w
=
=
e
g
w
[
B
g
™
s

Makies

www.MaterlalsVIews.com

Structural and Biomimetic Chemical Kinetics: Kinetic
Magnitudes Include Structural Information

Toribio F. Otero* and Jose G. Martinez

Electrochemical reactions in films of conducting polymers involve reac-

tive chains, exchanging ions and solvent with the electrolyte under current
flow. The reaction induces structural changes: conformational movements

in chains and swelling, shrinking, compaction, and relaxation processes in
the reactive dense gel. Conformational movements and structural changes
induced by reactions are not included by today’s chemical kinetic models.
Using different packed conformations as initial states for the study of the
reaction kinetics in films of different conducting polymers, rate coefficients,
activation energies, and reaction orders related to the concentration of active
centers in the film change with the structure of the selected initial state. The
kinetic magnitudes include and quantify conformational and structural ener-
getic states. Therefore, the reaction activation energy includes the constant
reaction activation energy and the conformational energy of the initial packed

of conducting polymers!'? triggering the
electrochemical reaction.

In this context actuation related to reac-
tive conducting polymers means genera-
tion of movements in artificial muscles;
charge/discharge in batteries; absorbance,
transmittance, or reflectance change in
smart windows; porosity or permselec-
tivity variation in smart membranes;
transducting and translating electronic
pulses into specific ionic pulses, and vice-
versa, all taking place under faradic con-
trol of each device actuation.[3-1]

Quantitative descriptions of those bio-
mimetic devices, or of the parallel biolog-
ical reactions and functions, are outside

404  wileyonlinelibrary.com

state. The electrochemically stimulated conformational relaxation model

describes the empirical variation of the kinetic magnitudes.

1. Introduction

New, reactive (electrochemical) and biomimetic devices such as
batteries, [ smart windows,* smart membranes, artificial
muscles,”®] nervous interfaces,!”'% or drug delivery systems!'!l
are being produced from conducting polymers (CP) and elec-
trolytes (liquid, gel, or solid). Two main facts are present
during the electrochemical actuation of any of those devices:
a) the chemical composition (polymer-ion-solvent) of the CP
films shifts and b) interactions between electric currents and
chemical reactions in the film involve reactive polymer chains,
conformational movements of the chains, ionic exchange, and
solvent exchange between the film and the electrolyte. A similar
variation exists and analogous events occur during reactions
in living cells from biological organs. Most of the biological
reactions involving reactive biopolymers induce conforma-
tional movement of the reactive chains. The main difference is
that in biology the action is triggered by ions delivered from
nerves (providing differential electrical and chemical informa-
tion) instead of the electronic exchange with metals from films
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current chemical and physico-chemical
models. In our laboratory we are exploring
chemical kinetic methodologies applied to
conducting polymers, including structural
aspects such as swelling, shrinking, com-
paction, or relaxation induced by the electrochemical reaction
in order to develop structural chemical and electrochemical
kinetics.231 As reactive dense gels, any conducting polymer
can be considered as a material model (only one reactive macro-
molecule, one anion, one cation, and one solvent) for the study
of biomimetic chemical kinetics.

1.1. Driving Reactions

Actuation in any of those biomimetic devices which constitu-
tive conducting polymers experience a prevalent exchange of
balancing anions with the electrolyte during p-doping is driven
by the following oxidation/reduction reactions:['316:28]

[(Pol" *)(AT)(S)m]
+ne_

(Pol) + n(A™) + m(S) =
1)
metal

where Pol” represents the active centers in the polymeric chains
of the film, understood as those places along the polymeric
chains that are able to store a positive charge after oxidation;
A~ is the anion exchanged with the electrolyte for charge bal-
ance inside the film (n anions are exchanged to compensate the
n electrons removed from the polymeric chains that generate n
positive charges); S represents a solvent molecule (m molecules
of solvent are exchanged for osmotic balance); and the sub-
script gel indicates that the material is an expanded gel and the
subscript metal indicates that the extracted electrons are trans-
ported by a metallic substrate.
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Scheme 1. Ideal neutral polypyrrole chain. Reproduced with permis-
sion.l"3] Copyright 1999, Kluwer Academic/Plenum.

Similar reactions can be written for conducting polymer-
macroanion blends exchanging cations during p-doping!'>-17:22
or for CPs exchanging cations during n-doping2%21:3242l, Con-
clusions here attained from reaction 1, can be translated also to
those polymers exchanging cations during reactions.

1.2. Reaction-Induced Structural Changes

Scheme 1 represents the structure of an ideal lineal chain of
neutral polypyrrole where rotations between two consecutive
monomeric units, C-C ¢ bonded, are allow.

The oxidation of this benzenoid structure promote the change
of the double bond distribution getting flat electron delocalized
quinoid structures (polarons) represented by Scheme 2.

Rotations between consecutive monomeric units become
hindered inside the new structure: conformational structural
changes (Figure 1) are induced by the electrochemical oxida-
tion. Reaction (1) can be expressed as Scheme 3.

Reaction-induced conformational movements allow struc-
tural bidimensional (Figure 1) representations of the reaction.

