0.1M TEA-PSA (1% H,0)/PC,
(d) 1.15 x 10~'moldm~ in 0.1M 4Na-PTSA/H,0, (e) 448 x
16~?moldm~? in 0.1M TEA-DBS/PC, (f) 1.49 x 10 2moldm™®
in 0.04M Na-DOCES/MeOH, (g) 8.36 x 10"2moldm~*in 0.01 M
2TBA-Re,Cl; /PC.

Lo0Y +1.50V

(b) pyrrole / TEA-PSA / PC (c) pyrrole / TEA-PSA-1%H0 / PC

+1.65V

+1.10V +1.60V

(8) pyrrole / 2TBA-Re,Clg / PC

1mA

-0.70V

-0.50v ﬂ +1.60V
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Figure 4 SEM micrographs of polypyrrole film fracture surfaces illustrating the through-film morphology. (a) PSA~, (b) PTSA*~, (¢) DBS~,

(d) DOCES™ and (e) Re,CE~ .

motor control, PM 8203 chart recorder and PW 1050/
25 goniometer. The CuKu radiation was employed
with the tube operated at a voltage of 50kV, and a
current of 30 mA.

2.7. Monomer oxidation and
electropolymerization

The oxidation peak of the pyrrole monomer was
observed with varying degrees of clarity in these elec-
trolyte solutions. Clear definition of the peak occurred
in the cases of TEA-PSA/PC, TEA-PSA (1%H,0)/
PC, TEA-DBS/PC and Na-DOCES/McOH (Fig. 3b,
c, e and f). In all cases, the peak current and shape of
the second and subsequent scans were different from
those of the first scan. This implies that the mechanism

3818

of the formation of the film produced during the first
cycle is different from that of subsequently poly-
merized layers. This was supported by earlier SEM
observations on the TS~ anion system where a region
immediately adjacent to the metal electrode surface
was found which was morphologically different to the
remainder of the polymer [11].

This morphological distinction is even more pro-
nounced for the polypyrrole materials investigated
here as shown in the micrographs in Fig. 4. In the case
of the Re,Cli~, PSA~ and DBS™ anions (Figs. 4e, a
and ¢), clearly defined dense layers exist at the elec-
trode interface ranging in thickness from about 10, 25
and 50 um respectively. The film morphology then
progresses through a gradation of globular and par-



Figure 4 Continued.

ticulate aggregates to form open surface structures in
contact with the electrolyte. Typical electrolyte con-
tacting surfaces are shown in Fig. 5. In all cases the size
range of the smallest particulates is 0.2 to 1 ym.

The PTSA*~ and DOCES™ materials appear to be
as fully dense as TS™. However, in contrast to TS~
they contain a high level of internal voiding in spite of
having close packed electrolyte surfaces as shown in
Fig. 5. Also, in the DOCES ™ case, detachment of a thin
layer in contact with the electrode was observed
indicative of the presence of a layer structure. No layer
structure was observed in PPy/PTSA samples.

Generally, the peak current of the pyrrole monomer
increased when the scans were performed sequentially

(see Fig. 3). In the Na-PTSA/H,0 electrolyte system
(Fig. 3d), the oxidation peak current dropped gradu-
ally and then increased again. An extra peak was
observed with a cathodic potential (E;) of —0.60V.
This was not a reduction peak of the polypyrrole film,
which was being formed, since no such peak was
observed when the CV of the polymers, PPy/PTSA,
was run in a clean electrolyte solution (see Fig. 8f
and g). This extra peak was probably due to the
reduction of a small number of accumulated protons
which remained in the vicinity of the working elec-
trode instead of migrating to the counter electrode.

When pyrrole monomer was oxidised in the 2TBA-
Re,Cl;/PC electrolyte system (Fig. 3g), the CV was
ill defined. In spite of this, a good film was produced
both in a direct electropolymerization and in CV
experiments. In a control experiment, it was found
that the supporting electrolyte, 2TBA* Re,Cl;y was
itself electroactive at the potential required to oxidise
the pyrrole monomer. It was therefore assumed
that both the 2TBA*Re,Cl; and the pyrrole
monomer were oxidized simultaneously during the
electropolymerization.

The Re,Cl; ion showed two oxidation and one
reduction peaks, E;(1) = +1.20V, E}(2) = +1.82V;
E;(1) = +0.40V (against SCE) at the first cycle
in the range 0 to 2.3 V. A new oxidation peak was
obtained at the second cycle at +0.70V (Fig. 6a).
When the scan was repeated, the first oxidation peak
shifted and deformed, finally, a peak at + 1.65V was
obtained. A possible explanation for this behaviour is
that after Re,Clg is oxidized to form Re,Cl, at the first
oxidation potential, it has two reaction pathways, (a)
dimerization to form (Re,Clg),; (b) dissociation to
form Re,Cl; and Cl1™.

