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Abstract The energy gap and ionization potential of
some conducting polymers such as polypyrrole and the
polythiophene derivatives, poly(3-methylthiophene) and
poly(3-hexylthiophene), are estimated using optical and
electrochemical techniques. With these parameters we
have constructed the energy level diagrams of the poly-
mers.
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Introduction

Conducting polymers are constituted by a system of
conjugated double bonds. To make these polymers
electrically conductive it is necessary to introduce mobile
charge carriers. This is typically done by oxidation or
reduction reactions, commonly called ‘‘doping’’, that
can be made by chemical or electrochemical processes.
Chemical doping occurs when the polymer is exposed to
an oxidizing or to a reducing agent, whereas its elec-
trochemical counterpart can be driven either by cathodic
or anodic polarization of the polymer in a suitable
electrochemical cell [1].

The process can be denoted p-type doping or n-type
doping, corresponding to a positive or negative sign,
respectively, of the generated charge available for
transport in the polymer chain, a terminology analogous

to doping in inorganic semiconductors. These charges
remain delocalized as they are neutralized by the incor-
poration of counter-anions (or cations, depending on the
case), called dopants, from the electrolyte solution [2].

The redox reactions in the conducting polymers are
responsible for the electrical conductivity as well as for
the electrochemical and electrochromic properties of
these materials. These, in a wide range of modifiable and
controllable properties, are the driving power for the
strong activity on the research and development of de-
vices with great potential in energetics and optoelec-
tronics. For example, it is possible to use these p-type or
n-type doped conducting polymers as electrode materi-
als in storage batteries [3], as a p-n heterojunction in
light-emitting electrochemical cells [4] and in photovol-
taic devices [5]. In the latter case, the n-type conjugated
polymer can act as electron acceptor, with high electr-
oaffinity, and the p-type polymer can act as a hole
conductor, with low ionization potential. The term hole
will, in this article, for simplicity denote a polaronic-like
quasi-particle responsible for positive charge carrier
transport. Similarly, the term electron will be used to
denote a polaronic-like quasi-particle responsible for
negative charge carrier transport.

Parameters such as ionization potential (IP), electr-
oaffinity (EA) and energy gap (Eg) are important to
understand and control the electrical and optical prop-
erties as well as the doping process of conducting poly-
mers. In particular, the IP gives a good indication of
whether a given p-type dopant is capable of ionizing the
polymer chain, while Eg can be associated with the ob-
served optical transitions and intrinsic electrical prop-
erties. The difference between Eg and IP provides an
estimate of EA, which is important for understanding
the n-type doping process [6].

These parameters are useful to construct the energy
level diagrams of conducting polymers [7]. Methods to
determine the energy diagram are important in order to
develop a further understanding of, and to optimize,
device performance. Both IP and EA are of crucial
importance when device applications are considered
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because IP and EA are the polymer-related major fac-
tors determining electrode/polymer interfacial energy
barriers [8], despite the fact that the contribution of
other factors cannot be neglected [9].

In this letter, employing optical and electrochemical
techniques we obtain Eg and IP of some conducting
polymers, such as polypyrrole (PPy) and two polythi-
ophene derivatives, poly(3-methylthiophene) (PMeT)
and poly(3-hexylthiophene) (PHT). With these parame-
ters we have constructed their energy level diagrams.
Additionally, it is important to stress that, compared to
other available techniques, the methodology used is
simple, non-expensive and easy to run, so that it may be
used in routine work, e.g. to control different polymer
batches used in device applications.

