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In this work it is investigated the coupling between the redox potential and the extent of proton binding
in electrochemically active polymers, for the particular case of Polyaniline (Pani). To this purpose, the
degree of oxidation of the polymer was measured by spectrophotometry changing the external potential
applied to Pani films, in solutions of different pH values. The knowledge of the oxidation degree for the
different applied potentials allows determining the apparent formal redox potential. For Pani, in the
hypothetical case of absence of interactions between the redox centres, the apparent formal redox poten-
tial should be independent of the oxidation degree and it should decrease linearly with the pH with a
slope of 0.059 V, at room temperature. The values of the apparent formal redox potential, experimentally
obtained, show that the pH dependence is not as expected from the redox equation. This fact implies
interactions between the redox centres and some sort of coupling between the redox potential and the
state of binding of the polymer. By employing a simple statistical mechanic model is possible to evaluate
the interaction energy between the redox centres and also the acid dissociation constants of both, the oxi-
dized and reduced forms. The values obtained for both dissociation constants agree with some reported
in the literature. The application of the model also allows explaining the observed relationship between
the apparent formal redox potential and the electrolyte pH.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Electrochemically active macromolecules (EAM) are substances
that can be oxidized and reduced in a reversible way. These
macromolecules, both natural and synthetic, have received a great
deal of attention. The interest in natural EAM, mostly metallopro-
teins, is due to its obvious importance in biochemical reactions [1].
On the other hand, the interest in synthetic EAM, mostly in poly-
mers, is due to its potential applications in several fields [2–5].

These macromolecules can be characterized by several proper-
ties such as their redox potential, the state of binding, the state of
tension (deformation) and the extension of their screening. The
redox potential is related to the possibility of the macromolecule
to transfer electrons to a suitable redox couple in the same solution
or to an electrode submitted to a suitable potential. The state of
binding refers to the amount of bound species (mainly ions) on
different sites of the macromolecule. The screening refers to the
weakening of the electrostatics interactions between the fixed
charged sites of the macromolecule due to the ionic atmosphere
surrounding them. In this context, the state of tension refers to
conformational deformation that appears in the macromolecule
as a consequence of interactions between parts of it.

In a previous work [6], it was shown that a variety of experi-
mental results on EAM can be explained by the existence of
couplings among the state of tension, the state of binding, the
extension of screening and the redox potential. That is, if one of
these states changes, all the others will change too. The vast major-
ity of EAM are polyelectrolytes, and there are many examples of
couplings of these types that can be attributed to its polyelectrolyt-
ic nature. It is well known that polyelectrolytic macromolecules
show couplings among the degree of binding, generally of protons,
and its state of deformation [7–9] and screening [10–12]. Deforma-
tion can be also induced by redox potential changes [13,14], and
changes in the ionic strength of the electrolyte (screening effects)
can modify the redox potential in both, natural [15] and synthetic
macromolecular systems [16]. Finally, the concept of coupling
between the redox potential and proton binding widely spread
[17–19]. This coupling is of paramount importance to understand
the redox behaviour of proteins, substances in which their redox
activity may depend on small changes of the binding ion activity
[19–22].

Polyaniline (Pani) is a relatively simple synthetic polymer, as
compared with natural EAM, and its electrochemical behaviour is
relatively well understood. The aim of this work is to rationalize,
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employing a simple modified a statistical mechanics model, the
effect, experimentally observed, of proton binding on the redox po-
tential of Pani.

Although simpler than many natural EAM, Pani presents an
additional difficulty for the model: its redox potential depends di-
rectly on the proton activity in the solution, because protons par-
ticipate in the redox reaction (Scheme 1). And, as protons also
participate in a binding equilibrium with the macromolecule, the
redox potential should indirectly depend on the solution pH
through the coupling effects mentioned above.

In the present work, the coupling between proton binding and
the redox potential of Pani, as a particular case of EAM, is experi-
mental and theoretically studied. The experimental investigation
of this coupling requires the determination of the oxidation degree
of the polymer film in electrolytes of different pHs. Contrary to
many electrochemical systems, for conducting polymers as Pani,
the oxidation degree cannot be simply obtained from the voltam-
metric or chronoamperometric results because there is a capacitive
contribution to the electrochemical current response [23,24]. So, in
this work, the oxidation degree is obtained by UV–Visible spectro-
electrochemical measurements.

