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Structural and electronic transitions in poly(thiophenyleneiminophenylene), usually referred
to as poly(phenylenesulfidephenyleneamine) (PPSA) upon electrochemical doping with
LiClO4 have been investigated. The unusual electrochemical behavior of PPSA indicates that
the dopant anions are bound in two energetically different sites. In the so-called “binding
site”, the ClO4

− anion is Coulombically attracted to the positively charged S or N sites on one
chain and simultaneously hydrogen-bonded with the N–H group on a neighboring polymer
chain. This strong interaction causes a re-organization of the polymer chains, resulting in
the formation of a networked structure linked together by these ClO4

− Coulombic/hydrogen
bonding “bridges”. However, in the “non-binding site”, the ClO4

− anion is very weakly
bound, involves only the electrostatic interaction and can be reversibly exchanged when the
doped polymer is reduced. In the repeated cycling, the continuous and alternating influx
and expulsion of ClO4

− ions serves as a self-organizing process for such networked structures,
giving rise to a diminishing number of available “non-binding” sites. The occurrence of
these ordered structures has a major impact on the electrochemical activity and the mor-
phology of the doped polymer. Also due to stabilization of the dopant ions, the doped poly-
mer can be kept in a stable and desirable oxidation state, thus both work function and
conductivity of the polymer can be electrochemically controlled.
Keywords: Electrochemistry; Electrochemical doping; Perchlorate; Cyclic voltammetry; Con-
ducting Polymers; Electronic Properties; Poly(phenylenesulfidephenyleneamine); PPSA.

There is a strong motivation for the development of novel electronic mate-
rials whose electronic properties can be controlled electrochemically in so-
lution and remain defined in the dry state. Such materials are needed in
design of molecular electronics in general and for fabrication of solid-state
chemical sensors in particular. The level of the doping that determines the
conductivity, optical properties and work function of the final material de-
pends on its redox state. It can be easily controlled while the polymer is
still in the solution with an external voltage applied. However, removal of
the polymer from the electrolyte following the electrochemical doping step
effectively returns it to the “open cell potential”. Thus, this final step in the
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preparation usually negates any previous adjustment. This is particularly
true when strong acids, such as sulfuric or tetrafluoroboric acids are used.
Their excess must be carefully removed from the polymer because any
left-over acid causes progressive degradation and drift of all physical prop-
erties of such materials in the dry state. We have found that controlled elec-
trochemical doping of polyaniline (PANI) from aqueous solutions of weak
carboxylic acids yields a relatively stable material whose work function and
resistivity can be electrochemically adjusted1. This fact can be explained by
the buffering action of the dopant carboxylic acid. Thus, a small amount of
acid washed out from the polymer following the preparation does not sig-
nificantly affect the internal value of the pH in the bulk of the polymer and
therefore its doping level.

Even better control can be obtained by “locking in” the dopant anion by
formation of strong Coulombic/hydrogen bonds that lead to a permanent
rearrangement of interior polymer chains. This effect has been studied in
detail on poly(thiophenyleneiminophenylene) (PPSA). It is a polymer con-
sisting of alternating aniline and phenylene sulfide units2–4. It has excellent
chemical stability, as well as high solubility in cyclohexanone, THF, DMF,
DMSO and NMP5. In its undoped state, the polymer is completely amor-
phous and electrically non-conducting. The doping of PPSA is usually done
chemically, using oxidants such as bromine, iodine, SbCl5 and FeCl3 (ref.5).
However, this method lacks control of the doping process and the reduced
forms of these oxidants remain in the polymer, resulting in a poorly de-
fined oxidation state and solid-state properties.

The overall objective of our study is to explore the possibility of control-
ling the level of doping and thus the value of work function in conducting
PPSA by electrochemical means. Electrochemical doping has the inherent
advantage of remarkable control over the doping process. Furthermore,
when a non-oxidative dopant such as LiClO4 is used, a much “cleaner” or
“better defined” doped product can be obtained, as there is no interference
from the reduced species that would have remained in the polymer matrix
as the by-products from chemical doping with strong oxidants. The struc-
tural and electronic transitions taking place in PPSA upon electrochemical
doping can be described by the common polaron– bipolaron model6. The
results indicate that polarons are the predominant charge defects at low
doping levels, yielding an electronically and mechanically stable material.
Further electrochemical doping at high potentials induces a polaron to
bipolaron transition. Furthermore, a peculiar electrochemical behavior
prompted our spectroscopic investigation, which has revealed that the per-
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chlorate ions were bound in the polymer matrix in two energetically dis-
tinct states that stabilized the material at desired doping levels.