The second oxidation potential represents the oxi-
dation of the dimer (Re,Clg); to form (Re,Clg); and
eventually polymeric ions will be obtained. The reduc-

Figure 5 SEM micrographs of the electrolyte facing surfaces of polypyrrole films. (2) PSA~,-(b) PTSA*~, (c) DBS™, (d) DOCES™ and

(€) Re,CI2~,
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Figure 5 Continued.

tion potential at + 0.40 V represents the reduction of
Re,Cl; after the dissociation to form Re,Cl; which
then reoxidizes at +0.70 V during the second cycle.
The polymeric ions are probably “passivating” and
interfere with the oxidation of Re,Cly during the
second and subsequent cycles. It can be seen in
Fig. 6b, that when the scan was in the range 0 to
1.50V,i.e. eliminating the chance of polymerization to
(Re,Cly), , the current density of the first oxidation
peak did not shift and deform. Comparing the current
densities, it can be said that the dimerization of
Re,Cl; was more rapid than the dissociation. The
proposed mechanism is summarized in Fig. 7.

Therefore, during the controlled current electro-
polymerization, the major anion incorporated in the
polypyrrole film is likely to be the dimeric ion,
(Re,Cl;);~ but the presence of the polymeric form
cannot be excluded.

(a) ®)

0.5mA

+2.30V oV A +1.50V

ov

Figure 6 CV of 2TBA* Re,Cly in 0.1 M TEA-TS/PC (against SCE); scan speed = 50mV sec™!, (a) from 0 to 2.3V, (b) from 0 to 1.5V.
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Figure 7 The proposed electro-
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In X-ray diffraction experiments, amongst all of the
polypyrrole samples, only PPy/Re,Cl; showed an
ordered structure. Only one strong diffraction peak
was obtained which indicated a layer spacing of about
3nm. The absence of weaker diffraction peaks sug-

()

0.5mA

Figure 8 CV of TBA* TBP~ in 0.1 M TEA-TS/PC (against SCE); scan speed = 50 mV sec™!, (a) from 0 to 2.3V, (b) from 0 to 1.4V,

gests that a superlattice structure may be formed
resulting from intercalation of the octochloro-
dirhenate and the polypyrrole. Such intercalation has
been proposed in the PPy-FeOCl system with the
production of a 26 nm layer spacing [40, 41].

(b)

+2.30V

Ov';i‘—-
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When pyrrole was oxidized in the TBA-TPB/PC
electrolyte system, the usual black polymer film was
not obtained. It was found that the TPB™~ ion has a
lower oxidation potential than the pyrrole monomer,
hence during the electropolymerization, the oxidation
of TPB~ ion was preferred. The TPB~ ion shows two
oxidation peaks (Fig. 8a). The first peak represents the
oxidation of the TPB ion to TPB' radical which dis-
sociated rapidly to produce triphenylborate and a
phenyl radical. The phenyl radical dimerised rapidly
to form biphenyl which was oxidised at the second
oxidation peak to form polyphenylene(lit. E; of
biphenyl was +1.90V against SCE, CH;CN, Pt

electrode [42]). The mechanism for this reaction

is proposed in Fig. 9 and was verified by a con-
trolled potential electrolysis. TBA'TPB~(0.34g,
7.58 x 10~*mol) was oxidized at +0.94V in 0.1 M
TEA-TS/PC (against SCE). After the charge con-
sumption was about equivalent to [Fmol™', the
product was isolated. Biphenyl (0.06g, 51.4% yield)
was obtained, the m.p. was 70-71°C (lit. m.p. = 69-
72°C [43]).

As can be seen from Fig, 8b, the repeated oxidation
of the TPB~ proceeded normally when the scan was
from 0 to 1.5V. When, however, the scan range was
from 0 to 2.3V (Fig. 8a), the oxidation peak of TPB~
was shifted to a more anodic value and deformed. This

[ 1 [

-0
-0

®

dissociation

dimerization

triphenylborane

—— |00

was due to the interference of the polyphenylene film
being formed at + 1.70 V. Since polyphenylene is not
a good conducting polymer when prepared in neutral
solution [44], it acts as a passivating layer on the
electrode. This explains why the current densities of
the second and the consecutive oxidation peaks of
TPB~ decreased, and why the oxidation peaks became
more anodic.

