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Abstract 

ac-Electrogravimetry has allowed an easy separation of kinetic information to be 

evaluated for all the transferred species in three different H2SO4-structured poly(o-

toluidine) or POT films, POT-NO3

- , POT-ClO4-  and POT-Cl- films when they are 

polarized between the pernigraniline (oxidized) and leucoemeraldine (reduced) forms. It 

is clear that larger anions slow down the electrochemical transitions of POT films, but 

the effects of anion transfer on hydrated protons and free solvent transfers are affected. 

For the same polymeric structure of a POT film, the kinetics of all specie transfers have 

been evaluated considering the size of species, geometric molecular structure, the 

interactions with the polymer structure of POT, the hydrophobicity of species 

transferred, the polymeric rearrangements and the oxidation state of the film. When the 

polymeric structure is not adapted to the anion in solution, the transfer of non-charged 

molecules has a mixed kinetic control depending on anion transfer and mechanical 

contractions/expansions of film. By taking into account all these considerations, the 

versatility of one type of sensor device could be improved and extended to different 

analytical situations. 

 

 

 

Keywords: Intrinsically conducting polymer, Poly(o-toluidine), Electrochemical quartz 

crystal microbalance, Electrochemical impedance spectroscopy, ac-Electrogravimetry. 
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1. Introduction 

Intrinsically conducting polymers (ICPs) have time stability, good processability 

and low relative cost [1–7]. During the last 20 years, ICPs are used in different 

applications like electrochromic devices [8,9], photogalvanic cells [10], artificial 

muscles [11,12], light-emitting electrochemical cells [13,14], biosensors [15–19], 

biofuel cells-based devices [20,21]. The properties of ICPs are directly related to the 

oxidation state of the electroactive sites, which can be modulated by electrochemical 

oxidation/reduction processes. A classical model to interpret electron conduction 

through these redox and conducting films supposes that during these processes, 

electrical conduction through the film needs to pass some potential barriers. First, there 

is the electron transfer at the electrode|film interface. The second potential barrier 

corresponds to the charge transport through the film, which is neglected when the 

deposited polymers are thin enough. At last, there is the exchange of charged species 

(cations and/or anions) at the film|solution interface needed for the electrical charge 

balance. In addition, free solvent transfer between the solution and the polymer often 

occurs in order to satisfy activity constraints. In thin films of ICPs, the apparent kinetics 

are controlled by the slowest of these processes; in fact, the species transfer in the 

film|solution interface is often the rate-determining step. 

A great amount of attention has been paid to understand the effect of the size and 

mobility of the incorporated anions in ICPs [22–33]. In particular, a significant 

influence of the dopant type on the properties of polyaniline and its derivatives has been 

reported. Generally, the most of studies of these films are focused on the transfer of 

charge carriers because they are directly related to the electrical response. Larger anions 

decrease the conductivity of electrogenerated films [22,33–35]. Likewise, other 

responses can be marked by the anion identity, which lead to compact or open film 

structures during the polymerization [26], increase the grow rates of polymerization 

[28], slow the color response [29], increase the stiffness [24] and increase the mean π-

conjugated length [23] of films.  

In spite of this, aspects such as the influence of other participating species, the 

structure of films, or the overlapping with other electrochemical reactions are often not 

taken into account and, finally, global responses are discussed because only few 

analytical techniques can provide information of the dynamic electrochemical events in 

a more detailed way. In-situ coupled techniques can extend the aspects of anion size on 
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electrochemistry of this kind of polymers. As an example, the electrochemical quartz 

crystal microbalance (EQCM) with probe beam deflection can show the influence of 

anion on other mobile species [36–38]. Among all in-situ coupled techniques, ac-

electrogravimetry has revealed, during last few years, an easy and fast discrimination 

between cation and anion transfers involved in the charge compensation process 

together with a noticeable kinetic information when electrochemical and mass 

impedance spectroscopy are discussed together [39–42]. 

In a previous work [43], the ionic and free water transfers were studied in three 

different films of polyaniline generated in HCl, HNO3 and HClO4 aqueous solutions. 

Later, ac-electrogravimetry measurements were carried out in the same monomer-free 

acid solution. Results proved that the anion size clearly affects kinetics of both the anion 

transfer and the free water transfer. However, the anions in the solution of 

electrogeneration largely determine the final structure of 

the generated polymer (compact or open structure) [28]. A priori, the molecular 

structure of the film should define the amount of void space occupied by free water 

molecules and the size of the ionic channels. The inner aqueous matrix of films 

generates a lower viscous medium where anions can move freely according to the 

degree of hydration, as well as, it facilitates the molecular chain motion [24]. Both 

features can change during the electrochemical transitions and, therefore, affect the 

kinetic responses of mobile species [44,45]. 

Among all conductive polyaniline derivatives, poly(o-toluidine) (POT) is one of 

the most studied [37,38,46–52]. This film is chosen in this work because it shows 

electron localization greater than that of polyaniline [53,54]. This fact favors the 

formation of time-stable intermediated structures, polarons and bipolarons, allowing the 

kinetic information of both structures to be discerned and extended to other polyaniline 

derivatives. Recently, a general kinetic scheme of POT in 0.5 M H2SO4 solution with 

three different redox reaction steps was proposed between the oxidized form 

(pernigraniline salt, PN) and the reduced form (leucoemeraldine salt, LE) [45]. The 

polaron form (P) and the bipolaron form (BP) of this film were considered as single 

entities with measurable and individual electrochemical kinetics. The reaction schema 

proposed was: 

LE+�1HSO4
-

       �1       
�⎯⎯⎯⎯⎯⎯�       �1′        �⎯⎯⎯⎯⎯⎯�P+�1e-+�1H2O (1) 
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P+�2HSO4
-

       �2       
�⎯⎯⎯⎯⎯⎯�       �2′        �⎯⎯⎯⎯⎯⎯�BP+�2e-+�2H2O (2) 

BP
       �3′        
�⎯⎯⎯⎯⎯⎯�       �3       �⎯⎯⎯⎯⎯⎯�PN+�3e-+�3H3O+ (3) 

where � is the kinetic constant of expulsion, �′ is the kinetic constant of insertion, � 

represents the number of electrons or available sites inside the polymer for the 

insertion/expulsion of ionic species at each reaction step and � is the number of water 

molecules exchanged during the electrochemical reactions. The redox reactions 

involving the anions (HSO4

- ) and water molecules are faster than the redox reaction 

involving hydrated protons, in other words, �1′ > �3 and �2′ > �3 in the oxidation 

direction and �1 > �3′  and �2 > �3′  in the reduction direction [45]. 

