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The possibility of using EPR spectroscopy to monitor the current concentration of polyaniline and control the
kinetics of aniline polymerization is shown. Kinetic measurements were carried out for various temperatures,
initial concentrations of reagents. Autocatalysis was detected in all cases. It was shown that the order of
polyaniline-catalyzed oxidation of aniline changes from the first to the second as a result of a decrease in the
monomer concentration. A new approach to deriving an equation for the rate of oxidative polymerization of

aniline and its derivatives is proposed taking into account the physical adsorption and chemisorption of the
monomer, and the reaction mechanism is considered.

1. Introduction

The combination of significant electrical conductivity [1], high
chemical and thermal stability [2-4] provided an increased interest in
the study of synthesis, properties [5,6], directions of application of
polyaniline and its derivatives [7-9]. The establishment of the mecha-
nism and kinetics of polymerization is traditionally one of the important
points in the search for relationships between the properties of macro-
molecules and the conditions of their synthesis. Although the mecha-
nism of many classes of polymer synthesis reactions has been
established, the nature of chain growth in oxidative polymerization is
the subject of numerous discussions in literature [10]. Until recently
even the nature of the active centers of the oxidative polymerization of
aromatic amines was discussed, and the participation of radicals [11],
cations [12-14], and radical cations [15-17] was considered as alter-
native options. The increased activity of monomers with electron-donor
substituents in the oxidative polymerization of aniline derivatives in-
dicates the formation of positively charged particles as intermediates
[18,19]. Kinetic data [15-18], the absence of chain cross-linking [20]
and the inefficiency of typical cationic “traps” in the interception of
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intermediates [21] suggest that radical cations are active centers of
oxidative polymerization of aniline derivatives.

It was found that the kinetics of oxidative polymerization of aromatic
amines can be satisfactorily described by the kinetic Eq. (1) [15-18,
20-22].

fl% = Fu+7re = kieCyCox + ck.Cy (q; - CM> @
where r,, r. — rates of non-catalytic and catalytic oxidation of the
monomer; ky, k. — rate constants of non-catalytic and catalytic oxidation
of the monomer; Cy, Cox — concentrations of monomer and oxidizing
agent; o — the surface factor [15]; t — time.

The first order rate of the catalytic step with respect to the concen-
trations of aniline and polyaniline, as well as its independence from the
concentration of the oxidizing agent, made it possible to assume that the
monomer is oxidized directly by the polymer (Scheme 1). Thus, it is
assumed in [15] that the role of the oxidizing agent in the catalytic step
belongs to the pernigraniline form, which is reduced to the emeraldine
form. Reoxidation of the emeraldine form leads to the regeneration of
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Scheme 1. Mechanism of aniline polymerization explaining the autocatalytic course of the reaction by the oxidation of aniline with pernigraniline.

pernigraniline, closing the catalytic cycle. This mechanism is assumed to
be common for the polymerization of aromatic amines under the action
of various oxidizing agents [16-18].

Recent theoretical results indicate the impossibility of pernigraniline
formation at low monomer conversion, although autocatalysis begins to
manifest itself at an aromatic amine conversion of about 1% [23]. In
addition, the intermediate formation of pernigraniline is not facilitated
by its low hydrolytic stability in acidic aqueous solutions [24]. Appar-
ently, the formation of pernigraniline is possible only at the final stage of
the reaction. A careful analysis of the molecular weight distribution
(MWD) of polyanilines shows the progress of the reaction of nucleophilic
addition of the terminal primary amino group of aniline oligomer chains
to quinone diimine fragments (chain branching) [25]. A similar process,
all the more, should take place during the interaction of pernigraniline
with aniline itself, leading to the nucleophilic addition of the latter, and
not to its oxidation. These contradictions can be eliminated on the
assumption that the polymer initially adsorbs the monomer, causing its
polarization. Then the adsorbed polarized form of the monomer un-
dergoes oxidation by the impact mechanism under the action of an
oxidizing agent in an aqueous solution, as we proposed earlier [20,26].

