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Abstract The oxidation rates of polypyrrole films at different
temperatures fit Arrhenius plots, allowing the obtention of the
activation energy for the reaction. The activation energy
increases for rising thicknesses, up to 4 um, of the polymer
film and decreases for rising film thicknesses. Those values
include the constant chemical activation energy and the energy
required to relax the polymeric structure allowing the entrance
of anions from the solution. The existence of a maximum on
the polymeric relaxation energy points to a parallel change on
the film molecular structure during the electropolymerization
time. The variation of the diffusion coefficient per degree of
temperature for the counterions, as a function of the film
thickness, is similar to that obtained for the activation energy.
Diftusion coefficients were obtained from the electrochemical
stretched exponential describing a range of relaxation
behaviors in disordered and non-equilibrium systems.

Keywords Conducting polymers - Activation energy -
Polypyrrole - Thickness - Diffusion coefficient -
Stretched functions

Introduction

Oxidation and reduction reactions are produced by current
flow through films of conducting polymers in presence of
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an electrolyte. During oxidation, every chain of the polymer
film is transformed in a polymer salt, wearing rising
number of positive charges uniformly distributed along
the polymeric backbone and balancing counterions that
penetrate from the solution. One of the reactant, the
polymeric chains, located in a solid (or a dense gel)
polymeric film and the other, the ions, in the electrolyte.

During oxidation reactions, under prevalent interchange of
anions, the film swells. During reduction the film shrinks.
Dimensional changes, or volume variations in films of
conducting polymers, have been followed by different
methodologies, or estimated from experimental densities and
weights of the dried oxidized and reduced films, in some of
the pioneering works of the electrochemistry of conducting
polymers [1-13]. Those changes were confirmed at micro-
scopic level by “in situ” AFM, ellipsometry, or in situ
electrogravimetry [14—19]. Based on those volume changes,
new electro-chemo mechanical actuators, or artificial
muscles, are being developed from 1992 [20-25].

Those complex processes induced by the reaction are being
modelized by the electrochemically stimulated conformational
relaxation model [26-31]. This self-consistent model (without
adjustable parameters) tries to integrate electrochemistry,
polymer science, mechanics, and thermodynamics.

According with this model, films of conducting poly-
mers having a prevalent interchange of anions between the
film and the solution during reaction shrink during
reduction. The structure is closed still under partial
oxidation trapping up to 40% [32] of the counterions
present under full oxidation state. The reduction and
packing of the conformational structure by expulsion of
the remaining counterions becomes slower. Reproducible
reduced and packed states can be obtained, starting from an
oxidized material, by reduction at the same cathodic
potential for the same reduction time.
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Any subsequent oxidation by anodic potential steps
gives chronoamperograms showing a maximum (Fig. 1).
By integration, the evolution of the consumed charge (Q vs. f)
with time is obtained. From the polymer weight (w) and the
Faraday constant (F, C mol ") the evolution of the counterion
concentration, as specific concentration, [Q/(Fw), mol g '] in
the film during oxidation is obtained, giving the oxidation
kinetics: variation of the counterion concentration with time.
Those are kinetics having an induction time. Taking slopes at
the induction time for different reactant concentrations or
different temperatures as initial oxidation rates the reaction is
proved to occur under chemical kinetic control [33-37].

The attained rate constant, or rate coefficient, results a
function of the conformational packing initial state used for
the oxidation and obtained by electrochemical reduction at
different cathodic potentials for the same reduction time
[33]. The activation energy, obtained in a similar way,
includes two components: the chemical activation energy of
the reaction plus the conformational energy of the initial
reduced and packed state [34-36].

On the other hand, the influence of thickness of
conducting polymer films on corrosion protection [38, 39]
for smart windows [40, 41], related to electrical [42—45]
and electrochemical [46-51] properties, or for sensor
responses [52—56] has been previously presented. The
standard rate constant (k,) for electron-transfer between
Pt/PEDOT(PSS) and Fe(CN)g* "* decreases very fast for
increasing film thicknesses [57]. Similar results were
obtained for the oxidation rate constants of PEDOTH [58]
also for polyaniline, poly(o-methylaniline), and poly(o-
methoxyaniline) [40]. Strain measurements and strain rate
changes during oxidation/reduction also present great
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Fig. 1 Chronoamperometric response for a 2.65-um thick polypyrrole
film in 0.1 M LiClOy, acetonitrile solution after reduction at —1,200 mV
at room temperature for 60 s and subsequent oxidation at 18°C by
potential step to 200 mV. Three different regions are indicated with the
concomitant kinetic control process: a nucleation-conformational
relaxation kinetic control, » chemical kinetic control, and ¢ diffusion
kinetic control
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changes for film thicknesses changing from the nanometer
to the micrometer range [59].

