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Polythiophene (PT) is one of the most
used conductive polymers (PP) of hetero-
cyclic compounds, since the potential po-
lymerization of its monomer is lower than
that of unsubstituted benzene, and its sta-
bility in different environments is higher
than that of pyrrole and furan. [1-8]. It
is also worth mentioning that PT was the
first conducting polymer, commercially
used in electrostatic brushes produced by
the company “Xerox”.

In the synthesis of the PP the choice of
the monomer is guided by the properties
of the resulting polymer and sometimes it
is more convenient to obtain monomers
by electrochemical methods than chemi-
cally [9-12]. Moreover, some electro-
chemical transformations of organic com-
pounds do not have the purely chemical
analogies.

PT can be obtained either chemically
or electrochemically and the latter meth-
od has some advantages over the first - for
example, the best conductivity of the pol-
ymer and coplanarity between the mono-
mer fragments in it. However, the elec-
trochemically synthesized polythiophene
may undergo partial overoxidation due to
the fact that its potential of overoxidation
may be equal or lower than the potential
of polymerization of the corresponding
monomer. This phenomenon discovered
in 1989 was named “polythiophene para-
dox” and is manifested in the appearance
of oxygen-containing functional groups
and the decrease in conductivity in the
polymer, due to changes in the configu-

The system and its model

With the purpose of the mathematical
description of potentiostatic (U > U__ >
> U, > U) electropolymerization of
thiophene, electrochemically modified

with the help of the substances present

ration of the conjugated system [13-14].
Further researches showed that the “poly-
thiophene paradox” is also possible for
some of polypyrroles [15-17], making
the explanation of this phenomenon is
important not only to determine the ex-
act mechanism of electropolymerization
of thiophenes, but in general for the syn-
thesis of polymers of five-membered het-
erocyclic compounds. This phenomenon
is manifested among other things and in
electrochemical instabilities - fluctua-
tions in current or potential or the multi-
plicity of the stationary states [15-17].

The phenomenon of “polythiophene
paradox” has been described by many
experimental methods and electrochemi-
cal instabilities basically obtained a phe-
nomenological interpretation. The main
disadvantage of this explanation is that
despite the fact that it can be derived from
the point of view of purely logical reflec-
tions, it is not based on the solid theoreti-
cal basis, which can only be given through
development and analysis of mathemati-
cal models able to adequately describe the
processes in the system.

We have attempted to describe the
processes of overoxidation (including
“polythiophene paradox”) for polymers
of monomers present in the solution
[18-20]. Now the aim of our work is to
describe the same phenomenon for the
monomers, obtained electrochemically,
the study of the behavior of the given pro-
cess and comparison with the general case
“polythiophene paradox”.

in solution in excess, we introduce two
variables:

- O, - the degree of coverage of the
electrode by modified monomer;
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- O, - the degree of coverage of
the electrode by nonoveroxidation
polythiophene.

To simplify the model we assume that
non-modified monomer at the initial
moment of the reaction covers the surface
of the anode completely (©,=°=1).

The modified monomer is obtained by
electrochemical oxidation of the starting
monomer and then electropolymerizes. In
turn, the polymer overoxidizes at the same
time with their own synthesis. Thus, the
balance equations for their concentrations
will be written as:

o, 1
d—;zmﬁ -1 (1)
o, 1
@5 ) O

max

where r, r, and r, are speeds of
modification, polymerization and over-

oxidation which can be described as:
z,Fo
r=k(1—-6,—0,)exp| -2,
1 1 ( 1 ) XP[ RT ]

£} ZkZfo([[ez)exp]][—Zzlf—T%J (3-5)

F
r,=k,0, exp 4% J

Results and discussion

To analyze the behavior of the system
with “polythiophene paradox” under elec-
tropolymerization of electrochemically
generated polymers we analyze the system
of differential equations (1-2) using linear
stability theory. Functional Jacobian ma-
trix whose elements are calculated for the
stationary state can be shown as:

[“11 a12] 5)
ay Gy
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where k , k,, k, are the rate constants of the
corresponding reactions, z, z,, z, is the
number of electrons transferred in each
of them, @0 is the potential jump relative
to the zero charge potential, £ is the
reaction order of electropolymerization
on the monomer, f(0)) is a function of
the possible autocatalytic growth of the
polymer chain, rising to the order of
reaction with respect to the polymer.
Autocatalytic growth of the chain occurs
due to the acceleration of electrochemical
reaction at transition from monomer
through oligomers to the polymer.