Studying the kinetics of oxidative polymerization is a simple and
representative approach to establish its mechanism, especially consid-
ering the variety of methods used to monitor the current concentrations
of reagents and reaction products. For example, kinetic curves of poly-
merization of aromatic amines were obtained by gas chromatography
[15], electron spectroscopy [27], Raman spectroscopy [28], 'H NMR
spectroscopy [16-18,22], calorimetry [29], potentiometry [30] and
others methods [31-33]. It is noteworthy that although the para-
magnetic properties of doped polyaniline are known and EPR has been
intensively studied [34-37], this method has not previously been used to
control the kinetics of precipitation polymerization of aromatic amines.
Therefore, this article is devoted to the application of the EPR spec-
troscopy method to control the kinetics of aniline polymerization, to a
quantitative examination of the obtained results, and to clarification of
the details of the reaction mechanism.

2. Experimental
2.1. Materials and methods

Aniline hydrochloride (purity not less than 99%) and ammonium
peroxodisulfate (purity not less than 98%) purchased from “Sigma —

Aldrich” were used as reagents. X-band EPR spectra were recorded on a
commercial Bruker EMX spectrometer (Germany).

2.2. Study of the kinetics of aniline polymerization

Solutions with concentrations of 0.2 M, 0.1 M, and 0.05M were
prepared by dissolving aniline hydrochloride in 50 ml of distilled water.
Solutions with concentrations of 0.25 M, 0.125 M, and 6.25 x 1072 M
were prepared by dissolving (NH4)2S20g in 50 ml of distilled water.
After thermostating until the desired temperature was established, ali-
quots of the solutions were mixed so that the excess of (NH4)2S20g with
respect to the monomer was 1.25. The reaction was carried out at
temperatures of 284 K, 294 K, and 304 K in the resonator of an EPR
spectrometer, recording the values of the signal intensity. The EPR
spectrometer operates at 9.8 GHz and 100 KHz magnetic field modu-
lation and is equipped with a variable temperature unit. The samples
were placed into a resonator of the spectrometer using 0.9 mm id Bruker
glass capillaries. The following parameters were used for spectral
acquisition: microwave power 2 mW; sweep width 70 G; conversion
time 40.96 ms; time constant 40.96 ms; modulation amplitude 0.7 G;
number of points 1024. As it was checked, the modulation value of 0.7 G
does not affect the shape and width of the detected signal, which caused
the choice of this value. Mathematical processing of the EPR spectra, in
particular, double integration, was carried out using the WINEPR and
SIMFONIA (Bruker) programs. The error in determining the position of
the experimental points in time is up to 15 s. The error was minimized by
computer processing of signals after the registration of all spectra was
completed. The values of the integral signal intensities were related to
the recording time when the signal center passed.

The current concentration of monomer was calculated according to
the Eq. (2):

cM:c;’V,<1f]i> (2

where I, I, - current and maximum value of the integrated intensity of
the polyaniline signal in the EPR spectrum. The derivation of Eq. (2) is
given in the “Supplementary Data” section.

The selected conditions for the oxidative polymerization of aniline
make it possible to monitor the reaction kinetics for a time not exceeding
200 min, and also to vary the temperature in a range representative for
determining the activation energy.
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Scheme 2. The mechanism of autocatalysis of aniline polymerization, assuming the polarization of the monomer with polyaniline.
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Scheme 3. Kinetic scheme explaining the effect of autocatalysis during oxidative polymerization (Q - quinone diimine fragments of polyaniline; (QM)pys - physically
adsorbed aniline; (QM)chem - chemisorbed aniline; M, M™" - aniline and aniline radical cation.

3. Results and discussion

3.1. Theoretical consideration of the kinetics and mechanism of oxidative
polymerization of aniline derivatives

It is known that the rate of monomer oxidation catalyzed by poly-
aniline does not decrease with an increase in the acidity of the medium;
therefore, the salt form is active in this act, but not the basic form of
aniline [15]. Therefore, the following mechanism of the catalytic stage
can be assumed, including the induced dissociation of the phenyl-
ammonium cation (Scheme 2). The driving force of the induced disso-
ciation, most likely, is the minimization of electrostatic repulsion when
the positively charged polyaniline chain and the phenylammonium
cation approach each other, as well as the possibility of hydrogen
bonding (Scheme 2).