When the chains take part of films the oxidation induces
(Figure 1b) 3D structural relaxation of the chains and swelling
of the film: free volume must be generated to lodge the coun-
terions arriving from the solution and that are required for
charge balance. During the electrochemical reduction, elec-
trons are injected to the polymer chains, the positive charges
are eliminated, the counterions are expelled towards the solu-
tion, and the film shrinks from the strong polymer-polymer
attractive forces. The average distance between chains becomes
shorter than the counterion diameter when the film still is
partially oxidized and the structure closes. Being a soft mate-
rial with a high percentage of reduced structures (structure 1
allowing free rotation between consecutive monomeric units)
a slow reduction and subsequent conformational compaction
of the polymeric structure goes on at high cathodic overpo-
tentials. Therefore, conformational movements in chains and
macroscopic swelling, shrinking, closing, and compactation of
the films are structural changes induced by reactions.!3#443]
Reversible macroscopic dimensional changes induced in films
of conducting polymers by electrochemical reactions are being
followed using different experimental methodologies.[*6-6%

Scheme 2. Polaron generated in a polypyrrole chain. Reproduced with
permission.'3 Copyright 1999, Kluwer Academic/Plenum.
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1.3. Reactants

In Reaction (1) the reactants are the active centers (Pol#) along
the chains (most of them inside the film) and the anions (A7)
in solution. The electron transfer only occurs, under anodic or
cathodic overvoltages, when both reactants can meet simul-
taneously inside the film. Thus, if the anion present in the
electrolyte is too big, the conformational movements cannot
generate enough free volume to allow its penetration into the
film and the oxidation does not take place, even at high anodic
overpotentials.*]

1.4. Shift of the Intermolecular Interaction

A first consequence of the simultaneous emerging positive
charges and conformational movements in chains during reac-
tion is the continuous shift of the magnitudes of the crossed
intermolecular interactions between chains, solvent, and ions
inside the reactive gel. A second consequence is that the reac-
tion kinetics (activation energy, reaction orders, and reaction
constants) can include quantitative information about both
structural changes (conformational compaction, relaxation,
shrinking, and swelling) and intermolecular interaction varia-
tions along the reaction.
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Figure 1. Electrochemically stimulated conformational changes.
a) A crosslinked structure stores five positive charges during oxidation
generating, by conformational movements, the free volume required to
store five anions penetrating from the solution and five electrons are
transfer to the metal. b) Similar structural changes from a 3D structure.
Reverse processes occur during electrochemical reduction. Reproduced
with permission.*3]

In this context, the solvent cannot be considered as a reac-
tant in the restrictive sense that its chemical structure suffers
deep changes during Reaction (1). Nevertheless, it can have, as
in most biological reactions do, a great influence on the reac-
tion kinetics. Getting more packed or swollen structures for
reduced or oxidized states, in different solvents, should depend
of the polymer-solvent and ion-solvent interactions inside the
films. When those different structures are used as initial states
for oxidation or reduction reactions, respectively, different reac-
tion rates should be expected keeping a constant value for the
rest of the variables acting on the reaction rate.

H H

N /M

H H solid film

H H

| _

- I\|I / I\‘I n( 4)n (ne )metal
H H

Scheme 3. Reaction (1).
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Here, chemical kinetic methodologies will be revisited and
described when the chemically induced structural changes are
considered. The empirical variation of the reaction activation
energy, the reaction coefficient (reaction constant), or the reac-
tion orders as a function of the packed conformational struc-
ture of the initial state for the reaction will be studied and quan-
titatively justified.

2. Reaction Kinetics

The empirical oxidation reaction rate of a conducting polymer
film (here polypyrrole) according with Reaction (1) is:

d[Pol*] d[Pol] e B

r=mg T a ATy @
where k (L mol™' s71) is the rate coefficient of the oxidation reac-
tion; r (mol s™' L7!) is the oxidation reaction rate; ¢ is the reac-
tion order related to the counterion concentration in solution; 8
is the reaction order related to the polymer active centers; and
[Pol”] is the concentration of active centers in the polymer film.

The charge consumed to oxidize the film, Q,, (C), allows
the obtention of this concentration variation along the reaction
time:[7]

<0
Pol*| = 3
[Pol'] = —= (3)
where m is the mass of the polymer film, p is the density of the
reduced polymer usually obtained by flotation,®! and F is the
Faraday constant (96 485, C mol™?). Considering that the con-
sumed charge depends of the anodic current flowing through
the polymer, i (A), at any time, Equation (2) becomes:
d [Pol" dQux i
o dPol] o dQu _ ip 4)
dt mF dt mF

The film volume and density change along Reaction (1). Even if
the average change of volume in the CPs during the reaction is
as low as 1%, for the design of electrochemical devices such as
artificial muscles, batteries, and supercapacitors it results in the
more convenient use of specific magnitudes: per unit of mass

(DOPING)
OXIDATION

-
REDUCTION
(DEDOPING)

solid
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of the reduced and dried material. The specific concentration of
active centers (mol g™) is:

[Por] = 2= 5)

Being m the mass of the reduced and dry polymer material.
The specific reaction rate (mol s7! g™!) becomes:

i

"= wWF (0)

Equations (4) and (6) show the instantaneous oxidation and
reduction rates at any intermediate reaction time between two
well-defined (initial reduced and final oxidized) states of the
film, which are determined by the current flowing through the
film after that time.

By taking logarithms in Equation (2):

log(r) = log(k) + a log [A™] + Blog [Pol*] (7)

Equation (7) indicates the experimental procedure that can be
followed to check whether Reaction (1) occurs under chemical
kinetic control and to obtain the kinetic magnitudes; a can be
obtained by changing the electrolyte concentration [A7] under
constant temperature (log k = constant) and constant concen-
tration of active centers in the film (B log[Pol*] = constant).
The consumption of a constant concentration of active centers
requires (Equations (4) and (5)) the flow of the same charge to
go from the same initial state to the same final state everytime.

Under those conditions, Equation (7) becomes:

log(r) = log(k’) + v log[A™] (8)
Where log (k') = log (k) + Blog [Pol*] and
k/
k= ——
[Pol*]ﬁ 9)

Equation (8) states that when the reaction occurs under chem-
ical kinetic control a double logarithmic variation is expected
between the experimental reaction rates and the studied elec-
trolyte concentrations. The slope is the reaction order o and the
intercept at [A7] = 0 defines the constant k’, which allows calcu-
lation of the reaction coefficient k using Equation (9).