Here, by using chemical kinetic methodologies, we
will try to obtain and to analyze the activation energy of
the reaction from polymer films having different film
thickness.

Experimental

All the electrochemical experiments were performed
using a potentiostat-galvanostat Autolab PGSTAT100.
Pyrrole (Fluka) was purified by distillation under vacuum
at 20 mbar, using a diaphragm vacuum pump MZ 2C
SCHOTT. Once distilled, it was stored at —15°C.
Acetonitrile (Panreac, purity (HPLC) >99.9%) and lithium
perchlorate (Aldrich, purity >98%) were used as received.
A platinum electrode having 1 cm? surface area (0.5 cm?
plate) was used as working electrode and, a stainless steel plate
having 4 cm? of surface area was used as counter electrode.
The reference electrode was a Metrohm of Ag/AgCl
(3 M KCl) electrode. Ultrapure water was obtained from
Milli-Q equipment.

Polypyrrole films were electrochemically obtained from
0.1 M LiCIO4 and 0.1 M pyrrole acetonitrile solution with
1% of water content, by flow of different anodic polymer-
ization charges (to obtain different film thicknesses)
through the working electrode, under polarization at a
constant potential of 900 mV vs. Ag/AgCl (3 M KCI).
After polymerization, the coated electrode was rinsed with
acetonitrile. The weight of the dry electrogenerated film
was obtained from a Sartorious SC2 balance having a
precision of 1077 g. The morphology of the obtained films,
and the film thickness, was obtained by scanning electron
microscopy (SEM Hitachi S-3500 N, 5 kV, 106 pA electron
energy, and 30% beam current). When the temperature was
studied, the temperature of the cell was maintained by
means of a Julabo F25 cryostat (£0.1°C). All the other
experiments were performed at room temperature.

The study of the oxidation reactions and the electro-
chemical control of the films were performed in 0.1 M
LiClO,4 acetonitrile solution after de-aeration by N,
bubbling for 10 min before each experiments. Every new
film was checked by cyclic voltammetry in the 0.1 M
LiClO, acetonitrile solution between —700 and 300 mV
vs. Ag/AgCl, at 50 mV s '. The voltammetric control was
repeated after potentiostatic steps to ensure that the
polymer film has not deteriorated. Before initiating the
kinetic experiments, the polymer film was submitted to
several potential steps to ensure the steady-state chro-
noamperometric response. When the film was degraded, a
new film was electrogenerated; a new experimental series
was started, and the previous results were repeated.
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Results and discussion

Polypyrrole films were electrogenerated on clean platinum
electrodes from 0.1 M LiClO4 plus 0.1 M pyrrole and 1%
Milli-Q water, acetonitrile solutions by a potential step from
0 to 900 mV at room temperature. The different thicknesses
were attained by keeping the oxidation times required to
flow increasing polymerization charges: 150, 300, 450,
600, 675, 750, 900, 1,200, 1,400, 1,600, and 1,650 mC
(The times of generation are different for different thick-
nesses). Those charges were obtained by integration of the
experimental chronoamperograms recorded during film
generations (see Supplementary information).

Once rinsed with acetonitrile and dried, the weights of
every film was obtained using a SARTORIOUS SC2
balance. If we assume a uniform film, the thickness can
be calculated:

h=w/(Sp) (1)

where £ is the thickness of the polymer film, w is the film
weight, S is the area of the working electrode, and p is the
polypyrrole density (p=1.54 g cm>) [20].

The film thicknesses were checked by scanning electron
microscopy (SEM Hitachi S-3500 N). From different films
weighing 0.1204, 0.2279, 0.6803, and 0.8373 mg having a
calculated average thickness (calculated from Eq. 1) of
0.78, 1.48, 4.41, and 5.43 um, respectively, micrographic
thicknesses of 0.56 (Fig. 2a), 1.3 (Fig. 2b), 4.15 (Fig. 2c),
and 5.64 um (Fig. 2d) were obtained. Thickness calculated

Fig. 2 SEM micrographs from
polypyrrole films electrogener-
ated by flow of a 225, b 450,
¢ 900, and d 1,600 mC

from the polymer weight and those measured from the
SEM results are quite similar.

As it should correspond to a Faradic electrogeneration, a
good linear relationship exists between the thickness of the
electrogenerated films, calculated from the film weight
according to Eq. 1 (Supplementary information) and the
charge consumed during the electrogeneration [60]. The
charge consumed to obtain 1 mg of material of 2.28 C/mg
was obtained.