Mathematically  equations  (1-2)
remind of equations (2-3) of general
model for polythiophene paradox for
the case of the presence of monomer in
solution [19] that shows the similarity
of the systems. However, due to the fact
that in this case the process occurs com-
pletely on the surface and also in view
of the presence of the greater number of
electrochemical steps the system behavior
will be slightly different from the general
case that will be described and discussed
below.

1 f
=5 % 4 a4
r (1-6,-9,)

max

- r2f’(92)[a2r2 - &g_z]]

1

a,, = ! — rl —
12 r W7 (1-0,-0,) h
7.
Gy = |%h +C9—2—a3r3] (6-9)
max 1




1 , . r,
Ay = G_[rzf (6,) [b2rz - (26_2] by — 9_3]
I 2

Herea andb areparametersdescribing
the effect of the electrochemical reactions
in the electric double layer (EDL).

The necessary conditions for the
oscillatory  behavior  described by
Andronov-Hopf bifurcation are Tr J = 0,
Det] > 0 (simultaneously); where Tr] = a,
+a,, is the trace of the Jacobian matrix and
Det ] is its determinant. Since the second
condition is satisfied in most cases, the
first one is the main at calculation which
for this system are written as:

1 h
r (1—6,—6,)

max

—n,f(8,) [a2r2 - E»;_z]]

1

1
G_[rzf ’(92)[b2”2 - é;_z] -
_@@_SJZQ (10)
2

This condition can be satisfied only in
case of presence in the main diagonal of
the Jacobian matrix of positive elements,
describing the positive feedback. You can
see that the elements a r_and b r , where
x is the phase number can be positive (or
negative under the sign minus), depending
on the impact of the electrochemical stag-
es of the reaction on the capacity of DES
and the strength of oxidising substances
as reducing agents. This factor is common
to all systems with electropolymerization
[18-20].

The second factor responsible for the
oscillatory behavior can be autocatalytic
chain growth, the impact of which is
described by the positivity of the elements

containing the derivative of the function f
that describes this growth.

Thus, in this system self-oscillatory
behavior is caused by two factors -
electrochemical and autocatalytic. There
are temporal dissipative structures in this
system the existence of which maintained
by steady “supply” of the initial monomer
and by the excess of the modifying
substance in the solution (input entropy)
and by the overoxidation of the polymer
formed by (output entropy). The factor of
interaction of particles on the surface of
the electrode by adsortion - desorption,
which is the reason of self-oscillations in
such systems [18-20] does not apply here
owing to the purely superficial nature of
the process.

For two-dimensional systems the
conditions of stability of stationary states
are described as: Tr ] < 0, Det J > 0. Here-
with the latter condition is main. For
analysis of the determinant of the Jacobian
matrix without cumbersome expressions
we introduce new variables so that the de-
terminant of a matrix was written as:

1 RI-R2 X1-X2
Ir G |R2—R3 X2-X3

max 1~ max1

. (11)

Opening the straight brackets and
solving the inequality Det ]J>0 relative to
R1, we obtain the condition of stability of
stationary state for the system in the form:

R - X) - R(X, — X,)
X2*X3 .

R

! (12)

This inequality is satisfied, in the case
of the growth of effects of modification of
the monomer and overoxidation of the
corresponding polymer (increase R and
R,) on DES and the fall of the effects of
electropolymerization on it (drop R).
Also the stability of the stationary state is
determined by the stability of the polymer
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(X,>X,). The process is controlled by
adsorption of unmodified monomer as
in the similar case of electrooxidation of
procarbazine [21-22].

The critical value of the parameter R,
which is on topological limit of stability
of stationary state corresponds to the
multiplicity of steady states, the condition
of which is:

r R —X)-R(X, - X,)

(13)
1 Xz _Xs

It appears by N-shaped plot of
voltamperogramme and explains the
equality of the stabilizing and destabilizing
influences of the electrochemical
processes at DEL.

