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SOL-GEL PROCESSED S10,-AL,0, XEROGELS: SYNTHESIS

AND LUMINESCENT PROPERTIES
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SiO,-AlL O, xerogels with various Si : Al ratios were synthesized via sol-gel method (two
kinds of synthetic procedures were used) and characterized by means of elemental analysis,
XRD, thermogravimetry and IR spectroscopy. No losses of precursors were found during the
synthesis and the introduced components are quantitatively transferred from the initial mix-
ture to the composition of the formed samples.The position of the luminescence band in the
300-500 nm region depends on the wavelength of the exciting light, time of gel maturation and
the drying temperature, which is the manifestation of the influence of the structure of units in

xerogels on the luminescent properties.

Key words: sol-gel method, silica, alumina, photoluminescence.

INTRODUCTION. Silicon oxide is widely
used in the production of materials by the sol-
gel method. Besides silica one of the most com-
monly used carriers as a basis for the creation
of lasers, optical waveguides, chemical sensors
and molecular thermometers is aluminum
oxide [1-3]. The sol-gel method for the syn-
thesis of materials based on it with controlled
nanoarchitecture and ease of composition ad-
justment has a number of advantages. It is the
ability to control the properties of materials
in the process of their synthesis, including the
specific surface area and porosity, changing the
pH, type of precursor, temperature, solvent.
The resulting materials are characterized by a

specific surface area less than 300 m*/g and a
wide pore size distribution with a maximum in
the range of 2-20 nm. However, it is hard to
obtain alumina hybrid materials with encapsu-
lated organic molecules and metal complexes
by the classical sol-gel method, as a wide num-
ber of the organic components in hybrid ma-
terials begin to break down at a temperature
> 250 °C [4, 5].

Therefore, hybrid materials obtained by a
combination of several inorganic matrices - ox-
ides of silicon, aluminum, titanium, etc. are of-
ten used (“mixed matrices”) [6-9]. Depending
on the mixing sequence of the components,
both microheterogeneous and homogeneous
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samples can be obtained. The formation of ho-
mogeneous materials is achieved by simultane-
ous mixing of all precursors with the formation
of interpenetrating networks of two or more
inorganic matrices, including the formation of
bonds of the Si-O-Al (Si-O-Ti) type [10-12].
In such systems, phase separation processes do
not occur, but this is quite difficult to achieve
due to the limited solubility of some precur-
sors in the sol-gel process media or due to the
increased tendency of one of the precursors to
premature polycondensation.

In this regard, the aim of this work was, first,
to obtain mixed matrices of silica-alumina, by
hydrolysis of their alkoxides mixed in different
ratios. Second, the investigation of luminescent
properties in relation to their composition and
structure for understanding the possibility of
anchoring luminescent lanthanide complexes
and obtaining highly luminescent lanthanide-
containing hybrid materials

EXPERIMENT AND DISCUSSION OF THE
RESULTS. All reagents and solvents purchased
from commercial suppliers had the analytical-
grade and used without further purification.

Elemental analysis for silicon and alumi-
num content was carried out by atomic ab-
sorption on a Shimadzu A7000 spectrometer
using flame atomization. Samples were fused
in platinum cups with a mixture of tetrabo-
rate-lithium fluoride at 950°C, the fusion prod-
uct was dissolved in a mixture of hydrochloric
and tartaric acids.

IR spectra (4000-400 cm™) were registered
on a Perkin-Elmer Frontier FTIR spectrometer
in KBr pellets.

X-ray diffraction analysis was performed
on a Supernova diffractometer (Agilent Tech-
nologies). Diffraction spectra were obtained
in filtered copper radiation (Cu Ka, anode

voltage 30 kV, current strength 20 mA, ini-
tial slits 2.4 mm, slit on the detector 0.1 mm).
Diffraction patterns were recorded in a dis-
crete mode: scanning step 0.05°, exposure time
at each point 4 s. The range of angles of the dif-
fraction spectra (26) was 10-90°.

Thermogravimetric curves (DTA, DTG,
TG) were recorded on a Q-1500D thermo-
gravimetric analyzing system (Paulik-Paulik-
Erdey) in air. Samples weighing about 400 mg
were heated at a rate 5 deg/min in the tempe-
rature range 20-600°C, calcinated aluminum
oxide served as a standard.

The luminescence excitation and emis-
sion spectra were recorded on a Fluorolog FL
3-22 spectrofluorimeter, Horiba Jobin Yvon
(Xe lamp 450 W), equipped for measurements
both at room temperature and at 77 K (PMT
R928P for the visible region).

Al O, xerogels were obtained by two meth-
ods. The first was the mixing of tetraethox-
ysilane and aluminum isopropoxide in an
ethanol-water-ammonia system. The samples
were kept for 24 hours at room temperature,
dried for two weeks, with a gradual increase
in temperature to 120°C. Materials with a mo-
lar fraction of aluminum from 0 to 20% were
obtained by this method (further increase
in the proportion of aluminum could not be
achieved).

The second approach is based on the use
of liquid aluminum alkoxide (sec-butoxide).
A mixture of silicon and aluminum alkox-
ides in a certain ratio was placed in a desic-
cator containing 25% ammonia solution, and
left for two weeks at T = 20-25°C. As a result
of diffusion of water and ammonia vapors
into the liquid, hydrolysis and polyconden-
sation of alkoxides occur, which is signifi-
cantly slowed down compared to the classi-

ISSN 2708-129X. YKp. xim. XypH., 2020



S. S. Smola, Ye. N. Fadieiev, M. Yu. Rusakova, N. P. Efryushina, N. V. Rusakova

UCJ N2 9 / Vol. 86

cal sol-gel process. The samples were dried at
120°C. It is worth noting that with the use of
this approach samples with Al content high-
er than 20% mol can be obtained, but they
are not considered in this work. Samples with
(Si) = 100% (or w(Al) = 0%) and p(Al) = 100%
were also obtained for comparison from pure
tetraethoxysilane and sec-butoxide aluminum,
respectively.

The concentration of silicon and aluminum
was determined by atomic absorption spec-
troscopy. As can be seen from table 1, the mass
fraction of aluminum is 0-5.4 mass %. The
proportion of silicon decreases from 41.6 to
32.7% with increasing aluminum concentra-
tion. The table also shows the calculated pro-

portions of aluminum and silicon, which are
close to the stoichiometric ratio used during
the synthesis. It can be assumed that during
the synthesis there are no losses of precursors
and the introduced components are quanti-
tatively transferred from the initial mixture
to the composition of the formed samples.
Based on the conditional formula of materials
xSi0,-yALO,zH,O, the amount of water was
calculated. An increase in the concentration
of alumina leads to an increase in the amount
of water in the materials from 10.8 to 14.6%,
which is due to its increased affinity for water.
The water content data obtained by elemental
analysis agree well with the thermogravimetry
data.

feblet Elemental and thermogravimetric analyzes data of xerogels
Calculated Found
Mass fractions
Mole fractions Mole fractions Mass fractions (o H,0), %
(1), % (1), % (), % Elemental Thermo-
analysis* gravimetry

Al Si Al Si Al Si H,O H,O
0,0 100,0 0,0 100,0 0,0 41,6 10,8 11,2
2,5 97,5 2,3 97,7 0,9 39,8 12,2 12,5
5,0 95,0 4,8 95,2 1,8 38,4 12,5 12,7
7,5 92,5 7,2 92,8 2,8 36,9 13,1 13,0
10,0 90,0 9,6 90,4 3,6 35,5 13,5 13,3
12,5 87,5 12,1 87,9 4,5 34,1 14,1 13,7
15,0 85,0 14,6 85,4 5,4 32,7 14,6 14,2
20,0 80,0 19,5 80,5 7,2 43,6 15,5 15,3

*Content of water molecules was calculated from the amount of H, % obtained from the CHN-analyzer.

https://ucj.org.ua
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Fig.1. XRD patterns of xerogels synthesized

from tetraethoxysilane and aluminum isopropox-
ide at various ratios

XRD patterns of the materials (Fig. 1) in-
dicate that the samples are X-ray amorphous
in the range 10° < 206 < 90°. All diffraction
patterns exhibit broadened signals at 22-25°,
which are characteristic of amorphous silicon
dioxide. It is known that halo-like reflections
can be caused by both amorphous and nano-
crystalline states of the samples [14]. The dif-

fraction spectrum of the nanocrystalline state
is a superposition of broad reflections from
all possible crystallographic planes. The half-
width of such scattering crystallites depends on
their size according to the Selyakov — Scherrer
formula [15]. However, diffraction patterns
of materials with different concentrations of
aluminum are characterized by the same half-
width of the band at 26 = 23°. Consequently,
the diffraction patterns of the samples indicate
their amorphousness. In accordance with the
literature data [16, 17] for amorphous pow-
ders, the position of the first signal in the dif-
fractogram corresponds to the distance be-
tween structural units (d) in accordance with
Bragg’s law (2dsin6 = nA). Based on the 0 val-
ues obtained, this distance is approximately
4.30 A, which is close to the value obtained for
pure (undoped) silicon dioxide (4.20 A), and
probably corresponds to the distance between
SiO,tetrahedra.