EXPERIMENTAL

Sample preparation. PPSA polymer was dissolved in cyclohexanone and then spin-cast onto
platinum substrates. PPSA films of various thicknesses were prepared by controlling the
PPSA/cyclohexanone concentration and the spin rate. The film thickness was measured by a
Dektak II profilometer using diamond stylus under 10 mg load.

Spectroscopic measurements. Infrared measurements were performed using a Biorad
FTS-6000 Fourier transform infrared (FTIR) spectrometer attached to a UMA-500 infrared mi-
croscope and a slide-on germanium crystal ATR accessory in the frequency range of
400–4000 cm–1.

Electrochemical measurements. The voltammetric apparatus was a CH Instruments model
660 electrochemical workstation. The cyclic voltammetry (CV) and square-wave voltam-
metry (SWV) were done at room temperature in a three-electrode cell using a platinum foil
as counter-electrode and a silver wire as reference electrode. Platinum disk electrode (φ =
1.5 mm, Bioanalytical Systems) or platinum coated silicon substrate (active area 1.0 ×
0.15 cm) with spin-cast PPSA film was used as the working electrode. The silver wire refer-
ence electrode was calibrated with the ferrocene/ferrocenium (Fc/Fc+) reference redox system
following the IUPAC recommendation7. The E1/2 of 5 mM of Fc/Fc+ in 0.25 M LiClO4–
acetonitrile was 0.54 V. The standard redox potential of the Fc/Fc+ system in acetonitrile vs
aqueous SCE is 0.307 V (ref.8). The CV measurements were done in a 0.2 M LiClO4–
acetonitrile solution in the potential range from –0.2 to 1.8 V with a scan rate of 10 mV s–1.
The SWV studies were performed with 4 mV increments and 25 mV of amplitude at the fre-
quency of 15 Hz.

Materials characterization. The doped PPSA film was sandwiched between the platinum
substrate and a polished silver electrode with constant pressure applied to ensure good elec-
trical contact. The DC resistance was recorded with a Hewlett Packard (Model # 34401A)
multimeter. The work function (WF) measurements were done on a Delta-Phi-Electronik
Kelvin Probe Type S (Besocke, GmbH, Jülich, Germany). The WF of the doped PPSA film was
determined against the vibrating gold grid reference plate (φ = 2.5 mm), which was facing
the center of the investigated PPSA film. The PPSA films (ca 5 µm thick) were spin cast on
stainless steel rods (φ = 1.2 cm) coated with 150 nm of sputtered platinum, using Ti–W as a
glue metal. The transmission electron microscopy (TEM) was performed on a JEOL,
JEM-100CX II electron microscope.

RESULTS AND DISCUSSION

Figure 1 is a typical cyclic voltammogram of a PPSA film in LiClO4–
acetonitrile. In general, the polymer is oxidized during the positive poten-
tial scan. The oxidation of PPSA is accompanied by the influx of ClO4

− ions
into the film to maintain the overall charge neutrality. When sweeping the
potential in the negative direction, the oxidized form of the polymer is re-
duced and the ClO4

− ions are expelled back into the solution. No changes in
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the electrochemical behavior have been observed when perchlorates of
tetrabutylammonium or sodium ions were used as dopant electrolyte, sug-
gesting that the cations are not actively involved in the electrochemical
doping of PPSA.

A striking feature of the CV is the large uptake of ClO4
− ions on the first

oxidation scan. In a normal reversible doping process, these ions would be
expelled from the polymer, as is the case in electrochemical doping of
polyaniline9 (PANI). The fact that these ions do not leave the film even
when a most negative potential is applied means that they are strongly
bound, and that the material remains in a higher meta-stable oxidized
state. The second remarkable feature is that the subsequent scans appear to
be more reversible but the peak current is gradually decreasing. This sug-
gests that the number of available exchange sites is progressively decreas-
ing. Moreover, the oxidation peak occurs at a much higher potential at the
first oxidation scan. This behavior indicates that initially, the influx of the
ClO4

− ion into the polymer matrix is hindered due to the tight packing of
polymer chains caused by the interchain N–H hydrogen bonding. As for the
cycles beyond the first scan, with remaining ClO4

− ions and solvent mole-
cules wedged between the polymer chains, the polymer matrix is relatively
“open” and therefore the influx of the ClO4

− ion peaks at a lower oxidation
potential.

A similar but better resolved pattern was observed in the square wave
voltammograms of thin PPSA films (Fig. 1 inset). As discussed earlier, the
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FIG. 1
Typical CV of PPSA film in 50 mM LiClO4–MeCN on a Pt-disk electrode. Inset: SWV of a
PPSA film in 0.2 M LiClO4–MeCN
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peak b at the first oxidation cycle corresponds to the polaron formation. At
higher oxidation potentials, the polymer is further oxidized into a
bipolaron state as indicated by the peak c. The gradual decrease of revers-
ible peaks is again observed. On the other hand, the reversible ion ex-
change can be carried out without a loss of activity if the oxidation does
not exceed the polaron stage, i.e., the cycling is limited to the range from
–0.2 to 1.1 V. In that case, both the CV and SWV peaks reach steady-state
values.