In the cases of TEA-DBS/PC (Fig. 3¢), Na-DOCES/
MeOH (Fig. 3f), TEA-PSA/PC (Fig. 3b) and TEA-
PSA (1% H,0)/PC (Fig. 3¢), the current on the reverse
sweep is higher than the forward one. This is a common
observation where a surface phase is formed by a
nucleation and growth mechanism [45]. Usually, the
oxidation potential of the second scan is higher than
that of the first, but the current density is less. This
suggests that the oxidation of the pyrrole monomer is
more difficult on the first layer of the “polypyrrole”
electrode. On the third and consecutive scans, the cur-
rent increases again. This suggests that there may be a
“catalysis-via-mediator” effect (in which the polypyr-
role film acts as a mediator) [46] (Fig. 10) on the oxida-
tion of the pyrrole monomer when the reasonably thick
polypyrrole acts as an electrode.

2.8. CV of polymer
The redox behaviour of polypyrroles with different

~d

OO v

~
et
HO-C-0-07,

polyphenylene
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Figure 9 The proposed oxidation mechanism of
tetraphenylborate anion.
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Figure 10 The proposed mechanism of ‘catalysis-Via-mediator’.

incorporated anions were studied in two clean support-
ing electrolyte/solvent systems, namely, TEA-TS/PC
and TEA-X/PC where X represents the corresponding
incorporated anion. Generally, the polypyrroles in
TEA-TS/PC have better well-defined cyclic voltammo-
grams (Fig. 11). N

The redox behaviour of polypyrrole during cyclic
voltammetry is divided into three distinct stages
(Fig. 12). Firstly, during the first half-cycle when the
polymer is run, say from —0.5 to +0.5V, it is driven
into the neutral state, i.e. all the anions have already
been expelled (see Fig.13a). Secondly, when the poten-
tial reaches the corresponding oxidation potential of
the neutral polymer, the polymer is oxidized and the
anions diffuse back into the polymer to maintain charge
neutrality (see Fig. 13b). Thirdly, when the scan is
cycled back, at the corresponding reduction potential of
the polymer, it is reduced and the anions are expelled
again (see Fig. 13c).

Table I shows the redox potentials of polymer films
with different anions incorporated. When we compare

the redox potentials of the polypyrrole with the same
anion in the two electrolyte/solvent systems, the differ-
ence is not great, e.g. comparing PPy(PSA)/TEA-PSA/
PC and PPy(PSA)TEA-TS/PC systems, AE; = 0.03V.
It suggests that the redox behaviour of polypyrrole is
independent of the electrolyte/solvent system. But in
the case of PPy/Re,Cl;, it behaves differently, AE; is
0.17V. This is probably due to the large size of the
(Re,Cly);™ ion in comparison with the TS~ ion. During
polymerization the inclusion of the large and rigid ions
such as PTSA*~ and Re,CI2~ will lead to them occupy-
ing a relatively large volume fraction resulting in a bulk
polymer structure which is potentially more porous
than that resulting from the inclusion of smaller and
more flexible anions such as TS~ and DOCES™. If this
is the case the polypyrroles formed with the larger and
more rigid anions would favour oxidation potentials
which are less anodic and reduction potentials which
are less cathodic compared with PPy/TS; this is indeed
the case. This increased bulk porosity should not be
confused with the presence of a more or less densely
packed film structure (c.f. PTSA*~ Figs 4b and 5b and
Re,CLZ~ Figs 4e and 5¢). DBS~™ and DOCES ™ anions
are also large but flexible, therefore, although the oxi-
dation potential is less anodic and the reduction poten-
tial is less cathodic, the magnitude is not as great as in
the cases of PTSA*~ and Re,Cl;~ ions.

Whilst increased polymer porosity explains the PPy/
Re,Cl; observation it is also possible that chain per-
fection may contribute to the differences observed in
the redox potentials. Indeed, since a polymer with more
extensive conjugation exhibits a lower oxidation
potential (c.f. [47], in which E; of cyclohexene is 2.14V
whereas Ej of 1,4-cyclohexadiene is 1.74V, against
SCE, in 0.1M LiCIO,/CH,CN, using a platinum
electrode), it 1s possible that the larger anions produce
a more regular chain structure with a higher degree of
conjugation. So, both chain packing and chain per-
fection are probably related to the anion used.

In the same table, we can see there is a significant
difference of about 0.21 V between the oxidation poten-

TABLE I The redox potentials and peak separations of PPy films with different anions incorporated.