For comparison, the figure also shows an
XRD pattern of a sample obtained by hydrol-
ysis of pure aluminum isopropoxide. The po-
sition of the reflections at 26 = 13, 28, 38, 49,
65, 71° corresponds to the diffractogram of
boehmite (y-AIOOH) obtained by the sol-
gel method earlier[18]. None of these reflec-
tions are observed in samples based on mixed
matrices, which indicates the absence of the
formation of a boehmite phase in mixed
systems.

In the IR spectrum of silicon dioxide ob-
tained by the method used for mixed xe-
rogels the following bands are present (Fig. 2).
Deformation vibrations of the O-Si-O and
Si-O-Si bonds appear as signals at 468 and
799 cm’, respectively. Symmetric and asym-
metric vibrations of Si-O-Si bonds are at 970
and 1088 cm™. In addition, the hydroxyl groups

ISSN 2708-129X. YKp. xim. XypH., 2020
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remaining in the silica gel structure, which have
not been dehydrated for steric reasons, result
in a band at 1639 cm™ (Si-OH plane-strain vi-
brations) and a broad band at 3459 cm™! (valent
O-H vibrations).With increasing ALLO, content
the maximum of the 400-500 cm™ band shifts
to higher energies and the relative intensity de-
crease, which is typical for such systems [19].
In the sample with pu(Al) = 100 % this band is
located at 478.5 cm™ and the peak at 611 nm
appears.

%

n (A1) =

w(A)

4000 3500 3000 1500 1000 500

2500 2000
Wavenumber, cm™!

Fig. 2. IR spectra of xerogels derived from tetra-
ethoxysilane and aluminum isopropoxide in differ-
ent ratios

Thermal decomposition of silica-alumina
materials (Fig. 3) is similar to pure silicon ox-
ide obtained by the sol-gel method. The pre-
dominant process responsible for weight loss
is dehydration. For the obtained materials, the
separation of water molecules was observed
in two stages: in the temperature range of
50-120°C (about 8-12%) and 120-600°C. It is

https://ucj.org.ua

known that there are two types of adsorbed
water on the surface of silica, the first one is
desorbed at 25-105 °C, and the second one -
at 105-180 °C [20]. The first type is physically
adsorbed water while the second is water mol-
ecules bound by hydrogen bonds.

100~

200 300 400 500

Temperature, °C

100

Fig. 3. Thermogravimetric analysis curves of xe-
rogel with u(Al) = 15%

According to [21], in order to remove the
physically adsorbed water molecules activa-
tion energy of 6.6-8.2 kcal/mol is required,
while the removal of the second type of wa-
ter requires 10 kcal/mol. As a rule, the initial
concentration of silanol groups on the surface
of silica is 5 OH groups/nm?2 at 150 °C. OH-
groups/nm* of silanol begin to condense and
then they are largely removed in the form of
water only above 170 °C. At 400 °C, about half
of the hydroxyl groups of the surface are re-
moved. Above 400-450 °C, most of them have
already been removed from the surface and
extensive siloxane areas appear, which can no
longer adsorb water, and at 750 °C only sin-
gle Si-OH free groups with a concentration
of about 1.3 groups/nm?® are present on the
surface [22].
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Fig. 4. Excitation (a) and luminescence (b) spectra of xerogels with different Si/Al ratios in comparison

with pure alumina

Fig. 4 shows the excitation and lumines-
cence spectra of the obtained xerogels, as well
as pure aluminum hydroxide obtained by hy-
drolysis of aluminum isopropoxyl and pure
silicon oxide obtained by hydrolysis of tetrae-
thoxysilane.

In samples obtained by the sol-gel method
from silicon alkoxides, an emission band in the
region of 300-500 nm is often observed. Its na-
ture was studied in most detail in [23-25], where
the authors analyzed a large number of differ-
ent processes, including “oxygen excess-related
defects” or “oxygen deficiency-related defects”.
However, in this study at least three different
bands were observed in the range of 250-750

nm, while for amorphous silicon dioxide ob-
tained by the sol-gel method, as a rule, one band
is characteristic. The most intense fluorescence
is observed in samples containing amino groups
and amide fragments. The nature of this band
has been studied by fluorescence, UV, visible,
and IR spectroscopy, small-angle X-ray scatter-
ing spectroscopy and "*C and *Si NMR in liter-
ature and may be caused by oxygen defects of
the «O-0-Si (=0,C) type arising in silica nano-
domains [26-29]. Among other reasons causing
it, the processes of charge transfer Si-O [30, 31],
carbon, nitrogen and oxygen-containing impu-
rities and accompanying defects [32, 33] are also
indicated.

ISSN 2708-129X. YKp. xim. XypH., 2020
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The position of the emission band in the
luminescence spectra of xerogels depends
on the wavelength of the exciting light. For
example, in the case of pure (undoped) sili-
ca gel obtained with the same technique with
increasing of the excitation wavelength, a ba-
thochromic shift of the maxima is observed in
both fluorescence and phosphorescence spec-
tra (Fig. 5).

Relative intensity, a.u.
ra

300 350 400 450 500 550 600 650
Wavelength, nm
4 1 3

L (4]
1 1

Relative intensity, a.u.

—
L

i

350 400 450 500 550 600 650 700
Wavelength, nm
Fig. 5. Fluorescence (top) and phosphorescence
(bottom) spectra of xerogel with p1(Al) = 15% at dif-

ferent excitation wavelengths (280 nm (1), 300 nm
(2), 330 nm (3), 370 nm (4), 395 nm (5))

https://ucj.org.ua

This phenomenon is explained in [33] as
follows. The resulting nanoclusters and do-
mains have different sizes. High energy light
quanta excite primarily domains with minimal
sizes. Their subsequent relaxation through the
electron-hole recombination mechanism leads
to the emission of shorter-wavelength light.
As the energy decreases, larger and larger do-
mains are excited and emission is observed in
the longer wavelength (visible) region. This
can be confirmed by the red shift of the fluo-
rescence maximum depending on the time of
gel maturation, as well as the drying tempera-
ture (Fig. 6). Silica gel that has been dried at a
higher temperature appears to emit in a longer
wavelength range of the spectrum, since it is
composed of larger nanoclusters.

420 4
4154
410 4

=

E:4g5_
=

400 4

395 +

100 140 160 180 200 220 240

Temperature, °C

T
120

Fig. 6. Plot of the fluorescence maxima vs tem-
perature of drying of xerogelwith pu(Al) = 15%

The luminescence decay studies of ob-
tained xerogels were also performed. It was
found that luminescence decay of the pure
silica gel is characterized by two-exponen-
tial function revealing two emitting states
with lifetimes 5.7 and 17.7 ns. The addition of
5% aluminum led to a decrease of lifetimes -
3.8 ns and 11.0 ns. A further increase in the
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aluminum concentration did not lead to a
change in the decay kinetics up to 20% of
alumina. It can be assumed that the appear-
ance of aluminum atoms in the material ma-
trix does not lead to the appearance of a new
type of emitting centers, but affects the pop-
ulation of the already existing excited states.
This fact may be caused by an increase of OH-
oscillators due to higher water content as well
as changes of the matrix polarizability, but it
requires further studying.

Authors are grateful to the National
Academy of Sciences of Ukraine for the finan-
cial support of this work.

CONCLUSIONS. In this work we investi-
gated the synthetic conditions for obtaining
§iO,-AlL O, materials with various Si : Al ra-
tios via sol-gel method. Samples were charac-
terized by means of elemental analysis, XRD,
thermogravimetry and IR spectroscopy. It can
be assumed that the introduced reagents are
quantitatively transferred from the initial mix-
ture to the composition of the formed samples.
Fluorescence spectra of samples were analyz-
ed. All samples shows fluorescence in the 300-
500 nm region. The position of the emission
band in the luminescence spectra depends on
the wavelength of the exciting light, time of gel
maturation and the drying temperature, which
is the manifestation of the influence of the
structure of units in xerogels on the lumines-
cent properties. It can be concluded that SiO,-
Al O, mixed matrix can serve as the inorgan-
ic host for luminescent lanthanide complexes
which is the further development of this work.
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Kceporeni SiO,-AlL O, 3 pisuumu crissif-
HomeHHAMN Si : Al 6ynmu cuHTe30BaHi 307b-
reJib METOJOM (BUKOPVMCTOBYBaIM JIBa BUIU
CHHTETMYHUX IIPOLEAYp) Ta OXapaKTepu3yBa-
JIM 32 JOTIOMOTOX0 €/IEMEHTHOTO aHaJli3y, PEHT-
reHoda3oBoro aHasuisy, TepMorpaBiMerpii Ta
I9-cnexrpockomii. Ilig d9ac cuHTesy BTpaT
IIPEKYPCOpIB He BUABJIEHO, a BBENEHI KOM-
IIOHEHTY KiZIbKiCHO II€PEHOCATbCA Bifi BUXIifI-
HOI cyMiIi 10 ck1agy chopMOBaHMX 3pasKiB.
[TomoxxeHHs cMyTHM JMIOMiHeCHeHIil B o6macTi
300-500 HM 3ajeXXUTh Bif MOBXMHU XBUIi
30Y/KYI0UOTO CBIT/Ia, Yacy HO3piBaHHSA Tellio
Ta TEMIIEPATYpU BUCUXAHHA, IO € IPOABOM
BIUIMBY CTPYKTYPHUX OfIVIHUIIb Y KCEpOreax
Ha JIIOMiHeCLIeHTHi BIaCTUBOCTI.