Experimental

PPy, PMeT and PHT films were galvanostatically deposited onto
ITO (indium-tin-oxide) by applying current densities of 1.00, 3.75
and 3.50 mA cm–2, respectively. For all the syntheses, the electro-
lyte was a 0.1 mol L–1 solution of Me4NBF4 in acetonitrile con-
taining the respective monomer in 0.1 mol L–1 concentration. PPy
and PMeT films were deposited with charge densities of 50 mC cm)2

and the PHT film with 75 mC cm–2.
The cyclic voltammograms of the polymers were performed in a

single cell with three electrodes at a sweep rate of 30 mV s–1. The
counter electrode was a Pt wire and the reference electrode was Ag/
AgCl. The electrolyte was a 0.1 mol L–1 solution of Me4NBF4 in
acetonitrile. The measurements were accomplished with a Micro-
quı́mica model MQPG-01 potentiostat. The absorption spectra
were obtained by in situ spectroelectrochemical measurements in a
8452-A HP diode UV-visible spectrophotometer, at room temper-
ature, with the same cell and electrolyte described above and the
polymers PPy, PMeT and PHT polarized at, respectively, –1.2, –0.2
and 0.2 V vs. Ag/AgCl.

Results and discussion

The relationship between electrochemical parameters
considering a simplified energy level structure for the
polymers is shown schematically in Fig. 1. On the left-
hand side, the density of states is drawn for two relevant
bands, the valence band (VB) and the conduction band
(CB). The energy gap (Eg) is then the energy difference
between the top of valence band and the bottom of the
conduction band, and the ionization potential (IP) is the
energy from the valence band edge to the vacuum level.
On the right-hand side of Fig. 1, the potentials for a
reduction or oxidation cycle as a function of accumu-
lated charge are schematically shown [6].

Rigorously, the existence of conduction and valence
bands would require the charge carriers to be described
by Bloch wave functions, which presuppose at least one-
dimensional periodicity. Real polymer chains are far
from this perfect condition, actually presenting several
conformational defects that break conjugation and pro-
duce disorder in the spatial arrangement and energy
levels. Apart from isolated molecules, local IP and EA
values are still influenced by polarization effects and

structural relaxation. Under these conditions, conjugated
polymers do not present a band as in inorganic crystal-
line semiconductors; there are only energy intervals with
a high density of states that correspond to the HOMO
(highest occupied molecular orbital) or LUMO (lowest
unoccupied molecular orbital) of polymer molecules or
chain segments (local quantities) that are energetically
distributed (larger disorder implies a broader distribu-
tion). In spite of evident differences, in order to simplify
and permit an analogy with well-established inorganic
semiconductor concepts, the limits of high density of the
HOMO and LUMO levels are commonly denoted
polymer valence and conduction band edges, respec-
tively. The charge transport in these non-ideal
conjugated polymers then occurs via a hopping (phonon-
assisted quantum mechanical tunneling) mechanism.

In the case of the oxidation process, no charges will
be removed from the polymer electrode until the applied
voltage reaches an onset value, which corresponds to the
highest occupied states in the valence band (Fig. 1). As
the voltage is further increased, more and more states
are emptied. The opposite is true for the reduction cycle.
If one is able to do both oxidation and reduction in the
same electrolyte system, the difference between the two
onset potentials should closely correspond to the energy
gap and can be directly compared to the optical band
gap [6]. This has not generally been the case for conju-
gated polymers, where often only reduction or oxidation
is observed, or where only one process is found to be
reversible. Moreover, in order to correlate the oxidation
and reduction potentials to IP and EA values, respec-
tively, the electrochemical processes must keep the mo-
lecular structure of the polymer, i.e. no degradation of
the polymer chain can occur. In this case, the oxidation
or reduction potential will be related not only to the loss
or capture of an electron, but to the overall chemical
processes like bond dissociation. The injection of charge
must only convert the polymer chain into an ion.

