o1 . K\
g&&l materials MDPI]
Supporting information

An Insight into Ionic Conductivity of Polyaniline
Thin Films
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Theoretical Part

The supporting information is dedicated to substantiation of the theoretical basis for analysis of
electrochemical impedance spectra. It is worth pointing out that creation of a reasoned mathematical
instrument for data treatment makes the most important and time-consuming part of the
fundamental physicochemical work. The text represents a single-step mathematical procedure that
leads to discovery of the final formula for impedance of the conductive polymer film. The strategy
demonstrated was achieved after successive upgrading of the model until satisfactory
correspondence with the experimental data. The designations of mathematical symbols and related
physicochemical values with appropriate dimensions are enlisted below. In order to facilitate a
reader’s understanding of the mathematical operations being accomplished to create the physical
model, and the procedure is divided in several successive steps.

Constants:

F—Faraday constant (96485 C-mol);

j—imaginary unit (\/—_1 );

go—vacuum permittivity (8.85-10-12 F-m1);

e —relative material permittivity (-);

R—ideal gas constant (8.314 J-mol-K-1)

T—temperature (accepted to be constantly equal 298 K)

f—secondary constant, equal to F/RT, introduced for simplification of expressions
Electrochemical parameters:

x—distance (m);

dx—thickness of discrete thin layer (m);

¢—concentration (mol-m-3);

dc—difference of concentration in two neighbour discrete layers (mol m3);
D—diffusion coefficient (m?-s7);

J—flux (mol'm=2-s7)

Electrical parameters:

i—current density (A-m2);

U—voltage (V);

dU—voltage drop in discrete thin layer (V);

E —electric field intensity (V-m™);

Z, Zre, Zim—impedance (complex value), real and imaginary part (Q);

Y —admittance (Q7);

C—capacitance normalised by surface area (F m);

R—resistance normalised by surface area (€2 m?), not confuse with molar Boltsmann constant which
is always accompanied by T;

L—inductance (QQ m?).
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Time-dependent oscillating values (dimensions are the same as for corresponding stationary
values):

Ai—periodic current density oscillation;

AU —periodic voltage oscillation;

Ac—periodic concentration oscillation.

Time-independent complex phasors:

[ —current phasor;

U —voltage phasor;

C—concentration phasor.

1. Current Oscillation under Stationary Conditions

The impedance will be firstly calculated for the one discrete layer containing one type of charge
carriers. The obtained formula will then be generalised onto the whole complicated system. A model
depicting a single-type charge transfer through a discrete layer is presented in Figure 1. It includes
the designations of parameters that will be used in computations hereafter. The direction of current
(move of positive charges) is also specified in the figure. It corresponds to the situation when the
electrode is on the left side, provided that anodic current is positive.
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Figure S1. Schematic representation of three neighbour discrete layers and difference of potential
and concentration of charged species between them.

The description of conductive polymer film required consideration of the presence of the
potential gradient along the film. For many electrochemical systems discussed in the literature the
potential gradient has been taken into account only in the double electric layer region. It's effect was
restricted to the region between the electrode surface and outer Helmholtz plane, which comprises
the ions that are closest to the electrode surface, but are not specifically adsorbed. The electric field is
usually considered to have no influence on the delivery of charge carriers beyond the outer
Helmholtz plane. The disregard of potential gradient is not reasonable in the case of polymer film.
This factor was taken into account in the latest works on conductive polymer impedance study by
Lang et al. [1,2].

Since we consider a thin layer, randomly taken from the film, there is no information, available
in advance, about potentials on the borders. Therefore, the voltage drop dU within the layer is
introduced as a parameter responsible for driving the charge oscillation. It is made to avoid
confusion with signs of potentials in case where no reference is used. In the case considered, the
increase of absolute value of voltage would always cause an increase of current.

To derive the final formula one has to: (i) consider oscillating parameters affecting current; (ii)
represent current oscillation as a function of the other oscillating parameters; (iii) express all the
parameters in terms of oscillating current and voltage; and (iv) rearrange the final formula using
relation Z=U/i .