In this work, POT films were generated in 0.5 M H2SO4 solution on gold 

electrodes. These films show a more open structure owing to the properties of bisulfate 

anions [26,28]. The anion composition of the H2SO4-structured POT films was changed 

by cyclic voltammetry using new and different acid solutions (0.5 M HNO3, HClO4 or 

HCl). After voltammetry stabilization, the new adopted electrochemical kinetic of film 

was examined by ac-electrogravimetry to provide an improved understanding of the 

redox behavior at a POT modified electrodes. The main addressed objectives in this 

work are to obtain kinetic information of anions transfer during the electrochemical 

transitions of a H2SO4-structured POT film and the effect of anion identity on the 

transfer of other mobile species, free water molecules and hydrated protons, by 

impedance techniques. In addition, the different anion size can provide and highlight 

more evidences of the kinetic effects of conformational changes of POT films on the 

free solvent transfer [45]. Better understandings about the behavior of this kind of 

polymers front of different analytical situations, as the anion size in this case, are 

essential, and provide an important motivation to improve the design of technological 

devices based specially in sensors. 

2. ac-Electrogravimetry theory 

Gabrielli et al. have already explained in detail the theory of the ac-

electrogravimetry technique for characterizing electroactive polymers [55–59]. Here, a 

quick review for anion transfers is showed as an example, but a similar approach can be 

made for cations, solvent or the summatory of involved species [40,60]. 
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The insertion of anions, A-, in electroactive sites during the redox reaction of 

host polymer 〈P〉 where a single electronic transfer takes place in independent sites can 

be expressed as [45]: 〈P〉+A-

       �A-       
�⎯⎯⎯⎯⎯⎯⎯�       �A-

′        �⎯⎯⎯⎯⎯⎯⎯�〈P+,A-〉+e- (4) 

where 〈P+,A-〉 is the polymer matrix doped with anions. The anion transfers at the 

polymer|solution interface are only taken into account as rate-limiting steps since the 

anion transports inside the thin film and in the solution are supposed to be fast enough 

through thin films or enough concentrated electrolytes [56,61]. 

The net instantaneous molar flux change of anions, Δ�
A-, when a small sine wave 

potential perturbation, ��, is applied can be written as: Δ�A- = �A-��A- − �A-
���� + �A-

′ (�A-
��� − �A-)�A-

��� (5) 

where �
A- is the concentration of anions in the polymer, �

A-

��� is the concentration of 

anions in the solution, �
A-

��� is the maximum concentration of the sites available for the 

insertion in the polymer, �
A-

��� is the minimum concentration of the occupied sites. �
A-  

and �
A-

′  are the kinetic rate constants activated by potential, �
A- = �

A-00��� ��A-(� −�0′)� and �
A-

′ = �
A-00��� ��A-

′ (� − �0′)�, respectively where �0′ is the formal 

potential. �
A- and �

A-

′  are the Tafel coefficients related to the number of electron involved 

in the faradaic process [59,62]: �A- − �A-
′ =

���� (6) 

where � is the gas constant and � is the absolute temperature. At 298 K, �� ��⁄  is 

about 40 V-1 for a single electron transfer (�=1). 

For very thin polymer films, the change of the concentration, Δ�
A-, of the anion 

with potential �� can be simplified to: Δ�A-�� (�) =
−�A-���� + �A-

 (7) 

where � = √−1, � is the angular frequency equal to 2��, � is the perturbation 

frequency and �� is the polymer film thickness. �
A-  and �

A- are defined from linearization of eq (5) as: 
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Δ�A- = �A-Δ�A- + �A-Δ� (8) 

So, �A- = �A- + �A-
′ �A-

��� (9) 

and �A- = −�A-�A-��A- − �A-
���� + �A-

′ �A-
′ (�A-

��� − �A-)�A-
��� (10) 

Based on this model and according to eq (7), the theoretical electrochemical 

impedance, Δ� Δ�(�)⁄ , is [55]: Δ�Δ� (�) = �� +
1����� + �������A- � �A-���� + �A-

� (11) 

where �� is the uncompensated solution resistance, ��� is the double layer capacity, �
A-  

is the valence of the anion, � is the Faraday constant, and � is the active electrode 

surface area. 

By subtracting the non-faradaic contributions, the electrical charge/potential 

transfer function, Δ� Δ�(�)⁄ , can be calculated: Δ�Δ� (�) =
1�� 1Δ�Δ� (�) − �� − ��� (12) 

and by using the eq (11) and (7), this theoretical transfer function is equal to: Δ�Δ� (�) = �����A- � �A-���� + �A-
� (13) 

Finally, the mass/potential transfer function, Δ� Δ�(�)⁄ , is easily deduced from 

eq (7): Δ�Δ� (�) = ����A-�A- � �A-���� + �A-
� (14) 

where �
A-  is the molar mass of anions involved and �

A- only reaches values of +1 

because the mass decreases if the polymer is reduced. In a complex XY plot, eq (14) 

describes a loop on the upper right quadrant. On the contrary, if a cation exchange takes 

place �=-1 and the mass impedance spectrum appears on the bottom left quadrant 

[56,63]. 

From eq (13) and (14), molar mass of exchanged species can be easily calculated 

if only one anion, in our case, is involved: � Δ� Δ�⁄Δ� Δ�⁄ (�) = � Δ�Δ� (�) =
�A-�A-�A-

(�) (15) 
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3. Experimental 

3.1. Film preparation 

The electrochemical polymer deposition and characterization were controlled by 

cyclic voltammetry by means of an AUTOLAB potentiostat-galvanostat set up 

(PGSTAT302) and a lab made oscillator acted as an Electrochemical Quartz Crystal 

Microbalance (EQCM). The three-electrode cell involved a reference electrode 

(Saturated Calomel Electrode or SCE, Tacussel XR 600), a platinum counter electrode 

and the working electrode was a gold electrode (�=0.3 cm2) patterned on a 9 MHz 

quartz crystal resonator (TEMEX, France). The potential of the working electrode is 

always referred to the SCE reference electrode. The polymerization solution was 0.5 M 

H2SO4 (Fisher scientific, for trace analysis) and 0.2 M o-toluidine (Fluka) used as 

received. POT was formed through 100 voltammetric cycles between -0.1 V and 0.9 V 

vs SCE at 100 mV s-1 scan rate (about 40 µg cm-2). All the solutions were prepared with 

deionized and double-distilled water. 