On the other hand, a simple statistical mechanic model is devel-
oped to link the redox potential with the oxidation degree and the
solution pH. The model allows the analysis of the experimental re-
sults to determine the proton binding constants of the reduced and
the oxidized forms of the polymer, and also other parameters, such
as differences in the interaction energy between the redox centres,
as a function of the electrolyte pH.
2. Materials and methods

Pani films were electro synthesized onto Indium Tin Oxide (ITO)
plates (Rs = 5–15 X cm, Delta Technologies). These plates were
glued to a metallic contact with epoxy silver resin. The top and
sides of the metallic plate were covered with an insulating varnish
as shown in Fig. 1. The active area of the polymer film onto the ITO
plate was around 1.0 cm2. The electro synthesis was carried out by
cycling the potential at 0.1 V s�1 between �0.200 V vs. a saturated
calomel electrode (SCE) and a positive potential limit set at the
beginning of the monomer oxidation (around 0.700–0.800 V). To
improve the adherence and homogeneity of the film, the positive
potential limit was slightly decreased after a few cycles. After the
synthesis, the film was washed with pure water and cycled in 3.7
M H2SO4 solution during some minutes and then introduced in
the spectrophotometric cell. This was a square quartz cell (Spectro-
cell, 1 cm side) in which the electrode was inserted perpendicular
to the light path. Inside the cell it was placed a Pt plate that serves
as the counter electrode, and a fine capillary connected to an exter-
nal reference electrode (see Fig. 1). This was also a SCE, which was
Scheme 1. Redox commutation for the first redox couple of Pani (only the base
forms are shown).
employed throughout the work; all potentials in the text are re-
ferred to it. The absorbance of the film electrodes was monitored
over a period of several hours and no change was noticed, meaning
the Pani film covering ITO plates was stable during that time.

Solutions were made of Milli-Q purified water and NaOH and
H2SO4 (Carlo Erba, RPE-ACS). The latter were employed as received.
A potentiostat TEQ-03 was employed for all the electrochemical
experiments.

Spectra were taken with an Agilent model 8453E diode array
spectrophotometer in the spectral range comprised between
300 nm and 900 nm and in the potential range between �0.200
and 0.450 V.

Electrolytic solutions of different pH and constant ionic strength
of 3.7M of H2SO4 + HNaSO4, were employed. For pH > 1, the pH was
measured with a glass electrode adequate for acid media (Ross,
Orion Research) by using a pH-meter (Cole-Palmer 59003-15).
For pH 6 1, the pH was measured using a Pd(Pd) hydrogen
electrode [25].

Before starting the experiments with each one of the solutions
of different pH values, the Pani – covered electrodes were polarized
at �0.200 V during 20 min to completely reduce and age the Pani
films [26,27]. Afterwards, the potential was increased in steps of
0.010–0.025 V and held at that potential value for 5 min, to reach
ionic equilibrium with the electrolytic solution. Then the spectrum
was taken.

As a measure of the film thickness, it was employed the inte-
grated charge from E = �0.200 V up to 0.450 V, QT (0.45) [24].
Experiments were done with films of charge about QT

(0.450) = 32 mC cm�2.

3. Results

In Fig. 2 it is shown the voltammetric response of a typical Pani
film between the potential limits �0.200 V and 0.450 V. During the
positive half potential scan the reduced form of Pani (Leucoemer-
aldine, L) is oxidized to the half oxidized form (Emeraldine, E).

The spectra of Pani for different applied potentials, at
pH = �0.60, are shown in Fig. 3. These spectra show three main
characteristic bands in the wavelength range 300–900 nm. The
band at 320 nm is attributed to the p ? p� transitions characteris-
tic of the benzenoid ring units in the polymer. Also, it might be
attributed to the band gap in the reduced polymer. This band is
the main one for the L form; besides a second broad and small
band is observed at about 850 nm. As the polymer is oxidized,
the band at 320 nm steadily decreases, a band starts growing at
about 400 nm, and the band with a maximum at around 850 nm
in the reduced state, shows a gradual increase and shift to
750 nm. These bands are attributed to the polarons and bipolarons
associated to the formation of the quinoid units due to the oxida-
tion of the amine to imine groups. Further discussions about the
band assignations in Pani spectra are available in several works
[28–31].

As the band at 320 nm steadily decreases as the polymer is oxi-
dized; the absorbance changes in this region may be employed to
quantify the fraction of oxidized polymer. The relative absorbance
change will be defined as:

DAðEÞR ¼
AðEÞ � A0:45

DAT
ð1Þ

where A(E) is the absorbance at the potential E, DAT = A�0.2 � A0.45 is
the total absorbance change and A�0.2 and A0.45 are the absorbances
at E = �0.2 V and 0.45 V.

Consequently, the degree of oxidation of the polymer, hn, can be
expressed as:

hn ¼ 1� DAðEÞR ð2Þ



Fig. 1. Schematic representation of the ITO electrode and the cell arrangement.

Fig. 2. Voltammetric current potential relationships for a Pani film at different
sweep rates, m/V s�1: 0.002, 0.005, 0.01, 0.025, 0.05, and 0.1. Electrolyte: 3.7M
H2SO4. QT (0.45) = 32.0 mC cm�2.

Fig. 3. Pani spectra at different potentials comprised between �0.2 and 0.45 V in
3.7M H2SO4 (pH = �0.60). The arrows indicate the direction of increasing potentials.
QT (0.45) = 32 mC cm�2.

Fig. 4. Oxidation degree as a function of the applied potential for different pHs.
QT (0.45) = 32 mC cm�2.