KnrouoBi ctoBa: 30/1b-re/ib METOJ, TIOKCUT,

KpPEeMHil0, OKCHJ aIioMiHilo, ¢oTomoMiHec-
IeHITis.
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Kceporenu SiO,-Al,O, ¢ pasnuyHbIM COOT-
HomeHyeM Si: Al 6pUIM CHMHTe3MpOBaHBI 30-
JIb-Te/Ib METOROM (MCIIONIb30BA/INCH JIBA BUAA
CMHTeTMYEeCKMX IPOIEeAyp) M OXapaKTepu-
30BaHbI C IIOMOULIbIO 3JIEMEHTHOTO aHa/IN3a,
peHTreHo(a30BOro aHa/N3a, TEPMOTPABJIMET-
pun n VIK-cnexkrpockonmu. Bo Bpemsa cuHTesa
HOTeph IIPEKYPCOPOB He 0OHAPYXEHO, a BBe-
JIeHHbIE KOMIIOHEHTbI KO/IMYECTBEHHO IIepe-
HOCATCA U3 UCXOHON CMec! B cOCTaB cop-
MUPOBaHHBIX 00pasioB. [lonoxeHne MOMOCH
JIOMMHecHeHIu B obmactu 300-500 HM 3a-
BUCUT OT JUIMHBI BOJTHBI BO30Y)X/IAIOIIETO CBe-
Ta, BPEMEHM CO3PEBaHNA Telld U TeMIEepary-
PBI BBICBIXaHMA, YTO ABJAETCA NPOSABIECHUEM
BIIMAHNA CTPYKTYPHBIX €JVHAL] KCEPOTe/id Ha
JIIOMMHECIIEHTHbBIE CBOJICTBA.

KnroueBble cr1oBa: 3071b-Te/Ib METOMI, TMOK-

CUJ KpeMHIUA, OKCUT, TIOMVHIUA, POTOMTIOMM-
HeCIIeHIINA.
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STRUCTURAL, SURFACE AND ELECTROCHEMICAL CHARACTERISTICS

OF Ti0, FOR LITHIUM-ION BATTERIES
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The paper presents structural, surface, thermodynamic and kinetic characteristics of tita-
nium dioxide samples obtained by means of alkaline hydrolysis of TiCl, by LiOH solutions
and further heat treatment. TiO, samples have the anatase structure with crystallite size of
7-10 nm. An increase in the heat treatment temperature from 150 °C to 470 °C leads to a de-
crease in the specific surface area from 404 to 80 m?/g and the total pore volume from 0.340
to 0.152 cm®/g. The influence of electrolyte composition and surface properties of TiO, on its
behavior in cells with lithium anode investigated by means of galvanostatic cycling and imped-

ance spectroscopy is discussed.

Key words: titanium dioxide, surface properties, electrolyte, solid electrolyte interface, qua-

si-equilibrium voltage

INTRODUCTION. Titanium dioxide TiO,
is a well-studied electrode material for lithi-
um-ion batteries. Among known TiO, struc-
tural modifications, titanium dioxide with ana-
tase structure is characterized by high specific
capacity and its stability during the long-term
cycling.

The process of lithium intercalation-dein-
tercalation in the structure of TiO, proceeds
in accordance with reaction 1, which corre-
sponds to the theoretical specific capacity of
335 mAh/g (forx = 1)

TiO, + xLi + xe— < Li TiO.. (1)

14

However, the experimentally obtained
specific capacity, as a rule, does not exceed
200 mAh/g and corresponds to ~0.6 moles of
lithium ions reversibly intercalating into the
structure of TiO,. Higher values of discharge
capacity are realized at higher temperatures [1]
or for TiO, nanoparticles of less than 7 nm [2].

There are also publications in the litera-
ture with comparatively higher values of spe-
cific capacity obtained by cycling of TiO, in
cells with lithium anode. Specific capacities of
276 mAh/g at the first cycle and 218 mAh/g
upon cycling with a coulombic efficiency
of 79 % were obtained by the authors [3] for
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electrodes consisting of mesoporous TiO,
spheres / graphene composite.

The influence of particle size, structural and
surface characteristics of TiO, on its specific
capacity and stability cycling are studied in de-
tail [4-12]. It has been noted that a decrease in
particle size and an increase in the specific sur-
face of TiO, improve its capacity and cycling
properties.

It is known that the discharge of TiO, with
the formation of Li, TiO, compound is thermo-
dynamically possible [13]. However, experi-
mental specific capacities close to theoretical
values are not achieved as a result of kinetic
difficulties caused by a decrease of diffusion
coefficient of lithium at x > 0.5.

The reason of the increase in the diffusion
coefficient is the formation of Li TiO, that
complicates the access of lithium cations to the
surface of TiO, particles. At the voltage value
of ~1.75V, the discharge proceeds in the con-
ditions of simultaneous presence of two phas-
es, namely TiO, phase and rhombic Li TiO,
formed as a result of intercalation of lithium.
An increase in the thickness of the Li TiO, lay-
er leads to a change in the kinetics of interca-
lation-deintercalation of lithium, changing the
nature of discharge-charge curves that turn
into a sloping curve with a relatively small pla-
teau at the voltage of ~ 1.45 V.

In accordance with the results given in Ref.
[14], the quasi-equilibrium voltage on the dis-
charge curve at the voltage region of ~ 1.75 V
depends on the size of TiO, particles, and their
increase from 15 nm to 300 nm leads to in-
creasing the quasi-equilibrium voltage from
1.802 V to 1.811 V. The authors explain this
effect by the difference in the surface energy of
the compounds formed upon discharge. The
surface energy of B-LiTiO, phase is larger in

https://ucj.org.ua

comparison with the a-Li TiO, phase, which
leads to a higher value of the quasi-equilibrium
voltage. It is also noted that the dependence of
the values of quasi-equilibrium voltage on the
particle size may arise from capillary effects
affecting the chemical potential of crystallites.
The particle size reduction contributes to in-
creasing the chemical potential of crystallite
and thereby reduces the quasi-equilibrium
voltage of TiO, vs. Li/Li* [14].

In addition to dimensional effects and struc-
tural properties of TiO,, specific and kinetic
characteristics of lithium intercalation-dein-
tercalation reaction also depend on the elec-
trolyte composition. This is due to the fact that
electrical conductivity and the range of elec-
trochemical stability potentials of electrolyte
determine the resistance at the phase bounda-
ry and in the porous structure of electrode. The
effect of electrolyte composition is manifested
especially at low voltage discharge. This is due
to processes of electrolyte decomposition and
solid electrolyte film formation showing up in
this voltage region.

The purpose of this work is to determine
the effect of annealing conditions of TiO, on its
physico-chemical parameters, thermodynamic
and kinetic characteristics in lithium cells with
different electrolyte composition.

EXPERIMENT AND DISCUSSION OF THE
RESULTS. TiO, samples were synthesized by
means of alkaline hydrolysis of TiCl, by LiOH
solutions. Precipitates obtained were washed
with distilled water until pH 7 was reached,
dried at 150 °C for 10 h in air, and subjected to
further thermal treatment at 350-470 °C with
total duration up to 46 h (350 °C - 4 h, 350 °C -
26h,350°C-40h,350°C-40h +470°C-6h).

The phase composition of the samples was
studied by means of X-ray diftraction (XRD) on
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a DRON 4-07 diffractometer (LOMO, Russia)
with Cu-Ka radiation. The crystallite size was
calculated by the Scherrer equation from the
broadening of the (101) peak. The morphology
and particle size were determined by scanning
electron microscopy (SEM) on a JEOL JSM
6700F microscope (Japan). The pore size and
porosity were found by the BET method on a
Micrometrics ASAP 2000 device (USA) using
N, adsorption-desorption isotherms at 77 K.
Electrochemical properties of the materi-
als in question were investigated in CR2016
coin cells with a lithium electrode. The work-
ing electrodes consisted of 85 % of TiO,, 10 %
of Timcal Super P carbon black and 5 % of a
poly(vinylidenedifluoride) binder (PVDE
Solef 6020, Solvay). A dry mixture of TiO, and
carbon black was gradually added to a solu-
tion of PVDF in N-methyl-pyrrolidone (99 %,
Aldrich) and stirred under the rotation speed
of ~2500 rpm. The resulting slurry was cast
onto the surface of 50 um thick aluminum foil
using a doctor blade. The cathode tape was
dried at 60 °C until complete removal of the
solvent and then rolled. Finally, cathodes cut
in the form of disks with the area of 2 cm? were
dried in vacuum at 120 °C for 6-7 h directly
before assembling the cells. The active material
load was = 5,5 mg/cm?. Celgard 2400 polypro-
pylene film was used as a separator.
Electrolytes were prepared using a mixture
of ethylene carbonate (EC, 98%, Aldrich) and
dimethyl carbonate (DMC, 99%, Aldrich)
taken in the volume ratio of 1:1. LiClO,
(Synbias, Ukraine) was additionally recrys-
tallized and dried in vacuum at 170 °C for
14 h. LiPF, (99.9%, Gelon) and LiN(CF,SO,).,
(LiTESI, 99%, Aldrich) were also dried in
vacuum before the preparation of solutions.
The lithium salt concentration in electrolyte

16

solution was 1 mol/L. All works on electrolyte
preparation and cell assembling were carried
out in dry glove boxes.