3.2. Film characterization 

The resulting modified electrode was cycled between -0.1 V and 0.9 V in 0.5 M 

HNO3 (Normapur AnalR), in 0.5 M HClO4 (Normapur RP) or in 0.5 M HCl (Normapur 

AnalR) at 100 mV s-1 until a stable cyclic voltammogram was obtained (after 10 cycles 

in general). By this way, the complete substitution of bisulfate anions inserted in the 

film during the polymerization process by the new anion is assumed. pH is 

approximately 0.45 in all solutions.  

After each voltammetry conditioning, ac-Electrogravimetry studies were 

performed at steady-state potentials ranged from 0.55 V to 0.05 V. The microbalance 

was coupled with a four-channel frequency response analyzer (FRA, Solartron 1254) 

and a potentiostat (SOTELEM-PGSTAT Z1). The modified working electrode was 

polarized at a given potential and a sinusoidal small amplitude potential perturbation 

(10 mV rms) between 65 kHz and 0.01 Hz was superimposed. The microbalance 

frequency change, Δ�� and the alternating current response, ��, were sent to the four 

channels FRA, which allowed the electrogravimetric transfer function, Δ� Δ�(�)⁄  and 

the electrochemical impedance, Δ� Δ�(�)⁄ , to be simultaneously obtained. Finally, the 
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fitting of the experimental data to theoretical expressions was carried out by means of 

an optimized version of the Levenberg-Marquardt algorithm. 

4. Results and discussion 

4.1. General trends given by cyclic electrogravimetry 

After generating POT films in H2SO4 solution, the modified electrode was 

cycled in HNO3, HClO4 or HCl acid solutions previously to the ac-electrogravimetry 

experiments. In few voltammetric cycles, the films adopt the identity of the anions of 

new background solutions possibly due to a molecular reconfiguration of the mobile 

polymer chains [24]. Accordingly, three different films can be obtained with particular 

electrochemical properties. The cyclic voltammograms and mass changes of POT-Cl-, 

POT-NO3

-  and POT-ClO4-  films are given in Figure 1. 

The voltammograms always show two redox couples associated to the transfer 

of anions and protons to balance the excess of charge as those reported in the literature 

[36,64]. On the one hand, the couple of peaks observed around 0.2 V correspond to the 

LE⇄P transitions (eq (1)). In this range of potentials, the evaluation of the instantaneous 

slope of the mass/charge profile shows positive values of effective molar mass between 

10-80 g mol-1 owing to the anions transfer (not showed here). These values are always 

lower than the corresponding anions in solutions (�
Cl-

=35.5 g mol-1, �
NO3

- =62 g mol-1 

or �
ClO4- =99.5 g mol-1). A counter flux of free water molecules per anion could explain 

this behavior also called exclusion effect [45]. On the other hand, the couple of peaks 

close to 0.4 V show the evolution of the BP⇄PN transitions (eq (3)). Now, the 

mass/charge profile has a slope around -10 g mol-1 close to the molar mass of hydrated 

protons (�H3O+=19 g mol-1). A lower value than 18 g mol-1 can be due to overlapped 

anions transfers of the P⇄BP transitions (eq (2)) which takes place at intermediate 

potentials without apparent redox couple and with positive values of the charge/mass 

slope (coupled anion/water transfer). This last transition can be discerned by absorbance 

changes around 700 nm during the cyclic voltammetry [64,65] or from ac-

electrogravimetry [45]. 

<Figure 1> 
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4.2. Degradation effect and potential selection 

Previous results were essentials to start the subsequent kinetic study of POT by 

impedance-based techniques as ac-electrogravimetry. On the one hand, the degradation 

by hydrolysis of this kind of films is well-known owing to an over oxidation step at 

anodic potentials [66–68]. In our experimental conditions, Figure 1 does not show 

significant changes of mass in HClO4 and HNO3 solutions between 0.7 V and 0.9 V. In 

similar conditions, the degradation of this kind of films was proved clearly by 

bidimensional spectroscopy beyond 0.9 V vs. Ag/AgCl/KCl (3 M) [69]. On the 

contrary, the increase of intensity between 0.7 and 0.9 V in HCl solution is 

accompanied by a mass decrease possibly due to a small film hydrolysis. This 

hydrolysis slightly reduces only 0.5 µg cm-2 the amount of film deposited through the 

voltammetric cycles of stabilization (10 cycles). This fact does not affect the 

electrochemically useful information obtainable by ac-electrogravimetry because the 

oxidation peaks does not change significantly during the stabilization. On the other 

hand, hydrogen evolution and formation of hydrogen bubbles on the electrode surface 

can affect seriously the electrogravimetry results given by the microbalance at cathodic 

potentials in these experimental conditions. By considering this, ac-electrogravimetry 

experiments were performed at potentials below 0.7 V in order to avoid the irreversible 

loss of film by hydrolysis and above 0 V in order to avoid a significant hydrogen 

evolution. 

4.3. Kinetic model 

<Figure 2> 

Figure 2 shows the evolution of both experimental transfer functions 

(Δ� Δ�(�)⁄  and Δ� Δ�(�)⁄ ) obtained by ac-electrogravimetry at some representative 

potentials for the POT-NO3

- , POT-ClO4-  and POT-Cl- films. 

Only from electrochemical impedance spectroscopy, two different charge 

transfers (one fast and one slow) can be discriminated at 0.4 V in the POT-ClO4-  film as 

Figure 2c shows. In POT-NO3

-  and POT-Cl- films, only one charge transfer is observed 

in the experimental data of Δ� Δ�(�)⁄  at all polarization potentials applied (Figure 2a 

and e). The fastest process of Δ� Δ�(�)⁄  in Figure 2a, c and e can be associated with 

the anion transfer since the experimental data of Δ� Δ�(�)⁄  at high frequencies appear 
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on the upper right quadrant in Figure 2b, d and f. In all films, the fast anion transfer 

should be implied in the fast charge balance as counter-ion. On the contrary, the slowest 

processes in Δ� Δ�(�)⁄  correspond to the opposite transfer of hydrated protons since 

the experimental results at lower frequencies are located on the bottom right (at 0.4 V in 

Figure 2d) or on the bottom left quadrants (at 0.5 V in Figure 2b, d, and f). In spite of 

H3O+ is the smallest ion, the chemical protonation/deprotonation of electroactive sites 

during the hopping between donors and acceptors amine groups in the polymer 

backbone similar to the Grotthuss mechanism would slow the H3O+ transfer in the 

polymer|solution interface during the BP⇄PN transitions [42,70,71]. The simultaneous 

analysis of both transfer function is very useful to confirm more than one contribution 

in the charge transfer process. 