Since polyaniline simultaneously catalyzes the oxidative polymeri-
zation of aniline and forms a new phase [15-18,20-22], the adsorption
of aniline on polyaniline is the most important process that largely de-
termines the nature of the kinetic relationships [20,26]. Let us denote by
0 the total surface concentration of all adsorption centers of doped
polyaniline. In the general case, both physical and chemical adsorption
of an aromatic amine is possible, and there is an equilibrium between
the two states of the adsorbate. Let 8; and 6, be the surface concentra-
tions of a physically adsorbed and chemisorbed aromatic amine,
respectively. Thus, when considering the kinetics of the catalytic action
of polyaniline, Scheme 3 is adopted.

Taking the principle of stationarity with respect to surface concen-
trations of physically adsorbed and chemisorbed aromatic amine, we
write Egs. (3) and (4):

do
= hs— 6= 6)Cut kabh— (ki k) =0 3
e R @

where Cy, Cox - concentration of monomer and oxidizing agent; 0, -
total surface concentration of all adsorption centers of polyaniline;
¢, and 6, are surface concentrations of physically adsorbed and
chemisorbed aromatic amine, respectively; k1,k_1,ky,k_2,ks - the rate
constants explained by Scheme 3.

Solving the system of algebraic Eqs. (3) and (4), we obtain the Eq. (5)
for 6,:

ki1kr0.,Cyy

0, = 5
? k_tk_y 4 kyCyy (ks + k_3) + ks (ks Cps + k_y + k3)Cox )

Thus, the rate of polymer-catalyzed oxidation of the monomer can be
written in the form of the Eq. (6):

kikok30s Cay Cors
k_1k_y 4+ kiCy(ka + k_2) + k3 (ki Cos + k—1 + k2)Coy

7. = k360,Cors = (6)

where s is the area of the interface per unit volume of the reaction sys-
tem.

Considering the polymerization rate during the induction period
(rne = kncCyCoy), we write the Eq. (7):
7@ —k CyC k[kgk}gooCMCQXS

@ OO T K ko + ka) + ks (ki Cor 1 ko + k2)Con

)

Obviously, the value of s depends on the conversion of the monomer
and the average radius of the particles formed by the polymer, in
accordance with Eq. (8) (“Supplementary Data”):

s<6ﬁ4 - CM) ©)

where My is the molecular weight of the aromatic amine; dp is the

3My,
AR

(- c)=

density of the polymer; R is the average radius of the particles formed as

% is a constant depending on the
P:

structural features and sizes of the resulting polymer particles.
After substituting (8) into (7), we obtain (9).

a result of polymerization; ¢ =

_dCy kikak3£05 Cps (Cyy — Car) Cox
kncCMCOJc
dl k_1k_» +k]CM(k2 +k72)+k3(k]CM+k71 +k2)ng

©)

Since the experimental kinetic data indicate that the rate of catalytic
oxidation of an aromatic amine is independent of the oxidant concen-
tration [15-17], the values of k, and k_,, should be small. The latter
means limiting the rate of the catalyzed oxidation of the aromatic amine
by the practically irreversible slow formation of the chemisorbed form of
the aromatic amine. Thus, we can write down the final kinetic Eq. (10):

dCy Kyk£0., (Cyy —
- = kncc C, x
dt uCot KuCy +1

Cu) Cu (10

where Ky = kk—ll

is the adsorption equilibrium constant for an aromatic
amine. Details of transformation (9) into Eq. (10) are given in the
“Supplementary Data” section.

Comparison of Eq. (10) with the previously established experimen-
tally Eq. (1) allows one to give a theoretical expression (11) for the

parameter o.

Ky €0y

_ 11
KuCy + 1 an
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Fig. 1. Estimated energy diagram of the adsorption of aniline on the surface of
polyaniline.