W.A. Marmisollé et al. / Journal of Electroanalytical Chemistry 707 (2013) 43–51 45
As it can be seen in Fig. 4, the relationship between hn and E
depends on the solution pH.

4. Theoretical background

4.1. A simple model to show the coupling between the redox potential
and the proton binding

The purpose of this section is to present a simple molecular
model that shows the coupling between proton binding and the
redox potential for the redox reaction represented in Scheme 1
[32–35]. This model allows a simple statistical thermodynamic
analysis of the different contributions that appear in the redox
potential of the system, in terms of microscopic quantities, and
predicts the form in which these contributions should depend on
the external variables.

The simple model employed in the present work is similar to
others previously employed [6,36]. A more elaborated model,
based on Florýs polymer theory has also been employed [37].
Despite in that model, interactions between polymer segments,
between solvent molecules, and between polymer segments and
solvent molecules, are explicitely included; it has several disadvan-
tages: First, it is more involved. Second, it needs data about the
swelling of the polymer and also other ones such as the ‘‘mixture
parameter’’ [37], referred to the polymer that, in general, are not
available for EAM.

For brevity this redox reaction will be written as:

R ¢ Oxþ mee� þ mHHþ ð3Þ

where me and mH are the stoichiometric coefficients of electrons and
protons, respectively.

The redox potential can be obtained from the derivative [38]:

E ¼ RT
meF

@A
@ne

� �
T;M;N

ð4Þ

where A = Rili ni is the chemical part of the Helmholtz free energy
of the system, ni is the number of moles and li refers to all contri-
butions to the chemical potential, except the electrical ones. ne

refers to the number of electrons participating in the reaction (3).
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T has the usual meaning of temperature and the quantities M and N
will be defined below.

The polymer will be considered as a phase in contact, on one
side, with the external solution and, on the other, with a metallic
conductor capable of providing holes or electrons for the polymer
to be oxidized or reduced, respectively. This phase can be depicted
as a polyelectrolyte gel phase composed by intertwined polymer
chains, solvent molecules and different ionic species (H+, Na+, and
HSO�4 ) [35–37]. These chains are composed by segments; each
one of them is the polymeric unit, as shown in Scheme 1. In the case
of Pani, each segment is formed by four monomer units and it is
considered that the polymer chains contain a total of M segments.
According to the oxidation degree of the polymer, each segment
may be oxidized (in number MOx) or reduced (in number MR), being
M = MR + MOx. Furthermore, as it is shown in the Scheme 1, each seg-
ment has d redox centres that can be reversibly oxidized or reduced;
nOx and nR are the number of oxidized and reduced redox centres,
respectively. In the case of Pani d = 2 (see Scheme 1). The total num-
ber of centres, n = nOx + nR, is constant. Moreover, dM = n, and the
fraction of oxidized centres will be defined as hn = nOx/n. Then,
according to the stoichiometry of the reaction (3), the differential
change in the number of oxidized redox centres will be written as:

dnOx ¼
dne

me
¼ dnH

mH
¼ �dnR ¼ dn ð5Þ

where n is the degree of advancement of reaction (3). On the other
hand, in this description of the system, it is considered that each
monomer unit contains functional chemical groups capable of bind-
ing protons. In the case of Pani, these are the amine (ANHA) and the
imine (AN@) groups. Depending on the proton activity of the exter-
nal medium, these groups could be protonated to certain extent,
giving rise to charges along the polymer chains (ANHþ2 A) for the
amine groups, and (ANH+@) for the imine ones. Let be the number
of H+, NR and NOx, bound to the MR and MOx segments, respectively,
and the total number of bound protons N = NR + NOx. Each segment
may bind v protons, and B is the total number of binding sites, then
B = vM. In the case of Pani, the maximum value of v should be 4.
The corresponding coverage degree of protons at the binding sites
of MR and MOx segments will be defined as hN,R = NR/vMR, and hN,-
Ox = NOx/vMOx, respectively.

As the polymer is progressively oxidized some MR units become
MOx units. After some number of units has been oxidized the poly-
mer will partially become another chemical entity. For instance, in
the case of Pani, after two out of four amine units have been oxi-
dized, the reduced unit becomes a half oxidized one.

That is, as the oxidation progress the number of segments of the
L form decreases and the number of segments of the E form in-
creases, and M and n remain constant. On the basis of the previous
considerations it is clear that dMOx = ddnOx.