The IR spectra corresponding to three redox states as indicated in Fig. 1
inset, undoped a, polaron b, and bipolaron c of PPSA are shown in Fig. 2A.
They contain characteristic features that elucidate the doping process. In a
comparison to the undoped PPSA, the spectrum taken at the peak b of the
first oxidation wave shows several new features. The most noticeable ones
are: the C=S stretching vibration at 1 074 cm–1; a sharp absorption band at
1 550 cm–1 due to the formation of phenyl radical; and a decrease in inten-
sity of the skeletal vibrations (1 500 and 1 590 cm–1) of the phenyl ring, in-
dicating a change within the aromatic ring conjugation. Further, in the
spectrum taken in the bipolaron state, an absorption peak at 1 650 cm–1

(νC=N) starts to emerge. In addition, the decrease in the peak intensity and
the splitting of the skeleton vibrations suggest further configurational
changes within the aromatic ring. These IR results validate that two struc-
tural transitions take place in PPSA upon electrochemical doping – the for-
mation of polaron at low level of doping, followed by the transition from
polaron to bipolaron as illustrated in Fig. 2B.
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FIG. 2
FTIR ATR spectra of PPSA in three redox states as indicated in the inset of Fig. 1 (A). Com-
parison of the chemical structure of PPSA in the undoped, polaron and bipolaron state (B)



A careful examination of the subtle changes in the N–H stretching vibra-
tion upon doping reveals rich information. Three types of hydrogen bond
are present, as indicated in Fig. 3A. When the doping progresses, the
interchain N–H hydrogen bonds (3 393 cm–1, peak a) gradually break up.
The entrainment of the solvent (acetonitrile) molecules and ClO4

− ions
manifest themselves by the appearance of new hydrogen bondings between
the N–H and acetonitrile (3 345 cm–1, peak b) or between the N–H and the
ClO4

− ion (3 258 cm–1, peak c). Further increase in the doping level will
eventually shift both the N–H stretching absorptions at 3 393 and 3 345 to
3 258 cm–1 as ClO4

− ion accumulates in the polymer. Thus, the perchlorate
ion interacts in PPSA both Coulombically and by hydrogen bonding. More-
over, it forms an interchain link between two adjacent chains in the doped
polymer as illustrated in Fig. 3B. We will call this type of site a “binding
site”. As the electrochemistry proves, this interaction is very strong. It in-
duces a matrix reorganization that is responsible for the decrease in magni-
tude of the voltammetric peaks (Fig. 1).

Further oxidation to the bipolaron state leads to the formation of a
heavily doped material where most S and N atoms are positively charged.
In that case, the polymer has greatly increased chain mobility due to a large
amount of intercalated ClO4

− ions and a considerably smaller degree of
interchain N–H hydrogen bonding. In other words, oxidation of PPSA to
the polaron stage and slightly beyond, favors the formation of a networked
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FIG. 3
Changes in the N–H stretching vibration upon doping (A). Schematic representation of two
types of interchain anion ClO4

− hydrogen/Coulombic bonded “bridges” in the doped PPSA (B)



structure linked together by the ClO4
− hydrogen/Coulombic “bridges”. Such

organized structure retains the ClO4
− ions, giving rise to the stabilization of

the oxidized form of PPSA. In the repeated cycling, the continuous and al-
ternating influx and expulsion of ClO4

− ions serves as a self-organizing pro-
cess for the formation of a networked complex. It results in a gradual
decrease in the magnitude of both the oxidation and reduction CV peaks
following the first cycle.

The essential prerequisite for this multiple binding of the perchlorate ion
is a favorable spatial configuration of two polymer chains. Obviously, there
are many chains where such bridging is not possible. Yet, the ClO4

− can and
must interact Coulombically with the positively charged S and N atoms of
individual chains in order to maintain charge neutrality in the doped poly-
mer. In such case, when the ClO4

− ion is not hydrogen bonded, we will call
these “non-binding sites”. Because the ClO4

− ions are only Coulombically
bound at these sites, they can be readily expelled when the doped polymer
is reduced, and are responsible for the peak d in Fig. 1. Their number de-
creases as the polymer undergoes dynamic self-reorganization discussed
above. The anomalous size of the first oxidation scan is due to the uptake
of the ClO4

− ions and the bonding at the “binding sites”. These sites repre-
sent a fraction of polymer chains that exists in favorable spatial configura-
tions as the film is cast.