Working under constant temperature and constant con-

www.afm-journal.de

and changing the concentration of active centers, [Pol*], by
consumption, Equation (5), of different oxidation charges,
Equation (7) becomes:

log(r) = log(k”) + B log[Pol*] (10)
where log (k") =log (k) + clog [A 7] and
k//
= — 11
(A" t

By using the values of « and intercepts from the log(r) vs
log[Pol"] plot, the rate coefficient k can be obtained from Equa-
tion (11).

Finally, by including the Arrhenius reaction constant,
k= Aexp (- Ea/RT)’ Equation (7) becomes

Inr=InA- % +aIn[A7]+ g In[pPy*] (12)
Where A is the pre-exponential factor, E, is the activation
energy, R is the universal gas constant (R = 8.314 ] K™! mol™}),
and T is the temperature.
Indicating that changing the temperature, keeping the rest of
experimental conditions constant and working under constant
concentrations of electrolyte and active centers,

L. (13)
RT
with log k”” =1log A + olog [A7] + Plog [Pol*] and k = 7 ]ffp o
- 0.

Equation (13) indicates that a semilogarithmic depend-
ence is expected between the oxidation reaction rate and (T}
when working under a constant concentration of reactants.
The activation energy is then obtained from the slope and the
reaction coefficient, k, from the intercept, and the reactant
concentrations.

logr =logk" —

2.1. Reactive Gels: Initial Structural State for the Oxidation

The above-described chemical kinetic methodology can be
found in chemical, biological, or electrochemical books. Now
the existence of swollen/shrunk and conformational packed
structures (Figure 2) in reactive films of CPs provides new

centration of counterions in solution (cdog[A7] = constant)  kinetic possibilities.”*! Different reduced equilibrium states
a 3o b
254 |
0] Closing Potential
A
g Cathodic Potentials [ Polymer swelling..<—5——2
10 _Rising Packed Initial States & '3 u@ .
i e S g NG 12 W 1 e o
7 e w e & el < ]
o = JE‘ ClLL q.f ClLd q.dl.n. o il IS g ......... of o Y @
[ LG NN D J@.U G)Uigj

Figure 2. a) Chronoamperometric responses from a PEDOT coated platinum electrode in 0.1 m LiClO, acetonitrile solution, submitted to potential
steps from different cathodic potentials and held for 30 s each time, to 500 mV. Reproduced with permission.l Copyright 2010, Society of Chemical
Industry. b) Volume variations of a cubic volume inside the PEDOT film after polarization, for a constant time, at rising cathodic overpotentials. Initial
states with rising packed conformations (left side of the closing potential) give slower oxidation reactions, by potentials step to the same oxidation
potential, showing two chronoamperometric maxima. Adapted with permission.B'l Copyright 2010, Society of Chemical Industry..
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with an open structure, attained by reduction at potentials
on the right side of the closing potential for the same reduc-
tion time, can be used as initial states. The kinetic procedure
deduced from Equation (7) for different [A7] (Equation (8)), or
different [Pol"] (Equation (10)) or different temperatures (Equa-
tion (13)) can be repeated from different initial states to attain,
every time, the kinetic magnitudes: k, E,, ¢, and .

By reduction at higher cathodic potentials than the closing
potential [20-21:2426.29-31] or for higher reduction times at the
same potential,?>®! more reduced and packed conformational
structures are obtained. The packed conformations are not equi-
librium states: longer polarization times produce deeper packed
conformational structures. Nevertheless, the energy consumed
to pack the structure stabilizes the attained state. It behaves as if
it is in a frozen state: only after supplying the oxidation energy
required to relax the structure free volume, required to lodge
charge balance counterions, can it be generated and the oxida-
tion becomes possible. Thus, when after reduction/packing the
polarization is switched off, the attained packed state is stable
inside electrolytes or in gases for several minutes.%2=%4 After
switching off the electric contact, the reduced and packed film
can be extracted from the solution into the nitrogen atmosphere
of the cell for some time, then it is put back into the solution
and used as an initial state for the oxidation reaction by poten-
tial step. The anodic chronoamperommetric response (the oxi-
dation kinetics) overlaps with that obtained just after reduction
compaction inside the electrolyte. In conclusion, conforma-
tional packed states of a film attained by reduction at the same
potential for the same time under constant temperature can be
used as a reproducible initial state for the subsequent kinetic
study, even if it is not an equilibrium state. Again the kinetic
procedure for different [A7] (Equation (8)), or different [Pol*]
(Equation (10)) or different temperatures (Equation (13)) can be
repeated from a different initial state of packed conformations
every time to obtain the kinetic magnitudes: k, E,, ¢, and 3, for
each of the studied packed conformations.

2.2. Final Oxidized States: Concentration of the Active Centers
in the Film

The concentration of active centers in the initial state is calcu-
lated (Equations (4) and (5)) from the charge consumed during
the oxidation process. The easiest way to know the potential
range where the oxidation/reduction of conducting polymers
takes place and the potential range where the concentration of
active centers can be shifted without film damaging (by overoxi-
dation) in electrolytes is by cyclic voltammetry. Figure 3 shows
the stationary voltammetric response of a polypyrrole film after
three consecutive cycles. Positive currents define oxidation
kinetics; negative currents define reduction kinetics.
Electrochemical kinetic equations state the evolution of the
current (the reaction rate) as a function of the overpotential,
N85 Figure 3 shows the potential range for the Tafel linear
dependence (for n < 10 mV) and for the Buttler-Volmer semi-
logarithmic dependence (10 mV < 1 < 150 mV). In this article,
the oxidation kinetics are studied by potential steps from the
selected initial reduced state to high anodic overpotentials
(n > 150 mV). Thus different concentrations of active centers,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Stationary voltammetric response of a polypyrrole film. Poten-
tial ranges where the oxidation kinetics are usually studied: Tafel region
(linear dependence i/n), Butler-Volmer region (In i/n), or different oxida-
tion states used in this review.

close to those of the full-oxidized material, can be used to check
Equation (10). Those high concentrations are representative of
the working conditions in most of the electrochemical devices
constituted by conducting polymers.Therefore, when required
for kinetic studies (Equation (10)) the concentration of active
centers is controlled by potential steps, from the same cathodic
potential required to get the initial state, to increasing (and
high) anodic overpotentials and determined (Equation (3)) from
the charge consumed during the transition from a partially
reduced initial state (equilibrium or compacted) to a final more
oxidized state.