The electrical conductivity of the electro-
lytes was determined in the temperature range
of 15-50 °C and calculated on the basis of
impedance spectra (22000 impedancemeter,
Elins, Russia), obtained in the 100-1 kHz fre-
quency range in glass cells with plane-parallel
platinum electrodes.

Galvanostatic cycling was carried out at the
constant temperature of 25 + 1 °C on a Neware
Battery Testing System (China). Charge/dis-
charge investigations were performed in the
voltage ranges of 1.5-2.75 V and 1.0-2.75 V vs.
Li/Li* at different current densities, expressed
in C units (1 C =335 mA/g).

Physico-chemical characterization of TiO,
According to the XRD data (Fig. 1), all TiO,
samples have the anatase structure. In all cas-
es, no impurity peaks have been detected. The
sample dried at 150 °C is of low crystallinity, as
indicated by weak peaks in the respective XRD
pattern. Total crystallinity increases with in-
creasing temperature and duration of heating.
The crystallite sizes d |, calculated using the
width of the (101) reflections are presented in
Table 1. Their values change twice from 5 nm
for the dried sample to ~10 nm for the sample
treated at 470 °C.

As can be seen from the SEM micrographs
(Fig. 2), TiO, samples consist of highly aggre-
gated, irregularly shaped nanoparticles. The
size of the particles depends on the thermal
annealing conditions (temperature and dura-
tion) and varies in the range of ~40-80 nm.
The particle sizes exceed the crystallite sizes,
which means that each particle consists of up
to tencrystallites as the result of aggregation of
nanoscale crystallites upon heating.

ISSN 2708-129X. YKp. xim. XypH., 2020
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TiO, samples greatly depend on the treatment
conditions (Table 1). After drying at 150 °C,
the specific surface area is 404 m*/g and the
470-6  pore volume is 0.34 cm’/g. Heat treatment at
temperatures up to 470 °C leads to a decrease
in the specific surface area and the pore vol-
ume to 80 m?/g and 0.152 cm’/g, respectively.
At the same time, the pore size increases from

350 -26
W 1.7 to 2.75 nm.
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R Table 1.
20 30 40 50 60 70 80 90 Crystallite size and surface properties
26, CuKa of TiO, samples
Fig. 1 XRD patterns of TiO, samples Aoy | So v R.

sp p P
nm | m¥g | cm¥g | nm

150°C—-10h 5.0 404  0.340 1.7

Sample

According to the IUPAC classification, ni-
trogen adsorption-desorption isotherms for .
the samples can be attributed to type IV iso- 330°C-4h 70 174 0264 22
therms with capillary condensation in mes- _350°C—-26h 8.5 125 0230 2.65
opores. The calculated values of the specific 350°C—-40h 8.8 113 0225 27
surface area (SSP) and total pore volume (Vp) of 470°C-6h 9.8 80  0.152 2.75

Fig. 2 SEM micrographs of TiO, powders thermally treated at150 °C (a), 350 °C - 4h (b), 350 °C - 26h
(¢), 350 °C - 40h (d), 470 °C - 6h (e)
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Effect of electrolyte composition on electro-
chemical properties of TiO,. Electrochemical
investigations were made for TiO, samples
thermally treated at 350 °C and 470 °C. The
compositions of electrolytes and their specific
conductivities are presented in Table 2.

In the first discharge cycles, process of lith-
ium intercalation into the TiO, structure are
complicated by the electrolyte decomposition
and formation of a solid electrolyte interface
(SEI). The contribution of side (secondary)
reactions depends on the electrolyte composi-
tion, cycling voltage range, as well as the sur-
face and structural properties of the electrodes.
The quantitative contribution of the side pro-
cesses to the overall electrochemical process

can be determined based on the ratio of the
discharge and charge capacities of the first two
cycles. The results given in Table 3 demon-
strate how the electrolyte composition and the
conditions of thermal annealing of TiO, affect
the ratio of the discharge capacities of the first
(Q1) and second (Q2) cycles. The Q1/Q2 ratio
in the case of 1M LiClO, - EC:DMC electro-
lyte decreases with an increase in temperature
and time of annealing of TiO,. The maximum
value of Q1/Q2 is characteristic of the sam-
ple 350-4. At the same time, the Q1/Q2 ratios
obtained with the 1M LiPF, - EC:DMC and
IM LiTFSI - EC:DMC electrolytes are signifi-
cantly lower and practically independent of the
heat treatment conditions of TiO,.

Table 2
Composition and conductivity of electrolytes
Specific conductivity, mSm/cm
No Electrolyte composition
15°C 25°C 40 °C 50 °C

1 IM LiPF, — EC:DMC 9.8 12.1 15.4 17.5

2 IM LiCIO, - EC:DMC 7.7 9.4 12.0 13.6

3 IM LiTFSI — EC:DMC 7.5 9.2 11.7 13.5

Table 3.

Effect of electrolyte composition and thermal annealing conditions
on the specific capacity of the first and second cycle
Sample Electrolyte composition QIl, mAh/g Q2, mAh/g Q1/Q2
At cycling voltage range of 2.75-1.5V
350°C—4h IM LiClO, - EC:DMC 186 109 1.7
470°C—-6h IM LiCIO, - EC:DMC 163 144 1.13
350°C—-4h IM LiPF, — EC:DMC 172 163 1.05
350°C—-4h IM LiTFSI - EC:DMC 160 150 1.07
At cycling voltage range of 2.75-1.0 V

350°C—-4h IM LiCIO, - EC:DMC 290 206 1.41
350°C—-4h IM LiPF, — EC:DMC 266 224 1.19
470°C—-6h IM LiPF_— EC:DMC 246 219 1.12
18 ISSN 2708-129X. VKp. Xim. XypH., 2020
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The charge-discharge curves of the 10™ cycle
registered in different electrolytes are shown in
Fig. 3. The points on the curves correspond-
ing to quasi-equilibrium voltage obtained after
2 hours of relaxation, represent open circuit
voltage (OCV). The curves have three main
parts corresponding to different stages of lithi-
um intercalation [5, 8, 15, 16].

The first part of the discharge curve (before
a plateau at ~1.75 V) is associated with the for-
mation of SEI. It is assumed that in this voltage
range, there is no formation of new phases and
the x value in Li TiO, compound is less than
0.028 [14]. In accordance with our results, the
value of x does not exceed 0.03.

The plateau on the discharge curve at the
voltage of ~1.75 V corresponds to the forma-
tion of a Li TiO, compound (where x < 0.5)
with the theoretical specific capacity of
167.5 mAh/g. However, practically, the value
of x depends on the morphology and struc-
tural characteristics of TiO, particles and, as
a rule, does not exceed ~0.4 [14]. The authors
[14] suggest that the discharge in this volt-
age region is determined by the simultane-
ous presence of the initial TiO, phase and an
orthorhombic Li TiO, phase formed during
discharge. The process limiting the kinetics
of the discharge is associated with the limited
access of lithium ions to the surface of TiO,
as a result of formation of Li TiO, structure.
Therefore, a decrease in the particle size of
TiO, is considered as the main factor con-
tributing to an increase in the specific capac-
ity. That is, the smaller the particle sizes, the
higher the specific capacity of TiO.,. It is be-
lieved that when the Li TiO, layer thickness
is more than 3-4 nm, the discharge rate is sig-
nificantly inhibited and the specific capacity
decreases [14].

https://ucj.org.ua
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Fig. 3 Discharge-charge curves of the 10th
cycle for Li-TiO, cells with different electrolytes
at the current density of 40 mA/g (TiO, sample
350°C-4h)

The discharge in the 1.7-1.0 V voltage range
is associated with filling of remaining octahe-
dral sites and formation of the Li TiO, (x>0,5)
compound [17]. At the voltage below 1.7 V,
the discharge curve represents a sloping curve
without pronounced voltage plateau. The spe-
cific capacity value of TiO, in this region is
determined by both structural and surface fac-
tors (crystallite size and specific surface) and
the properties of the SEI formed. The first two
factors depend on the conditions of the syn-
thesis of TiO, and the third is determined not
only by the surface and structural properties of
TiO,, but also by the properties of the electro-
lyte [14, 18-21].
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Fig. 4. Cycling performance of 350-4 TiO, sam-
ple with the different electrolyte solutions in the
voltage ranges of 1.5-2.75 V (a) and 1.0-2.75 V (b)
and the effect of the discharge current density on
the specific capacity in the cycling voltage range of
1.5-2.75 V (c).

