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Crystal structure and imperfection of the
perovskite-like proton conductor Ba,Ca,Nb.0

The crystal structure complex oxide Ba,Ca,Nb,0,, inanhydrous and hydrated

forms was studied by the method of neutron diffraction, the preferred localiza-
tions of protons were set. The hydration process with temperature variation and
the partial pressure of water vapor was studied. It is established that the crys-
tallographic non-equivalence of OH-groups in the structure determines their
different thermal stability. The quasi-chemical approach was proposed that de-
scribes the formation of proton defects in oxides with structural disordering.

Keywords: neutrongramma; quasichemical approach; high temperature proton conductors (HTPC).
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Introduction

Proton conductors are widely
used as components of electrochemical
devices such as gas sensors, electrolysers,
fuel cell membranes, etc [1-3]. The class
of high temperature proton conductors
(HTPC) is presented of complex oxide
compounds with perovskite structure
ABO, or derived from it. In HTPC hy-
drogen is not part of chemical formula, its
appearance in the structure of the com-
plex oxide is provided by the equilibrium
with H,O/H,-containing atmosphere and
is described as the process of dissociative
dissolution of water vapor/hydrogen [4].
Since the presence of oxygen vacancies
is the main factor responsible for the ap-
pearance of proton defects, the value of
the proton conductivity is determined by
the complex oxide defectiveness.

In complex oxide compounds with
the structural typical disorder of the oxy-
gen sublattice, in contrast to phases with
impurity disordering, the number of va-
cancies in the oxygen sublattice may be
considerably higher, therefore the high
oxygen deficiency is able to provide a sig-
nificant level of concentration of protons
(and therefore, proton conductivity) [5].
Such features allow us to consider these
compounds as a distinct class of proton
conductors and suggest the need to devise
new ways to describe them. At the same
time, a combination of properties, such as
high concentrations of protons and high
reversibility of the processes of hydration,
gives ground to consider this class of pro-
ton conductors as a promising matrix for
proton transport.
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In the present work we report a de-
tailed study of the crystal structure of
proton conductor Ba,Ca Nb,O, and set
the preferred places of localization of pro-

Experimental part

The synthesis of the sample with
a nominal composition of Ba,Ca,Nb O,
was conducted by solid-phase synthesis
from the pre-dried carbonates and nio-
bium oxide at temperature endurances
800-1000-1200-1300°C for 24 h with in-
termediate chafing. The hydrated samples
were obtained by slow cooling (1 °C /min)
with 1000 °C to 150-200°C in the humid
air (pH,0O = 2 - 10 atm). The amount of
absorbed water was controlled by the
method of thermogravimetry.

The neutron diffraction studies were
performed at the nuclear research re-
actor IVV-2M (Zarechny town, Sverd-
lovsk region) using diffractometer D-7A
with a double monochromator. The first
monocrystal is pyrolytic graphite with
a reflective plane (002), the second is ger-
manium, the reflection plane is 511. The
wavelength of monochromatic neutrons
is A = 1.5255 A. Data were obtained at
room temperature in the angular range
9-130°C with a step of 0.05 °C and angu-
lar resolution is Ad/d = 0.02 %. The refine-
ment of crystal structure was carried out
using full-profile analysis on Rietveld by
using the software package FullProf [6].

Results and discussion

According to the results of local en-
ergy-dispersive x-ray microanalysis it is
established that the stoichiometry of the
synthesized sample was maintained with-
in 1 at. %, there was a slight variation in
the values of ratios of Ba:Ca:Nb, the over-
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tons, and also developed a quasichemical
approach to describe the processes of for-
mation of proton defects.

The studies of surface morphology of
the samples was performed by scanning
electron microscope JEOL JSM-6390LA.
For the quantitative determination of the
elemental composition of the samples the
energy dispersive microanalysis with en-
ergy dispersive console JEOL JED 2300
was carried out. The limit of detection at
normal energies (5-20 kV) was ~0.5 at. %.
The error of concentration measurement
is £2 %. The management, monitoring
and analysis of the received data were car-
ried out using the software package Anal-
ysis Station JED series, Version 3.7.

The thermogravimetric studies were
carried out in the heating process in the
atmosphere of dry Ar in thermoanalyzer
TG STA 409 PC (NETZSCH) included
with unit quadrupole mass spectrom-
eter QMS 403C Aélos. The shooting of
isothermal dependences of the mass
from the partial pressure of water vapor
was performed with stepwise change of
humidity from pH.O = 3 - 10° atm to
pH,O = 2 - 10 atm. Under each value
of the activity of water vapor the system
was maintained to a state of equilibrium
within a few days.

all composition of the sample was charac-
terized by a slight lack of Ca.

The study of the morphology of the
powder sample did not reveal the pres-
ence of impurity phases, the homogene-
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ous distribution of metal components was
observed.

The structure of the anhydrous sample
Ba,Ca Nb,O, was investigated by using
neutron diffraction. Fig. 1 shows experi-
mental, calculated and differential profiles
of neutronography.

It is established that the crystal struc-
ture Ba,CaNb,O,, is described in the
structural type of the double perovskite
A,(BB")O,, and is characterized by a cubic
cell with space group Fm3m, which cor-
responds well with x-ray diffraction stud-
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Fig. 1. Neutrongramma sample composition
Ba,Ca,Nb,O, shows the experimental
(points), calculated (line) and difference
(bottom) data and the angular position of the
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ies carried out previously [7]. For four
formula units A (BB)O, the following
distribution of hydrogen atoms in the posi-
tions is characterized: 8c-crystallographic
positions are filled with cations of barium
(A-sublattice), the cations B-sublattice (ni-
obium and calcium) occupy two crystal-
lographically nonequivalent positions 4a
and 4b, the oxygen takes position 24e. The
main results of calculations are presented
in table 1. According to the data about
the coordinates of the atoms and the unit
cell parameters the interatomic distances
were calculated (table 2). The structure is
built from connected by vertices differ-
ent octahedra NbO, and CaO, formed by
orderly arranged atoms of niobium and
calcium and is oxygen-deficient, which is
confirmed by the partial filling of oxygen
positions. The location of oxygen vacancies
is statistical, as the predominant places of
their localization have not been identified.

The next step was the study of the
structure of the sample Ba,Ca Nb O,
in hydrated form. The degree of hydra-
tion was established according to data
of thermogravimetry, the overall com-
position is corresponded to the formula

reflexes for cubic phases (strokes) Ba,Ca Nb,O,-0.96H.0.
Table 1
The coordinates and isotropic thermal parameters (B) atoms
of the anhydrous sample Ba,Ca,Nb,O ,
atom | position The coordinates of the atoms coeﬂicilent of Bx100, A’
X y z filling
Nb 4a 0 0 0 1.00 0.5(1)
Ca 4b 0 0 0.5 0.935(2) 1.76(4)
Ba 8¢ 0.25 0.25 0.25 1.00 1.59(9)
(@) 24e 0.2347(5) 0 0 0.917(5) 2.54(8)
pr=5.14% Rp:6.06% x’=1.36 R(F?»)=3.37

Characteristics of atoms:
Space group Fm3m, cubic symmetry, Z=4
The unit cell parameters: a = b = ¢ = 8.4428(3) A;a =b = g = 90% V = 601.80(3) A% X-ray
density 5.47 g/cm’
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Table 2
Interatomic distances (A) in the coordination
polyhedra in the anhydrous sample

Ba,Ca)Nb,O,
Interatomic
distances BaO,, Ca0, NbO,
M-0O 2.987 2.222 1.999
0-0 3.142 2.827

Based on the data of neutron diffrac-
tion it was found that when hydrated nio-
bate of barium-calcium the cell symmetry
is reduced to monoclinic and can be de-
scribed in the space group P2 /n. Neu-
trongramma is presented in Fig. 2.

As a result of absorption of water is the
filling of oxygen vacancies by oxygen atoms
from the water molecules, respectively, the
total content of oxygen in hydrated sample
increases, as evidenced by the correspond-
ing fill coefficients. Thus there is a distor-
tion of the octahedra and the position of
the oxygen atoms become non-equivalent.
The data for the atomic coordinates and

Animitsa I. E., Kochetova N. A.

can be seen, the distance from the atom of
niobium up to four equatorial oxygen at-
oms is equal to 2.013 Aand2.115 A, and to
the axial atoms is 2.066 A. In Ca-octahe-
dron these distances are slightly larger, re-
spectively, to the equatorial oxygen atoms
is 2.226 A and 2.125 A, and to the axial at-
oms is 2.254 A.

Intensity (arb. untisy
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Fig. 2. Neutrongramma of sample
Ba,Ca,Nb,0,-0.96H,0 shows the
experimental (points), calculated (line) and
difference (bottom) data and the angular

position of the reflexes for monoclinic phase

interatomic distances are in tables 3, 4. As (strokes)
Table 3
The coordinates and isotropic thermal parameters (B) atoms
in Ba,Ca,Nb,O, -0.96H,0 according to data of neutron
Atom Position The coordinates of the atom Filling Bx100, A2
(abs.ed)
x y z

Ba 4e -0.01312 -0.00354 0.7422 4.00 1.893(2)
Nb 2d 0.50000 0.00000 0.00000 2.00 0.889(1)
Ca 2¢c 0.50000 0.00000 0.50000 1.815(7) 0.989(4)
01 4e 0.24055 0.26523 0.49187 4.000(0) 2.705(3)
02 4e 0.24067 -0.24146 0.49764 4.000(0) 3.069(8)
03 4e -0.02101 0.47958 0.73512 3.616(0) 1.13(11)
H1 4e 0.10214 0.47503 0.63517 0.764 1.13(11)
H2 4e 0.27941 0.15590 0.20102 0.366 1.13(11)
H3 4e 0.07867 0.19818 0.09212 0.727 1.13(11)

R =3.16 %; Rp=4.80 %; R=5.39 %; x’=1.36

wp

Characteristics of atoms:
Space group P2 /n, monoclinic symmetry
The unit cell parameters: a = 5.9864(3) A; a = g = 90% b = 5.9964(0) A; b = 89.838(15)%;
¢ =8.4958(2) A; V =304.97(3) A% X-ray density of 5.42 g/cm’
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The position of the protons is described
by three possible positions H1, H2, H3.
Most of the protons (H1 and H2) is lo-
calized on axial oxygen atoms O3, form-
ing OH™-groups in which the distances
oxygen-hydrogen are as follows: 1.125 A,
1.219A (Fig. 3). The H3 protons are local-
ized at the equatorial oxygen atoms, shift-
ing slightly above and below the equato-
rial plane and forming OH -groups with
a sufficiently large connection lengths of
1.37 A (bond 02-H3). The positions of
the H2 have a small filling, the main part
of protons is distributed on the positions
H1 and H3, which have approximately the

same population (table 4).
Table 4
Interatomic distance (A) in the structure
Ba,Ca,Nb,0O,-0.96H,0

polyhe- M-01 M-02 M-03
dron
2226 |2.124(x2)| 2254
€0 | (x2) (x2)
NbO | 201202) [ 2.1150<2) | 2.006
6 (x2)
3.068 2.941 3.098
3.109 3.164 2.899
BaO, | s85 2.861 2.798
2.945 3.032 3.203
dO-H
03-H1 1.125
03-H2 1219
02-H3 1.371

Based on the data for fill factors, it can
be concluded that there is a good correla-
tion with the results of energy dispersive
x-ray microanalysis on quantitative com-
position phase. The general formula can
be written as H  Ba Ca  Nb OO0,
or by highlighting hydroxo group
Ba4ca1.82(OH)1A86NbZO7A14'

The hydration processes were stud-
ied by the method of thermogravimetry
under the variations of temperature and
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partial pressure of water vapor in the gas
phase pH,O (Fig. 4, 5).

On TG curves (Fig. 4) there has been
a dramatic change in mass of the sample
at a temperature of 400-450 °C, which

2.125

3.040
CaOs
2226
2013
2115
2,957
NbOs
02

2.882

Fig. 3. The fragment structure of the sample
Ba,Ca,Nb,O, -0.96H,0; shows the main
interatomic distances (A) in the NbO 3
octahedra and CaO, and the positions of the
protons H1, H2, H3

LA
4 5x10™

-
=
L

21
e
%

1

2

e

N
1

4 4x10™

4

Id
kS
1

2

+43x10™

nHO/BaCaNbO

2x10™

o 200 400 scl"p 800 1000
t,°C
Fig. 4. TG curves and mass spectrum
(ion current) water allocations in
(1) Ba,Ca,)Nb,0, -0.95H,0 and (2)

Ba,Ca,Nb,0, -0.50H,0 (partial hydration)
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Fig. 5. The dependence of the concentration
of proton defects in the structure
Ba,Ca,Nb,O -nH,O from partial pressure
of water vapor

removed the main amount of water (0.65
mole), next there were more monotonous
change in mass of up to 700 °C.

The mass spectrum characterizing the
allocation of water, for extremely hydrat-
ed composition Ba,Ca Nb,O, -0.96H,0
is presented by a peak in the temperature
range 250-550 °C, its complex type indi-
cates the superposition of several signals
and reflects the presence of three overlap-
ping effects. The mass spectrum of the
allocation of water of partially hydrated
sample Ba,Ca Nb,O, -0.5H,O shows the
redistribution of the peak intensities, pri-
marily a decrease in intensity of low tem-
perature peak of the allocation of water.

The crystallographic non-equivalence
of the OH -groups is manifested in their
different thermal stability. The isolated
OH -groups, that are remoted from the
adjacent oxygen atoms at distances com-
parable to the size of the octahedron, are
the most thermally resistant, and this
fact reflects the greatest strength of bond
O-H.

The dependences of the concentration
of protons from the partial pressure of wa-
ter vapor IgC,, = f(lgpH,0) is presented in

10
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Fig. 5. As you can see, in the area of in-
vestigated temperatures range 300-500 °C
and pH,0=3-10°+2-10%atm there is an
increase in the concentration of protons
with increasing pH,O, the dependences
in a logarithmic scale are characterized by
a linear function with a slope of 1/3.

To describe the process of dissociative
dissolution of water vapour in a matrix of
complex oxide we used the quasichemi-
cal approach, which allows to demon-
strate the dependence of the concentra-
tion of proton defects from atmospheric
humidity. The quasichemical description
of the process of water absorption is suffi-
cient detaily described for perovskite-like
phases, in which oxygen vacancies are set
acceptor doping. In these views, the for-
mation of proton defects is considered as
the appearance of the proton localized
on oxygen, so it is represented as a parti-
cle OH, which occupies the anionic site
(OH)g. The corresponding equation of
quasi-chemical reactions is as follows:

V¢ +H,0,,,+05 < 2(OH), . (1)
where V§' - the oxygen vacancy, O -
the oxygen atom in the regular position,
(OH)g - hydroxyl group in the oxygen
sublattice with an effective positive charge.

Accordingly, the concentration of pro-
ton defects in the structure of the oxide
increases with increasing partial pressure
of water vapor as [OHg ] o< szOl/2 (T=
const), where [OHg ] is the concentration
of the defect. Usually the experimentally
observed functional dependence 1gC,, =
fllgpH,0) (C, - volume concentration of
proton defects) for acceptare doped per-
ovskites ABO, ; is characterized by the
slope dlgC,,/dlgpH,0~1/2 [8].

For phases with the structural disor-
dering of the oxygen vacancies should
be considered as neutral defects (vacant
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oxygen positions), therefore the water im-
plementation process should be described
otherwise. However, the emergence of
neutral defects in quasi-chemical reac-
tions creates uncertainty, since the con-
centration of this neutral defect cannot be
made in the condition of electroneutrality
(CEN), and therefore it is impossible to
establish its functional relationship with
the concentrations of other defects. To
avoid this situation it is usually proposed
to take into account the equilibrium of the
type:

0, +Vy &V +0L . (@)
where the formation of doubly ionized
oxygen vacancies VJ occurs as a result
of the migration of lattice oxygen on the
place of structural vacancy, while the oxy-
gen atom becomes formally effective neg-
ative charge corresponding to the charge
of an atom in interstitial positions Ovo
[9]. Thus, the implementation process of
the water is reduced to the equation (1).

The experimental results obtained in
the present work on studing of depend-
ency IgC,, = flgpH,0) for Ba,Ca,Nb O,
with structural disordering showed that
a previously proposed model cannot de-
scribe the observed dependence with
a slope of 1/3. Therefore, the following
cases of dissociative dissolution of water
in the matrix of the complex oxide with
the structural disordering of the oxygen
sublattice are considered below. If we
consider the process of introducing water
with the participation of oxygen vacancies
as a neutral defect, it can be assumed that
oxygen from water molecules is embed-
ded in the place of structural vacancy, and
the protons are placed at regular oxygen

points:
H,0+20; + Vg < 20H; +-0y - (3)
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The condition of electroneutrality
(CEN) canbewritten as: 2[030 ]=[OHg].
The electronic defects are excluded from
the CEN, because it determines the con-
ditions for dominance of atomic disor-
dering. In addition, there is an additional
relationship between the concentrations
of neutral defects and oxygen vacancies.
If we assume that initially, in the complex
oxide the volumetric concentration of ox-
ygen vacancies is characterized by some
constant value, then the introduction of
water it decreases as: A—[O(ﬁo 1= [VS I.

The equilibrium constant of reaction
(3) can be written as follows:

[OHyF-[0} ] [OHLI-[0] |
TR0V, e oL Y

For analysis of the dependence of con-
centration of defects at a variation pH,O
(T = const) we consider the conditions
of approximation, corresponding to the
three possible cases.

1) The low pH,O

[Vol~ 4;>> [0y 1,[0Hg ]

2) The middle pH,O

2[0y, 1=[0H{1>>[Vy]

Since [O(;O ]< A, then the concentra-
tion of defects will be:

[0y 1< 4, = 2AK)"* - (pH,0)""

[O(ﬁc] = (AK/4) "3 - (pHZO)m

[Vol = A - (AK/4)'" - (pH,0)"?

That is, the concentration of dominant
defects will be proportional pH,O"”.

3) The high pH,O

In the case of complete filling of
oxygen vacancies as a result of the im-
plementation of the water we have:
2 [O(ﬁo]:[OH:)]:2A ,>> [V5]. Thatis,
the concentration of dominant defects do
not depend on pH,O

Fig. 6a presents the dependence of
concentration of defects from pH,O in
logarithmic coordinates.

11
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Thus, it can be expected that at low
temperatures the concentration of proton
defects will increase with increasing pH,O
and in logarithmic coordinates it will have
a slope of 1/3. In experiments on study
of conductivity as a function pH,0, ad-
ditionally taking that the mobility of the
protons is much higher than the mobility
of oxygen vacancies, in the simplest case,
we should also expect the increase in the
total conductivity as a function pH,0"”.

The presented calculations for struc-
tural models of the oxygen vacancies show
a contrast to the case of the introduction
of water in complex oxides with impurity
disordering. It should say that the equa-
tion (3) describing the penetration of
water into structurally disordered com-
plex oxides is not only. The appearance of
oxygen on the place of structural vacancy
as the defect with a negative charge 030
creates conditions the preferential locali-
zation of the proton on the oxygen. There-
fore, in the framework of the quasichemi-
cal formalism, this process can be written
as follows:

H,0+0; +V; < OHg, +OH{,  (5)

As can be seen, the formation of two
types of proton defects with different
charges takes place: localization of the
proton on the oxygen, standing in a regu-

Animitsa I. E., Kochetova N. A.

lar position, leads to the appearance of the
defect OHg), and on the oxygen coming
from water molecules leads to the appear-
ance OH(,O. The seeming contradiction
related to the appearance of proton de-
fects of opposite sign occurs because in
the quasichemical description the defect
is attributed to an effective charge which is
determined as a differential value relative
to the charge of the corresponding struc-
tural element in an ideal lattice, which is
taken for zero. This writing means that
the position of the protons is energetically
different.

The possibility of reaction of proton
exchange between lattice oxygen ions and
oxygen ions, which has taken structural
vacancy can be presented as follows:

OHf +0; < Oy +OH;, (6)

We write eciuilibrium constants for re-
actions (5) and (6):

[OHG1-[OH{ ]  [OHT [0y ]
~ pH,0-[V5]  pH,0-(A—[O}]) @)

The condition of electroneutrality can
be written as: 2 [O(ﬁo 1+ [OH(/O 1=[OHg .
An additional relationship between the
concentrations of defects and structural

oxygen vacancies can be represented as:
[Vol=A—(0y 1+1/2[OH] ]).

[V&]=const 2[0%,]1=[OH}] ‘2[0;"]![0“;],0,,,,, - [V3]=const 2[07,1=[OH;] [ [OH;, ]=[OH}]=const
[OH}],[OHY, ]
[Vo! [OHg] 1 vl s O
1 [0%,] b [0%.]
§ 1 173 § ]
|
3 ) ]
a %
E [0%,).[0H] @ [Val 105, ).[0H,,1,[OHy, ] ©®) [Vl
| y
1gP H,0 2Py

Fig. 6. The dependence of defects concentration from pH,O (double logarithmic coordinates)
for models of defect formation in equations (3) and (5)
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proton conductor Ba,Ca,Nb.0 ,

The conditions of approximation will
be represented by three possible cases
(pH,O = var, T = const).

1) The low pH,O
[V;]~A>> [0/ 1.[OH} 1.JOH,, .
2) The middle pH,O

2 [O(;o]: [OH}]>>[OH;]

[OHZ)] - (pH20)1/3

[O(;O] ~ (pH,0)""

[OH(,O] ~ (pH,0)*".

3) The high pH,O. In the case of com-
plete filling of oxygen vacancies as a re-
sult of introduction of water we have:

[OH’VO]:[OH:)]QZA That is, the
concentration of dominant defects does
not depend on pH,O. The concentration
[V5] islow, a [OCO | =A. Fig. 6b shows the
calculated dependences in logarithmic
coordinates.

Comparing the diagrams, it is seen
that in general both approaches give a
similar situation: the bulk of experimental
data of the dependence of the concentra-
tion of proton defects from pH,O in loga-
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rithmic coordinate will be described by
a slope of 1/3 with a gradual withdrawal
to the plateau at high partial pressures of
water vapor.

Thus, the differences in the quasi-
chemical approaches of the description
of oxygen vacancies formally define the
different functional dependence of the
concentration of resulting proton defects
from pH,O. In the case of doubly ionized
oxygen vacancies V', when the process
of interaction with water is reduced to
a quasi-chemical equation (1), the con-
centration of proton defects in the struc-
ture of the oxide increases with increas-
ing water vapor activity under the law
[OH; ] o pH,0"? . For phases with neu-
tral defects, the concentration of protons
is proportional to pH,0'".

The authors thank k-phm.n. Voronin,
Vladimir Ivanovich (IPM UB RAS) for
helping in data processing for structural
analysis.
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MeTogoM HelfTpoHOrpagmm U3ydeHa KpucTanmdeckas CTpyKTypa CioXHOro
okcupa Ba,Ca,Nb,0,, B 6e3B0aHON 1 rMapaTMpOBaHHOA (opMax, yCTaHOB/EHD!
npesnoYTMTeNbHbIE MECTa I0KANM3aLmm NPOTOHOB. M3yyeH npoLecc rugparauum
npyv Bapb1pOBaHUM TeMNepaTypbl 1 NapLYaibHOMO AABNEHUS NapoB Bofbl. YcTa-
HOBJIEHO, YTO KpucTannorpacuieckas HekeuBaseHTHocTs OH™-rpynn B cTpyk-
Type 00yCnaBAMBaeT WX PasfMUHYI0 TEPMUYECKYIO YCTOWUMBOCTb. [pensioxeH
KBa3WXUMUYECKWIA MOAX0Z, OMUCHIBAKOWMIA 06Pa30BaHNE MPOTOHHLIX AeheKToB

B OKCMAAX CO CTPYKTYPHBIM pasynopsfoUeHneM.

Knioyesbie cnoga: HeliTpOHOrpaMMa; KBa3VXUMUUECKWIA MOLXOS; BbICOKOTEMMEPATYHbIE MPOTOHHbIE

nposogHuky (BTMM).
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Beepenue

[TpoTOHHBIE TPOBOZHMKM Ha-
XO[AIT LIMPOKOE NpPUMEHEeHJe B KauecT-
Be KOMIIOHEHTOB 9/I€KTPOXMMUIECKUX
YCTPOJVICTB, TAKMX KaK ra30Bble CEHCOPHI,
9NIEKTPONM3€EPbI, MEMOPAHDBI TOIIMBHBIX
anemeHTOB U 7ap. [1-3]. Kmacc BbicoKo-
TeMIepaTypPHbIX IPOTOHHBIX IPOBOJHU-
koB (BTIIII) mpencraBieH CIIOXKHOOK-
CUIHBIMU COEIVIHEHNMAMNI CO CTPYKTYPOIl
neposckuta ABO, wim npoussogHoit ot
Hee. B BTIIII Bogopop He ABnseTCs CoO-
CTABHOII 4aCcTbIO XMMIYEeCKOil (OPMYIIBbL,
ero MHOsABJIEHNE B CTPYKType C/IOXKHOTO
oKcuaa o0ecrednBaeTcsi pPaBHOBECHEM
¢ H,O/H,-copepxaineit atMocdepoit u
ONMCBIBAETCA KaK IIPOLecC [IVUCCOL-
aTMBHOTO pAaCTBOPEHMsI IapOB BOJBI/

14

Bopopopa [4]. ITockonbKy Hammuue Ba-
KaHCHUII KICIIOPOJiA SIB/SIETCSI OCHOBHBIM
(bakTOpOM, OTBETCTBEHHBIM 3a IIOSIBIIE-
HIl€ IPOTOHHBIX Te(dEKTOB, TO BEMMYMHA
[IPOTOHHOI TPOBOAVMOCTY OIIPefensieT-
¢s1 e eKTHOCTBIO CIIOKHOTO OKCH]IA.

B CI0>KHOOKCUIHBIX COEIUHEHNAX CO
CTPYKTYPHOII ~ Pa3yHmOpsLOYeHHOCTDIO
KUCTIOPOJIHO TOfIPELIETKN, B OTIMYNUE
oT a3 ¢ mpuMecHBIM pasymopsfoUe-
HUEM, YUCI0 BAaKaHCUII B KUCTIOPOTHOIN
HOfpelIeTKe MOXKET ObITh CYILIECTBEHHO
BBIIIIE, IO3TOMY BBICOKWIT KVCTOPOSHBII
mebunnt cnocobeH 06ecmednTh 3HAYNU-
MBII YPOBEHb KOHIIEHTpALUy IIPOTOHOB
(11, COOTBETCTBEHHO, IIPOTOHHOI MPOBO-
pumoctu) [5]. VIMeHHO Takue ocobeH-
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HOCTU IIO3BOJIAKOT paccMaTpuBaTb 3TU
coeMHEeHNs KaK OT/Ie/IbHBIN Kjacc IIpo-
TOHHBIX IIPOBOJHMKOB W IIp€aIio/aara-
0T H606XOJII/IMOCTI> paspa60T1<M HOBBIX
cr1oco60B 1X ommcaHusa. B To xe BpeMA
coyeTaHMe TaKUX CBOMCTB, KaK BBICOKIE
KOHIIEHTpalu)l IIPOTOHOB M BbICOKasA
06paTI/IMOCTb IIponeccoB rupgparanunm,
fJaeT OCHOBaHME pacCMaTpuBaTb 3TOT
K/acC IIPpOTOHHBIX IIPOBOOHMKOB KaK

JKCnepuMeHTaNibHasA 4acTb

Cunre3 o6pasiia HOMUHAIBHOTO CO-
craa Ba,Ca Nb,O, mposoguica mero-
oM TBepHo¢asHOro CUHTe3a M3 Ipef-
BapUTEIbHO OCYIIEHHBIX KapOOHATOB
U OKCUIa HUOOWS IPU TeMIIepaTypHBIX
BbIfiepkkax 800-1000-1200-1300 °C mo
24 4. C IPOMEXYTOYHBIMM IIepeTUPAHU-
samu. [uppatupoBaHHble 00pasLbl ObIIN
HOJTy4YeHbl MeJJIEHHBIM OXJIaKJeHMeM
(1 °C/mun) ¢ 1000 °C go 150-200 °C B at-
Mocdepe BraxHoro Bosgyxa (pH,O =
= 2 - 1072 arm). KonndyecTBo MorioueH-
HOJ BOABI KOHTPOIMPOBAIOCh METOLOM
TepMOIPaBYMETPUINL.

HeiitpoHorpagudeckne uccienoBa-
HUA NPOBOIMIM Ha MCCIIEOBATEIbCKOM
aroMHOM peaxkrtope VIBB-2M (r. 3apeu-
HbI11 CBEPATOBCKOII 0671.) TP UCIOMB30-
BaHuu gudpakromerpa JI-7A ¢ ZBOIHBIM
MoOHOXpomaTopoM. IlepBbliI MOHOKpU-
CTa/UI — NUPOIUTUYECKNil TpadpuT ¢ oT-
pakaroieit mockocteio (002), BTOpoit —
repMaHuii, II0CKOCTb oTpaxkeHus (511).
[IimHa  BONHBI  MOHOXPOMATMYECKVX
HeliTpoHoB \ = 1,5255 A. [lanuble 6bUHM
HO/Ty4YeHBbl IIpY KOMHATHOI TeMIeparype
B yrmoBoM mHTepBane 9-130 °C c ma-
rom 0,05 °C u yI7oBBIM paspelieHneM
Ad/d = 0,02 %. YTouHeHMe KpucTainye-
CKOJI CTPYKTYPBI IPOBOAMIOCH METOLOM
HOMHONIPO(MUIPHOTO aHanusa Io Pur-
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HepCIeKTVBHbIE MAaTPUIbI J/I1 TPOTOH-
HOTO TPAHCIOPTA.

B Hacrosmeii paboTe mpoBeEHO
IeTanbHOE MCCIIefIOBAHNMe KPYUCTAJUIN-
YeCcKOil CTPYKTYphl IIPOTOHHOTO HpO-
Bopnuka Ba,Ca Nb O, u ycraHOB/IEeHbI
IpeNNoYTUTeIbHbIE MeCTa JIOKA/IN3alNI
IIPOTOHOB, a TaK)Ke Pa3paboTaH KBasu-
XUMMYeCKMIl TTOfIXOJ] ONMCAHMA Ipoliec-
COB 00pa30BaHNUA IPOTOHHBIX Jie()EKTOB.

BeJIb/ly C UCTIONIb30BaHMEM NTPOTPaMMHO-
ro nakera FullProf [6].

VccnenoBanust Mopdomornm  Iosep-
XHOCTI 00OpasLioB HPOBOAMIN Ha CKaHMU-
pyrolleM 371eKTpOHHOM MMKpockore JEOL
JSM-6390LA. []j151 KO/mm4ecTBEHHOTO OIIpe-
eTeHNsl 97IEMEHTHOrO coCTaBa 0OpasiioB
ObUI TIPOBENEH SHEProAVCIePCHOHHBII
MHUKpPOAHanM3 C TIOMOIIBI0 3HEprofu-
criepcronHoit npucrasku JEOL JED 2300.
ITpepmen fieTeKTMPOBaHMsI TIPU OOBIYHBIX
sHeprisix (5-20 xB) cocraBwn ~0,5 at.%,
ommbKa nsMepeHust KoHreHTpannu +2 %.
YnpaBieHue, KOHTpPOIb pabOTBl M aHa-
73 TIOMyYEeHHDbIX JIAHHBIX OCYIIECTBILANN
C UCTIO/Ib30BaHMEM ITPOTPaMMHOTO TTaKeTa
Analysis Station, JED series, Version 3.7.

TepmorpaBuMeTpuyecKme UcciesoBa-
HUA IPOBOAMINCH B IIpOllecce Harpesa
B aTMoc(epe cyxoro Ar Ha TepMOaHasIN-
sarope TG STA 409 PC (Netzsch) B xom-
IUIeKTe C O/I0KOM KBaJpYIIOIBHOTO Macc-
criektpoMeTpa QMS 403C Aélos. CreMKy
U30TEPMMYECKMX 3aBUCKMOCTEI Macchl
OT MaplyasbHOTO JaB/IeHNs IIApOB BOJbI
OCYILECTB/IANIN TIpU CTA[IMIHON CMEHE
BraxHoctu or pH,O = 3 - 10 atm 10
pH,O = 2 - 107 arm. IIpu kaxaom 3Ha-
YEeHUN aKTMBHOCTY TTAPOB BOAIbI CHCTEMa
BbIJIep>KMBAsIach O COCTOSAHMS paBHOBe-
CMA B TeYeHe HECKOIbKUX CYTOK.
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Pe3ynbTartbl n 06cyxaeHne

ITo pesynbraraM JIOKaJbHOTO 3SHEp-
TOJMCIIEPCUOHHOTO PEHTIeHOBCKOTO
MMKpOaHa/lIN3a YCTaHOBJIEHO, 4TO CTe-
XMOMETPYA CUHTE3MPOBAHHOIO 0bpasia
COXpaH:A/Iach B npepenax 1 ar. %, Habmo-
Jascsi He3HAUMTEIbHBII Pasdpoc B 3Ha-
yeHMAX cooTHowennit Ba:Ca:Nb, oOwunit
cocTaB oOpasia XapaKTepusoBaJcs He-
3HAYNTeNIbHBIM HemocTaTkoM Ca. Mc-
cnefoBaHue MOpQOIOrNM MOPOIIKOBOTO
obpaslia He BBIABWIO HAIMYMA IIpUMe-
cHpIX (a3, HaOMOJANnOCh TOMOTeHHOEe
pacmpepenenye MeTaUINYeCKUX KOMIIO-
HEHTOB.

Crpykrypa 6esBogHOrO  0ob6pasua
Ba,Ca Nb O 6blIa MCCaeoBaHa METO-
oM HeiTpoHHOI Audpakiuu. Ha puc. 1
IpeJCTaBlIeHbl  3KCIEepPYMEeHTa/IbHBII,
PacCUNTAHHBIN U Pa3HOCTHBIN PO
HeJTPOHOTPAMMBI.

YcTaHOB/IEHO, YTO KpUCTa/UIMYecKast
crpykrypa Ba,Ca Nb,O, omnucpisaercs
B CTPYKTYPHOM THIIEe IBOJHOTO IIEpOB-
ckuta A (BB’)O, n xapaxrepusyercs Ky-
6119eCKOIl SIYEIIKOI C TPOCTPAHCTBEHHON
rpymnmoit Fm3m, 970 XOpOIIO COOTHOCUTCS
C peHTreHorpauyuecKuMM MUCCIeOBaHN-
sIMU, TIpOBeleHHbIMU panee [7]. [l de-
ThIpex QpopmynbHbX eaunul A (BB')O,

Anvmuua W. E., Kouetosa H. A.

XapaKTepHO CrIefyIollee pacIpeneeHue
aTOMOB 10 TO3ULIMSAM: 8C-KPUCTA/IIOrpa-
(budeckne TO3UIUN 3AMONHSIIOTCS KaTH-
oHamy Gapust (A-TompereTka), KaTMOHBI
B-nonperetkn (Hmobmit u Kamprmit) 3a-
CEJSIIOT [IBE€ KPUCTAIOTPadIIecKy HEIK-
BUBaJIEHTHBIE TIO3ULIMMU — 4a U 4b, Kucno-
pon 3anmmaer nosunuu 24e. OCHOBHBIE
pe3ynbTaThl  PacyeToB  IPECTABIEHBI
B Ta61. 1. ITo JaHHBIM O KOOPJAMHATAX aTO-
MOB I [IapaMeTpax 9IeMEHTAPHON SYENKN
OBUIM pacCYNMTaHbl MEKATOMHBIE PACCTO-
suus (tabm. 2). CTpyKTypa MOCTpoeHa 13

8300 T T T T T

7400
6500
5600
4700 H

3800

Intensity (arb. units)

2900

2000

ll"“é\l L I I I O I O R A N R 1 O N I B

NN TETRRETETY TRUTT IRRTETTENE PRUTTINUTE FURNRTET)

Rk lj, A A A

110

@
8

90
28 (%)

Puc. 1. Heitrpororpamma o6pasua
cocraBa Ba,Ca,Nb,O, ,, mokxasansr
9KCIIepUMeHTaIbHble (TOUKY), pacueTHbIe
(nmHMs), pasHOCTHBIE (BHU3Y) JAaHHBIE
U YIJIOBBIE TIOJIOKEHNU:A pedIeKcoB
st Kybudeckoit gpaspl (mrpuxm)

Tabmuma 1
KooppuHatsl 1 M30TPOIHbIE TeIUIOBbIE TapaMeTpsl (B) aromos
6esBozHOrO 06pasna Ba,Ca,Nb,O,,
Atom osuus KoopanHats! aTOMOB Koadduiment Bx100, A’
X y z 3aIIOTHEHNS
Nb 4a 0 0 0 1,00 0,5(1)
Ca 4b 0 0 0,5 0,935(2) 1,76(4)
Ba 8c 0,25 0,25 0,25 1,00 1,59(9)
0 24e 0,2347(5) 0 0 0,917(5) 2,54(8)
prz 5,14 % Rp: 6,06 % x'=1,36 R(F?) = 3,37

XapaKTepUCTUKI aTOMOB:

IpoctpancTsennas rpymma Fm3m, ky6udeckas cummerpus, Z = 4.
[TapaMeTpbI 7eMeHTapHOi saeiiki: a = b = ¢ = 8,4428(3) A;a = b= g=90%V = 601,80(3) A,

PeHTreHOBCKad IIOTHOCTD — 5,47 1/cM>.
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CBSI3aHHBIX BEpLIMHAMM PasHOPa3MEPHbIX
okraszipo NbO, u CaO,, 06pa3oBaHHbIX
YIIOPANIOYEHHO PACIIONOXKEHHBIMI aTOMa-
M1 HYOOVIS U KaJIbLVS, U SIB/IIETCST KUCTIO-
POn-HeUINTHON, YTO IOJTBEpPXK/AeTCH
YaCTUYHbIM 3alIOIHEHMEM IIO3ULMI KI-
cnopopia. Pacrionosxenne BakaHcuii K1C/o-
pona AB/AETCA CTAaTUCTUYECKMM, TaK KaK
IIPEMMYILECTBEHHbIX MECT MX JIOKa/IN3a-
LIV HE BBIABJIEHO.

Ha ocHOBe [aHHBIX HENTPOHHOI
mupakuyum  ObIIO  YCTAaHOBJIEHO, 4TO
Opy rUAparauuy HuobaTa Oapusi-Kajb-
LIMA CUMMETPUA AYeiKM IOHVKAETCA JI0
MOHOK/IVHHOJ ¥ MOXeT OBITb OIlMCaHa
B IIPOCTPAHCTBEHHOI rpyme P2 /n. Heit-
TPOHOTpaMMa IIpeJCTaB/IeHa Ha puc. 2.

CrenyomuM 9TanoM paboThel ObUIO
UCCTIefOBaHMe  CTPYKTYpel  obpasua
Ba,Ca Nb,O, B rugparupoBanHoii pop-
Me. CreneHb ruaparanyy 6bUIa yCTaHOB-
JIeHa 10 JAHHBIM TEPMOTPaBUMETPUM,
O06LIMIT COCTAB COOTBETCTBOBAT HOPMY-
ne Ba,Ca)Nb,O,, - 0,96H,0.

B pesynbraTe IOITIOLIEHUA BOJbBI
IIPOVCXO/IUT 3aIIOJIHEHME KUC/TIOPOJHBIX
BaKaHCMII aTOMaMM KMUCIOpoOJa OT MO-
JIEKYZT BOJBI, COOTBETCTBEHHO, o0bIiiee
cofiep>KaHMe KUCIOpoja B TIUApaTUPO-
BaHHOM o0O0paslie yBeIM4YMBAETCA, 4YTO
MIOATBEP)KIAETCA  COOTBETCTBYIOLIMMMU
Koo duuMeHTaMI IIpn
9TOM TIPOMCXOJMT MWCKa)K€HMe OKTa-
97IpOB, ¥ IO3ULMM aTOMOB KIUC/IOPOfia
CTAHOBATCA HEIKBUBAJIEHTHbIMU. [laH-
Hble II0 KOOpJMHATaM aTOMOB M MeX-
ATOMHBIM PAaCCTOAHUAM — B Tabn. 3, 4.
Kak BMJHO, pacCTOSHMS OT aToMa HMO-
61A 1O 4yeTbIpeX 3KBATOPUAIBHBIX ATO-
MOB Kucnopoza pasHo 2,013 Au2,115A,
a 10 akcuanbHBIX — 2,066 A. B Ca-oxra-
97[pe 9TU PACCTOAHUA HEMHOTO OObllle,
COOTBETCTBEHHO, [0 3KBaTOPMA/IbHbIX

3aIlIO/THEHMA.
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aTOMOB KJclopopa — 2,226 A m 2,125 A,
U 0 aKCUAIbHBIX — 2,254 A.