Counter-ion electrolyte (solvent)*
incorporated in PPy/ in which PPy CV was taken

TS/TEA-TS (PC)
PSA/TEA-PSA (PC)
PSA/TEA-TS (PC)
PSAI/TEA-PSA (PC)
PSAI/TEA-TS (PC)
PTSA/LICIO, (H,0)
PTSA/TEA-TS (PC)
DBS/TEA-DBS (PC)
DBS/TEA-TS (PC)
DOCES/Na-DOCES (MeOH)
DOCES/TEA-TS (PC)
Re,Cl/2TBA* Re,Cl5 (PO)!
Re,Cly/TEA-TS (PC)

Redox potential® ) Peak
EJ[E; (V) separation (V)
+0.40/—0.69 1.09
+0.47/—-0.53 1.00
+0.50/—0.51 1.01
+0.26/—0.31 0.57
+0.30/—-0.27 0.57
—0.23/-0.50 0.27
—0.17/—-0.34 0.27
+0.21/-0.25 0.46
+0.18/—-0.17 0.35
- -

+0.10/—0.33 0.43
+0.19/—-0.53 0.72

+0.02/-0.32 0.34

*The concentration of electrolyte (solvent) was about 0.1 M.

¥ Ref. electrode was SCE; the potentials were measured at scan speed = 50mVsec™'.

fThe PPy was prepared in the presence of 1% H,0.

$The concentration of electrolye (solvent) was about 0.04 M.
I'The concentration of electrolyte (solvent) was about 0.01 M.
~Not well defined.
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(d) PP (PSA-1% H0) / TEA-PSA /PC

2mA
-1.10V +1.20V

(® PP (PTSA) / LiClO4 / HyO

-0.80v

tials of PPy/PSA (+0.47V) and PPy/PSA (1%H,0)
(+0.26 V). It suggests that water in some way also
affects the conjugated chain structures.

Due to the complication of the capacitive current in
the cyclic voltammograms, the reversibility cannot be
defined by using Nernst’s Equation which states that
(E;-E;) = 0.059 V. Therefore, the reversibility of these
polymers can only be estimated by measuring the i2/i¢
ratios. Table IT shows that the i%/i¢ ratios of the various
polypyrroles, are close to unity.

Figure 11 CVs of polypyrrole with different anions in various
supporting electrolyte/solvent systems.

(c) PP (PSA) / TEA-TS / PC

2mA
-1.10V +1.20V

(e) PP (PSA-1% Hy0)/ TEA-TS / PC

2mA
-L10V +1.20V

(8) PP (PTSA) / TEA-TS / PC




(h) PP (DBS) / TEA-DBS /PC

(1) PP (Re;Clg) / 2TBA-ReClg /PC

1mA

-1.00V é ﬁ: 4L 4062V

Figure 11 Continued.

In one experiment, the PPy/PTSA was cycled
from —0.80 to +0.3V in a clean TEA-TS/PC sol-
ution for 1530 times in open air. The film did not
show any signs of degradation and the cyclic vol-
tammogram of the film did not change (Fig. 14a).
In the case of PPy/TS where it was cycled from — 1.10
to +0.80 V under the same conditions 1500 times, the
CV was flattened (Fig. 14b). This demonstrates that
PPy/PTSA is more stable and less vulnerable to
degradation than PPy/TS.

(i) PP (DBS) / TEA-TS / PC

(k) PP (DOCES) / TEA-TS / PC

ImA

-0.70V @ o Ez;igyg +0.65V

(m) PP (Re2Clg) / TEA-TS /PC

1mA
-0.70V @ +).56V

Graphs of i} against square root of scan speed (v'/?)
and i; against v for polypyrrole with different anions
incorporated, in TEA-TS/PC and TEA-X/PC systems
were plotted, see Fig. 15. The i} against v'? plots are
straight lines in all cases but they do not pass through
the origin. This indicates that the oxidation of all
polypyrrole films studied is not a simple diffusion-

-controlled process.

It can be imagined that when the neutral PPy film is
being oxidized, the anions are adsorbed on the exter-

3825



oxidation

V3]
) ﬂ
)]

—_—
reduction

Figure 12 CV of a polypyrrole film.

nal and internal surfaces of the film first before enter-
ing the solid polymer. This depletion of the anions
cause a diffusion gradient in the bulk solution. Also,
the anions will diffuse into the matrix of the polymer
due to the positive charges of the oxidized polymers,
causing another diffusion gradient inside the film
(Fig. 16). Therefore, the whole oxidation and anion
transport process is not a simple single-step diffusion-
controlled reaction.

2.9. Elemental analysis
Elemental analysis of various PPy films are given in

TABLE II The peak current ratios (ij/i;) of PPy films with
different anions incorporated

Counter-ion electrolyte (solvent) Peak current
incorporated in PPy/ in which PPy CV was taken ratio i /i
TS/TEA-TS (PC) 0.89
PSA/TEA-PSA (PC) 1.20
PSA/TEA-TS (PC) 1.10
PSA*/TEA-PSA (PC) 1.20
PSA*/TEA-TS (PC) 1.08
PTSA/LiCIO, (H,0) 0.86
PTSA/TEA-TS (PC) 1.00
DBS/TEA-DBS (PC) 1.10
DBS/TEA-TS (PC) 1.00
DOCES/Na-DOCES (MeOH) -
DOCES/TEA-TS (PC) 1.08
Re,Cly/2TBA * Re,ClT (PC) 1.17
Re,Cl,/TEA-TS (PC) 1.23

*The PPy was prepared in the presence of 1% H,0.
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Figure 13 The transport of the anions during the redox reaction of
a PP film.