The flux of charged species under DC conditions is described by equation (S1).

de zF gg, dE

J=-D—+D—EFEc+
dx

(S1)
RT zF dt

Electric current density (S2) is then proportional to the charge carriers flux (1) multiplied by zF.
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A discrete form of (52) contains the ratio dc/dox instead of the derivative. Thus equation (S3)
describes a current passing through a thin layer with thickness dx.

i=—2FD Y 4 22 (DFEC+ eg dE (S3)
ox dt

The equations delivered above will be useful for the estimation of oscillating values. One has to
remember that the film was characterised under stationary conditions and relatively low
polarisation in order to prevent degradation or progressing doping of the polymer. The stationary
current was equal to zero (S4) during impedance registration. That condition is useful to relate
stationary concentration gradient with the electric field (S5).

d
—2FD S+ 22 fFDEc =0 (S4)
dx
dc
— =zfEc S5
& fE (S5)
One could notice that in case of constant electric field along the film thickness (S6):
dE
—=0 (56)
dx
the solution of equation (S5) is presented by formula (S7a) or (S57b):
c=c,- e (S7a)
B ZfE(x—d)
c=cy-e (S7b)

where co is concentration at x = 0 and ca is the concentration at distance d from electrode surface. The
decision on using (S7a) or (S7b) is made based on available data. In this work, we will refer the
results to the concentration at the outer border of polymer film (film-solution interface), thus (57b)
would be preferable.

The concentration plots are defined by the sign of the species charge (z value). Since z value will
become crucial in determination of ion type, one has to be careful with the z coefficient during all
computation procedures. The schematic Figure S2 based on the Gouy—Chapman model is suggested
to be used as a reference for qualitative check of the correctness of the formulas.
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Figure S2. Equilibrium profiles of potential, electric field and concentration of charged species for
positive (a) and negative (b) electrode potential.

According to the Poisson equation, the condition (56) is reasonable if the space charge of the
film is close to zero. The expectation may seem presumptuous, so we will not base our computations
on it and consider it only in respect of final formula.

2. Oscillation of the Concentration of the Charged Species

The next main step is concerned with phasor € that has to be expressed in terms of current and
voltage. For determining oscillation of concentrations in middle layer depicted in Figure S1 one has
to consider oscillation of fluxes Ji and Ju (S8 a, b). The formulas were obtained by adding or
subtracting 0 terms in Equation (S1).

1 egy dAE
AJy=—D—Ac+zfD(c—08c)AE + zfD(E —0E ) Ac + ——— S8
1= =Dy Aet oD (c=8e)AE+2fD( Jhet (552
ATy = —D—= Ac+ ZfDeAE + zfDEAc + S50 9AE (S8b)
Ox zF  dt
Oscillation of concentration must obey Fick’s second law (S9):
O0Ac OAJ
—_— = (59)
ot Ox
transformed into discrete form (S10):
OAc AJI - AJH
= (510)
ot Ox
Expansion of (510) using (S8a,b) and introduction of phasors instead of A-values leads to (511):
OAc _ zfD

-_— (AE-8c+Ac-8E)
ot ox
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. oc ) zfD / ~ ” .
](;)Eexp(]mt):—S—X(E-80+C-SE)exp(]cot)

\2
jm5=—£(5-80+5-8E) (S11)
ox
\2
~ dc 1 ~
¢ =—-zfD— E
dx jo+ ZfD dE (S12a)
dx
(jco + zfD dEj
or, o _ - dx / & (S12b)
zfD ec
dx

It is worth noting that according to (S12) the phase shift between electric field and concentration
oscillation depends on the ratio between frequency and electric field gradient (two terms in
denominator of (S15a) and numerator of (S15b)). When zfD-dE/dx << w or when condition (S6) is
obeyed, the concentration and electric field oscillate in antiphase. In the opposite case (zfD-dE/dx >>
w) both values oscillate in-phase, like charge and voltage of an ideal capacitor. The first case will be
considered in this work, since it was proven to be in agreement with experimental results. However,
the denoted relationship between complex electric field and concentration of charge carriers
deserves further development to obtain a universal model of charge transport under alternating
current (AC) conditions.