<Figure 3> 

From the mass/charge transfer function (eq. (15)), the experimental apparent 

molar mass of exchanged species in ac regime are calculated. Figure 3 shows the 

evolution of ��� ��(�)⁄  at lower frequency perturbation (10 mHz). In this manner, 

faster and slower processes are involved and can be evaluated. Like in voltammetry, the 

positive values are between 0.05 V and 0.4 V where LE⇄P⇄BP transitions are 

expected. The obtained values lower than the molar mass of the corresponding anion 

confirm the counter flux of water molecules even in steady-state conditions. On the 

contrary, the experimental mass/charge transfer function is negative between 0.4 and 

0.55 V where BP⇄PN transitions take place due to the transfer of hydrated protons. If 

there were a degradation of the polymer by hydrolysis at 0.55 V, ��� ��(�)⁄  would 

show higher values than -20 g mol-1 because the molar mass of one monomer of o-

toluidine is about 107 g mol-1. The results prove sufficiently the stability of film at the 

studied potential range in ac-electrogravimetry. 

Accordingly, three species transfers (two charged species and one non-charged) 

during the electrochemical reactions of the three POT films can be considered. Firstly, 

kinetic parameters, where only charged species participate, are obtained from fitting, 

based on eq (13) of the experimental data, Δ� Δ�(�)⁄ . For that, the following 

modifications of theoretical equation were carried out: 

<Table 1> 

i) A quasi-vertical branch was observed at more cathodic potentials in all films 

(i.e. inset of Figure 2a) for low frequencies. This indicates the presence of a little 
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contribution of hydrogen evolution. To eliminate this charge contribution, a ��, �� 

series circuit is added to eq (13). As it was expected for a cathodic reaction, �� 

increases, and �� decreases to more cathodic potentials (Table 1). 

ii) The calculation of thickness from charge data does not always offer an 

indisputable evidence because all electroactive sites along the polymeric chain of 

polymer are not necessarily oxidized or reduced [72–74]. Moreover, the thickness of 

film may change depending on the polarization potential [75–79]. As a result, the 

thickness of resultant polymers was not so easily estimated and for this reason, an 

apparent kinetic parameter �′ = � ��⁄  was used instead. Accordingly, ���� was also 

rewritten such as ��. 

iii) Eq (13) defines a perfect semicircle on the impedance plan plot characteristic 

of uniform surface of films when �=1 in (��)�. Sometimes, experimental results show 

depressed semicircles. This discrepancy is phenomenological replicated in this field by 

using the constant-phase element (� ≠1). Many factors can affect the values of � as it 

was explained in ref [45]. As the physical meaning of this element is not clear, (��)� is 

mathematically used to achieve the best fittings in this work. � values close to an ideal 

system (� ≈ 0.9) for all involved species were obtained. 

In view of that, �� ��(�)⁄  theoretical transfer function (in C cm-2 V-1), in case 

of a single cation and anion contribution, is such as: Δ�Δ� (�) = � � �A-�A-

(��)�A- + �A-
′ +

�H3O+�H3O+

(��)
�H3O+

+ �H3O+
′ � +

1�� +
1���� (16) 

where �
A-=�H3O+=1 and A- may be NO3

- , ClO4-  or Cl- depending on background solution. 

Once the best-fit parameters values are obtained by fitting of the theoretical 

transfer function given by eq (16) to the experimental Δ� Δ�(�)⁄ , they are fixed in the 

next equation for the fittings of experimental �� ��(�)⁄  (in g cm-2 V-1). Taking into 

account the considerations ii and iii, eq (14) can be modified to obtain the 

electrogravimetric transfer function where, in addition, the free solvent transfer is also 

considered: Δ�Δ� (�) =
�A-�A-�A-

(��)�A- + �A-
′ +

�H3O+�H3O+�H3O+

(��)
�H3O+

+ �H3O+
′ +

�H2O�H2O�H2O

(��)�H2O + �H2O
′  (17) 

The transfer direction and molar masses (����) of species can also be fixed 

taking into account the results of Figure 3. Then, �
Cl-

=�
NO3

- =�
ClO4- =+1 which means that 
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the anions ions leave the polymer during the reduction. Meanwhile, �H3O+�H3O+ is -19 

g mol-1 owing to the insertion of hydrated protons during the reduction. The transfer 

direction and molar mass of free solvent was also fixed as �H2O�H2O= -18 g mol-1 

assuming the exclusion effect promoted by the anion transfer. So, only these parameters 

concerning to the free solvent had to be found from fittings. The continuous lines in 

Figure 2 for all films show a very accurate fittings of eq (16) and (17) considering the 

proposed model. 

However, we have not found good correlations between both transfer functions 

from 0.35 V to 0.2 V in POT-Cl- films with the proposed model. At 0.3 V in HCl 

solutions, the real part of ��� ��(�)⁄  takes values above �
Cl-

 indicating the insertion 

of anions with water molecules between 160 mHz and 40 Hz of perturbation frequency 

(not showed here). On the contrary, ��� ��(�)⁄  is lower than �
Cl-

 at lower frequency 

perturbations (Figure 3). Therefore, a more complex mechanism should be considered at 

these potentials for the POT-Cl- film. 

This last fact was not observed in previous work where ac-electrogravimetry of 

polyaniline in HCl solutions has shown good results at all polarization potentials [43]. 

In this case, the generated film in HCl solutions has probably ionic channels adapted to 

the size of Cl-. Here, the ionic channels are formed from the template leaving by HSO4-  

during the electrogeneration, for this reason, the film shows an open structure and not 

adapted to the size of Cl-. The effects of the molecular arrangements on the species 

transfers would be shown more clearly in these conditions, as it will be commented 

below. Consequently, let us consider this special transfer model to future 

works with the intention not to extend the discussion of the results presented here. Thus, 

we discuss only the few kinetic results of POT-Cl- films at the potentials where both 

transfer functions have been correlated with the theoretical kinetic model proposed here, 

eq (16) and (17). 

4.4. Localization of electrochemical reactions on potential scale 

The electrochemical transitions of POT films at steady-state conditions can be 

placed on the potential scale by means of the derivative of the surface insertion laws �Γ�(�) ��⁄  for each species transfers obtained from the �� ��′⁄  ratios [45]. The peaks 

have the same meaning as the theoretical derivation of a voltammetric response of an 
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electrochemical process but, in this case, they correspond to the transfer of only one 

specie associated to one electrochemical transition. Figure 4 shows �Γ�(�) ��⁄  of POT-

NO3

-  and POT-ClO4-  films. Unfortunately, this could not be done from the few data of 

POT-Cl- film. 