Electrochemical control of the electrogenerated films

Once electrogenerated, the oxidation reaction of the electro-
generated films was studied. The electrochemical behavior,
or electroactivity, of polypyrrole in LiClO,4 acetonitrile
(AN) solutions can be summarized, in a simplified way, as:
[pPy“*(ClO4™),], + n(ClO4™)

sol

+ m(AN)S [ppy<n+a>+ (CIOs~ )n+a(AN)m] .

+ n(67 )metal (2)

where the different sub-indexes mean: s, solid and sol,
solution and pPy represents the active center on the neutral
polypyrrole chains that will participate on the oxidation
reaction storing a positive charge at the end of the reaction.
The term [pPy*'(ClO,"),], indicates the difficulty to get a
totally reduced material. The number of positive charges a
indicates the difficulty to obtain a totally reduced film.

@ Springer
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Rising packed initial states will promote decreasing values
of a. The electrochemical oxidation corresponds to the
forward reaction, and the electrochemical reduction corre-
sponds to the backward reaction.

The electrochemical activity of each electrogenerated film
was checked by voltammetric and by chronoamperometric
controls in 0.1 M LiClO,4 acetonitrile solutions. Control
voltammograms for increasing polypyrrole thickness were
obtained between —700 and 300 mV vs. Ag/AgCl at
10 mV s ' at room temperature (see Supplementary
information). Increasing areas, which means rising
charges, are involved in both, oxidation (positive currents)
and reduction (negative currents) processes from films of
rising thickness. In the same solution, the electrochemical
activity of the films also was checked by potential steps
from —1,200 mV, kept for 60 s to 200 mV.

By integration of the anodic chronoamperograms, or the
anodic voltammograms, the charge consumed during oxida-
tion of the polymer films was obtained. Supplementary
information shows the linear increase of the charge required
to oxidize the film as a function of the charge consumed
during the polymerization process or of the film thick-
nesses. The expected result for the combination of two
Faradic processes is obtained: electrogeneration of the films
(constant charge to generate one weight unit of the polymer
films) and electrochemical activity of the attained films
(constant charge required to oxidize one weight unit of the
polymer films).

Oxidation kinetics and activation energy

The oxidation rate, according with Eq. 2 should be
expressed as:

+18
r = Ael~E/RD[C10,7]° [pPy } (3)

where r represents the oxidation rate of the polymer; 4¢"“*%)
is the rate constant or rate coefficient, K; A is the pre-
exponential factor, E, is the activation energy, R is the
universal gas constant (R=8.314 J K" mol ™), and T is the
temperature; and « and (3 are the reaction orders and [pPy ] is
the concentration of active centers in the film, understood as
those points on the chains where a positive charge will be
stored after oxidation. The oxidation rate 7, as mol s ' cm °,
can be obtained at any reaction time from the experimental
charge O (C) flowing through the electrode during a time ¢,
the electrode area, S (cm?), the Faraday constant F
(96,485 C mol "), and the film thickness, / (cm):

r = Q/(tFSh)mols~'cm™ 4)

And taking into account that Q/(#-S) is the current density, i
(mA cm?) a second expression for the oxidation rate, as
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function of the current density flowing during oxidation
through the coated electrode is obtained:

r = i/(Fh) (5)

Considering the polymer weight of every studied film, the
reaction rate also could be expressed as a function of the
specific current, j (mA mg '). From Eq. 4 and considering
that the product S7 is the film volume:

r=Q/(tFV) = Qp/tFw = ip/Fw = jp/F (6)
Coming back to Eq. 3 and by taking logarithms:

Inr =Ind — E,/RT + aIn[CIO;~] + B1n [pPy*] (7)

So, under chemical kinetic control a semilogarithmic
relationship should be expected from Eq. 7 between the
reaction rates and 7™ ":

Inr=%k—E,/RT (8)

where k = In4 + o In[C1O4 7] + BIn[pPy’].

Equation 7 indicates the experimental procedure that
must be followed to obtain the activation energy: every film
must be submitted to oxidation reactions at different
temperatures from the same initial reduced state and
keeping constant either, [ClO4 ] (them, aln [ClO4 ], will
be constant) and [pPy ] (the term, 3 In [pPy "], will become
constant). Experimental results obtained from films having
different thicknesses only could be compared if the
potentiostatic oxidation always starts from the same initial
state. With this aim, all the films were oxidized and swollen
at 200 mV for 30 s at ambient temperature in order to erase
structural memory from any previous treatment. Then they
were reduced by potential step to —1.20 V for 60 s to get a
similar initial reduced and packed structure for the subse-
quent oxidation. Both, reduction potential and reduction time
are high enough to get a similar reduced (see reduction
chronoamperograms at the Supplementary information) and
packed conformational structure every time.