The hysteresis existing between the corre-
sponding charge and discharge curves slight-
ly depends on the electrolyte composition. In
all cases, when the concentration of lithium
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ions in Li TiO, increases from ~0.36 to ~0.6,
the magnitude of hysteresis also increases.
Depending on the electrolyte composition, the
difference in the values of quasi-equilibrium
voltage in the lithium concentration range of
0.03-0.36 is no more than 6 mV.

The 350-4 TiO, samples have higher sen-
sitivity to the LiClO,-containing electrolyte
manifesting a significant decrease of the spe-
cific capacity at the second cycle in comparison
with the first cycle, even at the relatively low
current density (40 mA/g), Table 3.

The decrease in capacity is due to a signifi-
cant increase in cell internal resistance, which
was determined by software for cycling, ac-
cording to the voltage drop when the discharge
current was turned on. So, on cycling in the
voltage range of 1.5-2.75V, the cell resistance
values at the first and second cycles for dif-
ferent samples changed from 178 to 293 Ohm
for 350-4 sample, from 150 to 216 Ohm for
350-26 sample, from 150 to 208 Ohm for
350-40 sample and from 95 to 131 Ohm for
470-6 sample. After approximately 5-6 cy-
cles, the cell resistance decreases up to 120-
140 Ohm and is very close for all the stud-
ied samples. As a result, the specific capacity
increases and remains stable during further
cycling. Similar results have been published
previously by two of us [12].

In more detail, the effect of the electrolyte
composition on the change of specific capacity
from the cycle number and current density is
shown in Fig. 4. In the cycling voltages range
0f1.5-2.75 V (Fig. 4a), the specific capacity re-
mains stable for all electrolyte compositions.
However, when the discharge voltage decreas-
es to 1.0 V, the specific capacity decreases no-
ticeably faster in the case of LiClO,-containing
electrolyte (Fig. 4b). The dependence of the
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specific capacity on the discharge current den-
sity is shown in Fig. 4c. The minimum capacity
loss with a change of current density from 40 to
400 mA/g is obtained in 1M LiPF, - EC:DMC
whose specific conductivity is the highest
(Table 2).

Quasi-equilibrium  voltage and  kinetic
characteristics of TiO,. Fig. 5 shows the dis-
charge-charge curves and the values of the

xin Li_\_TiO2 a

280.00 0.12 0.24 036 0.48 0.60 0.72

0 40

80 120 160 200 240
Q, mAh/g

quasi-equilibrium voltage obtained for 350-4
and 470-6 samples in different electrolytes.
These curves do not differ from those dis-
cussed previously (Fig. 2). However, the speci-
ficcapacity of 470-6 sample obtained on the
voltage plateau of 1.75 V is approximately 10%
higher than that of the sample 350-4, and the
difference in the values of quasi-equilibrium
voltages is not more than 6 mV.

x in Li TiO, b

2.80'00 0.|l2 0'.24 0'.36 0.?18 0.‘60 0.72

24

1 1

0 40

80 120 160 200 240
Q, mAh/g

Fig. 5. Discharge-charge curves of 350-4 and 470-6 TiO, samples at the current density of 40 mA/g in
electrolytes (a) 1M LiPF, - EC:DMC and (b) 1M LiCIO, - EC:DMC. Points indicate quasi-equilibrium

voltage values.

Fig. 6 shows the dependences of specific ca-
pacity of TiO, on cycle number and discharge
current density obtained in 1M LiClO,-
EC:DMC electrolyte upon cycling in different
voltage ranges. The specific capacity during cy-
cling in the voltage range of 2.75-1.5 V is quite
stable for all TiO, samples. When the discharge
voltage decreases to 1.0 V, the specific capaci-

https://ucj.org.ua

ty of the 350-4 sample decreases more signifi-
cantly (Fig. 6 ¢).

When samples are cycled within a volt-
age range of 1-2.75 V at the current density of
40 mA/g, the specific capacity is practically in-
dependent of the conditions of thermal anneal-
ing of TiO, (Fig. 7a). However, at current den-
sity of 400 mA/g, the specific capacity of 350-4

21




PHISICAL CHEMISTRY

STRUCTURAL, SURFACE AND ELECTROCHEMICAL CHARACTERISTICS OF Ti0, FOR APPLICATION IN LITHIUM-ION BATTERIES

and 470-6 samples decreases by 50 and 25 %,
respectively. We suppose that this may be due
to the difference in the resistance of SEI, whose
properties affect the charge transfer resistance.

200 a
. —a— 350-4
180+ —0=— 350-26
—0=— 470-6
on 160 80 mA/g 40 mA/g
= Cogo 0000p0oO
< 140 DDUDDQEEMMQ
g RRRRANA
< 120
100 |
0 5 10 15 20 25 30 35
Cycle number
160 b
P tig, 1400
10l \8:@:@:9;9:% ™
o —o— 350-4 *é:& ron 1300 o
= | | —o— 350-40 A =
< 801 | _o— 4706 f 8521200 =
S 40} f/*j 1100~
——s”""
0

: ; : ; 0
0 5 10 15 20 25
Cycle number

c
200

en 160

=

<

g 120f

o —o— 350 -4
0L —4— 470-6

75 80 85 90 95 100
Cycle number
Fig. 6. Dependences of specific capacity of dif-
ferent TiO, samples on the cycle number (a) and
discharge current density (b) during the cycling in
the voltage range of 1.5-2.75 V and (c) on the cycle
number during the cycling in the voltage range of

1.0-2.75 V. Electrolyte - 1M LiCIO, - EC:DMC

Impedance spectroscopy of Li-TiO, cells. In
order to determine a relationship between
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the thermal annealing conditions of TiO, and
the resistance occurring in Li-TiO, cells, we
have analyzed the impedance spectra obtained
at the resistance occurring in Li-TiO, cells, we
have analyzed the impedance spectra obtained
at the various stages of discharge. To this end,
TiO, samples have been taken with maximum
and minimum specific surface area, 350-4 and
470-6, respectively. Fig. 8 shows the impedance
hodographs in the Nyquist coordinates ob-
tained at the various stages of discharge of Li-
TiO, cells with 1M LiPF, - EC:DMC electrolyte.
The impedance spectra for almost all discharge
stages consist of two incomplete semicircles at
high and medium frequencies and an almost
straight line at low-frequencies. The presence of
two semicircles in the high-frequency region in-
dicates the formation of inhomogeneous layers
with different conductivities or diffusion rates.
The radii of semicircles, which are responsible
for the resistance of the real and imaginary parts
of the impedance for samples 350-4 and 470-6
are significantly different.

The resistance R__is basically equal to the
sum of the resistances of the electrolyte layer,
separator and the interface between the po-
rous electrode and current collector. The R
value obtained for two samples do not differ
significantly and are practically constant over
the whole discharge process. The authors [22]
believe that the semicircle obtained in the
high-frequency region corresponds to a par-
allel combination of resistance and capacity
of the SEI and determine the migration rate of
lithium ions in its surface layer. Thus, it can be
assumed that the difference in the resistance of
the semicircles in the high-frequency region
may be ascribed to differences in the structure
of the SEI whose properties depend on the sur-
face properties of the samples.
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Fig. 7. Dependences of specific capacity of different TiO, samples on the cycle number (a) and dis-
charge current density (b) during the cycling in the voltage range of 1.0-2.75 V. Electrolyte - 1M LiPF, -

EC:DMC.

-25

Z", Ohm

- Q,,=0;0CV=217V
L ,l--‘.'-"l.._.

¥
il N

L Q,, = 90 mAh/g, OCV = 1.806 V

- Q,, =213 mAh/g. OCV = 1157V

/-

0 20 40 60 80

7', Ohm

-12

-8

4

- Q,,=0.0CV =224V

- Q,,= 90 mAh/g, OCV = 1.81 V

- 50°
‘.“I n 1 n 1 n 1

- Qdcll =213 mAh/g, OCV = 1,224 V
i Ny
T " {460
[ " V.l

- [ ]
I / 1 n 1 n 1 n 1
0 10 20 30 40

Z', Ohm

50

Fig. 8 Impedance spectra of Li-TiO, cells at the various stages of discharge with TiO, samples 3504
(a) and 470-6 (b). Electrolyte - 1M LiPF, - EC:DMC.

The dependence of the resistance of the ac-
tive part of impedance and OCV on the state
of discharge is shown in Fig. 9. The resistance
values were determined at the frequency of 0.1

https://ucj.org.ua

Hz. The greatest difference of the resistance
obtained for fully charged cells (Q,, = 0) and
in a case of 350-4 sample its value is about
5 times higher than for 470-6 sample, where-
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in the OCV values practically do not differ.
However, after discharge to the capacity of 40
mAh/g, the resistance of both cells decreases
and then does not change significantly within
the discharge plate of 1.75 V. The closest both
in character and resistance are the spectra ob-
tained after the formation of Li TiO, (x>0.5),
suggesting that the diffusion rate at the end of
the discharge is determined by the conductivi-
ty of Li TiO, phase.