As can be seen, the parameter ¢ depends not only on the surface
properties, which determine the value of 6, but also on the size of the
resulting polymer particles and the concentration of the aromatic amine.
The dependence of ¢ on the aromatic amine concentration means the
possibility of changing the general order of the rate of polymer-
catalyzed monomer oxidation. Although there are no data on the
structure of adsorption layers formed on the surface of the polymer
during oxidative polymerization, it is possible to assume the formation
of complexes stabilized by charge transfer and hydrogen bonds as a
result of chemisorption (Fig. 1). The preceding chemisorption, physical
adsorption of the monomer can be associated with the action of Van der
Waals forces.

The charge transfer and the formation of hydrogen bonds between
the aromatic amine and the resulting polymer, first, is indirectly
consistent with the strong association of chains in polyaniline solutions,
which decreases upon going from the emeraldine form to the leucoe-
meraldine form [38]. Second, aromatic amines containing
electron-withdrawing nitro groups do not homopolymerize [39,40];
however, the introduction of even a small amount of aniline ensures
their involvement in copolymerization [41]. Apparently, even amines
with electron-withdrawing substituents behave as donors in the pres-
ence of electron-deficient doped polyaniline chains [20]. The inability to
homopolymerize aromatic amines with electron-withdrawing sub-
stituents is probably a consequence of their passivity in oxidation
uncatalyzed by the polymer (induction period); however, this does not
exclude their catalytic oxidation upon the introduction of a second
monomer capable of forming a seed amount of polymer. Finally, it is
known that some aromatic compounds containing simultaneously donor
amino groups and acceptor quinone diimine fragments form stable di-
mers structurally similar to quinhydrone [42-44]. An example of such a
compound is the dye methylene blue [45]. In addition, the structures of
adsorbates shown in Fig. 1 make it possible to qualitatively explain the
presence of a significant activation barrier between the physically
adsorbed and chemisorbed monomer. The reason for the significant
activation barrier is the electrostatic repulsion of the monomer, which
acquires a positive charge as a result of binding into a complex (Scheme
2), from the side of the positively charged chain of the doped

Synthetic Metals 280 (2021) 116871
polyaniline.

3.2. Integration of the kinetic equation for the oxidative polymerization of
aniline derivatives

To compare the experimental data and theoretical results, as well as
to determine the kinetic constants, Eq. (10) must be integrated. Exact
integration (10) leads to a complex transcendental function with respect
to the rate constants, which complicates their determination. However,
Eq. (10) is greatly simplified if we assume a low degree of filling of the
polymer surface with an aromatic amine or, on the contrary, the reali-
zation of conditions close to adsorption saturation (see section “Sup-
plementary Data”). If the degree of filling the polyaniline surface with
monomer is small, then (10) turns into (12), which is similar to the
previously experimentally established Eq. (1) [15].

d ,
~Ch_ hCuCot K (cz - cM) Cu 12
where k/2 = Kyko€0o .
Integration (12) is described in articles [15-18], and leads to Eq.
(13):

Cubs

Cy =
YT CB (exp(Bat) — 1) + rexp(Bt)

13

where f3; = 1.25kn —ky 1 iy = kGO, — 1CY; €O — initial concentra-
tion of oxidizing agent.

In the case of realization of conditions close to adsorption saturation,
from (10) we obtain (14):

- % = kneCyCoyx + ki, (cj;, - CM) 14
where k/z' = kol
Integration (14) leads to (15):

(b+ Aexp( — At) — (b — 1)
2.5knc (@ — exp( — A1)

Cu= (15)

where b = k€O, — 1.25knCS — ki3 2 = (b2 — SkncksCo) s
2.5k, CY + b+ A

P=sc 0 L
2.5k, CO + b — 2

As can be seen, Egs. (13) and (15) are transcendental with respect to
the parameters included in them, but they can be used to approximate
experimental data by the "fitted curve" method, which makes it possible

to estimate the constants. If the values k; "and k;’ can be calculated with
significant accuracy, then the error in determining k.. by the "fitted
curve" method is large, as noted earlier [22].