3. Alternating Current (AC) Response of the Model Thin Layer

The current oscillation is obtained based on formula (S9) taking into account zF coefficient
between electrical current and flux of charged species (S13).
OAc OAi
zZF—=—— (513)
ot ox
Following set of rearrangements aimed at replacement A-terms by phasors in much the same
way as shown in (S11), one gets:
or ~
A — _jezFé (S14)
Ox

The discrete form of (514) is
i =—jozF& 8x (515)

The expression for € is imported from (S13) and the equation is consequently rearranged:



Materials 2020, 13, x FOR PEER REVIEW 6 of 17

f:jszSx-szd—C;M-S—U
xjo)+sz— Ox
dx
\
~ jm+szd—E~
6U=—dxi
‘(Dzzﬂ?‘D%
/ dx
2
aE
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2 de . de
z° fFD ™ jozF &

On the last stage it was managed to split the expression in two parts that represent different AC
frequency dependences. One could already perceive that the first term corresponds to resistive
behaviour (no frequency dependence) whereas the second one stands for capacitive properties (see
Table 2 for impedance of basic physical elements).

The formula represents a relationship between voltage and current in an infinitesimal layer
(Figure S3). The impedance of the whole film can be calculated by integrating (516).

Z

Figure S3. Illustration of mathematical approach that involves analysis of infinitesimal layer and
consequent summation (integration) along the whole film thickness.

One would think that the impedance of the whole film of thickness d could be obtained by
direct integration of (516) by x from 0 to d. However, such an apparently obvious approach would
still be inchoate. The set of rearrangements (S17) demonstrates that direct integration of impedance
(dZ) would only be reasonable if current oscillation is constant along the x coordinate.

U=[dU(x)=[(2(x)7)=[if i#f(x)]=1-J](Z(x))=7Zoua s
d d

d

In the real system, such a condition is not expected to be held a priori. A justification is required
to either prove or disprove the statement. The effect of damping of current oscillation along the x
scale was called into question by authors during development of the theory. In all cases, neglecting
the current damping caused complete disagreement between model and experimental data. In order
to take into account current oscillation decay with the distance from the electrode—film interface (as
shown in Figure S4a), one has to introduce a damping coefficient y(x) and use it in the formula

] (x) =1y -Y(x), where i, is current amplitude on the electrode-film interface, i.e., directly related

to the Ai value registered by the measurement equipment:
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L Cdz(x) -
U=£ dix)-io-y(x)dx (S18)

and the impedance of the whole system is calculated as:
d
dz (x)
Z=|——2.v(x) -dx S19
J =) (519)

The first factor in (S19), i.e. impedance increment, has been already obtained above (516). The
following two sections will be dedicated to obtaining the analytical form of the y(x) term.

4. Damped Oscillation of the Ion Concentration under AC Conditions

The illustration in the beginning of the section (Figure S4) is intended to facilitate a reader’s
understanding of the purpose of the following computations. The effect of the AC signal that fades
away along the distance from the electrode is illustrated in Figure S4a. The attenuation of damping
depends on signal frequency (Figure S4b). The high-frequency signal would fade away faster and
oscillation would not go far from the source (red line in Figure S4b), whereas the low-frequency
signal of the same amplitude would reach longer distance (blue line in Figure S4b). Due to this effect,
the response of the system would be more complicated than a response of physical equivalent
circuit.
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Figure S4. Damping of the probing harmonic signal illustrated as charge oscillation along the
distance from the electrode: a—attenuation of the signal amplitude; b—effect of the frequency on
signal dumping; c—control of the size of the monitored region by change of the probing frequency.
The schematic illustration is based on the discussions below.

