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The establishment and effects of the Donnan potential, ED, at the polymer/external solution interface in Electro-
chemically Active Macromolecular films, for the particular case of Polyaniline (Pani) is considered both from the
fundamental and experimental viewpoints. In particular, it is demonstrated that ED should be considered to-
getherwith the osmotic equilibrium and only under special circumstances, i.e. the osmotic pressure is negligible,
ED may be calculated with the classical expression that arises from considering the ionic equilibrium alone. Also,
it is demonstrated that, in Pani, the amount of protonatedfixed sites depends on the external pH and the Donnan
potential.
The electrochemical response of the Pani film/aqueous solution system is studied as a function of the pH and the
ionic strength. The parameter used in this work to evaluate the influence of ED in this kind of systems is the ex-
perimental peak potential, Ep,exp, which is the potential at the maximum current in the voltammetric response.
Based on previous models, it is obtained an equation for the Ep,exp that allows to interpret the dependence of
this parameter on the pH and the ionic strength.
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1. Introduction

When an electrochemically active polyelectrolyte phase is brought
in contact with an electrolytic solution, it is established a membrane
equilibrium between the two phases. This is similar to amembrane sep-
arating two electrolytic solutions which is impermeable to one ionic
constituent of one of the solutions [1–4]. The membrane equilibrium
comprises an osmotic equilibrium, characterized by the osmotic pres-
sure, π, that is referred to the solvent and by an ionic equilibrium char-
acterized by the Donnan potential, ED [4].

Themembrane equilibrium, and consequently the Donnan potential
are present in the majority of film modified electrodes. However, more
often than not, the existence of this potential has been overlooked in
this type of electrochemical systems. This is acceptable if ED is negligible,
as it happens in systems where the concentration of electrolyte in the
external phase is comparable with the concentration of fixed sites in
the film. Moreover, considering that ED is coupled to the osmotic equi-
librium [1,4,5] i.e. the solvent equilibrium between the phases, the cal-
culation of ED just on the basis of the ionic equilibrium may be
erroneous by an amount that depends on the osmotic pressure. Then,
if the osmotic work is negligible as compared to the electrical one
(Donnan), this statement will be correct.
Below, it will be shown that these two quantities (π and ED) depend
on each other. Furthermore, when the fixed sites are weak acid-basic or
polyampholite (as in the case of proteins) the amount of fixed sites in
the polyelectrolyte will depend on the pH inside; and in turn this will
depend on ED as well as on the pH of the external solution.

Briefly, the Donnan potential, ED, is a Galvani potential difference
that establishes at the interphase between two phases separated by a
semi permeable membrane; and it is a consequence of both the ionic
equilibrium between them and the existence of immobilized charges
(fixed sites) in one of the phases [1–8].

In electrochemically active polymers (EAPs) films [9,10], that is, in
those polymers that can be oxidized and reduced reversibly, the exis-
tence of a Donnan potential may strongly influence their electrochemi-
cal behaviour. On the other hand, the presence of fixed charged sites
may be due to different reasons [8]. For example, the polymer has
charged sites as in Os(II) bpy polyvinyl pyridine, or it has weak acid-
base sites that may become protonated (charged) by protons present
in the internal solution, as a consequence of the ionic equilibrium with
the external electrolyte. This is the case of many EAPs such as Pani
that will be considered in this work.

In the first case, as the polymer is oxidized, the charge of the Os fixed
sites increases, leading to a change in the ED. In the case of Pani, half the
protonated amino groups (pKa about 1) are oxidized to imines ones
(pKa about 4.5) with the consequent changes in the amount of fixed
charged sites leading to a change in ED. Here, the problem is more

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2016.04.052&domain=pdf
http://dx.doi.org/10.1016/j.jelechem.2016.04.052
Journal logo
http://dx.doi.org/10.1016/j.jelechem.2016.04.052
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jelechem


43J. Scotto et al. / Journal of Electroanalytical Chemistry 774 (2016) 42–50
complicated because protons also participate in the electrochemical re-
action as is schematically shown below in reaction (2).

In electrochemical systems where the pH and the applied potential
are kept constant, the influence of the Donnan potential on the total po-
tential drop has been measured several times by changing the external
concentration of indifferent electrolyte [11–16]. Under these conditions
the concentration of fixed sites in the film is kept constant. These exper-
iments were analyzed at the peak potential, Ep, that is, the potential at
the maximum current in the voltammetric response. The election of
this particular potential value has several advantages. The more impor-
tant one is that, for electrochemically reversible processes in confined
redox couples, Ep has a simple thermodynamic meaning. Namely: it is
equal to the standard redox potential. These experiments show a
slope in the Ep vs. the logarithm of the external salt concentration
plot, very close to 0.059 V/decade. This behaviour seems to indicate
that under the experimental conditions employed in these works π is
very small or constant (see Eq. (12) below).

In this work, we establish an expression for the Donnan potential in
the presence of osmotic equilibrium and search under what conditions
the osmotic work may be disregarded against the electrical work
(Donnan). Then, we study the formation of fixed sites in the case of
weak acid-basic fixed groups and how they depend on the electrolyte
pH and on the Donnan potential.

