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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.
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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-

6

Animitsa I. E., Kochetova N. A.

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 8c 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
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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.
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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
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CaOs
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2115
2,957
NbOs
02
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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
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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
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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.
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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-
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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)

12
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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'".
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helping in data processing for structural
analysis.
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Kpucrannuueckas ctpykrypa u gedeKTHOCTb
nepoBCKUTONOA06HOr0 NPOTOHHOr0 NPOBOAHMKA
Ba 4Ca2Nb2011

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-
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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/
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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
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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 ]
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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

18

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.
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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);. 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 ¢ 3pQexTUBHBIM
IIOTIOXKMUTE/IBHBIM 3aPSIIOM.

COOTBETCTBEHHO, KOHL[eHTPaLysI
IIPOTOHHBIX [€(EKTOB B CTPYKTYpE OK-
cujia BO3pacTaeT C yBelIudYeHMeM Iap-
[Ma/IbHOTO  []ABJIEHUS] T1APOB  BOJbI
KakK [OH:)]ocpHZOl/2 (T = const),
rne [OHG] - xonuentpanus medekra.
O6bIYHO 9KCIEPUMEHTANbHO Hab/I0na-
eMass (QYHKLVOHAJIbHAS 3aBUCUMOCTb
IgC,, = 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-
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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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