[Tono>xeHne MPOTOHOB OMMCBHIBALTCSA
TpeMs BO3MOXHBIMHU mosunusaMu Hl,
H2, H3. Bénpmas gacte mporonos (H1
u H2) noxammsyercs Ha aKCUaIbHBIX
aromax kucrmopopa O,, obpasys OH -
TPYIIIbI, B KOTOPBIX PACCTOSHUA KU-
CTIOpPOZI-BOZIOPO], PpacIpefieNnsaioTcs Ce-
mylomyM obpasom: 1,125 A, 1219 A
(puc. 3). Ilporoner H3 nokammsyorcs
Ha 9KBAaTOPMAIbHBIX aTOMaX KUCIOPOJa,
CMeIasACh HEMHOTO BbIlle ¥ HIDKe
9KBATOPUAIbHOI IJIOCKOCTY ¥ 00pasys
OH -rpynnel ¢ JoCTaTo4HO OOJBIIN-
MU JauMHaMu cBs3u 1,37 A (cBsa3p Oz—
H,). Mosuumu H2 wumeror He6obIIoe
3aIlo/IHeHMe, OCHOBHAs 4acTb IIPOTOHOB
pacopepensetcs no nosunyam H1 n H3,

Tabmuia 2
Me>xaTOMHBIE pacCTOSHUA (A)
B KOOPIMHALMOHHBIX IIOJIM3PAX
B 6e3ogHOM 06pasie Ba,Ca,Nb O |

Me>xaToMHbIE BaO, | Ca 06 Nb 06
PacCTOSIHMS

M-0O 2,987 | 2,222 | 1,999

0-0 3,142 | 2,827

% o ]

E 3000 -
&

g 2100 E

1209 FEEE FECEETT TEEE D00 SR IIIIII-I 1100 TR TRRRERY TIRRREL TRDRRED oD 3

gl TP - L

20(9

Puc. 2. Heitrponorpamma obpasia
Ba,Ca,Nb,O, -0.96H,0; noxaszanbt
SKCIIepMMeHTaIbHble (TOYKI), pacyeTHbIE
(mvHMA), pasHOCTHDIE (BHU3Y) JAaHHBIE
1 ITIOBBIE OJIOKEHNs pedIeKCOB /IS
MOHOK/IMHHOM (a3bl (IITPUXM)
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Tabmmna 3

KoopauHaTs! u M30TpOIHbIE TerIoBble mapameTpsl (B) aromos B Ba,Ca,Nb,O ;- 0,96H,0
110 JaHHBIM HeITPOHHOI ANdpaKIum

Atom | Ilosunus Koopuunarst atoma Sanonuenne Bx100, A2
X y z (abc. en.)
Ba 4e -0,01312 | -0,00354 0,7422 4,00 1,893(2)
Nb 2d 0,50000 0,00000 0,00000 2,00 0,889(1)
Ca 2¢ 0,50000 0,00000 0,50000 1,815(7) 0,989(4)
01 4e 0,24055 0,26523 0,49187 4,000(0) 2,705(3)
02 4e 0,24067 -0,24146 0,49764 4,000(0) 3,069(8)
03 4e -0,02101 0,47958 0,73512 3,616(0) 1,13(11)
H1 4e 0,10214 0,47503 0,63517 0,764 1,13(11)
H2 4e 0,27941 0,15590 0,20102 0,366 1,13(11)
H3 4e 0,07867 0,19818 0,09212 0,727 1,13(11)
R =3,16% Rp=4,80 % R=539% x=1,36

wp

XapaKTepUCTUKI aTOMOB:
[TpoctpancTBenHas rpymma P2 /1, MOHOK/IMHHAS CUMMETPUSL.

[TapameTphI a7eMeHTapHOI Aueitki: a = 5,9864(3) A; a = g = 90; b = 5,9964(0) A;
b =89,838(15)%¢ = 8,4958(2) A; V = 304,97(3) A3,

PeHTreHoBCKas MIOTHOCTD — 5,42 1/cM?.

2.125

3.040

2.226

2.013
2.115

2957

CaOs

NbOs

Puc. 3. ®parMeHT CTPYKTYpbL 06pasua

Ba,Ca Nb,O

271

-0,96H,0; moxasanbt

OCHOBHbIE ME&>KaTOMHbIe paccTosHNUA (A)
B OKTasJpax NbO6 u CaO, n nosunmu
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nporonos H1, H2, H3

KOTOpPbIe MMEIOT IIPUMEPHO OIMHAKOBOE
3anondenue (Taom. 4).

Vicxopmss m3 pmaHHBIX 1O KO3dduim-
€HTaM 3allOTHEHMs, MOYKHO 3aK/TI0YNTh,
9TO HAOMIOAETCST XOpOIIast KOppersi-
OusA C pesylbTaTaMyu 3SHeprofycuep-
CHOHHOTO  PEHTI€HOBCKOTO  MUKPO-
aHajM3a IO KO/MMYECTBEHHOMY COCTa-
By ¢aspr. Obas popmyna MOKeT OBITH
3ammcaHa Kak H1’86Ba4Cal,82Nb2040403)62
179078 TUZIPOKCOTPYIIITY,

BbIIENISAA
Ba,Ca, (OH) Nb207,1 -

1,82 1.86
Tabmuua 4
MesxaToMHbIe paccTosiHUA (A)

B crpykrype Ba,Ca Nb,O, - 0,96H,0

nommazp | M-01 M-02 M-03
CaO, (2,226 (x2) 2,124 (x2)| 2,254 (x2)
NbO, |2,012(x2) | 2,115(x2) | 2,006 (x2)
BaO,, 3,068 2,941 3,098

3,109 3,164 2,899

2,885 2,861 2,798

2,945 3,032 3,203
dO-H

03-H1 1,125
03-H2 1,219
02-H3 1,371
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ITpomeccel TuppaTanyuy MU3y4aanch
METOIOM TepMOTPaBUMeTpPUM HIpU Ba-
PBUPOBAHUY TEMIIEPATYPhl M Iapliuaib-
HOTO JaBjIeHMs IIapOB BOJBI B I'a30BOII
dase pH,O (puc. 4, 5).

Ha TT-xpuBsix (puc. 4) HabmogaeTcs
pesKoe M3MeHeHNe Macchl obpasija mpu
temiepaTtype 400-450 °C, B pesynbraTe
KOTOPOTO Y[aJIANoCch OCHOBHOE KO/nmdye-
ctBO Boppl (0,65 MOB), lajee MPOUCXO-
AMI0O MOHOTOHHOE VM3MEeHEHMe MacChl JI0
700 °C.

Macc-criekTp,  XapaKTepu3yIOLuii
BbIJIe/IeHe BOJBL, /IS NIPeie/IbHO Ipa-
TupoBanHoro cocrasa Ba,CaNb O, x
X 0,96H20, IIpeICTaB/IeH MMMKOM B 0071a-
ctu Temmeparyp 250-550 °C, ero cmox-
HBIIl BUJ, CBUJIETE/ILCTBYET O HaJIOXKEHUMN
HECKO/IbKMX CUTHAJIOB, IIpUYeM XOPOLIO
IpOCTIeXMBAETCA HaIM4due TpeX Iepe-
KpbIBaromuxcs adpdexros. Macc-crexTp
BBbIJIe/IeHNA BOJBI YACTUYHO IMAPATUPO-
BaHHOro obpasua Ba,Ca Nb,O,, - 0,5H,0
IeMOHCTPUYeT Ilepepaclpefie/ieHue NH-
TEHCUBHOCTY IIMKOB, B IIEPBYIO OYepelb
Hab/MI0aeTCs yMeHblIleH)e HTEeHCUBHO-
CTV HM3KOTEMIIEpaTypHOTO IIMKa BbIfie-
JIEHVIS] BOJIBL.

LA
4 5x10™

=
=
L

1

e

%
1

i

z

2
e
=

1

4 4x10™

4

b
FS
L

2

- 3x10™

nH O/BaCaNbO

2x10™
0 200 400 600 800 1000
t,'C

Puc. 4. TT-kpuBble 1 Macc-CleKTp (MOHHbII
TOK) BhIzienienus Bopibl B (1) Ba,Ca Nb,O , x
x 0,95H,0 n (2) Ba,Ca,Nb,O,, - 0,50H,0
(vacTuyHas rUppaTarys)
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To ectp Kpucramtorpaduyeckass He-
9KBMBasieHTHOCTp OH -rpymnmn mposAsa-
€TCA B VX PA3/INYHON TEPMUYECKON CTOM-
KocTu. JVIsomuposanuble OH™-rpymmbl,
TO €CTb y/laJIeHHbIE OT COCEJHMX aTOMOB
KICIOPOJia Ha PacCTOAHUA, CONOCTABU-
Mbl€ C pasMepaMy OKTas[pa, ABJAITCA
Hanbojiee TepMIUIECKN CTOMKMMI, U 9TO
00CTOSTENBCTBO OTPAKAET HAMOOIBIIYIO
Ipo4HOCTb cBsA3u O—H.

3aBUCUMOCTHU KOHIIEHTpaluy IpOTO-
HOB OT IIaplMa/JIbHOTO JaBJIeHNUsA IapOB
BOJIbI IIPefiCTaB/IeHbl Ha p1c. 5. Kak MO>XKHO
BUJIETh, B 00/IACTY MCCIEZOBAHHBIX TeM-
nepatyp 300-500 °Cu pH,O =3-10"° +
+ 2 - 10 aT™M HaOIOfAETCS YBEMMYEHIe
KOHLIEHTPAaLlUM IIPOTOHOB C YBEIMYEHU-
em pH O, saBucumoctu B norapudmn-
YEeCKMX KOOPAMHAaTaX XapaKTePU3YITCA
JIMHEHOI QpyHKIMelT ¢ HaK/ToHOM 1/3.

IIna ommcanmsA mpolecca JMUCCOLMU-
aTVBHOTO PAaCTBOPEHMSA IIapOB BOJbI
B MaTpulie CI0KHOIO OKCHJa HaMM MC-
IIOJIb30BAH KBa3MXMMMWYECKUII ITOJXO,
KOTOpBIVI IO3BOJIAET HAITANHO IIpOfie-
MOHCTPMPOBaTh 3aBJMCUMMOCTb KOHIEH-
TpaLuy IPOTOHHBIX Ie()eKTOB OT BJIaX-
HocTu atMocdepnl. Kpasyuxummdeckoe

T T T T T T T

21,5 - 4

I 1

1 1 L .
-4,0 -35 -30 -255 -20 -15

20,0 L
-5,0 -4,

Ig pH,O (atm)

Puc. 5. 3aBucuMOCTb KOHII@HTpaLun
IPOTOHHBIX Jie(eKTOB B CTPYKType
Ba,Ca,Nb,O, x nH,O oT mapuuanpHOro
IaBJIeHs TAPOB BOJbI
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OIJCaHMe [POLIECCOB MOIIONIEHNS BObI
[OCTaTOYHO IIOZPOOHO OMMCAHO IS
[IEPOBCKUTONOROOHBIX (a3, B KOTOPBIX
BaKaHCUM KUC/IOPOZJA 3a[A0TCS aKiell-
TOPHBIM JOIMPOBaHMeM. B paMkax aTmx
IpefCTaB/IeHNni;, 06pasoBaHue IPOTOH-
HBIX Ae(eKTOB pacCMaTPUBAETCS KaK I10-
sIBJIeHIe NTPOTOHA, JIOKAIM30BAHHOTO HA
JIOHE KVCTIOPOJIa, TI09TOMY €r0 IIPeCTaB-
nsatoT Kak 4dactuny OH-, 3anmmarouymo
annonnsiit ysen — (OH)g. Coorsercr-
ByIOLllee YpaBHEHVE KBa3UXVMMUIECKOI
peaxumum crefyrolee:

Vg +H,0,,,+05 < 2(0H); . (1)
rne Vo' - Bakancus kucnopoma, Op -
aTOM KJCTIOPOJa B PETY/ISIPHOI HO3VLIA,
(OH)g - ruppokcunpHas rpymnmna B mop-
peuteTke Kucmopopa ¢ 3¢pQexTrBHBIM
IIOTIOXKMUTE/IBHBIM 3aPSIIOM.

COOTBETCTBEHHO, KOHL[eHTPaLysI
IPOTOHHBIX [€(pEKTOB B CTPYKTYpe OK-
cujia BO3pacTaeT C yBeludYeHMeM Iap-
[Ma/IbHOTO  []ABJIEHUS] T1APOB  BOJbI
KakK [OH:)]ocpHZOl/2 (T = const),
rne [OHG] - xonuentpanus medekra.
OO6bIYHO 9KCIIEPUMEHTANbHO Hab/I08a-
eMass (QYHKLVOHAJIbHAS 3aBUCUMOCTb
1gC,, = fllgpH,0) (C, - o6bemMHasA KOH-
LIeHTpaLysl HPOTOHHBIX He(EKTOB) IS
aKLENITOPHO JONVMPOBAHHBIX IIEPOBCKM-
t0B ABO, | XapaKTepusyercs HaK/IOHOM
digC,, /d1gpH,0~1/2 [8].

[l das co CTPYKTYpHBIM pasyIo-
psOYEHMEM BAaKaHCUY KUCIOPOJa Crie-
[lyeT paccMaTpUBaTh KaK HeNTpajbHble
nedexThl (He3aHsThbIE KICIOPOLHbIE I1O-
3ULMK), TOITOMY IPOLIECC BHEAPEHVSI
BOJBI CIEfiyeT OmuchiBaTh MHave. OpHa-
KO IOSIB/IEHVE HENTPATIbHBIX [epeKTOB
B KBa3VXVMMYECKNX PeAKUMAX CO3HAeT
HEOIIpeie/leHHOCTD, TOCKOIbKY KOHI[eH-
Tpauus TAKOTrO HeMTpasbHOro pedexra
He MOXKeT ObITh BHECEHA B YC/IOBIE J/IEK-

ras
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tpoHeliTpanbHocT (YOH), n moatomy
HeJIb351 yCTAaHOBUTD e PYHKIVIOHATBHYIO
CBA3b C KOHIIEHTPAIVAMM APYTUX fiedek-
TOB. UTOOBI M30€KaTh TAKOV CUTyALUK
00BIYHO IIpefIaraeTcsi y4UTbIBaTh paB-
HOBecue THIIA:

O+ Vi< VY +O(fo ) (2)
rie obpasoBaHye IBYKPATHO VIOHU3UPO-
BaHHOJ BaKaHCUM KMCTIOPOJa IIPONCXO-
IUT B pe3ylbTaTe MUIPALMy peLIeTOY-
HOTO KMCTIOpOJa Ha MeCTO CTPYKTYPHOI
BaKaHCUM, IIPUM STOM aTOM KUC/IOpOfia
dbopmanbHO nprnobperaet 3¢ deKTUBHbII
OTpULATE/IbHBI 3apAl, COOTBETCTBYIO-
I 3apANY aTOMa B Me)XXY3e/IbHOI TI031-
muu  [9]. Takum obpasom, mporecc BHe-
IpeHVA BOZIbI CBOAUTCA K ypaBHeHuIo (1).

OKCIlepuMeHTaIbHbIe pesy/bra-
THI, IIOJyYeHHble B HACTOsAIENl pabo-
Te 1O M3YYEHUIO 3aBUCUMOCTEN  JyId
Ba,Ca Nb,O,, co cTpyKTypHBIM pasymo-
pAOYeHMeM, ITOKA3aJIM, YTO IPefIoKeH-
Hasg paHee MOJe/Nb He MOXeT OMNCAaTb
HaOMIONAEMYI0 3aBUCUMOCTh C HAKJIO-
HoM 1/3. TloaTOMy HMKE PacCMOTPEHBI
C/Iy4ay IMCCOLMATUBHOTO PacTBOPEHMA
BOJBI B MaTpylle CJIOKHOIO OKCHJA CO
CTPYKTYPHBIM PpasyHoOps/jO4eHNeM II0f-
pelIeTKN KNCIOPOfia.

Ecmu paccmarpuBaTh IpoliecC BHe-
IpeHNUA BOABI C y4acTVeM BaKaHCUY KIC-
JIopoja KaK HelTpalbHOro jedekra, TO
MOXXHO IIPEAIONOXKUTD, YTO KVCIOPOZ
OT MOJIEKY/IBI BOJIbI BCTpaMBaeTCsA Ha Me-
CTO CTPYKTYPHOI BaKaHCUU, @ IIPOTOHBI
pasMelaloTcA Ha PeTy/IAPHBIX y3/IaxX KU-
cropopa:

H,0+20; + Vg < 20H; -0y . (3)

Ycnosue 9JIEKTPOHENTPaIbHO-
cru (YOH) MoXHO —3ammcathb

2[0(;0 |=[OHg].  Snextpounbie pe-
¢exTbl McKIO4eHB! U3 YOH, Tak Kak
paccMaTpuUBaIOTCA YCIOBMA HTOMMHUPO-

KakK:
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BaHI aTOMHOTO pasymnopsigodenust. Kpo-
Me TOrO, CYILIECTBYeT [OIOHUTENbHAS
CBAI3b MEKY KOHILIEHTPALAMH fe(DeKTOB
U HeJITPanbHbIMY BaKaHCUAMIY KICIOPO-
ma. Ecnu mpenmonoskutse, 4To n3Ha4YaIbHO
B CIIOKHOM OKCUAe OObeMHas KOHIIEH-
Tpauusi BaKaHCHUIT KJCTOPOJA XapakTe-
p¥30Banach HEKOTOPOJ IMOCTOSHHOI Be-
JIMYMHON A, TO IIpY BHEIPEHNUM BOAbI OHA
yMeHBIIAeTCsT KakK A—[O(ﬁc 1=1V51.

Koncranra paBHOBecust peaxiyu (3)
3aMMIIETCST CIEHYIOMM 00pasoM:

[OHI [0} ] [OHLI-[OF |
~ pH,0-Vg]  pH,0-(A—[O}]) )

Il aHanusa 3aBUCHMMOCTY KOHIIEH-
Tpanuu fedexros mpu Bapuanuu pH,O
(T = const) paccMOTpUM YCIOBUA all-
IPOKCYMALIMH, COOTBETCTBYIOINE TpeM
BO3MOYXHBIM CITYYasiM.

1) Huskue pH,O

[Vol~ 4;>> [0y 1,[OHg].

2) Cpennue pH,O

2[0y, 1=[OH1>>[Vs].

Tak Kak < A, TO KOHIIEHTpaLuy fie-
hekToB

[0y 1< 4, = (2AK)" - (pH,0)""

[O(ﬁo | = (AK/4)"> - (pH,0)"?

[Vol = A - (AK/4)'"- (pH,0)"".

To ecTb KOHI|eHTpALNMM KOMIHUPYIO-
X HedeKToB OYAYT MpOMOPLMOHATb-
Hpl pH,O'".

3) Boicokue pH, 0.

B crryvae IIO/THOTO 3aIIOMHEH ST BAKAH-
CMIT KMCTOPOA B pe3y/nbTaTe BHEAPEHNUS
BOJBL VIMeeM: 2[060]:[01'16]:214,
>> [VS]- To ecTb KOHLEHTpanuyu HAO-
MUHUPYIOINX fedeKTOB He 3aBUCAT OT
pH,O.

Ha puic. 6,a npencTaBieHbl 3aBUCHMO-
ctu koHueHTpauuu fedextos or pH,O
B 7IoraprMIIecKrx KOOpANHATAX.

Takum 00pasoM, MOXXHO OXKIATh,
YTO B HEBBICOKMX TeMIIEpaTypax KOH-
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LleHTpauus IPOTOHHBIX feheKToB OymeT
BospacTarh ¢ ysenudennem pH,O u B 110-
rapupMmYecKux KOOpAMHATAX MMeTb
Hak/IoH 1/3. B akcrepuMeHTax IO 13Y-
YEeHVI0 IPOBOAVMMOCTM KaK (QYHKIUM
pH,O, momonHMUTENbHO yYUTBIBAsA, HYTO
HO/IBJDKHOCTb IIPOTOHOB 3HAYUTEIBLHO
IPEBBIIIAET IOABJDKHOCTb  BaKaHCMIL
KICTIOPOJia, B IIPOCTEIiIIeM c/ly4yae Tak-
XKe CIIeflyeT OXKMAATD yBeIudeHue ooreit
IPOBOAMMOCTH Kak pynkimy pH, O,

ITpepcraB/ieHHbIe pacyeTsl I MOJie-
M CTPYKTYPHBIX BaKaHCUII KUCIOpOfa
IeMOHCTPUPYIOT OT/INYNE OT C/Ty4as BHe-
IpeHNuA BOJbI B CIOXKHbBIE OKCUIBI C TIPU-
MEeCHBIM Pa3ylopALOYeHMEM.

Cregyer ckasarh, 4TO YypaBHEHUe
(3), omuceiBaomee Mpolecc BHEAPEHUA
BOJBI B CTPYKTYPHO-Pa3yIopsi0odeHHbIe
CJIOKHBIE OKCHJIBI, He e[UHCTBEHHOe.
[TosiBIeHMe KMCIOpPOZa Ha MecCTe CTPYK-
TYpHOII BaKaHCuU, Kak fieekra c OT-
PULIATE/IbHBIM 3apA/IOM O'V’o, coszaet
IPEeJIOChUIKM IPEeUMYILeCTBEHHOI JI0-
Ka/IM3aluy IPOTOHA Ha 3TOM KUCIOPOJe.
[TosToMy B paMKax KBasUXUMUYECKOTO
(dbopManusMa TaHHbIN IIPOLIecC 3alnIIeT-
Cs1 CTIeRyIOLMM 06pa3oM:

H,0+0; + V5 < OHy +OH;y, . (5)

Kax BmpHO, mpoucxogutr obpasoba-
HYle JIByX TUIIOB IPOTOHHBIX JiepeKTOB
C Ppa3HBIMHU 3apAfaMM: JIOKaJIM3alusA
IIPOTOHA Ha KVC/IOpPOZe, CTOAIIeM B pe-
TY/LAPHOI TIO3UIIVIM, IPUBOJMNT K IIOSABIIE-
HUIO fieQeKTa, a Ha KUC/IOpPOJe, IIpUIIef-
IIeM OT MOJIEKY/IbI BOJIBI, — K IOABJICHUIO.
Kaxymeecs mpoTmBopeure, CBA3aHHOE
C TIOABJIEHMEM IIPOTOHHBIX JedeKToB
IPOTVBOIIOJIOOKHOIO 3HAKa, BO3HUKaeT
HOTOMY, YTO B KBa3MXMMUYECKOM OIV-
caHuy fleeKTy IpUIMChIBaeTcs apdex-
TUBHBI 3apsfl, ONpPeNe/AIINIACA KaK
PasHOCTHOe 3HAYeHJe II0 OTHOIIEHMUIO
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1 [val=const 2003, 1=[0H;] | 2107, 1= (0K} ) = const 1 [Vel=comst [ 2[0%1=[OH,] (O], ]=[OH}] =const
[OH;,).[OH, ]

1 [OT5) (V5] [OH]

] [0%.]
§ 1 173 §
0 | ke

a
1 [0y, )oHy) @ (V5]
| . 5
1gPy0
a

Puc. 6. 3aBucumocty xounenTpanun gedexros ot pH,O (mBoriHbie morapudmmrdeckme
KOOPAIMHATBI) AJIs Mofiernieit e ekToobpasoBanms 1o ypaBHeHMsM (3) u (5)

K 3apAny COOTBETCTBYIOIIETO CTPYKTYP-
HOTO 3jIeMeHTa B UjeabHOM pelreTke,
KOTOpO€ INpPMHMUMAIOT 3a HYIIb. IHaHHa}:I
3alliCb O3HAYAET, YTO IIO/IOXKEHMIE IIPOTO-
HOB 9HEPreTMIECKN pa3/INIHO.
BosmoxxHOCTD IIpOTEKaHNsA peaKLumn
IIPOTOHHOTO obMmeHa MEXOYy PpemeTo4-
HbIMM MOHaMM KHC/IOpOJa U MOHaMM
KKCIopoaa, 3aHABIIVMMU CTPYKTYPHbIE
BaKaHCUM, MOXET ObIThH IIpencTaBjieHa

CIIENYIOLIM 06pa30M:
OH{ + 0] < Oy +OH; (6)

3amuiieM KOHCTAHTBI PaBHOBECHUs
st peakuuit (5) u (6):
_[OHGIOH 1 [OHGF [0 ]

= 7
PH,O VGl pH0-A [0l )

VYcnoBue 2meKTPOHENTPATbHOCTH 3a-
MMIIETCAKAK: 2 [OCO 1+ [OH(/“ |=[OHg].

JononuuTenpHasi  CBSI3bh  MEXAY
KOHIIEHTpaLusaMy HepeKTOB ¥ CTPYK-
TYPHBIMM  BAaKaHCUAMM  KUCIIOPOZAa
MOXKeT OBITh TpeNCTaBIeHA B BIUE:
[Vol=A—([0y 1+1/2[0H] ]).

YcnoBusi  anmpokcMManuyu - OyAyT
IpenCcTaB/IeHbl TPEMsI BO3MOXKHBIMI CITy-
vasamu (pH,O = var, T = const).

1) Husxue pH,O

[Vs1~A>> [0 1.[0H;].[OH, 1.

2) Cpennue pH,O

2 [O(fo]: [OH}]>>[OH;]

22

[O/I/‘I:)] - (szo)ua

[OVO], ~ (pH,0)""

[OHVO] ~ (pH,0)*".

3) Boicokne pH,O. B cnyvae monHo-
TO 3alofIHeHMs BaKaHCUII KUCTIOpOZa
B pe3ynabTaTe BHENPEHMS BOABI MMeeM,
[OH{_ ]=[OHg]~24. To ecrp xon-
LeHTpalusA JOMUHMPYIOWINX fleeKTOB
ne sasucut or pH O. Konnenrpanusa
[V5] mana, a [OCO] ~ A. Ha puc. 6,6
IpefCcTaB/lIeHbl pacyeTHbIE 3aBUCHMOCTHU
B JIorapupMmUyYecKux KOOpAHATaX.

CpaBHMBas TIpe[CTaB/IeHHbIE [Ua-
rpaMMBbl, BUJIHO, 4TO B O0ILIeM cirydae
oba mopxofa MAIOT CXOXKYIO CUTYAIMIO:
OCHOBHOII MacCUB 3KCTepMMEHTAIbHBIX
JAaHHBIX 3aBMCUMOCTM KOHLIEHTPALUU
npoTonHbIX fedexros or pH,O B nora-
pudmMuuecknx KoopamMHaTax Oymer Omu-
ChIBAaTbCsA HAK/IOHOM 1/3 ¢ TOCTeNeHHbIM
BBIXOZIOM Ha IIATO B 0071aCTH BBICOKMX
MapIMaTbHBIX IaBJI€HNUII TAPOB BOMBIL.

Takum 00pa3oM, pasmnyys B KBasu-
XMMMUYECKUX TIOXOAAaX OMMCAHMA KIU-
CJIOPOJHBIX BaKaHCUII ompependeT Qpop-
MaJIbHO Pa3INYHYI0 (QYHKIMOHAIBLHYIO
3aBUCUMOCTb KOHIIeHTpauuu obpasyro-
IMXCsA TPOTOHHBIX fiedexToB oT pH,O.
B cnyuae ABYKpaTHO MOHM3MPOBAHHBIX
BaKaHCHUIT Kucmopoga V', Korga mpo-
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11eCC B3aMMOJIENCTBIA C BOJON CBOIUTCA
K KBasUXMMUYECKOMY ypaBHenuio (1),
KOHI[EHTpAIls TPOTOHHBIX JeeKTOB
B CTPYKType OKCHUTIa BO3PACTAeT C yBeNu-
YeHIeM aKTMBHOCTHU TIAPOB BOJIBI TIO 3a-
kony [OH} ] o< pH,0"*. [ina das c ueii-

Ne 12016
Chimica Techno Acta

TPa/IbHBIMU JeeKTaMM KOHILIEHTpaLusa
IPOTOHOB MponopIMoHanbaa pH, 0",
Asmopot evipaxcarom 61a200apHOCHb
K. ¢.-m. H. Bnadumupy Veanosuuy Bopo-
Huny (M®M YpO PAH) 3a nomowp npu
obpabomke OaHHbIX NO CMPYKIMYPHOMY
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The effect of fluorine-containing inhibitors
of corrosion of copper in atmospheric conditions

The effect of fluorine-containing inhibitors of corrosion of copper in at-
mospheric conditions was studied by method of removing anodic polarization
curves and corrosion of full-scale tests. The introduction of the inhibiting com-
positions as corrosion inhibitor of copper polyfluorinated amines leads to a de-
crease of the peak current of active dissolution of copper, which increases the
corrosion resistance of copper wire rod during transportation in various climate
conditions.
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Introduction

The various amines are the ef-
fective corrosion inhibitors of copper in
aggressive media. The inhibitory effect of
some derivatives of triazole is caused by
their adsorption and formation of the in-

Experimental part

The paper studies the anodic behavior
of copper deposited on its surface pre-
servative coating the inhibitory composi-
tion, containing polyfluorinated amine -
amine polyferrocenylsilane: HCEF,-CF,-
CF,-CF,-O-CH,-CH,-NH,, which was
synthesized at the Department of technol-
ogy of organic synthesis, Chemical tech-
nology Institute, Urals Federal University.
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soluble complex of copper on the copper
surface [1, 2]. Therefore, the use of amines
in the composition of the inhibiting com-
position can provide the protection from
corrosion of copper rod for transportation.

For accelerated evaluation of the pro-
tective action of inhibiting compositions
and optimization of the composition of
the preservative coating was used the
method of removing anodic polariza-
tion curves. The polarization curves were
recorded on a potentiostat-galvanostat
IPC-PRO in potentiometric mode at a
linear scan rate of potential of 2 mV/s
in a three-electrode glass cell with sepa-
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rated anode and cathode spaces in 0.5 M
NaCl solution at 25 °C. The silver chloride
electrode was served as the reference elec-
trode in a saturated solution of potassium
chloride. The potentials were calculated
on present n.v.sh. The platinum sheet was
served as the auxiliary electrode.

As object of study was used copper
brand MO0k (99.99 % pure) for the manu-
facture of copper wire rod. To remove the
polarization curves were used cylindrical
rods of copper by diameter 8 mm with a

Results and discussion

The studies have shown that in the ab-
sence of inhibiting on the metal surface
films anodic polarization curve for copper
has the form characteristic of soluble ac-
tive metal, followed by passivation. When
potentials are of about 0.18-0.19 changing
to the passive state starts in copper elec-
trode starts.

The polarization curves for copper,
pre-treated in solutions of isopropanol
with different content of polyfluorinated
amine (PFA) are presented in the below
figure.

As can be seen from Fig. when applied
to a metal surface of the copper protec-
tive film from solutions containing the
PFA, there was a significant decrease of
peak current of active dissolution of cop-
per on the polarization curve, indicating
a slowing of the rate of anodic dissolution
of copper and the inhibition of anodic re-
action. From these data it follows that the
magnitude of the limiting current of an-
odic dissolution of copper depends on the
concentration of the PFA. The maximum
anodic current density observed on polar-
ization curves decreases with increasing
concentrations of PFA and reaches a min-
imum value of 3.32 % solution of inhibit-
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total working area of 4 cm? The field cor-
rosion tests were conducted on samples of
copper rod of length 150 mm and diame-
ter 8 mm in the salt spray chamber Ascott
120 Plus.

The protective constitutions of inhib-
iting compositions were applied on a de-
greased with acetone, the working surface
of the copper electrodes by dipping them
in the solutions of inhibiting composi-
tions for 15 seconds.

ing compositions on the basis of the PFA,
which may indicate the increased corro-
sion resistance of copper is inhibited.

However, only the character of the
polarization curves does not allow us to
judge the influence of inhibitor on the
corrosion resistance of copper in atmos-
pheric conditions. So in addition to the
electrochemical measurements were con-
ducted in situ corrosion testing of samples
of copper wire rod in the salt spray cham-
ber Ascott 120 Plus.

The results of electrochemical meas-
urements are consistent with the data

i, A/M?
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Fig. The polarization curves for copper,
inhibiting composition treated with different
concentration of PFA in isopropanol, 0.5 M
sodium chloride solution: 1 - pure copper;
2 - 0% the PFA; 3 - 0,25 % PFA; 4 - 0.5% and the
PFA;5-0,75 % PFA; 6 - 1 % PFA; 7 - 1.25%
of the PFA; 8 — 1,66 % PFA; 9 - 3,32 % PFA
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of corrosion tests. The corrosion tests
showed that pockets of corrosion on the
copper samples without inhibiting com-
positions and treated with clean isopro-
panol appear already in the first days of
exposure of samples in the chamber. At
the same time on the samples treated in
an anhydrous solution of inhibiting com-
positions on the basis of the PFA, corro-
sion lesions appear in 2-4 days depending
on the concentration of the PFA. Of in-

Ivanov M. G., Nechaev A. V., Mokrushin V. S., Ostroukhova 0. I.

vestigated compounds inhibiting compo-
sitions the best results (up to 4 days) were
achieved for 3,32 % solution of inhibiting
compositions on the basis of the PFA.

Thus, when used in inhibiting com-
positions as corrosion inhibitor of copper
polyfluorinated amines can increase the
corrosion resistance of copper wire rod
during transportation in extreme condi-
tions.

1. Tsygankova L. E., Rumiantsev A. E. The effect of oil coating and anionic composition
of electrolyte on the corrosion inhibition of copper by benzotriazole in acidic media
Corrosion: materials, protection. 2006;12:31-36.

2. Kuznetsov Y. I., Agafonkin M. O., Shikhaliev H. S., Andreeva N. P, Potapov A. Y.
Adsorption and passivation of copper by triazoles in neutral aqueous solutions
Corrosion: materials, protection. 2014;7:33-39.
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BnusHue chropcogepxxawmux MHruburopos
Ha KOPPO3uI0 Meaun B aTMOChepHbIX YCNoBUAX

MeTOAOM CHATUS aHOLAHbIX NOAPHU3ALUMOHHBIX KPUBLIX U HATYPHBIX KOPPO3U-
OHHBIX MUCMbITAHMIA U3y4eHo BAvsiHWE (HTOPCOAEPXKALLMX MHIMOUTOPOB Ha KOppO-
310 Meay B aTMOChepHbIX yCrnoBusix. BeeneHne B coCTaB MHMMOMPYIOLLMX KOM-
Mo3uLMii B KA4EeCTBe 3aMednTeNs KOppo3un Meamn NonthTOPUPOBAHHBIX aMUHOB
MPYBOAMT K CHUXEHMIO MAaKCMMyMa TOKA aKTUBHOTO PacTBOPEHUS Meay, UTO Mo-
BbILUAET KOPPO3MOHHYIO CTOMKOCTb MEOHOM KaTaHku Npu ee TPaHCropTUPOBKe
B Pa3/MYHbIX KIMMATUYECKUX YCII0BUSX.

Kniouesbie cnosa: nonapu3aLmroHHble Kpusble, I'IOJ'IVId)TOpVIpOBaHHbIe dMWHbI, MeHasa KataHka, 3amennu-

TeNb KOPPO3uK.
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Beepenue

PasnuuHble aMUHBI SABISIOTCS
3¢ HeKTUBHBIMY MHTUOUTOPAMU KOPPO-
3UM MeIV B arpeccMBHBIX cpemax. Top-
Mo3sllee JIeVICTBYe IIPOU3BONHBIX pAna
Tpuasona 0OyCIOBIMBAETCA UX aficopo-
et 1 obpa3oBaHUEM Ha ITOBEPXHOCTU

JKCnepuMeHTaNIbHasA 4acTb

B pabore usyueHo aHOZHOE IIOBe-
JIeHue Meny C HaHeCEeHHbIM Ha ee TO-
BEPXHOCTb KOHCEpPBAI[MIOHHBIM IOKpBI-
TUEM MHrM6Mponme171 KOMIIO3UIIVIEN,
cofiepyallieit B CBOeM COCTaBe monud-
TOPUPOBAHHBI aMUH — mnonudTopal-
KunMeTuneHokcuaTunen ammua: HCF -
CFZ—CFZ—CFZ-O—CHZ—CHZ-NHZ, KOTOPBII

Mefiyi HEPACTBOPUMOTO KOMIUIEKCA MeJN
[1, 2]. [TosToMy MCIIONTB30OBaHNE AMIHOB
B COCTaBe MHIMOMPYIOLIell KOMIO3UIINU
MOKeT 06eCIeqnTb 3aLINUTY OT KOPPO3UK
ME[IHO KaTaHKM IIPU ee TPAHCIIOPTH-
pOBKe.

OBLT CMHTE3MPOBaH Ha Kadenpe TeXHOIO-
TUM OPraHMYeCKOTO CHMHTe3a XMMMKO-
TEXHOJIOTMYECKOTO MHCTUTYTa YPasnbCKo-
ro ¢efepaIbHOrO YHUBEPCUTETA.

JIns1 yCKOpeHHOI! OLIeHKU 3al[UTHOTO
HeICTBUA MHTUOUPYIOIVX KOMIIO3MINI
U ONTUMU3ALUM COCTaBa KOHCepBalu-
OHHOTO MOKPBITUA MCHONb30BANCA Me-
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TOJ|, CHATHA aHOJIHBIX IO/IAPU3alIOHHbIX
KpuBbIX. IlonmsapusannonHble KpuBble
CHUMa/JNCh Ha IOTEHLMOCTaTe-Tajb-
Ba"Hocratre IPC-PRO B moreHnmonn-
HAaMMYECKOM peXMMe IIpU JIMHENHON
pasBepTKe moreHumana 2 MB/c B Tpexs-
JIEKTPOJJHOVM CTEK/IAHHOW A4YeliKe C pas-
T€TIEHHbIM QHO[HBIM J KaTO[HBIM IIPO-
crpanctBamu B 0,5 M pacrBope NaCl
npu Temmeparype 25 °C. D1eKTpojom
CPaBHEHNUS CIAYKWI XIOpCepeOpsHbIIt
9JIEKTPO]] B HACBILIEHHOM PacTBOpE XJIO-
pupa xanuA. IloTeHnanbl nepecynTaHbl
Ha H.B.II. BcroMoraTenbHBIM 3/1€KTPO-
TIOM CITY>KMJIa JINCTOBAA NJIaTHHA.

B kayecTBe O0OBEKTOB NCCIENOBaA-
HIA MCHOIb30Banach Menb Mapkyu MOOk

Pe3synbTarbl 1 ux 06cyxaeHue

MCC)’[eHOBaHI/IH II0OKa3ajau, 4ToO B OT-
CYTCTBI€ Ha ITIOBEPXHOCTNM MeETajlyla MH-
I‘I/I6I/IPYIOI.IH/IX IIJIEHOK QaHOJHaAd IIO/IA-
pu3allMOHHAasA KpuBasg [O/1A MEOUN MMeEET
BUL, XapaKTeprIf;[ A/1:1 aKTUBHO PacTBO-
pALIETOCA MeTalla C r[ocne;[ylou_[eﬁ
naccuBalen. HPI/I IIOoTeHIMa/IaX OKOJIO

i, A/M?
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Puc. IonsAapusanoHHble KpUBbIE [
Mezu, 00paboTaHHOI MHTUOMPYIOLeil
KOMITO3MIIVIel] C pa3/INYHOl KOHI[eHTpaluent
[1®A B nzonpomnasorne, B 0,5 M pactBope
xyopuzia HaTpuA: 1 — uncras megp; 2 - 0 %
[IDA; 3 - 0,25 % IIDA; 4 - 0,5 % [1IDA; 5 -
0,75 % IIDA; 6 — 1 % ITDPA; 7 - 1,25 % [1DA;
8 -1,66 % IIDA; 9 - 3,32 % IIDA
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(99,99 % wumcroTBHI), MAYyIIAs Ha M3TO-
TOBJIEHVMEe MeIHOV KaTaHku. [l cHATUS
MO/IAPU3ALVOHHBIX  KPUBBIX  MCIIONb-
30BaINCh UMIMHJPUYECKNE CTeP)KHU
M3 MENHONM KaTaHKU AuaMeTpoM 8 MM
C cyMMapHOit paboueit IIomagsio 4 cm2.
HaTypHble KOppO3MOHHBIE WCIIBITAHNA
IIPOBOJMINCh Ha obpasuax U3 MeJHOI
KaTaHKU AanHOM 150 MM U nameTpoM
8 MM B KaMepe CO/lIeBOro TymaHa Ascott
120 Plus.