Theoretically, �Γ�(�) ��⁄  (in mol cm-2 V-1) peaks for each one of the � species 

can be defined as [43,45,80]: ����′ (�) =
�Γ��� (�) =

�� − ��′
4

Γ���� − Γ�������ℎ2 ��� − ��′
2

�� − ��,��� (18) 

where Γ���� is the maximum surface concentration of the sites available for the 

insertion in the polymer, Γ���� is the minimum surface concentration of the sites 

occupied and ��,� is the peak potential where �Γ�(�) ��⁄  is higher. If Γ���� is assumed 

as 0 mol cm-2, information about �� − ��′, Γ���� and ��,� can be easily found by fitting 

the experimental results with eq (18) for each transfer process by taking into account 

previous data [65]. Table 2 and Table 3 summarize the parameters obtained by the 

fitting procedure and the continuous lines in Figure 4 are the resulting fitted curves. 

<Figure 4> 

<Table 2> 

<Table 3> 

As the polarization potentials were applied from 0.55 V to 0.05 V, we can 

consider the reduction of films to facilitate the discussion of results. In a POT-NO3

-  film 

(Figure 4a), the first redox reaction corresponds to the PN→BP transition around 0.55 V 

with the participation of H3O+. Next, the BP→P transition occurs at 0.43 V and finally 

the P→LE transition takes place around 0.11 V with the participation of NO3

-  and free 

water transfer. 

In POT-ClO4-  films, the anions inserted in the structure of polymer 

affects the order in which the electrochemical reactions occur. The PN→BP transition 

takes place around 0.44 V (Figure 4b); however, the more anodic peak of ClO4-  and free 

water transfers associated to BP→P transition take place previously, around 0.49 V 

(Figure 4d and f). In the voltammetric responses of the films (Figure 1), the mass 

increases in the reduction direction owing to the insertion of H3O+ in POT-NO3

-  films. 
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On the contrary, a constant mass is observed in the reduction of POT-ClO4-  film between 

0.9 V and 0.4 V. This overlapping explains the shape (soft) of the more anodic 

voltammetric peak in the reduction direction with respect to the sharp shapes observed 

by other films. 

Finally, the second expulsion of ClO4-  and insertion of H2O takes place together 

with a smaller and slow H3O+ transfer around 0.1 V where the P→LE transition is 

expected. This H3O+ transfer could not be observed by fast cyclic 

spectroelectrogravimetry in the similar experimental conditions [81]. However, Hillman 

et al. observed a H3O+ transfer during the LE⇄P transition of POT-ClO4-  films working 

at lower pH [37]. The strong interactions between anions and POT and the different 

chemical properties of anions could explain the differences between POT-ClO4-  films 

and other films like POT-NO3

-  film or POT-HSO4-  films of ref [45]. 

On the one hand, ClO4-  are more hydrophobic than NO3

-  or Cl- following the 

Hofmeister series of anions [82]. Around 0.5 V, the insertion of hydrated protons during 

the PN→BP transition and the expulsion of anions during the BP→P transition increase 

the hydration degree of POT film. Moreover, deprotonated PN sites can be chemically 

protonated by means of acid/base equilibrium to form BP sites [83,84]. These facts 

could be the cause of the expulsion of these anions at more anodic potentials. 

On the other hand, the H3O+ transfer around 0.1 V could be due to the packing 

of films. Degradation studies of similar polymers doped with different anions have 

shown their great affinity with ClO4-  ions [34,68].The width of peaks characterized by �� − ��′ is around 20 V-1. Up to day, we still have difficulties to give an explanation of 

this result since the existence of a previous chemically controlled step of the single-

electron transfers [85] or considering the apparent transfer of half electron during the 

electrochemical reaction may also be considered with the same numerical result in eq 

(6). However, lower values than the theoretical value of 40 V-1 can also indicate an 

increase of lateral interactions between random distributed electroactive sites during the 

electrochemical reactions of film assuming a Frumkin-type isotherm [81,86–89]. Values 

of �� − ��′ parameter point out this fact since �� − ��′ of ClO4-  always has a lower value 

than this quantity for NO3

-  in both BP→P and P→LE transitions. The polymer-anion 
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interactions in POT-ClO4-  films constrain polymer chain dynamics increasing the 

stiffness of film with respect other doping anions [24]. Moreover, the formation of coil 

structures during this transition could hinder the transport of the tetrahedral anions 

inside the film in spite of hydrated film at 0.1 V [81]. Thus, the charge would be 

balanced by the entry of H3O+ as a counter-ion during the P→LE transition because a 

small number of ClO4-  could not exit from the packed polymer. In this occasion, H3O+ 

would not act as a reactant ion as it occurs during the PN→BP transition. Consequently, 

ClO4-  inserted in the POT increases the amount of H3O+ transfer, total ΓH3O+
���  = 29 nmol 

cm-2, in comparison with NO3

-  where ΓH3O+
���  = 19 nmol cm-2 (Table 2 and Table 3). 

The spatial distribution of anions inside the film was found different taking into 

account the results of Γ
NO3

-

��� and Γ
ClO4-��� in Table 2 and Table 3 respectively. ClO4-  anions 

inserted in the film allow a similar amount of P (25 nmol cm-2) or BP (31 nmol cm-2) 

sites. On the contrary, bipolaron form is preferred in presence of NO3

-  (46 nmol cm-2) 

than polaron form (28 nmol cm-2). The addition of both quantities shows that NO3

-  

allows more sites to be electroactive (76 nmol cm-2) than ClO4-  allows (56 nmol cm-2) in 

the film because smaller anions reduce the separation between electroactive sites [23]. 

However, dealing with how the anion size influences the stability of polarons or 

bipolarons needs more and further studies to clarify. On the other hand, ΓH2O
��� in both 

electrochemical transitions are similar in both films independently of the size of anion 

inserted (about 115 nmol cm-2 in the BP→P transition and about 55 nmol cm-2 in the 

P→LE transition). The exclusion effect by anions is not a pure process during the free 

water transfer, as it will be discussed below. 