120
100
= 80
S 60
X 1
= 40 = ’
=
© 20t
N 1.2
O_
0 40 80 120 160 200 240
Q, mAh/g

Fig. 9. Dependences of the resistance of the ac-
tive part of impedance and OCV at different stages
of discharge

CONCLUSIONS. In this paper, results of the
investigation of structural, surface, thermody-
namic and kinetic characteristics of titanium
dioxide obtained by alkaline hydrolysis are
presented. According to XRD and SEM data,
TiO, samples have the anatase structure and
consist of highly aggregated, irregularly shaped
nanoparticles of 40-80 nm. The specific sur-
face area of the dried TiO, sample is 404 m*/g
and farther heat treatment at 350-470 °C with
different duration leads to a gradual decrease
in the specific surface area to 80 m*/g.

The thermodynamics and kinetics of lith-
ium intercalation-deintercalation process in
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TiO, have been studied in a wide range of
current densities at different cycling voltage
conditions. The specific capacity and its sta-
bility upon cycling at different current loads
depend on the electrolyte composition and
thermal annealing conditions of TiO, sam-
ples. It is shown that at low current densities,
the structural and surface properties almost
do not affect the specific capacity of TiO,.
The maximum specific capacity upon cycling
in the voltage range of 1.0-2.75 V and at the
current density of 40 mA/g obtained in 1M
LiPF, - EC:DMC electrolyte is ~ 210 mAh/g
for both 350-4 and 470-6 TiO, samples, while
the decrease in capacity after 100 cycles is ~
18%. The kinetics of the discharge process
at high current densities is limited by charge
transfer in the solid electrolyte interface,
whose resistance depends on the specific sur-
face area of TiO,. A decrease in the specific
surface of TiO, promotes the decrease in the
charge transfer resistance and results in the
increase in specific capacity. At the current
density of 400 mA/g, the specific capacities
of 145 mAh/g and 80 mAh/g are obtained
for TiO, samples with the specific surface of
80 m?/g (sample 470-6) and 175 m?*/g (sample
350-4), respectively.
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CTPYKTYPHI, NOBEPXHEBI
TA ENEKTPOXIMIMHI XAPAKTEPUCTUKK

Ti0, ANsi BAKOPUCTAHHSA B JITIA-IOHHUX
AKYMYNATOPAX

e
CTPYKTYPHbIE, NOBEPXHOCTHbIE

N ANEKTPOXUMWYECKWUE XAPAKTEPUCTUKK
Ti0, ANA NCNOJIb30BAHUSA B NNTUR-
NOHHbIX AKKYMYNIATOPAX

H. I. Ino6a*, T. B. Tichuua, IO. B. IlImamox,
B. A. Cipow, C. O. Kupunnoe

Mixceidomue 8i00ineHHsT  eneKmpoximiu-
Hoi enepeemuku HAH Ykpainu, 6ynveap
Akaodemika Bepnadcvkozo, 38a, Kuis 03680,
Yxpaina

*e-mail: gnl-n@ukr.net

Y po60Ti mofaHo pe3ynbTaTy JOCTiIKeHHS
CTPYKTYPHMUX, IIOBEPXHEBUX, TEPMOAVHAMIY-
HUX Ta KiHETMYHMX XapaKTEPUCTUK 3Pa3KiB
TiOKCUAY TUTaHY, OTPYMAHNX METOMIOM JIyK-
Horo rigponisy 3 posunsis TiCl, i LiOH i3 Ha-
CTYIIHUM TepMOOOPOO6IEHHSIM 3a PI3HUX YMOB.
[TokasaHo, o 3pasku TiO, MaloTh CTPYKTYpY
aHarasy 3 pos3MipamMmu KpucTamiriB 5-10 HM.
[TigBuIeHHA TeMIlepaTypyu TepMOOOpoOIIeH-
H4 31 150 °C go 470 °C npusBoauTh [0 3MEH-
mweHHA nuTomoi wiomi noepxui TiO, 3 404
no 80 M*/r Ta 3arampHOrO 06’°eMy mop 3 0,340
1o 0,152 cm?/t. MeTomaMy raibBaHOCTAaTUYHO-
ro UMK/IYyBaHHA Ta iMII€JaHCHOI CIIEKTPOCKO-
il JOCTiIPKEHO BIUIMB CKIafly €IeKTPOJITY
Ta TIOBEPXHEBMX BIACTUBOCTEN 3paskiB TiO,
Ha IXHI IMTOMIi, TEPMOAVHAMIYHI Ta KiHETNY-
Hi XapaKTEepUCTUKM B KOMIpKax 3 JIiTiEBUM
AHOZIOM.

Knrodosi cmoBa: miokcup TUTaHy, IMTOMA

IIOBEPXHA, €IEeKTPOJIT, TBEPHAOENIEKTPOIITHA
IIiBKQ, KBa3i-piBHOBaKHUII IIOTEHIiaJL.
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H. . Tno6a* T. B. Iechuuas, IO. B. IlImamox,
B. A. Cupow, C. A. Kupunnos

MesceedomcmeenHoe omoeneHue 3neKmpo-
xumuueckoti sHepeemuxu HAH Yxpaunvl, 6ynv-
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B pabote mpencTaBneHbl pe3ynbTaThl KC-
CTIelOBaHMA CTPYKTYPHBIX, IOBEPXHOCTHBIX,
TePMOAVHAMMYECKUX ¥ KUHETUYECKMUX Xa-
PaKTepUCTUK O0OpPa3LOB AMOKCHUJA TUTAHA,
HO/Ty4YeHHbIX METOJOM IeJIOYHOTO IMAPOIN3a
us pactBopos TiCl, u LiOH ¢ nocnenyromeit
TepMOOOPAOOTKOII HpU Pa3HBIX YCIOBMAX.
ITokasano, 4ro o6pasupr TiO, nmeT CTpyK-
Typy aHaTasa C pasMepaMu KpUCTA/UINTOB
5-10 uMm. [IoBbIlIeHNE TeMIIEpaTypPbl TEPMO-
o6paboTku co 150 °C pgo 470 °C mpuBoguT K
YMeHbILIEHNIO YAIeIbHO IOl TOBEpPXHO-
cru TiO, co 404 o 80 m*/r u ob61mero o6bema
nop ¢ 0,340 go 0,152 cm’/r. MeTozom rajbBa-
HOCTaTU4eCKOTO IIVKIMPOBAHNA 1 MIMIIeJaHC-
HOJ CIEeKTPOCKOINM MCC/IeJOBAaHO BIIMAHUE
CcoCTaBa 97EeKTPONAUTA M IIOBEPXHOCTHBIX
CBOJICTB 00pasIiioB TiO2 Ha WUX YJenbHbIE,
TepMOAMHAMIYECKIe ¥ KMHEeTHYecKye XapaK-
TEPUCTUKMA B YEIKaX C TUTUEBBIM aHOJIOM.

Knrouesblie cnoBa: [yOKCH/] TUTAHA, YA€/b-
Has IIOBEPXHOCTD, 3MEKTPOJIUT, TBEPHOINEKT-
pONUTHAsA IIJIEHKA, KBa3M-PaBHOBECHBIN IIO-
TeHIIMAJI.
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ENEKTPOKATANITUYHE BUAINEHHA BOAHKO HA CYNEPCIJIABAX

CoRe, CoWRe, OCAIAXEHUX I3 LUTPATHOIO ENEKTPONITY

IO. C. AInonuesa*, T. B. Manvueéa, B. C. Kybnanoscvkuii

Incmumym 3azanvroi ma neopeaniunoi ximii im. B. 1. Bepnaocvkoeo HAH Ykpainu, npocn. Aka-

demixa Ilannadina, 32/34, Kuis 03142, Yxpaina

*e-mail: juliya_yap@ukr.net

MetopoM cTanioHapHOI BOJIBTaMIIEPOMETPil JOCII[P)KEHO PeaKl|il0 eJIeKTPOBiIHOBIEHH
ioniB BogHio Ha GinapHux (CoRe) Ta TepHapHUX (CoWRe) crmaBax, 1O €eKTPOOCAKeH] 3
LUTPATHOTO eJIEKTPOJITY i3 pi3HOIO KinbkicTio neppeHary kKamito (0.01 ta 0.05 monb-1') 3a-
JIXHO Biff TyCTMHU CTpyMy ocamKeHHA (5-40 MA-cm?). Po3paxoBaHo KiHeTU4Hi mapameTpn
peaxiiii Ta IOKa3aHo, 10 BUKOPUCTAHHS TepPHAPHUX CIUIaBiB JO3BOJISIE 30iMbUINTI MavbKe
Ha MOPAJIOK BEIMYNHY TYCTVHM CTPYMY OOMiHy Ta CyTTEBO 3MEHIUUTY II€PEHANIPYTY BOJHIO
nopiBHAHO 3 Kob6anbToM. [TokasaHo, 10 HallKpaIMMU e/IEKTPOKATaIi3aTOPaMi BiTHOB/IEHHSI
BOJHIO Y TY>)KHOMY PO34MHi MOXXYTb Oy TV NOKpUTTA TepHapHUMM citaBamy CoWRe i3 Bmic-

TOM peHiro 15-20 ar. %.