Fig. 1. Relationship between the electrochemically measured onset
potentials, E¢ox and E¢red, and the ionization potential, IP, and the
energy gap, Eg, derived from a simplified polymer band structure
[6]
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Unfortunately, only the oxidation process is easily
achieved for the polymers used in this work. Figure 2
shows typical voltammograms for PPy, PMeT and
PHT, which correspond to the oxidation process of the
polymer, with anion insertion of the electrolyte (p-type
doping) and dedoping to the neutral state. In order to
ascertain that relaxation effects, caused by ion trans-
port into and out of the film during the redox process,
are minimized, we will use the onset of the oxidation
process. At this point the polymer just starts to be
oxidized and ion transport in the film will not cause
large changes in the film structure. The onset potentials
(E¢ox) were estimated from the intersection of the two
tangents drawn at the rising oxidation current and
background current in the cyclic voltammograms. The
reversibility of the process (the same electrical charge in
the oxidation and reduction cycles) indicates that no
electrochemical degradation takes place and the onset
of the oxidation potential can be related to the ion-
ization potential.

To transpose the measured redox behavior into esti-
mates for the ionization potential and electron affinity, it
is necessary to relate the electrochemical potentials to
the vacuum level relative to which IP and EA are de-
fined. It is convenient to refer the potential values (E) to
the standard hydrogen electrode (SHE), in the sequence
correcting them to the vacuum level reference. We will
assume, for practical purposes, that the liquid junction
potential between the aqueous KCl and the organic so-
lution can be neglected. The conversion of the SHE to
the vacuum scale can be accomplished by theoretical and
experimental means with relaxation of thermodynamic
rigor. In that case, one obtains an energy value corre-
sponding to E for SHE at about –4.6±0.1 eV on the
zero vacuum-level scale [10]. It is important to consider
that values obtained by various authors slightly differ
[11], but the average is 4.6 eV [12].

Assuming the validity of the difference value,
expressing the potentials in volts we can write:

ESHE � Evac þ 4:6 ð1Þ

where ESHE is the standard hydrogen electrode potential
and Evac the vacuum potential. Taking into account the
correction for the case that Ag/AgCl is used as the ref-
erence electrode, the potential is expressed as:

EAg=AgCl � ESHE � 0:2 � Evac þ 4:4 ð2Þ

It is then possible, having the oxidation potential
onset E¢ox relative to Ag/AgCl, to calculate the oxidation
potential onset relative to the vacuum level:

Eox ¼ E0ox þ EAg=AgCl � E0ox þ Evac þ 4:4 ð3Þ

Assuming Evac ” 0, we can calculate the ionization
potential, i.e. IP=eEox (e is the elementary charge),
which permits location of the HOMO level in an energy
diagram, correlating the energies with other useful
quantities like metal and transparent conducting oxide
electrode work functions. In a similar way, EA can be
obtained if E¢red (reduction potential onset) can be
experimentally determined.

The potentials measured at the onset of oxidation
of the polymers investigated in this work are given in
Table 1, referred to the Ag/AgCl reference electrode,
and the application of Eq. 3 yields the corresponding IP
values.

Comparison of the determined onset potential with
the literature data for PPy oxidation reveals that there is
a small variation of the onset oxidation potential (0.1 V)
with variation of the solvent, electrolyte and electrode
material [13, 14, 15]. Therefore, the deviation in the es-
timation of the onset potential would be within 0.1 V,
which is reasonable taking into account the easy han-
dling of the method proposed. The value of the esti-
mated IP is again affected by uncertainties related to the
determination of the onset potentials.

The IP value for PPy estimated theoretically using the
VEH approximation is 4.0 eV [16], close to the estimated
experimental value obtained from the onset of the oxi-
dation potential (see Table 1).

In the absence of a direct measurement of the re-
duction potential, it has been common practice to esti-
mate EA by subtraction of the energy gap [6]. Figure 3
shows the absorption spectra of the conducting poly-
mers. The absorption onsets rather than peak maxima
should be taken as corresponding to Eg. Table 1 shows

Fig. 2. Cyclic voltammograms for PPy, PMeT and PHT films.
Electrolyte: 0.1 mol L–1 solution of Me4NBF4 in acetonitrile;
v=30 mV s–1