The reaction in galvanostatic and
potentiometric modes is described by

Conclusion

From the analysis of the system with
polythiophene paradox under electropo-
lymerization of electrosynthesized mono-
mers, we can conclude that:

- Asfor all similar systems with “poly-
thiophene paradox” the temporal dissipa-
tive structures present in this system, the
existence of which is maintained by steady
“supply” of the initial monomer and by
an excess of the modifying substance in
the solution and by overoxidation of the
formed polymer.

— The stability of the stationary state is
determined by the distribution of the ef-

[Monmutunoden (IIT) sBnsercs ogHUM
U3 Hambojiee NCIOMb3YeMbIX NPOBOJSI-
myx nonumMepos (ITIT) rerepoumxnnde-
CKMX COefMHeHMI, 160 IOTeHLuas Io-
NVIMepU3aL €r0 MOHOMEpA HIDKE, 4eM
I/IsI He3aMeIjeHHOTO OeH3071a, a YCTOli-
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system based on the described above,
while the variable introduces in the SDR
that describes the change in charge density
of the anode. The behavior of such system
is more complex and will be described in
future works.

Effect of pH is an important factor
in the behavior of the system, because
the process of electropolymerization and
the process of overoxidation are highly
dependent on pH. This system describes
the electrosynthesis of polythiophene at
neutral pH. In the case of more acidic
pH third variable introduces in the above
described DES that describes the behavior
of protons. Addition to the above factors it
can also be responsible for the appearance
of electrochemical instabilities in this
system.

fects of electrochemical processes on the
DEL so that the polymer remained stable.
The process is controlled by the adsorp-
tion of initial monomer.

- In case of equality of stabilizing
and destabilizing influences in DEL, the
monotonic instability, manifested in the
multiplicity of the stationary states real-
izes.

- The oscillatory instability in this
system can be caused by the action of the
factor of influence of electrochemical pro-
cesses on the DEL and autocatalytic fac-
tors.

In Russian

4MBOCTb B PAa3IMIHBIX CpPefax BbILIe,
4yeM y muppona u pypana. [1-8]. Crout
TaK>Ke YHOMSIHYTb, 4T0 ITT OBl mepBbIM
[IPOBOSIIVIM ITOTIMMEPOM, OMTYUMBIIIM
KOMMepuecKoe IpYMeHeHNe B 9/IeKTPOo-



CTaTMYEeCKUX  IIeTKax
KOMITaHUM Xerox.

IIpu cunrese III1 mpu BbibOpe MO-
HOMepa PYKOBOJCTBYIOTCS CBOJCTBaMM
Pesy/IbTUPYIOLIEro IOoMMMepa U MHOIA
[O/Ty4aTh MOHOMEpHI 110 /IeKTPOXVMIU-
YeCKMM MeTOfyKaM 6ornee ymo6HO, yeM
xuMudeckn [9-12]. Ilpu aTom HekoTo-
pble 9/IeKTPOXMMUYECKIe IpeBpalleHN
OpraHMYecKNX BeIlecTB He MIMEIOT YUCTO
XMMIYeCKUX aHaJIOTUIL.

IIT MOXHO NOTY4UTb KaK XMMU4e-
CKM, TaK M 3JIEKTPOXUMMYECKY, U IIO-
C/IeHUIT METOJ MMeeT HeKOTOpble Ipe-
UMYILecTBa Iepef IepBbIM — K IIPUMepY,
Jydilas HpPOBOAMMOCTb IONMMepa MU
KOMIUIAHAPHOCTDb MeX/1y MOHOMEPHBIMI
¢parmentamn B HeM. OFHAKO 37TEKTPO-
XMMMYeCKU CUHTe3VPOBaHHBbII OMUTIO-
(deH MOXKeT TOABEPraTbCsi YaCTUIHOMY
HepeOoKIUCIEHNIO BBIUJY TOTO, YTO €T0 I10-
TEHIIMA/ IEPEOKMCIeHNsI MOXKeT OBITb
PaBHBIM IIOTEHLMANy IIOIMMEepU3aALUN
COOTBETCTBYIOLIEr0 MOHOMepa. JlaHHOe
ABJIeHue, OTKphIToe B 1989 ropy, momy-
YIMI0 HAa3BaHUE «IOMUTNOPEHOBOTO Ia-
PajioKca» ¥ MPOSIB/ISIETCS B MOSIBIICHNN B
HOJIMepe KUCIOPOACORePKAINX QYHK-
LIVIOHA/IPHBIX TPYIII U CHVDKEHWM TIPOBO-
IUMOCTY, BBUAY M3MeHeHMs: KOHQUry-
pamuy conmpspKeHHON cuctemsl [13-14].
JanbHerme MCCneNOBaHNs IIOKa3ajll,
YTO «ITOMUTUODEHOBBII apajoKC» BO3-
MOYXEH TaKXKe J/IsI HEKOTOPBIX TIOIUIINP-
ponoB [15-17], uro nemaer obbsiCHEHME
IaHHOTO (peHOMeHa BaXKHBIM HE TONIBKO