As a case of study, we measured the dependence of the peak poten-
tial on the ionic strength and the electrolyte pH for an EAP as Pani. Pani
was chosen because the quantity of fixed sites depends on the external
pH, and also because both, the acid- base equilibrium (see [17,18] and
references therein) and its electrochemistry have been thoroughly stud-
ied (see [19–23] and references therein). However, it has the disadvan-
tage that protons also participate in the electron exchange reaction, so
that a change in the pH produces, not only a change in the number of
fixed sites, but also in the potential.

2. Experimental

Pani filmswere obtained by electro polymerization on Au electrodes
by cycling the potential at v = 0.1 V s−1, between −0.2 V vs. SCE, and
the potential corresponding to the beginning of the oxidation of the
monomer, around 0.8 V vs. SCE, as described before [24,25]. To improve
the adherence and homogeneity of the film, after a few cycles, the pos-
itive potential limit was slightly decreased. The electro synthesis solu-
tions were 0.5 M in the monomer in aqueous solution of 3.7 M H2SO4.
The geometric area of the wire working electrode was 0.154 cm2. Poly-
mer films were grown until the desired voltammetric charge was
reached. The voltammetric charge of the films employed in this work,
QT (0.45), was determined from the integration of the anodic j/E profiles
of the voltammetric response in the potential range comprised between
−0.20 and 0.45 V vs. SCE.

The polymer films charges were about QT (0.45) = 20mC cm−2 for
the experiments performed with the sulphate solutions and QT

(0.45) = 25 mC cm−2 for the chloride solutions. Employing the equiv-
alence given by Gottesfeld et al. [26] for Pani films of Q/d = 8 ±
1 × 10−2 mC cm−2/nm, the thicknesses of these films result to be
about 250 nm. This relatively thin film allows fast equilibration of the
ionic fluxes withinthe film.

The electrolyte solutions were prepared from H2SO4, HCl, NaCl and
NaOH (Merk, p.a.); aniline (Fluka-Guarantee, puriss. p.a.) and Milli-Q*
water. The monomer was distilled under reduced pressure before the
preparation of the solutions.

Four different types of electrolytes were employed:
a) H2SO4 + NaHSO4 aqueous solutions of constant μ = 1M;
b) HCl + NaCl aqueous solutions of constant μ = 4M; c) pure H2SO4

aqueous solutions; d) pure HCl aqueous solutions. The electrolytes
were prepared at different pH values, in the range comprised between
−1.0 b pH b 2.0. The pH of the constant ionic strength solutions was
changed by adding NaOH to a 1 M H2SO4 solution or by mixing the
appropriate amounts of HCl and NaCl. The pH of each one of the solu-
tions was previously measured with a glass electrode adequate for
acid media (Ross, Orion Research) by using a pH-meter (Cole-Palmer
59003-15). For the most acid solutions, also a Pd (Pd) electrode in the
test solutions was employed to check the glass electrode readings [27].

The experimental set-up for the voltammetric measurements was a
conventional three electrode glass cell as described elsewhere [24,25].
The auxiliary electrode was a cylindrical Pt foil. For the chloride solu-
tions, a Saturated Calomel Electrode (SCE) was used as reference elec-
trode. For the sulphate solutions, a 1 M Mercurous sulphate (MSE)
was employed as reference electrode. However, all the potentials in
the text are referred to the SCE.

The experimental procedure for exchanging electrolytes was the fol-
lowing: after achieving the voltammetric stationary profile in one me-
dium; the electrode was extracted from the cell, washed with the
solution of different pH and inserted into another similar cell containing
the electrolyte of that pH. The pHwas changed in the order of increasing
values. Then, the potential was cycled until a stationary j/E profile was
obtained. A new polymer film was employed for each one of the four
types of electrolytes employed.

Conventional voltammetry was performed using a Pine
AFRDE5 bipotentiostat at different sweep rates in the range, 10−

3 V s−1 b v b 0.5 V s−1, covering a potential range between
−0.20 V and 0.45 V vs. SCE, in the case of chloride solutions,
and between −0.63V and 0.02 V vs. MSE, in the case of the sul-
phate solutions.

3. Results and discussion

3.1. Results

The voltammetric responses of Pani films in H2SO4+NaHSO4 aque-
ous solutions of constant ionic strength and different pHs are shown in
Fig. 1a and in pure aqueous solutions of H2SO4 of different pHs are
shown in Fig. 1b, respectively. In Fig. 2a and b, it is shown the corre-
sponding voltammetric responses in the HCl + NaCl mixtures of con-
stant ionic strength (Fig. 2a) and in pure HCl (Fig. 2b).

In Fig. 3, the peak potential values are shown for both, the sulphate
and the chloride solutions, in single electrolytes and in the mixtures as
a function of pH. In the pH range between −1 and 0.5, Ep decreases
with the pH increase for all solutions with approximately a similar
slope. For the solutions of pure electrolytes, Ep increases for pH values
higher than 1.0, and it does not depend much on the nature of the
anion. For H2SO4 solutions of constant ionic strength, the Ep value also
increases although less steeply than for the pure electrolytes. For the
chloride solutions of constant ionic strength μ = 4 M, there is no in-
crease of Ep with the increase of pH, as it was observed by previous
workers for these solutions [19,21].