2.3. The Structure of the Initial State Controls the Oxidation Rate

The oxidation kinetics of films of CPs studied by anodic poten-
tial steps is followed by the chronoamperometric responses.
Under constant chemical conditions (temperature, electrolyte
concentration [A7] and concentration of active centers [Pol])
drastic kinetic changes are observed (Figure 2, from a PEDOT
film) when the oxidation was performed from different initial
states with open or raising packed conformational structures.
Equation (6) states that the reaction rate at any time is a linear
function of the current flowing by the system. Figure 2 corrobo-
rates that longer times with flow of lower currents (slower oxida-
tion rates) are required for oxidation completion after reduction
at more cathodic potentials. The results seem to contradict elec-
trochemical principles: deeper reduced initial states and larger
potential steps produce slower reaction rates, requiring longer
times for the film oxidation completion. Similar unexpected
results (chronoamperometric or voltammetric) from different
conducting polymers were named from the eighties anomalous
results, memory effect, relaxation processes, asymmetric proc-
esses, and so on.[45:56.63.64.67-98]

Adv. Funct. Mater. 2013, 23, 404-416
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3. Structural Chemical Kinetics

——E_, =-3000 mV
a — E‘ =-2000 mV b

——E,,=-1000mV | g0 ] The full chemical kinetic methodology above
25 ——E_, =-200mV described (at different temperatures, dif-
25 ferent salt concentration in solution and dif-
204 ferent concentrations of active centers in the
20 film) can be repeated now from a different
< 151 O structural initial state every time. Different
c £ 15- open conformational structures (Figure 2
=104 5 right side of the closing potential) or dif-
10+ ferent frozen structures of packed conforma-
5. tions of the chains (Figure 2 left side of the
54 closing potential) are used as initial states.
ol From every initial state reaction orders, reac-
0+ Indhction time tion coefficient and activation energy are
5% b 5 5 b o 5 o obuined for diffeent conduciing polymers

t/s t/s t/s and electrolytes.

Figure 4. a) Chronoamperometric responses of a PEDOT-coated platinum electrode in 0.1 mol

L' LiClO, acetonitrile solution, submitted to potential steps from different cathodic potentials

3.1. Methodology

kept for 30 s to 500 mV. b) Chronocoulograms obtained by integration of the experimental

chronoamperograms. c) Variation of the concentration of active centers in the polymeric film
with time, calculated using Equation (5). Reproduced with permission.B'l Copyright 2010,

Society of Chemical Industry.

2.4. The Structure Influences the Kinetics: Initial Reaction Rate

Structural anodic chronoamperometric responses (Figure 1)
show two different shapes (Figure 4a) when the initial state is
an open (blue chronoamperogram) or compacted conforma-
tional structures (green, red, or black chronoamperograms).
An initial conformational packed structures gives two maxima:
the sharp initial peak is related to the charge of the elec-
trical double layer and the second with the polymer oxidation
through conformational relaxation-nucleation and coalescence
processes.[13:4498-109]

By integration of the chronoamperograms, the concomi-
tant chronocoulograms (Q,, vs. t) in Figure 4b were obtained.
Through Equations (4) and (5) this figure takes the most
usual representation of a chemical kinetics ([Pol*]/t), shown in
Figure 4c. Any chronoamperogram showing a nucleation/relax-
ation maximum (Figure 4a) corresponds to reaction kinetics
depicting a remarkable induction time (Figure 4c).

The initial reaction rates, d[Pol*]/dt, required to check Equa-
tions (8), (10), and (13) are obtained from the slope of the
kinetics at the inflection point or the slope at time ¢t = 0 in
absence of induction time (Figure 3b). From Equation (5) and
considering that Q,,= it.

[Pol"] = r:;_tF (14)

According to Equation 6 the initial oxidation rate, r = i/mF
at time t = 0, also can be obtained from the current at the ini-
tial chronoamperometric peak (in the absence of structural
effects, blue line Figure 4a) or from the current at the nuclea-
tion/relaxation maximum (green, red, or black chronoampero-
grams, Figure 4a) that correlates the induction time on the
chronocoulogram.

Adv. Funct. Mater. 2013, 23, 404416
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Figure 5 presents the structural chemical
kinetic methodology.