IIpON3BOLACTBa

CucrteMma u ee Mmopenb

C 11€/ThI0 MAaTEMATUIECKOTO OMCAHS
norenyyuocratnyeckon (U>U_ > UPol >
>U_ ) anexTpononumepusanum tuodena,
INMEKTPOXUMUIECKU MOAUDUIIMPOBAHHO-
TO C IOMOIIBIO BEIeCTBA, IPUCYTCTBYIO-

IJISL  ONpefeNieHNs] TOYHOTO MeXaHU3-
Ma 37IeKTPOIIONMMepuU3annu TuodeHos,
HO U BOOOIIe /I CHHTe3a IONNMEPOB
[ATUYWIEHHBIX TeTEPOLMKINYECKNX CO-
enVHeHMil. JTO sIBIEHNE TPOSBISETCS,
Cpeny MpOYero, B 9TEeKTPOXMMUIECKIX
HEYCTONUMBOCTAX — KO/MeOaHMAX TOKa
VIV TIOTEHIIMA/IA VI MHOYKECTBEHHOCTH
CTALVIOHAPHBIX COCTOsTHMIT [15-17].

SABnenne «momutnodeHoBoro ma-
pajokca» OBUIO OIMCAaHO MHOXECT-
BOM 9KCIEPMMEHTA/IbHBIX METOOB, MU
9NEKTPOXUMUYECKIe  HEeYCTONYMBOCTI
B OCHOBHOM Tony4danu (eHOMEHOIOTH-
YeCKYI0 MHTepIIpeTaluio. [JTaBHBIM Helo-
CTaTKOM TAaKOTO OODBSICHEHUs SIBIISETCA
TO, YTO, HECMOTPSI Ha TO, YTO €r0 MOYXXHO
BBIBECTH C TOUYKM 3PEHMA CYryOo JIormde-
CKMX pasMBbIIUIEHNII, OHO He 3VDKHETCs
Ha IIPOYHOM TE€OPETUIECKOM OCHOBAHNN,
KOTOpPO€e MOXKET OBITh JaHO TONMBKO C I10-
MOIIbI0 Pa3paboTKM U aHaaM3a MareMa-
TUYECKON MOJIENN, CIIOCOOHOM aIeKBaTHO
OITVCATb IIPOLIECCH B CUCTEME.

MBbI y>Ke MIPeATPYHSIIN TOBITKY OIN-
caTh IPOLIECChl IEPeOKNCaeHus (B ToM
q1Ce  «IOMUTUOQEHOBBI TapagoKC»)
IJIsL IOIMMEPOB MOHOMEPOB, IPUCYTCT-
ByIoIuX B pacTBope [18-20]. Ceituac xe
L[eIbl0 Halllell paboThl SIBJSIETCS] OMMCa-
HIle TOTO )K€ SIBJIEHMs JyIi MOHOMEpOB,
[IOTyYEHHBIX J/IEKTPOXMMIYIECKN, U3yde-
HIle TIOBeJIeHVsI JAHHOTO IIPOoLiecca 1 ero
CpaBHeHIe C OOLIM CTy4aeM «IOMTUTHO-
(dbeHOBOrO TTApaOKCar.