As a form of primitive visualization, one may consider that the frequency of the signal defines
the size of the layer to be covered (Figure S4c). Figure S4c can only be used for a superficial
explanation of the phenomenon. In reality, there is no cut-off edge of the wave and the signal
attenuates along the whole thickness (Figure S4b).

A functional dependence i = f(x) obtained in (514) and (S15) included the concentration phasor
(¢). The only way to estimate the concentration phasor is to consider the transport Equation (51) and



Materials 2020, 13, x FOR PEER REVIEW 8 of 17

Fick’s diffusion law (S9). Equation (51) is used without the last term. The explanation for its
disregard is given in Part 2. Oscillation of the concentration of the charged species. The
rearrangements, that were made to proceed from (535) to (S36), are analogical to those described in
Part 2 so they are not commented on here.

AJZ—D%-FZJ‘D(E'AC-FC'AE) (S20)
X
\:
oac iE—DdAC+sz(E-Ac+c-AE)j
ot ox dx
\:
2
ot ox ox ox ox ox
\:
0% o¢ _ O0E OFE < dc
ioc=D—— E —y¢ 4. —4+ F.—
joc=Doa P [ oxCaxCax ij 21

The last form represents the whole set of parameters that affect concentration oscillation.
However, its further analytical treatment is not possible. For that reason, here we will present the
solution based on minimal approximations that finally allowed us to achieve the satisfactory
accordance between the theory and experimental data.

Here, we will demonstrate a solution which is reasonable, if condition (S6) is accepted. The
third term, including electric field gradient, is cancelled and the fifth term, including concentration
gradient, is modified according to (S7). Thus the equation is rearranged to (522).

5. B -
jcoE:Dg—i—sz[E-g—chc-g—EJrE-szco-eszxj (S22)
x x x

Now, Equation (520b) should be addressed to obtain the final differential equation in respect to
the C (x ) function. Condition (S12b) is simplified to (524) by taking into account (S6) and (57).

(jco+szdE)
dx g

Fe-

de
D _
2f dx

~ joc _

Eemgg e (529
z f DECO

E = A¢ (S24)

where A is a x-dependent coefficient relating phasors of E and c. In the case, considered here, A is an
imaginary negative value exponentially decreasing or increasing with x. Additionally, the later
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discussions are expected to involve x-independent part of A, which we suggest designating by letter
B to avoid confusion with manifold parameters in the equations.

Jjo _
A=——I1= ™ (525)
z° f“DEc
Jjo
B=-——"—— (S26)
z f DECO

The last preparation, before construction of the final equation, is expression of the E-phasor
derivative, which is also involved in (522).

dE_df  Jei  -om R
dr dx szzDEco szzDEcodx
=_%1(5,e-2ﬁx):_ _Jo (d_c_e_zﬁx_zﬁg,e_zﬁx}
z” f*DEc, dx z” f*DEcy \ dx
i _ dé N dé 8
=_%e zfEx (__ngcjzA(——szc] (527)
z f DECO dx dx

The derivative has been calculated in advance in order to facilitate notation and solution of the
equation (S22). Then, by substitutions of c(x) by function (S7) and just obtained d £ / dx (527), one

obtains the differential Equation (528).

. 0% o¢ dé . .
joc = D—g—sz E-—c+c0 et xA(—c—szcj+ A-E-zfEc, -7
ox ox dx
2
9% o¢ . :
]coc:D—j—sz E-—c+cO-B —C—ZfEc + B -¢-zfEc, (S28)
Ox ox dx
After simplification and separation of derivatives by the degrees one obtains:
25 ~ ~
p4 ‘; - joé - zfDE de _ zfDBc, g, 22 f*DBEcyé -z f*DBEc,é =0
dx dx dx
\
d’c dé
D——zfD(E+ Bcy)—— joc =0 (529)
dx* /D ( 0) dx /

The equation can be solved by the standard approach for linear differential equation. The
solution of the equation has a form of (530) where A1 and A2 are the roots of characteristic Equation
(531).