For a polyelectrolyte gel the Helmholtz free energy can be writ-
ten as the sum of four contributions [36,37]: (i) The free energy of
mixing the polymer with the solvent, DAm. (ii) The deformation
(swelling equilibrium) free energy change, DAd. (iii) The binding
free energy change, DAb. (iv) The electrostatic free energy, DAel. Ex-
plicit expressions for these energies were derived in a previous
publication [37]. The derivative of DAb with respect of NOx defines
lN,Ox, the chemical potential of the proton bound sites on the oxi-
dized segments, and similarly for the proton bound sites on the re-
duced segments. The derivatives of DAm + DAd with respect of MOx

define the chemical potential of the oxidized polymer, lp,Ox and
similarly for the reduced polymer, lp,R [37]. Thus, the terms lp,Ox

and lp,R contain the contributions of mixing and deformation
(mechanical effects). It has been shown that the terms lp,Ox and
lp,R are independent of MOx and MR, respectively (see comments
after Eqs. (13) and (22) in Ref. [37]). This shows, under the assump-
tions of the model, that lp,Ox and lp,R do not change during the re-
dox commutation. Therefore, they contribute with a constant
amount to the redox potential and this contribution will be in-
cluded in the standard redox potential. Then, for simplicity, the
contributions of deformation and mixing will not be explicitely
considered in what follows.
4.2. Thermodynamic considerations

In order to obtain the redox potential is necessary to consider
the change in the electrochemical Helmholtz free energy of the
reaction (3), A. In what follows it will not be explicitly considered
mechanical effects (see Ref. [6] and references therein). The change
in A can be written, at constant temperature, volume, and M, as
(see. Eq. (15) in Ref. [6]):

dA ¼½ðlOx � lR þ mele þ mHlHÞ�dnOx þ lN;RdNþ
ðlp;Ox � lp;RÞdMOx ð6Þ

where lOx; lR; le and lH are the electrochemical potential of oxi-
dized and reduced redox centres, electrons and protons, respec-
tively. lN,R and lp,Ox and lp,R were defined in the previous paragraph.

The Nernst equation is found by equating to zero the derivative
of A with respect to the degree of advancement of the reaction (3)
[37]. From Eqs. (6) and (4), and considering dMOx = ddnOx, it is ob-
tained [38]:

FE ¼ ðlox � lRÞ
me

þ le þ
mHlH

me
þ d
ðlp;Ox � lp;RÞ

me
ð7Þ

where E = um � upol is the Galvani potential difference between the
metal and the polymer. As lOx, lR and lH should be of the form:
lOx ¼ l0

Ox þ kT ln aOx, lR ¼ l0
R þ kT ln aR, lH = RT ln aH and le is

constant, it is got:

E ¼ Eo � RT
meF

ln
aR

aOx

1
ðaHÞmH

� �

¼ Eo þ mHRT
meF

lnðaHÞ �
RT
meF

ln
aR

aOx

� �
ð8Þ

where aj is the activity of the j species, mi are the corresponding stoi-
chiometric coefficients, and Eo is the standard electrode potential. At
this point, it must be emphasized that for the case of EAM, Eo includes
the contributions of mixing, deformation (mechanical effects), bind-
ing and screening free energies for both, oxidized and reduced, forms
of the polymer. Therefore, it is expected Eo to depend on the pH of the
external solution through the proton binding contribution.

The activity ratio, aR
aOx

, can be expressed in terms of the oxidized
and reduced fractions and the activity coefficients, ci, as:

aR

aOx
¼ hRcR

hOxcOx
ð9Þ

Being hOx = hn, the fraction of the oxidized redox centres, and
hR = 1 � hn the fraction of reduced redox centres, E results:

E ¼ Eo � 2:303
mHRT
meF

pH � RT
meF

ln
cR

cOx

� �
� RT

meF
ln

1� hn

hn

� �
ð10Þ

From Eq. (10), the formal apparent potential, Eapp, can be de-
fined as the part of the potential that does not explicitly depend
on the concentrations of the R and Ox substances. It is important
to remark that Eapp is a magnitude experimentally accessible from
the knowledge of the oxidation degree as a function of the applied
potential, and does not depend on any model under consideration

Eapp ¼ Eþ RT
meF

ln
1� hn

hn

� �

¼ Eo � 2:303
mHRT
meF

pH � RT
meF

ln
cR

cOx

� �
ð11Þ



Fig. 6. Dependence of Eapp on hn for data of Fig. 4.
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5. Analysis of the results and discussion

According to Eq. (10) a special case of Eapp is the value of the po-
tential E at hn = 0.5 (Ehn=0.5). The values of E(hn=0.5), as determined
from plots shown in Fig. 4, are shown in Fig. 5, as a function of the
electrolyte pH. As it can be seen in the figure, the dependence of
Eapp on pH is more complex than that predicted by the term
2:303 mHRT

meF pH of Eq. (11), as it would be if Eo and cR=cOx
were inde-

pendent of pH. Therefore, it should be concluded that either Eo or
cR=cOx

; or both, must also depend on the electrolyte pH. This
dependence comes from the coupling between the redox potential
and the proton binding, mentioned at the Introduction section.

In Fig. 6, Eapp is represented as a function of hn for some pH val-
ues. This figure indicates that there is an apparent redox potential
distribution. If there was not a redox potential distribution, the
plot presented in Fig. 6 would be a straight line parallel to the hn

axis. Eq. (11) shows that the observed behaviour implies that the
ratio of the activity coefficients, cR/cOx, depends on hn. Moreover,
it is also observed that the dependence of Eapp on hn is different
for each pH value.