Apparently, there is no need to obtain exact integrals of differential
Egs. (12) and (14) to achieve a satisfactory mathematical description of
the kinetic curves. As a convenient approximation, it can be taken that
the rate of the noncatalytic stage does not depend on the conversion of
the monomer and oxidant during the induction period, and after its
completion it is equal to zero (much less than the rate of the autocata-
lytic stage) [26]. This approximation leads to Eqs. (16) and (17), which
make it possible to determine the constants k/2 and k,z' without resorting
to the "fitted curve" method by the slopes of the dependences
In{(Cy —Cm)Cy* } vs tand In(Cy—Cy) vs ¢, respectively. How-
ever, the determination of the constant k,., obviously, will also be
associated with a significant error.

In{(Ch — Cm)Cy'} =& +hCoyt 16)

In(CY, — Cy) =& +kjt a”n
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Fig. 2. Dependence In{(Cy, — Cum)Cy/ } vs t—Auln(Cy— Cu) vs t-B (segments (Cy = 0.025M, T = 284 K); squares (CJ; = 0.05M, T = 284 K); rounds
(CY = 0.1M, T = 284 K); thombuses (CJ, = 0.05M, T = 294 K); triangles (C, = 0.05M, T = 304 K).

, K COy— 4/ Aracksy +(KyC3p)° ,
where § =In|—2 Y "2 2M \andé’ =l
K, GGy Aracky (0, G2

Therefore, to calculate k,. the Eq. (18) was used.

<d(,‘,‘,,>

dt

ke = == C’:O (18)
ML Ox

r

The value <ddc—t”’) is determined graphically from the tangent of the
t=0

slope of the kinetic curve Cy; vs t. A detailed discussion of the influ-
ence of the acidity of the medium on the rate of non-catalytic oxidation
of aniline is given in “Supplementary Data”.

The analysis of experimental data using Egs. (16) and (17) should be
carried out in the range of aniline conversion from 5% to 10% to
75-80%, since during the induction period and at the final stages of
polymerization, the principle of stationarity underlying derivation of Eq.
(10). The obtained experimental kinetic data form straight lines in co-
ordinates ln{(C?,, —CM)CA’,,I} vs t (Fig. 2A) and ln(Cl?,, —Cm) Vs ¢

(Fig. 2B).

As can be seen (Fig. 2), high concentrations of aniline and low
temperatures favoring adsorption saturation also contribute to the
linearity of the kinetic curves in coordinates In (CI?,, —CM) vs t.Onthe
contrary, low concentrations of aniline and an increase in temperature
lead to a straightening of the kinetic curves in coordinates

In{(C% —Cum)Cy/ } vs t. These circumstances are consistent with
the assumption of the important role of the adsorption of aniline on
polyaniline, as well as the possibility of oxidative polymerization of
aniline in frozen reaction mixtures [46].

3.3. EPR spectra of polyaniline and registration of the kinetics of aniline
polymerization

It is known that the polymerization of aniline is accompanied by the
appearance of an EPR signal associated with the formation of doped
polyaniline [47,48]. The polaron model is widely used to explain the
nature of paramagnetism of polyconjugated systems [49]. The dynamics
of the appearance of polarons during the polymerization of aniline is
typical for processes characterized by autoacceleration: an induction

Fig. 3. EPR signals of polarons arising during the induction period (dashed line) and final stage (continuous line) of aniline polymerization at a temperature of 284 K.
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Fig. 4. Experimental dependences Cy vs t at a temperature of 284 K for various
C%: 1 -0.025M; 2 - 0.05M; 3 - 0.1M (C9, = 1.25Cy; points - experimental
data; continuous line corresponds to Eq. (19); dashed line corresponds to
Eq. (20)).

period, a sharp increase in concentration followed by reaching
maximum value. The EPR signal of polarons during the induction period
is a symmetric singlet of the Lorentzian line shape with a width of
AH =7.44+0.1G and g =2.0030 £ 0.0001, which, with the poly-
merization time, transforms into a singlet of the Lorentzian line shape
with a width of AH = 1.1 + 0.1 Gand g = 2.0030 £+ 0.0001 (Fig. 3).

The change in the signal width coincides with the onset of a sharp
increase in the concentration of polarons, which is associated with an
increase in the length of conjugated chains in proportion to the con-
version of aniline [23]. A similar regularity in the change in the width of
the EPR signal line during the polymerization of aniline was also noted
in [50]. The described regularities of changes in the width and intensity
of the polaron signal are the same for all investigated reagent concen-
trations and temperatures.