é(x)=Ce" +Cye"" (S30)

D\’ —zfD(E + Bcy)L— jo=0 (S31)
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of (E+Bey) k2202 (E+ B, ) +4 jo/D
2

(S32)

7“1,2 =

The constants C1 and C: are defined using boundary conditions. Here, we regard the function
c(x) in respect to the oscillation at x = 0 (533a). Another boundary condition (S33b) arises from the
obvious assumption that the concentration oscillation decays as it moves away from the boundary.

é(x)
¢(x)

It is obvious that roots A (547) are of the opposite sign: A1>0, A2<0. The condition (S33b)
requires only negative exponential term to be valid, and that is why Ci equals zero. The remaining
coefficient is equalised due to condition (S33a), thus giving a final formula for the oscillation of
concentration (534).

=5 (S33a)

=0 (S33b)

X—>0

2f (E+Bc, )—\/z2 FHE+Be,) +4jo/D
X
¢(x)=¢e 2

(S34)

Bearing in mind complexity of the formula above, it is worth addressing some limiting cases
that would be characterised by simpler functional dependence.

I In a case when z? [ (E + Bc, )2 >>4 jo/D the formula (S34) will be transformed to (S35):

é(x)=¢, (S35)

The limiting condition should be analysed to predict, which experimental parameters, namely E
and w, would lead to the situation when concentration oscillation is apparently constant along the
distance from the electrode.

2f2(E+Bc,)’ >>4 jo/D (S36)
2
. 2
2,2 JO .
z E———=———c¢c, | >4 jo/D
f( 22 £2DEc, 0] jof
2

‘ jo | 2Jie/D

E —
22 f*DE| of

The rooting at the previous step produced the appearance of the z value which would
determine the sign. The original condition (S36) included only a positive term z2. Thus, the z term
must be excluded with a view to not abuse the original condition (536) and not to complicate further
consideration of the inequality. Despite the module in the right part of the last inequality, we will
consider the case of positive E implying the symmetrical solution for negative E.

For further processing, the right part has to be decomposed into real and imaginary parts taking

into account that:
Ji=(1-/)/N2 (S37)
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processing of both real and imaginary parts leads to the consistent results. We conclude that the
concentration oscillation does not depend on the distance in case when either the electric field is very
high or the frequency is very small.

IL In case when z2 f?2 ( E + Bce, )2 << 4 jo/D the formula (S34) will be transformed to:

jo

E(X): Eoe_ N (839)

This solution corresponds to the oscillation decay for infinite diffusion, which is well known
from the literature. The function (S39) itself usually is not considered, because traditional impedance
formulas are concerned with the solution—electrode interface.

The analogical treatment of the boundary condition would result in the conclusion that the

formula (S39) is justified, provided that:
E << J17 /% (S40)

For instance, taking the diffusion coefficient of 1-10-1® m?-s! (approximate value for ions in
water solution), the lowest frequency of 0.01 Hz and f equal 38.9 V-1 (at 298 K) the condition (540)
would require E to be much less than 257 V-m'.

Comparing reasonability of the approximations I and II, the last one is expected to be more
reasonable under standard experimental conditions for polymer film investigation. The small
voltage gradient is ensured by conductivity of the film and mobility of the ions that could freely
migrate to eliminate growth of the space charge. If one tries to strongly increase or decrease
electrode potential, to get condition I (S38) instead of II (540), the only result would be the launch of
electrochemical process causing irreversible destruction of the polymer film. The high electric fields
are achievable in solid state architecture, as e.g., Organic Light Emmiting Diode (OLED) transport
layers.