Knrouosi crmoBa: crinaB, KoOasbT, peHiil, Bonbdpam, eeKTpokarais

BCTYII. CynepcnnaBu — Iie CIUIABU TYy-
romraBkux MeraniB (Mo, W, Re) 3 merana-
mu rpymn 3anisa (Fe, Co, Ni), saki orpumanm
CBOIO Ha3BY 3aBJAKN IIMPOKOMY CIIEKTPY LIiH-
HMX ¢i3MKO-XiMIYHMX Ta eKCIUTyaTalliifHMX
BJIACTYBOCTEN, TaKUX AK: BUCOKAa KOpO3iliHa
CTIiMIKiCTb, 3HOCOCTINKICTb, TBEPHICTb, KaAPO-
minHicTp [1]. Bigomo, mo cynepcinasu € of-
HUMU 3 KpallMX eJleKTpoKaraaisaTopiB (1o
He MICTATh IJIATUMHOBI MeTann) OKUC/IeHHs/
BUJII/IEHHA BOJHIO, IIPMYOMY €leKTpOKaTali-
TUYHUIT edeKT 30epira€Tbcsi JOCUTb TpUBa-
NNt 9ac, TOOTO TaKi MOKPUTTS IPAKTUIHO He
OTPYIOIOTH iHIII CyOCTpaTH, IO BOXKINBO 1A
IPAKTMYHOTO BUKOPMUCTaHHA [2-5]. OpHak
INOKPUTTA 4YacTO BUXOMATb HAIPYXEHUMH,
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TPILIVHONOAIOHMMY Ta HpPM HABOLHIOBAHHI
PO3TPICKYIOTHCS 1 OXPYIUYIOTHCS, 1[0 POOUTD
iX HempUJATHMMM I IPAKTUYHOTO 3aCTO-
CyBaHHA. 3arajbHOBIOMUM € SABUILE, AKe
OTPMMAJIO Ha3By «pPEHi€BOTO edeKTy», CyTb
AKOTO IIOJIATAE€ Y TOMY, 1O JIETYBaHHA, HAIIPY-
KJIaJl, MOJiOfleHy peHieM MiiBUIIY€e He TiTbKU
XapaKTepUCTUKM MIITHOCTI, ajie i IOKpallye
HU3bKOTEMIIEpAaTypHY IUIacTU4HicTh. Tomy
IS OCTIJPKEHHA e/IeKTPOKaTai3y peaxiil
BupinenHsa BopHio (PBB) mamu 6yno obpano
CIUTaBu KobanbTy 3 peHiem. J{ns crmasiB i3
PEHIEM € XapaKTepHMMU BMCOKA MIiIJHICTD i
JKapOMIIIHICTD Yy ITO€JHAHHI 3 BMCOKOIO IIJIac-
TUYHICTIO 1 TeXHO/MOriYHicTIO, foOpa 3Bapio-
BaHICTb, 30epe>XeHHS IUIACTMYHOCTI Tic/s
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peKpucTanisanii, BUCOKI eMiCiliHI XapaKTepu-
CTUKM, ITiIBUILIEHNII OMIYHWII OIIip Ta 3HVDKe-
HUJ TeMIepaTypHMil KoedillieHT eneKTpud-
Horo omopy [6-8]. 3 iHmoi cTopoHwu, crmas
CoRe MicTUTD pi3Hi 32 CBOE IPUPOJOI0 Ka-
TaJIiTUYHI LeHTPH, BK/IIOYEHI B OHY CTPYKTY-
py i ToMy MoxXe AifATH AK 6ipyHKIiOHaTbHUI
Karajizarop. 3a yMOBM pi3HOI IpUpOAY LieH-
TpiB (OAVH LIEHTP MOBVHEH MaT! HYK/Ie0(]inb-
HicTb, a iHIMIT — eleKTpOodiIbHY IPUPOLY),
IleBHE IIPOCTOPOBE PO3TallyBaHHA IX OfVH
11070 iHIIOTO CTBOPIOE YMOBMU ISl CEIEKTUB-
HOCTIi Ta e()eKTUBHOCTI TaKMX eJIeKTPOKaTaJIi-
3aTOpiB. BBaXkaloTh, 10 iXHA BICOKA €/IEKTPO-
KaTajiTM4Ha aKTUBHICTL y PBB 3ymosnena
€/IEKTPOHHOIO B3aEMOJII€I0 MiXK d-opbiTansamu
MeTajy IPyIy 3aji3a Ta TYTOIUIaBKOTO MeTa-
ny [9]. EnexrpoocamkeHHs [JO3BOISAE OTPU-
MyBaTy NOKPUTTA CIUIaBaMMU, SIKi MICTATb Me-
Taau, 110 He BUIIIAIOTHCI Ha KaTOJi B YMCTO-
MY BUITIAZI a00 BUAIIAIOTHCA 3 Ty>Ke HU3BKUM
BUXOJIOM 3a CTpPyMOM. [I/1 Oca/)KeHHA TaKNX
6araTOKOMIIOHEHTHVX IIOKPUTTIB BXKe TPaaM-
L[I/1HO 3aCTOCOBYIOTb, Cepe iHIIMX, LUTpPaT-
Hi €IEKTPONITH, AKi € €KONIOTiYHO MPUINHAT-
HVUMM Ta JO3BOJIAITH OfEP>KyBaTy CIUIABU
6axxaHol cTpykTypu Ta Mopdomorii [10, 11].
EnextpodopMyBaHHA HO3BONIAE OCAIKyBaTH
TOHKI IUIIBKM K€POBAHOI'O CKJIaJjy, Ha IIOBEPX-
Hi AKUX 32 PaXyHOK CMHEpPreTUYHOro eeKTy
KOMIIOHEHTIB Ta B3a€EMHOIO pPO3TallyBaH-
HA aTOMIB MeTajliB MOXKE peaji3oByBaTUCA
IpUCKOpeHa MoBepxHeBa AnQysis agaromis
BopHIo [12]. Jo 3aBgaHHS MOCTimKEeHHs BXO-
IVINA: PO3PaxyHOK i3 BonbrammnepHux (BA)
3a/IE)KHOCTEN TIOKa3HMKIB e/IeKTpOKaTaliTny-
HOI aKTMBHOCTI NOKpUTTIB crtaBamu CoRe Ta
CoWRe y ny>KHOMY cepefJOBUII i BUSHAYEHHA
BIUIMBY XiMiYHOIO CK/IaZly IIOKPUTTIB Ha €IeK-
TPOKATAIITUYHY AKTUBHICTb.

https://ucj.org.ua

EKCIIEPMIMEHT I OBI'OBOPEHHA PE-
3YJIPTATIB. EnexTpooca/i>keHHsI IOKPUTTiB
IPOBOAMIN B TEPMOCTATOBAHIN KOMipmi y
rajIbBAHOCTAaTMYHOMY PEXXMMi 3a IOIIOMOT OO
mxepena noctiitnoro crpymy «JIMIIC-35» B
YMOBaX IPMMYCOBOI KOHBEKIIil 3a INBUAKOCTI
obepraHHsA MarHiTHOI Mimanaky 300 06-MiH™.
I'yctuny cTpyMy OCafpKeHHsA 3MiHIOBaAM B
miamasoHi Big 5 mo 40 MA-cm2. Ik pobounii
€JIEKTPOJ, BUKOPUCTOBYBAaIM MiJHYy IIJIac-
TUHKY Iometo 0.5 c¢M?, aHOJOM CIIyryBaB
mIaTMHOBUI ApiT. CKIA[ eNeKTPOiTiB A
e/IeKTPOOCa/KeHHsA ~IOKPUTTIB, MOJMb-T "
CoSO,-7H,0O - 0.1; Na,C H.O_-5.5H 0 - 0.2;
Na, SO,-10H,O - 0.3; KReO, - 0.01 Ta 0.05.
CntaBy, 1o OTpMMaHI 3 LMX PO3YMHIB, y
poboti mosHaueHo Ak CoRe-1 Ta CoRe-2.
[uTpaTHi €NIEeKTPONITU pPO3PISHAITH 3a
BMICTOM IleppeHaTy Kajlilo A1 FOCIiJKeH-
HA BIUIVBY KiZIbKOCTI PEHIiI0 y €/IEKTPOJIiTI Ta
CI/IaBi Ha NOKAa3HUKM €NeKTPOKaTa/TiTMIHOI
akTMBHOCTi 6iHapHoro cmmaBy CoRe. [lna
efleKTpoocamxeHHa crnaBiB CoWRe y pos-
yyH, mo Mictuth 0.01 Monb-1! KReO4’ Io-
pamu 0.2 monp-1' Na,WO,-2H O. 3Hauenns
BenmumuuHu pH ycix enexTpomiTiB ocamkeH-
HA ckaafae 3.5. XiMiyHMIT CK/Iafi 3pasKiB
BYBYA/IM 32 JOIOMOIOKI €MICIIHOIO CKaHy-
I040TO €IeKTPOHHOIO MiKpockoma «JSM-
6700F», saxuil o6/1afHaHO €HePTOAVICIIEPCiil-
HuM crektpomerpoM «JED-2300». Po6oui
yMoBUM Oy/IM HACTYIHMMU: IPUCKOPIOIOYA
Hanpyra — 20 kB, ctpym myuka - 0.75 HA,
posmip myyka - 1 mkm. Hac pospaxyHKy
mna a”anisiB ELJII cramoBuB 60 c. Yumcri
meramn W Ta Re 6yno BmkopucraHo sk
cTaHjapTu. Buxigui 3HavyeHHs Oyno cko-
PUTOBAHO I MAaTpUYHUX edeKTiB 3a Jo-
nomoroi anroputMmy ZAF, peanisoBaHOro
JEOL. BonbramMnepoMeTpy4Hi BUMipIOBaHHA
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nposoavnyposunHil.0mons- 1! KOH3aymos
NPUPOAHOI KOHBEKIil, 3 PO3AiIEHNMU Ka-
TOOHVM 1 aHOAHMM BIHIIEHHAMN KOMIip-
k1 3a Temneparypu 20°C. JInsa oTpuMaHHA
BonbTaMIepHux (BA) s3anmexxHocCTeit rycTUHM
CTPYMY j Bifi moreHuiany E BuUKopucroBysa-
mu: (1) morennioctar «I1I-50-1.1» Ta mporpa-
matop «[1P-8»; (2) ranpBaHOCTaT/IOTEHIIIOC-
taT «XAUTOLAB» y noejHaHHi 3 mporpaMHuM
3abesneueHHaAM GPES4.7 (General purpose
electrochemical system). Hacnuennit enek-
Tpop Ag/AgCl cnyryBaB eneKTpofoM MopiB-
HAHHA. Bci 3HaYeHHA NOTEHIlia/ly HaBe[eHO
Bi/IHOCHO HaCMY€HOTO BOJHEBOTO €IEKTPOALY.
JIna pospaxyHKy IOKa3HUKIB elleKTpOKaTa-
TITUYHOI AaKTUMBHOCTI IOKPUTTIB CIIJIaBaMMU
CoRe ta CoWRe pe3ynbratu BOIbBTaMIIEPO-
MeTPUYHUX JOCTi/KeHb OYJIO IpefiCTaBIeHO
y HamiBmorapugmiyHux KoopauHarax logj —
AE, 3 AKUX Mic/Id BULUIEHHA AiHIMHUX Tins-
HOK pO3paxoByBamn KoedilieHTN piBHAHHA
Tadens, morapudm cTpymy oO6MiHYy BOZHIO
Ta IIEpEHANPYTy peaklil eneKTPOBiJHOB-
JIeHHSI BOJHIO 3a OOpaHOI TYCTUHU CTPYMY.