In order to check Eq. 8, the electrode, once reduced and
packed at ambient temperature, was lifted from the solution
into the nitrogen atmosphere of the closed cell and the bath
was adjusted to the working temperature. When the cell
solution attains this temperature, the coated electrode was
returned into the solution and submitted to the oxidation
potential step: from the initial state, readapted now by
prepolarization at —1,200 mV for 1 s to 200 mV vs. Ag/AgClL.
The procedure of reducing and packing at ambient tempera-
ture and oxidation at the working temperature was repeated for
every film at different temperatures.

Figure 3 shows the experimental oxidation chronoam-
perograms obtained at —10°C, —3°C, 4°C, 11°C, 18°C, 25°C,
and 32°C from each of the films thicknesses of 0.67, 1.88,
3.47, and 5.41 um.
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Fig. 3 Chronoamperometric responses for polypyrrole films in 0.1 M
LiCIO,4 acetonitrile solution. The coated electrode was reduced every
time at —1,200 mV at room temperature for 60 s, then the electrode was
extracted from the solution into the nitrogen, and the cell temperature
was adjusted to a different temperature every time: —10°C, —3°C, 4°C,

All the chronoamperometric responses show a maximum
after the initial sharp peak corresponding to the charge of the
electrical double layer (polymer/solvent and polymer/metal).
By integration of those responses, the chronocoulograms
(Supplementary content) were obtained, representing the
oxidation kinetics. Those are kinetics having an induction
time obtained by intersection of the slope at the inflection
point with the abscise axe. That slope, dQ/ds, is the initial
oxidation rate that we are looking for in order to check Eq. 8
[34, 61]. The slope at the inflection point of the chronocoulo-
gram is the current at the chronoamperometric maxima.

In order to adjust dimensions, those currents are trans-
formed to the reaction rates using Eq. 5. Finally, from the
experimental results for the different studied thicknesses, a
semilogarithmic variation of the reaction rate at the chro-
noamperometric maxima, as a function of (1/7) (Fig. 4), was
obtained.

All the experimental Arrhenius plots (Eq. 8) present high
correlation coefficients (>0.95). The concomitant activation

11°C, 18°C, 25°C, or 32°C. The electrode was then put back into the
solution and submitted to the potential step from —1,200 mV, kept for
1 s, to 200 mV vs. Ag/AgCl kept 60 s and then reduced at =500 mV.
The procedure was repeated for different film thicknesses (0.67, 1.88,
347, and 5.41 pum)

energies for the different film thicknesses are obtained from
the slopes.

Two different trends can be observed. The activation
energy increases for rising thicknesses of the film up to
4 um (Fig. 5a). From there the activation energy decreases
for increasing thicknesses of the polypyrrole film. By
combining Egs. 4 and 8:

E, =K —RTIn(1/h), or, E, = K" — RT In(1/w) 9)

where K’ =kRT —RT In[Q/ (tFS))or K" = kRT — RT In[Qp/tF].

Figure 5b shows a semilogarithmic plot between the
inverse of the thickness and the obtained activation energy.

Kinetic results indicate the presence of two different
processes or structures inside the material [62]. By
impedance measurements, an important change on the
relaxation characteristic frequency also was found in
polypyrrole films after a polymerization charge of 60 mC
(3 wm) on ITO [63]. The apparent diffusion length
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Fig. 5 a Evolution of the activation energy (£,) as a function of the
film thickness. b Semilogarithmic plot of the inverse of the thickness
vs. the activation energy
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coefficients. a Experimental oxidation chronoamperogram. b Oxida-
tion chronocoulogram obtained by integration of the chronoampero-
gram showed in a. ¢ In (1-0Q/Q,) vs. ¢ obtained from b. The reaction
time for starting diffusion kinetic control is indicated on every figure
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coefficient. Stretched exponentials have been used to fit a
range of relaxation behaviors in disordered and non-
equilibrium systems [70-72], with § being an empirical
value [73].

Of relevance to its use herewith pPy redox, such a
function can be used to describe a system with a distribution
of relaxation times, for example due to different local
environments or conjugation lengths.

The empirical stretched exponentials were deduced by
the first time on a physical chemical bases by the ESCR,
describing the chronoamperometric results from conjugated
polymers when the redox process occurs under diffusion
kinetic control [74].