In order to explain these experimental facts, a statistical
mechanics model was developed focusing in the effect of proton
binding. This is the subject of the following section. The corre-
sponding derivations are treated, however, in separated
Appendices.

6. Statistical mechanics considerations

The different chemical potentials in Eq. (4) will be obtained
from the well known relationship between the Helmholtz free en-
ergy and the canonical partition function (PF) of the gel phase as
described in Section 4.1.

It will be assumed that the canonical PF of the system, Q, is the
product of different contributions considered being statistically
independent [6]; so, it is possible to write

Q ¼ Q MQ nQ NQ H ð12Þ

where QM is the PF of the segments, Qn is the PF of the redox centres,
QN is the PF of the bound protons, QH is the PF of protons in the
internal solution. Expressions for each PF are given in Appendix A.

Then, the potential can be calculated as [6,36]:

E ¼ 1
meF

@A
@nOx

� �
T;M;N

¼ � RT
meF

@ ln Q
@nOx

� �
T;M;N

ð13Þ

Taking into account the interaction between redox centres employ-
ing the Bragg–Williams’ Approximation [24,36], the following
expression for the potential can be derived (see Appendix A).
Fig. 5. Dependence of Ehn=0.5 on the electrolyte pH values.
E ¼ � mH2:303RT
meF

pH þ
dðlp;Ox � lp;RÞ

meF
� RT

meF

� ln
p�Ox

p�R

ð1� hN;RÞ
ð1� hN;OxÞ

� �v=d
 !

� Dem

meF
ð1� 2hnÞ �

RT
meF

� ln
ð1� hnÞ

hn

� �
ð14Þ

The first term on the right hand side (rhs) of Eq. (14) shows the
direct effect of the pH on the electrochemical reaction (3). The sec-
ond term is due to the segments, while the third one accounts for
the effect of proton binding (given by the term ln [(1 � hN,R)/
(1 � hN,Ox)]v/d). These two terms are implicitly contained in the Eo

defined above (Eq. (10)). For simplicity, we will refer to these two
contributions as E�. The forth term contains Dem, that is half the
energy, per mol, of formation of a pair RR and a pair OO from two
pairs OR. This is related to the ratio of the activity coefficients in
Eq. (10). Finally, the last term is the usual logarithm of the concen-
tration ratio of the reduced over the oxidized species in the Nernst’s
equation, Eq. (10). Note that both E� and Dem should depend on the
internal solution pH. Comparing Eq. (14) with Eq. (11), it is possible
to derive an expression for Eapp in terms of the model

Eapp ¼ �2:303
mHRT
meF

pH þ E� � Dem

meF
ð1� 2hnÞ ð15Þ
6.1. The dependence of Dem and E� on pH

Now, it will be analyzed the dependence of Dem and E� on pH, in
order to obtain the dependence of Dem and E� on the pH. For this
purpose, the interaction between the redox centres will be consid-
ered to be coulombic in nature. As the intrinsic charge of the seg-
ments is zero, the origin of the fixed charges is the protonation of
the centres. As hN,Ox and hN,R are the mean proton occupancy num-
bers of the Ox and R sites, under these assumptions, the average
charge of one oxidized, zOx, and reduced, zR, segment is given by:

zOx ¼ zHþðv=dÞhN;Ox ð16Þ

And

zR ¼ zHþðv=dÞhN;R ð17Þ

where zH+ = 1 is the proton charge. Taking into account the proton
binding isotherms (see Appendix B, (Eqs. (B1) and (B2))) and assum-
ing that the interactions between redox centres can be considered
as coulombic ones between charged species screened by the ionic
atmosphere (see Appendix B), an expression for the Dem depen-
dence on pH can be derived.



Fig. 8. Dependence of Dem on the pH. The line is the result of the fit to Eq. (18).
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Dem ¼ C ð1þ 10pH�pKa;Ox Þ�1 � ð1þ 10pH�pKa;R Þ�1h i2
ð18Þ

where C is a constant at constant ionic strength (Eq. (B.10)).
It should be noted here that as a consequence of the fixed

charged sites a Donnan potential difference appears at the poly-
mer/ solution interface. The maximum concentration of fixed sites
has been estimated to be around 2M [29]. With this value in an
external solution of 3.7M salt concentration, the Donnan potential
can be estimated to be around 10 mV. Then, the difference of pro-
ton activity between the external and the internal solution should
be very small under these conditions and the pH of the external
solution can be used instead of the pH within the film.

Under the same assumptions about the nature of the interaction
energy, an expression for the dependence of E� on pH can be de-
rived. In Appendix B it is shown that:

E� ¼ A1 þ A2
1

1þ 10pH�pKaOx

� �2

� 1
1þ 10pH�pKaR

� �2
 !