Retention of the width of the EPR signal up to deep conversions of
aniline after its decrease at the end of the induction period makes it
possible to use Eq. (2) to monitor the kinetics of polymerization. In
connection with the above, the kinetic approach based on the inde-
pendent determination of the rate constant k,. from the EPR data in
accordance with Eq. (18) is quite reasonable. Thus, the control of the
kinetics of oxidative polymerization by the EPR method does not require
stopping the reaction and the release of products; it makes it possible to
quickly monitor the concentration of polymer and monomer and makes
it possible to accurately determine the moment of completion of the
induction period. As will be shown below, the rate constants determined
by the EPR method agree with their values calculated as a result of
monitoring the current concentration of aniline by 'H NMR spectros-
copy [22].

3.4. Change of order in the concentration of aniline

The derived kinetic Eq. (10) differs from the previously experimen-
tally established kinetic Eq. (1) by the possibility of realizing the first
order autocatalytic stage under conditions close to adsorption

Table 1
Parameters of kinetic Eqs. (19) and (20) at a temperature of 284 K.

Synthetic Metals 280 (2021) 116871

Fig. 5. Experimental dependences Cy vs t at temperatures: 1-284 K; 2-294 K;
3-304 K (Cy, = 0.05M; €3, = 0.0625M; points - experimental data; contin-
uous line corresponds to Eq. (19); dashed line corresponds to Eq. (20)).

saturation. Therefore, kinetic studies of oxidative polymerization in
solutions with different initial concentrations of aniline hydrochloride
were carried out while maintaining a 1.25-fold excess of (NH4)2S20g and
a constant temperature of 284 K.

As a first approximation, the constants k; and k’z’, aswell as ¢ and ¢,
were determined from the slope coefficients of the dependences
In{ (COM —Cum) Cyf } vs tand ln(C,OW —Cy) vs t (Fig. 2), and then
their values were refined by approximating the experimental kinetic
curves by Egs. (19) and (20) obtained by resolving (16) and (17) with
respect to Cy.

Cu= 19

Cy = C24 — expi (20)

Egs. (19) and (20) turned out to be satisfactory for describing the
experimental dependences (Fig. 4).

The values k’2, k’Z’, & and &' used for the mathematical description of
the experimental data, as well as the values of k,.calculated by Eq. (18),
are presented in Table 1.

Despite the formal satisfactory correspondence of theoretical Eqgs.

(19) and (20) to the kinetic curves (Fig. 4), the constants k’2 u k’2’

should not significantly depend on the concentration of aniline, if the
order in terms of the concentration of the monomer for the rate of the
autocatalytic stage remains constant. Taking into account the latter
circumstance, the data in Table 1 indicate the realization of conditions
close to adsorption saturation at a monomer concentration of about
0.1 M. On the contrary, far from adsorption saturation, kinetic Eqs. (1)
and (19) are satisfied. Thus, the second order of catalytic oxidation of
aniline is facilitated by its low concentration in the system, which cor-
responds to Eq. (10). The nature of the deviation of the theoretical de-
pendences from the experimental data (Fig. 3) shows that Eq. (20),
which is applicable under conditions of adsorption saturation, is always
inadequate in the region of high conversions (low concentrations) of the
monomer, but better agrees with the experimental data in the region of
high aniline concentrations. On the contrary, Eq. (19) corresponds to the

1 1

1

4, mol x ! Ky 1 x mol™! x min~ Ky min~ £ £ ke 1 x mol™ x min~
0.1 6.0 0.37 -9.95 -9.38 0.013
0.05 10.2 0.36 -34.50 -27.94
0.025 11.4 0.23 -43.52 -38.84
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Table 2
Parameters of kinetic Egs. (19) and (20) for different temperatures of aniline polymerization (C% = 0.05M; C%_ = 0.0625M).
TK Ky 1 x mol™! x min? Ky min! ¢ g ke I mol™? x min”!
284 10.2 0.36 -34.50 -27.94 0.013
294 19.6 0.77 -28.00 -25.79 0.021
304 29.2 1.02 -23.94 -20.51 0.047

Fig. 6. Temperature dependences of rate constants: 1- knc; 2 - ky; 3 - ky.

experimental data obtained at an initial concentration of 0.025 M
aniline.