I[ero B pacTBOpe B M30bITKE, MbI BBOJVIM
IBe IepeMeHHble:

- ©, - cTeneHb MOKPHITHA SNEKTPOA
MOMUIVPOBAHHBIM MOHOMEPOM;

- ©, - cTeneHb MOKPHITHA SNEKTPO/A
HellepeOoKVCIeHHbIM ITOJIUTUO(EHOM.

283



C 1enbl0 YIPOIEHNST MORENV MBI
opefnonaraeM, YTo HeMomudpuImpo-
BaHHbII MOHOMED B Ha4a/IbHBIII MOMEHT
peaKLnu MOTHOCTHIO MOKPBIBAET TIOBEP-
XHOCTb aHopa (® =% =1).

MonuduuupoBaHHBIIT MOHOMED TI0-
Ny4aeTCsi 9NMEeKTPOXUMUIECKUM OKICTIe-
HIUEeM Ha4YaJTbHOTO MOHOMEpa, a 3aTeM
97IEKTPONONNMEPU3NpyeTcsi. B cBoio
o4epesib, MONMNMEP MEPEOKUCTISIETCS Off-
HOBPEMEHHO C COOCTBEHHBIM CHHTE30M.
Takum 06pa3om, 6anaHCOBbIE yPaBHEHNS
1T MX KOHLIEHTPALM 3alMIIYTCS KaK:

do 1
d—;zmﬁ—rz) (1)
do 1
@ g @

max

e r,, r, M 1, — CKOpOCTU MopuduKanmm,
[IOZIMMepU3aluy ¥ TIePeOKVCIeHNs, KO-
TOpbIE MOTYT OBITH OIMCAHBI KAK:

z,F
n=k(1-6,—6,)exp _% >

F
r, = k,0° £([6,) exp] —ZZR—T% (3-5)

F
r, =k;0, exp _ZSR—T%

Pe3ynbTatbl M 06cyaeHus

C menplo aHanM3a IOBeNEHMS CU-
CTeMBI C «IIOMUTHOGEHOBBIM IMApPafjOK-
IOpY  9/EKTPOIOIMMEPH3ALIIN
9/IEKTPOXMMUYECKN  FeHepHPOBAHHBIX
HO/IVIMEPOB, MBI AHAMU3UPYEM CUCTEMY
mnpdepeHIaIbHbIX ypaBHeHmit (1-2)
C JCIIONb30BaHMEM JIMHEHOV Teopun
ycroitunBocTy. DyHKUMOHATbHAS Ma-
Tputa SIKo6, 971eMEeHTBI KOTOPOIT BbIUM-
CTIeHbl [/IS1 CTAlMOHAPHOTO COCTOSIHIS,
MO>KeT OBbITh [TOKa3aHa Kak:

COM»
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rme kl, k, k, KOHCTaHTBI CKOPOCTeNl
COOTBETCTBYIOIINX PeAKUUil, Z,, Z,, Z, —
KO/IMYECTBO 3JIEKTPOHOB, IIE€PEJAHHBIX
B Ka)XJIOM M3 HUX, @, — CKa4OK TIOTEH-
[ya7la OTHOCKUTENPHO IOTEeHIMama Hy-
JIEBOTO 3apAfid, § — TOPAMOK peakIun
97IEKTPONIONMMEPU3ALNI [I0 MOHOMEPY,
f(8,) - dynKIMA BO3SMOKXHOTO aBTOKaTa-
JINTUYECKOTO POCTA MONMMEPHOI Lien,
BOCXOfAIIAS K IOPSAKY peakiuu II0
no/muMepy. ABTOKATaIUTUYECKUIT POCT
LIeIIY BO3HMKAET BBUAY YCKOPEHIS 9/eK-
TPOXUMMIECKOI PeaKI[UI IPU MePEXOfie
OT MOHOMepA Yepe3 OMUTOMEPHI K TIO/H-
Mepy.