Equation (8) can be explored by choosing
the initial sate A, attained by reduction of the
oxidized polymer film at the same cathodic overpotential for
the same reduction time at the same temperature every time.
The polymer is then oxidized by stepping the potential to the
same anodic overpotential in order to get the same final oxi-
dation state 1 involving the same oxidation charge Q. The
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Figure 5. Different initial states of packed conformations (A, B, C, and
D) and different final states of oxidation-swelling (1, 2, 3, 4) of the reac-
tive gel. By potential step from A to 1 under different concentration of
electrolyte or different temperatures (see the procedure in the text), the
kinetic coefficient (k), the reaction order related to the electrolyte (), and
the activation energy (E,) for the oxidation are obtained. By potential step
from A to the different final states (1, 2, 3, 4), the reaction order related to
the concentration of active centers in the film () is attained. By repeating
the procedure from a different initial state of packed conformations every
time (A, B, C and D) a new ensemble of those magnitudes is obtained.
(+) denotes positive charges in chains; yellow circles show anions; green
circles represent cations, and blue circles represent solvent molecules.
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Eg/mV | r/mA a | k/molI'" | [pTh*]/(mol
cm? st L
750 0.64 [049| 17.1 0.38
800 0.75 0.50| 16.5 0.47
850 0.85 053] 16.0 0.56
900 096 |0.51] 16.6 0.65
950 1.04 |053| 163 0.75

Figure 6. Double logarithmic plot of the oxidation rates of a polythiophene-coated platinum electrode versus the [C10,7]. The film was submitted
to potential steps between 0.0 mV, kept for 30 s each time, and the different anodic potentials E,.4 indicated, in different concentrations of LiClO,4
acetonitrile solutions: 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, and 0.5 m. An average slope of 0.5 (see table) is the reaction order, ¢, related to the electrolyte.
The initial oxidation rates, r, were obtained by extrapolation to [C10,7] = 0. The kinetic constants were obtained from Equation 8 using the experimental
[pTh*] obtained from the total oxidation charge at every final potential using Equation 6. Similar o values were obtained from different anodic potentials.

Reproduced with permission.?l Copyright 2008, Elsevier.

oxidation kinetics are followed (Equations (8) and (12)) through
the chronoamperometric response. By repeating this reduc-
tion/oxidation procedure for different concentrations of electro-
lyte, if the results fit Equation (8) the chemical kinetic control of
the process will be corroborated and both reaction coefficient, k,
and reaction order, o, can be obtained.

According with Equation (10), by stepping the potential now
to increasing anodic potentials, oxidation states 1 to 4 from
Figure 5 will be attained by consumption of different Q,,, dif-
ferent concentrations of active centers (Equations (4) and (5))
from the initial state are consumed. If the attained oxidation
rates fit Equation 10 the chemical kinetic control of the process
will be corroborated getting the reaction order, 3, from the slope
and the reaction coefficient, k, from the intercept.

In order to get the activation energy (Equation (13)) the ini-
tial state for the oxidation must be attained, again, by reduction
at the same potential for the same reduction time and at the
same temperature every time. Then the electrode is extracted
from the solution into the nitrogen atmosphere of the cell over
the electrolyte.l®Z The temperature of the cell is adjusted to the
new experimental value and then the electrode is put back into
the electrolyte and immediately submitted to the potential step
(the reduction potential is only kept for 0.1 s). The procedure
is repeated for the different temperatures to obtain the initial
oxidation rates and the activation energy E,.

Until here the procedure is quite similar (only a few changes
to obtain the activation energy) to that descried in chemical,
electrochemical, or biochemical books. The new aspect for
reactive conducting polymers is that the full chemical kinetic
methodology for the oxidation can now be repeated using, every
time, a different structural initial state of open or compacted
conformations (A, B, C, or D in Figure 5), resulting in a new
series of ¢, B3, k, and E, values from every initial state.

4, Structural Oxidation Kinetics: Results

The described methodology has been followed using different
conducting polymers and electrolytes. Results from the litera-
ture are here collected.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4.1. Influence of the Electrolyte Concentration (¢t and k)

The potentiostatic oxidation of polythiophene films follows
(Figure 6) Equation (8) for different electrolyte concentrations,
corroborating the chemical kinetic control of the process.l2%l
Every line shows the evolution of the empirical initial oxidation
rate from the same initial state, attained by reduction at 0.0 mV
kept for 30 s every time, to the same anodic potential (constant
concentration of active centers, [pTh#]) in different concentra-
tions of LiCl04 acetonitrile solutions: 0.01, 0.025, 0.05, 0.1, 0.2,
0.3, and 0.5 M under constant temperature. Parallel results
attained for a different anodic potential every time corroborate
that Equation (8) is followed whatever the final oxidation state
for the oxidation. The table inserted in the figure shows that
the reaction order, o, and the rate coefficient does not suffer
significant changes for different final oxidation states. Similar
constant values were obtained by repeating the kinetic study
from different initial states of packed conformations. Analo-
gous kinetic results were obtained for different conducting
polymers: PEDOT,B! polypyrrole in aqueous solution,B’
polypyrrole in acetonitrile,?) poly(3-methylthiophene),!’!
anthraquinone-functionalized poly(3,4-ethylenedioxythi-
ophene),?% and dithienylcyclopentadienone-derivative/3-meth-
ylthiopene copolymer.?!

4.2. Influence of the Concentration of Active Centers (B and k).

The potentiostatic oxidation of poly(3-methylthiophene) films
follows (Figure 7) Equation (10) for the consumption of dif-
ferent concentrations of active centers in the film, corrobo-
rating the chemical kinetic control of the process.*! Different
concentrations of active centers in the film were obtained with
potential steps from the same initial state, attained by reduction
at the same potential kept for 60 s every time, to a different
anodic potential (600, 700, 800, 900, 1000, and 1100 mV) in
0.1 m LiClO, acetonitrile solutions every time. The different
concentrations of active centers, [p3-MThx], were obtained from
Equations (10) and (17), after integration of the experimental
chronoamperograms to get each oxidation charge, Q,,.1"!

Adv. Funct. Mater. 2013, 23, 404-416
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Figure 7. Oxidation of poly(3-methylthiophene) films. Double logarithmic
plot of the initial oxidation rates obtained in 0.1 m LiClO, acetonitrile
solutions at constant temperature by potential steps from the same ini-
tial potential, kept for 60 s, to different anodic potentials (600, 700, 800,
900, 1000, and 1100 mV) in order to consume different oxidation charges
and different concentrations of active centers (Equations (10) and (17)).
The procedure was repeated (different lines) from a different initial state
attained by reduction at the cathodic potentials, kept by 60 s. From the
slopes the activation energy for the oxidation reaction is obtained. Repro-
duced with permission.?’l Copyright 2007, Elsevier.