Table 1. The onset potentials for the electrochemical oxidation
(E¢ox), the ionization potentials (IP), absorption onsets (k¢) and
energy gap (Eg) values for the conducting polymers PPy, PMeT and
PHT

PPy PMeT PHT

E¢ox (V vs. Ag/AgCl) –0.4 0.5 0.8
IP (eV) 4.0 4.9 5.2
k¢ (nm) 516 654 627
Eg (eV) 2.4 1.9 2.0
EA (eV) 1.6 3.0 3.2
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the values of the absorption onset (k¢) that yield the Eg

values. These values agree with some experimental val-
ues reported in the literature for PMeT [17], PPy [18]
and PHT [19]. The EA values (Table 1) were obtained
by taking the difference between the other two para-
meters.

Based on these results it was possible to construct the
energy level diagrams for PPy, PMeT and PHT (Fig. 4).
For PHT, the location of the HOMO that corresponds
to the IP is similar to that evaluated by photoelectron
spectroscopy (5.2 eV) [19]. Our results agree reasonably
well with those reported by Miyauchi et al. [20] con-
cerning the stabilization displacement of the HOMO
level of PMeT when compared to PPy, which was found
to be 0.8 eV [21]. For PMeT, the energy diagram is
displaced by �0.4 eV from that obtained by flat band
measurements from the electrolyte/polymer interface
[22] and by electrical measurements using suitable solid-
state devices [23, 24]. The displacement observed for
PMeT in solid-state device-based measurements suggests
that the charge injection of positive charge carriers into
PMeT occurs throughout the same polymer segments
responsible for the low-energy tail in the PMeT ab-
sorption spectrum and for the low-voltage tail in the
PMeT voltammogram: longer effective conjugation
length segments or segments with energy levels inside the
gap due to enhanced energetic disorder. In this case, the
charge injection into PMeT would occur preferentially
through these energetically more favorable sites, effec-
tively reducing the energy barrier. The major contribu-
tion from the material to the absorption spectrum, or to
the voltammogram, however, does not originate from
this material fraction. Assuming that these sites occur at
low concentration (as is the case when the distribution of
HOMO and LUMO levels is of a Gaussian type),
eventually at specific interfaces they are expected to
be more important at low charge injection levels, when
local current densities would not be too high.

Another important point to be considered is that the
solid-state stabilization is due, in part, to the polariza-
tion of the neighboring molecules. At the polymer/elec-

trode interface, symmetry is broken, so that there may
be a molecular energy level shift of the molecules at the
interface, when compared to molecules in the bulk,
modifying the energy barrier for charge injection. This
contribution is more important in techniques that eval-
uate energy levels by measuring an energy difference to a
reference level at the interface, as is the case in solid-state
devices: the polymer energy levels are determined
through the determination of the energy barrier height
between metal and polymer, adding again the metal
work function. Polarization effect contributions would
make this value different from those values determined
by other methods.

Conclusions

We have demonstrated that, by simple and non-cost-
intensive electrochemical and optical measurements, we
can estimate important parameters such as the ioniza-
tion potential and the energy gap of conducting poly-
mers.

There are several uncertainties associated in the
conversion of the reference electrode potential to the
vacuum scale and there are also uncertainties in deter-
mining the onset of the oxidation potential due to the
structural relaxation during electrochemical oxidation of
the polymeric films. In spite of these uncertainties, the
method seems very convenient owing to the easy han-
dling and low cost. However, to validate further the
method, other measurements are in course in our labo-
ratory and the results will be the subject of a future
communication.

Using the values for IP and Eg estimated using the
method, we have constructed energy level diagrams for
PPy, PMeT and PHT, exemplifying the procedure.
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Fig. 3. Absorption spectra of PPy, PMeT and PHT films at the
respective polarizations of –1.2, –0.2 and 0.2 V vs. Ag/AgCl.
Electrolyte: 0.1 mol L–1 solution of Me4NBF4 in acetonitrile

Fig. 4. Energy level diagram schemes for PPy, PMeT and PHT
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