It should be noted that when =1, such a fit corresponds
to any part of the chronoamperogram occurring in absence
of conformational relaxation control [30]:

I4(t) = bQge ™" (11)

Table 1 Slopes and origin ordinates obtained by linear regressions
from the plot of the diffusion coefficient vs. the square of the films
thickness

T(¢C) K

Slope (cmzsflumfl) Origin ordinate (cm2sfl) ”
4 5.90 1071° 329 10710 0.98
11 1.16 10° 291 107'° 0.95
18 129 107° 333 10710 0.91
25 195 10°7° 3.59 10710 0.91
32 234 10° 404 1071 0.92

Under those conditions, the total oxidation charge and the
charge consumed at any oxidation time, ¢, after the potential
step are related by:

In[l — 0/0] = —bt (12)

where the diffusion coefficient, D, from the solution, across
the already oxidized material toward the film oxidation
front is included by b:

D = bh* /2 (13)
where 4 is the thickness of the polymeric film. The constant
b can be obtaining by plotting In (1-0/Q,) vs. ¢, once the

conformational relaxation kinetic control along the chro-
noamperograms has finished; Q is the charge consumed at

2.50E-010 ~
2.00E-010
1.50E-010

1.00E-010

DTV em?s’ec”

5.00E-011

0.00E+000 T

3
h/pm

Fig. 8 Slopes obtained by linear regression of the lines shown in
Fig. 7b for different thickness of the polypyrrole films
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every time ¢ after the potential step; and Q, is the total
charge obtained by integration of the complete chronoam-
perograms. This procedure is shown in Fig. 6.

For every temperature, the slope obtained from the plot
In (1-Q/Q,) vs. t, in the region where the diffusion is the
predominant process, is the constant b, allowing the
obtention of the diffusion coefficient, D, of the counterions
across the swelling polymer during the oxidation process.

Increasing diffusion coefficients are obtained for increas-
ing polymer thicknesses (Fig. 7a), giving linear dependen-
cies with the square of the film thickness as predicted by
Eq. 13. Table 1 shows slopes, origin ordinates, and
correlation coefficients for the representation of D vs. h?
following Eq. 13.

The diffusion coefficient for every film thickness
increases linearly with temperature (Fig. 7b). For these
linear regressions slopes represent the variation of the
diffusion coefficient per degree of temperature (D/T, as
em?® s '°C™") for each of the studied film thicknesses.

Figure 8 shows the evolution of this diffusion coefficient
per degree of temperature, as a function of the film
thickness. This evolution is parallel to that of the activation
energy with the film thickness. The diffusion coefficient of
counterions inside the swelling polymer film is related to
the film molecular packing structure [65, 66]. Temperature
also influence conformational movements rate. In this way,
results from Fig. 8 point to a change on the average
molecular structure of the film for thicker films than 4 um.
Under this structural picture results from Figs. 5 and 8 point
to a possible change of the molecular structure (decreasing
cross-linking, branching points, and/or degradation points
along the chains) for films thicker than 4 pm obtained
during film’s electrogeneration.

This interpretation should be supported by the fact that
the kinetic studies of the film electrogeneration support the
simultaneous presence of polymerization and degradation
processes (understood as cross-linking, branching, and
nucleophyilic attacks) promoted by simultaneous solvent
or contaminants oxidation on the platinum electrode [75—
77]. The relative weight of those parallel reactions will
decrease for rising film thicknesses: the monomer oxidation—
polymerization occurs at the polymer—solution interface and
the solvent or contaminants discharge at the Pt—polymer
interface. The accessibility of this interface to water or
contaminants decreases for rising film thicknesses.

Conclusion
As conclusion, at the chronoamperometric maxima the
potentiostatic oxidation of polypyrrole films in acetonitrile

solutions occurs under kinetic control of the reaction. At
different temperatures, the reaction rate follows the
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expected Arrhenius expression, allowing the obtention of
the activation energy for the full process.

The activation energy for the oxidation of polypyrrole
films in acetonitrile solution presents two different regions
as a function of the film thickness. The activation energy
increases when the thickness rises up to 4 um, then the
activation energy decreases for increasing thicknesses.

The diffusion coefficient of the counterions inside the
swelling material required to complete the oxidation
process increases as a function of both film thickness and
temperature. The variation of the diffusion coefficient per
degree of temperature as a function of the film thickness is
similar of that found for the activation energy, presenting
the same two regions.

A change of the film molecular structure is proposed to
occur during the electropolymerization time: more rigid,
cross-linked and branched for thinner films (<4 pm), and
with longer, non-degraded, chains for thicker films.
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