Matemaruyeckn ypaBHeHusa (1-2)
HAIlOMMHAIOT ypaBHeHuA (2-3) oOrmeit
MO/ /11 HOMUTIOGEHOBOTO MapajioK-
ca [ Crydasi IpUCYTCTBMSI MOHOMepa
B pactBope [19], uTo oTo6paxkaeT mopo6-
HOCTb cucteM. OIHAKO B CBA3Y C TEM, UTO
B JAaHHOM C/Iy4ae IPOLECC HOMTHOCTBIO
[IPOMCXOINT HA MOBEPXHOCTH, & TAKXKe
BBUJY IPUCYTCTBUA OONMBIIErO KOMmde-
CTBA 9NIEKTPOXUMUYECKUX CTAMINIA, TOBE-
[ieHue JaHHOJI CUCTeMBI OyieT HeCKOIbKO
OT/IMYATBCSL OT O6LIero cayd4ast, 4To 6y-
ieT OMMCAHO 1 00CY)KIEHO HIDKE.

a, 4 )
a, a4y
e
1 h
=5 |4 T 4 a4
r . (1-6,-9,)
> rz
—n,f(8,) azrz_ae_
|
a,, = ! - d -
12 r U (1-0,-0,) 10!



.
Ay = |4 +(;9—2—a3r3 (6-9)
max 1

3pech a_u b_- mapameTpsl, OMMCHIBA-
IolIMe BIVIAHME 9/IeKTPOXVMIYECKIX pe-
aKUMI1 Ha JBOVIHOI 3JIEKTPUYECKUI CTION
(B2C).

HeobxopuMble yCIOBUsI /1T aBTOKO-
71e06aTeIbHOTO MMOBENEHNS, OMICHIBAEMO-
ro 6udypkauneit Augponosa — Xonda, —
Tr ] = 0, Det ] > 0 (ogHOBpeMeHHO), e
Tr ] = a, + a, — Clem MaTpUIIbL Axobu,
a Det ] - ee onpepenurens. Ilockonb-
Ky BTOpOe yCIIOBME YAOBTIETBOPSETCSA B
6OJIBIINHCTBE C/Iy4YaeB, IJIABHBIM B pac-
yeTe sABJIAETCA NIepPBOe, KOTOpOe /A JaH-
HOJT CMICTEMBbI 3aIIMIIETC s KaK:

1 "

an— -
r (1-6,-6,)

max

, r
—1,f7(0,) ‘12"2_§e_2
!

1 , .
G nf(6,) bzrz_ge_2 -

max 1

’
—b,r,——=|=0. 10
313 0 (10)

2

[laHHOEe YCTIOBME MOXKET OBITH YHOB-
JIETBOPEHO TONIBKO B CTydae MPUCYTCTBUS
B IJIABHOJ [MaroHamy Marpuubl SIko6m
HOJIOXKVTENbHBIX 37IeMEHTOB, OIVICHIBAIO-
IMX TIONOXKUTEIbHYI0 OOPAaTHYIO CBS3b.
Mo>KHO yBUIETD, YTO d7eMeHTbI A ¥ U b 1,
I7ie X — HOMep CTafiui, MOTYT OBITD II0TIO-
JKUTEIbHBIMI (MM OTPULIATENbHBIMI TIOF
3HAKOM MUHYC), B 3aBUCYMOCTH OT BJIN-
sIHUS Ha eMKOCTb [19C 3eKTpoxmmimde-
CKVIX CTa[Vil peaKLUMu U OT CU/IBI OKVICTIS-
FOLIMXCST BELECTB KaK BOCCTAHOBUTEIEIL.
IlaHHBII PaKTOp OOLINIL /IS BCEX CUCTEM
¢ a7eKTpononumepusanueit [18-20].

BropeiM (akTOpoM, OTBETCTBEHHBIM
3a aBTOKO/IeOaTe/IbHOE INOBEfeHIe, MO-

JKeT OBITh aBTOKATATUTUIECKUIT POCT
L[eNN, BIMsIHME KOTOPOTO OIVICHIBAETCS
HIOJIOKUTEIBHOCTBIO 9JIEMEHTOB, COJep-
JKAIMX IPOU3BORHYI0 QYHKUMM f, OIU-
CBIBAIOLIIEIT 9TOT POCT.