The integrated anodic charges, QT (0.45), for all the solutions studied
in this work are independent of the pH and the composition of the
electrolyte.

3.2. Summary of fundamentals

We consider convenient to summarise some fundamental aspects
related to the discussion of the present experimental results. Some of
them are well known. However, others have been overlooked in previ-
ous works, and others have been recently presented. These questions
will be discussed considering Pani as the system example.

3.2.1. The potential difference across the metal/polymer/solution interface
in the case of Pani

We will consider the system as a metal base (M) on top of which
there is a polyelectrolyte polymer film composed of reduced (R) and ox-
idized (Ox) chains, embedded in an electrolyte solution (phase i or inter-
nal phase). At the metal/polymer interface there is an electrochemical



Fig. 1. Voltammetric profiles of (a) H2SO4 +NaHSO4 mixtures of constant μ=1M, and (b) Pure H2SO4. Both at different pHs values: (—–) 0.02, (......) 0.32, (—) 0.66, (-..-..-) 1.00, (———)
1.33, (-.-.-) 1.66. QT (0.45) = 25 mCcm−2., v = 0.01 Vs−1.
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equilibrium due to electron transfer across it (reaction 2). Charge is
transported across the film by amixed electron- ion diffusion- migration
mechanism. The internal phase is in contact with an external solution
(phase e or external phase). At the polymer/solution interphase there is
ion charge transfer. This is a fast process. In the experimental conditions
employed here (i.e. relatively thin films and low sweep rate) these pro-
cesses can be considered to equilibrate very rapidly as the potential is
changed. Therefore, wemay consider the whole process to be at equilib-
rium. In these conditions, the potential drop across the polymeric phase
is zero (the potential within the polymer phase is constant).

The total potential drop experimentallymeasured, Eexp, is the sumof
that at the metal/polymer interface, E, and that at the polymer/solution
interface. We will identify the latter with the Donnan potential differ-
ence, ED. Therefore, Eexp can be written as [8]:

Eexp ¼ Eþ ED: ð1Þ

In this system there is a membrane equilibrium between the internal
and the external phases. Thismembrane equilibrium is similar to that be-
tween two electrolytic solutions separated by amembrane impermeable
to one of the species (fixed sites) [2,3]. In the case of Pani the fixed sites
bear a positive charge and they are originated by the protonation of the
amine and imine groups of the polymer (see Eqs. (25) and (26) below).
In this case, these fixed charged sites are of very limited mobility.

3.2.2. The potential difference at the metal/polymer interface
At the metal/polymer interface takes place the following electro-

chemical reaction:

R ¼ Oxþ υeeþ υHH
þ ð2Þ

where R represents the reduced form (Leucoemeraldine) and Ox the
half oxidized form (Emeraldine) of Pani, and υe and υH are the
Fig. 2. Voltammetric profiles of (a) HCl + NaCl mixtures of constant μ = 4M. Both at different
−0.19, (- - -) 0.02, (—–) 0.26, (......) 0.51, (—–), 0.76, (-..-..-) 1.01, (— — —–) 1.28 (-.-.-) 1.52, (
(—–)−0.40, (-..-..-)−0.06, (———) 0.21, (-.-.-) 0.45, ((- - ) 0.68, (—–) 0.90, (......) 1.11, (—–), 1.3
stoichiometric coefficients of electrons and protons, respectively. In
the case of Pani υe = 2 and υH = 2. All the literature coincides that,
under the experimental conditions employed in this work: relatively
thin films and low scan rates, ν (ν b 0.05–0.1 Vs−1), charge transfer
(i.e. reaction (2)) controls the whole process. Moreover, reaction (2) is
very fast and the voltammetric response during the oxidation of Pani
is well represented by the behaviour of confined redox couples with in-
teraction between the redox centres [23].

The redox potential depends on the electrolyte pH by several rea-
sons. First, protons participate in the electron exchange reaction
(reaction (2)). This should lead to a decrease of the potential of
0.059 V/decade per pH increase [19,21]. However, as it happens in
most electrochemically active macromolecular systems, the redox po-
tential also depends on the pH through the proton binding to the acid-
base sites [28,29]. Furthermore, protonated neighbour redox centres in-
teract among each other [17,23]. As the amount of protonated redox
centres depends on the electrolyte pH, this interaction energy also de-
pends on the pH.