3aIuTHBIE COCTABBl MHTMOMPYIOLINX
KOMITO3MIIMIT HAaHOCUINCh Ha OOE3XKIi-
PEHHYIO alleTOHOM pabodyylo IIOBepX-
HOCTb ME[IHBIX 37IEKTPOJIOB IIyTE€M OKY-
HAaHUS MX B PacTBOPHI MHIMOMPYIOLIMX
KOMIIO3ULIMIL B TedeHne 15 c.

0,18-0,19 B MenHbIiT 271€KTPOJ, HAYMHAET
MepexoAuThb B MACCUBHOE COCTOSTHIE.
[NonsapusanoHHbIe KPUBbIE AT MENIN,
[pefBapyUTEeNbHO 00pPabOTaHHO B pacT-
BOpPaxX M3OMPOMAHONA C Pas3IUIHBIM CO-
Iep>KaHyeM IOMM(TOPUPOBAHHOTO aMU-
Ha (IT®OA), mpencraBieHbl Ha PUCYHKe.
Kak BUHO Ha pUCYHKe, IIpM HaHece-
HUM Ha MeTA/IMYecKyl0 II0BEpPXHOCTb
MeJM 3aLIMTHON IUIEHKU U3 PacTBOPOB,
comepxkamux IIDA, Habmiomaercss 3Ha-
YNTe/IbHOE CHIDKEHME MaKCMMyMa TOKa
aKTMBHOTO pacTBOPEHMs Mely Ha MOJA-
PU3AIVIOHHO KPUBOIL, YTO CBUIETENbCT-
ByeT O 3aMeJJIeHNM CKOPOCTU aHOIHOTO
PacTBOPEHNA Me[iU I TOPMOYKEHUY aHOfI-
HOJI peakiun. VI3 IpuBeleHHbIX JaHHBIX
clefiyeT, 4TO BeNMYMHA IpPeenbHOro
TOKAa aHOJHOTO pPAcTBOPEHMs MeIM 3a-
BUcUT OT KoHUeHTpanuu IIDA. ITpuuem
MaKCYMYyM aHOJIHO IUIOTHOCTU TOKa,
HAOMIOaeMBIil  Ha  MOJSIPU3ALMOHHBIX
KPUBBIX, YMEHbIIIaeTCA C IOBbIIIEHNEM



Brinstue dropcomepxaluyx MHrmbrutopos
Ha KOpPO3uio Meau B aTMOChepHbIX YCIIOBUSIX

koHUeHTpauuu IIMA u foctTuraer MuHn-
MajIbHOTO 3HaYeHuA 4 3,32 % pacTBopa
VHTYOUPYIOLIell KOMIIO3MIUY Ha OCHOBE
IIMA, uyTO MOKET CBUOETENbCTBOBATH
O TIOBBILIEHUM KOPPO3MOHHON CTOMKO-
CTV MHIMOMPOBAaHHON MeMIN.

OpHaKo TONBKO XapaKTep IOIsApu3a-
LMIOHHBIX KPUBBIX He II03BOJISET OJHO-
3HAYHO CYAUTh O BAMSHUM MHIMOUTOpA
Ha KOPPO3MOHHYIO CTOMIKOCTb M€Y B aT-
MocdepHbIX ycnoBuAx. Ilostomy B mo-
MIOJIHEHME K 3/IEKTPOXMMMNYECKUM U3Me-
peHysiM ObUIM IPOBefeHbl U HaTypHbIe
KOPPO3MOHHBIE VCIBITaHUSI 00pasI[oB
MeJJHOJI KaTaHKM B KaMepe CONIEeBOro TY-
Mana Ascott 120 Plus.

PesynbraThl 3/1€KTpOXMMUYECKUX W3-
MEPEHMII COINIACYIOTCA C JaHHBIMU KOp-
PO3MOHHBIX McHbITaHMiT. Koppo3noHHbIe
MCIBITaHNUA TT0Ka3aJIM, YTO O4aru KOppo-
3UH Ha MeIHBIX o6pasijax 6e3 nHrnbupy-
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IOII[el KOMITO3MIVM, 0OpabOTaHHBIX M-
CTBIM M3OIIPOIIAHOJIOM, MOSBIIAIUCDH YoKe
B IIepBbIe XKe CYTKI BBIIEPXKKY 00Pa3LioB
B KaMepe. B To >xe Bpems Ha o6pasuax,
006paboTaHHBIX B 0€3BOJHOM pPacTBOpE
MHIMOMPYIOLIell KOMIO3NUIINM Ha OCHOBE
[TDA, KOppO3MOHHBIE MOPAKEHNS TTOSIB-
JIAI0TCA Ha 2—4 CYTKU B 3aBUCHMOCTY OT
koHneHTpauunu IIPA. V3 wuccremosan-
HBIX COCTaBOB MHTUOMPYIOLMX KOMIIO-
3MLIMIL JTyYIINe Pe3ynbTaTsl (o 4 CYyTOK)
ObLIM ZOCTUTHYTHL A7st 3,32 % pacTBOpa
MHIMOMPYIOLIell KOMIO3NUINMM Ha OCHOBE
[TDA.

Takum o06pa3oMm, HpM HUCIIONb30Ba-
HUM B MHTUOMPYIOIMX KOMIIO3MIIMAX
B Ka4yecTBe 3aMeJINTeNs KOppo3uu Meay
nonmnGTOPUPOBAHHBIX AMUHOB MOXKHO
HOBBICUTD KOPPO3MOHHYIO CTOMKOCTD
MeJHOJM KaTaHKM IIpU ee TPaHCIOPTH-
POBKe B 9KCTPEMaIbHBIX YCTTOBUAX.

1. pirankoBa JI. E., Pymannes @. A. BiusHue MaciAaHOro MOKPLITHA 1 aHMOHHOTO CO-
CTaBa 9IEKTPO/IUTA Ha MHIMOVPOBaHME KOPPO3UM Meu O€H30TPUA30/I0M B KICIIBIX
cpenax // Kopposus: mamepuanvi, 3auguma. 2006;12:31-36.

2. Kysuenos 0. 1., Araponxknua M. O., lluxamues X. C., Augpeesa H. II., ITota-
noB A. 10. Apcobums u maccuBalyisi Meiu TPUA30aMy B HEMTPaIbHBIX BOHBIX
pactBopax // Kopposus: mamepuanv, 3ausuma. 2014;7:33-39.
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The mathematical description
of the electrosynthesis of composites
of oxy-hydroxycompounds cobalt
with polypyrrole overooxidazed

The electrosynthesis of the composite with of the overoxidized polypyrrole
with cobalt oxy-hydroxide in strongly acidic media has been described math-
ematically, using linear stahility theory and bifurcation analysis. The steady-
states stability conditions and oscillatory and monotonic instability require-
ments have been described too. The system’s behavior was compared with
behavior of other systems with overoxidation, electropolymerization of hetero-
cyclic compounds and electrosynthesis of the cobalt oxy-hydroxides.
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Introduction

Electrically conducting or con-
ducting polymers (CP) occupy their place
among the most studied materials during
the last 50 years [1-4], due to their abil-
ity to combine the properties of plastics
(flexibility and corrosion resistance) with
metallic conductivity, so they are called
synthetic metals. Another advantage that
they possess is the ease of modification,
giving them a wide and rich range of ap-
plications, from anticorrosive coatings to
sensors and biosensors [5-12].

30

On the other hand cobalt is one of the
most commonly used metals [13-14]. Its
oxy-hydroxycompounds, in the form of
films, can be used as anticorrosion coat-
ings, as well as the surfaces for photoelec-
trocatalysis, due to to their intensively
black color [15-16], therefore, their com-
posites with conducting polymers should
also exhibit interesting properties.

However, the oxidation of compounds
of bivalent cobalt to trivalent occurs at
relatively high potentials (from +1.6 V),
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in which some conducting polymers, such
as polypyrrole [17-18], undergo a process

O
Qe X

o
of so-called “overoxidation”, known as re-
configuration of the conjugated system in
the polymer according to the following
mechanism.

Thus overoxidative polypyrrole con-
ducts electricity worse than neutral. An-
other problem may be caused by elec-
trochemical oscillatory and monotonic
instabilities, capable to accompany the
processes of electrochemical oxidation of
small organic molecules (including elec-

(1-2)

System and model

For the mathematical description
of potentiostatic electrosynthesis of the
composite of the overoxidized polypyrrole
with CoO(OH), from neutral polypyrrole
in strongly acidic media without fluorine
ions, we introduce three variables: ¢ —
concentration of ions of bivalent cobalt in
the surface layer; 0 - degree of surface fill-
ing overoxidized polypyrrole; 4 is the con-
centration of protons in the surface layer.

To simplify the model, we suppose
that the reactor is intensively stirring, and
the supporting electrolyte is in excess, al-
lowing neglect the influence of convective
and migration flows. The thickness of the
surface layer, the concentration profile of
cobalt salts and protons, assumed to be
linear, is constant and equal to 8.

The protons diffuse in surface layer by
their diffusion and are formed as a result
of the process of overoxidation, their con-
centration in the surface layer decreases
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tropolymerization [19-28]), and conduct-
ing polymers [29-32]. The oscillations also
accompany the process of CoO(OH) for-
mation [15-16]. The study of their causes
is one of the key stages to determine the
most probable mechanism of this process.

So far, such phenomena has gained
only phenomenological interpretation,
which, though it may proceed from a log-
ical conviction, has no solid theoretical
justification, that can be given only by
analyzing mathematical models, can ad-
equately describe the process, which will
be done in this work.

This analysis can explain the behavior
of such systems and (as a consequence of
the theorem of Kirpichev and Guchman)
compare them with other similar systems
are described, for example in [33-49].

due to proton attack of overoxidative
polypyrrole. Thus, considering the first
law and Fick coeflicient modeling related
to electric double layer (EDL), the balance
equation of the concentration of protons
will look like:

L2 2 -+ |

dt 8|6
where h is the concentration of protons
in the bulk solution, r_ is the speed of the
process of overoxidation, r_ is the rate of
proton attack of overoxidative polymer.

The conventional conductive polymer,

occupying in the beginning of the reaction
the entire electrode, overoxidizes. Thus,
overoxidated polymer interacts with the
cobalt salt, forming a composite with the
product of its oxidation, and is attacked
by protons. Thus, the balance equation
for the concentration of the overoxidative
polymer can be written as
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Bl-r-r). @
d T
In which r_is the reaction rate of the
composite formation, and T is the poly-
mer maximum surface concentration.
The cobalt salt diffuses to the anode,
and then oxidized in the overoxidative
polypyrrole with the formation of the
composite and the overoxidation product.
Thus, the balance equation of its concen-
tration in the subsurface layer can be writ-

ten as:
de 2(A
—==|—=(¢,—c¢c)—r.1|, 3
de 8[ 5 ( 0 ) c] )
being C is the concentration of the cobalt
salt in the solution bulk. The rate of the cor-

respondent reactions can be expressed as:

mFo,
=k,(1—0)h —
r ( )exp[ RT] =k0,.

nFo
r=k0, exp|l+—"|, 4-6
. =k, p[ RT] (4-6)

Results and discussion

In order to research the behavior of
the system with potentiostatic electrosyn-
thesis of composite of CoO(OH) - the
overoxidative polypyrrole in strongly
acidic media, it is necessary to investi-
gate the system of differential equations
(1-3), taking in account the algebraic re-
lations (4-6), using linear stability theory.
Functional Jacobi matrix, the elements of
which are computed for a stationary state
is represented in the form:

a a a
az, a22 a23 > (7)
a, a, a,
where:
2( D nFeo,
a =—|——+k,(1-6)ex k0
L 6[ 5 (1—0)exp T ] ]
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where the k parameters represent rate
constants of respective reactions, param-
eters n is the number of electrons trans-
ferred in electrochemical processes, @, is
the potential drop of the EDL, in com-
parison with the potential of zero charge
F =N, - eis the number of Faraday.
Differential equations (1-3) resem-
ble the systems of equations, described
for the case of polypyrrole overoxidation
in a strongly acidic media [33], and for
the case of the electrosynthesis of oxy-
hydroxycompounds of cobalt [34], so it is
possible to confirm the third theorem of
similarity. However, in order to prove the
behavior of such systems, it is necessary
to compare the investigation of the men-
tioned systems with the system of equa-
tions (1-3), as will be illustrated below.

nF
[k hexp[ ‘R;p‘)]Jrk heocexp[ R

FT] kh]
a :%[ko(l—e) xp[ !

e

5
a, =0.

nFo,
k,h
[ exp[ RT ]+

mFo, _
+k, heaexp[ T ] k,h
nFo ] k.08c exp[F(po]].
T RT
mFo
—k Oe L
o= |-woosl"g?)

—k.cexp
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a, = ;{ kcexp[ N

nFo, —k,afcexp| = nFe,
T RT

2 nF A
a, :g[—kceexp[%]—g]. (8-15)

The Oscillatory instability in this
system is possible, because the neces-
sary conditions of Hopf bifurcation may
be satisfied. They are performed in the
case of the main diagonal of the Jacobian
positive elements: In this system there are
three positive elements:

Fo
k,(1—0)exp| —>|>0,
(1-9) p[ RT

in case of strong effects of the process of
overoxidation on DEL, leading to the au-
tocatalytic filling of the electrode surface
with the overoxidated polypyrrole. This
can happen if the polypyrrole derivative is
a strong reducing agent and thus can form
fluctuations

k hexp

nFe, >0,
RT

because of the possibility of autocatalytic
formation of protons in the process of
overoxidation of polypyrrole. This factor
was considered as a factor self-oscillating
behavior of the overoxidative polypyrrole
in [33, 35-36], and this system it also pre-
sents.

—k ,a8cexp F;p° >0,

n the case of strong influences on the
DEC process of oxidation of cobalt salts
to hydroxy-hydroxycobalamine, which,
incidentally, has already been described
n [15, 16, 34].

In this case because of the greater pos-
sibility of positive feedback, the probabil-
ity of self-oscillations in this system will
be higher than in case of simple potentio-
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static overoxidation of polypyrrole or the
anodic oxidation of cobalt salts.

The stability of the stationary state
we analyzed according to the criterion of
Routh-Hurwitz. To avoid cumbersome
expressions, we introduce new parame-
ters so as the determinant of the Jacobian
matrix can be written as:

-, +X b 0
ST X PIEDIN -\ | (17)
0 -2, —-A-x

Using the condition Det J < 0, which
can be derived from the criterion of
Routh-Hurwitz, we obtain the condition
of stability of stationary state in the form
of inequalities that can be resolved rela-
tive to the diffusion coeflicient of cobalt
salt k,:

A, (k, — X)
—K, < S . (18)
Sk — 2K, — XY,
Or:
AY, (X -
K, XoK) )

2K, — K, — XX,

Thus, the stability of the stationary
state, in this case, is supported by the
more rapid diffusion of cobalt salts than
protons and by high oxidation rate, which
shifts the right part of inequality towards
more negative values (in this case, the left
part of the inequality is positive). So, at
high concentrations of cobalt salts, the
pH-dependence of stability of the station-
ary state decreases drastically. Thus, for
an optimal synthesis of the composite, it
is necessary to use a concentration of co-
balt salts with a small margin relative to
the concentration of pyrrole and pH, but
the composite will contain a quite signifi-
cant proportion of the oxy-hydroxy cobalt
compound.
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The pH-decreasing leads to an in-
crease in the value of the fraction in the
right part of the inequality and, at rela-
tively low concentrations of cobalt salts,
also reduces the stabilization trend of a
stationary state, even including the sys-
tem leave from the stationary state, which
is displayed at the point of a monotonic
instability, occurring in the condition of:

. AY,(X—x,)
2T Yk, — Yk, - XY,

—A, (19)

represented by a N-shaped part of the vol-
tamperogram. In a common system with
potentiostatic overoxidation of polypyr-
role, contrarily to this system, it is impos-
sible.

DEL factors also strongly affect the
stability of the stationary state in this sys-
tem. For example, in case of strong effects

Conclusions

1. The steady-state stability for this sys-
tem is maintained by relatively high pH
and a high concentration of cobalt ions in
the surface layer and common to all such
systems the absence of strong effects of
electrochemical processes on DEL.

2. The oscillatory behavior of this sys-
tem is possible, being caused not only by
the autocatalytic protons’ formation, as

Tkach V., de Oliveira C. S., Maia J.,
Gunter Soares B., Ojani R., Yagodinez P. I.

of electrochemical oxidation of cobalt
salts on the structure of the DEC, the pa-
rameter A will have negative values which
will lead to the exit of the stationary state
of the field of stability. This factor is also
present in other similar systems.

The presence of fluoride ions. As
known, oxy-hydroxycompound of cobalt
is unstable in the presence of fluoride
ions, and dissolves with the formation of
the complex [CoF,]*, according to the to-
tal equation:

CoO(OH) + 6HF >
- H,[CoF,] + 2H,0. (20)

In this case, the model isn’t capable
to describe the behavior of the composite
yet. The stability of the composite in the
presence of fluoride ions will be analyzed
in one of our next works.

for the general case of overoxidation of
the conducting polymers, but the influ-
ence on the electrochemical reactions of
DEC - overoxidation and oxidation of co-
balt salts.

A monotonic instability for this sys-
tem is realized at relatively low pH and the
strong effects of electrochemical reactions
on the DEC.
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Beepenue

ANeKTPOITPOBOISIIINIE UK TTPO-
Bopsiiue ronumepst (ITT1) siBstoTcest of-
HIYMU 13 Haubosee M3y4aeMbIX MaTepya
JIOB Ha MPOTSDKEHUM TOCTIefHuX 50 et
[1-4], 9TO CBsA3aHO C MX CIIOCOOHOCTDHIO
COENMHATh B cebe CBOICTBA IIACTMACC
(rmbkoCcTh ¥ NIPOTUBOKOPPO3UOHHYIO
YCTOMYMBOCTD) € META/UIMYECKON Ipo-
BOAMMOCTBIO, O/arogaps 4emMy WuX Ha-

38

3bIBAIOT CUHTETUYECKUMIM MeTa/IaMIL.
IpyruM uX HPeUMYIIeCTBOM SIB/ISETCS
JIETKOCTb B MoOpuduKanum, Omaropaps
4eMy Y HUX LIMPOKWIT U GOTaThlil CIIEKTP
[pUMeHeHNMs, HadlHasi OT IPOTUBOKOP-
PO3MOHHBIX TOKPBITMII ¥ 3aKaHUMBas
ceHcopamu u 6rocercopamu [5-12].

C npyroit cTOpoHBI, KOOANbT — OAMH
u3 Hamubosee 4acTO IpUMEHsIEMBIX Me-



MatemaTuueckoe onucaHvie JNIEKTPOCKHTE3A KOMIMO3UTOB
OKCVI-I'MD,DOKCI/ICOELWIHEHVIVI KobanbTa ¢ nepeokncieHHbIM NoMnMpposiom

tannoB [13-14]. Ero oxcu-ruppoxcu-
coemuHeHyss B (opMe IUIEHOK MOIYT
IPUMEHATbCA B KadeCTBe IPOTUBOKOP-
PO3MOHHBIX TIOKPBITHIL, @ TAKXKe B Kade-
CTBe TIOBEPXHOCTel-HOCUTeNnel At ¢do-
TO3JIEKTPOKaTann3a, Omarogaps CBOeMy
VMHTEHCUBHO YepHOMY IBeTy [15-16],
[O3TOMY X KOMIIO3UTBI C IPOBOMSIILIN-
MI1 TTOTIMMEPAMI TAK>Ke TO/DKHBI IIPOsIB-
JISITh MHTepecHble CBOJCTBA.

OnHaKo  OKMCIEeHMe  COERMHEHMIT
IBYXBaJIEHTHOTO KO0OajbTa [0 TpexBa-
JIEHTHOTO IIPOMCXOGUT IIPU HOBOJIBHO
BBICOKOM moTeHIuane (ot +1,6 B), mpu
KOTOPOM HEKOTOpBIe IIPOBOASLIYE TIOTIN-
MepBl, Takye Kak momunuppon [17-18],
IPOXOAAT MpOLeCC TaK HA3bIBAEMOIO
«IIePEOKICTIEH IS,
¢burypaunu  COmpsHKEHHOI
B IIO/IMIMepe COIIACHO CTIeRYIOLIeMy Me-
XaHMU3MY:

A—A

TO €CTb CME€HBbI KOH-
CUCTEMBI

(1-2)

/ +2H,0
—_—
N -6 H' 5S¢
H

IIpy 2TOM IE€PEOKNUC/IEHHBIN ION-
INMPPON TPOBOAUT TOK XYK€, YeM He-
HepeoKMCIeHHbI. Jpyroit mpobnemoit

Cucrema u ee Mogenb
st

MOTEHIMOCTATNIECKOTO  3TIEKTPOCHHTe-
3a KOMIIO3UTa IIePEOKIC/IEHHOTO IIOJIN-
muppona ¢ CoO(OH) us o6sraHOrO 1M0-
UOVPPOIa B CHIBHOKKCIION cpefie 6e3
MOHOB (TOpa BBefeM TPU HepeMeHHBIe:
¢ — KOHIIEHTPALMs MOHOB [BYXBaJIEHTHO-
ro kobabpra B IPUIOBEPXHOCTHOM CI0€;
0 - cremeHb 3amONHEHUSI IOBEPXHOCTHU
[ePEeOKMCTIEHHBIM TONUINPPOTIOM; h —

MAaTEMATUYECKOTO  OIIMCaHUA
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ABJIAIOTCA 97IEKTPOXUMIYECKVIe HeYyCTON -
4MBOCTY — aBTOKO/mebaTenpHass u (VWIn)
MOHOTOHHAA, KOTOPbIe MOTYT COIIPOBO-
JKJIaTb MTPOLeCChI 9TIEKTPOOKIC/IEHNA KaK
MaJIbIX OPraHMYecKMX MOJIEKYN, B TOM
qIIC/Ie ANeKTpononuMepusanmio [19-28],
TaK ¥ IPOBOJALINX IIOMMMepPOB [29-32].
ABTOKONIEOAHNST TaKXKe COMPOBOXIAMOT
npouecc obpasoBanuss CoO(OH) [15-
16]. Vsy4enne ux IpU4MH ABIACTCA Off-
HUM W3 KJIIOYEBBIX 9TAIOB ONpee/ieHNs
Hanbormee BEPOSITHOTO MeXaHWU3Ma JlaH-
HOTO IIpolecca.

Jlo cux mop Taxue sB€HNA TOTyYan
MCK/TIOUUTENBHO (PeHOMEHOTIOTMIECKYI0
TPAKTOBKY, KOTOpasi, XOTb ¥ MOXXeT VC-
XOIMUTb M3 JIOTMYECKMX YOeKIeHMI, He
MIMeeT TBEPHAbIX TEOPETUIECKUX 000CHO-
BaHMIT, KOTOPbIEe MOTYT OBITb JaHbI TOIb-
KO C IOMOII[bIO aHA/IM3a MaTeMaTNI€eCKO
MOJIe/, CIIOCOOHOI ajleKBAaTHO OIMMCATh
IPOLieCC, YTO 1 Oy/eT IOKa3aHO B JaHHOI
pabore.

ITOT aHaNMM3 MOXKET OOBSICHUTDH II0-
BejeHue MogoOHbIX cucteM (KakK CaemcT-
Bue U3 TeopeMbl Kupnnuesa — I'yxmaHa),
a TaKKe CPaBHUTD UX C APYTUMU aHAJIO-
IMYHBIMU CUCTEMaMU, ONMCAHHBIMY, Ha-
mpuMep B [33-49].

KOHILIEHTpAI[MsA IPOTOHOB B IIPUIIOBEPX-
HOCTHOM CJIoe.

C Lenmpl0 YOpPOIIEHMSA MOJENU MBI
BBOJIMM [IONYIIEHNSA TOTO, YTO peak-
TOp HAaXOAUTCA TPU IOCTOSHHOM IIepe-
MeUIVBAaHUY, a (OHOBBI 3TEKTPOMUT
HAXORUTCST B M3OBITKE, YTO IIO3BOJISIET
npeHeOpeYb BVAHNMEM KOHBEKTVBHOTO
U MUTpAIIOHHOTO MoToKa. IIpm aTom
TOJIIMHA TIPUIOBEPXHOCTHOTO  CIIOS,
KOHI[eHTPAL[MOHHBII IPOpUIb COeit KO-
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6ajIbTa ¥ IPOTOHOB B KOTOPOM IIO JJOIY-
I[EHNIO ABJIAETCH IMHEHBIM, IOCTOsSHHA
u paBHa d.

ITporonnl momapator B andQysnoH-
HbI/I IIPUIIOBEPXHOCTHBIN CIIOM BCIIEf-
crBue anddysum u o6pasyoIcs B pe-
3y/lbTaTe IIpoliecca INepeoKNCIeHNUA, UX
KOHL[EHTpalusd B IPUIOBEPXHOCTHOM
C7Ioe yMeHbIIaeTCsA W3-3a HPOTOHHO
aTakM IepeoKUCIIeHHOTO IOTUIMPPOIIa.
Takum 00pa3oM, yUUTbIBas HEPBbIT 3a-
koH ®uka u K03PIUIMEHT MOpenupo-
BaH, OTHOCAILINMIICA K IBOTHOMY 9JIeK-
tpuyeckomy cnoto (JI9C), ypaBHeHMe
6anaHca KOHIIEHTPALV IIPOTOHOB OyfeT
BBIIJIAZIE T KaK:

e LR Y
dt 5|6
rae h, - 3TO KOHIL[EHTpalus IPOTOHOB
B 06'beMe pacTBOpa, 7, — CKOPOCTb HPO-
1ecca IepeoKMCIeHNs, CKOPOCTb
IIPOTOHHOJI aTaK/ II€PEOKNUCIEHHOTO T10-
nmMepa.

OOBIYHBII TPOBOASIUIL  [TONNMEP,
KOTOpBIJi B Hayajle peaKkluy 3aHMMaeT
BEChb 3JIEKTpOJ], Nepeokucndercsa. Ilpu
9TOM IIEpPEOKMC/IEHHBIN IIONMMEP B3au-
MOJIEIICTBYET C CONMBI0 KOOanpTa, 06pasyst
KOMIIO3UT C TIPOALYKTOM €€ OKMCIIEHMH,
a TaKKe aTaKyeTcs NMPOTOHaMU. TaKum
ob6pazoM, OaaHCOBOe YpaBHeHMe [
KOHI|EHTPALIMM NI€PEOKNUCIEHHOTO MOJIN-
Mepa 3aNMIIeTCA KakK:

do 1
— =pl—rn). (2)
rge rc — peaKknuAa 06pa30BaHI/IH KOMIIO3M-
Ta, a I' - makcumanpHasa IIOBEPXHOCTHAA

KOHILIEHTpalus ImoanmMepa.

r —
a

PesynbTaTbl n 06cypeHue

Y1068 JICCIEJOBaThb IIOBEOEHUE CU-
CTEMbI C IIOTEHLIMOCTATUYECKUM IJICK-
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Comp  KobanbTa

ruGdyHnpyer
K aHOIY, a IIOTOM OKMCIAETCA Ha IIepe-
OKMC/IEHHOM ITIOJIUIINPPOJIE C o6pa3OBa—
HJIEM €ro KOMIIO31Ta C IPOJAYKTOM II€pe-
oKucineHnsd. Takum o6pa30M, ypaBHE€HNE
6a)1cha €€ KOHLEHTpalyi1 B IIPpUIIOBEP-

XHOCTHOM (CJ/I0€ 3alIMIIETCA KaK:

de 2(A
22—}
de 6(9d
rjie ¢, — KOHL|eHTpalysA comu Kobasbra B
o6beme pacTBopa.

CKOpPOCTM COOTBETCTBYIOLIMX pPeak-

U MOXKHO BBIYMCIUTD KaK:

nFo
r =k (1—0)hexp| —2 =
, =k, (1—0)hexp R | =k

3)

a“h*

nFo,

r.=k0, exp|——|, 4-6
c cc p RT ( )

[le mapaMeTpbl kK OTOOPaKAawT KOH-
CTaHTBl CKOPOCTEIl COOTBETCTBYIOIIVIX
peaxnuii, mapaMeTpel # — KOIMYECTBO
9NIEKTPOHOB, II€PEJaHHBIX B 3JIEKTPO-
XMMMYECKMX Mpolleccax, @, — Tepenay
noteHunana I39C, o cpaBHEHUIO C IO-
TEHIIMA/IOM HY/IEBOTO 3apsAna, F=N, - e -
yycno Papagpes.

IOuddepennunanpubie ypaBHeHUA
(1-3) HamOMMHAIOT 11O BUJY ypaBHEHUA
CHCTEM, OIMCAHHBIX KaK /I CIydas Ile-
PEOKMCIIeHsI TIOMUIIUPPOJIa B CUIBHOKM-
crnoii cpepie [33], Tak u iA crydas 9ek-
TPOCUHTE3a OKCU-TUIPOKCUCOETHEHNMIT
Kobanbra [34], 4TO, MOXHO CKa3aTb,
MIOATBEP>K/AET JIeICTBIE TPEThell Teope-
MbI TTofo6usa. OgHAKO [ TOTO, YTOObI
IoKasaTh MOJOOHOE TOBefeHNMe CUCTEM,
HY)XHO COIIOCTaBUTb MCCIIOBAHNA YKa-
3aHHBIX CUCTEM U CUCTEMbl ypaBHEHWI
(1-3), 9To OyzeT OKa3aHO HIDKe.

tpocuHTe3oM Kommosuta CoO(OH) -
[IePEOKUCTIEHHBIT TTONMUIIUPPOT B CUJIb-
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HOKIICION Cpefie, Hy>KHO pasobparp cuc-
TeMy AudepeHnNanbHbIX YpaBHEHMIT
(1-3) ¢ yueToM anrebpandeckux COOTHO-
meHnit (4-6) ¢ IOMOLIbIO JIVMHETHON Te-
opun ycroirunBocty. OyHKIMOHAIbHASL
marpuia Jkobu, a7eMeHTbI KOTOPOI BbI-
YMCIIEHBI [JIS1 CTALIMOHAPHOTO COCTOSIHMS
[IPEJICTABISIETCS B BU/IE:

a a a
azl azz a23 > (7)
a, a a,
2 D nFo,
—|-—=+k(1-6 2k 0.
5[ 5 Th! )eXp[RT] ]
%[ hexp ]Jrkh(:) exp[ 157(? ]—kah],
=0.
1 nFo
a, =—|k (1—0)exp| —2|—k 0.
2, r a( ) p RT a
nF
@, = L e hex [ R;’°]+
+k,hBa.exp nFe ] k,h—
T
—kcexp[ nFo ] kocOcexp[nZF(p"]].
RT RT
1 nFo
a, =—|—kBexp| +—2
2 TP TRy
a, =0.

F F
a, = ;{—kcc exp [nZR;?“] —k.0Bcexp [HZR;?"]]

nFo
a —k Bexp| =—2|—— -
5 6 RT ) 5] @19
AsmoxonebamenvHas  Heycmouuu-

60cmb B MAHHOM CUICTeMe BO3MOYKHA, TaK
KaK MOTYT BBIIIOTHATDHCA H€O6XOIH/IMbIe
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ycnoBust 6udypkanun Xonda. Oun BbI-
HOZIHSIOTCS B CTydae Halmu4us B I/IABHO
IMaroHamu SIKOOMaHa IIOJIOKUTEIbHBIX
97IeMEHTOB. B HaHHOIT cucteme eCTh Tpu
IIOJIO>KUTE/IBHBIX 9/IEMEHTa:

nFeo,

k,(1—0)exp| —— (>0,

B C/ly4yae CWIbHBIX BJIMIAHMII IIpoljecca
nepeokucnenua Ha II9C, npuBopsAmmx
K CaMOYCKOPEHHOMY 3allOJTHEHMIO IIO-
BEPXHOCTH 9JIEKTPOJja IepeOKICIeHHbIM
HOMUIYPPOIOM. ITO MOXKET IIPOU3ONTH,
ec/IM JJaHHOe IIPOM3BOJHOE IIOIUIINPPO-
J1a ABJIAETCS CYJIBHBIM BOCCTaHOBUTEIIEM,
U TaK¥M 00Pa3oM MOTryT 0Opa3oBbIBATh-
sl KormebaHus

nFo,

k hexp >0,

BBUJY BO3MOXXHOCTM aBTOKATaJNUTHUe-
CKOro 00pasoBaHsi IPOTOHOB B IIpOLieC-
Ce TepeoKVC/IeHNsI TOMUINPPOna. DTOT
¢baxTop paccMaTpuBacsa Kak GpakTop aB-
TOKO/1e6aTeIbHOTO [IOBeAEHNs TIPH Tlepe-
OKMCJIeHNH Tonunuppona B 33, 35-36] u
B JAHHOJI CVICTEME OH TOXKe IIPUCYTCTBYET.

nEe, >0

—k .aBcexp
B ClIydae CHIbHBIX BiauAHuit Ha JI9C
Ipoliecca OKVCIEHNU COMM KoOanbTa o
OKCH-TUAPOKCUCOENMHEHN, YTO, KCTaTH,
y>Ke ObL10 onmcaHo u B [15, 16, 34].

IIpn aToM BBUAY GONbIIENT BO3MOX-
HOCTJ TIOIOKUTEIbHOM OOpaTHOI CBS-
31, BEPOATHOCTb aBTOKOJIeOaHNUIT B laH-
HOII crcTeMe OyJieT BbIlle, YeM B CIIydae
IPOCTOTO IOTEHIIMOCTaTUYECKOTO Iepe-
OKMC/IEHNS MONUIMPPOIIA MY aHOJHOTO
OKVICTIEHMSA COMY KOOasbTa.

Yemoiivueocmv cmayuonaprozo co-
CMOAHUA aHAIU3UPYeM IO KPUTEpPUIO
Payca - Iypsuma. [na atoro, 4To6BI
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130eXXaThb IOSABICHNS TPOMO3JKNX BbI-
pa>1<eHM171, BBOJVIM HOBbIE IIapaMeTpPhbl
TAaKNM 06pa30M, 9TO OIIpefennTe/ib mMa-
TpUILbI Axobu 3anumIeTcs Kak:

. K +X by 0
ST X PIEDIN -A | (17)
0 -, —-A-x

Vcnonbsys ycnosue Det ] < 0, koTopoe
MO>KHO BbIBECTM 13 Kpurepus Payca -
IypBu1ia, Mbl IOTY4MM YC/IOBME YCTONYN-
BOCTM CTALIMIOHAPHOT'O COCTOSIHUA B BU/JiE
HEepaBEeHCTBA, KOTOPOE MOXKHO paspe-
IINTb OTHOCUTEIBHO Iapamerpa juddy-
3uM comu KobanmbTa K, :

AY,(x, —X)

—K .
YK, — XK, — XX,

2

(18)

YT
AY,(X—x))
2K, — 2K, — XY,

(18)

Takum 06pasoM, yCTOIYMBOCTD CTa-
[IIOHAPHOTO COCTOSIHUS HOJEePXKIBa-
eTcs 6omee 6bicTpoit muddysmeit comn
K00ajIbTa, €M IPOTOHOB, a TAKXKe BBICO-
KOJ CKOPOCTDBIO €€ OKMCJIEHMsI, KOTOpas
CMellaeT MPaByK YacTh HEPABEHCTBA B
CTOpPOHY 00JIee OTpUIIATEIbHBIX 3Haue-
HUiT (IIpY 9TOM JIeBasi YacTh HEPaBEeHCTBA
OCTaeTCs1 MONMOKUTENbHOI). IIpn aTom
IpY BBICOKOJ KOHLIEHTpPALMM COMM KO-
6anpra pH-3aBUCHMOCTD YCTONYMBOCTHU
CTAIMIOHAPHOTO COCTOSIHMS PE3KO YOBI-
BaeT. TakuM 06pasom, [yIsi ONTUMAaTIbHO-
r0 CUHTe3a KOMIIO3UTA HY>KHO MCIIOTIb-
30BaTh KOHLIEHTPALMIO COMM KOoOanbTa
¢ HeOONBLUIMM 3amacoM OTHOCUTENTBHO
KOHIleHTpauuy muppona u pH, ogHako B
KOMIIO31Te OyHeT HOBOIBHO 3HAUYNTENb-
Hasg [OMs  OKCU-TUPOKCHCOENMHEHNS
KobasbTa.
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ITonm>xenune pH npuBoguT K yBenmnye-
HIII0 3HAYeHIsI ApO06M B IIPaBOIi YacTy He-
paBeHCTBa 1, IPY OTHOCUTETbHO MaJIbIX
KOHIIEHTPALMsAX COMM KoOaIbTa 1 yMeHb-
IIEHNY BEPOSITHOCTY CTAOM/IM3ALMM CTa-
I[MIOHAPHOTO COCTOSIHMA, BK/IIOYAs flaxke
BBIXOJl CMCTEMBI M3 CTALMOHAPHOTO CO-
CTOSIHUS, KOTOPBLIl 0TOOpa’kaeTcst B TOU-
Ke MOHOMOHHOT HeyCmoi4u60cmu, ycno-
BlI€ MTOSIB/IEHNS KOTOPOIL:

K AY,(X—x,)
27Nk, — Tk, - X2,

-A. (19)

[Iy1s1 OOBIYHOI CHCTEMBI C ITOTEHIINO-
CTaTMYECKUM MepeOoKVC/IeHNeM II0JN-
MUPPOJIA, B OT/INYME OT JAHHOI CUCTEMBI,
OHa HEBO3MO)KHA.

@akroper JOC TOXXe CUIBHO BIUAIOT
Ha YCTOMYMBOCTD CTAIYIOHAPHOTO COCTOS-
HIA B laHHOI crcTeMe. Hanpumep, B ciy-
Yae CWIbHBIX BJIVSAHMII 9/1eKTPOOKMUCIIE-
HMsI comu Kobampra Ha cTpykTypy [19C,
mapameTp A OyaeT UMeTb OTpULATe/IbHbIE
3Ha4YeH)dA, KOTOpPble TIPMBEAYT K BBIXOZY
CTAIVIOHAPHOTO COCTOSAHMA U3 00/1acTu
ycrortunBocTi. ITOT (PaKTOp MPUCYTCT-
BYeT U B JPYTUX IOFOOHDIX CICTeMax.

Ipucymcmeue uonos ¢mopa. Kak
U3BECTHO,  OKCU-TUJPOKCUCOENVNHEHNe
KobasbTa HEYCTONYMBO B IPUCYTCTBUE
1oHOB $TOpa, 160 PacTBOPsIETCs € 06pa-
soBanueM kowmmekca [CoF ] mo cym-
MapHOMY YpaBHEHMIO:

CoO(OH) + 6HF >
- H,[CoF,] + 2H,0. (20)

B TakoM ciydae maHHaA MOfieb yxKe
He OINMCBIBAaeT IIOBefieHMe KOMIIO3UTA.
YcTOIYMBOCTD KOMIIO3UTA B IIPUCYTCT-
Bue MOHOB (propa OymeT paccMoTpeHa
B OJJHOJI 13 HAIIUX C/IEAYIOIUX PaboT.
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BoiBoab!

YCTOMYMBOCTD  CTAIIIOHAPHOTO  CO-
CTOSIHVISI JUISL JAHHOJ CHCTEMBI TIOffep-
KUBAETCS OTHOCUTENBHO BbICOKMM pH
" BBICOKOI KOHI[EHTpalMeil MOHOB KO-
6anbTa B IMPUIIOBEPXHOCTHOM CJIOE, @
TaK)Ke OOIIMM I BCeX MOHOOHBIX CU-
creM (aKTOPOM OTCYTCTBUSI CUIBHBIX
BIVSHUI 9TIEKTPOXUMUIECKUX IMPOIeC-
coB Ha JI9C.