4.5. Easiness of species transfer at the polymer|solution interface 

<Figure 5> �� could be mathematically interpreted as the inverse of a charge transfer 

resistance at the polymer|solution interface, 1 ��⁄ = ��� [90]. It refers to the easiness of 

the transfer of species during the electrochemical reactions of POT films. Figure 5 

shows the variation of �� with respect to the potential for all the involved species in 

these three films. As it can be seen, �� curves show a peak-shaped evolution for POT-
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NO3

-  and POT-ClO4-  films. For anions and free water transfers, two peaks should be 

expected because both species are involved in two different electrochemical processes 

(Figure 4). However, anions and solvent transfers show only one peak of �� centered at 

0.3 V. This particular behavior is explained if we consider that the same species can be 

inserted in two different sites in the structure of the film (P and BP form) as it was 

theoretically exposed in ref [45]. Thus, the easiness of specie transfers during the 

P→LE transition are �� values between 0.05 V to 0.3 V, on the other side of peak, �� 
values correspond to BP→P transition. 

Using the commercial software ChemBio3D Ultra v. 12.0 ChemBioOffice 2010, 

the volume of anions can be estimated from the Connolly Solvent Excluded Volume. 

The volume of ClO4-  is about 47 Å3, about 32 Å3 for NO3

- , about 29 Å3 for Cl- and about 

10 Å3 for H3O+ and water molecules. The easiness of anions to cross the 

polymer|solution interface is strongly affected by the kind of the involved charged 

species. The easiness decreases in the order �
Cl-

>�
NO3

- >�
ClO4- . �

NO3
-  is 2-3 times higher 

than �
ClO4-  at all polarization potentials. This is not in accordance with the ClO4- NO3

-�  

volume ratio (�
ClO4- �

NO3
-�  ≈ 1.5). Likewise, �

Cl-
 is 2-3 times higher than �

NO3
-  at same 

potentials and this does not correspond with the NO3

-
Cl-�  volume ratio (�

NO3
- �

Cl-
⁄  ≈ 1.1). 

The open structure of H2SO4-structured POT is associated with a great 

hydration of film facilitating the chain motions and generating a low viscosity medium 

where anions can move freely [24]. However, the size cannot explain by itself these 

results. These can be explained based on the molecular geometry of anions. By taking 

into account that the POT film has the same structure, the tetrahedral molecular 

geometry of ClO4-  could involve more transfer difficulties than the trigonal planar 

molecular geometry of NO3

-  to cross the polymer|solution interface during the BP→P 

and P→LE transitions. In HCl solutions, the spherical and monoatomic nature of Cl- 

allows the easiness transfer to be achieved at the studied polarization potentials in spite 

of the similar size between NO3

-  and Cl-. 

Our model allows the effects of anion size on the transfer of other species to be 

also quantified. On the one hand, the free solvent transfer is noticeably easier in POT-
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NO3

-  films than in POT-ClO4-  films at all polarization potentials and mainly at 0.3 V 

(Figure 5b). The tetrahedral ClO4-  further hinders the free water transfer than planar 

NO3

- . However, the free solvent has more difficulties to cross the polymer|solution 

interface in in the POT-Cl- films between 0.05 and 0.15 V (P→LE transition). The small 

H3O+ transfer detected at these potentials can affect �H2O. On the contrary, the easiness 

of free solvent is slightly higher than �H2O of POT-NO3

-  film at potentials close to 0.4-

0.45 V (BP→P transition). In this occasion, the molecular geometry of inserted Cl- 

cannot explain these results. 

Hydrated protons transfer has an upper limit at about 0.5-0.4 V as shown in 

Figure 5c. In POT-NO3

-  and POT-ClO4-  films, �H3O+  has a similar maximum value about 

0.13 µmol s-1 cm-2 V-1. However, proton transfer occurs only around 0.45 V in POT-

NO3

-  film whereas it takes place in the larger potential range for POT-ClO4-  film. The 

proton transfer in the POT-Cl- film seems to be in a wide range of potentials like in 

POT-ClO4-  film but �H3O+  reaches the highest values when it is compared among all 

films around 0.5 V (PN→BP transition) and around 0.1 V (P→LE transition). The 

molecular geometry of inserted Cl- favors an easier transfer of H3O+. 

4.6. Rate of species transfer at the polymer|solution interface 

<Figure 6> 

Figure 6 shows the potential dependence of ��′ for the three films. This 

parameter is related to the kinetic constants of the electrochemical reactions (eq. (9)) 

and is mathematically interpreted as the inverse of time constant (1 ��⁄ ). As it was 

expected, the results show that the smallest anion is the faster one and the series is �
Cl-
′ >�

NO3
-

′ >�
ClO4-′  because the nature of anions influences the motion of charge carriers 

(P or BP) along the chains [33]. The results show that NO3

-  is always transferred faster 

than ClO4-  at all the studied polarization potentials. Here, �
NO3

-

′ �
ClO4-′�  ratio is about 1.6 

and it is in accordance with the NO3

-
ClO4-�  volume ratio (�

ClO4- �
NO3

-�  ≈ 1.5) but �
Cl-
′ �

NO3
-

′�  ratio is about 2 and it does not correspond with �
NO3

- �
Cl-

⁄ ≈1.1. Here, the 
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spherical monoatomic nature of Cl- enhances the rate of transfer to cross the 

polymer|solution interface in spite of the similar size and mobility. It is possible that the 

anion size influences the rate of transfer only when polyatomic anions participate in the 

charge balance of POT. 

Likewise, the smallest anion allows the faster free water transfer to be achieved. 

The POT-NO3

-  film allows the free water transfer to be about 2-4 times faster than the 

POT-ClO4-  film depending on potential. However, the free water transfer is not 

significant faster in POT-Cl- films than POT-NO3

-  during the LE→P transition (between 

0.05 V and 0.15 V). On the contrary, POT films with Cl- stored inside allow the water 

transfer to be faster (about twice) during the P→BP transition (0.4-0.5 V) with respect 

to POT-NO3

-  film. The fast transfer of free water molecules explain the results reported 

in previous works because a pure anion transfer cannot be reached at the experimental 

time scales [36]. 

The hydrated proton transfer is kinetically similar in all films with an upper limit 

of �H3O+
′  about 3 s-1 and it can be considered like an anion-independent mechanism. The 

protonation/deprotonation of sites during the PN⇄BP transitions has not be influenced 

by the anions in solution owing to the small size of H3O+. The Grotthuss mechanism 

proposed to this process to the transport of protons inside the film could be the rate-

limiting step of this transfer. The anion in solution affects the potentials where the 

fastest H3O+ transfer takes place. Like in �� results, the maximum transfer rate of the 

hydrated proton is centered at 0.45 V in POT-NO3

-  films. On the contrary, the proton 

transfer takes place in a wide range of potentials in the POT-ClO4-  film and it could be 

also assumed in POT-Cl- films. In spite of the double role of H3O+ commented for the 

POT-ClO4-  films, the H3O+ transfer shows similar kinetic rates during the PN→BP 

transition (around 0.5 V) and the P→LE transition (around 0.1 V). 