þ A3

� ln
1þ 10pH�pKaOx

1þ 10pH�pKaR

 !
ð19Þ

where A1, A2, and A3 are constants at constant temperature and
ionic strength.
Fig. 9. E�, calculated from the ordinates of Fig. 7, as a function of pH. The line is the
result of the fit to Eq. (19).
7. Analysis of the experimental results in terms of the statistical
mechanics model

According to Eq. (15), a plot of Eapp vs. (1–2hn) should give a
straight line of slope Dem/meF and ordinate �2:303 mHRT

meF pH þ E� that
depends only on pH, as it was explained in reference to Eq. (15).
Such plots are shown in Fig. 7 for different pH values. Note also that
the ordinates are the values of E(hn = 0.5) at the different pHs. Plots
in Fig. 7 are approximately linear in the range 0.3 < hn < 0.7 and
both the slope and the ordinate strongly depend on the pH. This
indicates that Dem does change with pH. This behaviour should
be expected due to the fact that the charge on the segments must
change with the electrolyte pH. On the other hand, the ordinate is
expected to depend on the electrolyte pH directly (first term of the
rhs of Eq. (15)), and also, indirectly, through the terms hN,R and hN,Ox

(see Eqs. 16, 17, B.1, and B.2). The slopes and ordinates of Fig. 7
were obtained by a linear fitting procedure. The resulting values
of Dem, plotted against the electrolyte pH, are shown in Fig. 8.

In the literature there is agreement that, in the case of Pani,
me = mH = 2 [32–35], so the ordinate values determined by linear fit-
ting can be used to calculate the term E� for each pH value. Values
of E� as a function of pH are shown in Fig. 9. From the figure, it can
be seen that the contribution of E� to Eapp is not negligible.
Fig. 7. Eapp vs. (1 – 2hn) plot at different pH values.
Data shown in Fig. 8 can be fitted to Eq. (18). This procedure
was carried out with the Levenberg–Marquardt algorithm for
non-linear least squares fitting, for the parameters C, pKa,Ox, and
pKa,R. The results of the fit are given in Table 1.

Non-linear fitting of the experimental values shown in Fig. 9, to
Eq. (19) allows obtaining these constants and the pKa of each redox
form. The resulting values are assembled in Table 2.

From the A3 value, the relation v
d can be estimated:

v
d
¼ �meFA3

RT
� 2 ð20Þ

This indicates that the number of binding sites is twice the number
of redox centres, in agreement with the reaction shown in Scheme 1
(four binding sites and two redox centres per segment). The values
of pKa,Ox and pKa,R listed in Table 2 are in reasonable agreement with
those reported in Table 1 as well as with those reported in the lit-
erature. The value of the oxidized polymer binding constant coin-
cides with that given in the literature [40]. The value of the
reduced polymer constant is certainly smaller than the value re-
ported by Menardo et al. [40]. However, it deserves to be mentioned
that those authors performed the titration curves on Pani synthe-
sized chemically; experimental procedure that yields the polymer
in the shape of a fine grained powder and, therefore, it is difficult
to reduce and to reach the protonation equilibrium. On the other
hand, in situ spectrophotometrical determinations at constant ap-
plied potential have allowed us to obtained more reliable values
of the pKa of the reduced form that are about 1 [41]. Comparison
with related compounds reinforces this determination [41].



Table 1
Results of the fit of data in Fig. 8 to Eq. (18).a

B/kJ mol�1 pKa,Ox pKa,R r2

11.8 ± 0.6 5.5 ± 1.5 0.52 ± 0.07 0.987

a r2 Is the correlation coefficient of the fit.

Table 2
Results of the fitting of the data of E� and pH according to Eq. (19).a

A1/V A2/V A3/V pKa,Ox pKa,R r2

0.2162 ± 0.002 0.015 ± 0.01 �0.0257 ± 0.0006 4.8 ± 0.3 0.9 ± 0.2 0.9998

a r2 Is the correlation coefficient of the fit.
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8. Conclusions

The experimental results for Pani clearly show that there is a
formal redox potential distribution and that it depends on pH in
a complex way. Not only the mean value (apparent formal redox
potential) but also the form of such potential distribution strongly
depends on pH. The model presented in this work allows explain-
ing this dependence through the proton binding to the interacting
redox centres and then, quantifying the influence of binding on the
redox potential. Results could be satisfactorily fitted to obtain sev-
eral parameters of physicochemical interest, such as the depen-
dence of the interaction energy between the redox centres on the
electrolyte pH and the pKa values of the reduced and oxidized
forms.
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Appendix A

An expression for ð@ ln Q=@nOxÞT;M;N;NOx
is needed in order to cal-

culate the potential (Eq. (14)). Then, each component of the PF, Eq.
(12), will be analyzed separately.

A.1. The partition function of the segments, QM

As discussed in Section 4.1, the contribution of segments to the
total free energy is considered to be constant, although different
for reduced and oxidized centres, so that

ð@ ln Q M=@nOxÞT;M;N;NOx
¼ �dðlp;Ox � lp;RÞ=kT ðA:1Þ
A.2. The partition function of the redox centres, Qn

Taking into account the presence of interactions between
closest neighbour redox centres, this PF can be written as [24,39]:

Q nðn;nOx; TÞ ¼
n!