ABTOKO/IEOaTeIbHOE TIOBEEHNE [T
ITAHHON CHUCTEMBbI ABIAETCA BOSMOYKHBIM,

Ne 12016
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Oynmy4m BBI3BAaHHBIM He TO/IBKO aBTOKa-
TaIUTNYECKUM 00pa3oBaHMeM IPOTO-
HOB, KaK yIs1 00IIero caydast IepeoKuc-
JIeHMs TPOBOIAIIUX IOVMMEPOB, HO
u BusaHueM Ha JII9C asnekTpoxmmmye-
CKUX peakIuil — HepeoKUCIeHNA U OKY-
CIeHVIA COMM KOOabTa.

MOHOTOHHasA HEYCTONYMBOCTD IS
TAHHOII CUCTEMBI peajn3yeTcs IIpJ OTHO-
CUTENTbHO HM3KMX pH ¥ CHIIbHBIX BNMAHU-
AX 9TIEKTPOXMMIIecKnx peaxunii Ha [JOC.
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ported for the solid solution Sr.Ti, Fe O, . (x<0.5), the intergrowth of a dou-
ble perovskite block and one rock-salt layer type. The charge compensation
mechanism induced by the introduction of iron atoms in the matrix of Sr.Ti.0,
is sensitive to the conditions of synthesis, namely an oxidation process triggers
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terization - variation of the cell parameters and structure calculations - brings
evidence for the respective occurrence of mixed valences and oxygen vacancies
which form in the middle plane of the double perovskite block. Ferromagnetic
exchange interactions which are absent in the Fe(lll) containing compositions,
appear and progressively strengthen depending on the oxidizing treatment.
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The solid solution Sr.Ti, Fe 0, . (x<0.5):
characterization of Fe (1) - Fe (V) mixed valences

Introduction

Mixed valence states of 3d transition
metals such as Ni, Co, Cu and Mn [1-7]
can be stabilized in perovskite like oxides
when working partial non-isovalent cati-
onic substitutions. The fascinating electri-
cal and magnetic properties of these oxide
materials is strongly connected to the ex-
istence of these mixed valence states. Of
importance to stabilize unusual oxidation
degrees of 3d transition metals is the low-
ering of their site symmetry in the perovs-
kite layers. In this respect the intergrowths
of perovskite (P) layers and rocks-salt (RS)
layers are favourable to get mixed valence
states of the transition metal, whereas in
the high symmetry field of the tridimen-
sionnal perovskite structure such unusual
oxidation degrees can disproportionate.
In the manganites La _Sr, Mn O, with
the P /RS intergrowth of a double per-
ovskite block and one rock-salt layer, the
existence of a colossal magnetoresistance
(CMR) strongly depends on the mixed
valence state of the manganese atoms [5,
6]. As to the oxygen content of these lay-
ered perovskite like phases, even if it has
no concern to the oxygen stoichiometric
LnSr,Mn O. phases which contain Mn
(IIT) and Mn (IV) [8], in most cases the
oxygen deficiency properties are involved
in the existence of the physical properties,
as regularly checked in the cuprates and
nickelates [1-4].

In the same way, systematic attention
has been focused on the rich electrical and

Experimental

Eight compositions Sr,Ti, Fe O,
(0 £ x £0.5) were synthesized from solid
state reaction of the mixtures of precursor
oxides TiO,, Fe,O, and carbonate SrCO,
(Johnson Matthey, purity = 99.95 %).
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magnetic properties of perovskite like in-
tergrowth structures of ferrites and their
solid solutions [9-14]. As an example the
existence of two P_/RS type iron strontium
mixed oxide is reported, namely the Fe(IV)
one Sr.Fe O, [12] and the Fe(III) one Sr,
Fe,O, [9]. Due to this and in the frame
of our previous work on P/RS type chro-
mium doped aluminates [15] and P /RS
chromium doped titanates [16], it was de-
cided to look for compositions where it is
possible to create mixed valence Fe(III)
and Fe(IV) state of the iron atoms.

Inthispaper,wereportonthepartialsub-
stitution of iron atoms for titanium atoms
in the P_/RS type strontium titanate Sr-
,Ti,0, [17] (Fig. 1) in terms of a struc-
tural analysis (XRPD) and a magnetic
and Mossbauer characterization of iron
low compositions of the solid solution
Sr,Ti, Fe O, (x < 0.5). The entire solid
solution exists but up to now the reported
results have a concern with iron richer
compositions (2 = x > 0.5) [18, 19]. Even
more iron diluted compositions (x < 0.2)
were never considered for crystal chemi-
cal and physical studies, as well. Con-
sequently, the main goal of the present
work consisted in clearing up the crystal
chemical mechanism of charge compen-
sation induced by the introduction of iron
atoms in the matrix of Sr,Ti,O.: formation
of the Fe (III) and Fe (IV) mixed valences
together with the creation of oxygen va-
cancies.

According to the ceramics methods, the
samples were pelletized and calcined in
air at 1200 °C and then at 1350 °C for 40 h
each.
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The compositions x > 0.2 were con-
sidered for X-ray structural analysis from
cell parameters to structure calculations.
The diluted compositions 0 < x < 0.2 were
retained for the magnetic and the Mdss-
bauer study. In order to receive relevant
information regarding the oxygen stoi-
chiometry, different heating conditions
were worked for some compositions as-
prepared in air:

- an oxidizing treatment: 850 °C
for 10 h and 150 bars oxygen pressure
(x=0.2and x =0.5)

- a reducing treatment: a DTA Seta-
ram device used with an hydrogen-argon
atmosphere from room temperature up to
850 °C for 8 h. This was applied specifi-
cally to the richest iron composition x =
0.5. The iron content of the as-prepared
samples was determined from atomic
emission spectrometry. The maximum

Zvereva l., Pavlova T.,Pantchuk V.,
Semenov V., Breard Y., Choisnet J.

deviation between the theoretical and the
experimental value of the iron content of
a given sample does not exceed 5 %.

XRPD diffractograms were recorded
with a Philips PW3020 diffractometer
using the Cu Ka radiation in the 26 angular
range 5-110 °, step size 0.04 ° and counting
time 12s. Structure calculations were car-
ried out with the FullProf code [20].

The magnetic susceptibility was measu-
red according to the Faraday method in
the temperature range 77-400 K. The
precision is better than 2 %. Mossbauer
spectra were recorded at room tempera-
ture by using spectrometer Wissel (*"Fe
in a rhodium matrix), the isomeric shifts
being calculated with respect to a Fe. In
order to evaluate the part of paramagnetic
species, the intensity of the signals was
determined precisely up to the resonance
factor.

XRPD results: cell constants and structure calculations

XRPD phase analysis ensured the ex-
istence of iron containing mixed oxide
isotypic of Sr,Ti,O, (Fig. 1) which forms
within the whole range of compositions
(0 < x £ 0.5). When the iron content of
the Sr,Ti, Fe O, ; compositions does not
exceed the value x = 0.3 no extra phase is
observed. In the range of compositions
0.3 < x < 0.5 some faint amount of a Sr,
Ti,O,, type phase i.e. a P,/RS intergrowth
phase accompanies the major P /RS phase.

The values of the tetragonal unit cell
constants - a, ¢ and volume V for x = 0.2
air prepared and after oxidation, x = 0.3
air prepared and x = 0.5 (air prepared,
after oxidation and after reduction) are
reported in Table 1. The corresponding
variation versus x is shown in Fig. 2. In
order to better understand the meaning
of such a variation in terms of the cru-

48

Sr0;

Sr0q

[ )
sr « MOO

Fig. 1: (a) P,/RS intergrowth structure of
Sr.Ti,O.: P - perovskite block; RS - rock-salt
layer. (b) Connection of octahedra and MO,

and MO, polyhedra



The solid solution Sr.Ti, Fe 0, . (x<0.5):
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Table 1

Unit cell parameters (A) and volume (A3) in the solid solution Sr.Ti, Fe O, ;

0[15]| 0.2air | 0.2oxid. | 0.3 air

0.5air | 0.50xid. | 0.5red. | "oxid. | "red.

3.902 | 3.8988(3) | 3.8956(4) | 3.8968(2)

3.8941(2)

3.8910(4) | 3.8974(4) | 3.877 | 3.898

20.334(4) | 20.310(5) | 20.323(2)

20.306(1)

20.272(5) | 20.305(2) | 20.26 | 20.20

310.2 309.1 308.6

X

a

¢ |20.371
\Y% 308.2
*1.

307.9 306.9 308.4 304.5 | 307.0

: calculated values as the average of Sr,Ti,O, and Sr,Fe O, (oxid.) [12] and Sr,Fe O, (red.) [9].

cial problem of the mixed valences of Fe
atoms, it was decided to include the vari-
ation which can be modelled in the cases
of a Fe (III) and a Fe (IV) solid solution
i.e. the lines which connect the oxides
Sr,Ti, O, - SrFe,O, and Sr,Ti O, -
Sr.Fe,O,, respectively.

At first it should be stated that the
nearly perfectly linear variation of V_the
unit cell volume of the as-prepared com-
positions (Fig. 2a) brings evidence for the
existence of a solid solution in the entire
range of compositions 0 < x < 0.5. Moreo-
ver the variation of V strongly depends
on the heating conditions: the oxidized
compositions — Fe (IV) - exhibit a value
of V_smaller than the reduced one V_, -
Fe (IIT) whereas V__takesintermediate valu-
es. More precisely, the latter result is the
combination of two different trends in the
crystal chemical evolution of the solid so-
lution Sr.Ti, Fe O herein investigated:

- in the oxidized compositions, the
substitution of the smaller Fe** cations
= 0.585 A) [21] for the Ti** one
(f oy = 0.605 A) results in a decrease of V.

- in the reduced compositions, the
creation of oxygen vacancies cancels the
effect of the substitution of bigger Fe** cat-
ions (r,,, = 0.645 A) for the Ti ** one, re-
sulting in an overall decrease of V whose
slope is weaker than in the oxidized com-
positions.

The precise contribution of a (Fig. 2b)
and c (Fig. 2c) parameters to the varia-
tion of the unit cell volume is rather dif-

(rCNVI

311 4
310 4

309 ., Vred
-
A
> 308 1 * Vair
307 A [ ]
Vox

306
305

A
304 T T T T T )

0 0.2 04 0.6 0.8 1 12

3.805 -

>
3.9
d o ared .
*
3.895 1 . + aair
© 389 - 4 aox
3.885 4
3.88
A
3.875 : : . . : \
0 0.2 0.4 0.6 0.8 1 1.2
X
20.38
20.36 |
2034 ¢ air
20.32 *
20.3 4 4 cox -
© 20.28 4 .
20.26 - a
20.24
20.22 ¢ red
20.2 "
2018 ; . . ; ; .
0 02 04 06 08 1 12

Fig. 2: Variation of the cell volume (A% and
cell parameters (A) in the solid solution
Sr.Ti, Fe O, ;

ficult to ensure. At least one can assume
the parameter a to be more sensitive to
the decrease of size of the cations sitting
in the octahedral sites. This result fully
agrees with that is reported in the study of
the compositions x > 0.5 i.e. annealing at
high oxygen pressure triggers a decrease
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of the parameter a [19]. On the contrary,
the existence of a large amount of oxygen
vacancies induces a pronounced lowering
of the value of the parameter c.

As a main result of the observed
variation of the unit cell volume, it
must be stated that the solid solution
Sr,Ti, Fe O, which forms by heating in
air contains a mixed valence state of the
iron atoms. In order to learn about some
modifications which are expected in the
P /RS intergrowth of the iron contain-
ing solid solution, it was decided to carry
out a profile analysis of the XRPD di-
fractograms of the compositions x = 0.2.
For x = 0.5 three cases were considered:
as-prepared in air, oxidized and reduced
samples and for x = 0.2 the as-prepared
and the oxidized sample. The structure of
Sr,Ti,O, [17] was retained: S.G. 14/mmm.
Concerning the oxygen non-stoichiome-
try, XRPD is rather unsensitive to a small
variation of the oxygen content. Conse-
quently, only in a final step of the calcu-
lations of the air prepared compositions,
a value of § the oxygen deficiency arbi-
trarily fixed to the half of the maximum
value corresponding to a full reduction
was considered (8 = x/4). The results of
the Mossbauer characterization here af-
ter reported ensured a value of § close or

Zvereva l., Pavlova T.,Pantchuk V.,
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lower than the half of a full reduction. As
it was previously performed in the chro-
mium containing solid solution Sr.Ti,
Cr O_, [16] we did an attempt to find the
likely location of the oxygen vacancies in
one of the three possible sites, namely the
inner apical O,, the equatorial O, and the
outer apical O, (Fig. 1b). In this respect,
the main results to be received from the
structural analysis are as follows:

- the oxygen deficiency of the air
prepared and reduced compositions oc-
curs in the inner apical O, positions i.e. in
the middle plane of the double perovskite
block. This meets the different data ob-
tained in the P /RS cuprates [22] and the
solid solution Sr,Ti, Cr O, [16].

- the equatorial M-O, distances (Ta-
ble 2), within the precision of the calcula-
tion procedure are unsensitive to the sub-
stitution of iron atoms for titanium.

- as regularly observed in the inter-
growth structures, there is an apical dis-
torsion of the octahedra, as visible from
the obtained values of the correspond-
ing inner apical M-O, and outer apical
M-O, distances (Table 2). The main data
observed in Sr,Ti,O, i.e. the coupling of a
longer inner M-O, distance with a smaller
outer M-O, one is saved for the whole se-
ries of compositions.

Table 2
Metal oxygen distances (A) in the (Ti, Fe)O , octahedra in the solid solution Sr,Ti, Fe O,
M-O dist. Sr.Ti,0, x=02 | x=02 | x=03 | x=05 x=0.5 x=0.5
M =Tij, Fe | Air prep.[17] | Oxidized | Air prep. | Air prep. | Oxidized | Air prep. Red.
M-O, x1 1.995 2.02(1) | 2.02(1) | 2.00(1) | 2.03(1) 2.00(1) 2.02(1)
M-O, x4 1.949 1.95(1) | 1.95(1) | 1.95(1) | 1.95(1) 1.95(1) | 1.95(1)
M-O, x1 1.887 1.91(2) | 1.92(2) | 1.942) | 1.91(2) 1.91(2) | 1.96(2)
Magneto chemical and mosshauer results
The temperature dependence of the air prepared compositions (x = 0.02;

molar magnetic susceptibility in four
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The solid solution Sr.Ti, Fe 0, . (x<0.5):
characterization of Fe (1) - Fe (V) mixed valences

Sr,Ti, Fe O, ; is shown in Fig.3. Within
the temperature range 77-400 K there is
a monotonic decrease of X versus T and
for given temperature the observed value
of x systematically increases when x, the
iron content, gets larger. The experimen-
tal data of the molar magnetic susceptibil-
ity have been used for calculating a para-
magnetic value per one mole of iron, by
subtracting the diamagnetic contribution
of Sr.Ti,O, and iron atoms. The thermal
variation of the paramagnetic susceptibil-
ity is described by a Curie-Weiss law x =
C/(T-0) over the whole temperature range
under consideration. Curie constant C
takes a value close to 4 emu.K, where as
Weiss temperature 6, slightly increases

versus x (Table 3).
Table 3
Curie constant C and Weiss temperature 0 in
the air prepared) Sr,Ti, Fe O_

x C, emu. 0, K
0.02 4.07 -18
0.08 4.00 -1.1
0.12 4.04 2.8
0.18 4.01 7.8
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Fig. 3. Temperature dependence of y,, the
molar magnetic susceptibility for the air
prepared solid solution Sr,Ti, Fe O. ..

1.x=10.02; 2. x=0.08; 3. x = 0.12;4. x = 0.18
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The calculated effective magnetic mo-
ment . shows a complex dependence
on both temperature and iron content, as
visible in Fig. 4 for the air prepared com-
positions x = 0.02, 0.08; 0.12; 0.18. Such
behaviour cannot be explained on the
basis of one paramagnetic species and
consequently, a mixed valence state of the
iron cations which are introduced in the
diamagnetic matrix of Sr,Ti,O, is likely to
occur in the solid solution. Concerning
the magnetic interactions, it can be rea-
sonably assumed that they progressively
change from an antiferromagnetic prop-
erty to a ferromagnetic one, depending on
an increasing of iron content.

The concentration dependence of u_;
in the temperature range 298-400 K can
be modelled in the following way:

L, =544+211x
(1)
W, = 547 +1,82x

By extrapolating these equations at
zero concentration of iron, the value of
the effective magnetic moment p_ = of
a single iron cation in the solid solution
above the room temperature (RT) can be
estimated as nearly constant and equal to
5.45 MB.

The theoretical values of p . of a sin-
gle iron cation are 5.92 MB and 4.9 MB,
for Fe** (s = 5/2) and Fe** (s = 2), respec-
tively. Clearly, the observed value 5.45 MB
gives evidence for the presence of iron
cations with a number of unpaired elec-
trons smaller than 5, very likely 4 as in the
Fe** species. If the exchange interactions
between the paramagnetic iron species
above RT are assumed to be weak enough
not to induce a deviation of the effective
magnetic moment with respect to the
value of p_ for a single paramagnetic iron
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cation, the existence of a Fe(III)-Fe(IV)
mixed valence state of the iron atoms in
the solid solution is ensured.

The observed effective magnetic mo-
ment in the solid solution with a zero
concentration of iron can be modelled in
terms on the only Fe** and Fe'" cations,
according to the following formula:

2 2 2
Mho = OFe3+pJ Fe3+ + aFe4+M Fe4+

aFe3++aFe4+:1 (2)

where |1, and a, are the magnetic moment
and the concentration of a given iron
cation. Introducing into this equation the
calculated value of p_ = 5.45 MB allows
to calculate the concentration of Fe** as
equal to 0.48(4). The presence of the two
species Fe** and Fe** in the diluted solid
solution looks unambiguous.
Considering the temperature depend-
ence of the effective magnetic moment al-
lows to point to the following statements:
— for the lowest iron concentrations
(x < 0.08) the magnetic properties, up to
a large extent, correspond to what is ex-
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Fig. 4. Variation of the effective magnetic
moment versus temperature in the air
prepared solid solution Sr,Ti, Fe O, .

1.x=0.02;2.x=0.08;3.x=0.12; 4. x = 0.18
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pected from antiferromagnetic exchange
interactions.

— for larger iron concentrations (x >
0.08) ferromagnetic exchange interactions
take an increasing part depending on an
increasing iron concentration (Fig. 4).

The Fe(III) — Fe(IV) mixed valence
state of the iron atoms in the solid solu-
tion triggers three kinds of magnetic ex-
change interactions, namely Fe*-O-Fe*,
Fe**-O-Fe** et Fe'-O-Fe*". Exchange inter-
actions between Fe** cations in the layered
perovskite like phases are antiferromag-
netic [23, 24]. When atoms with different
electronic configuration are concerned,
the exchange interactions are always fer-
romagnetic. As regards the Fe*'-O-Fe**
exchange interactions, they are either
antiferromagnetic or ferromagnetic de-
pending on the site symmetry of the iron
atoms. In order to learn about the cha-
racter of the exchange interactions in the
Fe**-O-Fe** clusters, an analysis of the in-
fluence of the experimental heating con-
ditions on the magnetic properties was
carried out in the limiting composition
x = 0.5 of the solid solution. The tempera-
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Fig. 5: Variation of the effective magnetic
moment versus temperature in the
composition x = 0.5. 1. oxidizing treatment;
2. air prepared; 3. reducing treatment; —-:
single Fe®* cation
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ture dependence of the effective magnetic
moment observed in Sr,Ti Fe O, as
prepared in air and heated in oxidizing or
reducing conditions, is shown in Fig. 5. In
the latter case, the sample contains only
Fe’* species, as checked by thermal ana-
lysis, and the exchange interactions are
antiferromagnetic. Above RT (Fig. 6)
in the reduced sample takes a value very
similar to that of the Fe®* cation 5.92 MB.
In the air prepared sample the value of p_;
is intermediate between the reducing and
the oxidizing cases, which result ensures
the existence of two different exchange
interactions. Finally, in the oxidized
sample the Fe'* species are responsible
of the strong ferromagnetic character of
the exchange interactions, in agreement
with the results reported for the ferrate
Sr,Fe O, [12].

At this stage, one result remains not
immediately understandable in a simple
way: the value of i even at temperatures
higher than RT (Fig. 5) largely exceeds the
value of single Fe** cations: approximately
7 MB to be compared with 4.9 MB. One
must take into account that for such iron
concentration in the solid solution (25 %)
the tendency of the paramagnetic species
to aggregate will be important. It was pre-
viously observed and modelled in the P/
RS intergrowth structure of the solid so-
lution YCaAl _Cr O, [25]. Consequently,
the actual value of the magnetic moment
will be due not only to the single mono-
meric iron species but it will include the
contribution of the various clusters, at
least up to tetramers which likely have a
concern to the observed magnetic mo-
ment.

As deduced from the temperature
dependence of the effective magnetic
moment, the ferromagnetism of the ex-
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change interactions undoubtedly in-
creases versus the increasing amount of
iron in the solid solution. More precisely,
this data gives evidence for the increas-
ing part of the Fe** species. In order to
receive another evidence for the presence
of Fe** and even more to calculate its con-
centration, the solid solution was studied
by Mdssbauer spectrometry. Fig. 6 shows
Mossbauer spectra of three compositions

I(a. u)
1.00 fe o oo 8o "L,
o TG o s 5
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098 L
1 1 1 1 1 1 1
8 6 4 2 0 2 4 6
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R T w) #o e ® 00 00 +%
1.00 |55 P
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8 6 4 2 0 2 4

V, mnv/s

Fig. 6. MOssbauer spectra of air prepared
compositions of the solid solution
Sr,Ti, Fe O, :a-0.12;b-0.16;¢c - 0.2
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x =0.12; 0.16; 0.20 prepared in air. In any
case there is the superposition of two sig-
nals with very different isomeric shifts
8, = 0.431 mm/s and 6, = -0.08 mm/s -
corresponding to the cations Fe** and
Fe**, respectively [26-28]. The observed
value of the quadrupolar splitting for
Fe’* AE, = 0.29 mm/s - is consistent with
a lower site symmetry for Fe** than for
Fe** AE, = 0.22 mm/s. On the basis of the
Jahn-Teller effect of the 3d* Fe** cations,
a supplementary distortion of the corre-
sponding (Fe*'O,) octahedra is expected.
In fact, the existence of oxygen vacancies
in the inner apical positions of the dou-
ble perovskite block, as ensured from the
structure calculations, triggers a lowering
of the site symmetry of the Fe** cations.

For comparison, the solid solution
Sr, La Ti, Fe O_ was considered. In such
case the fully charge compensated dou-
ble substitution of the cationic couple x
(La** + Fe**) for x (Sr** + Ti*") allows to
maintain the oxygen stoichiometry i.e.
there are no oxygen vacancies. The Mdoss-
bauer data observed for the composition
x=1namelySr, La Ti Fe O, reveal the
existence of one signal with an isomeric
shift 8 = 0.32 mm/s which corresponds
to an iron cation Fe** in a high symmetry
local field. Clearly, this is another proof
that the Mossbauer spectrometry ensures
the presence of the two species Fe** and
Fe* in the air prepared solid solution
Sr,Ti, Fe O, ..

Conclusion

The solid solution Sr.Ti, Fe O, with-
in its homogeneity range shows a remark-
able ability to promote an oxidation of
Fe(I1I) to Fe(IV) even annealed in air. The
existence of a mixed valence state of the
iron atoms with a major contribution of
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The analysis of the iron concentra-
tion dependence of the intensity of the
two Mossbauer signals brings the oppor-
tunity to evaluate the respective parts of
Fe** and Fe'*. In Table 4 we report for the
three compositions x = 0.12; 0.16; 0.20
the estimated values of the Fe** and Fe**
concentration (%) and the corresponding
values of y the (Fe**) composition and §

the oxygen deficiency.
Table 4
Fe**and Fe’* concentration (%), y (Fe**)
composition and estimated value of § the
oxygen deficiency in the solid solution

Sr.Ti, Fe O_ (air prepared)

x | Fe*"(%) | Fe**(%) | y (Fe*") I
0.12 41.5 58.5 0.05 0.035
0.16 46.7 53.3 0.07 0.045
0.20 66.5 335 0.13 0.035

We receive the confirmation that the
amount of Fe'* increases versus x the iron
composition i.e. when the iron concentra-
tion in the solid solution is large enough -
x 2 0.16 - the air prepared samples contain
the Fe** cations as main species. These re-
sults are in good agreement with the main
information obtained from the magnetic
properties. Finally an estimation of § the
oxygen deficiency in the solid solution
Sr,Ti, Fe O, ;allows to ensure the oxygen
non-stoichiometry property which is not
large enough (8 < x/4) to be determined
from XRPD calculations.

the Fe(IV) species is well established. In
this respect, these new data well compare
with those previously obtained in the case
of chromium atoms in the solid solution
Sr.Ti, Cr O, [16]. In both cases the sig-
nificant trend to get Fe(Cr)(IV) species
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mainly results from the weak ability of
these substituted titanates to tolerate the
formation of oxygen vacancies in the mid-
dle plane of the double perovskite block.
In this way, their crystal chemical prop-
erties are closer to that of the mangan-
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ites La,, Sr, Mn O, [8] than the cuprates
La, Sr(Ca) Cu,O, ... [20]. In the latter
case, the middle plane of the double per-
ovskite block is fully deprived of oxygen
atoms.
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The impedance of anodic processes on passive
NiSi-electrode in sulfuric fluoride containing
electrolyte*

The mechanism and kinetics of anodic oxidation of the Ni-Si electrode in
solutions of 0.5 M H,SO, + (0,005 - 0,05)M NaF in the passive state were
investigated by methods of polarization and impedance measurements. The
impedance spectra are interpreted on the assumption about the formation of
the hilayer oxide film on the surface of the silicide nickel, the outer layer which
has a porous structure. The growth of the porous layer with the increase of the
electrode potential in the investigated solutions is linearly (constant anodiz-
ing is 2.2 nm/V). The increase in NaF concentration leads to a decrease in the
thickness of the porous layer. The growth of the barrier layer of the oxide film
was described in the framework of the model of point defects. The diffusion
coefficient of oxygen vacancies inside the barrier layer of the film is 8.5 - 1016
cm?/s and varies weakly with the potential and the content of sodium fluoride
in solution. Microscopic and profilometric studies show the development of the
surface of the NiSi electrode during anodic etching.
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Introduction

In the study of anodic processes
on the mono-silicides of metals of the
iron triads in solution of 0.5 M H_SO,
was found that a factor contributing to
the high chemical resistance of the pas-
sive FeSi, CoSi, and NiSi in sulfuric elec-
trolyte is the surface chemically stable in
acidic media film, similar in composition
to SiO,, for which characteristics such as
impedance, electrical resistance, resisti-
vity and uniformity have a maximum
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value approximately in the middle of the
passivation field [1-4].

However, when the content in the
solution of hydrofluoric acid or its salts
passivation influence of silicon dioxide
is weakened: fluosilicic acid or a soluble
ferrosilicates [4-7] are formed in the in-
teraction of SiO, with HF or F-ions. The
aim of the present study is to examine the
concentration effect of sodium fluoride
on the kinetics and mechanism of anodic
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oxidation of the NiSi electrode in sulfuric
acid solution in the passive state.

Experimental technique

The material for investigation was
monosilicic nickel, which was obtained
by the Czochralski method from a silicon
KPZ-1 (99.99 wt. % Si) and electrolytic
nickel N-0 (99.99 wt. % Ni). The electro-
chemical measurements were performed
in solutions of 0.5 M H,SO, + (0,005 -
0,05)M NaF at room temperature (~20 —
22 °C) in conditions of natural aeration in
the fluoroplastic cell using a potentiostat-
galvanostat with built-in frequency analyz-
er Solartron 1280C (Solartron Analytical).

For the preparation of solutions
the deionised water was used (resistiv-
ity 18.2 MOhm-cm) and reagents H,SO,
of brand “c.p” and NaF of brand “c.fa”
All potentials in this work are presented
in comparison to the normal hydrogen
electrode. Before measurement the work-
ing electrode surface was polished with
abrasive papers with consequent reduc-
tion of grain size, degreased with etha-

Results and discussion

The anodic potentiostatic curves of
NiSi electrode in solutions of 0.5 M H_ SO,
+ (0 - 0,05)M NaF are shown in Fig.1. In
the potential range from 0.40 to 1.70 V,
corresponding to the passive state, the po-
larization curves of NiSi there is a notice-
able growth of i with increasing electrode
polarization and with increasing the con-
tent of sodium fluoride in solution.

In the passive potential state, the im-
pedance hodographs NiSi electrode in
the investigated solutions consist of the
capacitive semicircle at high frequencies
and of the inclined line at low frequencies

(Fig. 2).
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nol, rinsed with working solution. After
immersion in the solution the electrode
was held at open-circuit potential before
the establishment of the stationary value
of the potential, then the current-voltage
curves and impedance spectra were took.
The range of frequency f (w/2m) used in
the impedance measurement was from 20
kHz to (0,005 - 0,002) Hz, the amplitude
of the AC signal was (10 to 20) mV.

The morphology of the sample surface
before and after electrochemical testing
was examined using a scanning electron
microscope S-3400N (Hitachi). The ima-
ges were obtained in a high vacuum at an
accelerating voltage of 10 kV in the mode
scattering of secondary electrons.

The study of micro-roughness of the
electrode surface was carried out at the
interference microscope - non-contact
profilometer “New View 5000” (Zygo).

The equivalent electric circuit descri-
bing the presence on the surface of the
electrode the double-layer passivating
film, consisting of an inner barrier and
outer porous layers (Fig. 3) was used for
the simulation of impedance spectra of
NiSi (Fig. 2). The film growth is associ-
ated with the transfer of the defects in-
side the barrier layer, which through the
pores of the outer layer the electrolyte is
accessed. At the interface of the barrier
layer/electrolyte interface as a result of
interaction of the substance of the oxide
film with hydrofluoric acid is place of its
partial transition to the solution and the
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formation of pores. In the circuit in Fig. 3:
R is resistance of the electrolyte between
the spout of the capillary Loggia and the
working electrode surface, R, is the resis-
tance of the electrolyte in the pores of the
outer layer, R, is the resistance of charge
transfer, Z_ is the Warburg impedance de-
scribing the migration of defects within
the barrier layer, the elements of constant
phase CPE, and CPE, are modeling the
heterogeneous capacity of the outer layer
of an oxide film and boundary barrier lay-
er/electrolyte interface, respectively.

The parameter x* for the equivalent
circuit in Fig. 3 takes values (8-20) - 107,
which show a good correlation between
the model and experimental data.

It follows from calculated by the
equivalent circuit data in Fig. 3, while de-
veloping the capacity NiSi electrode in all
solutions investigated, the thickness of
the outer porous layer increases with E,
approximately linearly, with the increase
of porosity outstripping the growth of the

-Z" Ohm-cm?
40000 1
4 3
6-9 5 2
20000 +
0

0 20000 40000 60000 80000
Z', Ohm-cm?
Fig. 1. Anodic potentiostatic curves of NiSi
in 0.5 M H,SO, + NaE M: 1 - 0; 2 - 0,005;
3-0,01;4-0,02;5-0,05

R: R R;
-_A\N AN AN Wsr—T~
CPE;
I__) —_—
CPE,

Fig. 3. An equivalent electric circuit for
NiSi in 0.5 M H,SO, + (0,005 - 0,05) M
NaPF in the passive state
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layer thickness. Under the assumption
that the basis of oxide film on the surface
of the silicide of nickel in fluoride contain-
ing electrolyte is NiO (or hydrated oxide
of Ni(OH),), estimated the thickness d of
the porous layer of the oxide film: constant
growth (K = dd/dE) of the porous layer of
the oxide film in the potential range from
0.8 to 1.6V equal to 2.2 nm (the thickness
of the porous layer varies from 3.2 to 5.0
nm for solutions with different concentra-
tions of NaF). If we assume that the passive
film is a mixed oxide and along with the
nickel oxide also contains a certain amount
of silicon dioxide, the constant anodizing
will be somewhat less. The increasing of
the concentration of sodium fluoride leads
to a slight reduction in the thickness of the
porous layer of the oxide film that, appa-
rently, is connected with the dissolution of
the substance of the film in the presence of
HE The thickness of the barrier layer also
increases with increasing E. The coefficient
of the diffusion of oxygen vacancies D in-
side barrier layer of the passivating film on

-1

[ 1g.i (i, Alend)

7y

2 F

3t

4t

st

6 F

EV
Fig. 2. Impedance spectra NiSi in 0.5 M
H,SO, +0.02 M NaF at E, In: 1 - 0,40;
2-0,50; 3 - 0,60; 4 - 0,80; 5 - 1,00; 6 - 1,20;
7 - 1,40; 8 - 1,60; 9 - 1,70
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b Ve

Fig. 4. Photomicrographs of the surface of the NiSi (x700) before (a) and after anodic etching
in 0.5 M H,SO, (b) and 0.5 M H,SO, + 0.05M NaF (b) atE=1.2V

the NiSi in the solution of 0.5 M H_ SO, +
0,02 M NaF at E =1.2 V is 8.5:-10-16 cm?/s
and varies weakly with increasing elec-
trode polarization and the content of so-
dium fluoride in solution. A slight increase
of the diffusion coefficient (but very weak)
when the concentration of sodium fluoride
in solution, probably due to the increase of
defects in the structure of the barrier layer
film formed in the presence of fluoride.

The microscopic examination NiSi
before and after electrochemical testing
shows that the anodic etching of silicide
at E the passive condition in 0.5 M H_SO,
+ 0.05M NaF leads to a significant deve-
lopment of the electrode surface (Fig. 4
presents the comparison of photographs
of the electrode surface before and after
anodic etching in bestrides and fluoride
containing solutions).

Conclusion

The investigation of the anodic behavi-
or of NiSi electrode in sulfuric electrolyte
containing a variable amount of hydro-
fluoric acid shows that the presence of
HF in solution exerts a strong influence
on current-voltage and impedance cha-

The development of the surface of the
electrode in sulfuric non-fluoride electro-
lyte may be due to restroom in the poten-
tial region of active dissolution and of ac-
tive-passive transition. The introduction
to the solution of sodium fluoride leads
to an even more substantial irritation of
the electrode surface due to dissolution of
the oxides NiO and SiO, in the presence of
fluoride formed during anodic oxidation
of NiSi in the passive state.

The results of measurement of micro-
roughness of the surface of the NiSi elec-
trode fully correlate with the microscopic
studies.

The values of R_and rms change as fol-
lows: R (nm)/rms (nm) = 25,5/34,3 (ini-
tial sample) : 79,8/119.4 p (anodic etching
in0.5 M H SO, at E=1.2V):957,5/1240,8
(anodic etching in 0.5M H,SO, + 0.05M
NaFatE=1.2V).

racteristics of the silicide. The latter is evi-
dent in the substantial weakening of the
passivating action of oxygen-containing
compounds of the alloy components and
activation NiSi of dissolution.
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MMnepaHc aHoOAHbIX NpoLeccoB Ha
naccuBHoM NiSi-anekTpoge B cepHOKuCIoOM
thTopuacogepxawem anekTponure*

MeTogamu MONSAPU3ALMOHHBIX M MMMEAAHCHBIX U3MEPeHUid UCCienoBaHbl
MeXaHuU3M U KWHeTWKa aHofHoro okucieHus NiSi-anektpoga B pacTso-
pax 0,5 M H,S0, + (0,005-0,05) M NaF B 06nact naccuBHOro COCTOSHMA.
CnekTpbl UMNeJaHca MHTepPNPeTUPOBaHbl B NPEAnooXeHn 0 hopMUPOBaHUH
Ha MOBEPXHOCTU CUNMUMAA HVKeNs OBYXCIOMHOW OKCUOHOM MiEeHKW, BHELIHWN
C/10/4 KOTOPOV UMEEeT NOPUCTOe CTPOeHMe. POCT NOPUCTOro C10si NPU NOBbILLIEHUH
noTeHUMana 3nekTpofa B MCCIEA0BaHHBIX PacTBOPax OCYLIECTBASETCH Mo
JMHEeNHOMY 3aKoHy (KOHCTaHTa aHoaMpoBaHus cocTaensiet 2,2 HM/B). YBe-
JMveHne KoHueHTpaumm NaF npuBOOMT K CHWKEHWIO TOALWMHBI MOPUCTOrO
cnosi. Poct 6apbepHOro cnosi OKCUOHOW MEHKM OMMCaH B paMKax MOZenm
ToYeYHbIX AecthekToB. KoaddmumeHT ancthdy3um KNCTI0poaHbIX BakaHCWIA BHYTPK
bapbepHoro os nieHku coctaenser 8,5 - 107¢ ¢m?/c u cnabo v3MeHseTcs
C NOTEHLMANoM v copepxanueM thTopuga Hatpus B pactsope. Mukpockonu-
yeckue ¥ nNpodunoMeTpuyeckme UCCIER0BaHNS CBUOETEILCTBYIOT O Pa3BUTUM
nosepxHoctv NiSi-anekTpoga B Xofe aHOOHOr0 TPaBneHus.

Knrouesbie cnosa: MeTof UMNeAaHCHbIX U3MEPEHWIA; [BYXCIONHANA OKCUAHASA MeHKa; MOHOCUIMLMab!
MeTaoB.

* Paboma sbinonHeHa npu ¢huHaHcosol noddepxke POOU 8 pamkax Hay4Hozo npoekma N@ 14-03-31016
mon_a.
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Beepenue

[Tpu M3y4eHMM aHOZHBIX HpO-
[[eCCOB Ha MOHOCWIMIVJIAX MeTa/l/IOB
Tpuajbl Kenesa B pactsope 0,5 M H SO,
ObIIO YCTaHOBJIEHO, YTO (aKTOpPOM, 00-
YC/IOB/IMBAIOIIMM BBICOKOE XUMMYECKOe
conpoTuBieHue naccuBHbIX FeSi, CoSi n
NiSi B cepHOKICIIOM 9/IeKTPOJIUTE, ABJIA-

€TCsI TIOBEPXHOCTHAsI XVMUYECKU CTOM-
Kasg B KMUC/IBIX CpefiaX IUIeHKa, OmmaKas
[0 COCTaBy K SiOz, I KOTOPOJ TakKue
XapaKTePUCTHKY, KaK MMIIEAHC, JEeKT-
puUYecKoe COIpPOTUBIICHNE, YAeIbHOe CO-
IPOTUB/IEHNE ¥ OFHOPOJHOCTb MMEIOT
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MaKCYMaJjIbHble 3HaueHMs IMIPUMEPHO
B cepenyHe obmacTu maccuBanuu [1-4].
OpHako Ipu Cofiep>kaHn B pacTBOpe
(GTOPOBOLOPOLHOI KICIOTHI WU €€ CO-
JIell TaCCUBALIMOHHOE BIMSHME IMOKCUA
KpeMHMsI OCTabsIsaeTCst: IpU B3alMOTelt-
creun SiO, ¢ HF unn F-nonamu obpa-
3yI0TC  KpeMHe(TOpMCTOBORZOPOgHAA

Metoguka axkcnepMMeHTa

MarepuanoM UiA  MCCIAENOBAHMA
CIIy>KMJI MOHOCUIMINJ, HUKeNA,
polit 61 monydeH MeTomoM Hoxpaib-
ckxoro n3 kpemHusa KII3-1 (99,99 mac. %
Si) n anexrponutnyeckoro Hukens H-0
(99,99 mac. % Ni).

ONeKTpOXUMIIecKye usMepe-
HUA TpoBoguau B pactBopax 0,5 M
H,SO, + (0,005-0,05) M NaF npu xom-
HaTHO Temneparype (~20-22 °C)
B YCIOBMAX €CTECTBEHHONM aspalum BO
dbTopomIacToBON sYeliKe C IIOMOIIbIO
IIOTEHIIMOCTAaTa-Ia/IbBAHOCTaTa C BCTPO-
€HHbIM  YacTOTHBIM  aHa/IM3aTOPOM
Solartron 1280C (Solartron Analytical).
JIns mpUroTOBIEH)A PACTBOPOB MCIIO/Ib-
30Ba/li JISMOHM30BaHHYI0 BO#y (ymesb-
Hoe compoTuBieHre 182M Om - cm)
u peaktusbl H SO, mapku «x.4.» n NaF
MapKu «4.J1.a.». Bce moTeHmanst B pabo-
Te IPUBEJEHbl OTHOCUTEIHPHO HOPMaJlb-
HOTO BOJJOPO/IHOTO 3/IEKTPOJa.