Table I11. Both PPy/TS, PPy/RE,Cl, produced element
proportions which closely met the required formula of
C,H;N,(X),, where X is the incorporated anion and
n is the value of incorporation. This suggests that the
electropolymerization mechanism of pyrrole in 2TBA-
Re,Clg/PC is less complex (in the sense that less
organic species are involved in the solution) than those
in which other large organic anion electrolytes are
employed.

The carbon and hydrogen contents of PPy/DBS and
PPy/DOCES are less than the required formula, which
implies that they are more vulnerable to oxidation by
air to form carbonyl structures in the backbone chain
and also that the electropolymerization was more
complicated. In Table III, we can see the pyrrole/
anion ratios are very variable. In the case of PPy/
PTSA, one PTSA*~ ion was incorporated with fourteen
pyrrole units. Since PTSA*~ bears four negative
charges, there is one positive charge localised among
about 3.6 pyrrole units; this is close to the PPy/TS and
PPy/DBS ratios. In the case of PPy/DOCES and PPy/
PSA, the pyrrole/anion ratios are ten and unity
respectively.

The above results suggest that the spatial arrange-
ment of these anions in the matrix of the polymer films
must be very different from each other. This may also
have direct implications for the effective conjugation
length and degree of branching and crosslinking for
the different polymers.

2.10. Optical absorption spectra

Thin polypyrrole films with different anions incor-
porated were prepared galvanostatically in 0.1M
TEA-X/PC, on a platinum coated quartz glass (1.5 x
0.5cm?), where X was the corresponding anion. The
current density was 0.3 mA cm™? and the duration of
polymerization was 3min. All the films are black in
colour. The optical absorption of the reduced films
were measured, the films being reduced galvanostati-
cally at the same current density in 0.1M LiClO,/
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Figure 14 (a) CV of PPy/PTSA in 0.1 M TEA-TS/PC (against SCE); scan speed = 50mVsec™'; from —0.8 to +0.3 V. (—), after 1 cycle;
(——), after 1530 cycles. (b) CV of PP /TS in 0.1M TEA-TS/PC (against SCE); scan speed = 50mVsec™'; from —1.10 to +0.8V.

(—), after 1 cycle; (——), after 1500 cycles.

THF, with a silver wire as the counter electrode. All
the redox reactions of the polymer films were carried
out in a standard absorption cell in 0.1M LiClO,/
THF, while the spectra were being recorded.

Figure 17 shows that the optical absorption spectra
of all the films are similar. The strong absorption band
of the oxidized polymer appears in the range 2.56-
2.74eV. The absorption bands of the intermediate
partially reduced polymer appears at about 3.20eV
and 2.00eV. The absorption band of the completely
reduced polymer appears at about 3.20€V.

During the doping process, the two states appearing
in the gap between conduction and valence bands
result from a depression of the LUMO and elevation
of the HOMO. This is equivalent to bringing the = and
n* molecular orbitals closer by adding conjugated
double bonds to the system. For the bipolaron
(dication), the shift of the LUMO and the HOMO is
larger than that for the polaron (cation radical) [48].
This is because in the bipolaron state, the polypyrrole
has a conjugated structure including units of quinoid
type (Fig. 18) in which the charge carriers are more
delocalised than in the polaron state.

For the polaron state, there are 3 allowed optical
transitions whereas there are 2 in the bipolaron state
and 1 in the neutral state (Fig. 19). The 3.2¢V

absorption in the neutral polypyrrole is the n — =*
(interband) transition. At intermediate doping levels
this remains and a second weaker band appears at
2.0eV. In general the absorption is still rising at 1.5eV
the lower limit of the spectral range investigated. Since
transition 2 of Figs. 19b and c lies well outside the
accessible range, this suggests that polarons (radical
cations) are the predominant species under these con-
ditions. At higher oxidation levels the interband tran-
sition is lost, except weakly in PPy/DBS. Bands are
observed at 2.8¢V and just outside the experimental
range, i.e. between 1.0 and 1.5¢V. These fit with the
bipolaron (dication) band structure shown in Fig. 19d.
These results are in agreement with spectra reported in
the literature and. calculation of the energy levels of
polypyrrole [49, 50]. The absorption maxima of poly-
pyrrole films with different anions are listed in Table
I'V. This result suggests that anions incorporated into
the PPy films do not affect the transition pattern
during the redox reaction on the backbone structure.
Furthermore they show that generally the oxidised
PPy occurs in a bipolaron state; when it is partially
reduced, the polaron state is obtained and in inter-
mediate states mixtures of bipolaron and polaron
states occur,