The occurrence of an ordered structure in the electrochemically doped
PPSA was confirmed by high-resolution transmission electron microscope
(HRTEM) data. The TEM image of the doped PPSA in its polaron state after
heat treatment reveals dispersed dark spots (domains doped with ClO4

− ions)
in the film with the size of around 1 µm (Fig. 4A) The electron diffraction
pattern (Fig. 4B) of a large domain located in the center of the TEM image
verifies the formation of the polycrystallites in the doped PPSA. Similar ob-
servation of ordered structure in the emeraldine form of polyaniline has
been reported10–12. But the nature of the ordering is believed to be quite dif-
ferent due to the uniquely formed Coulombic/hydrogen-bonded networked
complex in the doped PPSA. Previous study on PPSA in its undoped state
has shown that it is completely amorphous and crystallization cannot be
achieved even by annealing the polymer at temperatures above the glass
transition5. Clearly, the influx of the perchlorate ions and the occurrence of
the Coulombic/hydrogen-bonded networked complex have great impact on
the morphological changes observed in the doped polymer.

The morphological changes in the doped PPSA introduced by the electro-
chemically induced chain organization described in this work also have a
profound impact on the electronic properties of the doped PPSA film.

Collect. Czech. Chem. Commun. (Vol. 66) (2001)

1214 Li, Josowicz, Janata:



Along with the hydrophobic nature of the PPSA film, the stabilization of
the dopant ions at the “binding sites” leads to the stability of the doped
PPSA superior to that of polyaniline or polypyrrole in ambient atmosphere.
Both the resistivity and the work function of the dry, electrochemically
doped PPSA have been measured. Since the doping of PPSA was carried out
electrochemically, the level of doping could be conveniently adjusted by
regulating the amount of the charge injected. Details on the methods of
evaluating the doping levels in PPSA were discussed elsewhere13. Hence
only the results are shown in Figs 5 and 6. The resistance of a doped film
decreases exponentially, while its work function increases logarithmically
with the amount of the injected charge in analogy with the changes com-
monly seen in the Fermi level of the conventional semiconductor upon
doping14.
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FIG. 4
TEM image of the doped PPSA in its polaron state (A) and selected area diffraction (SAD)
pattern of the crystallite in the center of the TEM image (B)
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FIG. 5
Changes in the resistance of a PPSA film (< 1 µm) as a function of the charge Q injected dur-
ing electrochemical doping

FIG. 6
Changes in the work function of a PPSA film (ca 5 µm) as a function of the charge Q in-
jected during electrochemical doping

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

Q, C

180

150

120

90

60

30

0

Fi
lm

re
si

st
an

ce
,

kΩ

0 20 40 60 80
Q · 10–3, C

–300

–400

–500

–600

W
or

k
fu

nc
ti

on
,

m
V

vs
A

u



CONCLUSION

The electrochemical doping of PPSA with ClO4
− can be described by two dis-

tinctly different types of binding sites. The first type, the so called “binding
sites”, involves the formation of the ClO4

− bridge between a positively
charged S or N atom in one chain and the available secondary amine in the
neighboring chain. This form of binding results in an irreversibly incorpo-
rated ClO4

− that cannot be electrochemically exchanged. This, in turn,
means that ClO4

− anions bound in these sites represent a permanent level of
doping. The Gibbs energy of formation of the “binding site” is so large that
repetitive potential cycling induces conformational changes favoring this
type of bonds and leads to major structural reorganization of the polymer
network. The other type of ClO4

− binding involves only Coulombic interac-
tion with positively charged S or N atoms but no hydrogen bonding
(“non-binding sites”). The ClO4

− ions thus bound can be reversibly removed
upon potential cycling.

Any solid state application of conducting polymers requires that such
materials have a stable and well defined work function value. However,
transferring from solution to the dry state is inevitably a trivial, yet poorly
defined step since the level of the doping depends on the amount of the
counter-ion left in the polymer. Since the dopant ions are retained in the
polymer matrix, electrochemical doping of PPSA offers the possibility of
fine-tuning this parameter. It was demonstrated that in PPSA, electrochemi-
cal doping was proved to be an effective method for fine-tuning the elec-
tronic properties of the doped polymer. We have shown that in doped
PPSA, both the conductivity and work function could be electrochemically
adjusted to desirable levels. Furthermore, considering their structural simi-
larity, the doping mechanism found in PPSA can exist also in polyaniline
and even other conducting polymers, under carefully selected conditions
that allow the formation of this type of interchain bonding. Indeed, our
preliminary experiments have shown that self-organized doping and
conformational stabilization of polyaniline takes place and leads to an elec-
tronically important form of this ubiquitous material. The results of those
findings will be reported in the upcoming publication15.

We thank Dr K. Müllen for supplying the PPSA sample. This work was supported by NSF
(CHE-9816017).
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