Ilepen nposenenueM M3MepeHuUit pa-
604yI0 OBEPXHOCTD IMEKTPOAa Mmndo-
Bamyu abpasyuBHBIMM OymaraMu C Iocie-
TOBaTe/IbHBIM YMEHbIIEHNEM pasMepa

KOTO-

Pe3synbTartbl 1 ux 06cyxaeHue

AnHopHbIe MMOTEHI[MOCTATINYECKIE
kpuBble NiSi-anexkTpoga B pacTBOpax
0,5 M H,SO, + (0-0,05) M NaF npusepe-
Hbl Ha puc. 1. [Ipn norenunanax ot 0,40
no 1,70 B, cooTBeTCTBYIOLIMX obmactu
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KICTIOTa WV PAaCTBOPUMbIE PTOPOCUIIN-
Karbl [4-7].

Llenpr0 HACTOAIIETO MCCIENOBAHMS
SIBJISIETCS 3YUeHNe KOHLIEHTPALIVIOHHOTO
BIusAHMs QTOpNUAA HATPUsI Ha KMHETUKY
U MeXaHU3M aHOZHOro okuciaeHus NiSi-
97IEKTPOJIa B PACTBOPE CEPHON KUCTOTHI
B 00/IaCTY MMACCUBHOTO COCTOSIHUS.

3epHa, 00e3KMPUBAIN ITUIOBBIM CIINP-
TOM, OIONACKMBaIM pPabounMM pacTBo-
pom. Ilocme morpyxeums B pacTBOp
97IEKTPOJT BBIIEP>KMUBAIN TIPU MTOTEHI[MA-
Jie pa3OMKHYTOJ LjeITH O YCTAHOBIEHMS
CTAI[MOHAPHOTO 3HA4YeHNUs IOTEHIMANa,
flajiee CHUMaINM BOJIbTAMIEPHbIE KpU-
Bble U CHEKTPbI MMIlefaHca. Jlnamason
UCIIONb3YEeMbIX B VMIIEAHCHBIX M3Me-
penusx gactor f (w/2m) — ot 20 Iij o
(0,005-0,002) Ity - ammUTyzRa nepeMeH-
Horo curHana (10-20) mB.

Mopdonoruto moBepxHoCcTH 00pasiia
IO M MOCJIEe MEeKTPOXMMUYECKNX VCIIbI-
TaHUIT UCCTENOBAIN C TOMOIIbI0 CKaHU-
PYIOLIET0  9/MEKTPOHHOTO MMKPOCKOIA
S-3400N (Hitachi). M3o6paxeHus 6puin
II0JTy4eHBI B BBICOKOM BaKyyMe IIPI YCKO-
paowmemM Hanps>keHun 10 kB B pexxnme
paccesiHUS BTOPUYHBIX 3/IEKTPOHOB.

VccnemoBanne  MMKPOIIEPOXOBATO-
CTHU TIOBEPXHOCTH 9NIEKTPOJA OCYILECTB-
s Ha MHTephEepeHIMOHHOM MUKPO-
cKome — 6eCKOHTaKTHOM IpodumomeTpe
New View-5000 (Zygo).

MIACCMBHOTO COCTOSTHMS, Ha TOIAPU3aLIN-
OHHBIX KpyBbIX NiSi HabI0zaeTCs 3aMeT-
HBIIT POCT i C yBeM4eHNeM MOAPpU3aLN
9NIEKTPOfia U C TIOBBbILIEHMEM COfepKa-
HuA Qropyuja HaTpUA B pacTBOpe.
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B 06/macTu MOTEeHIANIOB TACCUBHOTO
cocrosiHus rogorpadsl nmnenanca NiSi-
9/IeKTPOfia B MCCIEOBAHHBIX PacTBOpax
COCTOAT U3 TIOMYOKPY>KHOCTM €MKOCT-
HOTO TUIIA IIPY BBICOKMX YacTOTax U Ha-
KJIOHHOJ IIPAMOJ IV HU3KMUX 4acTOTaxX
(puc. 2).

Ina MopmennpoBaHuA CHEKTPOB M-
meganca NiSi (puc. 2) wucmonbp3oBaHa
9KBUBAJIEHTHas 9JIeKTpUUYecKass CXeMa,
OTIMCBIBAIONIAS MPUCYTCTBUE HA TTOBEPX-
HOCTM 3JIeKTPOfia JIBYXC/IOIHONM mac-
CUBUPYIOLEN IUIEHKM, COCTOsAIEN U3
BHYTpPEHHEro 0apbepHOrO U BHELIHETO
mopucroro cnoes (puc. 3). Poct mrenkn
COIPsKEH C IepeHOCOM fie(eKTOB BHY-
TpU 6GapbepHOro C/osl, K KOTOPOMY de-
pe3 Topbl BHELTHETO C0s OCYLIeCTBIIA-
eTcsa MOCTyN anekTponuTta. Ha rpanume
paspena GapbepHBINl CIO/97EKTPONUT B
pesynbTaTe B3aMMOJENICTBUA BelljeCTBa
OKCHU/JHOI TUTeHKM C (TOPOBOIOPOTHOI
KICTIOTOJ TPOMCXOAUT €r0 YacTUYHBIN
mepexof B pacTBOp 1 GopMIUpPOBaHUeE IOP.
B cxeme Ha puc. 3: R - compoTusienue
97IeKTPOINTA MEXKJY HOCUKOM KalMIIA-

-1

(g1 (i, Alerd)

Iy

2t

3t

4t

SE

6}

-0,5 0,0 0,5 1,0 1,5 20
E.B
Puc. 1. AHOiHbBIE TTOTEHIMOCTATUYECKIIe
kpusble NiSi 8 0,5 M H,SO, + NaF, M:
1-0;2-0,005 3-0,01;4-0,02;5-0,05
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pa JIyrrmHa u pabodeil NMOBEPXHOCTBIO
37eKTPOfia; R, — COMpOTMB/IEHNE SMIEKT-
ponuTa B MOpax BHEUIHEro cnosi; R, -
CONPOTUB/IEHNE TIepeHoca 3apsaa; Z, —
uMIegaHc BapOypra, omuceBaommii
nepeHoC JedeKToB BHYTpU OapbepHO-
ro C7I0s, 3/IEMEHTHI IIOCTOSHHOM (asbl
CPE, u CPE, Momennpyor eMKOCTb He-
OJIHOPOJHOTO BHEIIHETO CI0S OKCHUIHOI
IJIEHKV U TPaHUIBI pasfena 6apbepHBbIit
CTI01/3/1eKTPOJIUT, COOTBETCTBEHHO.

[Tapamerp ¥*> ANA 9KBUBAJIEHTHON
CXeMbl Ha pMC. 3 IPUHUMAET 3HAYEHUS
(8-20) - 107, yTO TOBOPUT O XOpOIIE
KOPPEJIALMI MeX/Y MOJIeNbI0 U JKCIe-
PVIMEHTA/IbHBIMU JAHHBIMI.

/3 pacunTaHHBIX 110 9KBUBAJIEHTHOI
cXeMe Ha PUC. 3 JaHHBIX CJIelyeT, 4TO IpU
HoBbIIIeHNM HoTeHnuana NiSi-anexTpo-
fla BO BCEX JCCIENOBAHHBIX PacTBOpAX
TOJIIYIHA BHEIITHET O TIOPYCTOTO C/I0A YBe-
mmanBaetca ¢ E npumepHo mo nuHerHO-
MY 3aKOHY, IIpY 3TOM POCT HOPUCTOCTH

-Z" Ohm-cm?
40000 + 1
4 3

6-9 5 2

20000
O 1 1 L 1

0 20000 40000 60000 80000
Z', Ohm-cm?

Puc. 2. Cnexrprpr nmnenanca NiSi B 0,5 M
H,SO, + 0,02 M NaF npu E, B: 1 - 0,405
2 -0,50; 3 - 0,60; 4 - 0,80; 5 - 1,00; 6 - 1,20;
7 -1,40; 8 - 1,60; 9 - 1,70

X AN A z,

aAYA W
| CPE;
—

Pric. 3. DKBUBa/IEHTHAS JIEKTPUIECKAS CXeMa
mna NiSi s 0,5 M H,SO, + (0,005-0,05) M
NaF B 06/1acT¥ MaCCMBHOTO COCTOSAHUSA

CPE,
>
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olepe)xaeT poCT TOMIMHEI cnos. B mpep-
MIOTI0>KE€HNM, YTO OCHOBY OKCUIHOIA TIJIeH-
KM Ha TIOBEPXHOCTY CUINIIN/IA HUKETISA BO
dropuncopepxaleM 91eKTPOIUTE CO-
crapnger NiO (mmm ruppaTtmpoBaHHBIN
okcup, Ni(OH),)), omenena Tommmua d
MOPHCTOTO CNIOSI OKCUJIHOI TITIEHKM: T0-
crosauHas pocta (K = dd/dE) nopucroro
C710s OKCUIHOII IIJIEHKM B MHTepBase 1o-
teHnuanos ot 0,8 go 1,6 B paBHa 2,2 Hm/B
(ToMIIMHA TOPYUCTOTO C/I0A IPYU STOM M3-
MeHsAeTcA oT 3,2 1o 5,0 HM il pacTBoO-
poB ¢ pasHbiM copiepkanueM NaF). Ecin
TOIYCTUTD, YTO TIACCHBHAs T/IEHKA Ipefi-
CTaBJIAET CMEIIAHHbIN OKCUL M HApALY C
OKCHUIOM HMKeJIs TaK)Ke COJEepP>KUT HeKo-
TOpoe KOMMYEeCTBO [MOKCUAA KpeMHMS,
TO KOHCTaHTa aHOJUPOBAHUA OKaXeTcs
HECKONbKO MeHblIe. IloBbllleHNe KOH-
LeHTpauyu (GTopuaa HATPUA NPUBOSUT
K HeOOIbLUIOMY CHIDKEHUIO TOJILIVMHBI
MOPHCTOTO CIOS1 OKCUIHOI IIEHKH, UTO,
MO-BUAVMOMY, CBSI3aHO C PACTBOpPEHMEM
BellleCcTBa IIeHKM B mpucytctBum HE
TonuyHa 6appepHOro CI0st TaKXKe MTOBBI-
maetcsi ¢ poctoM E. Koabdunment gud-
¢bysum KuCIopogHbIX BakaHcuit D BHY-
Tpy 6apbepHOrO CI0A INACCUBUPYIOLIEN
ek Ha NiSi B pactsope 0,5 M H SO, +

MaHTeneesa B. B., leuH A. B., KameHwwmkos 0. 0.

+ 0,02M NaF npu E = 1,2 B cocraBnser
8,5 - 107" cm*/c n cabo u3MeHsIETCSI € PO-
CTOM IIOJIAPU3ALY 97IEKTPOfA U COfep-
KaH/eM QTopuaa HATpusi B pPacTBOpe.
He6ombuioe yBennuenne KoapduipmeHta
nmuddysun (ogHaKo BecbMa craboe) mpu
[OBBIIIEHN) KOHLeHTparuu Qropuma
HaTpus B pacTBOpe, BEpPOATHO, CBA3a-
HO C POCTOM Je(eKTHOCTU CTPYKTYpBI
6apbepHOro Cj10s1 IUIEHKHM, 0Opasyemoil
B IIPUCYTCTBUM PTOPUJA.

Mukpockonmueckoe — UCCAeLOBaHNe
NiSi mo ¥ mocnme 9mMeKTPOXMMUYECKIX
WMCOBITAHUI TIOKA3bIBAET, YTO aHOMHOE
TpaBneHue cwimiupa npu E obmactu
naccuBHOro cocrosanus B 0,5 M H SO, +
+ 0,05M NaF npuBoaut x 3HauMTe/IbHO-
MY Pa3BUTUIO 37IEKTPOTHOI ITOBEPXHOCTHU
(Ha puc. 4 11 cpaBHEHUS IPECTABIICHbI
¢boTorpaduy HIOBEPXHOCTH MEKTPOAA [0
" TOCJIe AHOJJHOTO TpaBJeHus B 6ecdTo-
pUAHOM U PTOPUACOTEPIKALeM PacTBO-
pax).

Pa3BuTye MOBEPXHOCTM 3/IEKTPOfA
B CEpPHOKUCTIOM 6echTOPUIHOM 3/IEKTPO-
TUTE MOXKET OBITH 0OYCTIOBIIEHO pacTpa-
BOM IIpU TIOTEHI[MaIax 00/1acTH aKTUBHO-
IO pacTBOpPeHMA U aKTMBHO-IIACCUBHOTO
nepexofa. BeemeHue B pacTBop gropua

6 8

Puc. 4. Mukpodotorpaduu nosepxuoctu NiSi (x700) mo (a) 1 mocie aHOFHOTO TPaBIEHNS
B 0,5M H,SO, (6) n 0,5 M H,SO, + 0,05 M NaF (6) mpu E = 1,2 B
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HaTpys IPUBOJUT K ellje Oojiee CyIecT-
BEHHOMY pacTpaB/IMBAHUIO STIEKTPOJHOI
HOBEPXHOCTH, YTO OOYCTIOBTIEHO PACTBO-
peHnem B mpucyTcTBuM GTOpuga obpa-
3YIOMINXCSA ITPY AaHOFHOM oKMcmeHy NiSi
B 00/1aCTV TIACCUBHOTO COCTOSTHUS OKCH-

nos NiO u SiO,.
PesynpraThl N3MepeHNs TAPaMeTPOB
MUKPOIIEPOXOBATOCTHI MOBEPXHOCTH
3aknoyeHue

ViccnenoBaHne aHOTHOTO TOBENEHNUA
NiSi-anexkTpoma B CEPHOKUCIIOM STIEKT-
ponuTe, cofiep>kalieM IepeMeHHOe KO-
4eCTBO (PTOPOBOJIOPOIHOI KUCTIOTDI, I10-
KasbIBaeT, 4To npucyrcreue HF B pact-
BOpe OKasblBaeT MOCTATOYHO CHUJIbHOE
B/IMSIHVIE HAa BOIbTaMII€PHbIE M IMIIefJaHC-
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NiSi-a7eKTpofa MOMHOCTBIO KOPPEINpy-
0T C JAHHBIMU MUKPOCKOITYECKIX UCCTIe-
floBaHMIL. S3HAYeHNA R 11 rms N3MEHAIOTCA
cnepyromym obpasom: R (am)/rms (M) =
= 255/34,3 (ucxomublit  obpaser):
79,8/119,4 (aHopmHOe TpaBnenne B 0,5 M
H,SO, ipu E = 1,2B) : 957,5/1240,8 (anoz-
Hoe TpasyieHue B 0,5 M HZSO4 + 0,05 M
NaF npu E = 1,2 B).

Hble XapakTepuctuku cwmuupa. Ilo-
CIefjHee INPOABJIAETCHA B CYIECTBEHHOM
OCableHny MACCUBUPYIOLIETO [eiiCT-
BUA KUCTOPOACOIEpKALIX COeNHEeHMI
KOMIIOHEHTOB CIIIaBa U1 aKTYBALVMM PacT-
BopeHu: NiSi.
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Surface reactions with participation
of oxides of molybdenum and tungsten:
the influence of external factors

This work is a continuation of the article “Surface reactions with participa-
tion of oxides of molybdenum and tungsten”, published in the previous issue
of the journal. The influence of the electric field and the pressure of oxygen in
the gas phase on the rate of surface reactions for the synthesis of molybdates
of manganese and copper were investigated. It's found that for the synthesis
reaction of molybdate of copper the nature of the dependency of the rate of
synthesis and rate of surface reactions from the external parameters are the
same, indicating the crucial contribution of surface diffusion to the reactive
mass transfer. For the synthesis reaction of molybdate of manganese the de-
pendences of the rate of synthesis and of rate of surface reactions by external
parameters differ, indicating that for this reaction, surface diffusion isn't the
main mechanism of mass transfer.

Keywords: mass transfer; reaction surface diffusion; surface reactions; molybdates; tungstates.
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Introduction

In a number of experiments
to study solid state reaction of synthesis
of molybdates and tungstates it was ob-
served that the reaction product is not
only in the place of the direct contact of
the briquettes of reagents (diffusant and
substrate), but also outside it, on the free
surface of the substrate briquette, fig. 1.

This phenomenon, as well as the re-
sults of experiments on the effect of sub-
strate porosity on the rate of solid state
reactions [1] prompted us to conduct a
special study of the surface reaction diffu-
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sion (SRD), the results of which we pub-
lished earlier in [2-4]. The reaction diffu-

diffusant ¢ £» l

\.p.o.o.f)r-ddhét oou/', l

substrate

Fig. 1. The disposition layout
of the briquettes of the starting materials
and the layer of product
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sion in the synthesis of molybdates and
tungstates, as with many other complex
oxides, includes bulk, grain boundary and
surface mass transfer.

To explore the features of the mecha-
nism of surface mass transfer and to assess
its contribution to the reaction stream has

The experimental part

We used CuO, MoO,, Mn O,, (qualify-
ing “h.p”). The samples for investigation
were prepared in the form of briquettes
by pressing and subsequent sintering.
Sintering conditions of the samples are
given in table 1.

Table 1.
Sintering conditions of the samples.
Time of
Temperatureof | . =~
Compound S, sintering,
sintering, °C
hour
Mn O, 900 24
CuO 950 18
MoO, 600 3

When studying of SRD in the elec-
tric field the bars of the substrate with a
height of 3-5 mm and tablets of diffusant
with a diameter of 15 mm and a thickness
of 1.5-2.0 mm were used. Surface of the
reagents was carefully polished before ex-
periments to remove surface contamina-
tion. The reaction couple, which is of con-
stant thickness, with platinum electrodes
were placed in a corundum cell, which, in
turn, was placed in the furnace preheated
to the required temperature, then a con-
stant voltage from the power source is
supplied into the system. The control for
the development process was performed
by the measurement of the length of the
surface layer £ and the thickness of the
layer of product ¢ in the place of contact
the briquettes. The layout of the briquettes
of the starting materials and of the layer of
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been tasked to studying of the influence
of external factors on the rate of surface
reaction, characterized by the length of
the surface layer £, and on reaction rate in
general, characterized by the thickness of
layer of product in the place of contact of
the briquettes reagents .

product in the study of SRD in an electric
field are presented in fig. 2.

The diffusion anneals under reduced
oxygen pressure were performed in the
interval of P, = 1+10~* atm. The oxygen
pressure in the system was setting by the
electrochemical oxygen pump from sta-
bilized Zirconia (ZrO, + 10 mol % Y,0,)
and was controlling using an oxygen sen-
sor made of the same material.

X-ray analysis of the reaction product
was carried out on diffractometer DRF-
2.0 by radiation Co, . The survey was
conducted at a speed of 2.0 °/min in the
range of angles 20 from 5 to 35 °.

Microscopic analysis of the surface and
of chips of the briquettes after annealing
was performed using microscope MBS-9

substrate

diffusant

—

Fig. 2. The layout of the briquettes
of the starting materials and of the layer
of product in the study of SRD
in an electric field (U = const).
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with magnification in 16 to 56 times and
optical microscope POLAM-112 in trans-
mitted light at magnification of 300-420
times.

The measurement of the mass of bri-
quettes before and after diffusion anneal-
ings was carried out on an analytical bal-
ance Sartorius — BL60S with an accuracy
0f0.0001 g

Results and discussion

The influence of an electric field.

The influence of the electric fields at
SRD (¢) and the rate of solid-phase reac-
tions in general (¢) for two systems CuO-
MoO, u Mn,O,-MoO,, in which the reac-
tions occur:

2Mn, O, + 4MoO, > 4MnMoO, + O, (1)
2CuO + MoO, > Cu,MoO, (2)
(CuMoO,)
In brackets there is the minor product of
the reaction.

The experiment was conducted at a
temperature of 600 °C with potentiostatic
conditions; the voltage on the reaction cell
was varied from -400 to +400 V when the
thickness of the assembly of briquettes
was 5 mm.

For the positive direction of pass-
ing of the electric current its adopt-
ed such direction when the briquette
of MoO, is positively polarized, and
the substrate ((CuO, Mn,O,) is nega-
tive: (-) substratelMoO, (+), U>0.
The dependence of characteristics of the
process velocity from the voltage is pre-
sented in fig. 3-4.

For the system CuO-MoO, was found
that electric field significantly influences
the rate of surface reaction and the overall
rate of synthesis. The length of the surface
layer depending on the voltage level and
direction of transmission of the electric
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The effective density of samples was
determined by the volume and mass
of samples and hydrostatic weigh-
ing. Its value ranged from 60 to 85 %.
The morphology of the substrate and
product, as well as their elemental com-
position was investigated using the elec-
tron microscope JSM-3 with a microana-
lyzer at magnification of 300 - 3000 times.

current varies from 90 to 1300 pm, and
the thickness of the layer in the place of
contact varies from 10 to 130 pum (fig. 3).
Thus, the influence of an electric field in
the range of values of U = -400...+400
allows to change the value of 14 times
and to change the value of 13 times. This
shows that the intensity of influence of the
electric field on the rate of surface reac-
tion and reaction rate in general is about
the same.

As can be seen from fig. 3, the nature
of the effect of electric field on the rate of
surface reaction and speed of interaction
in the place of contact is similar. This in-
dicates a similar mechanism of the SRD
and interaction at the site of contact of
the briquettes of the reagents. In place of

1400

1200

1000
800
[:,umsoo
400

200

-400 -200 0 200 400
UB

Fig. 3. The dependence of the length
of the surface layer (1) and the thickness
of the layer (2) in the place of contact
of the briquettes reagents from the voltage
on the cell of the CuO-MoO,,
t=600 °C, T = 3 hours
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the contact the mass transfer is carried
out both by surface and by grain bound-
ary and bulk diffusion. The same nature
of the impact of electric field on the SRD
and on the speed of interaction at the site
of contact, it seems, may be an indication
that surface diffusion is the main mode of
mass transfer in this system.

The complex non-monotonic charac-
ter of the dependences can be explained
within the framework of the hypoth-
esis about electroosmotic entrainment of
MoO, by counterions of the double elec-
tric layer arising at the interfaces, along
which there is a transfer diffusant. The
essence of this hypothesis is described in
detail in [1-2, 5].

For the system Mn,O,/MoO, the
strong effect of electric field on the rate of
surface reaction (£) and reaction in gen-
eral (¢) is also found, fig.4.

The length of the surface layer depend-
ing on the voltage level and direction of
transmission of the electric current ranges
from 1200 to 2000 pm, and the thickness
of the layer in the place of contact ranges
from 3 to 24 um

{- 2000
|- 1800
|- 1600
£, 1m

- 1400

F 1200

I 1000
T T T T T T
-300 -200 -100 0 100 200 300 -

U.B
Fig. 4. The dependence of the thickness
of the layer at the site of contact of briquettes
of the reagents (1) and the length
of the surface layer(2) of the voltage on
the cell Mn,0,-MoO,, t = 600 °C, T = 3 hours
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Thus, the influence of the elec-
tric field in the range of values of
U = -300 ..+300 V allows to change ¢
1.7 times, and ¢ allows to change 8 times.
This shows that the intensity of the influ-
ence of the electric field on the rate of sur-
face reaction is much less than the rate of
reaction in general.

The shape of curves £, € = f(U) s also
very different (fig. 4). In the field of val-
ues of voltage -80...+50V the nature of the
influence of the electric field £on and ¢,
is opposite: an increase in the voltage in-
creases the layer thickness at the site of
contact of the reagents and decrease of
the length of the surface layer. This shows
the difference of the mechanism of mass
transfer at the surface and at the site of
contact. Apparently, in this system, the
surface diffusion isn’t the main transport
stream, which presumably can be grain-
boundary diffusion.

Influence of oxygen activity in the gas
phase on the rate of surface reactions.

The layout of the briquettes of the rea-
gents and reaction product in studies of
the reaction diffusion at the different pres-
sures of oxygen is presented in fig. 5.

In these series of experiments there
was radial (two-dimensional) distribution
of diffusant on the substrate surface.

To discuss the results of experimen-
tal values € and £ the rate constants of

>

product

Fig. 5. The layout of the briquettes
of the reagents and reaction product
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the interaction at the site of contact of
the briquettes of reagents (K) were cal-
culated by the equation K = ¢*/tand the
rate constant of surface reaction (K)
were calculated according to the equa-
tion K =x0’+ yl’ +z€3/t. This type
of constant K_is due to fact that for radial
diffusion the growth of the surface layer
is described the third-order polynomial
as shown in our article published in the
previous issue of the magazine:

xl 4yl 4z =AGr (3)

The dependences of the rate constants
from p in logarithmic coordinates are
presented on fig. 6.

For the system Mn,O,-MoO, values
of dlgK, [dlgP, and d(gK[d(gP, are
respectively -1/6 and -1/4, and for the
system CuO-MoO, are respectively —1/8
and -1/9

Thus, for both systems, the decrease of
the oxygen pressure increases the speed of
interaction, both on the surface and at the
site of contact.

As was proved earlier in [1-2], the
main mechanisms of mass transfer dur-
ing the synthesis of molybdates are the
surface and grain-boundary diffusion.

1 : : 75

ig Ky, (K, sm%s)
g K (K, sm%s)

lg Po,:(Pazv atm)

Fig. 6. The dependence of the constants K
and K from the pressure of the oxygen in the
gas phase in the system Mn,O,-MoO,

(t =600 °C, T = 3 hours)
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The speed of these reactions is propor-
tional to the concentration of extended
defects and, apparently, little depends on
the concentration of point defects. About
the veracity of this claim the following
fact is evidenced. The diffusion coefficient
of molybdenum in monocrystal PbMoO,,
determined by the method of radioac-
tive indicators, increases with growth p :
D,=K- POZ*”7 [6], which indicates the
growth of point defects in molybdenum
sublattice with growth p . At the same
time, the reaction rate of the formation of
PbMoO, decreases with increasing p, [6].

The chemical nature and mechanism
of formation of extended defects in com-
plex oxides are poorly understood to date.
Therefore, the quantitative interpretation
of the dependence of the rate of surface
reactions and reactions at the site of con-
tact of the synthesis of molybdates is not
possible to the present moment.

On a qualitative level the increase in
the rate of surface interaction with de-
creasing p can be explained as follows.
According to [7], in the lattice of complex
oxides MeMoO,, especially at the inter-
faces the defects of the type Oy, , capable

MoO,

lg K, (Ks,sm?/s)
Ig K (K, sm*/s)

IgF, .(F,, ,atm)

Fig. 7. The dependence of the constants K,
and K from the pressure of the oxygen in the
gas phase in the system CuO-MoO,

(t =600 °C, T = 3 hours)
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of migration of the component Mo in the
following manner can contain:

MoOj;
MOOZM004 + OI)\Cfloo4 +MOOZM004' (4)

The mobile form is triangular pyramid
(MoO,) which has properties that poten-
tially facilitate the migration of Mo:

first, can rotate around the Mo-peaks
due to the oxygen exchange with the va-
cant position,

secondly, a pyramidal center MoO,
with a tricoordinated atom Mo can in
principle change its shape by passing Mo
through the center of the base of the pyra-
mid, fig. 8 [7].

It is logical to assume that with in-
creasing defect the concentration of the
type Oy, Will increase the rate of mass
transfer of molybdenum oxide through
the layer of reaction product and, con-
sequently, the rate of reaction. Defects
Oio0, may form at the exit of MoO, from
the crystal lattice MeMoO, into the gas
phase on the reaction:

MeMoO, < MoO,(ras)+Me,,,. (5)

In order to evaluate the effect of reduc-
ing the partial pressure of oxygen at equi-
librium (5) the following experiment was
carried out. The pre-weighed briquettes of
molybdenum oxide were annealed in an
oxygen 10-5 atm) at xatmosphere (p, = 1
atm) and in the helium atmosphere (poZ =
3x10°atm’ and at the°temperature of 600

Q@ atomof oxygen
O vacancy of oxygen
® atom of

Fig. 8. The inversion center of MoO, [7]

Ne 12016
Chimica Techno Acta

°Cduring 15 hours and the change in mass
after annealing was determined. Since the
briquettes have different weight and vol-
ume, the change in mass was resulted in
the area of the entire surface of the bri-
quettes. The results of the experiment are
shown in table 2.

Table 2
The mass decrease of the MoO, briquettes,
annealed in an atmosphere of oxygen and
helium, t = 600 °C, T = 15 hours.

1 3-10°
p,,atm (oxygen) | (helium)
A
Tm-loo %, g/sm’ | 0,24% 0,39%

The results in table show that the mass
decrease of the briquettes in an atmos-
phere of helium at about 1.6 times more
than in the atmosphere of oxygen. Likely
the increase of the volatility of molybde-
num oxide at low oxygen pressure shifts
the equilibrium (5) in the direction of the
products, i.e. increasing the concentra-
tion of defects O;‘AOQ‘. This, in turn, leads
to an increase in the rate of mass transfer
of molybdenum oxide through the layer of
reaction product and to increase the of the
reaction rate, as observed experimentally.

Assessing the results of impact pres-
sure of oxygen in the gas phase on the re-
action rate in the investigated systems, we
also note that the proximity coeflicients
dﬂng/dngoz and dng/dngoz for
the system of CuO-MoO, may be an in-
dication that surface diffusion is the main
mode of mass transfer in this system.

The difference of these coefficients for
the system Mn,O,-MoO,, likely is due to
the fact that surface diffusion is the main
transport stream in the synthesis of Mn-
MoO,. These findings are in good agree-
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ment with the conclusion made by us
above, according to the data of the effects
of electric fields on the reaction rate.

Study of the morphology of the sub-
strate and reaction product by electron
microscopy.

The morphology of the substrate and
the reaction product was examined by
electron microscopy to determine possi-
ble differences for the studied systems.

System CuO-MoO,

Under the interaction of CuO and
MoO, the formation of two individual
chemical compounds CuMoO, and Cu-
,MoO, may occur. The main product of
the interaction is Cu,MoO, and only af-
ter prolonged annealing (more than 30
hours) at the site of contact of the bri-
quettes by means of XPA recorded trace
amounts of the second phase - CuMoO,
were recorded. Studies by electron mi-
croscopy gave the following information.

The grains of CuO substrate have the
form of irregular polygons; the size 5.5-
13 pm, fig. 9.

Conclusions

In terms of the results of this work we
can draw the following conclusions:

Fig. 9. The SEM image of the CuO substrate
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The grains of reaction product Cu,
MoO, have an elongated shape, their size
varies from 2 to 5 microns in width and
from 8 to 20 um in length, fig. 10.

Thus, in this system the grains of the
product and substrate are quite similar in
size but differ shape.

System Mn,O,-MoO,

The grains of the substrate Mn,O, have
a rounded shape, their average size is of
2.5 pm, fig. 11.

The grains of reaction product Mn-
MoO, also have a rounded shape, but
their average size (10 pm) was approxi-
mately 4 times larger than the grain size
of the substrate, fig. 12.

Thus, the fundamental differences in
the morphology of the grains of the prod-
uct and the substrate (the form of grains,
the ratio of the grain size of the substrate/
product) are revealed for the two studied
systems This fact indirectly indicates dif-
ferences in the mechanism of the reaction
diffusion in the investigated systems.

1. It is established that the nature of
the impact of electric field on the rate of
surface interactions and reaction speed
in general is the same for the synthesis

Fig. 10. SEM image of product Cu,MoO,
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N4b SEI 1cm-13mkm

Fig. 11. SEM image of substrate Mn,O,

of copper molybdate and is varied for the
synthesis of manganese molybdate.

2. It is established that decreasing of
oxygen pressure leads to increased speed
of interaction both on the surface and
in the region of contact of the reagents
for the systems CuO/MoO, and Mn,O,/
MoO,, which may be associated with an
increase in the concentration of defects of
type 0&004 under decreasing of oxygen
pressure. The intensity of the impact on
the speed of surface interactions and reac-
tion speed in general is close for the syn-

N4b SEI 1ecm-13mkm

Fig. 12. SEM image of product MnMoO,

thesis of copper molybdate and differs for
the synthesis of manganese molybdate.

3. By electron microscopy the mor-
phology of the substrates and reaction
product in the systems CuO/MoO, and
Mn,O,/MoO, was researched. The differ-
ences in the form of grains, and the ratio of
the grain sizes of the product/substrate in
the investigated systems were determined.

4. The educated guess was made about
that the main traffic stream in the synthe-
sis of copper molybdate is surface diffu-
sion, in contrast to the synthesis of man-
ganese molybdate.
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MoBepxHOCTHbIE peakuun
C yYacTueM OKcMaoB MonnbaeHa u Bonbdpama:
B/IMSIHUE BHELWHUX (hakTopoB

VIK 661.878+546.78:544.227

[aHHas paboTa sBnsieTcs npofo/mkeHueM cTatbi «[ToBEPXHOCTHBIE peakLiym
C y4acTvieM 0KCvaoB MonmbaeHa 1 Bobthpamay, onybaMKoBaHHOM B Npeablay-
LeM HoMepe XypHana. MccnenoBaHo BAUsSIHUE 371@KTPUYECKOr0 NOMS U AaBNEHUS
KMCI0poAaa B ra3oBoit (hase Ha CKOPOCTb NOBEPXHOCTHBIX peakuuid CuHTes3a Mo-
mbaaToB MapraHua u Meau. YCTaHoBEHO, YTO A/ peakLmn cuHTe3a Monmbaa-
Ta Meau xapakTep 3aBUCUMOCTEN CKOPOCTU CUHTE3a U CKOPOCTY NOBEPXHOCTHOM
peakumuy OT BHELUHWX NapaMeTpoB OOMHAKOB, YTO CBUAETENLCTBYET 06 onpe-
Lensiolem BKnaae NoBepXHOCTHON andhdy3um B peakLyoHHbIA MacconepeHoc.
[Ons peakumm cvHTesa monmbaaTta MapraHua 3aBMCMMOCTM CKOPOCTU CHHTE3a
1 CKOPOCTM NMOBEPXHOCTHOM peakLyi OT BHELUHUX NapaMeTpoB OT/IMYATCS, YTO
CBUOETENLCTBYET O TOM, UTO [N 3TOW peakuu MnoBepxHOCTHas auddy3us
He SBNSETCS OCHOBHBIM MEXaHM3MOM MacconepeHoca.
Knto4esbie cnosa: macconepeHoC; NOBEPXHOCTHAA peakLMoHHas Anddy3us; NOBEPXHOCTHbIE peakLim;

MonmMbaaTsl; Bobpamarsl.

© l'ycesa A. ©., Tpuchorosa M. B., Mectepesa H. H., 2016

Beepenue
B pﬂ,ue Z—)KCHepI/IMeHTOB 10 I/I3y- Auddysaznr PRI
YeHMIO TBepoQasHbIX pPeaxIuil CUHTe- s l
3a MOMMOAATOB ¥ BOMbGpPaMaTtoB OBUIO TRTRNETYTY;
\.n'-.o HpoayET Otl//— £
3aM€E€4Y€eHO, YTO HpOJIYKT peaKL[I/II/I pacno—

JIaraeTcsi He TONBKO B MECTe HETIOCPENCT- TIOATOKKA T
BEHHOTO KOHTaKTa OPUKETOB peareHToB
(muddysanra M MOAIOKKM), HO M BHe

€ro, Ha CBOOOIHOI [IOBEPXHOCTH 6p]/[Ke— Puc. 1. Cxema pacrionoxenns 6puKeToB
Ta OMTOXKM, puC. 1. MICXOJ{HBIX BEILECTB U C/I0sI TPOAYKTA
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3TO sIB/IEHNE, @ TAKXKE Pe3y/IBTAThI 9KC-
[EPYMEHTOB II0 B/IMSHMIO IIOPUCTOCTH
HOITIOKKM Ha CKOPOCTh TBEPHOQA3HBIX
peaxumit [1] moOyamm Hac pOBECTH CIIe-
[MaJIbHOE JICCIENOBaHNMe ITOBEPXHOCTHOII
peaxumonnoy mudeysun (IIPI), ocHos-
HbIe Pe3y/IbTaThl KOTOPOTO OIyOIMKOBaHbI
HaMu paHee B [2-4]. Peaxumonnas mud-
¢ysus npu cuHTe3e MOMMOFATOB 1 BOJIb-
¢paMaToB, KaK 1 MHOTYX JFPYTVX CIOXKHBIX
OKCHJIOB, BK/IIOYaeT 0ObeMHBII1, 3epHOTpa-
HIYHBII ¥ IOBEPXHOCTHBIIT MAaCCOIIEPEHOC.

JKCnepuMeHTaNIbHasA 4acTb

B pa6ore wucnomp3zoBamuce CuO,
MoO,, Mn,O, (kBanmuduxanmm «oc.4.»).
O6pasibl /15t MCCTIEFOBAHMS TOTOBUIN B
Bufie OPMKETOB IPECcCOBaHNEM U IOCIIe-
LYIOLIVM CIIeKaHMeM. YCIOBYSI CIIeKaHNUs
06pasioB npuBeeHs B Ta0. 1.

Tab6muma 1
YcnoBusaA crekaHus 06pasion
BemectBo Temneparypa Bpema
oTxura,’C OTXKITA,
Jac
Mn, 0O, 900 24
CuO 950 18
MoO, 600 3

IIpyn wmsydenun IIPII B anmexTpude-
CKOM IIOJIe JICIIOZIb30Bamyu OpycKu IMOA-
JIOKKM BBICOTOM 3-5 MM M TabneTKu
mnddysanra guamerpom 15 MM 1 TON-
myHoMn 1,5-2,0 mMm. IloBepxHOCTb pea-
TeHTOB TIATeNbHO IUIN(OBAIN Ieper
OIBITOM JIIl y[aJleHUsA 3arpsA3HEHNsA
NOBEPXHOCTU. PeakijnoHHyIo napy, nme-
IOIYIO TTOCTOAHHYIO TONIIVHY, BMECTe C
IIJTATMHOBBIMM 3JIEKTPOJjaMy TIOMeIlan
B aJIyHJIOBYIO A4Y€NKY, KOTOPYIO, B CBOIO
o4epenb, IOMELIANN B IIeub, 3apaHee pa-
30TpeTyio [0 HeOOXO[MMOIl TeMIlepary-
PBI, TIOC/IE 3TOTO Ha CUCTEMY IIOJaBaoCh
IIOCTOSIHHOE HaIlpsKEHME OT MCTOYHMKA
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C 1enplo MCCIe[oBaTh 0COOEHHOCTN
MeXaHM3Ma IOBEPXHOCTHOTO MaccoIle-
peHoca U OLIEHUTDb €ro BK/IAJ B pPeaklu-
OHHBIIT MOTOK OblIa ITOCTaB/IeHa 3afada
U3YYUTb BIMSHME BHEUIHMX (aKTOPOB
Ha CKOPOCTb MOBEPXHOCTHON peaKuNMu,
XapaKTepusylollelica JIMHON MoBep-
XHOCTHOTO €105 £, M Ha CKOPOCTb peaK-
I[UN B IIe7IOM, XapaKTepusyloleicsa Tos-
IIMHO CTI0A IPOAYKTA B MeCTe KOHTAKTa
OpUKeTOB peareHToB {.