The double logarithmic representation presents a different
slope for each of the structural initial states. Different slopes
and different origin ordinates indicate (Equation (10)) that the
reaction order, which is related to the concentration of active
centers (f) and the reaction kinetic coefficient (k), changes with
(and can contain information about) the packed conforma-
tional structure of the initial state, opening new possibilities for
chemical and biochemical kinetics. Similar empirical results
were obtained from different conducting polymers: PEDOT,3!
polypyrrole in aqueous solution,?% polypyrrole in acetonitrile,?*!
poly(3-methylthiophene),?’! anthraquinone-functionalized
poly(3,4-ethylenedioxythiophene),?%l and dithienylcyclopentadi-
enone-derivative/3-methylthiopene copolymer.!

4.3. Temperature Influence (E, and k)

Each line in Figure 8 shows that the polypyrrole oxidation at
different temperatures in 0.1 M LiClO, acetonitrile solutions fol-
lows Equation (13).3% The same initial state is obtained every
time by reduction at a constant cathodic potential during 60 s at
25 °C. The coated electrode is extracted from the solution into
the nitrogen atmosphere of the cell while the temperature of
the electrolyte is adjusted. After returning the electrode into the
solution the polymer was oxidized by potential step to 200 mV.

Different slopes (activation energies) and origin ordinates
(reaction coefficient, k), are attained (Equation (13)) when the
kinetic study was started from a different structural initial state
each time: E, and k change with (and contain information
about) the molecular structure of the initial state.

Similar empirical results were obtained from different
conducting polymers: PEDOT,®! polypyrrole in aqueous

Adv. Funct. Mater. 2013, 23, 404416
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Figure 8. Arrhenius plot for the polypyrrole oxidation in 0.1 m LiClO,
acetonitrile solution at =10, -3, 4, 11, 18, 25, and 32 °C. A new film was
used for each temperature. Potential steps were carried out between
different cathodic potentials to 200 mV, as anodic potential. From each
slope (Equation (13)), a value is obtained for the activation energy. Repro-
duced with permission.’% Copyright 2010,Elsevier.

solution,B% polypyrrole in acetonitrile,®! poly(3-methylthi-
ophene),*’! anthraquinone-functionalized poly(3,4-ethylenedi-
oxythiophene),’!l and dithienylcyclopentadienone-derivative/3-
methylthiopene copolymer.2!

4.4. E,, 3, and k Contain Conformational Information

Figure 9a shows the evolution of the activation energy during
the oxidation reaction, obtained from Figure 8, as a function of
the potential of reduction used to obtain the initial state. Similar
results were obtained from different CPs. Figure 9b shows the
schematic description of results from Figure 9a. The empirical
activation energy of the polymer oxidation contains two compo-
nents: the constant chemical activation energy of the oxidation
reaction plus the conformational activation (or conformational
relaxation) energy required to relax the packed conformations
generating the required free volume to lodge the counterions
penetrating from the solution.

Whatever the initial state for the oxidation has an open
structure (Figure 2) it gives the expected constant chemical
activation energy (Figure 9b right side). When rising packed
conformations were used as initial states for the oxidation,
the energy required to relax the packed conformations, allowing
the penetration of the balancing counterions, also increased. The
potential where the conformational energy starts to grow is
the closing potential. When the initial state for the oxidation
was attained by reduction of the material at more positive poten-
tials than the closing potential, the structure was open and the
oxidation/swelling occured under diffusion kinetic control of
the counterions inside the film. By using as initial state for the
oxidation, a closed structure of packed conformations, attained
by reduction at more negative potentials that the closing poten-
tial, the oxidation is initiated under conformational relaxa-
tion kinetic control, consuming the conformational activation

wileyonlinelibrary.com

411

“
m
5
G
~
m
>
3
(o}
F
m




w
=
4
e
g
w
[
B
g
T
s

412  wileyonlinelibrary.com

Mok

www.MaterialsViews.com

and E, is the standard oxidation potential of

the polymer).[%5%%] Any oxidation kinetics are
described (for n < 150 mV) by the Buttler-
Volmer equation. After combination with
Equation (2) a general electrochemical kinetic
equation is attained for reactions involving
more than one reactant during the electron
transfer:[%!

‘ F . —E,
=T e (57 ) = VT oo 7

(15)
where ¢ and f, j are the concentration and
the reaction order, respectively, associated to
the reactant j. The activation energy, E,, of the
reaction is a function of the anodic overpo-
tential, n.

Then, using films of conducting poly-
mers as electroactive materials, both the
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Figure 9. a) Evolution of the experimental activation energy for the polymer oxidation as a
function of the cathodic potential of prepolarization for a constant time: rising packed con-
formations of the initial state at more negative potentials. b) The activation energy for the
oxidation is constituted by two components: the constant electrochemical activation energy
and the energy required to relax the initial packed conformations of the polymer chains. Panel
(a) reproduced with permission.?°l Copyright 2009, Elsevier. Panel (b) reproduced with permis-
sion.1 Copyright 2010, Society of Chemical Industry. c) Evolution of k for different packed con-
formations attained by polarization at rising negative potentials. d) Linear evolution of § (8=
1.35-4.62 x 107*Ec, the correlation coefficient: r> = 0.98) at increasing packed initial states.

Panels (c,d) reproduced with permission.l2%l Copyright 2008, Elsevier.

energy. Then the reaction continues, consuming the chemical
activation energy.