5. The Final Formula for Impedance of Conductive Polymer Film

At the current stage all intermediate computations have been accomplished, so one has to recall
the basic formulas from the previous sections. Substituting (539) into (S14) one gets:

o, <
JjoxFGe g :_% (S41)

which after integration gives a function of current oscillation on distance:
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. _fio
i (x)\i(x) = 2F¢y [ joDe \E (542)

o

0
When x=0, ; = j , then the final formula is:
_ |,
HOETAL -
with
iy = 2FZ[ joD (S44)

It is important to extract the value of current amplitude io as a function of distance. The exponent
term has to be represented as a sum of real and imaginary parts using the relation (537) for the
square root of the imaginary unit and relation for amplitude and complex phasor of the oscillating

value:
_ JEX y JEX
Ai(xt)=ie’e V2P e "Vap (545)
after separating real and imaginary parts:

0", [“’"\/%‘] (S46)

Ai(xt) = ige V2P

with the imaginary part presented in trigonometric form:

Ai(x,t) = ioe_; [cos(mt—£j+jsin(cot—£jj (S47)
X X

The oscillation in x-scale is damping with a characteristic length:

Y= /@ (548)
(Q)

the physical sense of  is similar to that of diffusion length. When x value is increased by ¥, the
oscillation amplitude decreases e times.
The last function is harmonic in respect to two parameters: time and distance. The oscillation
periods in time and distance scales are shown below:
_2n

T (549a)
(O]

T =2n /2—D (S49b)
(O]

The form (547) is more convenient to regard harmonic oscillations. Some of the graphic
illustrations of the signal intensity are shown in Figure S5: the distance profiles at seven different
time moments within the increment of 1/7 of period (T) (Figure S5a) and the time profiles at 10
chosen distances within the increment of 1/5 x (Figure S5b).
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Figure S5. lllustration of current oscillation as a function of x (a) and f (b). Curves corresponding to
different time moments (a) and different distances (b) are brought out by colours. The simulated data
correspond to the values: D = 1-10® m?s™, w = 1 kHz. The vertical arrows indicate signal attenuation

with increase of distance.

The exponential term in amplitude (547) is the sought damping factor y(x) (S18):

(o) —e 120" (550)

Unfortunately, the formula (519) cannot be integrated in analytical form because the values and
functional dependences c(x), E(x) remain unknown. For that reason, we decided to consider
impedance as a sum of impedances of infinitesimal elements (Figure S3):

7=y 1 1 e_J;x (S51)
n| z? ]‘FDE jozF de
& 7 dE

within the thin layer the approximate relationship between concentration and electric field (S7)
could be applied to simplify the derivatives.

1 1 R
7 = 2D
Z Z3f2FDEC+j(DZ2fF(8x)-C ¢

\

n

v(o,x) (S52)

2(0)=Y) <o :

| 22 FDE(x)e(x) " jer fF(a0)-c(x)

The latter formula can be rearranged to the form of impedance (S53) of a physical circuit shown in
Figure S6. The z2 can be eliminated from the formula because its value is always equal to unity:

1
Z=R+—— (S53)
oC

with

R(w):ii : B )y(w,xi) (S54)

and
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1 < 1

(o) :;J‘F(Bx).c(xl.)y(w’xi)

The formula (S53) describes an equivalent electric circuit which comprises a resistor and a

(S55)

capacitor connected in series. In the case of the presence of several charge carriers, their effect on
current would be summarised. That means that the model would contain several parallel branches,
each corresponding to certain type of ion (Figure S6a). During the analysis of experimental data it
was found that two branches (Figure S6b) are enough to fit the spectrum. Of course, adding of
additional branches would only improve the fitting, but there was no evidence of necessity of those
additional parameters.

The fact that the parameter values are dependent on frequency may be confusing and
non-consistent with the conventional concept of equivalent circuits. To explain this feature, we state
that the parameters are estimated experimentally in a very narrow range of frequencies, so that w
value in the formulas could be accepted to be constant (Figure S7).

Ri(w) Cq(w)

I_ R+(w) C.(w)
Ryw)  Colw) —
|_

R(w) C.(w) ™

'—D—I J
(b)

Figure S6. Equivalent circuits corresponding to the worked theoretical model: in general case (a) and
in the considered work (b).
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Figure S7. Fragmentary analysis of the experimental data: fitting of the whole spectrum (a); fitting of

the zoomed fragment (b).