4.7. Additional factor affecting the free solvent transfer 

Hillman et al. have suggested a slow-moving solvent counter flux with a fast 

anion exchange for the POT films in HClO4
 solution [36]. However, the results by ac-

electrogravimetry points to a fast transfer of water molecules influenced by the anions 
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in solution. The smaller and planar anion (NO3

- ) would not block the water transfer as 

larger ClO4-  ions do since �H2O in the POT-NO3

-  film is higher than in POT-ClO4-  film. 

Cl- does not affect the water transfer to satisfy activity constraints during the P→LE 

transition around 0.1 V and for this reason, �H2O shows the lower values. However, the 

smaller size of Cl- allows the water transfer to be easier than other anions when a 

number of Cl- is already inside the film at 0.4-055 V. 

Transfer of neutral solvent, as free water molecules, there is no a priori 

relationship with the injected charge (kinetically controlled conditions) and can be 

controlled by a non-ideal thermodynamic behavior (non-linear film solvation with 

charge state) [91,92]. Here, the exit of large enough anions from POT leaves vacancies, 

which can be occupied rapidly by incoming free solvent molecules during the reduction 

reactions [45]. In POT-ClO4- , the similar values of �
ClO4-′  and �H2O

′  in Figure 6 confirm 

this fact. Therefore, the water transfer is kinetically controlled through the anion transfer 

when the anion is large enough or at particular potentials. 

However, some results point to a different process kinetically controlled, which 

could affect de transfer of non-charged species: 

i) the transfer of free solvent between POT and solution is governed by NO3

-  

(�
NO3

-

′ ≈ �H2O
′ ) except at 0.25-0.3 V where �H2O

′  increases quickly (�H2O
′ =250-300 s-1 in 

Figure 6b) in the POT-NO3

-  film. 

ii) between 0.35 V and 0.2 V in POT-Cl- films, the electrochemical response, Δ� Δ�(�)⁄ , and the electrogravimetric response, Δ� Δ�(�)⁄ ), could not be correlated 

as it was commented above. 

iii) from �ΓH2O(�) �Γ
A-(�)�  ratios, the evolution of the number of water 

transferred between the film and the bathing solution per anion can be followed [93,94]. 

Taking into account the molecular volume, one molecule of NO3

-  or Cl- could replace 

three water molecules while one molecule of ClO4-  about five water molecules. This 

number is not always an integer number, as predicted by the volume ratio (Figure 7). In 

a dynamic polymer, the structural changes of POT should have a great influence on 

these exclusion proportions. In special, about one molecule of water is excluded per 

anion around 0.3 V independently of POT film. 
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<Figure 7> 

By integrating the simulated insertion law of Figure 4, the variation of the 

number of each involved species per surface unit for the three transitions when the 

polarization potential is decreasing in both POT-ClO4-  and POT-NO3-  films can be 

observed in Figure 8. At potentials where the species are kinetically faster in both films 

(about 0.3 V), the most of the electroactive sites are protonated owing to the complete 

PN→BP transition. Simultaneously, about 90 % of anions are expelled and about 97 % 

of water molecules are inserted for the BP→P transition. Therefore, the faster transfer 

of species takes place when POT has a maximum of polaronic sites perhaps 

homogeneously distributed together with a little proportion of bipolaronic sites in the 

polymeric backbone [95]. 

<Figure 8> 

That is in agreement with molecular models showing that a fully polaronic form 

is a serious structural perturbation with respect to the other forms of the polymer 

[73,96]. Consequently, this particular polaronic combination could enhance the transfer 

of charged species between the film and the solution as the kinetic results (��′ and ��) 
show around 0.3 V in both films. The smaller anions do not only govern the water 

transfer because the film could act like a molecular pump. This mechanical movement, 

which can be controlled by injected charge in the polymeric chain (kinetic control), 

creates or consumes film free volume where the water can be inserted. This fact is in 

agreement with the increase of water permeation observed in fully reduced POT films 

which swell as the acid concentration in the electrolyte solution increases [50]. The 

increase of anions inside of film excludes water molecules but increases the free volume 

where the water molecules can be inserted at the same time. In these experimental 

conditions and polymer structure, the results do not point to non-ideal thermodynamic 

behavior of free water transfer [91]. 

4.8. Approximation to the mechanical expansion/contraction of polymer 

Together with the changes of films thickness promoted by the formation of coil 

structures around 0.3 V during the formation of polaronic sites [65], POT films may 

change the volume to store all species inside the film. From the volume of specie (��) 
transferred during the redox transitions an apparent variation of the film thickness (Δ��′ ) 
can be calculated as following [97]: 
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Δ��′ = �����Γ��� (19) 

where �� is the Avogadro number and � is A-, H3O+ and H2O. 

Eq (19) can be an indirect estimation of the evolution of the POT film thickness 

with respect to the applied potentials in HNO3 and HClO4 solutions (Figure 9). The 

larger size of anions leads to a more swollen film when it is completely oxidized. 

During the potential perturbation in ac regime, both structural changes due to the 

insertion/expulsion of species and polymer reconfiguration can affect the transfer of 

non-charged species. On the contrary, the charged species are only controlled by the 

electroneutrality achieved inside the film. By resolving the potential-derivative Δ��′ , one 

of the faster changes takes place at 0.3 V between the BP→P and P→LE transition. The 

second faster change is at 0.5 V (around PN→BP transition) and involves the H3O+ 

transfer when the most of anions are inserted in the polymer. However, it does not 

enhance the transfer of free water molecules as �H2O
′  results show at these potentials. 

These results corroborate the mixed mechanism (anion-dynamic polymer) proposed by 

the transfer of free water. 