Takum 06pa3oMm, B [aHHOI cucTeMe
aBTOKOJIeOaTe/IbHOE MOBEIEHNE BbI3bIBA-
eTCsI [IeliCTBUEM [IBYX (HaKTOPOB — 37IeK-
TPOXVMMUYECKOTO U aBTOKATATUTUIECKO-
ro. B cucreme IpyucyTCTBYIOT BpeMeHHbIe
AMCCUIIATYBHBIE CTPYKTYPBI, CYIIECTBO-
BaHJe KOTOPBIX IOJJeP>KIBAETCA YCTOM-
YUBBIM
Mepa M M3OBITKOM MOAM(ULIVPYIOLIETO
BellleCTBa B pacTBOpe (BXOJ SHTPOINN)
U TepeoKucIeHeM 06pa3oBaHHOTO II0-
nuMepa (Bbxox sHTponunu). Pakrop B3a-
VIMOJIEVICTBHSI YaCTMYEK Ha MTOBEPXHOCTHU
97IEKTPOJIA IpH aficopOLmM — Tecopbumn,
KOTOPBIN SIB/ISIETCS HMPUYMHON aBTOKO-
NebaHMil B [PYTUX IMOZOOHBIX CHCTEMax
[18-20] 3pech He [ieiiCTByeT BBUAY YUCTO
HOBEPXHOCTHOI IIPUPOIBI IIPOIiecca.

Il ABypasMepHBIX CHUCTeM YCTIOBMUSA
YCTOMYMBOCTI CTAIIIOHAPHOIO COCTOSI-
HUS onuchiBaoTcsA Kak: Tr ] < 0, Det ] > 0.
[Tpu aTOM IIOC/IEHEE YCIIOBME CUNTACTCA
r1aBHBIM. C Ije/Ibl0 aHa/Iu3a OIpemeu-
Tenst MaTpunbl SIko6m 6e3 rpoMO3IKUX
BBIpOKEHMIT MBI BBOAVM HOBBIE Iiepe-
MeHHbBIe TaKUM 00pa3oM, YTOObI orperie-

«3alracoM» Ha4aJIbHOI'O MOHO-

JIMTEJIb MaTPUIII 3aIIMCAJICS KaK:
1 RI-R2 X1-X2
I G |R2—R3 X2-X3|

max | max]

(11)

PackpbiBast IpsiMble CKOOKM U pelrast
HepaBeHcTBO Det | > 0 oTHOCKTe/IbHO Rl,
MBI TIONy4aeM YCIOBUE YCTONYMBOCTU
CTAIlIOHAPHOTO COCTOSHMA AJIA JAHHOM
CUCTEMBI B BUJIE:

R - X) - R(X, — X,)
X2*X3 .

R (12)

1
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JlaHHOe HepaBEeHCTBO Y[ OBJIETBOPS-
eTca B clydae pocTa BauAHmit Ha J9C
MopuUKanuyu MOHOMepa U IiepeoKucIIe-
HJISL COOTBETCTBYIOLIEro Homumepa (pocT
R1 n R3), a TakK)Ke MajeHys BAMAHUA Ha
HEro 3JIeKTpolonmMepusannm (majeHue
R,). Takxe yCTOIYMBOCTD CTAIMOHAPHO-
TO COCTOSIHVA OIIpefienAeTCs YCTONYNBO-
crpio onumepa (X, > X,). Ilpouecc mpu
9TOM KOHTPONMPYeTCs afcobuumeit He-
MopMPULIMPOBAaHHOTO MOHOMepa, KaK I
B QHAJIOTMYHOM CJIy4ae 3JIeKTPOOKUCIIe-
HUs IpokapbasmHa [21-22].

Kpuruueckoe 3HayeHMme Iapamerpa
R, HaXxopislleecs Ha TOMONOTUYECKOM
mpefiesie YCTOMYMBOCTU CTALMOHAPHOTO
COCTOSIHMS, COOTBETCTBYEeT MHO)XECTBEH-
HOCTM CTal[IOHAPHBIX COCTOSHMIA, YCIIO-
BlUEM KOTOPOTO SB/IACTCA:

_ R, — X))~ R(X, — X,)
X, - X, '

R, (13)

Ono otobpaxaercs N-06pasHbIM
Y4aCTKOM BOJIbTAMIIEPOTPAMMBI 11 00'BsIC-
HAETCSA PaBEHCTBOM CTaOVIM3UPYIOLINX