The anions did not contribute to the optical absorp-

TABLE 111 Elemental analyses of polypyrroles with different anions incorporated

PPy/ C H N S o* Cl Re Formula Total Pyrrole/anion
anions . composition  ratio
PPy/TS 58.84 463 1035 8.06 1517 - - CuaoH3 0N 00(TS)g 34 97.05 2.94
PPy/PSA 6236  3.95 3.60 7.80  16.82 - Cs20Hg 57N o (PSA)g 55 94.53 1.08
PPy/PTSA 47.55  3.69 997 648 - - - CaaaHy 76N 5o (PTSA) o7 - 14.29
PPy/DBS 58.82 594 8.12 493 10.87 - - C;55sHy 49N, 0 (DBS), 57 88.68 3.70
PPy/DOCES 58.56 505 11.20 290 17.31 - - C; 5 H; 3N (DOCES),;,  95.02 9.09
PPy/Re,Clg 35.21 265 9.98 - - 1486 2032  C,;,H; 7, N, g(Rey;Clg)gors 83.02 12.82

PPy-polypyrrole

TS-toluenesulphonate

PSA-pyrenesulphonate

PTSA-pyrene-tetra-sulphonate
DBS-p-dodecylbenzene-sulphonate
DOCES-~1,2-bis(decyloxycarbonyl)ethane-1-sulphonate
Re,Cly-octachloro-dirhenate

*Direct measurements
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Figure 15 Graphs of (a) i} against v and (b) iy against v plotted from the CVs of PP, with different anions in different supporting electrolyte
systems, namely. tetraethylammonium toluenesulphonate (TEA-TS) and the corresponding tetraethylammonium salts (TEA-X).

tion spectra except in the case of PPy/PSA. There are
two sharp peaks at about 330 and 350 nm which are
due to the optical absorption of the pyrene ring. The
UV spectrum of PPy/PTSA was not recorded.

2.11 Raman spectroscopy

Thin PPy films with different anions similar to those
used in the absorption experiments were prepared
galvanostatically in ca. 0.1M TEA*X~/PC, on a
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platinum coated quartz glass in open air. The details
of the technique was reported previously [11].

The Raman spectra of the oxidised PPy films with
different anions are similar to each other (Fig. 20). The
assignments of the peaks is shown in Table V. These
assignments were made on the basis of comparisons
with the spectra of substituted pyrrole monomer {51]
and deuterated PPy films [52, 53]. The bands with the
highest intensity at 1573-1587¢m™' are assigned to
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TABLE 1V Optical absorption spectra data of polypyrrole with different anions incorporated

Polymer/counter-ion

Peak at

oxidized state reduced state

Peaks at the intermediate

Peak at the completely§
reduced state

PPy/TS 452nm (2.74¢V) 640nm (1.94¢V)
PPy/PSA 468nm (2.65¢V) 608 nm (2.04¢V)
PPy/PTSA - -

PPy/DBS 484nm (2.56¢V) 568 nm (2.18¢V)
PPy/DOCES 468 nm (2.65¢V) 596 nm (2.08 ¢V)
PPy/Re,Cl, 456nm (2.74€V) 616 nm (2.02¢V)

440 nm (2.80eV)i
384nm (3.23eV)*

384nm (3.23eV)*
396nm (3.13eV)*
424nm (2.92eV)T

418 nm (2.96eV)
384nm (3.23eV)
384nm (3.23eV)
396nm (3.13eV)
424nm (2.92eV)

*Reduction for 30 sec.

T Reduction for 120 sec.

T Reduction for 150 sec.
§Reduction for 5 to 10 min.
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Figure 15 Continued.

the backbone C=C stretching of those oxidised PPy

films. Tt can be seen that PPy/Re,Cl; has the lowest
backbone stretching frequency (1573cm™') next to
PPy/TS (1570 cm™") whereas PPy/PSA has the highest

(1587 cm™"). This suggests that the PPy/Re,Cly and’

PPy/TS have a higher degree of chain conjugation
backbone with less branching than the other systems.
This was also supported by the results in Table I,
where it was shown that the redox potential of PPy/
Re,Cly is lower than that of PPy/PSA. This stands in
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contrast to the very low pyrrole/anion ratio found
from elemental analysis in which a fully quinoidic
chain would be expected if DOCES phase separation
did not occur. In this case the Raman result could
imply a very high degree of chain disorder with very

_short conjugation lengths.