Toka. KOHTponb 3a pasBuTMeM Ipoliec-
Ca OCYHIECTBIIAIM M3MepeHMeM [JIVHbI
MIOBEPXHOCTHOTO C/I0S U TOMIIMHBI C/IOS
¢ npopykra £ B MecTe KOHTaKTa OpuKe-
ToB. CXeMa pacIoniokeHns OpMKeTOB JC-
XO[IHBIX BEIIEeCTB U C/I0A MPOAYKTA IpU
nsydenun IIP]I B snexkTpmyeckom mose
IpeficTaB/lIeHa Ha puc. 2.
OuddysnonHsle oTXUIM NpKU IIO-
HIDKEHHOM JaBJIeHUMM KMC/IOpOfa IIpo-
BOAV/IV B MHTEpBaje POZ= 1+107° aTMm.
JlaBrneHne KUCIOpoOfia B CUCTeMe 3aflaBa-

HOJIOKKA

auddysanr

Pt

Puc. 2. Cxema pacronoxenus: 6pukeToB
JICXOJHBIX BELeCTB 1 C/I0A IPOJYKTa IpU
nsydennu [1P]] B sanexTpudeckom nosue
(U = const)
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7 3NIEKTPOXMMMUYECKUM KUCIOPOJHBIM
HAacOCOM U3 CTabMIN3MPOBAHHOTO JMOK-
cupa nupkonnus (ZrO, + 10 mon. % Y,0,);
KOHTPONMPOBAIN IpU IOMOILM KUC/IO-
POJHOrO [aT4yMKa, M3TOTOBJIEHHOTO W3
TOTO K€ MaTepuarla.

PeHTreHoga30BbIil aHA/MN3 IPOAYKTA
peakumy BBINONHANM Ha AMdpaKToMe-
tpe [IP®-2.0 B Co,, nanydenvn. Cbemky
MPOBOAMIN CO CKOPOCTBIO 2 °/MMH B UH-
TepBase yInos 2q ot 5 fo 35 °.

MuxkpockonmnyuecKui
BEPXHOCTY ¥ CKOJNOB OpPMKETOB IOC/Ie
OT>KUTOB IIPOBOIUIN C IIOMOLIBIO MU-
Kpockoma MBC-9 mpm yBenmndyeHun
B 16-56 pas 1 ONTUYECKOTO MUKPOCKO-

aHa/INn3 I10-

PesynbTaTbl n 06cypeHue

Bo3speiicTBue 971eKTPUYIECKOTO TIOTIS.

VlccnenoBaHo BMsiHME 9SJI€KTpuUUe-
ckoro nons Ha [TP]] (£) u ckopocTb TBep-
nogasHo peakuy B LiesioM (£) Iy IByX
CUCTEM: CuO—MoO3 n Mn203—M003,
B KOTOPBIX IIPOTEKAIOT PEaKIIVIN:

2Mn, 0O, + 4MoO, » 4MnMoO, + O, (1)
2CuO + MoO, » Cu,MoO, (2)
(CuMoO,)

B ckobkax ykasaH HEOCHOBHOII IpPO-
IYKT peakiuu.

OKCIepUMEHT TPOBOMMIIN IIPY TEMITe-
parype 600 °C B MOTEHIIMOCTATUIECKUX
YCIIOBUAX; HAIIPsDKEHNe Ha peaKI[MOHHO
s4elike BapbupoBanu ot —400 go +400 B
pu ToniyHe cOOpKU OPUKETOB 5 MM.

3a MONOXWUTENbHOE HAIpaBjIeHue
IpPOIyCKaHMA  9JIeKTPUYECKOTO  TOKa
TIPUHAIM TaKoe, Koria 6puker MoO, mo-
JIOKUTENIPHO TOJISIPU3OBaH, a IOfIOXK-
ka (CuO, Mn,O,) - orpuunarenbHo: (-)
nopoxka|MoO, (+), U>0

3aBUCUMOCTY XapaKTEPUCTUK CKOPO-
CTM IIPOIleCCa OT HAIIPsDKEHMSI IPEeNCTaB-
JIeHbI Ha puc. 3-4.
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na [TOJIAM C-112 B nmpoxopslieM cBeTe
npu yBenudenuu B 300-420 pas.
VsmepeHue Macchl OpMKeTHI IO 1 I10-
cne mudQy3NOHHBIX OTXKUTOB IIPOBOJYVI-
M Ha aHAMUTUYECKUX Becax Sartorius —
BL60S c TounocTbo 0,0001r.
SddexTuBHYIO IOTHOCTD 0OPa3L[OB
ompefensnu Mo o6beMy U Macce o6pas-
I[OB, @ TaKXXe MeTOJOM THpOocTaTuye-
ckoro B3BemuBaHuA. Ee BennumHa Ba-
poupoBanach ot 60 mo 85 %.
Mopddonoruio MOpnIoXKKM U IPORYK-
Ta, a TaK)Ke UX SJEeMEHTHbIl COCTaB VC-
clefoBany C TIOMOIIBIO 3/IeKTPOHHOTO
Mukpockona JSM-3 ¢ MukpoaHanusaro-
pom npu yBenmdenuu 300-3000 pas.

Hnsa cucrempr CuO-MoO, 6b1710 06Ha-
PY>KEHO, UTO 3/IeKTpUdIecKoe Moye Bech-
Ma CYI[ECTBEHHO BJMAET Ha CKOPOCTb
MIOBEPXHOCTHON peakluu ¥ CyMMapHYIO
CKOPOCTb CMHTe3a. [In1Ha ITOBEpXHOCT-
HOTO CJIOSI B 3aBUCUMOCTY OT BEIMYMHBI
HaINpsDKeHMs U HaIpaBJIeHNs MPOITycKa-
HUA 97eKTPUUECKOTO TOKa BapbUPYeTCs
oT 90 7o 1300 MKM, a TOMIIMHA C/I0SI B Me-
cte KoHTakTa ot 10 o 130 MxMm (puc. 3)
TakuM 06pa3oMm, BO3ZENCTBUE IMEKTPU-
YeCKOrO TOJs B [Maria3oHe 3HAYEHUI
U = -400...+400B mo3BosnsieT U3MEeHUTh
sHauenue £ B 14 pas, a £ - B 13 pas. Ito
MMOKa3bIBAET,
IeiCTBUSA 3/IeKTPUIECKOTO IO/ Ha CKO-
POCTb NOBEPXHOCTHOI peakLuy U CKO-
POCTb peakuuy B LeJIOM IPUMEPHO
ONIVTHAKOBA.

Kak BupgHO Ha puc. 3, xapakrep BO3-
IeiCTBUA  9NIeKTPUYECKOro IO/ Ha
CKOPOCTb  IIOBEPXHOCTHOJ  peaKLun
M CKOPOCTb B3aMMOJIEVICTBUA B MecTe
KOHTaKTa aHaJorM4yeH. DTO CBUMETENb-
CTBYyeT O cxofHOM MexaHusme IIP]]

YTO MHTEHCUBHOCTb BO3-
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U B3aMMOJENCTBUS B MeCTe KOHTAKTa
OpUKETOB peareHTOB. B MecTe KOHTaK-
Ta MAacCCOIIEPEHOC OCYIIECTB/IAETCSI Kak
3a CYeT [MOBEPXHOCTHOIL, TaK M 32 CYUET
3€pHOTPAaHNYHON 1 00BbeMHON muddy-
sun. ONMHAKOBBII XapaKTep BO3MIENCT-
BUA aneKTpudeckoro mnosid Ha IIPJl u Ha
CKOPOCTb B3aMMOJIEICTBUS B MECTE KOH-
TAaKTa, HO-BUANMOMY, MOXKeET OBITH CBM-
[IETENIbCTBOM TOTO, YTO ITOBEPXHOCTHAs
nuddysus sBIsIETCS OCHOBHBIM CIIOCO-
60M MaccorepeHoca B TaHHOI CHCTEME.

C/IOKHBIIT HEMOHOTOHHBIIl XapakTep
saBucumocreit £, £ = f{U) MoxHO 06DBA-
CHUTD B PAMKaXx TMITOTE3bI 06 31EKTPOOC-
MoTIYeckoM yBredennn MoO, mpoTuso-
MOHAMM JIBOITHOTO 37IEKTPUYECKOTO CIIOS,
BO3HMKAIOIET0 Ha MeX(as3HbIX TIPAHU-
[jaX, BIOJb KOTOPBIX MPOMCXONUT Mepe-
Hoc mudddysanta. CyTb 3TON IMUIIOTE3BI
nofipo6HO M3moXKeHa B paborax [1-2, 5].

Hna cucrembr Mn,O,/MoO, raxxe
06HApPYKEHO CUIbHOE BIVSIHIE SIEKTPH-
YECKOTO TOJISI HA CKOPOCTh MMOBEPXHOCT-
Hoit peaktuu (£) v peakuuu B 1enom (£),
puc. 4.

[liMHa TIOBEPXHOCTHOTO C/IOSI B 3a-
BUCHMOCTY OT BeJIMYMHbBI HAMPsDKEHMS
Y HAIIpaB/IeHNs MPOIMYCKAHWs 9/IeKTPH-

T T T 180
160

1400

1200 L 140

1000 120

800 [ 100

£ MYy 8o

Larn
400

200

Puc. 3. 3aBucumocts (1) mmmHbI
HOBEPXHOCTHOTO CJI0A U (2) TOMIINHBI CTIOS
B MeCTe KOHTaKTa OPMKETOB PeareHToB OT
HanpspkeHus Ha suelike CuO-MoO,,
t=600°C, T =3 yac.
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YeCKOro ToKa Bapbupyercsa oT 1200 mo
2000 MKM, a TOJIIMHA CI0sI B MeCTe KOH-
TakTa oT 3 1o 24 MKM

Takum 06pa3om, BO3MENCTBIE /K-
TPUYECKOTO I107IA B AValla30He 3HaUYeH NI
U =-300...+300B mo3BonsieT USMEHUTH
fSB 1,7 pa3, a £ - B 8 pa3. ITo MOKa3bI-
BaeT, YTO MHTEHCUBHOCTDb BO3JIeICTBUS
37IeKTPUYECKOTO I0JIsI HA CKOPOCTb IIO-
BEPXHOCTHOJ peakuuy 3HA4YUTEeIbHO
MEeHbIlle, YeM Ha CKOPOCTb peaKLum
B I€JIOM.

Bup £, ¢ = f(U) KxpuBbIX TaKKe BeCcbMa
pasnuden (puc. 4). B obmactu 3HayeHuUit
HanpspkeHns —80...+50B xapakTep BO3-
MEVICTBUSA SNEKTPUYECKOTO TI071A Ha £ €
IPOTHBOIIO/IOXKEH: C YBENMYEHMEM Ha-
IPSKEHMA IPOMCXOAUT yBe/TMIeH)e TOI-
LIVIHBI C7I0sI B MeCTe KOHTAKTa peareHTOB
M yMEeHbUIEHNE JIJIMHBI TIOBEPXHOCTHOTO
CnosA. 9TO CBUMIETENbCTBYET O pas3IMyunm
MexXaHM3Ma MaccollepeHoca Ha IOoBep-
XHOCTU U B MecTe KoHTakTa. [lo-Bumu-
MOMY, B IaHHOJI CUCTeMe IIOBEPXHOCTHAsA
nudysus He ABIAETCS OCHOBHBIM TPaH-
CIIOPTHBIM IIOTOKOM, KOTOPBIM, NPELTIO-
JIOKUTENBHO MOXKET OBITh 3€pPHOTPAHNY-

Has guddysus.

25+ L]
2000
204
1800
£, MEM
r 1600

£, MEM
1400

r 1200

: F 1000
T T T T T
2300 200 -100 1] 100 200 300 -

U.B
Puc. 4. 3aBucumocTs (1) TOMIIMHBI CTIOS
B MeCTe KOHTaKTa OPVKEeTOB peareHToB
 (2) BIVHBI HTOBEPXHOCTHOTO C/IOSI OT
HaIpsDKEeHNUA Ha Adelike Mn203-MOO3,
t=600°C,t=34
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BnausHue aKTMBHOCTM KHCIOpPOZAa
B ra3oBoii ()ase Ha CKOPOCTb IIOBep-
XHOCTHBIX PeaKImit.

CxeMa pacIonoXXeHust OpUKeToB pea-
TeHTOB ¥ MIPOAYKTa peakuyu Ipy MCCre-
TOBaHVSX peakunoHHOI Audysun npu
PasIMYIHBIX [ABTIEHNAX KUCIOPOAA Ipef-
CTaBJIeHa Ha puC. 5.

B maHHOII cepyit 9KCIIEPUMEHTOB IPO-
MCXORMIIO pajyanbHoe (AByMepHOe) pac-
npoctpaHenre guddysaHta mo mosep-
XHOCTH TIOf/TOXKKIA.

s oOCy>KHeHMsI pPe3ynbTaToB W3
SKCIePMMEHTAbHbIX 3HaueHuit £ u £
OB pacCYMTaHBl KOHCTAHTHI
POCTM B3aMMOMENCTBUsI B MeCTe KOH-
tTakta OpukeroB peareHToB (K) 10
YyPaBHEHUIO ¥ KOHCTAHTbI CKOPOCTH I10-

CKO-

>

product

Puc. 5. Cxema pacnonoxeHns 6puKeToB
peareHToB U POAYKTa

g Ky (K, ov’/c)
ig K (K, ov’/c)

lg Po,:(Po,-“mM)

Puic. 6. 3aBucuMOCTb KOHCTAHT KS u K ot
[aB/IeHNs KICTOPOJiA B ra30Boii (ases
cucreme Mn, O,-MoO, (t = 600 °C, T =3 1)
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BEPXHOCTHOI1 peakiun (K ) 1o ypaBHe-
wmo K = x(° + y¢* +z¢* /. Taxoit sz
KOHCTaHTbI K 06YC/TIOB/IEH TeM, 4TO TPy
paguanbHOil fudQysnun poct IOBepX-
HOCTHOTO C7I0sI OMNCBIBAETCS, KaK ObLIO
[IOKa3aHO B HAlllell CTaTbe, OMyOIMKO-
BAHHOII B IPeAbIAYIEM HOMEpPe XXypHa-
71, TONIMHOMOM TPEeTbel! CTEIIeHN:
xl 4yl 4200 = AGr. (3)
3aBUCHMMOCTY KOHCTAHT CKOpPOCTHU
OT p, B 10rapuMIIECKIX KOOPAMHATAX
[IpefCcTaB/IeHbl Ha pIC. 6.

Ilna cucrempr Mn,O,-MoO, sHayenns
dlgK, [dlgP, n dlgK/dlgP, coor-
BETCTBEHHO COCTABIAOT —1/6 u -1/4,
a aa cucrembl CuO-MoO, -1/8 n -1/9,
COOTBETCTBEHHO.

Takum o6pasom, miast 0benx crucrem
[OHVDKeHJEe [aBeHMsI KUCTOpO#a IIpu-
BOIZMUT K YBEIMYEHMIO CKOPOCTM B3au-
MOJENCTBYSI KaK Ha IIOBEPXHOCTM, TaK
U B MeCTe KOHTAKTa.

Kak 6b110 y6ennTenpHo foka3aHo pa-
Hee B paborax [1-2], OCHOBHBIMM MeXa-
HIU3MaMJ)l MacCoIlepeHoca IpU CHHTe3e
MONMOIATOB SIB/LIIOTCS I[TOBEPXHOCTHAS
u 3epHOrpannyHas an¢p¢ysusa. CKopocTsb
3TUX peaKkUMil MPOMOPLMOHATbHA KOH-
LEHTpaluy MPOTHKEHHBIX fieeKToB 1,
[0-BUAVMOMY, MaJIo 3aBUCUT OT KOHIIEH-
TpaLuu ToUeYHbIX fedektoB. O crpaBen-
JIMBOCTI 9TOTO YTBEPXK/EHIS CBULETE/Ib-
cTByet cnepytommit pakr. Koapduiment
nnddysun MonubfeHa B MOHOKPICTAIIE
PbMoO,, ompesieieHHbII METOLOM pa-
AMOAKTVBHBIX MHVKATOPOB, YBEIMUM-
BAeTCs C POCTOM P, D,=K- Poz*”7 [6],
YTO CBUIETENBCTBYET O POCTE TOYETHBIX
HedekToB B MOMUOLEHOBOI HOApeLIeTKe
¢ poctoM p . B 10 xe Bpems, cKopocTb
peaknuu obpasoanuss PbMoO, ymeHb-
waeTcs ¢ ypemndennem p [6].
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XyMmydeckasg IpUpofa M MeXaHU3M
obOpasoBaHMsl TPOTSDKEHHBIX [JePeKTOB
B CJIOXKHBIX OKCHJIAX K HACTOALIEMY MO-
MeHTy Majno usydeHbl. Iloatomy komu-
YeCTBEHHAsA MHTepIpeTalys 3aBUCHMO-
CTY CKOPOCTM NOBEPXHOCTHBIX peaKLNiA
M peaknuil B MecTe KOHTaKTa CUHTe3a
MONMMOATOB K HACTOSLIEMY MOMEHTY
He MpeJiCTaB/IAeTCS BO3MOXHOIL.

Ha kadyecTBEeHHOM YpOBHe yBenmde-
HMe CKOPOCTM IIOBEPXHOCTHOTO B3au-
MOJIEICTBMSA C YMeHbIlIeHeM p,, MOXHO
00BsicHUTD crepyouM obpasom. Co-
ImacHo [7], B peleTKe CIIOXXHBIX OKCHU-
noB MeMoO v 0cob6eHHO Ha MeX(a3HbIX
TPaHMIAX, MOTYT COIEpPXKaTbCA iePeKThI
TUIIA O;[ooy criocobubple 00ecrednuThb
MUTpalMi0 KOMIOHeHTa Mo 1o crenyo-

el cxeMe:
MoOs4
MOOZM004 + OI)\Cfloo4 +MOOZM004' (4)

IMopBwxHas ¢opma - TpexrpaHHas
mpavuza (MoO,) - obmamaer cBoricTBa-
M, TOTEHIIMAIbHO OOIEerYaroMMI MIT-
paunio Mo:

— BO-IIEPBBIX, MOXKET BPAIIATbCS BO-
Kpyr Mo — BepIInHbI 32 c4eT 0OMeHa Kii-
C/I0pofa C BaKaHTHOI [TO3UINY;

— BO-BTOPBIX, IMPAaMUIA/IBHbIN LIEHTP
MoO, ¢ TpexKoOpIMHUPOBaHHBIM aTOMOM

2.7

lg K, (K, em¥/c)
Ig K (K, cm?/c)

g7, .(F, , amr)
Puc. 7. 3aBucumocts koncrant K u K ot
IaB/IeHNs KICTIOPOfa B Ta3oBoil (aszen
cucteme CuO-MoO, (t = 600 °C, T =3 1)
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Mo HIpYHIVITNATIBHO MOXKET MEHATb CBOIO
¢dopmy myrem mpoxoxpaeHnsa Mo uepes
LIeHTP OCHOBaHMA NupaMupbl, puc. 8 [7].

JIOTMYHO TNIPEAIONOoXUTh, YTO C PO-
CTOM KOHIEHTpauuyu pAedeKToB Tula
0&004B03paCTeT CKOPOCTb
peHoca OKCuAa MOnmubaeHa depes CIoi
NpPOAYKTa peakuuu U, CIefoBaTe/IbHO,
CKOpOCTh peakuun. [ledexTo 0&004 Mo-
ryT 06pasoBarbcs mpu Bbixofe MoO, u3
KpUCTaInIecKoii  pemerkn  MeMoO,
B ra3oByI0 a3y 1o peakiuim:

MeMoO, < MoO,(ras)+Me,,. (5)

[t Toro 4TOOBI OLIEHUTD, KaK BIIN-
seT yMeHbIIIeH/e MaplMaabHOrO JaBJie-
HIsI KUCTOpOfa Ha paBHOBecue (5), 6511
IpOBefeH CIeNYIOWMil 9KCIIePUMEHT.
[IpenBapuTebHO B3BelIEHHbIE OPIKETHI
OKCHJa MONMMOIeHa OTOXIIN B aTMOc(e-
pe kucnopopa (p, = 1arm) u B arMocepe
renus (p, = 3 - 10~ aTm) npu Temnepary-
pe 600 °C u BpemeHnu 15 yac u onpepnenu-
M USMEHeHNe VX MacChl IOC/Ie OTXKMNTA.
Tak Kak OpMKeTBI MMeN PasHYI0 Maccy
1 00beM, TO M3MEHEHJe MacChl IIPUBEN
K IUIOLAY BCEVT IOBEPXHOCTY OPUKETOB.
Pe3ynbraThl 9KCIepyMeHTa IIpUBEJEHBI
B Ta01. 2.

PesynbpraTel, mpuBefeHHbIe B Tab/IM-
Iie, TOKA3bIBAIOT, YTO YOBIIb Macchl Opu-
KeTOB B arMmocdepe remys IIPUMEPHO
B 1,6 pa3 6onbiie, ueM B atMocdepe Ku-
cnopopa. BeposATHO, yBenudeHne neTyde-
CTHM OKCUfa MOMMOMeHa P IOHVDKEHNN

MaccorIie-

@ atom of oxygen

o}

vacancy of oxygen
® atom of

Puc. 8. VimBepcusa nentpa MoO, [7]
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TaBJIeHNUS KUCIOPOJa CMeIllaeT paBHOBe-
cre (5) B CTOpOHY NIPORYKTOB, T. €. yBe-
MMYMBAETCA KOHIIEHTpauusA JedeKToB
Ofoo, - OTO; B CBOIO OY€PENb, IIPUBOJUT
K YBE/IMYEHNIO CKOPOCTH MacCOIepeHoca
OKCHJa MO/MOIeHa depes CJI0j IIPOJyKTa
peaknuM 1 K yBEINYEHUIO CKOPOCTH pe-
aKIMM, YTO M HAOMIOfa/MM SKCIepUMeH-
TaJIbHO.

Tabmuia 2
Y6b1mb Maccht 6pyukeToB MoO,, 0TOMKEHHBIX

B aTMoc(epe KIUCTIOPOHa U Telus,
t=600°C,t=154.

PO , aTM 1 3.10°°
’ (xucnmopon) | (remit)
Am
0,24 % 0,39 %

——-100 %, r/cm?
S

OueHnBas pesyabTaThl BO3LEICTBI
HaB/IeHNsT KUCTOPOKA B Ta3oBoil ¢ase
Ha CKOPOCTb PeaKLMil B UCCTIETOBAaHHBIX
CUCTeMaxX, OTMETUM TaKXe, 4TO O7n-
soctb koaduuuentos d/gK, /dlgP, n
dlgk / dlgP, mns cucrempr CuO-MoO,
MO>KET OBITh CBU[ETENBCTBOM TOTO, YTO
noBepxHocTHast guddysms  sBrseTcs
OCHOBHBIM  CIIOCOOOM ~ MaccoIepeHoca
B JAHHOJI CHCTEME.

Pasnnume atux >xe Koadduiuren-
TOB [JISI CUCTEMBI Mn203-M003, Bepo-

Puc. 9. POM-nso6paxenne nogroxkn CuO
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SITHO, CBSI3aHO C T€M, YTO IOBEPXHOCT-
Hag fudQys3nua He ABIACTCA OCHOBHBIM
TPAHCHOPTHBIM IIOTOKOM IIPU CUHTE3e
MnMoO,. 3Tu BbIBOIbI XOPOLIO COITIACY-
IOTCS C 3aK/TI0OYEHNMEM, CIeTaHHbIM HaMMU
BBIIIIe 110 IAHHBIM BO3JIeICTBIL ANEKTPU-
YEeCKOr'0 IOJIs1 Ha CKOPOCTh PEaKIIVIAL.

VccnemoBanue mopdomornuyu moa-
JOXKM U HPORYKTa peaKkIyy MeTOZOM
9/IeKTPOHHOI MUKPOCKOIINY

Mopomnorus MomIoKKn 1 IPORYKTa
peakiuu Obl/Ta MCCIENOBaHA METOLOM
NMEKTPOHHON MUKPOCKOINK C IIeJIbI0
BBISICHEHUSI BO3MOXKHBIX OTIMYMIL ISt
MCCIIEMOBAHHBIX CUCTEM.

Cucrema CuO-MoO,

[Ipn B3aumoperictBuu CuO u MoO,
BO3MOXXHO O0OpasoBaHye [BYX WUHAU-
BUYa/JIbHBIX  XVMWYECKUX  COefJHe-
Hmii CuMoO, n Cu,MoO,. OcHOBHBIM
IPOYKTOM B3aMIMOJEICTBUA ABJIACTCA
CuzMoOS, Y MUIIb IIPY ATUTENbHBIX OT-
>)kurax (6omee 30 4) B MecTe KOHTaKTa
6puketoB mMetonoM PDA sabuxcuposa-
HBI CJIefIOBbIe KOMMYEeCTBA BTOPOIl (Hasbl
- CuMoO,. ViccnenoBanus MeTOOM
37IEKTPOHHON MUKPOCKOIINY Ja/IN CIIeRy-
0L YI0 MH(OpPMAINIO.

Puc. 10. POM-nu3o6pakeHne IpogyKTa
Cu,MoO,
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y

Ny Y
& S

N4b SEI 1cm-13mkm

Puc. 11. POM-n300paxeHe MOI0KKIA
Mn,0O,

3epHa nognoxkn CuO umeror popmy
HeNpaBU/IbHBIX MHOTOTPAaHHUKOB; pas-
Mep 5,5-13 MKM, puc. 9.

3epna mponmykra peakuuu Cu,MoO,
UMEIOT BBITAHYTYIO QOpMy, pasmep UX
BapbUpPYyeTCsd OT 2 1O 5 MKM B LUMPUHY
u oT 8 mo 20 MKM B JyinHYy, puc. 10.

Takum 06pa3oM, B HaHHOI cuCTeMe
3epHa MPOAYKTa U TMOMJIOXKKN TOBOTHHO
61M3KM 10 pasMepaM, HO OTINYAI0TCA
dbopmori.

Cucrema Mn, O, -MoO,

3epra momnoxkku Mn O, wumerT
OKpyIIylo (GopMy, UX CpeSHMIl pasmep
2,5 MKM, puc. 11.

BoiBoab!

ITo pesympraraM IpOJENaHHON pado-
ThI MOXKHO C[I/IaTh CTIeA VIOV BEIBOIDL:

1. YcraHOBIEHO, YTO XapakTep BO3-
[eVICTBIUSA INEKTPUIECKOTO IIOJIST Ha CKO-
POCTD [TOBEPXHOCTHOTO B3aMOAEIICTBIS
U CKOPOCTb peaKLuyl B IeIOM OfMIHAKOB
I/ CMHTe3a MOMuOmaTa Memyl ¥ pasyn-
YeH /11 CMHTe3a Mo/mubaaTa Maprasua.

2. YcTaHOBNIEHO, 4YTO IIOHVDKEHUe
[aBleHVsT KNUCIOpOJa IPUBOAUT K PoO-
CTy CKOPOCTM B3aMMOJEICTBIUS KaK Ha
MOBEPXHOCTM, TaK M B MecTe KOHTaK-
Ta pearentoB A cuctem CuO/MoO,
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N4b SEI 1em-13mkm

Puc. 12. POM-n3obpaxxeHne IpOAyKTa
MnMoO,.

3epHa mponykra peakuyn MnMoO,
TakKe MMEIT OKpyInylo ¢(opmy, HO
cpenunmit pasmep ux (10 Mxm) mpubmu-
3UTENBHO B 4 pasa 6Ornblle, YeM pasMep
3€peH MOMNI0XKKMY, puc. 12.

Takum obpasoM, I ABYX UCCIERO-
BaHHbBIX CUCTEM BbISB/IEHbI KOpEHHbIe
oTIm4nA B MOpPQOIOrUN 3epeH NMPORYK-
Ta U momnoXKu (dopma 3epeH, COOT-
HOILIEHJe pa3MepoB 3epeH MOJI0XKKa/
IpoAyKT). ITOT (PaKT TakKe KOCBEHHO
CBUJETENbCTBYET O Pa3/MYNM MeXaHM3-
Ma peakIMoHHO Anuddy3nn B uccieno-
BaHHBIX CHCTEMaX.

n Mn203/MOO3, YTO MOYKET OBITh CBS3a-
HO C POCTOM KOHIleHTpauuu fedeKkToB
THUIIA Ol’f/mo4 C yMeHbIIIeHUeM JIaBIeHNUs
KICIOpofa. VIHTeHCUBHOCTD BO3ZENCT-
BUA P, HA CKOPOCTb IOBEPXHOCTHOIO
B3aMIMOJECTBMA M CKOPOCTb peaKLun
B 11eJIOM OnM3Ka I CMHTe3a MoaubmaTa
MefIV U PasmudaeTcst JUisl CUHTe3a MOJIO-
IaTa Maprasua.

3. MeTtozfoM 3/IEKTPOHHOII MUKPO-
CKOIIMY HCCIefoBaHa MOpGOIorus mof-
TIOKKM ¥ TIPOAYKTa peakIuu B CUCTeMax
CuO/MoO, n Mn,0,/MoO,. Ycranosne-

83



Ne 12016
Chimica Techno Acta ['ycesa A. O©., Tpudporosa M. B., Mectepesa H. H.

HBI pasmuuys B GopMe 3epeH, a TaKKe  THBIM IOTOKOM IIPM CHMHTe3e MOMMOpaTa
COOTHOIIIEHNY Pa3MepOB 3epeH IIPOAYKT/  Mefyl ABIAETCA IOBEPXHOCTHAA Iuddy-
MOZIOKKA B MCCTIEOBAHHBIX CHCTEMAX. 3Us, B OT/IMYMM OT CHHTe3a MonmOpaTa

4. CpemaHo 0OOCHOBaHHOE MpENNoO-  MapraHIfa.

JIOJKE€HME, HYTO OCHOBHBIM TpPaHCIIOP-
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The mechanism for the electrooxidation
of procarbazine pharmaceutical preparation in
alkaline media and its mathematical description

The mechanism for the electrooxidation of procarbazine in alkaline media
has been proposed. The process is realized completely on the electrode surface
and is adsorption-controlled. The oscillatory behavior in this case is more prob-
able, than for neutral media and may be caused by influences of electrochemical
oxidation and salt dissolution from the electrode surface.
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Introduction

Procarbazine, i.e. N-isopropyl-a-
(2-methylhydrazino)-p-toluamide is one
of the drugs commonly used in chemo-
therapy at different types of cancer [1-2].

HEH]—IH—UOGH}—HH —HNH —CH,

The exact mechanism of action of the
pharmaceutical preparation is still not de-
termined. However, it is already known
that its interaction with various substances
(such as enzymes or compounds of transi-
tion metals) in the human organism leads
to the formation of toxins (aldehydes, hy-
drazine and metal complexes) [3]. There-

fore, search of sensitive, precision and
expeditious method for determining the
concentration of the compound is a really
actual task [4].

On the other hand, the use of electro-
chemical methods of analysis is one of
reliable modern approaches to pharma-
ceutical (and not only) analytics since it
has advantages over spectral and chro-
matographic methods such as sensitiv-
ity, accuracy, easy interpretation of the
analytical signal and speed of analysis [5-
10]. However in some cases there occur
problems of high anode voltage, the lack
of data on the most likely mechanism for
the electrooxidation of preparation and
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electrochemical instabilities characteristic
of the electrooxidation of small organic
molecules (including electropolymeriza-
tion of heterocyclic compounds) and hy-
drogen [11-16].

In the case of procarbazine the main
problem is the small amount of data on
the electrooxidation of said compound
[4, 17] and a lack of theoretical works on
the subject. In [4] an attempt to determine
based on a purely experimental data the
mechanism of the electrooxidation of
the preparation under neutral conditions
has been made. However the study was
hindered by the lack of a solid theoreti-
cal foundation which is provided only as

System and its model

According to [4] the procarbazine
electrooxidation consists in four steps:

1. Oxidation of procarbazine to an azo
derivative:

B
&

__ﬂ@m_m-m -
l
] @

F) £ £
-u-0 G-p-i
H

CH

2. Isomerization of the azo derivative
in a Schiff base:

—HN-CH,

CH,—N

—U

£
L

i

]
HC——HM

CHy
1
CH,

£
B-i
E

3. Hydrolysis of the Schiff base to form
an aldehyde:
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a result of construction and analysis of
mathematical model that can adequately
describe this process.

The aim of this work is the mechanis-
tic study of the procarbazine electrooxi-
dation in alkaline medium. Achievement
of this aim is based on achieving the fol-
lowing specific objectives: the construc-
tion of a mathematical model, the analysis
of the mathematical model, the study of
steady state stability conditions and elec-
trochemical instabilities (self-oscillatory
or monotonic) and the comparison of the
behavior of the system with the behavior
of ones similar to it [18-21].

4. Electrooxidation of the aldehyde to
form terephthalic acid N-isopropyl mono-
amide (in alkaline media a salt is formed):

¢ i
a_—_s 2 H o=
U—T n=‘?|
F
T £
£ 1 £ E | 3
G—n—ii G-p-0
2 F

Since the electrochemical reactions
occur with elimination of proton in alka-
line medium, they must occur faster than
in neutral medium.



The mechanism for the electrooxidation of procarbazine

pharmaceutical preparation in alkaline media
and its mathematical description

The process takes place entirely at the
anode surface and it can shown that the
behavior of the system in this case is de-
scribed by the following system of equa-
tions:

do, 1

@ g

do 1

d_;:E(rQ_r3) (1)
do, 1

@ e

Results and discussion

In order to investigate the behav-
ior of the system with the procarbazine
electrooxidation in alkaline medium, the
system of differential equations (1) tak-
ing into account algebraic relations (2-5)
using a linear stability theory has been
analyzed. The functional Jacobi matrix,
whose elements are calculated for steady
state, is written as follows:

& 8 &i
8u 8n 8 (6)
83 &»n 83

wherein:

1 2F¢o
= — —k 0 +
8 G[ 1exp[ RT]

2F¢
41k, (1—0, —0,—0 0
i 1 2 3)exp[ RT ]
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wherein parameters 0 being the anode
filling degree with the azo compound, the
Schiff base and the aldehyde, G, H and ]
being their maximum surface concentra-
tions and parameters r being velocities of
corresponding reactions can be calculated
according to the following equations:

2F
rn=k(1-0,-0, —63)exp[ Rg‘)]
1’2 = k291 (2_5)
r,=k9,
F

1 2F@
813 :E[_kl exp[ R 0]+

2F¢@
+mk,(1—06, —0, —0 0
mk, ( 179 3)exp[ RT ]]

1 1
821 :E(kz) En :E(*kz) 8,=0

| . 2F
2 —7[—]k493 exp[ R?O ]] (7-15)

2F
—mk,0, exp[ R?O JeXp(—ﬂegH'

2F$° ] exp(—ab, )]

+ak,0, exp[

Self-oscillating instability of the sys-
tem is possible since necessary conditions
of Hopf bifurcation can be fulfilled in fact
in the main diagonal of Jacobian there
are positive elements responsible for the
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positive feedback. In addition to element

2F
ak,0, exp[ R?O ]exp(—a@s) responsi-

ble for self-oscillations when attracting

the adsorbed molecules of a salt dur-
ing its passing into a solution, members

2F¢,

Ik, (1-6,—0,—06 :
1-6, -6, 3)exp[ RT ] and
—mk,0, exp[ R;’io]exp(aeﬂ describing

self-oscillations caused by influence of
electrochemical processes on the struc-
ture of the electrical double layer (EDL)
may also have positive values. These fac-
tors are the cause of the self-oscillatory
behavior for other similar systems [19-
21], but it should be noted that if for al-
kaline medium both factors are possible
then for neutral medium, in which the salt
formation and passing of the acid anion in
the solution does not virtually take place,
only the latter factor is the cause of the
self-oscillatory behavior.

Steady state stability study on the ba-
sis of the Routh-Hurwitz criterion shows
that said reaction is controlled by a pro-
carbazine adsorption factor as well as the
state of the EDL during the reaction. If in
order to avoid cumbersome mathematical
expressions to enter new variables so that
the determinant of the Jacobian matrix is
written as follows:

Conclusion

In alkaline medium the procarbazine
electrooxidation to some extent is faster
than in neutral medium but appearance of
self-oscillations in it is more likely due to
the presence of a salt formation factor and

Tkach V. V., de Oliveira S. C., de Oliveira S.K.B.,
Ojani R., Elenich 0.V.,Yagodynets’ P. I.

then at the opening parenthesis the condi-
tion Det /<0 will be written as follows:
—x,—k, I -

k, —k, 0 (16)
H,
GHJ —K k,—6 —P

-®O(kk, - k0 -Kk,) -
-P(kk,+kk +TIk) <0  (17)
This inequality is guaranteed to be
satisfied if parameters @, x, II, 6 and K
describing the influence of electrochemi-
cal reactions on the EDL as well as the
interaction of adsorbed molecules in salt
formation and passing to the solution are
positive that is achieved by the absence or
weakness of influences of electrochemical
reactions on the structure of the EDL and
by the repulsive interaction of adsorbed
molecules. In this case the left-hand side
of the inequality reaches more negative
values. Since chemical and electrochemi-
cal reactions described above are faster
than the procarbazine adsorption onto
the anode surface the process is controlled
by the procarbazine adsorption
In case of equality of the influence of
destabilizing and stabilizing factors on the
stability of the steady state then monotonic
instability appears which is presented as
N-shaped segment in a voltammogram.
The condition of its appearance is de-
scribed as follows:
-®O(kk, - k,6- Kk,) -

“P(kk,+kk, +Tk)=0  (18)

dissolution of the salt of terephthalic acid
N-isopropyl monoamide. The reaction it-
self is controlled by the procarbazine ad-
sorption and the state of the EDL.
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MexaHu3M 31eKTPOXUMNYECKOro OKNC/IeHUS
thapMaleBTMHYECKOro Npenaparta
npokap6a3uH B weno4Hou cpege
M ee MaTeMaTU4eCcKoe onucaHue

Bbin npemnoXxeH MexaHM3M 3M1eKTPOOKUCIEHNS NPoKapba3nHa B LLIENOYHOM
cpege. lNpouecc peanmsyeTcs NOMHOCTBIO HA NOBEPXHOCTU 3MEKTPOAA U ABNAET-
€l aACOPOUMOHHO-KOHTPOMPYeMbIM. OCLMANATOPHOE NOBEAEHVE B 3TOM Cjlyyae
60ee NpeanoYTUTENbHO, YEM B HEMTPA/IbHOM Cpede v MOXET ObiTb BbI3BAHO
B/IUAHMAMM INIEKTPOXMMUYECKOTO OKWUCIIEHMA WM PACTBOPEHWEM COMM Ha MoBep-

XHOCTU 351eKTpoaa.

© Tkau B. B., ne Onuseiipa C. C., ge Onuseiipa C. K. b., Oxanw P., Enenny 0. B. , M. U. AroguHen, 2016

Beepenue

ITpokap6asuH, TO ecTpb
N-usonponun-a-(2-MeTUITUAPA3UHO)-TI-
TONyaMIf, — OBHO M3 YacTO VCIIO/b3Yye-
MBIX JIEKAPCTBEHHBIX CPECTB B XMMIOTe-
pamyy Ipy pasIMIHBIX BUAAX paka [1-2].

CH, i
HeE IH—U@—CH;—HH—HH —@H,
CH,

TounblI MexaHU3M QapMaleBTIde-
CKOTO JIeJICTBUA TIperapaTa Bce ellle He
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ompenened. OFHAKO YK€ M3BECTHO, UTO
€ro B3aMMOJIEIICTBIE C PA3TUYHBIMU Be-
mectBaMu (Hampyumep, SH3UMaMU  VJIN
COENMHEHVISIMI TIEPEXOJHBIX METAJIIOB) B
OpraHu3Me YelioBeKa IPUBOANUT K 06pa3o-
BaHWIO TOKCHHOB (@/Ib/IErnIOB, IMIpasHa
U MeTa/inyeckux Komiiekcos) [3]. IToce-
MY IONCK YYBCTBUTEIBHOTO, TOYHOLO I
OBICTPOJIEICTBEHHOTO METOJIa OIIpefiere-
HUSI KOHIIEHTPALMU 3TOTO COENMHEHVIs
[eICTBUTE/IBHO aKTyaIbHasI 3azayda [4].