Figure 9c shows the evolution of the reaction coefficient as
a function of the initial state for the oxidation of polypyrrole
films. Open initial states (Figure 1) give a constant value of the
reaction coefficient. Initial states of rising packed conforma-
tions give decreasing values of the reaction coefficients.

Figure 9d shows the linear variation of the reaction order
related to the concentration of active centers in the film as a
function of the reduction compaction initial state attained by
reduction at rising cathodic overpotentials. Similar results for
different conducting polymers were attributed to the interac-
tion of the counterion from the solution during relaxation with
an increasing number of active centers when the initial state
presents a more packed conformational structure.

The reaction order related to the concentration of counte-
rions in solution () is independent of the initial or final struc-
tural states for the reaction: it does not include any informa-
tion about conformational or structural states of the reactive
polymer chains.

5. Theoretical Description

Electrochemical models state that the kinetic coefficient of
any oxidation reaction is an exponential function of the anodic
overpotential 1 (n = E-E,, where E is applied anodic potential

E /mV
c

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reaction coefficient, k, and the activation
energy, E, results in a function of variable
(Figure 9) not included in previous chemical
or electrochemical kinetic models for oxida-
tion reactions: the cathodic overpotential, 7.
(n= E-E; E is the applied cathodic potential
for the reduction-compaction and E, is the
closing potential of the polymer structure in
the studied media) applied to obtain the ini-
tial reduced and compacted conformational
state for the subsequent oxidation.

Therefore any quantitative description
of the electrochemical oxidation kinetics
must include a new energetic component controlled by 7,
that quantify the structural energy of the initial state. The
electrochemically  stimulated conformational relaxation
(ESCR) model, developed for reactions in conducting poly-
mers,[13:224461,62,98-102,104-109] defines the activation energy as a
function of three components:

E,=AH 4+ zn.— z1 (16)

where z1, is the conformational activation energy stored by
electrochemical reduction and conformational compaction of
the polymer chains, which is a linear function of the cathodic
overpotential, 7; z. is the charge required to reduce and com-
pact one mol of polymeric segments. During oxidation at the
anodic overpotential 1 provides the required energy, z,7, to relax
the packed conformational structure, allowing the subsequent
oxidition and swelling the film, where z, is the charge required
to relax, oxidize, and swell one mol of polymeric segments. The
two chemostructural components, z.n. and z1, are energetic
(CV) terms. The magnitudes of z. and z, can be empirically
obtained for every system polymer/electrolyte.l02199119 The
term AH" accounts for the energy of the polymer system in
absence of any reaction.

Equation (16) describes and fits the experimental results
from Figure 9a. The chemical activation energy for the oxi-
dation at a constant anodic overpotential 7 is independent of
the initial state if n. = 0, which means that the initial state for
the oxidation has an open structure. The activation energy of

Adv. Funct. Mater. 2013, 23, 404-416
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the polymer oxidation, when 7. # 0, includes the new term,
Z1M., and becomes a linear function of 1
By substituting Equation (16) in Equation (15):

; —RT — AH* — zn,
i = k/l_[cf’f exp( Gl zm) (17)

RT

Equation (17) is a structural electrochemical equation,
describing and quantifying reaction rates that induce conforma-
tional and structural changes. Moreover, it includes non-struc-
tural electrochemical kinetics. For electrochemical oxidations
not including structural aspects (1, = 0) Equation (17) become
the Tafel (1 < 10 mV) or Buttler-Volmer (n < 150 mV) equation.
For higher overpotentials (n > 150 mV) it includes the energy
required to relax, oxidize, and swell the film and provides the
required tool to obtain high concentrations of active centers
(included by ch'j) in the film. Equation (17) quantifies and
describes structural changes (conformational or macroscopic).

From Equation (17), the reaction coefficient:

Ink=Ink + <M> - (Z‘"")

RT RT

— ko (—Zf” - AH*) - (3
RT RT
When the oxidation starts from an initial state with an open
structure (1. = 0) k becomes independent of 7, describing
experimental results from Figure 9c for initial states attained
by reduction at more positive potentials than 600 mV. Rising
packed conformations of the initial states, attained by reduction
at rising cathodic overpotentials (1)), will promote an exponen-
tial decrease of the reaction coefficient, in good agreement with
the experimental results, Figure 9c. Equation (18) is the struc-
tural kinetic coefficient, describing and quantifying the influ-
ence of conformational and macroscopic structural changes
induced by reactions on the kinetic coefficient.
In Equation 17 ¢ is the product of the reactant concentra-
tions, [A7]a [Pol"]B. By taking logarithms and rearranging:

B =k"+ (z:n./RT [Pol*]) (19)

describing the linear dependence of f from the cathodic over-
potential 1, Figure 9d, and from (1/[Pol"]).

(18)
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6. Different Materials and lonic Exchanges

Conducting polymers synthesized in presence of large coun-
terions experience a prevalent exchange of cation during
p-dedoping and p-doping:[*>1722

[(Po’) (Ma), (€7), ] = [(Pol") (A7), ],
n(C), +n(e) -

metal

where MA™ represents any macroscopic anion (organic, poly-
meric, or inorganic) trapped inside the CP during polymeriza-
tion and C* represents a cation (also named coion) required
to balance the charge of the trapped macro-anion. Those poly-
mers swell during reduction by entrance of cations and shrink
during oxidation by expulsion of cations. The conformational
compation of the polymeric chains takes place by oxidation at
anodic overpotentials and the conformational relaxation occurs
by reduction at cathodic overpotentials. Cathodic chronoamper-
ograms present nucleation-relaxation processes allowing one to
obtain the chemical kinetic magnitudes.[10¢-111]
Reduction reactions related to n-doping processes

(Pol’) +1(CT),+1(e7) oy = [(PoI"), (C7), (S0, ],

Neutral chains Reduced chains

(21)
also follow kinetic Equation (2), being the kinetic influenced by
the initial packed state of the “neutral” polymer.*!]