In the Raman investigation of PPy/Re,Cl, the spec-
trum was scanned from 100 to 2000cm ™. Due to the
heavy fluourescence effect and the low laser power
(3mW) used, the § — 6* transition of Re,Cl;~ was
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not detected in the area about 275cm ™' [54] and
neither could the & — §* transition of the dimeric ion
be detected.

2.12. Atom bombardment (FAB) and thermal
stability

Free-standing polypyrrole samples were used for all

FAB experiments. The bombardments were on the

electrode facing surfaces of the films. This technique

was employed to investigate the structure and the
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approximate chain length of the polymer. The FAB
resuits are shown in Fig. 21. Not many fragment peaks
were obtained. There is a common molecular ion peak
(M + 1)* at 133 which is equivalent to the molecular
mass of the pyrrole dimer. In the cases of PPy/PSA,
PPy/PSTA, PPy/Re,Cl, and PPy/DOCES, the highest
molecular mass peak detected is 392 corresponding to
the pyrrole hexamer. The trimer is also found in the
case of PPy/Re,Cl;. This suggests that the building
units for polypyrrole would be mainly dimers, some
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Figure 16 The diffusion of anions during the oxidation of a PPy
film.

trimers and hexamers. Surprisingly, none of the frag-
ment peaks of those anions could be deduced from the
spectra except Re and Cly.

Preliminary results on the relative thermal stabili-
ties of the materials in a nitrogen atmosphere are
shown in Fig. 22. In all cases a low temperature weight
loss occurs from room temperature up to about
180° C. This is due to solvent volatilization and DSC
observations confirm that the peak temperatures for
this process extend from 74°C for PPy/DOCES to
115°C for PPy/TS. In most cases the weight loss
behaviour above 200° C can be accounted for by anion
loss in a single stage, such as for TS~ and PTSA*", or
at least two stages in the cases of DBS™ and
DOCES™ . In the latter case loss of benzenesulphonate
or ester sulphonate groups are considered to precede
alkane chain decomposition. In contrast the behav-
iour of PPy/PSA and PPy/Re,Cl; suggests that anion
loss may be proceeded by more significant PPy break-
down above 600° C. These results suggest that PPy/TS
and PPy/PTSA are the most thermally stable systems
of the group.

2.13. Electrical conductivity
The conductivities of the polymers were measured by

a four-probe technique, the current being supplied by
a Farnell L30DT stabilised power supply and the
voltage measured with a multimeter. Four leads are
attached to the polymer in the square van der Pauw
arrangement [55] using silver paste. A current (I) is
passed between two adjacent contacts and the voltage
drop (V) across the other two is measured. The con-
ductivity o is given by
In2 [

= =7 (N
where d is the thickness of the sample, which is much
less than the spacing between the probes. The measure-
ments were made in open air at room temperature,
and conductivities in the range of 1 x 107° to
50Scm ' (Table VI) were obtained.

In the previous CV and Raman sections. We pre-
dicted that the larger the anion incorporated in the
PPy film, the higher the degree of conjugation in the
backbone. Hence, higher conductivity could be
expected. But from Table VI, this is not the case. The
conductivity of PPy/TS is the highest, whereas the
conductivities of PPy/Re,Cl; and PPy/PTSA are
medium, PPy/PSA and PPy/DBS the lowest.

This can be explained since the main factors limiting
the conductivity are the carrier mobility, and the car-
rier concentration. The effective carrier mobility
depends on at least three elements. They are (1)
intramolecular transport which is concerned with the
carrier moving along the conjugated backbone (Fig. 23
process A); (2) intermolecular transport which is con-
cerned with the carrier hopping from one backbone to
the other (Fig. 23 process B) and (3) interparticle
transport (Fig. 23 process C) plays a major role in
limiting the conductivity in those materials. Whilst
PPy/DBS and PPy/PSA have different anion sizes and
degrees of chain perfections, they both have open
morphologies and exhibit the lowest conductivities. In
contrast and PPy/TS and PPy/PTSA contain very
small and very large anions respectively but both are
densely packed and exhibit much higher conductivi-
ties; PPy/TS being the most densely packed has the
highest value. Similar effects have been observed in
other systems with bulky substitutions [21].