<Figure 9> 

5. CONCLUSION 

ac-Electrogravimetry has allowed kinetic information to be separated and 

evaluated for all the transferred species in three different H2SO4-structured POT films, 

POT-NO3

- , POT-ClO4-  and POT-Cl- films. This information is not easily achieved by 

traditional analytical techniques. For the same polymeric structure of a POT film, the 

monoatomic Cl- is exchanged easier and faster than a polyatomic anion with a similar 

size and mobility (NO3

- ). However, the ClO4-  transfer shows different difficulties owing 

to the big size, geometry and interaction with the polymer structure. Moreover, the 

features of ClO4-  allow the water transfer of POT-ClO4-  films to be controlled by an 

exclusion effect at all polarization potentials, or in other words, at all different structures 

of films (LE, P, BP and PN forms). In H2SO4-structured POT films with smaller dopant 

anions, it was clearly possible to discuss about a mixed process around 0.3 V vs SCE, 

which increases the rate of water transfer: the transfer of anions together with 

mechanical contractions/expansions of film (both kinetically controlled). At this 



July 17, 2014 

23 

potential, the insertion law points to a polymeric structure formed predominantly by 

polaron sites. The H3O+ transfer is moderately affected by the anion in solution owing 

to the chemical protonation/deprotonating reaction, which control this transfer during 

the PN⇄BP transitions, even when this cation acts as counter-ion around 0.1 V in 

HClO4 solutions during the LE⇄P transitions. 
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TABLES 

Table 1. Values of the parameters �� and �� for the parallel reaction obtained for the 

fitting of the experimental data with eq (16). 

 HNO3 HClO4 HCl � 
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�� 

kΩ cm
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�� 

mF cm
-2
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kΩ cm
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�� 
mF cm
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kΩ cm
2 

�� 
mF cm
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0.40 
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0.30 
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0.15 
0.10 
0.05 

- 
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1.0 
1.3 
6.7 
8.8 
7.5 
6.5 

- 
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0.8 
0.8 
1 
2 
37 
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18.2 
22.3 
16.1 
10.4 
5.4 
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5 
2 
2 
1 
11 
17 
47 
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- 
- 
- 
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14.8 
10.6 
8.2 

- 
- 
- 
- 
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3 
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121 
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Table 2. Parameters used in the simulated curves of �Γ�(�) ��⁄  in eq (18) from the data 

of Figure 4 for the POT-NO3

-  film. PN→BP is the pernigraniline-bipolaron transition, 

BP→P, the bipolaron-polaron transition and P→LE, the polaron-leucoemeraldine 

transition. 

Transition process PN→BP BP→P P→LE 

Specie � H3O+ NO3
-  H2O NO3

-  H2O Γ���� / nmol cm-2 19 46 118 28 53 �� − ��′ / V-1 16 16 21 14 17 ��,� / V 0.554 0.429 0.440 0.115 0.103 
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Table 3. Parameters used in the simulated curves of �Γ�(�) ��⁄  in eq (18) from the data 

of Figure 4 for the POT-ClO4-  film. PN→BP is the pernigraniline-bipolaron transition, 

BP→P, the bipolaron-polaron transition and P→LE, the polaron-leucoemeraldine 

transition. 

Transition process PN→BP BP→P P→LE 

Specie � H3O+ ClO4-  H2O ClO4-  H3O+

 H2O Γ���� / nmol cm-2 25 31 111 25 4 59 �� − ��′ / V-1 17 14 22 12 23 17 ��,� / V 0.437 0.481 0.497 0.122 0.101 0.096 
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FIGURES CAPTIONS 

Figure 1. Cyclic voltammogram (a) and mass response (b) obtained with a 100 mV s-1 

potential scan rate of a gold electrode modified by POT-NO3

- , POT- ClO4-  or POT-Cl- 

film. Open symbols indicate the oxidation direction and filled symbols the reduction 

direction. 

 

Figure 2. Charge/potential transfer function (a, c and e), Δ� Δ�(�)⁄ , and 

electrogravimetric transfer function (b, d and f), Δ� Δ�(�)⁄ , at different polarization 

potentials of a gold electrode modified by POT-NO3

-  (a and b), POT-ClO4-  (c and d) or 

POT-Cl- (e and f) film. The continuous lines are the theoretical curves calculated from 

eq (16) and (17). 

 

Figure 3. Mass/charge transfer function at low frequency, ��� ��(��)⁄ , on potential 

scale of a gold electrode modified by POT- NO3

- , POT- ClO4-  or POT-Cl- film. 

 

Figure 4. Changes of the derivative of the insertion law with respect to the potential, �Γ�(�) ��⁄ , at different polarization potentials of a gold electrode modified by POT-

NO3

-  (a) or POT-ClO4-  film (b) obtained by fitting Δ� Δ�(�)⁄  and Δ� Δ�(�)⁄  with the 

theoretical functions, eq (16) and (17), respectively. The continuous lines are the 

simulated curves of �Γ�(�) ��⁄ , eq (18), using the parameters in Table 2 and Table 3. 

PN→BP is the pernigraniline-bipolaron transition, BP→P, the bipolaron-polaron 

transition and P→LE, the polaron-leucoemeraldine transition. 

 

Figure 5. Change of the kinetic parameters, �
NO3

- , �
ClO4-  and �

Cl-
 (a), �H2O (b) and �H3O+  

(c) on potential scale of a gold electrode modified by POT- NO3

- , POT- ClO4-  or POT-Cl- 

film obtained by fitting Δ� Δ�(�)⁄  and Δ� Δ�(�)⁄  with the theoretical functions, eq 

(16) and (17), respectively. 

 

Figure 6. Change of the kinetic parameters, �
NO3

-

′ , �
ClO4-′  and �

Cl-
′  (a), �H2O

′  (b) and �H3O+
′  

(c) on potential scale of a gold electrode modified by POT- NO3

- , POT- ClO4-  or POT-Cl- 
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film obtained by fitting Δ� Δ�(�)⁄  and Δ� Δ�(�)⁄  with the theoretical functions, eq 

(16) and (17), respectively. 

 

Figure 7. Predicted variation of the ratio �ΓH2O(�) �Γ
A-(�)�  on potential scale as an 

estimation of the number of water molecules which is associated with the transfer of 

A- = NO3

- , ClO4-  or Cl- of a gold electrode modified by POT- NO3

- , POT- ClO4-  or POT-

Cl- film respectively obtained by the corresponding simulated curves of �Γ�(�) ��⁄ , eq 

(18). 

 

Figure 8. Predicted variation of the global insertion law by integration of the simulated 

partial curves of �Γ�(�) ��⁄  for all the involved species on potential scale of a gold 

electrode modified by POT-NO3

-  (a) or POT-ClO4-  film (b) obtained by fitting Δ� Δ�(�)⁄  and Δ� Δ�(�)⁄  with the theoretical functions, eq (16) and (17), 

respectively. PN→BP is the pernigraniline-bipolaron transition, BP→P, the bipolaron-

polaron transition and P→LE, the polaron-leucoemeraldine transition. 

 

 

Figure 9. Predicted variation of the relative thickness ∆��′  of a gold electrode modified 

by POT-NO3

-  or POT-ClO4-  film from eq (19) on potential scale (a) and the 

corresponding potential-derivative ∆��′  (b). 
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