The experimental values of the average acid dissociation constant of
the protonated reduced form (amine groups), pKaR, lie in the range
comprised between 0.5 b pKaR b 2.5 whereas those for the half oxidized
(imine groups), pKaOx, are considered to be between 4.0 b pKaOx b 6.0
([17,18] and references therein). In a previous work [17] we obtained
for thin films under potential control the values of pKaR ≈ 1 and
pKaOx ≈ 4.5. These pKa values are operational; they were determined
in 3.7 M sulphate media. Therefore they may be slightly different in
other electrolytes and at different ionic strengths. This means that
when the internal pH, pHi, is low enough both reduced and oxidized
forms are fully protonated and when it is relatively high (N1.5) only
the oxidized groups (imines) are still fully protonated, whereas the
amine groups are fully deprotonated. Thus, when the polymer is oxi-
dized from the LE form to the E form in electrolytes of different pH
values, the number of fixed sites of the E form increases with respect
pHs values: (—–)−1.08, (......)−0.96, (—–) −0.81, (-..-..-) −0.60, (— — —) −0.41, (-.-.-)
- - ) 1.80, (—–) 2.02 and (b) pure HCl, at different pHs values: (—–) −075, (......) −056,
1, (-..-..-) 1.55, (———) 1.67, (-.-.-) 1.88, (- - ) 2.01. QT (0.45)=18mCcm−2, v=0.01Vs−1.



Fig. 3. pH dependence of the peak potential (vs. SCE) in the different solutions. (○) HCl
solution, (□) H2SO4 solution, (●) HCl+NaCl, μ=4.0M, (■) H2SO4+NaHSO4, μ=1.0M.
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to the number of fixed sites of the LE form, as the pH increases. In turn,
and in the absence of an excess of supporting electrolyte, this fact yields
a change of the Donnan potential and the adjustment of the internal
concentrations to maintain the electro neutrality inside the polymer. It
has been experimentallymeasured that during the oxidation- reduction
cycles there are proton and anion ejection/injection from and into the
film (see, for instance, [30–36] and references therein). This is a conse-
quence of the variations in the Donnan potential in order to maintain
the electroneutrality inside the film.

In view of the electrochemical equilibrium (2) it is possible to write
[4]:

~μ i
R ¼ ~μ i

Ox þ νe~μ
M
e þ νH~μ

i
H : ð3Þ

In general, for species i in phaseα, the electrochemical potential can
be written as

~μα
i ¼ μα;θ

i þ RT lnaαi þ PαVi þ zi Fφα ð4Þ

where, μiθ is the standard chemical potential, aiα, the activity of species i
in phase α, P is the pressure, V the molar partial volume, φ the Galvani
potential, and zi is the charge (if any) of species i. Applying Eq. (4) to
Eq. (3), it results:

υe F φM−φi
� �

¼ μθ
Ox−μθ

R þ μM
e þ RT ln

f αOx
f αR

þ RT ln
θn

1−θn
−υHRTpH

þ Pi VOx−VR
� �

: ð5Þ

By convention, μHθ is equal to zero. fi refers to the activity coefficients
and θn is the degree of oxidation, then aOx = fOxθn, and similarly for aR.
The last term is referred to the mechanical work due to the volume
change. However, ifVOx andVR are independent of the oxidation degree,
this term is constant during the oxidation and it may be included in the
internal standard potential, Eint, arising from the term

Eint ¼ μθ
Ox−μθ

R þ μM
e : ð6Þ

Previously [17,29], it was proposed a simple statistical mechanical
model, that also takes into account the effect of proton binding on the
redox potential of the metal/polymer interface. There, the final expres-
sion for the potential reads:

E ¼ Eint‐
υH2:303RT

υe F
pHi‐

RT
υe F

ln
1‐θN;R
� �
1‐θN;Ox
� �
 !2

‐
Δεm
υe F

1‐2θnð Þ‐ RT
υe F

ln
1‐θnð Þ
θn

� �
:

ð7Þ
θN,R and θN,Ox are the fractions of bound protons to R and Ox seg-
ments, respectively.

The terms in Eq. (7) are due to the following effects: The first term,
Eint, is due to the polymer standard redox potential in the absence of
other effects (such as binding and interactions between the redox cen-
tres [17]). The second term is a consequence of the dependence of the
electrochemical reaction on the pH. The third term is due to the proton
binding (acid-base equilibrium). The fourth term is due to the interac-
tion energy between the redox centres, Δεm, and the last one is the
usual concentration ratio in the Nernst equation. The mechanical
work, PðVOx−VRÞ, is included in Eint.

The amount of bound protonsmay be calculated from an expression
of the type:

θN;Ox ¼ KpOx aiHþ
1þ KpOx aiHþ
� � ð8Þ

and similarly for θN,R. Then, taking into account Eq. (8), the third term of

Eq. (7) may be written as:− RT
υe F lnðð1þ KpOxaiHþÞ

ð1þ KpRaiHþÞ
Þ
2
.In a previous work [17]

was demonstrated that the pH dependence of the peak potential in the
presence of an excess of indifferent electrolyte (see curve (•) in Fig. 3
above) can be explained by Eq. (7). At small pH values the second
term in Eq. (7) predominates and Ep decreases with pH. As the pH fur-
ther increases the third and fourth terms becomes increasingly more
important and Ep, levels in the range 0.5 b pH b 1.5) and after it in-
creases (pH N 1.5).