The exception to this is PPy/Re,Cl; which has a very
open morphology but a conductivity comparable to
PPy/PTSA. In this case the pyrrole/anion-charge
ratio is only 6 in comparison with 3 for the higher

TABLE V Raman peak frequencies of oxidized polypyrrole incorporated with different anions and their peak assignments

Peak frequencies (cm™') of polypyrrole with

Peak assignments

TS PSA PTSA DBS Re,Clg DOCES
1573 1587 1579 1579 1573 1579 C =C backbone stretching
1483 1496 1485 1482 1464 1480 Ring stretching
1381 1400 1410 1400 - 1405 Ring stretching
1323 1365 1365 1323 1357 1360 Ring stretching
- 1280 1307 - - 1307 Ring stretching
1243 1227 1235 1256 1232 1261 Ring streching
- - 1200 - - - -
- 1072 1077 - - 1083 C-H bending
1053 1040 1050 1050 1045 1045 N-H in-plane deformation
971 957 968 973 965 968 C-H in-plane deformation
925 920 925 925 925 925 C-H out-of-plane deformation
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conductivity material but it exhibits some superlattice
characteristics and this could favour higher intra- and
inter-molecular mobility.

3. Conclusions

We have studied the chemical and physical properties
of pyrrole polymers containing counterions that differ
markedly from one another. While some properties of
the polymer films are strongly influenced by the choice
of counterions, others are hardly affected. Thus while

300 400 500 600 700 800

nm

Figure 17 The optical absorption spectra of oxidized and reduced
PPy films with (a) TS, (b) PSA, (c) DBS, (d) DOCES and (e) Re,Clg
anion.

morphology and the degree of order show wide varia-
tions as shown by SEM, Raman spectra and X-ray
diffraction, the electronic excited states, seen in the
optical spectra, are all very similar. Though the anions
used might be expected to affect charge carriers by
providing alternative sites for hopping conductivity,
the only influence detected was on the separation of
the polymer chains. Thus we can conclude that the
electronic properties are determined by the polymeric
cation network. The structure of this network is deter-
mined by the overall arrangement of polymer chains
and counterions. These structural changes have little

@ ®)

Figure 18 The (a) non-conjugated aromatic units and (b) conjugated
quinoid units of polypyrrole.
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Figure 19 Schematic molecular levels of (a) neutral polypyrrole, (b), (c) lightly doped polymer for (b) positive polarons and (c) positive
bipolarons, (d) heavily doped polypyrrole with bipolaron bands.
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TABLE VI

Physical form and conductivities of polypyrrole films with different anions incorporated

PPy/anion Nature of product Conductivity (Scm™!)
PPy/TS Strong, dense, flexible, 48.5

fully dense structure
PPy/PSA* Powdery, brittle, open structure 260 x 1073
PPy/PTSA Brittle, inflexible, dense structure 2.10

but voided
PPy/DBS Strong, flexible, open structure 6.40 x 1073
PPy/DOCES Brittle, thin, layer forms, dense -

but voided
PPy/Re,Clg Strong, soft, highly flexible, 5.00

open structure

*Compressed disc.
-Too brittle to form even a compressed disc.
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effect on the optical properties but affect conductivity
by changing interchain and interparticle carrier hop-
ping. In contrast the thermal stability of the materials
is dependent on the nature of counterion. This not
only affects the amount of mass available for decompo-
sition or volatilization but also the maximum oper-
ating temperatures the materials can experience before

Figure 2] Fast atom bombardment (FAB) results of (a) PPy/TS,
(b) PPy/PSA, (c) PPy/PTSA, (d) PPy/DOCES and (e) PPy/Re,Cl,
films.
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Figure 22 Thermogravimetric analysis of different polypyrrole films in a nitrogen atmosphere at a heating rate of 5°Cmin~

counterions are lost. Similarly, morphology would
have a significant influence on mechanical defor-
mation and strength but the counterions are likely to
control flexibility and fracture toughness.

There are also a number of common features in the
electrochemistry of these systems. In most cases the
redox potentials of the polymer can be related to the
size of the counterion through its influence on chain
structure and packing during electropolymerization.
Similarly the counterion-charge to pyrrole stoichi-
ometry generally corresponds to one positive charge
to every three polymer repeat units, even in the case of
the PTSA*~ anion. However, there are some unusual
stoichiometries for the PSA~, DOCES™ and Re,Cl;~
anions which may have special significance. Re,Cl; ™ is
particularly interesting because in spite of its lower
stoichiometry and very open morphology it has a
relative high conductivity and evidence exists for a
superlattice. Unfortunately in the case of TPB the
reaction of the counterion inhibits the electropoly-
merization of pyrrole.

These results illustrate that the physical properties

Figure 23 Conductivity network of a conducting polymer. (A) in-
dicates an intramolecular transport, (B) indicates an intermolecular
transport, (C) indicates an interparticle transport of charge carriers.
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and electrochemical behaviour of polypyrrole strongly
depends on the nature of the counterion and its affect
on chain perfection and packing and bulk morphology.
Whilst some general trends have been found much of
the detail remains to be understood.
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