MexaHn3M 31eKTPOXMMUYECKOr0 OKUCIEHMS
(hapmaLieBTYECKOrO Mpenaparta npokapbasuH
B LLEIOYHOM Cpefe 1 ee MaTeMaT4eckoe onucaHme

C 1pyroii CTOpOHBI, MCIIONb30BaHIE
IMEKTPOXNMUYECKIX METOJIOB aHAMN3a —
OIIVH U3 HaJIE&KHBIX COBPEMEHHDIX ITOJIXO0-
IoB K (apMalieBTUUECKON (1 He TOTBKO)
aHAMUTHKe, 100 MMeeT IPeuMyLIecTBa
nepes CIEKTPaabHbBIMU U XPOMAaTOrpa-
¢buyeckMu MeTOfaMyl — YYBCTBUTETIb-
HOCTb, TOYHOCTb, JIETKasi MHTEPIPETALNs
AHAJIMTUYECKOTO CUTHaIa U CKOPOCTb
aHammsa [5-10]. OpHakKO B HEKOTOPBIX
CIy4asx MOSIB/IAIOTCA MPOO/IEMBI BBICO-
KOTO aHOJJHOTO IIepeHaIIpsDKeHIsI, OTCYT-
CTBUsI JJAHHBIX O Hanboree BEPOSTHOM
MeXaHU3Me 3/IeKTPOOKUCIEHNsI TIperna-
para, a TakXKe 97eKTPOXMMIYECKUX Hey-
CTOYMBOCTEN, XapaKTEPHBIX /IS 3/IeK-
TPOOKMC/IEHUSI Ma/bIX OPTaHNIECKUX
MOJIEKY/ (BK/IIOYas 9/MeKTPOIOIMMEPH-
3al[MI0 TETEPOLMKINIECKUX COEeIHE-
HUI) U Bofopopa [11-16].

B crygae mpoxap6asyHa OCHOBHOII
po6IeMoit SBJsIETCS] HEOOBIOE KO-
9YeCTBO [JAHHBIX 00 3/IEeKTPOOKUCTEHUN
JaHHOTO coefuHeHuA [4, 17] u orcyr-

Cucrema u ee Mogenb

CornacHo [4], a71eKTpOoOKUC/IeHNe Ipo-
KapOasyHa COCTOUT 13 YeThIPEX ITAIOB:

1. Okucrenne npoxkapbasuta Ko aszo-
IIPOU3BOJHOTO:

—CH,

CHy—N=N-CH,

20 IH"

O
l

i
B

oHs
HE——Ha
GH,

He
i,

2. Visomepusanuss  a30CO€TMHEHNS
B ocHoBaHue [lIndda (rugpason):
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CTBUE TEOpPEeTHYECKUX PpaboT IO TeMe.
bouta cosepiiena mombITKa yCTaHOBMTD
Ha OCHOBE 4JCTO 3KCIIEPUMMEHTAIbHBIX
TAHHBIX MEXaHU3M 3/IEKTPOOKUCIEHNA
mpernapara B HeiiTpanbHoit cpesie [4]. Op-
HaKO MICCTIEOBAHMIO MEIIAI0 OTCYTCTBUE
TBEPHOrO TEOPeTUIeCKOro (yHAaMeHTa,
KOTOpBIII JJaeTCs TOTbKO BCIEACTBME TIO-
CTPOEHNMs M aHaIM3a MaTeMaTN4ecKol
MOJIe/, CIIOCOOHOI aleKBATHO OIMMCATh
JAHHbI IIPOLIeCC.

Ilenbio maHHOI pabOTHI ABISIETCS Me-
XaHUCTNYECKOe MCCIeNOBaHMe 3TIeKTPO-
OKMC/IEHNUSI TPOKap6Oas3yHa B IIETIOYHOI
cpepe. JlocTI>KeHMe 3TOM Le/n 3VDKAETCA
Ha JOCTVDKEHUM CIIefyIOINX crenudu-
YeCKIX IiejIeil: IOCTpOeHMe MaTeMaTye-
CKOJI MOfie/y, aHajIM3a MaTeMaTN4ecKol
MOJIe/IN, UCCIENOBAHMS YCIOBUIL YCTO-
YYBOCTY CTAllIOHAPHOTO COCTOSIHUA U
9NEKTPOXUMUYECKUX HEYCTONYMBOCTEN
(aBTOKONIEOATEIBHOI, ML MOHOTOHHOIA),
CpaBHEHMs NOBeJleHN:A IAaHHO CUCTEMBI
C IIoBefIeHMeM eif Tofmo6HbIX [18-21].

N—CH,

|
W

]
i

HE——#.

GHy
|
CHy
[0
)

i

i

OCHOBaHUA

Mndda

3. Imgponus
c obpa3oBaHMeM ajIbJernya:
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4. ONeKTPOOKNCIIeHNe anblernia ¢
obpazoBanmeM N-M30IPONMIMOHOAMU-
Ia TepedTaneBoil KMC/IOTHI (B Ie/IOYHON
cpenie 06pasyeTcs comb):

= - ;
a=0 WH gy
l:l:T n=li|a
=
T -
£ | £ F | F3
—0— G-p-0

Tak Kak 3/MeKTPOXMMMYECKUE peak-
UM IPOUCXOJAT C OTILIEIIEHUEM IIPO-
TOHA, B ILEJIOYHON Cpefie OHM [OJDKHBI
IpOTEKaTh ObICTpee, YeM B HENTPATbHOIL.

ITponecc MOMHOCTDIO MPOUCXOAUT HA
IIOBEPXHOCTH aHOMla M MOXKHO ITOKa3aTb,
YTO IOBEJEeHMEe CUCTEMBI B JAHHOM CIIy-
Yae OIMCHIBAETCA CUCTEMON CTIeyIOIX
YPaBHEHMIL:

PesynbTarbl 1 06CyaeHus

[l TOro YTOOBI MCC/IENOBATh IIOBE-
TeHUe CUCTEMBI C 3/IEKTPOOKMUCIEHNEM
npokap6asyHa B LIeIOYHON cpefie, Ipo-
aHaMM3upyeM cructeMy muddepeHIyab-
HbIX ypaBHeHMit (1), ¢ yueToM anrebpan-
yeckux oTHoueHuit (2) — (5) ¢ moMoIbIo
JIVHENHON Teopum ycToitunBocT. OyH-
KIMOHa/IbHasA MaTpuia Skobu, snemeH-
TbI KOTOPOJA BBIYMC/IEHDI [/IA CTalIOHAP-
HOT'O COCTOSIHMA, 3aIMChIBAETCA KaK:

& & 8n
8u En 8 (6)
831 &»n &
e
1 2F@
& :5{_](1 eXp[R_Y"()]+
2F@
ik (1—0,—0,—0 0k
+jk,( 1 2 3)exp[ RT ] 2]
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(do, 1

@ G

do, 1

@ H W
o, 1
W

I7ie mapaMeTpsl O — cTeleHN 3amoHeHNs
[IOBEPXHOCTI AHOJA [1A30COENIHEHUEM,
ocuoBauneM llndda u anpperngom, G,
H u ] - ux MakcuMasbHble IIOBEPXHOCT-
Hble KOHIIHTpauuy, a IapaMeTpel 7 —
CKOPOCTV COOTBETCTBYIOLIMX PeaKIuiL,
KOTOpbIE MOTYT OBITb BBIYNMCIIEHBI COITIA-
CHO C/IERYIOLIVM YPaBHEHVSIM:

2F¢
— k(-6 -6, -0 0
n i€ 179 3)exp[ RT ]
rZ = kzel
r,=k§, (2-5)
2F
r, =k,0, exp[ R(tpo ]exp(—a63)

1 2F@
= — —k 0 +
8n G[ 1eXP[ RT]

2F@
+1lk,(1—0, —0,—0 0
i ( 1 2 3)exp[ RT ]

1 2Fo
=—|—k O+
813 G[ lexp[ RT]
2Fg,
RT

+mk,(1-6, -6, —63)exp[
1 1
g21=E(k2) gzzzﬁ(_kz) g,=0

1 2F¢
8 :7[k3 —Ik,9, exp[ RTO ]]



MexaHn3M 31eKTPOXMMUYECKOr0 OKUCIEHMS
(hapmaLieBTYECKOrO Mpenaparta npokapbasuH
B LLEIOYHOM Cpefe 1 ee MaTeMaT4eckoe onucaHme

1 2F¢@
833 :7 —k, exp RTO exp(—a0,)
Fo
—mk,0, e 0 lexp(—aB,) +
493 €Xp RT xp( 5)
2F¢
+ak,0 0 —ab
ak,0, exp RT exp(—a0,)
ABTOKONIE€OaTEIbHASA HeyCTOIYN-

BOCTb J/IS IAaHHOM CHCTeMbl BO3MOXKHa,
MOCKO/IbKY MOTYT BBIIONHATbCA HEO00-
xopumble ycnoBus Oudypkanyu Xomda
- Befb B IVIABHOJI AMAroHamy sikoO6maHa
UMEIOTCS  TIOJIOXKUTENbHbIE 37IEMEHTBI,
OTBETCTBEHHbIE 32  IIOJIOKUTENbHYIO
obpatHy0 CBs3b. IIOMIMO OTBETCTBEH-
HOTO 3J/IeMEHTa, 3a aBTOKO/IeOaHMA Npu
OPUTSDKEHUM  afCOpPOMPOBAHHBIX  MO-
JIEKYZT CONM TIpU TIepexofie ee B PacTBOP

2F
ak,0, exp

exp(—ab TIOJIOXK M -
RT p(=ab,)
Te/lbHble 3HAYEeHMS TaKke MOTYT MMeTb
2F@
wiensl [k, (1—0,—0,—0,)exp| —2| u
1 1 2 3) €Xp RT
2Fo
—mk,0, exp : exp(—ab;) | OIIVICHI-
RT
Baiolle aBTOKO/MeOaHMs, MPUYIMHOIN

KOTOPBIX SIBJISAIOTCS BIUSHUS 9TIEKTPO-
XUMWYECKMX IPOLECCOB HAa CTPYKTYPY
mBoitHOrO 3nmekTpudeckoro cmost (IIC).
I1n PaKkTOpBl SABAAOTCI TPUINHON aB-
TOKO/1e6aTe/IbHOTO MOBENeHMs A/ ApPY-
X HofoOHbIX cucteM [19-21], omHako
CTOUT 3aMETUTb, YTO €C/IU JIsI IETOYHOI
cpefbl BO3MOXKHBI 00a hakTopa; [y1st Hell-
TPAa/IbHOIL, B KOTOPOI COMe0bpasoBaHms
U TIepexofia aHMOHA KUCIOThI B PACTBOP
MPAaKTUYECKN HE TPOUCXONUT, IPUINHON
ABTOKO7I€0ATe/IbHOTO MOBENEHMS CYXKUT
JIVLIb TIOCTIERHIIT GaKTOP.
ViccnenoBanue yCTONYMBOCTH CTALM-
OHApPHOTO COCTOSIHMA TI0 Kpurepuio Pa-
yca — IypBuiia mokasbiBaeT, 4TO JaHHas
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peakius KOHTpomupyercs (akTopom
agcopOuyy mpokapbasyHa, a Takxe co-
croaaueM [19C Bo Bpems peaxuyuu. Ecnin
BBECTH, C IIe/IbI0 M30eKaTh TPOMO3IKIX
MaTeMaTU4ecKVX BbIPayKeHWIT, HOBBIE ITe-
peMeHHbIe TaKUM 00pasoM, UTO OIpefie-
JIUTeNTb MaTpULbI SIKOOK 3aIMIIeTCsT KakK:

x—k, -1 —@
1 16
ol k0| (6
K k-6 —P

TO IIPM OTKPBITUM CKOOOK ycnosue Det
J < 0 3ammImeTcs Kak:
-O(kk, - k0 - Kk,) -
-P(kk,+kk, +TIk) <0  (17)
9TO HepaBeHCTBO TapaHTUPOBAHHO
YIOB/IETBOPsAETCH, eciu napameTpsl O, k,
I1, 6 u K onmceiBamolye BAUSIHNE 37I€K-
TpoXUMM4ecKux peaknuii Ha [J9C, a Tax-
JKe B3aMMOfEIICTBIE afCcOpOMPOBAHHBIX
MOJIEKYII IIpM coe00pa3oBaHN 1 Iiepe-
XOfle B pacTBOp, MEIOT MONOKNUTeTbHbIe
3HAYeHM, YTO JOCTUTAETCSA OTCYTCTBUEM
Wi CnaboCThI0 BIVAHUIL 9IEKTPOXU-
MUYecKuX peakumit Ha cTpykTypy H9C,
a TaKKe OTTAJKMBAIOUINM B3aMMOJeli-
CTBUEM afiCOPOMPOBAHHBIX MOJEKyI. B
TaKOM C/Ty4ae BbIpakeH!e B JIeBOIt YacTu
HepaBeHCTBa [oCTuraet 6omee OTpuiia-
TeJIbHbIX 3HaueHMil. IlockombKy Xumm-
YyecKue U 37eKTPOXMMUYeCK/e peaKInim,
OIJICaHHBIE BbIIIE, OBICTpee afxcopoOLMU
npokap6asyHa Ha IIOBEPXHOCTb AHOfA,
TO Iponecc OymeT KOHTPONMPOBATHCA
ayicop61ment mpokapbasuHa.

B cnydae paBeHCTBa BIMAHMA JecTa-
OVIMBUPYIOIMX ¥ CTaOUIM3UPYIOIINX
(akTOpOB Ha YCTONYMBOCTb CTaIlMO-
HApHOTO COCTOSIHMA TIOSBMIAETCA MO-
HOTOHHAsl HEYCTOIYMBOCTb, KOTOpast
nposBisieTcss N-0OpasHBIM OTPe3KOM Ha
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BOJIbTaMII€EpOrpaMMe. YcnoBue ee mosiB-
JICHUA OIINMCBIBAETCA KaK:

BbiBoabI
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Yka3saHua pna aBTopoB

1. CTPYKTYPA NYB/IUKALMIA

Temmar CTaTb¥ MOXKHO HAMiTM IO  CChIIKE:
http://www.rsc.org/Publishing/Journals/guidelines/
AuthorGuidelines/AuthoringTools/Templates/index.asp

1.1. ITonuble craThby

[Ty6nukanmsa Ho/mKHa OBITH HAIMCAHA CKATo, TIIA-
TeIbHO OTPeJaKTHPOBAHA ABTOPAMM, JO/DKHA BK/IIOYATh
BCe HeOoOXOMMbIe YacTH, a TaKXKe OBITh JIETKO BOCIIPH-
HMMAeMOii, @ Pe3y/IbTaTbl UCCIeJOBAHNIl — CHO HOHM-
MaeMBl ¥ BOCIIPOU3BOLUMBI.

JKypnan spnAerca ABYASBIMHBIM (PYCCKMM M aH-
IIUCKMM). ABTOPBI MOTYT IPKCBIIATh CTAThIO TOTBKO
Ha OJIHOM sI3bIKe, KPOMe HeKOTOPbIX IyHKTOB, yKa3aH-
HBIX HIDKe. Pefakuys GepeT Ha cebs 005A3aTe/IbCTBO Tie-
peBecT Ballly CTaThio Ha Apyroit sAsbik. OIvrara 3a my-
6/1KaLIo cTaTby He Gepercs. Bee crarby my6nmKyorcst
6eCIIaTHO, TTOCTIe HAYYHOTO PElleH3UPOBAHNAL.

1.1.1. 3aznasue cmamou

TekcT pyKONMCHM HAuMHAETCSA C 3aI7IaBMUA CTaTbl,
KOTOpOE JIO/DKHO MAKCUMAajIbHO IIPVBJIEKATh BHUMaHIUE
YyTaTesIs, IIO/THO Y TOYHO OIVICBIBASA COIEP)KAaHME CTATbI,
HO B TO )K€ BpeMsi ObITb KOPOTKUM 1 ICHBIM. [IIiTe/IbHbIE
cucTeMaTnyecKue Ha3BaHMUA U CTIO)KHbIE, MHOTOUMCTICH-
Hble XyuMudeckue GopMysbl crefyeT usberarb, Ifie 9TO
BO3MOXKHO. CriefiyeT Taioke nsberarb cokpamennuit. Ecmm
myO/MIMKaIMA ABIACTCA CEePUITHBIM COOOIIeHMeM, ee 3a-
IJIaBye JOIOMHAETCA CHOCKOU (K MOPAIKOBOMY HOMepy
€000, HAIOLIMM CCBUIKY Ha IPeIBIAYILYI0 PaboTy,
Hanpumep: «Coobuenne 8 cm. 1». CepuiiHble COOOLIEHVs
HyMepyI0TCs apabckumu tmdpamn.

1.1.2. Mimena u dpamunuu asmopos

JIo/KHBI  OBITH TIPEICTAB/IEHBI IOJIHbIE VMeHa
BCeX aBTOPOB CTaThy (B PYCCKON M aHIJIMIICKOI TpaH-
cxkpuniyn). Yoenarb LO/DKHOe BHMMAHNUE, YTOOBI BCe
COTPYIHMKY, y4acTByIOlIMe B paboTe, Te, KTO BHECIN
3HAYNTE/TbHBII BK/IAJ, B MCCIeIOBaHNUE, OBIIN YKa3aHBI B
KauyecTBe COaBTOPOB. I10 IpeicTaBIeHNIo PYKOIMCH aB-
TOP, OTBETCTBEHHBII 32 MEPEINCKY, IIOATBEPKAET TOT
(aKT, 4TO ero COaBTOPbI COITACHINCH Ha ee IyO/mKa-
110, U TPYHMMAET Ha ce6s1 OTBETCTBEHHOCTb 3a TO, YTO-
6bI OBUIN IIPaBUIBHO BK/IIOUEHBI BCe (M TONBKO) aBTOPBL.
ABTOp, OTBETCTBEHHBINl 3a IIEPEMNCKY, MOAIMCBIBACT
JIMLIEH3MIO Ha ABTOPCKIE TIPaBa OT MMEHM BCEX aBTOPOB.

1.1.3. Ipapuueckuii abcmpakm cmamou

Ipaduuecknit pedepar (abcTpakT) MOXKeT BKIIIO-
4aTh IBETHON PUCYHOK (m3oOpaxeHme, rpadmk) (He
6orbiire 8 cM mUpHNHOIL U 4 cM BbicoTOI) 1 20-30 c/10B
TEKCTa, KOTOpbIe OTPAXKAIOT OCHOBHBIE ACIIEKTBI Balllelt
paborsr. Ipadukn KOHKHBI OBITH ACHBIMH, 110 BO3MOX-
HOCTU IIPOCTbIE CXeMaTMYeCKue NUArpaMMbl ¥ CXEMBbI
peakimii HpermoYTUTENIbHbL I U300paXKeHs Kpu-
CTa/UIMYECKUX CTPYKTYp U CIOKHBIX rpadukos. Bce
TIOATINCY Ha PUCYHKe JIO/DKHBI OBITh BBITIOJTHEHbI Ha aH-
ITINIICKOM A3BIKE.

1.1.4. Annomauvus

Kaxpas cTarha [JO/DKHA COIPOBOXAATHCA AHHO-
ranueit (120-250 ¢10B), KpaTKO M SICHO OIVCHIBAFOLIET
OCHOBHBIE 00bEKTbI 1 pe3y/IbTaThl PabOTHI, JO/DKHA [JaTh
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YUTATETI0 SICHOE MOHMMAHMUE TOTO, YTO JOCTUTHYTO B
9ToI1 paboTe. AHHOTALMSA JO/DKHA OBITh HE3aBUCHMON OT
OCHOBHOTO TEKCTA, OJHAKO VIMeHa, Ha3BaHusA u Gopmy-
JIbL COCJII/IHeH]/IIU/I MOFyT COIIPOBOXKIATbCA HOMEpAMI, Ha
KOTOpbIE MMEIOTCA CChIJIKM B OCHOBHOM TEKCT€ CTATbI.
TToxanyiicTa, MMeriTe B BUJY, YTO YUTATEMN BCe OOMb-
11e 1 6O7IbIIIe MCIIOMb3YIOT OUCKOBBIE CI0BA (K/TI0UeBbIe
CI0Ba) /I HAXOXK/JEHNUs JIMTepPaTypbl, OMO3HABaeMble,
Croco6CTByIOLIME OUCKY TEPMUHBI U K/IIOYeBbIE CIIO0-
Ba (TIpeicTaB/IeHbl HA PYCCKOM UM aHITIMIICKOM fA3bIKaX)
JOJI>KHBI 6bITI) BK/IFOYE€HbBI B aHHOTALMIO, ‘-IT061>I Mak-
CUMaIbHO O6/IErdNTh YUTATETIO MOMUCK Balleil CTAaTbIL.
AHHOTAIA He TOKHA COIepPXKaTh SKCIIEPUMEHTaTbHbIe
JaHHbIE, COKPAIIEHVIA Vi CCBUIKY Ha JINTEPATYpY.

1.1.5. Bsederue

B nepBbix a63anjax OCHOBHOTO TeKCTa KPATKO 00-
CY)KZIaeTCsl M3BeCTHAA NUTepaTypHas MHQOPMALUA 110
MCCTIelyeMOMY BOIIPOCY, OOpaljaeTca BHUMaHMe Ha
Ba)KHOCTb 00CY)X/jaeMoil 06/1acTy 3HaHMA B KOHTEKCTE
MHTEPecoB uuTarenell XypHana. [lamee omnpenensiwor-
CAl HEJIOCTATKM M3BECTHBIX METOJOB, KOTOPbIe BaXKHO
yCTpaHI/ITb, n O6p]/ICOBI)IBa€TC${ IIEPCIEKTNBA, OTKpPbI-
BAIOIIAACA B C/IyYae YCIENIHOTO peLIeHus MpobyeM.
Bsezienne TOMKHO ACHO ¥ 9€TKO C COOTBETCTBYIOIIMMI
cchlIKaMy 0603HAYNTD TIPO6/IEMY, Iie/b, aKTyaTbHOCTh
MCCTIeOBAHMA U Iy TH €T0 PelleHNs.

1.1.6. Pesynvmamui u 06cysnoenue

3aTeM crefyeT 06CYANTD 1 0ODACHUTD IOTyYeHHbIE
B paboTe pe3y/mbTaThl, IPOAHATN3NPOBATD OCOOCHHOCTI
CUHTE3a, TPOJIeMOHCTPUPOBATH U 0OCYANTD BO3MOXKHbIE
orpaHnyeHysA. B Tekcre 06061a0TCA U PasbACHAIOTCA
TONBKO Te CIeKTpa/nbHble JaHHblE, KOTOpbIE JICIIONb-
3YI0TCA I TOATBEP)KAEHNUA CTPYKTYPbI HOTyYeHHBIX
coenuHennit. Ilepeyncienne OfHUX U TeX e NAHHBIX B
TeKCTe, TAONMIAX M Ha PUCYHKAX He Jomyckaercs. s
HOBBIX METOJIOB CHHTE3a JKeJaTebHO OOCYAUTh MeXa-
HU3M peakiym. OCHOBHOJ TEKCT CTaTbhyl 3aBepIIAeTCA
KPaTKMMM BBIBOJJAMM, KOTOPbIe He JO/DKHBI MOBTOPATD
AHHOTAINIO.

1.1.7. OxcnepumenmanvHas 4acmo

B mHauvazne sKcnepyMeHTaNbHONM YacTV HPUBOJATCA
Has3BaHMsA NpuOOPOB, Ha KOTOPBIX 3aperucTpupoBa-
Hbl (USMKO-XVIMMYECKNE XaPaKTePUCTUKM BEIECTB,
YKasbIBalOTCA MO0 MCTOYHMKM JCIOb30BAHHBIX He-
TPUBMAJIbHBIX peareHToB (HaIpMUMep, «KOMMepuYecKiue
MperapaTsl, HasBaHue GUPMBI»), 160 JAIOTCS CCBUIKU
Ha MeTOfMKM ¥X monyyerns. Kaxppiit maparpad skcre-
PMMEHTAbHOM 9acTy, ONMCHIBAIOINII MOTyYeHne KOH-
KPETHOTO COEMHEHV, JODKEH COflepKaThb ero IOTHoe
HanMeHoBaHMe 1o HoMmeHknarype UPAC u ero nopsn-
KOBBIIT HOMep. [I71 BceX BIiepBble CMHTE3MPOBAHHbIX CO-
eIMHeHMIT He0OXOIMO NPUBECTU [JOKA3aTeNbCTBA IIPU-
IIVIChIBAEMOTO UMM CTPOE€HMA M [TAaHHbBIC, ITO3BOIAIOLINE
CyauTb 06 MX MHAMBULYAIBHOCTU ¥ CTEIIEHV YMCTOTHL.
JI/1s1 M3BECTHBIX BEIIeCTB, CMHTE3MPOBAHHBIX OITyOHM-
KOBAHHBIM paHee MeTOJIOM, JO/DKHa OBITh IpMBefieHa
CCBIIKA Ha JIMTepaTypHble faHHble. Ecmyu, Mo MHeHMIo



pelieH3eHTa WINM PeJaKTOpa, HOBbIE COENUHEHVs He
ObLIN YIOB/IETBOPUTE/IBHO OXaPaKTEPM30BAHbI, CTAThs
He 6y]:[eT HpI/IHHTa K Ime4yaru. PeﬂaKTOp MOXXeT Hp]/IHHTb
CTaThi0, He COZIEPIKAILYI0 JAaHHbIE BCeX TpebyeMbIx (u-
3MKO-XMMUYECKNX [AapaMeTPOB HOBBIX COEMHEHMNIL,
€CIIV OH CYMTAET, YTO NPUBEJICHHBIE JaHHbIE JOCTATOY-
HBI J/LSL [JOKA3aTe/IbCTBA 0OCYXK/IaeMbIX IaHHbIX.

1.1.8. 3axnwuerue

Hy>xHo [1s1 MHTepIpeTanun U OTPAKEHUs HOBU3-
HBl ¥ 3HAYMMOCTU pPaGoThl. 3aKIOyeHMe He TOIDKHO
CyMMMpoBaTh MHPOPMALMIO yXKe IIPUCYTCTBYIOI[YIO B
TeKCTe VIV aHHOTAL[M.

1.1.9. Brazodaprocmu

CoTpySHIKOB, UMEIOLIVX OTHOLIEHNE K JaHHOI pa-
60Te, HO He aBTOPOB, MOKHO T100/IArOJapUTh B OT/IE/Ib-
HOM maparpade B KOHIle cTaTbi. brarogapHocTu gomx-
HBI OBITbH KPATKMMM 110 BO3MOXKHOCTH. Bce MCTOYHUKM
(MHAHCHPOBAHYS JOJDKHBI ObITH OTMEYEHDI.

1.1.10. IMocesweHus

IlepcoHarnbHble MOCBSIIEHVS MOAXOASIIIEr0 BUAA
MOFyT 6I)IT]) BK/JIIOYE€HbI KAaK CHOCKa B Ha3BaHUM CTa-
Tou. [TocBsamenns w6unesm (ot 60 u BbIlIE) U B CBA3K
C KOHYMHOI OYAyT paccMaTpyMBaThCs COOTBETCTBEHHO.
Jpyrue GpopMbI MOCBAIEHNIT JO/DKHBI OBITH 006pEHbI
IJIaBHBIM PEAKTOPOM >KypHa/Ia.

1.1.11. Bubnuozpaguueckue cColaKI U CHOCKLL.

OHI/I I OJI>KHBI 6I)IT]) HallMCaHbl B KOHII€ CTAaTbU U
HpOHyMepOBaHI)I,

1.2. Kpamxkue coobuierust (nucoma 6 pedaxuuro)

2. CTUNb U NPE3EHTALIMA

2.1. KpaTtkoctp

Cratbu JOJIKHbBI 6])ITb HalMCaHbl KPaTKO M JIAKO-
HI4HO. [TOBTOpeHMe ¥ yKpallaTe/lbCTBO MUIIHUMMU (He
HeoOXO#MMBIMY) CmoBaMu ¥ (pasamm He JONMYCTUMO.
YpesmepHOe MCIIONb30BaHME IMATPAMM U JyOIMpOBaHie
JIAHHBIX B TeKCTe, TaONMNIAX 1 PUCYHKAX He 0f00psAeTCs.

2.2. SIspIK

KypHan sBnAeTca ABYA3BIYHBIM (PYCCKMII U aH-
IIMICKUIT SA3BIK). ABTOPBI MOTYT ITIPUCBUIATB CTAThIO
TONBKO HAa OJHOM f3bIKe, KPOMe HEKOTOPBIX ITyHKTOB,
yKasaHHbIX HIDKe. Pefrakia 6epet Ha ces o6A3aTenn-
CTBO IIEPEBECTN BaI_LIY CTaTbhIO Ha I[pyI‘OIu/I sa3bik. Ormmata
3a my6nuKario cratby He 6epercs. Bee crarbu my6mn-
KyI0TCs 6€CITaTHO ITOC/Ie HAYYHOTO PeljeH3MPOBAHMA.

2.3. CokpaueHus

CrepyeT UCIIONb30BATh CTaH/JAPTHBIE COKPAILCHIA.
IIpy TepBOM MCIONb30BAHMY HECTAHJAPTHOTO COKpa-
I[eHVA, O/DKHO OBITh MPEICTABIEHO ero MOTHOE OIpe-
TieneHme.

3. PUCYHKU U TPAOUKU

3.1. IlogroroBKa pUCyHKOB

PyCyHKN JIO/DKHBI OBITH TIPEJCTAaB/ICHbl B OKOHYA-
TEIbHOM pa3Mepe TaK, YTOObI He TPe6OBaNIoCh NX pefjak-
TUPpOBaHNE. ABTOp OTBeYaeT 3a BHEIIHUI BU p]/ICyHKOB.

o Pucynku mo/mKHbI 6BITD B IIpefie/IaX OffHON KOJIOH-
ku (8,3 cM) i 1BOTTHOI KONOHKY (17,1 cM), HO He Bbllie
23,3 cm.

CooO0uIenns JO/DKHBL COfepKaTh M3NIOXKEHNe Cy-
I[eCTBEHHO HOBBIX PE3y/IbTAaTOB, METOLOB IPUMEHEHS,
HPefCTAB/IAOLIMX OO MHTEPeC, MM LieJIeHaIpaB-
JIEHHBIX VICCTIEOBAHMIL, TPeOYIOLINX 3aKpeIUIeH s IPK-
opurera.

1.2.1. Texcm

B mycbMax B pelaKIjio He MCIIONb3YIOTCS 3ar0I0B-
Ku gacreil. JJo3BOAIOTCA KpaTKue [AeTaju 9KCIepUMeH-
TOB, HO H€ BK/TIOYAKTCA JINHHBIE MHOTOC/IOBHBIC BBEIIE-
HUA N OGCY)KJ:[CHI/IH, I/[36I)ITO‘-IHI)IC OKCIIEpMMEHTAJIbHbIE
JeTasm, JOTafIKV U Ipefnonoxennsa. Heobxommmo skc-
HepYMEeHTa/IbHOE JI0Ka3aTelbCTBO, CHAOKEHHOE CChI/I-
KaMmm, YTOOBI OLIEHUTb PaboTy M JIs [ajbHelileil ee
y6/IMKaLUA B OTHETBHOM COLPOBOAUTENBHOM (aiite.

1.2.2. Ipaguxu u mabnuyol

IpadukoB 1 TabINIL HE JOMKHO OBITH MHOTO, TOJTBKO
Te, KOTOPbIE BXKHBI J/Isl TIOHMMaHMA CMbICTIA MH(OpMa-
VN,

1.3. O630psI

ABTOpBI, >KeTaloline omy611MKOBaTb 0030pHYI0 UL
MUHU-0030PHYI0  CMAMbI0, TOJDKHBI HPeJBAPUTEIHHO
COI/IACOBATD C PeaKIjyeil ee TEMATUKY, IIPEACTABUB pas-
BepHYTYI0 (1-2 CTpaHMIIbI) AaHHOTAINIO, COAEPKAIIYIO
CBefleHMs 00 OCHOBHBIX pasjieriax 0630pa, BpeMEeHHOM
Hepyoyie OXBaTa JIMTEPaTyPhl ¥ HPeAbIAYIINX 0630pax
110 JIAaHHOW TeMe.

0630p BO/KEH ObITH BCEOOBEMITIOLINM, KPUTHYE-
CKVM U OTIMChIBATh HOBEIIIe VICCIIeTIOBAHNA.

2.4. Vicmonb3oBaHme KypCcuBoB

VIHocTpaHHbIe croBa 1 (pasbl, TATUHCKME abbpeBua-
TYPbI JAIOTCA KYPCUBOM, HATIpUMep, in toto, in vivo, ca., cf.,
i.e. B Ha3BaHMAX XMMMYECKMX COEVMHEHNII MM paJiIKaioB
KYPCI/IBI)I I/[Cl'[OJ'Ib3yIOT JUTA HpMCTaBOK (OTIII/[‘-IaIO]J_[I/[XCH oT
HOMEPOB VIV CUMBOJIOB) KOTZia OHI OTIPEMETISIOT HOTOKe-
HIISl HA3BaHHbIX 3aMeCTITe/IeN VIU KOTIA OHM OTPENIeNIAT
CTepeou30Mepbl: IPyTHe IPUCTABKY MeYaTaIoOTCs Ha JIaTh-
HUILIE. (3aMeTI/IMI HavaJ/IbHbIE 3aIr7IaBHbIE 6YKBI)I He UCIIO/Ib-
3yIOTC$I C KYPCI/IBHI)IMI/[ HPI/ICTaBKaMI/I T HpI/ICTaBKaMI/I
C OJTHO 6y1<B0171: MYHKTYaIUs He CBsA3aHa C 6yKBeHHbIMI/I
npucraBkamn.) Hampumep, o-, m- u p-HUTPOTOMyON, HO
ortho-, meta- v para- coepyHenus (o-, M- ¥ p- VICTIONb3Y-
FOTCS TOJBKO /IS CIIELVa/IbHbIX Ha3BaHuMiL; ortho-, meta- u
para- MCTIONB3YIOTCA yIA Kacca coemyHenuit), N,N-au-
MeTWIAHWIVH, trans- u cis-bis(rmmyxaro)miatnaym(Il),
gem- U vic-TUOTBbl, 6EH3WT anti-OKCHM.

HasBanus JKYPHA/IOB M WX COKpAIlleHMs [Tal0TCA
KypCUBOM.

o Ipaduueckne pUCYHKN He HO/DKHBI OBITH Gosee
yeM 8X4 cM.

o CxeMbI 1 CprKTypr JOJI>KHBI 6])ITI) HapyCOBaHbI
TaK, YTOObI MOXKHO OBIZIO MCIONb30BATh OIMHAPHYIO U
TBOVIHYIO IIMPUHY KOTIOHKN.

3.1.1. Ipaguxu

i) noxme mpuMepbI
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Ipumep A

[Tpumep B

O6a npumepa Boiie (A u B) Hemb3st Xopouo Boc-
IIPOM3BECT M3-32 CIEAYIOLMX IPOOIeM:

« IIpumep A He obecreunBaeT XOPOLIEro paspelie-
HMA U pa3Mepa, II0OTOMY UTO SB/IAETCA HEsCHBIM U pac-
IUIBIBYATBIM B [IEYaTHOM BapyaHTe CTaTbhl.

« [Tpumep B:

— XKe/ITbIe IMHUM He BOCIIPOUSBONATCA YTKIMII;

— KpacHbIe 1 3e7IeHble — 9TO IIOXO0I BBIOOP, C HUBKOII
BUIMMOCTBIO, /I JIOJiEl, IZIOXO Pas/INYaioliiX [IBEeTa;

- B rpadMKax JIydile MCIOIb30BaTh IIPEPhIBICTBIE,
IIYHKTHPHBIE VI TOYEYHbIe TMHNIY, YeM BbIJie/IeHNe 1Be-
TOM;

- Haflo u3beraThb O/IeHbIX, ePeKPIBAIOLINX JIMHMUIT
7 HeOOBIYHBIX WIPUPTOB.

Kpome Toro, rpadmky HOKHBI OBITH IOTYYEHBI
C JCIIO/Nb30BAHMEM COOTBETCTBYIOLMX rpadudeckmx
KOMIIBIOTEPHBIX IIPOTPaMM.

ii) xopounit mpumep

IMTpumep C

ITpumep C 6yneT BOCIPOM3BOAUTHCSA XOPOLIO:

 U300paXkKeH e ABJIACTCSA YETKUM W ACHBIM JI/IA YN -
TaTensA U obecredynBaeT NpaBUIbHbIN pasMep (OAMHOY-
Has KoloHKa (8,3 cM) wau gBoiiHasg KonoHka (17,1 cm)
MIMPUHOIT);

o JIMHUM JIO/DKHBI OBITh 4ePHBIMH, afieKBATHBIMIU,
JOCTaTOYHOI TOMIIMHBI U KPYBBIE I/TABHBIMI;

o IIYHKTHUPHbIE, IPEPHIBUCTBIE U TOUYEUHbIE IMHUN U
IPOCTbIe TeOMeTPIYEeCKIe CUMBOJIBI UCIIONb30BATD JTy4-
11Ie, YeM IIBETHBIE;

 HamycaHye OyKB B rpayKax JO/DKHO OBITH 4yeT-
KIM, JJOCTaTOYHOTO pasmepa (Hampumep, mpudt Arial,
pasmep 10 muu Helvetica, ecniu Arial HeBo3MOXKeH);

o hopMarT eMHNL M3MepeHNs Ha IpaduKax JO/DKeH
COOTBETCTBOBATH yCIIOBHBIM 0603Hadernsim UPAC n uc-
IO/Ib3YeMbIM B CTAThe.
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3.2. ®ororpadum

o ®oTorpadun JOLKHEI OBITH XOPOIIErO paspelie-
Hust (MyHMMYM 300 dpi) pasymHOro pasmepa (He TakumM,
kak ¢oro A). JInunbie pororpaduu fOLKHEL ObITH 4 X 5
cM. Bee apyrue dpoTorpaduim [JO/KHBI COOTBETCTBOBATh
pasmepaM pucyHKoB (cM. pasgen 3.1).

« [Ipencrasiennue yepHo-6enbix Gpororpadmii xema-
Te/IbHee, YeM 1[BETHBIX.

IIBernsle ororpacdum OYAYT IPeLCTaBIEHbI TOTIb-
KO B 57IeKTPOHHOM BapyaHTe CTaThl.

3.3. XuMmyeckue CTpyKTypbl

CrpyxrypHas GopMysia O/DKHA OBITh UjeaTbHO Ha-
pUCOBaHa C MCIOMb30BAHMEM XMMUYECKIX KOMIIbIOTEp-
HbIX porpamum (Hanpumep, ChemDraw, ChemWindows,
ISIS/Draw), aHajormyHble Kak i >KypHano Royal
Society Chemistry (Apply Document Setting mo ymorn-
yauuio RSC).

doro B



3.4. IIpeacraBnenye peHTIeHOCTPYKTYPHOTO aHa-
nmsa

JlaHHBIE ~ PEHTIeHOCTPYKTYPHOTO  VMCC/IEOBAHNA
CefyeT NpPeACTaBAATb B BUJie PUCYHKAa MOJIEKY/BI C
HpOHYMepoBaHHBIMYU aTroMamy, Hampumep C(1), N(3)
(110 BO3MOYKHOCTY B IIPEJICTAaB/ICHNYI aTOMOB 3JITUIICO-
UJaMI TEIUIOBBIX KonmeGanmit). ITonHble kpucrammorpa-
duyeckne paHHble, TaGMUIBI KOOPAMHAT aTOMOB, [UIMH

4. XAPAKTEPUCTUKA HOBbIX COEAVHEHUI

4.1. OcHOBHOE PYKOBOJICTBO

OTBETCTBEHHOCTb aBTOPOB obecrednth Haubormee
HOJTHO JI0KA3aTe/IbCTBO MHAMBU/YATbHOCTH U UJCHTH-
buKanyy BceX COENVMHEHNIl, KOTOPble OHU 3asABJIAIT
KaK HOBBIE VI M3BECTHBIE COENMHEHN, HO IIONMyYeH-
Hble HOBBIM MeTOJOM. Jl0Ka3aTe/lbCTBO YMCTOTHI U MH-
IMBUIYTBHOCTI HEOOXO/VIMBI, YTOOBI YCTAHOBUTD, YTO
OIMCAHHBIE CBOJCTBA ¥ KOHCTAHTBI VIMEHHO Te, YTO Y
HOBOTO COE[MHEHMsA C 3asABJIEHHOI cTpykTypoit. Coe-
IVHEHMs PacCMaTpPMBAeTCsA KaK HOBOe (a), eCli OHO He
6b1710 IOy 4eHO paHee, (b) ecu OHO 6BIIO MOMTYYeHO pa-
Hee, HO IIJIOXO OYMIIEHO, (C) ecy OHO 6bIZI0 OYMIIEHO,
HO He aJIeKBaTHO 0OXapaKTepu3oBaHo, (d) ecnu paHee emy
6bi1a TIpuIMCaHa ommbOYHas CTPyKTypa mnu (e) ecin
9TO HPUPOLHBII MPOJYKT, BBIJIC/ICHHDIN MM OXapaKTe-
PU30BaHHbIIl B IIEPBbIN pas.