3.2.3. The potential difference at the polymer/solution interface
At equilibrium, this potential difference is the well known Donnan

potential, ED. This has been considered in many physical chemistry
and electrochemistry books and reviews [6–8]. However, in order to
properly consider this magnitude, it is necessary to account not only
the ionic equilibrium, but also the osmotic equilibrium between the
two phases. That is, the solvent equilibrium between the two phases.
To our knowledge, these points have been previously considered but
in a very general way (see for instance Refs. [1,4,5]).

3.2.4. Membrane equilibrium
The system was described in Section 3.2.1. In general, the equilib-

rium condition for constituent i between the two phases is:

~μ i
i ¼ ~μe

i : ð9Þ

Considering Eq. (4), Eq. (9) can be written for the cations, c, as:

PiVc þ μθ
c þ zc Fφi þ RT lnaic ¼ PeVc þ μθ

c þ zc Fφe þ RT lnaec ð10Þ

and similarly for the anions, a,:

PiVa þ μθ
a− zaj jFφi þ RT lnaia ¼ PeVa þ μθ

a− zaj jFφe þ RT lnaea: ð11Þ

From Eqs. (10) and (11), and assuming zc = |za| = 1, we obtain:

πVc þ FED ¼ RT ln
aec
aic

� �
: ð12Þ

Being π=Pi−Pe and ED=φi−φe. A similar expression it is obtained
for the anions. Note that ifπ=0we regain the classical expression of ED
[6] which we will call ED(π = 0). For the solvent, it results:

πVw ¼ RT ln
aew
aiw

� �
: ð13Þ



Fig. 5. Experimental E* data (●) for pure H2SO4, together with those calculated as
described in the text employing Eq. (32) (○). Eint = 0.174 V, pKaR = 1.
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Eliminating ED from Eqs. (10) and (11) we obtain:

π ¼ RT
Va þ Vc
� � ln

aea
aia

aec
aic

� �
ð14Þ

Eliminating π between Eqs. (13) and (14), we obtain themembrane
equilibrium condition as:

aeaa
e
c ¼ f wa

i
aa

i
c ð15Þ

where f w ¼ ½ðaew
aiw
Þ�Q and Q ¼ VaþVc

Vw
.

The Donnan potential can be obtained by eliminating π between
Eqs. (10) and (11).

FEd ¼ RT

Va þ Vc
� �
 !

Va ln
aec
aic

� �
−Vc ln

aea
aia

� �� 	
: ð16Þ

If the activities of anions and cations inside the polymer and the par-
tial molar volumes of anions and cations are known, the above equa-
tions will allow to estimate π and ED. It deserves to point out that only
if fw = 1, it is obtained the usual condition for the Donnan equilibrium
[6]. An expression for π can be obtained from Flory's model [2,28,37]
for polyelectrolyte gels. According to it, π is given by:

π ¼ ln 1−ϕ2ð Þ þ ϕ2 þ χeff ϕ2
2 ð17Þ

where ϕ2 is the volume fraction of the polymer and χeff is the effective
interaction energy (solvent plus electrostatic).

3.2.5. Aproximate evaluation of ED in the case π = 0
Employing the molar scale of concentrations, Ci, the electroneutral-

ity condition (EC) in each phase may be written as:

zcC
e
c þ zaC

e
a ¼ 0 ð18Þ

zcC
i
c þ zaC

i
a þ zFC

i
F ¼ 0 ð19Þ

where CF the concentration of fixed sites and zc, za, and zF, the charges of
the different species. For π = 0

FED π ¼ 0ð Þ ¼ þRT ln
aec
aic

� �
¼ −RT ln

aea
aia

� �
: ð20Þ

From this equation, employing the EC inside the film, (Eq. (18), we
obtain, for a 1:1 electrolyte, a second order equation from which either
Ca1 or Cc1 can be obtained. Replacing one of these, and considering ideal
conditions (activity coefficients equal to unity), it can be obtained an
Fig. 4. Experimental E* data (●) for pure HCl, together with those calculated as described
in the text employing Eq.(32) and different values of pKaR. (■) 0.5, (○) 1.0, (□) 2.0. Eint =
0.180 V vs. SCE.
approximate expression for the Donnan potential:

ED π ¼ 0ð Þ ¼ RT
F

� �
ln 1þ CF

2Cs

� �2
 !1=2

þ CF

2Cs

� �0
@

1
A ð21Þ

where Cs is the salt concentration in the external electrolyte. It is not dif-
ficult to extend this expression to the case of a mixture of two 1:1 elec-
trolytes with a common anion in the external phase. Also, an equivalent
of Eq. (21) may be obtained for a 2:1 electrolyte.

It is interesting to note the following points about ED: (i). The sign of
ED depends on the charge of the fixed sites. If zF b 0, ED is negative and
vice versa. (ii) ED increases in absolute value for increasing CF. (iii) ED in-
creases for decreasing Cs and (iv) For amixture of salts, ED only depends
on the ionic strength of the electrolyte in the external phase.