ðn� nOxÞ!nOx!
ðpOxÞ

nOx ðpRÞ
n�nOx exp � eOO

kT

� �� �POO

� expð� eRR

kT
Þ

� �PRR

exp � eOR

kT

� �� �POR

ðA:2Þ

where Pij is the number of neighbour pairs i � j; pOx and pR are the
internal PFs of the oxidized and reduced centres, respectively, when
no interaction is considered [24]. Here, eRR, eOO, and eOR are the
interaction energies between two Ox sites, two R sites and between
one Ox and one R sites, respectively. Within the Bragg–Williams’
approximation [39] the number of neighbour pairs, Pij, is calculated
as [36]:

POO ¼
uðnOxÞ2

2n
ðA:3Þ

PRR ¼
uðn� nOxÞ2

2n
ðA:4Þ

POR ¼
uðn� nOxÞnOx

n
ðA:5Þ

Being u the number of closest neighbours. So, the expression for
Qn can be written as

Qnðn;nOx; TÞ ¼
n!

ðn� nOxÞ!nOx!
ðp�OxÞ

nOx ðp�RÞ
n�nOx exp

Dem

RT

� �� �nOxðn�nOxÞ=n

ðA:6Þ

Where the following definitions were employed:

Dem ¼
1
2

uNAvðeRR þ eOO � 2eORÞ ðA:7Þ

p�Ox ¼ pOx exp �1
2

ueOO

kT

� �
ðA:8Þ

p�R ¼ pR exp �1
2

ueRR

kT

� �
ðA:9Þ

where NAv is Avogadro’s number, Dem is half the energy, per mol, of
formation of a pair RR and a pair OO from two pairs OR, p�Ox is the
internal PF of an Ox redox centre, pOx, with its zero energy referred
to the energy eOO, and similarly for p�R.Taking into account the pre-
ceding expressions, it can be shown that

@ lnðQ nðn;nOx; TÞÞ
@nOx

� �
T;M;N;NOx

¼ ln
ð1� hnÞ

hn

p�Ox

p�R

� �

þ 1� 2hnð ÞDem

RT
ðA:10Þ
A.3. The partition function of the binding sites, QN

In order to keep the expressions as simple as possible, no inter-
actions between occupied binding sites will be considered. The PF
QN is the product of PFs of the Ox and R sites. In turn, each one of
these is the product of a configurational factor (that is, the ways
of distributing N particles among B total free sites) and the contri-
butions of the molecular PF of each occupied site, q. Under these
conditions,

Q NðM;MOx;N;NOx;TÞ¼
BOx !

ðBOx�NOxÞ!NOx!
qNOx

Ox

� �
ðB�BOxÞ!

ðB�BOx�ðN�NOxÞÞ!ðN�NOxÞ!
qN�NOx

R

� �
ðA:11Þ

where qOx and qR are the internal PF of the occupied binding sites in
oxidized and reduced segments, respectively, and B is the total
number of binding sites (B = vM), being BOx and BR the number of
them in oxidized and reduced segments, respectively. Implicitly, it
was considered the PF of the empty binding sites to be unity [39].
Employing the Stirling’s approximation, the following equation
can be derived

@ lnðQ NðM;MOx;N;NOx; TÞÞ
@nOx

� �
T;M;N;NOx

¼ v
d

ln
ð1� hN;RÞ
ð1� hN;OxÞ

� �
ðA:12Þ

Definitions of hN,R and hN,Ox are given in the main text.
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A.4. The partition function of the protons in solution, QH

By employing the definitions ð@A=@nHÞT;M;N;NOx
¼ lH , and the sto-

ichometric restriction given by Eq. (5), dnOx ¼ dnH
mH

, it is easy to show
that:

ð@ ln QH=@nOxÞT;M;N;NOx
¼ mH

lH

RT
¼ �2:303mHpH ðA:13Þ

The standard chemical potential of protons in solution is considered
to be zero by convention [42].

Employing Eqs. (12), (13), (A.1), (A.10), (A.12), and (A.13), the
potential can be then calculated as

E ¼ � mH2:303RT
meF

pH þ
dðlp;Ox � lp;RÞ

meF
� RT

meF

� ln
p�Ox

p�R

ð1� hN;RÞ
ð1� hN;OxÞ

� �v=d
 !