71 BCeX BIIepBbIe CHTE3MPOBAHHbIX COCIMHEHMI
HeOOXO/IVIMO TIPMBECTH [IOKa3aTelbCTBA MPUIMCHIBAC-
MOTO MM CTPOEHN ¥ JaHHbIE, [03BOLAIONINE CYIUTD 06
VX MHAMBU/YATbHOCTH ¥ CTEIIEHN YMCTOTHL B wacTHO-
CTH, JO/DKHBI OBIT TIPEICTAB/IEHBI JAHHbIE 9/IeMEHTHO-
TO @HA/IM3a WM MacC-CIIEKTPhI BHICOKOTO PaspelleHus
n crexrpsl SIMP 'H n *C. ]l M3BeCTHBIX BeIeCTs,
CUHTE3VPOBAHHBIX OITyO/IMKOBAHHBIM paHee METOLOM,
IO/DKHA OBITH IIPYBENieHa CChITKA Ha JIMTEPaTypHbIe JaH-
Hble. [l M3BECTHBIX BEIIECTB, IIOMYYEHHBIX HOBBIMU
W MOFMUIMPOBAHHBIMY METOJIAMM, JO/DKHBI OBITH
HpefcTaBIeHbl UX (uUsMYecKue U CIEKTpanbHble Xa-
PaKTepUCTUKM, VICIONb30BAHHbIC JUIA IIOTBEPIKICHMS
UJIGHTUYHOCTY CTPYKTYPbI, METOJ, CHHTE3a U CChIIKa Ha
JINTEePaTypPHBIE JaHHBIE.

4.2. XapakTepuCTMKa B PaMKax XWMITYeCKOI
6uomornn

Korya coenHeHnA CUHTE3UPYIOTCS I UCTIBITAHMA
B OMIO/IOTMYECKUX CUCTEMaX, JO/DKHO OBITh 00ecredeHo
JIOCTaTOYHOE JI0KA3aTebCTBO YVMCTOTBI U MJEHTUYHO-
CTH, TaKoe, YTOOBI Pe3y/IbTaThl 9KCIEPUMEHTA ObIIN
HPaB/MBbL.

ABTOpBI JIO/DKHBI JIaTh CTPOTOE JJOKa3aTelbCTBO
YUCTOTBI U UAEHTUMUKALMY ONMCAHHBIX OMOMOTIEKYIL.
Metopipl, MpyMMeHseMble I MAEHTUPUKALMMI: Macc-
crekTpomeTpus, LC-MS, naHHBIe IOC/IEIOBATEILHOCTI
(m1s1 6E/IKOB U ONIMTOHYK/ICOTHIOB), BBICOKOTO paspelie-
uust 'H i *C SIMP, X-ray kpucramtorpadust. Yncrora
JO/DKHA OBITh YCTAHOBJIEHA OJTHMM MU Goee MeToza-
mit: HPLC, renp a71eKTpodope3soM, KanmULPHBIM 37TeK-
Tpodopesom, Beicokoro paspemerns 'H mm *C SIMP.
KOHTpO/Ib IOC/IeOBATeNIPHOCTY TakXKe HEOOXOMM B
ClTydae HyK/IEMHOBBIX KVMC/IOT, BK/TIOYas MOJIEKY/IAPHYIO
6uornornio.

CBAA3€ll U BaJIGHTHBIX YIJIOB, TeMIlepaTypHble (GaKTOpbI
B JKypHajle He IyOMMKYIOTCsA, a enoHupyiorcs B Kem-
6pumKCKOM 6aHKe CTPYKTYPHbIX JaHHBIX (B CTaThe yKa-
3BIBAETCS PErMCTPALMOHHBII HOMEpP HENOHEHTa) WIN
IpUBOAATCA B paiiyie CONPOBOAUTENbHOI MH(OPMALIMIL.

3.5. IIBeTHbBIE PUCYHKM

IIBeTHBIE PUCYHKHM OYAYT HPeCTaBIeHbl TOMBKO B
97IEKTPOHHOM BapaHTe CTATbI.

4.3. VIzno)xeHne SKCIepMMEeHTaTbHbIX JAHHBIX

JlaHHbBIe [/IA MHIVBUILYaTbHBIX COCMHEHNIT JOMK-
HbI OBITD IOC/IE €r0 Ha3BaHNA, CTIEfYA 3a ONMCAHMEM €ro
nonydenns. Bom nopsook, 8 xomopom 00micHbL Obimb
npusedervl Haubonee oOujue OaHHvLe 0715 HOB020 COeOUHe-
HUA: BBIXO]I, TeMIIepaTypa IIaB/IeHNs, ONTHYECKOoe Bpa-
IeHNe, II0Ka3aTe/lb IIPeIOM/ICHM, S7IeMeHTHDII aHa/IN3,
YO, VIK, AMP cnexTp, Macc-criekTp. COOTBETCTBYIOIIIE
06pasIIbl 1A IUTHPOBAHNUA KKJOTO CIeyIOLIye.

4.3.1. Boixoo

B KpyI/bIX cKOOKax IOC/Ie Ha3BaHUA COEIVMHEHNs
(nmm ero sxBuBazmeHTa). Bec m mpoleHT pasmendnTca
3anATol, Hanpumep the lactone (7.1 1, 56 %).10

4.3.2. Temnepamypa nnaeneHus

B Buge mp 75 °C (u3 EtOH), Hanpumep pactBopu-
TeJb /1A KPYCTA/UIM3AIMY B KPYTIbIX CKOOKaX.

4.3.3. Onmuueckoe spaujeHue

EyHMIIBI N3MepeHMs HO/DKHBI OBITh YKa3aHbl B Ha-
Jajie 9KCIePYMeHTaNbHOI yacTy, Hanpumep [a]D sHa-
yenns pael B 107! rpap. cm? r'. [TokasaHsl B Buje [a]
o> —22.5 (¢ 0.95 B EtOH), Hanpumep, KOHIIEHTPAIA 1
PacTBOPUTENb B KPYIMIBIX CKOOKaAX.

4.3.4. Iloxazamenv nperomneHus

Man B Bupe 1, 1.653.

4.3.5. Onemenmmolli aHAIU3

JIIst omyMcaHMA 9/MIEMEHTHOTO aHalu3a HOIXONAT
o6e dopwmbr (Haitneno: C, 63.1; H, 5.4. C ,H NO, ne-
obxomumo C, 63.2; H, 5.3 %) u (Haitgeno: C, 62.95; H,
5.4. Berancreno s C ;H NO,: C, 63.2; H, 5.3 %). s
UAHTU(UKALNY HOBBIX COENVIHEHNUIT TOYHOCTD aHa/IM-
3a B npefienax +0.3 %, ¥ B 0COOBIX CITyyasx, B Ipefieniax
+0.5 %, ec/mu BK/TIOYEH MOJIEKY/IAPHBIIL BEC, TO COOTBET-
crByromas ¢opma takas: [Haitgeno: C, 63.1; H, 5.4 %;
M (macc-cniektp), 352 (mm mpocto M*, 352). C .H NO,
Heobxomumo C, 63.2; H, 5.3 %; M, 352].

4.3.6. YO-cnexkmp

Mansr B Bupme A (EtOH)/mm 228 (e/Mm Momp™ em™
40 900), 262 (19 200) n 302 (11 500). ITepern6sr u rIe-
41 0603HavaTcs Kak 228infl or 262sh. AnprepHaTnBHO
MOJXET OBITH VMCIIONMb30BaHa 1 Ciefyommas gopma: \
(EtOH)/um 228, 262 u 302 (¢/mn monb™ cm! 40 900, 19
200 1 11 500). log & moxcem 6vimv emecmo e.

4.3.7. UK-cnexmp

Kak cnemyromee: v /cv™' 3460 n 3330 (NH), 2200
(conj. CN), 1650 (CO) and 1620 (CN). Bug curnana (s,
W, Vs, br) Mo>keT 6bITh TOKa3aH f06aB/IsseMbIMY GyKBaMI
(nampumep, 1760vs).

4.3.8. Cnexmpot AMP 'H u "*C IIMP

JTo/DKHBI OBITh YKa3aHbl pabodas 4acToTa mpnbopa,
VICIIONIb30BAHHBIN CTAH/APT M pacTBOpUTenb. Ecim s
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criekTpoB SIMP B KadecTBe cTaHapTa MCIOIb3YeTCA He
TMC, crenyeT ykasaTh XMMWYeCKIII CIBUT CTaHZapTa B
mikae .

HHFI BCexX CHeKTpOB TOJI>XHBI 6BITI) VICIIO/ZIb30BAaHbI
3HayeHus O, C yKasaHUeM IHOACTPOYHO sfiep, eCu He-
obxommmo (Hampumep, 8, §.). O603HaYeHNS KOHCTAHT
CBA3bIBAHNA TO/IXKHBI 6])ITI) JAHbI B Ha4yajie 3KCHCPI/IMCH—
Ta/IbHOI YacTu, Hanpumep, J sHadeHus ganbl B Hz. Ha-
npumep: §,(100 MHz; CDCL; Me Si) 2.3 (3 H, s, Me), 2.5
(3H,s, COMe), 3.16 (3 H, s, NMe) u 7.3-7.6 (5 H, m, Ph).
IIIvpoxmit CUTHAT MOXeT OBITH 3aMucaH Kak br, Hampu-
Mmep 2.43 (1 H, br s, NH). 11 0603Ha4eHMs IO/IOKEH s
aTOMOB BOJIOPOJA CIEAyeT MCIIOb30BATh 0003HAYEHMS
tuma H-3, H-2,6 (311 apoMaTuuecKux IIPOTOHOB) MU
3-CH, 4,5-CH, (nna amudarmyecknx mporonos). ITpo-
TOHBI B COCTaBe CJIIOJKHBIX prHH, K KOTOpI)IM OTHOCUT-
CsA CUTHAJ, ClefyeT MOAYEPKHYTb CHU3y - 3.17-3.55
(4H, m, N(CH,CH,),); 1A TOMOXKEHNs 3aMecTUTenelt
ucronb3oBarh obosnavenns 3-CH,; ansa o6osHaveHns
nonoxeuns atoMmos — C-3, N-4 u 1. 1. Ecnu kakoit-nm6o
CUTHAaI B cneKTpe OIIMCBhIBACTCA KakK le6neT, Tp]/[rUIeT,
ny6ret fy6meToB 1 T. 1. (a He CUHIIET VI MY/IBTUIUIET),
HeobxozmMo npusectu coorsercTBytone KCCB. Ecn
NIPOBEJIEeHbI JOMONTHUTEIbHbIE MCCIEeOBAHNA /A yCTa-
HOBJIGHUSI CTPOEHVA WM ITIPOCTPAHCTBEHHBIX B3al-
MOJIC/ICTBUII aTOMOB, JO/DKHBI ObITh YKa3aHBI VICIIONb-
30BaHHBIE IByMepHbIe METOAbL. B omcaHmm criexTpoB
SMP "C orHeceHMe KOHKPETHOTO CUTHa/a K KOHKPeT-
HOMY aTOMY yI7Iepojia IPUBOAMTCA TOMBKO TOIIA, KOT/A
oIIpefie/ieHNe TIPOBeIeHO Ha OCHOBAHNM JIBYMEPHBIX 9K-
CIIepUMEHTOB.

ITpumeput 3anucu

Crnextp AMP 'H (400 MIu, CDCL), §, m. p.
(J, Tw): 0.97 (3H, 1, ] = 7.0, CH,); 3.91 (2H, x, ] = 7.0,
COOCH,); 4.46 (2H, 1, ] = 6.1, NCH,); 7.10-7.55 (9H,
v, H-6,7,8, NHCH,C H,); 7.80 (1H, ¢, H Ar); 7.97 (1H,
¢, H-5";8.13 (1H, 1. 1, ] = 8.2,] = 2.3, H-5); 11.13 (1H, ,
NH). Crextp SIMP “C (100 MI, IMCO-d6), §, m. &. (J,
Iy): 36.3 (CH,CH,); 48.5 (C-5); 62.3 (CH,CH,); 123.0 (C
Ar); 125.8 (1, 2JCF = 26.1, C-3',5' Ar); 128.9 (C Ph); 134.4
(C-5a); 168.3 (C=MO).

4.3.9. [lannvle macc-cnexmpomemupuu

Jatorca B Busie: m/z 183 (M*, 41%), 168 (38), 154 (9),
138 (31) u . 1. MoJIeKy/IsIpHbIIT MIOH MOKET OBITH OIpe-
JleTIeH Kak 1mokasaHo. CpaBHUTENbHbIC MHTEHCHUBHOCTI B
KPYIVIBIX CKOOKaX (% TO/bKO OfH pa3 BK/I0YeHO). [Ipy-
e IPYIIIbI MOTYT OBITh BKTIOYEHbI B BUfie m/z 152 (33,
M - CH,CONH,). MeractabunbHbie MUK MOTYT GBITH
HamucaHbl Tak: M* 160 (189>174), 147 (176>161) u . 1.
Jlomxken 6piTh ykasaH tum crektpa (field desorption,
electron impact, u 1. 11.). TouHble Macchbl, HeOOXORMMBIE
mnA ueneit uieHTUKAINY, JO/KHBL OBITh B IIpefenax
5 ppm (EI n CI) mmn 10 ppm (FAB nmu LSIMS).

4.3.10. Jlumepamyprole cColAKu

JIo/KHO ObITH CpaBHEHUE C IUTEPATYPHBIMM 3HA-
YeHISAMH B KPYITIBIX CKOOKax, Harpyumep mp 157 °C (13
xnopodopma) (mut.,” 156 °C), mm v /em 2020 m 1592
(nmut., 2 2015 1 1600).

4.3.11. Skcnepumenmol, 6KAIOUANOU4UE MUKPOOP2d-
HU3MbL

Il paboT, BKIIOYAIOUIMX MMKPOOPTaHM3MBI, [i0-
CTAaTOYHO JIeTa/bHO HYXXHO ujeHTuduInposarb uc-
TI0/Tb3yeMbIe BYIbI.

5. BUBJIMOrPAOUYECKUE CCbIIKK, 3AMEYAHUA U CHOCKU

CIICOK MCIIONIb30BAHHOI INTEPATYPbl HyMepyeTcst
B IIOpSA/JIKe YIIOMUHAHMA B TEKCTe U IeYaTaeTcs C yKa-
3aHMeM MHUIMAIOB U GaMMINii BCeX aBTOPOB, HEJIOIy-
cruma ¢pasa et al. Bce ccpUIKy JAl0TCA B OPUTMHATILHON
TPAHCKPUIILVIL.

IToxasnyiicra, ucroneayiitre Vancouver reference style
JULSA CCBIIOK.

5.1. JKypnanb1

Crunp ab0peBuaryp >KypHaja, HCIOIb3YeMbIX B
ny6mkanusx, onpegenes B Chemical Abstracts Service
Source Index (CASSI). See http://www.cas.org/expertise/
cascontent/caplus/corejournals.html.

Ecnu BBl He MOYXKeTe OIpefIeNUTh aBTOPCKYI0 ab6pe-
BUATYPY J/Is )KYPHAJIa MM He O4eBUIHO, KaKOIT JO/DKHA
6bITh a00peBMaTypa Ha3BaHMA, TIOKATYIICTA, LUTUPYIiTe
OJTHOE HasBaHMe.

Bubmorpadmyeckne JaHHbIE IUTUPYIOTCA IO IO-
PANKY: TOH, TOM, cTpanuia. O0A3aTeNbHO MPUBOJUTCA
Homep DOI (Digital Object Identifier) (npn namrdnn),
Harnpumep:

1. Moczo J., Pukanszky B. Polymer micro and
nanocomposites: Structure, interactions, properties
(Review). Journal of Industrial and Engineering Chemistry
2008;14(5):535-563. DOI: 10.1016/j.jiec.2008.06.011.
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5.2. Kuurn

J. Barker, in Catalyst Deactivation, ed. B. Delmon and
C. Froment, Elsevier, Amsterdam, 2nd edn., 1987, vol. 1,
ch. 4, pp. 253-255.

5.3. IlateHTHI

Br. Pat., 357 450, 1986. US Pat., 1 171 230, 1990.

5.4. Coo6umienns, Gro/IeTenn u 1. Ji.

R. A. Allen, D. B. Smith and J. E. Hiscott, Radioisotope
Data, UKAEA Research Group Report AERE-R 2938,
H.M.S.0., London, 1961.

5.5. Marepuaisl, HpecTaBIeHHbIe HA KOH(pepeH-
AX

H. C. Freeman, Proceedings of the 21st International
Conference on Coordination Chemistry, Toulouse, 1980.

5.6. Iucceprammsa

A. D. Mount, Ph.D. Thesis, University of London,
1977.

5.7. CCBUIKM Ha HEOMyOIMKOBAHHBIIT MaTepHat

Jlyist MaTepuajioB, NpeACTaBIEHHBIX Ha KOH(epeH-
LVSIX, KOHTPeccax U T. i, HO He ONyO/IMKOBaHHbIX, VUC-
0/Ib3yeTCsl CrIefyomas popma.

A.R.Jones. Presented in part at the 28th Congress of
the International Union of Pure and Applied Chemistry,
Vancouver, August, 1981.



Jlst MarepuanoB, OfOOPEHHBIX Wi IyOIMKaLum,
HO ellje HeOoNyO/IMKOBAaHHbIX, MCIIOJIb3yeTCsl CIeyIOIast
¢dopma:

A. R. Jones. Dalton Trans., 2003. DOI: 10.1039/
manuscript number.

Ecim DOI usBecTHbI, OHI [JO/DKHBI ObITH ITPUBEJe-
HBL.

/st MaTepuasoB, IpeCTaBIeHHbIX Ha PACCMOTpe-
HIe, HO II0OKa He NPUHATHIX, MCIIONb3YeTC sl CIeyIoLast
¢dopma:

A. R. Jones, Angew. Chem., submitted.

1151 IepCOHAIbHBIX COOOIeHMIL:

G. B. Ball, personal communication.

Ecnu matepuat JO/DKeH ObITh OIyO/INMKOBAH 1 yKe
paccMoTpeH, ciaeayomast GopMa UCIIONb3YeTCs:

G. B. Ball, unpublished work.

CcpUIKa Ha HeOIyO/IMKOBAaHHYI paboTy He HO/DKHA
6bITB 6e3 paspellieH s TeX, KTO BBIIOJIHSIL JAHHYIO0 paboTy.

5.8. IIporpammHoe obecrevenne

F. James, AIM2000, version 1.0, University of Applied
Sciences, Bielefeld, Germany, 2000.

T. Bellander, M. Lewne and B. Brunekreef,
GAUSSIAN 3 (Revision B.05), Gaussian Inc., Pittsburgh,
PA, 2003.

5.9. Online-ucroynuk (BKmroyas 6asbl JaHHBIX)

IMoxanyiicTa, OoTMedYailTe Hambomee BaXKHYI MH-
¢dopmaruo, Bxrodanoiyio I'KIT 1 6a3bl faHHbIX.

1. The Merck Index Online, http://www.rsc.org/
Merck-Index/monograph/mono1500000841, (accessed
October 2013).

2. ChemSpider, http://www.chemspider.com/
Chemical-Structure.1906.html, (accessed June 2011).
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Preparing your article for submission

1. ORGANISATION OF MATERIAL

Presented instructions for authors are similar to ones
for RSC journals.

Article templates can be found at: http://www.rsc.
org/Publishing/Journals/guidelines/ AuthorGuidelines/
AuthoringTools/Templates/index.asp

1.1. Full papers

Publication should be written briefly, carefully edited
by the authors, it should include all the necessary parts,
and be easily comprehensible, and study results should be
clearly intelligible and reproducible.

The journal is bilingual (English and Russian). Au-
thors can submit a paper in one language only, except
for certain items listed below. Editorial board takes the
responsibility for translating your article into another
language. Payment for the publication of a paper is not
taken. All papers are published at no charge to the au-
thors after scientific review.

1.1.1. Title

The text of the manuscript begins with the title of
the paper, which should attract the maximum reader's at-
tention, fully and accurately describe the content of the
article, but at the same time be short and clear. Lengthy
systematic names and complicated and numerous chemi-
cal formulae should therefore be avoided where possible.
The use of abbreviations in a title should be avoided as
well. If the publication is a serial communication, its title
is complemented by a footnote (to the serial number of
the communication), giving reference to the preceding
work, for example "Communication 8 see 1". Serial com-
munications are numbered in Arabic numerals.

1.1.2. Author names

Full names for all the authors of an article (in Rus-
sian and English transcription) should be given. To give
due acknowledgement to all workers contributing to the
work, those who have contributed significantly to the re-
search should be listed as co-authors. On submission of
the manuscript, the corresponding author attests to the
fact that those named as co-authors have agreed to its
submission for publication and accepts the responsibility
for having properly included all (and only) co-authors.
The corresponding author signs a copyright licence on
behalf of all the authors.

1.1.3. Table of contents entry

This entry may include a colour image (figure,
graphic) (no larger than 8 cm wide and 4 cm high), and
20-30 words of text that highlight the main aspects of
your work.

Graphics should be as clear as possible, simple sche-
matic diagrams or reaction schemes are preferred to
ORTEP-style crystal structure depictions and compli-
cated graphs. All lettering on the image should be written
in English.

1.1.4. Abstract

Every paper must be accompanied by a summary
(120-250 words) setting out briefly and clearly the main
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objects and results of the work; it should give the reader
a clear idea of what has been achieved. The summary
should be essentially independent of the main text; how-
ever, names, partial names or formulae of compounds
may be accompanied by the numbers referring to the
corresponding displayed formulae in the body of the
text. Please bear in mind that readers increasingly use
search engines (keywords) to find literature; recognisa-
ble, searchable terms and keywords (presented in Russian
and English) should be included in the abstract to enable
readers to more effectively find your paper. The abstract
should not include any experimental data, abbreviations
and references to literature.

1.1.5. Introduction

In first paragraphs of the main text known literary
information on the research question is briefly discussed,
attention to the importance of this field of knowledge in
the context of reader’s interests is drawn. Further disad-
vantages of the known methods, which are important
for eliminating, are defined, and the prospects offered in
the case of successful problem solving are outlined. The
introduction should clearly and briefly, with relevant re-
ferences identify the goal, the relevance of research, the
problem and ways to resolve it.

1.1.6. Results and discussion

Then it is necessary to discuss and explain the results
obtained in the research, to analyze the synthesis features,
demonstrate and discuss possible limitations. The text
summarizes and explains only those spectral data which
are used to confirm the structure of the compounds ob-
tained. Recitation of the same data in the text, tables and
figures is not allowed. For new methods of synthesis, it is
desirable to discuss the reaction mechanism. The main
text of the paper concludes with brief conclusions that
should not repeat the abstract.

1.1.7. Experimental

Instruments used for obtaining physicochemical
characteristics of the substances should be provided at
the beginning of the experimental section, sources of the
nontrivial reagents used should be specified (e.g., "com-
mercial preparations, name of the company") or refer-
ences for their synthesis should be given. Each paragraph
of the experimental section describing the preparation of
the particular compound should contain its full name ac-
cording to IUPAC rules and its serial number. Adequate
evidence of the structure attributed to newly synthesized
compounds and data confirming the identity and degree
of purity of these compounds should be presented. For
known substances synthesized by previously published
method a link to the published data should be provid-
ed. If, in the opinion of the reviewer or editor, the new
compounds have not been adequately characterized, the
article will not be accepted for publication. The editor
can take an article that does not contain all the required



physicochemical parameters of the new compounds, if he
believes that the given data are sufficient.

1.1.8. Conclusion

This is necessary for interpretation and to highlight
the novelty and significance of the work. The conclusion
should not summarise information already present in the
text or abstract.

1.1.9. Acknowledgements

Contributors other than co-authors may be acknowl-
edged in a separate paragraph at the end of the paper;
acknowledgements should be as brief as possible. All
sources of funding should be declared.

1.1.10. Dedications

Personal dedications of an appropriate nature may be
included as a footnote to the title of the paper. Dedica-
tions for significant birthdays (from 60 years onwards)
and in memoriam dedications would be considered ap-
propriate. Other forms of dedication should be approved
by the chief editor.

1.1.11. Bibliographic references and notes

These should be listed at the end of the manuscript
in numerical order.

1.2. Communications

Communications should contain a summary of sub-
stantially new results, application methods, of common

2. STYLE AND PRESENTATION

2.1. Brevity

Papers should be written clearly and concisely. Rep-
etition or embellishment with unnecessary words or
phrases is not allowed. Excessive use of diagrams and du-
plication of data in text, tables and figures is discouraged.

2.2. Language

The journal is bilingual (English and Russian). Au-
thors can submit a paper in one language only, except
for certain items listed below. Editorial board takes the
responsibility for translating your article into another
language. Payment for the publication of a paper is not
taken. All papers are published at no charge to the au-
thors after scientific review.

2.3. Abbreviations

The use of common or standard abbreviations is en-
couraged. If non-standard abbreviations must be used
these should be defined at the first use.

3. FIGURES AND GRAPHICS

3.1. Preparation of figures and graphics

Artwork should be submitted at its final size so that
reduction is not required. The appearance of graphics is
the responsibility of the author.

« Figures and graphics should fit within either single
column (8.3 cm) or double column (17.1 cm) width, and
must be no longer than 23.3 cm.

o Graphical abstracts should be no larger than 8 x
4 cm.

» Schemes and structures should be drawn to make
best use of single and double column widths.

3.1.1. Graphs

i) bad examples

interest or task-oriented research that require establish-
ing priority.

1.2.1. Text

No section headings are used in Communications.
Brief details of key experiments are permitted but lengthy
introductions and discussion, extensive data, and exces-
sive experimental details and conjecture should not be
included. The experimental evidence supplied by refer-
ences is necessary for the assessment of the work and for
eventual publication in a separate supplementary file.

1.2.2. Figures and tables

Figures and tables should be kept to a minimum
and only those which are essential to understanding the
Communication.

1.3. Reviews

Authors wishing to publish a review or a mini-review
paper, should prior approve its topic with the editorial
board of, presenting a detailed (1-2 pages) annotation
containing information on the main sections of the re-
view, a time period coverage of literature and previous
reviews on the topic.

The review should be comprehensive, critical and de-
scribe the latest research.

2.4. Use of italics

Foreign words and phrases and Latin abbreviations
are given in italics: e.g., in toto, in vivo, ca., cf., i.e.

In the names of chemical compounds or radicals ital-
ics are used for prefixes (other than numerals or symbols)
when they define the positions of named substituents, or
when they define stereoisomers: other prefixes are printed
in roman. (Note: Initial capital letters are not to be used
with italic prefixes or single-letter prefixes: full stops are
not to be associated with letter prefixes.) For example, o-,
m- and p-nitrotoluenes, but ortho-, meta- and para- com-
pounds (o-, m- and p- are used only with specific names;
ortho-, meta- and para- are used with classes), N,N-di-
methylaniline, trans- and cis-bis(glycinato)platinum(II),
gem- and vic-diols, benzil anti-oxime.

The names of journals or their abbreviations are set
in italics.

Both examples above (A and B) will not reproduce
well due to the following problems:

» Example A has not been provided at the required
resolution and size so it will appear unclear and blurry
in the final paper.

» Example B:

— yellow lines will not appear faint

- red and green are bad choices, with low visibility,
particularly to colour-blind people

— in graphs, broken, dashed and dotted lines should
be used rather than colour

- faint writing, overlapping writing and unusual
fonts should be avoided

ii) good example
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Example A

Example C will reproduce well:

« Image is legible and clear to the reader as it has been
provided at the correct size [single column (8.3 cm) or
double column (17.1 cm) width].

o Lines should be black, of an adequate and even
thickness (e.g. 1 pt) and curves should be smooth.

« Broken, dashed, dotted lines and simple geometric
symbols: such as should be used rather than colour.

« Lettering used in graphics should be legible at the
required size (e.g. 7 point Arial font or Helvetica if Arial
is unavailable).

« The format of units in graphics should conform to
TUPAC convention and be consistent with those used in
the paper.

3.2. Photographs

« Photographs should be provided at the best reso-
lution available (minimum 300 dpi) at a reasonable size
(unlike Photo A). Biography photographs should be
40 mm x 50 mm. All other photographs should conform
to the regular figure sizes (see section 3.1).

« Reproduction of black and white photos is far supe-
rior to that of colour photos.

Colour photos reproduction will be provided only
online.

3.3. Chemical Structures

Structural formulae should ideally be prepared with
chemistry drawing software (e.g. ChemDraw, ChemWin-
dows, ISIS/Draw), similar to Royal Society Chemistry
journals (Apply as Document Setting default RSC).

Example B
LA 7 '675°C " '
.01 F 4
02k
03 E
-0,05B
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0sE =
06 F 4
1 1 1 1 1
0 05 1 15 2
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Example C

3.4. Crystal structure images

The data of X-ray analysis should be presented as
a picture of the molecule with numbered atoms, for ex-
ample C(1), N(3) (to present atoms as ellipsoids of the
thermal vibrations if possible). Complete crystallograph-
ic data, tables of atomic coordinates, bond lengths and
valent angles, temperature factors will not be published in
the journal, and are deposited in the Cambridge structur-
al data bank (the registration number of deposited struc-
ture should be indicated in the paper) or are presented in
the supplementary file.

Photo A
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3.5. Colour figures
Colour figure reproduction will be provided only
online.

4. CHARACTERISATION OF NEW COMPOUNDS

4.1. General guidance

It is the responsibility of authors to provide fully
convincing evidence for the homogeneity and identity of
all compounds they claim as new, or known compounds
made by a new method. Evidence of both purity and
identity is required to establish that the properties and
constants reported are those of the compound with the
new structure claimed.

A compound is considered as new (a) if it has not
been prepared before, (b) if it has been prepared before
but not adequately purified, (c) if it has been purified but
not adequately characterized, (d) if, earlier, it has been as-
signed an erroneous constitution, or (e) if it is a natural
product isolated or synthesized for the first time.

For all newly synthesized compounds it is necessary
to provide evidence of the structure attributed to and
data confirming the identity and degree of purity of these
compounds. In particular, the elemental analytical data
or high-resolution mass spectra as well as 'H or *C NMR
spectra should be presented. For known substances syn-
thesized using previously published methods a link to the
published data should be given. For known substances
obtained by new or modified methods their physical and
spectral characteristics used to confirm the identity of the
structure, method of synthesis and the reference to the
literature data should be presented.

4.2. Characterisation within chemical biology

Where compounds are synthesised for testing in bio-
logical systems, sufficient evidence for purity and identity
must be provided such that the results of the experiment
may be trusted.

Authors should provide rigorous evidence for the
identity and purity of the biomolecules described. The
techniques that may be employed to substantiate iden-
tity include mass spectrometry, LC-MS, sequencing data
(for proteins and oligonucleotides), high field 'H or *C
NMR, X-ray crystallography. Purity must be established
by one or more of the following: HPLC, gel electrophore-
sis, capillary electrophoresis, high field 'H or *C NMR.
Sequence verification also needs to be carried out for nu-
cleic acid cases involving molecular biology.

4.3. Presentation of experimental data

Data associated with particular compounds should
be listed after the name of the compound concerned,
following the description of its preparation. The follow-
ing is suggested as the order in which the most commonly
encountered data for a new compound should be cited:
yield, melting point, optical rotation, refractive index, el-
emental analysis, UV absorptions, IR absorptions, NMR
spectrum, mass spectrum. Appropriate formats for the
citation of each are as follows.

4.3.1. Yield

In parentheses after the compound name (or its
equivalent). Weight and percentage are separated by a
comma, e.g. the lactone (7.1 g, 56 %).

4.3.2. Melting point

In the form mp 75 °C (from EtOH), i.e. the crystalli-
zation solvent in parentheses. If an identical mixed melt-
ing point is to be recorded, the form mp and mixed mp
75 °C is appropriate.

4.3.3. Optical rotation

The units should be stated in the preamble to the Ex-
perimental section, e.g. [a], values are given in 107" deg
cm’ g, Shown in the form [a] ** -22.5 (¢ 0.95 in EtOH),
i.e. concentration and solvent in parentheses.

4.3.4. Refractive index

Given in the form 1> 1.653.

4.3.5. Elemental analysis

In the presentation of elemental analyses, both forms
(Found: C, 63.1; H, 5.4. C ,H NO, requires C, 63.2; H,
5.3 %) and (Found: C, 62.95; H, 5.4. Calc. for C ;H ,NO,:
C, 63.2; H, 5.3%) are acceptable. For identification pur-
poses for new compounds, an accuracy to within +0.3%
is expected, and in exceptional cases, to within +0.5%
is required. If a molecular weight is to be included, the
appropriate form is: [Found: C, 63.1; H, 5.4%; M (mass
spectrum), 352 (or simply M+, 352). CH ,NO, requires
C, 63.2; H, 5.3%; M, 352].

4.3.6. UV absorptions

These are given in the form A _(EtOH)/nm 228
(e/dm® mol™ cm™ 40 900), 262 (19 200) and 302 (11 500).
Inflections and shoulders are specified as 228infl or
262sh. Alternatively the following form may be used: \
(EtOH)/nm 228, 262 and 302 (¢/dm3 mol™ cm™ 40 900,
19 200 and 11 500). log € may be quoted instead of e.

4.3.7 IR absorptions

As follows: v /cm™ 3460 and 3330 (NH), 2200
(conj. CN), 1650 (CO) and 1620 (CN). The type of sig-
nal (s, w, vs, br) can be indicated by appended letters (e.g.
1760vs).

4.3.8 NMR data

Instrument frequency, solvent, and standard should
be specified. If the used standard for NMR spectra is not
TMS, the chemical shift of such standard should be in-
dicated.

For all spectra § values should be used, with the nu-
cleus indicated by subscript if necessary (e.g. 8, 8.). A
statement specifying the units of the coupling constants
should be given in the preamble to the Experimen-
tal section, e.g. J values are given in Hz. For example:
8,(100 MHz; CDCl,; Me,Si) 2.3 (3 H, s, Me), 2.5 3 H,
s, COMe), 3.16 (3 H, s, NMe) and 7.3-7.6 (5 H, m, Ph).
A broad signal may be denoted by br, e.g. 2.43 (1 H, br
s, NH). To indicate the position of the hydrogen atoms
notations as H-3, H-2,6 (for aromatic protons) or 3-CH,
4,5-CH2 (for aliphatic protons) should be used. Protons
in complex groups to which a signal can be assigned
should be underlined as 3.17-3.55 (4H, m, N (CH,CH,),);
for the indication of substituents position notations as
3-CH, should be used; to specify the position of atoms
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indications as C-3, N-4 should be used, and so on. If any
signal in a spectrum is described as a doublet, a triplet,
a doublet of doublets and so on (rather than a singlet or
multiplet) it is necessary to provide corresponding spin-
spin coupling constant (SSCC). If additional research to
determine the structure or spatial interactions of atoms
were conducted two-dimensional methods used should
be specified. In the 13-C NMR spectra assignment of par-
ticular signal to a specific carbon atom is provided only
when the determination was carried out on the basis of
two-dimensional experiments.

Examples of record:

1H NMR (400 MHz, CDCI3), §, ppm (J, Hz): 0.97
(3H, t, ] = 7.0, CH,); 3.91 (2H, g, ] = 7.0, COOCH,);
4.46 (2H, d, J = 6.1, NCH2); 7.10-7.55 (9H, m, H-6,7,8,
NHCH,C,H.); 7.80 (1H, s, H Ar); 7.97 (1H, ¢, H-5"); 8.13
(1H,d.D,J=8.2,]=2.3,H-5); 11.13 (1H, s, NH).

NMR 13C (100 MHz, DMSO-d6), §, ppm (J, Hz):
36.3 (CH,CH,); 48.5 (C-5); 62.3 (CH,CH,); 123.0 (C Ar);

125.8 (d, 2JCF = 26.1, C-3', 5' Ar); 128.9 (C Ph); 134.4 (C-
5a); 168.3 (C = MO).

4.3.9. Mass spectrometry data

Given in the form: m/z 183 (M+, 41%), 168 (38), 154
(9), 138 (31) etc. The molecular ion may be specified as
shown. Relative intensities in parentheses (% only in-
cluded once). Other assignments may be included in the
form m/z 152 (33, M - CH,CONH,). Metastable peaks
may be listed as: M* 160 (189->174), 147 (176>161), etc.
The type of spectrum (field desorption, electron impact,
etc.) should be indicated. Exact masses quoted for identi-
fication purposes should be accurate to within 5 ppm (EI
and CI) or 10 ppm (FAB or LSIMS).

4.3.10. Literature citations

Comparison with literature values should be quoted
in parentheses, e.g. mp 157 °C (from chloroform) (lit.,"**
156°C), orv__/em™ 2020 and 1592 (lit., 2015 and 1600).

4.3.11. Experiments involving microorganisms

For work involving microorganisms, sufficient detail
should be provided to identify the species being used.

5. BIBLIOGRAPHIC REFERENCES, NOTES AND FOOTNOTES

The references numbered in order of appearance in
the text and are printed with the names and initials of all
authors, the phrase et al. is unacceptable. All references
are given in the original transcription.

Please use Vancouver reference style for references.

5.1. Journals

The style of journal abbreviations to be used in pub-
lications is that defined in Chemical Abstracts Service
Source Index (CASSI). See http://www.cas.org/expertise/
cascontent/caplus/corejournals.html.

If you cannot locate an authoritative abbreviation for
a journal, and if it is not obvious how the title should be
abbreviated, please cite the full title.

Bibliographic details should be cited in the order:
year, volume, page.

DOI (Digital Object Identifier) (if available) should
be provided, e.g.

1. Moczo J., Pukanszky B. Polymer micro and na-
nocomposites: Structure, interactions, properties (Re-
view). Journal of Industrial and Engineering Chemistry
2008;14(5):535-563. doi: 10.1016/j.jiec.2008.06.011.

5.2 Books

J. Barker, in Catalyst Deactivation, ed. B. Delmon and
C. Froment, Elsevier, Amsterdam, 2nd edn., 1987, vol. 1,
ch. 4, pp. 253-255.

5.3. Patents

Br. Pat., 357 450, 1986. US Pat., 1 171 230, 1990.

5.4. Reports and bulletins, etc.

R. A. Allen, D. B. Smith and J. E. Hiscott, Radio-
isotope Data, UKAEA Research Group Report AERE-R
2938, H.M.S.0O,, London, 1961.

5.5. Material presented at meetings

H. C. Freeman, Proceedings of the 21st International
Conference on Coordination Chemistry, Toulouse, 1980.

5.6. Theses

A. D. Mount, Ph.D. Thesis, University of London,
1977.

5.7. Reference to unpublished material

For material presented at a meetings, congresses,
etc., but not published, the following form is used:

A.R.Jones, presented in part at the 28th Congress of
the International Union of Pure and Applied Chemistry,
Vancouver, August, 1981.

For material accepted for publication, but not yet
published, the following form is used:

A. R.Jones, Dalton Trans., 2003, DOI: 10.1039/man-
uscript number

If DOI numbers are known these should be cited.

For material submitted for publication but not yet ac-
cepted the following form is used:

A.R.Jones, Angew. Chem., submitted.

For personal communications the following is used:

G. B. Ball, personal communication.

If material is to be published but has yet to be sub-
mitted the following form is used:

G. B. Ball, unpublished work.

Reference to unpublished work should not be made
without the permission of those by whom the work was
performed.

5.8. Software

E James, AIM2000, version 1.0, University of Ap-
plied Sciences, Bielefeld, Germany, 2000.

T. Bellander, M. Lewne and B. Brunekreef, GAUSS-
TAN 3 (Revision B.05), Gaussian Inc., Pittsburgh, PA,
2003.

5.9. Online resources (including databases)

Please note the most important information to in-
clude is the URL and the data accessed.

1. The Merck Index Online, http://www.rsc.org/
Merck-Index/monograph/mono1500000841, (accessed
October 2013).

2. ChemSpider, http://www.chemspider.com/Chem-
ical-Structure.1906.html, (accessed June 2011).
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