From Eq. (11) or (12), being π=0, the activity of any species inside
the internal phase may be expressed in terms of ED and the activity of
the external phase. Thus for the case of protons:

aiHþ ¼ aeHþ exp −
zHþED F

RT

� �
ð22Þ

or

pHð Þi ¼ pHð Þe þ
zHþ FED
2:303RT

¼ pHð Þe þ EËCD ð23Þ

where, for compactness in the notation,we have defined E'D= zH+FED/
2.303RT.
Fig. 6. Experimental E* data (○) for HCl + NaCl mixtures of constant μ = 4 M, together
with those calculated as described in the text employing Eq.(32) and pKaR = 2.0, (●).
Eint = 0.187 V.



Fig. 8. ED calculated, as described in the text, (●) pure H2SO4, (○) for H2SO4 + NaHSO4

mixtures of constant μ = 1M, (□) pure HCl, (■) HCl + NaCl of constant ionic strength
μ = 4 M. Eint = 0.180 V.

Fig. 7. Experimental E* data (○) for H2SO4 + NaHSO4 mixtures of constant μ = 1 M,
together with those calculated as described in the text employing Eq. (23) and pKaR =
1.5 (●). Eint = 0.181 V.
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3.2.6. The mechanism of building the concentration of fixed charges in Pani
The amount and type of fixed charges in a polyelectrolytic polymer

with weak acid - base sites will depend on the pH and on the oxidation
state of the polymer. For Pani in the fully reduced base form
(deprotonated form), there will only be –NH– groups. These groups
can be protonated to form –NH2

+– according to the reaction:

–NH– þ Hþ↔–NHþ
2 –; KpR ¼ 1=KaR ð25Þ

where KpR is the protonation constant, KaR is the acid dissociation con-
stant; and obviously KpR = 1/KaR.

If the polymer is in a partially oxidized state, the imine groups will
also undergo a protonation reaction according to:

¼ N– þ Hþ↔ ¼ NHþ–; KpOx ¼ 1=KaOx: ð26Þ
Menardo et al. [38] carried out acid base titrations of half oxidized

Pani and could separate the contributions of the two forms, attributing
to them pKaR = 2.5 and pKaOx = 5.5. Here, we will consider the values
obtained by spectroelectrochemistry, employing thin films under po-
tential control [17,18]: pKaR ≈ 1.0 and pKaOx ≈ 4.5.

The protonation constants for reactions (25) and (26) are:

KpR ¼
a −NHþ

2 −ð Þ
a −NH−ð ÞaiHþ

¼
a −NHþ

2 −ð Þ
a −NH−ð ÞaeHþ

exp −
zHþ FED

RT

� �
ð27Þ

KpOx ¼
a ¼NHþ−ð Þ
a ¼N−ð ÞaiHþ

¼
a ¼NHþ−ð Þ
a ¼N−ð ÞaeHþ

exp ‐
zHþ FED

RT

� �
ð28Þ

where a(−NH2
+−) , etc., are the activities of the corresponding species in-

side the film. It is clear that KpR and KpOx will differ from the values de-
termined in solution due to the presence of ED. Note that if the constant
KpOx is estimated bymeasuring the ratio a(−NH+−)/a(=N−), for example,
spectroscopically, and it is employed the pH outside the film, the con-
stant will be wrong by a factor exp(zH+EDF/RT). This is an important
point to remark becausemanyworkers report thepK values determined
with the polymer as a film in contact with a solution and actually this is
different from that determined with the macromolecules in solution.

In order to estimate EDwith Eq. (21) it is necessary to know the frac-
tions of protonated amines, xR = [−NH2

+−]/C0
R and imines, xOx =
Table 1
pKaR and Eint for the different electrolytes.

HCl + NaCl
μ = 4 M

Pure HCl H2SO4 + NaHSO4 μ = 1 M Pure H2SO4

pKaR 2.0 1.0 1.5 1.0
Eint/V 0.187 0.180 0.181 0.173
[=NH+−]/C0
Ox at equilibrium, that is, when ED is the actual value,

and C0R and C0Ox are the total amounts of amine and imine sites. This
is a difficult task because three quantities, xR, xOx and ED, have to be de-
termined from two equations, Eqs. (27) and (28). However, the three
quantities can be estimated by a numerical procedure.

It deserves to remark that our interest is to evaluate the system at
the peak potential, where the amount of the LE form equals the amount
of the E form.Moreover, aswe said above, in thepH range studied in this
work, only the protonated reduced species (pKaR≈ 1) dissociates as the
pH increases; the oxidized species are always protonated in this pH
range (pKaOx ≈ 4.5).

3.2.7. Evaluation of π for the case of Pani in 1 M H2SO4 solutions
It is important to compare the magnitude of the osmotic work with

the electric one, to ascertain whether or not; the influence of the os-
motic term can be disregarded to calculate ED. The calculation of π for
reduced Pani, together with the estimation of the necessary parameters
is carried out in the Appendix. The conclusion is that, in this case, π is
negligible as compared with ED, for a wide range of salt concentration
values, Cs, in phase 2, and of fixed sites concentration, in phase 1. So,
we will work under the assumption that π is negligible.