� Dem

meF
ð1� 2hnÞ �

RT
meF

� ln
ð1� hnÞ

hn

� �
ðA:14Þ
Appendix B

B.1. The isotherm of the proton binding sites

The chemical potential of the bound species on the R sites is
found by deriving the logarithm of QN with respect to N (see Eq.
(6)). Equating this chemical potential to the chemical potential of
the protons in solution, the binding isotherm results [39]:

hN;Ox ¼
KN;OxaHþ

ð1þ KN;OxaHþÞ
ðB:1Þ

Similarly, for the R sites, it is obtained:

hN;R ¼
KN;RaHþ

ð1þ KN;RaHþÞ
ðB:2Þ

where KN,Ox and KN,R are the proton binding constants for the oxi-
dized and reduced segments. It is important to note that Ka,Ox = 1/
KN,Ox and Ka,R = 1/KN,R are the dissociation constants of the oxidized
and reduced centres. Both isotherms are of the Langmuir type and
this is a consequence of neglecting interactions between the bound
sites.

B.2. The dependence of Dem on pH

The coulombic interaction energy between two spherical
charges 1 and 2 of radius a, allowing for screening effects, is [39]:

ecoul
12 ðr > aÞ ¼ z1z2e2

4peð1þ ajÞ
1
r

expð�jðr � aÞÞ ðB:3Þ

where z1 and z2 are the magnitude of the charges, e is the charge
of the electron, r is the distance between the charges, rD = 1/j is
the Debye length and j2 ¼ ðe2=ekTÞ

P
imiz2

i . e = e0er, is the dielectric
constant, being eo ¼ 8:8510�12 C2 N�1 m�2 the permittivity in vac-
uum and eR the relative dielectric constant of the medium. The
sum is twice the ionic strength and mi the molality of the i ionic
species.

In general, the coulombic interaction between charged species
in the presence of ionic screening can be written as
ecoul

12 ¼ C0ðr;jÞz1z2 where C0(r,j) is a parameter (whose expression
is model-dependent) that takes into account the screening effects
and of course depends on the ionic strength and the separation be-
tween the interacting species. In the case of the redox centres stud-
ied here, one can assume that the mean separation between
neighbour centres is constant and, as the ionic total concentration
is constant, it follows that

ecoul
OO ¼ ðzOxÞ2C0ðr;jÞ ðB:4Þ

ecoul
RR ¼ ðzRÞ2C 0ðr;jÞ ðB:5Þ

ecoul
OR ¼ ðzRzOxÞC 0ðr;jÞ ðB:6Þ

So that e

Decoul
m ¼ 1

2
uNAvðecoul

OO þ ecoul
RR � 2ecoul

OR Þ

¼ ðzOx � zRÞ2
1
2

uNAvC 0ðr;jÞ ðB:7Þ

By introducing Eqs. (B.1) and (B.2) into the expressions for the
segments charges given by Eqs. (16) and (17), and employing the
dissociation constants,

ðzOx � zRÞ ¼
v
d
ð1þ 10pH�pKa;Ox Þ�1 � ð1þ 10pH�pKa;R Þ�1h i

ðB:8Þ

being pKa = �log (Ka). Then, assuming that Dem � Decoul
m , it results to

be

Dem ¼ C½ð1þ 10pH�pKa;Ox Þ�1 � ð1þ 10pH�pKa;R Þ�1�
2

ðB:9Þ

where C is:

C ¼ 1
2

v
d

� �2
uNAvC 0ðr;jÞ ðB:10Þ

Note that C is constant at constant ionic strength. Also, note
that, in view of Eq. (B.9), for low values of pH, Dem tends to zero
(all segments have the same charge and the difference (zOx � zR)
is zero). Otherwise, this parameter has its maximum value when
the highest is the difference of protonation degree of each type
of segment.

B.3. The pH dependence of E� on pH

According to Eqs. (A.7) and (A.8), the quotient p�Ox=p�R includes
eoo and eRR. The latter depend on the state of charge and so on
pH. Taking into account Eqs. (B.4)–(B.6),

� RT
meF

ln
p�Ox

p�R

� �
¼ � RT

meF
ln

pOx

pR

� �

þ A2 ð1þ 10pH�pKa;Ox Þ�2 � ð1þ 10pH�pKa;R Þ�2� �
ðB:11Þ

where A2 is dependent on the ionic strength and the distance
between interacting charges. Using this equation and replacing
the expressions for the protonation degrees in Eqs. (B.1) and (B.2)
in terms of dissociations constants, the potential

E� ¼ dðlp;Ox�lp;RÞ
meF � RT

meF ln p�Ox
p�R

ð1�hN;RÞ
ð1�hN;OxÞ

� �v=d
� �

results to be

E� ¼ A1 þ A2
1

1þ 10pH�pKaOx

� �2

� 1
1þ 10pH�pKaR

� �2
 !

þ A3 ln
1þ 10pH�pKaOx

1þ 10pH�pKaR

 !
ðB:12Þ

where A1 ¼
dðlp;Ox�lp;RÞ

meF � RT
meF ln pOx

pR

Ka;R
Ka;Ox

� �v=d
� �

, and A3 ¼ � v
d

RT
meF. The

first term in Eq.(B.12) is a constant dependent only on the temper-
ature. The second one is related to the dependence of the interac-
tion energies between the redox centres on the pH whereas the
third one is related to the dependence of the binding process on
the pH.
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