BbiBoAbI

V3 anamusa cucreMbl ¢ nonutnode-
HOBBIM TapafOKCOM IpPU 37EKTPOIONNU-
Mepu3aluy  9N1eKTPOCUHTE3MPOBAHHBIX
MOHOMEPOB MOXXHO CHIe/IaTb BBIBOJBI O
TOM, 4TO:

- Kak u ana Bcex aHa/IOTMYHBIX CH-
CTeM C «IIONNTHO(EHOBBIM ITaPATOKCOM»,
B JJAHHOJ CUCTeMe IPUCYTCTBYIOT Bpe-
MeHHbIe YCCUTIATUBHBIE CTPYKTYPBHI, CY-
IIeCTBOBaHIME KOTOPDIX MOJep>KIBAeTCs
YCTOIYMBBIM «3aIIaCOM» Ha4aabHOTO MO-
HOMepa U M36BITKOM MOFUPUIVPYIOLLe-
TO BellecTBa B pacTBOpPe U IE€PeOKICIe-
HIfeM 00pa30BaHHOTO MONMMeEpA.

— YCTOIYMBOCTD CTAIIIOHAPHOTO CO-
CTOSIHUA OTpefieNisAeTcsl TaKMM pacipe-
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U [ecTabMIMSUPYIONX BIVUAHUN 9JIeK-
TPOXMMMYECKUX IporeccoB Ha [JIC.

Peaxyus 6 eanvearocmamuueckom
U NOMEHUUOOUHAMUUECKOM — DPeHUMAX
OIINCBIBAETCS CUCTEMOIL, 6a3upyroLerics
Ha OMJCaHHOM Bblle, Ipu 3ToM B CIIP
BBOIUTCS TI€pPEMEHHas, ONMCBIBAOIASA
U3MeHeHNe IUIOTHOCTM 3apsfia aHofa.
IToBefieHMe TaKOM CHUCTEMBI SBIAETCA
emte 6ormee CIOKHBIM U OyHeT OIMCAHO
HaMI B CJIE[YIOIINX paboTax.

Bnusnue pH aBnsaeTcs BaXHBIM (ak-
TOPOM IIOBEfeHIsT JaHHOI CUCTEMBI, 160
KaK IpoliecC 3/leKTPONoNMMepu3alny,
TaK U TPOIecC MepeoKNUCNeHNsA CUIbHO
3aBucar or pH. Jlannasa cucrema omnmu-
CbIBAaeT 9NIEKTPOCMHTe3 MOnuTHO(deHa
npu HeiitpanpHoM pH. B cnydae 6omee
kucnpix pH B ommcannywo Bopime CJIIP
BBOZIUTCA TPeTbsl TE€pPEeMeHHas, OIMCHI-
BaloIas TMOBefieHNe MPOoToHoB. OHO Mo-
MUMO YKa3aHHbBIX (aKTOPOB TakKe MO-
XeT ObITb OTBETCTBEHHBIM 32 [IOSIB/ICHNE
INMEKTPOXUMUYECKUX HEYCTONYMBOCTEN
B CHCTEME.

IieNIeHNeM BIVAHMIA 37IEKTPOXUMMUIECKIX
nporeccos Ha JI9C, 4To6bI momMMep mpu
9TOM OCTaBajcsA ycToitumsbIM. IIpornecc
KOHTPOJIMPYeTCA aficopOIyeii HayaIbHO-
r'o MOHOMepa.

- B cnywae paBencTBa crabummsu-
PYIOIUX ¥ JIeCTaOVIN3UPYIOUIX BIINA-
Huit B I9C, peanusyercss MOHOTOHHas
HEYCTONUMBOCTD, IPOABIAIONIAACA BO
MHO>KECTBEHHOCTYM CTallOHAPHBIX CO-
CTOAHMIA.

- ABToKO7e6arenbHasg  HEYCTOMYM-
BOCTb B JIJAaHHOJ CHMCTeMe MOXeT ObITh
BbI3BaHA JelicTBUeM (aKTOpa BIVIAHUA
9/IEKTPOXMMUIYECKUX Nporeccos Ha [JOC
U aBTOKATAIUTUYECKUX PaKTOPOB.
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