The structural chemical kinetic methodology can be applied
to any structural change giving nucleation-like responses on the
chronoamperometric responses, as those observed from some
carbon nanotubes.[112:113]

6.1. Enzymatic Kinetics, Protein Kinetics, or lonic Flow Through
lon Channels in Membranes: Conformational Kinetic Control

Figure 4b reproduces the shape of the allosteric kinetics in
enzymes or proteins (Figure 10A). The free hemo groups reacts
with oxygen in a similar way to that of the initial open confor-
mational states during oxidation. The four hemo groups in
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Figure 10. A) The four hemo groups in hemoglobin react with oxygen through four consecutive steps of increasing reaction rates (a). The free hemo
groups reacts with oxygen in a similar way to that of the initial open conformational states during oxidation (b). B) Single sodium channel records
and family of average Na currents (lavg) for a series of depolarizations ranging from 50 to +60 mV, starting and ending at =70 mV. Reproduced with

permission.['¢l
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hemoglobin react with oxygen through four consecutive steps
of increasing reaction rates explained by the rising open confor-
mational structures allowing faster oxygen access.!''*] Allosteric
effect arises when the reaction of ligands with one site of any
polyvalent molecule affects the reaction of ligand(s) at one or
more other sites as a result of conformational changes.!'’]

Figure 10B reproduces, at a different scale, pulses of ionic
flow across ion channels constituted by biopolymers in mem-
branes.'’®] When the Nernst potential gradient across the
membrane overcomes the threshold potential, the biopolymer
changes its conformational structure (electromechanical prop-
erty), opening the pore and allowing the ionic flow: the poten-
tial drops and the biopolymer recovers the closed structure
dropping the ionic flow.

As a conclusion the conformational structure of CPs, enzymes,
or proteins control the subsequent reaction rate of its active
centers. Similar ionic flow rates, under similar kinetic control
of the conformational movements in chains, are produced for
charge balance during oxidation in membranes of conducting
polymer and during charge balance across ionic channel in bio-
logical membranes. It should be expected that a similar theoret-
ical physicochemical description of both processes and a similar
quantification of the kinetic magnitudes is involved.

6.2. Structural Chemical Kinetics as a Diagnostic Tool to Charac-
terize Intermolecular Interaction Variations During Reactions

The conformational energy in dense and reactive gels of con-
ducting polymers is mainly defined by the polymer-polymer
attractive van der Waals forces in the initial reduced state. Those
intermolecular forces move progressively from attractive to
repulsive forces along the oxidation, while positive charges are
generated along neighbor chains. Repulsive forces and restructu-
ration of the double bonds along the chains promote conforma-
tional movements with generation of free volume and entrance
of charge-balancing counterions and solvent molecules from
the solution for osmotic pressure balance, leading to a final bal-
ance of intermolecular forces (polymer-polymer, polymer-ions,
polymer-solvent and solvent ions) inside the oxidized film.

The structural chemical kinetics procedure provides a tool to
explore those intermolecular forces and its change during reac-
tion. Quantitative relationships between the attained reaction
kinetic coefficients in different solvents and those molecular
or macroscopic constants of the solvent acting on the inter-
molecular forces could be expected. If the chemical kinetics
are studied in different solvents under identical chemical and
electrical conditions, any variation on the attained kinetic coef-
ficient could only be attributed to variations on polymer-solvent
and ions-solvent interactions.

7. Conclusions

Electrochemical reactions in films of conducting polymers
involve reactive chains exchanging ions and solvent with the
electrolyte under current flow. The reaction induces struc-
tural changes, i.e., conformational movements in chains and
swelling, shrinking, compaction, and relaxation processes in
the reactive dense gel.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Oxidation or reduction reaction kinetics can be followed by
potential steps. Kinetics obtained from initial states, which have
packed conformational structures, present an induction time
that is absent when open conformational structures are used as
initial states for the reaction.

The initial reaction rates are the slope of the kinetics at time
zero when the initial state is an open structure, or the slope
at the induction time when the initial state for the reaction
presents a packed conformational structure.

By changing one of the chemical variables every time,
keeping a constant value for each of the rest, chemical kinetic
control of the processes was corroborated, (Equations (8), (10),
and (13)) allowing determination of the activation energy, the
reaction coefficient, and the reaction orders related to each of
the reactants.

The activation energy of the reaction, the reaction coefficient,
and the reaction order related to the concentration of active
centers in the polymer film (on thepolymer chains) change
with the packed conformational structure of the initial state for
the reaction. Those magnitudes (E,, k, and f) include structural
information about the initial state of the reaction: the chemical
kinetics become structural chemical kinetics.

The experimental results are described by the electrochemically
stimulated conformational relaxation (ESCR) model. The activa-
tion energy of the reaction includes three components: the oxida-
tion-relaxation energy, z,7m; the conformational activation energy
stored by conformational compaction, z.7; and the energy of the
polymer system in the absence of any reaction, AH".

The experimental results for the variation of the activation
energy, the reaction coefficient, or the reaction order as a func-
tion of the conformational compaction of the initial state for the
oxidation (defined by the reduction-compation overpotential) fit
the theoretical description from the model.

Kinetic responses showing structural effects as a maximum
(i/t), or as an induction time ([Pol"]/t), are quite usual from con-
ducting polymers (p-doping or n-doping, exchanging anions, or
cations), carbon nanotubes, enzymes, proteins, ionic channels
in cells, and most biological processes. The structural chemical
kinetics can become a useful tool to develop a predictive model
for biological reactions involving conformational movements,
water, and ion exchanges with the surrounding, as conducting
polymers do.
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