3.2.8. The relation between the experimental value of Ep and ED
Replacing Eq. (7) into Eq. (1), for E = Ep and noting that at this po-

tential θ = 0.5 the fourth and fifth terms in Eq. (7) disappear, then we
obtain the following expression for the experimental peak potential.

Ep; exp ¼ Eint−
υH2:303RT

υe F
pHe þ zHþ

FED
2:303RT

� �

−
RT
υe F

ln
1þ KpOxaeHþ exp ‐zHþED F=RTð Þ� �
1þ KpRaeHþ exp ‐zHþED F=RTð Þ� �

 !2

þ ED

ð29Þ

In the case of Pani, υH = υe and zH+ = 1 so ED cancels out and
Eq. (29) becomes:

Ep; exp ¼ Eint‐
υH2:303RT

υe F
pH2‐

RT
υe F

ln
1þ KpOxaeHþ exp ‐zHþED F=RTð Þ� �
1þ KpRaeHþ exp ‐zHþED F=RTð Þ� �

 !2

ð30Þ

This shows that, in electrochemically active polymers where the
concentration of fixed sites depends on the pH, the potential may not
depend directly on ED. However, it indirectly depends on ED through
its influence on the binding contribution (last term in Eq. (30).
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3.3. Analysis of the results. Calculations

3.3.1. Qualitative discussion of the experimental results
The change of the experimental peakpotentialwith thepHof the ex-

ternal solutions is bigger in the solutions of single electrolytes than in
those of constant ionic strength (Fig. 3). According to Eq. (30), there is
only one reason that explains these differences: The Donnan potential
increases as the external ionic force decreases.

According to our previous discussion, the peak potential does not
depend directly on the Donnan potential because it cancels out with
the dependence on the pH due to the electrochemical reaction (given
by the second term of Eq. (30)). However, the potential also depends
on the internal pH (third term of Eq. (30)) due to proton binding. More-
over the proton activity inside the polymer does depend on ED. It has
been stated that ED increases in absolute value for increasing CF, and
also ED increases for decreasing Cs. In the presence of a large amount
of indifferent electrolyte ED decreases very slowly with the pH due to
the decrease of the number of fixed sites. On the other hand, in the ab-
sence of supporting electrolyte ED should increase markedly with de-
creasing the concentration of the external electrolyte. This is the
tendency shown by the experimental values of the peak potential for
different external solutions (Fig. 3).

3.3.2. Calculations
In this section we will attempt to fit Eq. (30) to the experimental re-

sults. To this end, it is convenient to write Eq. (30) in terms of the pH
and the corresponding pKs. It results:

Ep; exp ¼ Eint‐
νH2:303RT

νe F
pHe‐

RT
νe F

ln
1þ 10‐ pHeþEËCd‐pKaOxð Þ
1þ 10‐ pHeþEËCd‐pKaRð Þ

 !2

ð31Þ

It is also convenient to group together in Eq. (31) the experimentally
accessible quantities, the Ep,exp and pHe terms as:

E� ¼ Ep; exp þ νH2:303RT
νe F

pHe

¼ Eint‐
2:303RT

νe F
log

1þ 10‐ pHeEËCd‐pKaOxð Þ
1þ 10‐ pHeþEËCd‐pKaRð Þ

 !2

ð32Þ

Then, wewill compare E* with the predicted theoretical result at the
right hand side. In principle, ED could be evaluated by solving Eq. (32)
numerically. However, this procedure was not robust enough and con-
vergence could not be reached. So, we will proceed in the following
way. In order to calculate ED from Eq. (21) it is necessary to estimate
CF at θ = 0.5. It can be shown that ED does not depend much on CF in
the range 2 M b CF b 6 M. Then, only a rough estimation is necessary.
From the density of Pani (1.4 g cm−3 from Ref. [39]) we get a value of
about 10 M for the concentration of monomers. However, the density
value just quoted is presumably for the dry polymer. For a polymer em-
bedded in an electrolyte it should be smaller than that. On the other
hand, at the peak potential, half of the polymer is in the LE form and
the other half in the E form. In the LE form, each monomer has one
amine group whereas in the E form, half the monomers have amine
groups andhalf themonomers have imines groups. Then, and according
toMenardo et al. [38] in 1MHCl, only 25% of the amine groups in the LE
form are protonated and in the E form 14% of the amine groups and 32%
of the imines ones are protonated. Based on these numbers, the maxi-
mum amount of protonable amine groups is 1.6 M and 0.75 M for the
protonable imine groups. So the total amount of fixed sites is about
CF = 2.35 M. Then, we will employ this value to calculate ED and with
it, the last term in Eq. (23) for different values of pKaR (see Fig. 4). De-
spite the approximation made by employing Eq. (21), the agreement
is reasonable taking into account that most probably, the values for
the acidity constants are different in HCl and in H2SO4 solutions. In
Fig. 4 we compare the experimental E* data in pure HCl solution, with
those calculated employing different pKaR values. The best results are
obtained for pKaR = 1. The values of Eint were determined graphically,
shifting the calculated plot vertically for best coincidence with the ex-
perimental one. Figs. 5 to 7 show the results obtained for the other
electrolytes.

In Table 1 the values of pKaR and Eint are assembled for the different
solutions employed here.