Thus, the change in the order of the stage of catalytic oxidation of
aniline is consistent with Eq. (10), which underlies the quantitative
analysis of the kinetics. At the same time, kinetic Eq. (1) does not
explicitly imply a change in the order of the catalytic oxidation stage.
However, this effect can also be taken into account by Eq. (1) if it is
assumed that the surface factor depends on the concentration of the
monomer, in accordance with the previously derived Eq. (11).

3.5. Effect of temperature on the rate of polymerization of aniline

Egs. (19) and (20) are in satisfactory agreement with the kinetic data
obtained for different temperatures of polymerization (Fig. 5).

The algorithm described above makes it possible to determine k;, k,z’,
& and ¢’ for different temperatures of aniline polymerization (Table 2).

The results obtained indicate an increase in the rate of polymeriza-
tion of aniline with increasing temperature. The rate constant k,. in-
creases faster than k, and kj as the temperature rises. The activation
energy of the reaction during the induction period is about
46 kJ x mol~!, whereas for the stage catalyzed by polyaniline, its value
is 37.5kJ x mol ! and is practically independent of the kinetic order
assumption (Fig. 6). Thus, the obtained kinetic data confirm that the
autoacceleration of the oxidative polymerization of aniline is a conse-
quence of autocatalysis. The assumption about the implementation of
the second order stage of catalytic oxidation of the monomer leads to a
better agreement between theoretical and experimental data at all
studied temperatures (Fig. 5), and provides a larger value of R? for the
dependence Ink; = f(T~!) (Fig. 6).

The obtained kinetic data indicate the absence of a pronounced
dependence of the constants k,z’, k’2 on the particle size of the resulting
polyaniline, otherwise these values would change significantly with the
conversion of the monomer. Possible reasons for the independence of

the rate constants of the catalyzed oxidation of aniline on the size of the
resulting polyaniline particles were considered earlier [23].

Finally, the catalytic component of the rate of oxidative polymeri-
zation in Eq. (10) is derived in a stationary approximation, which cannot
be fulfilled at both low and high monomer conversions. At low con-
versions of the monomer, violation of the principle of stationarity does
not affect the results of kinetic calculations according to Eq. (10) (Fig. 4
and Fig. 5), since Cy ~ C?,, and the contribution of the catalytic
component of the rate to the total rate of oxidative polymerization of
aniline is insignificant. As shown in Figs. 4 and 5, when the conversion of
aniline is more than 80%, the kinetic model in all cases becomes inad-
equate, which is a consequence of the violation of the principle of sta-
tionarity. Thus, Eq. (10) is fulfilled until deep monomer conversions of
75-80% are achieved. Apparently, the kinetic Eq. (10) is valid only for
the oxidation of aniline and its derivatives in strongly acidic media.
Other assumptions, associated with the need to integrate Eq. (10) sug-
gest considering only the cases of adsorption saturation or, on the con-
trary, the formation of rarefied adsorption layers of the monomer on the
polyaniline surface. At the same time, in all kinetic calculations, the rate
of the monomer oxidation stage uncatalyzed by polyaniline is assumed
to be constant and significant only during the induction period.

4. Conclusion

EPR spectroscopy is a convenient method of kinetic measurements
for the oxidative polymerization of aniline. The change in the EPR
spectrum on going from aniline oligomers to polyaniline, which co-
incides with the onset of the autocatalytic acceleration of polymeriza-
tion, makes it possible to determine the duration of the induction period.
It is shown that the chemisorption of aniline on polyaniline determines
the degree of surface coverage and the kinetic order of the stage of
monomer oxidation catalyzed by polyaniline. For the first time, a
theoretical expression for the surface factor was given and it was found
that it depends not only on the surface properties and the size of polymer
particles, but also on the monomer concentration. It has been suggested
that the chemisorption of the monomer is a stage that limits the rate of
oxidative polymerization of aromatic amines after the end of the in-
duction period.
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