A similar technique for fragmentary analysis has been already proposed by Stoynov et al. [3-5]
in respect to the non-uniform research objects such as mesoporous oxide films. The general fit looks
perfect (Figure S7a), because according to the current methodology each fragment is fitted
individually. The selected fragments of the spectrum are zoomed to show the fitting quality. The
calculated and experimental points fit satisfactorily, but not perfectly. The ideal fitting is not yet
expected since these are experimental data. Otherwise, it would be suspicious and additional checks
would be required. The selected number of points, seven, was found to be optimal. From the fitting
quality point of view, it is about two times more than the number of varied parameters (equal 4). On
the other hand, it covers a frequency range narrow enough to refer the data to one frequency.

In defence of our idea we remind that the conventional approach of fitting equivalent circuit in
the whole range of frequencies could not be applied to the conductive polymer film, so was the
reason to develop the advanced technique.

6. The Strategy for Extraction of Physical Parameter Values

According to our hypothesis, one branch of the EC (Figure S6b) is attributed to positively
charged ions (cations) and the other to negatively charged ions (anions). Afterwards, the attributions
will be confirmed by the careful analysis of the results. In the first surprise, for each spectrum one of
the resistances appeared to be positive and the other to be negative, while both capacitances
remained positive. At the early stages of the work, such results were regarded as erroneous, but their
reproducibility in all the samples and under all conditions was convincing enough to accept them
and think about explanations.
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The answer on this paradox is hidden in Equation (554). The only term that could be either
positive or negative is z value in odd degree. The sign of z value defines the sign of R, whereas
according to (S55), C is always positive, regardless of z due to the fact that z2 > 0.

A careful look on the formulas would perceive that two equations contain four unknown
variables (¢, D, E and d), which makes the problem unsolvable. However, the experimental data for
the research object contain manifold points.

The proposed strategy will be aimed at estimation of resistances and capacitances of each of the
infinitesimal layers (Figure S3). The number of the layers to be estimated may be less than or equal to
the number of frequency points, but not exceeding that number. Taking into account, that precision
of the results requires minimisation of the thickness of the small layer, we will use the maximal
possible number, i.e., the number that is equal to the number of frequency points. The procedure
includes the following steps.

1. The initial approximate values of diffusion coefficients for cations (D+) and anions (D-) are
proposed, e.g., 1-10-19 m?s71. The values will be further adjusted during the iteration steps.

2. The thickness of the polymer film is divided by n equal fragments (dx = d/n), n equals the
number of the frequency.

3. The matrix I'm = [y(wi, xj)]mn is created. Each element is calculated by the formula (S56), which is
formed from (S50) to estimate the average value of y in the considered distance interval [x1; x2].

_— T e %xdx = ( ngz (s56)

N~ ® Xz X

4. Two systems of equations have to be solved to estimate values of resistances and capacitances of
each elementary layer (R(xi) and C(xi)). The system of equation concerned with resistances is shown

below in a matrix form: the full (§57a) and minor (S57b) version.

v(o,x) v(o,x) .. y(onx,)) (R(x) R(oy)
v(0,x) v(0,x) . y(0,x,) y R(x,) _ R(®,) 57
y((x)n,xl) y((on,xz) y((on,xn) R(xn) R(con)

Lo (@05 )% R, (x,) =R, () (S57b)

The I''matrix has been calculated at the previous step, and the Rui(wi)-matrix represents the
experimental data. The sought Rui(wj)-matrix is calculated by the formula (558) using an inverse
matrix approach.

R, (x;) =T (0% )xR,,; () (S58)

The same approach is applied to estimate values of capacitances.
5. Having the values of capacitances, resistances and diffusion coefficients at one’s disposal, one can

estimate the values of concentration in all the considered fragments.

c(x;)= % (S59)
E(x;) 1 (S60)
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Although the proposed algorithm seems to be precise, its realisation required enormous

accuracy and attention. The calculation of the inverse matrix in case of high-ranked matrices (more
than 100) was a special problem, since a minor change in a single element caused recalculation of the
whole mass of the data.
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