The following features can be noted. First, the Eint values are approx-
imately the same for different solutions, as expected. Second, in the so-
lutions of constant ionic strength the release of the protons, lower
acidity constant (NpKa), seems to be hindered as compared with the
pure electrolytes. This can be attributed to a more efficient screening
of the solutions of constant ionic strength that stabilizes the bound
protons.

Fig. 8 shows the ED values calculated as described in the text above,
with the values of pKaR shown in Table 1 and pKaOx = 4.5. The rationale
behind these values is simple: The values of ED in solutions of the pure
electrolytes increase as the pH increases meaning that, despite the fact
that the concentration of fixed charges decreases, the concentration of
the external solution also decreases making ED to increase. On the
other hand, in solutions of constant ionic strength, ED slightly decreases
as the pH increases. This is due to the fact that the concentration of fixed
charged sites decreases whereas the total concentration of the external
solution remains constant.

4. Conclusions

The membrane equilibrium at the polymer/solution interface was
analyzed and it is concluded that the osmotic work is coupled to the
electrical one. If the former is negligible as compared to the latter, it
will be valid to apply the classical expression for the Donnan potential
(Eq. (20) or Eq. (21)), considering that the activity coefficients may be
equalled to one.

Moreover, it is estimated that, in Pani, π is negligible.
The peak potential in the voltammetric response was measured as a

function of the pH and the ionic strength. The differences in the change
of experimental peakpotentialwith thepHof the external solutions, be-
tween single electrolytes and those at high constant ionic strength, are
attributed to the change of Donnan potential.

The values of ED in solutions of the pure electrolytes increase as the
pH increases meaning that, despite the fact that the concentration of
fixed charges decreases, the concentration of the external solution also
decreasesmaking ED to increase. On the other hand, in solutions of con-
stant ionic strength ED slightly decreases as the pH increases. This is due
to the fact that the concentration of fixed charged sites decreases
whereas the total concentration of the external solution remains
constant.

The experimental results of the peak potential may be explained
through a model that takes into consideration the dependence of
the potential on the pH and the Donnan potential. From this analysis
the following features can be noted. First, the Eint values are approx-
imately the same for the different solutions, as expected. Second, in
the solutions of constant ionic strength the release of the protons,
lower acidity constant, seems to be hindered as compared with
that of the pure electrolytes. This fact can be attributed to a more ef-
ficient screening of the solutions of constant ionic strength that sta-
bilizes the bound protons. For the mixtures of the higher μ, it
results a lower acidity constant, implying that the screening is
more efficient.
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Appendix A. Appendix

A.1. Estimation of π for the case of Pani in 1M H2SO4 solutions

It is important to compare the magnitude of the osmotic work with
the electrical one to ascertainwhether or notwe can disregard the influ-
ence of the osmotic term in ED calculations. In this Appendix we will at-
tempt to estimateπ for the systemPanifilms in 1MH2SO4 solutions. For
the sake of simplicity we will consider here only the reduced polymer.
To this end we will employ Eq. (13) for the osmotic pressure and we
will assumewemay employmolar fractions for the solvent, xαi, instead
of activities, to estimate xw1 and xw2 .

The starting point of the calculation is Eq. (15) that in terms of the
molar concentrations for the ionic species may be written as:

C2
aC

2
c ¼ f wC

1
aC

1
c : ðA:1Þ

Assuming fw = 1 and employing the EC (Eqs. (17) and (18)) we
make a first estimate of either C1c or C1a solving the second order equa-
tion that results from replacing either C1a or C1c into Eq. (15). With this
Fig. A.2. Ed (•) and Ed(π = 0) (□), as a function of the logarithm of the fixed site
concentration CF. C2 = 0.01 M.

Fig. A.1. ED (•) and ED(π = 0) (□), as a function of the logarithm of the external
concentration, C2. CF = 2 M.
valuewe calculate themolar fractions of the solvent that can be approx-
imately expressed as:

x2w ¼ 55:5

55:5þ C2
c þ C2

a

� � and x1w ¼ 55:5

55:5þ C2
c þ C2

a þ C F

� � :

CF was estimated as described in the Section 3.3.2 of the main text.
With these values a new fw is calculated and, employing (Eq. A.1)we re-
calculate new values of C1c and C1a. Then, the process is iterated to con-
vergence. Three cycles are enough to reach a reasonable convergence.
We choose the values of the partial molar volumes as: Vw ¼ 18 cm3, Vc

¼ Va ¼ 30 cm3 . Employing this procedure, we calculated π, ED and
ED(π = 0) for the characteristic volumes mentioned above assuming
an ideal system as a function of C2 and CF. It results that the osmotic
work is very small compared to the electrical one in all cases. The results
of the calculations are summarized in Figs. A.1 to A.3 where we have
plotted in the same plot ED and ED(π=0) keeping inmind that FEDðπ ¼
0Þ ¼ πVc þ FED.
Fig. A.3. ED (•) and ED (π = 0) (□), as a function of the logarithm of the fixed site
concentration CF. C2 = 1 M.
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