RT
L . _ loin i
Koedinientn piBusanua Tagens a el LI
b = == p0spaxoBaHO 3a CIIBBifHOMEHHAM:
T onF posp o )

(1).

3HauyeHHA NEePEHANPYTY BUJiITIEHHA BOJSHIO
AEJ.:IO 3a TYCTMHMU CTpyMy peakuii 10 MA-cm™
pO3paxoByBanM IS BifIIOBiTHOTO 3HAa4YE€HH:A
abcuucn (lgj = -2.0).

Ha puc. 1 npepcrasieHo BMICT peHilo y I1o-
KputTTsax 6iHapHumu crraBamu CoRe Ta Tep-
HapHuMu ciytaBamy CoWRe 3anexxHo Bif ryc-

TUHU CTPYMY OCaJP>KEHHA.

AE = a+ b-lgj

30

80 1 Re, a1.%
| ] 2 [ ]
60
1
40 |
20 ¢
0 10 20 30

j, MA em”

Puc. 1. 3anexXHOCTi BMIiCTY PEHil0 y IIOKPUTTAX
crtaBaMy CoRe, ocafpKeHNX 3 e/IeKTPOJITIiB, AKi
mictimm 1-0.01,2-0.05momb-m"' KReO , Ta crinaBom
CoWRe-3 Bifi TyCTUHM CTPYMY OCaJPKEHHS.

SK BUAHO 3 IpefcTaBIeHUX pe3y/NbTaTiB,
peHiil, AKUII TPaKTUYHO HEe BiJIHOBIIOETDH-
CA Ha KaTofi 4O MeTaly 3 IHAMBILyaJTbHOIO
PO34YMHY, IIpU YTBOPEHHI €IeKTPONTITUYHOTrO
CIUTaBY 3 KOOAJIbTOM 3JIaT€H BiJIHOB/TIOBATUCS
y BeuKin KinbKocTi. HesBaxkaroun Ha Te, 110
KOHIIEHTpaljii i0HiB MeTa/iB y pO34uHi Bifi-
HocaTbCsA, AK [Co**]:[ReO,] = 10:1, y cninasi
CHiBBIJHOLIEHHA Ki/IbKOCTI MeTajliB CK/IaJia€
Co:Re = 1:1. BmicT peHilo y MOKpUTTAX Mae
MaKCUMaJIbHEe 3HAY€HHA 3a TyCTUH CTPYMY
10-20 MA-cM”, IpM IIbOMY KiZbKiCTb peHilo
y HOKPUTTi 3pocTa€ 31 30iNMbLIEHHAM KOHIIEH-
Tpallil IleppeHaTy Kajilo y po3uuHi, aje He
IpONOpLiiiHO. 3 MifIBUIIEHHAM KOHIleHTpa-
uii KReO, y W'ATb pa3iB MaKCUMa/IbHMUIT BMiCT
peHilo 32 YMOB eKCHEepPMMEHTY 30i/IbIIyeTbCs
3 59 1o 67 at.%. Y BuUIlajKy yTBOPEHHS Tep-
HapHoro crmaBy CoWRe ciocTepiraloTb 3MeH-
LIEHHA KIZIbKOCTI PEeHilo y CIUIaBi MOPiBHAHO
3i crutaBoM CoRe-1 (3a OmHAKOBOI KOHI[EH-
tpanii KReO,). KinbkicTs Bonbdpamy y cra-

ISSN 2708-129X. YKp. xim. XypH., 2020



10. C. finoHuesa, T. B. Manbuesa, B. C. KybnaHoBcbkuii

YXX Ne 9 / Tom 86

Bi € HE3HAYHOI0 — 4-5 at.% Ta NMpaKTUIHO He
3MIHIOETbCA 3a yCiX 3Ha4Y€Hb I'yCTUHU CTPYMY
ocajpkeHHA. lle TOACHIOETBCA 0COOMMBOC-
TAMU CIIIBOCA/PKEHHsA TepaHapHUX CIUIABiB
CoWRe [13], ogHMM 3 AKMX MOXKe OyTU KOH-
KYpeHIid MDK i0HaMM, AKi MICTATb peHiil Ta
BOJIbdpaM, 3a YTBOPEHH: OiMeTaniyHMX aHi-
OHHUX KOMIUIEKCiB i3 KOOAJIbTOM y pO34MHi,
a TaKOXX 3a afCcopOIil0 Ta MOJAbLINIT PO3-
PAL LMX KOMIUIEKCIB Ha aKTMBHMX aflaTOMax
K00ajbTy Ta BOAHIO Ha nosepxHi. Hacmifkom
LIbOTO € Bi/INIOBi/IHE YIIOBI/IbHEHHA OCa/IKEHHA
peHiro [14].

Ha puc. 2 npepcrasireno BA 3anexxHocTi,
oflep>kaHi Ha 3pasKax MOKPUTTIB OiHapHUM
cmaBoM CoRe, - BUXifHi Ta y HamiBnorapud-
MIYHMX KOOPAIMHATAX. 3HAYEHHA MOIAPU3allil
6y10 po3paxoBaHO, BUXOASIYM 3 IOTEHLiamy
napu H'/H,, saxuit y 1 M-posunni KOH npu
pH 13.75 popisHoe -0.81B.

Inda peMoHCTpanii BIUIMBY TYTOIUIABKUX
MeTaJliB Ha €/IeKTPOKATaIITUYHY aKTUBHICTh
Ha PUCYHKY 2 TaKOX IpuBefeHO BA 3anmex-
HICTh, AKY OTpMMaayM Ha IOBEPXHi YMCTOTrO
e/IEKTPOJIITUYHOTO K0OanbTy, mo 6yB ocaj-
JKEHMIT 3 KIC/IOTO CYIb(ATHOTO eNeKTPOJIi-
Ty 3a IyCTMHU cTpyMy 3 MA-cM? J[na nporo
HNOKPUTTS TOKa3HMKM, SKi 6y/n0 po3paxoBa-
HO, MalOTh 3HadeHH:: a - 0.49 B, b - 0.120 B,
-lgj, - 4.08 A-cm?, AE_, - 0.250 B.

Ha puc. 2 a BupHO, 1110 HaiOiMbIINIT BIUIKB
Ha €/IeKTPOKaTaaiTUYHI BIIaCTUBOCTI IIOKPUT-
TiB Ma€ I'yCTMHA CTPYMY oca/pKeHHsA. Bigomo,
[0 TYCTMHA CTPYMY € CYMapHUM (PaKTOpPOM,
SIKMIT BU3HAYA€ He TiIbKY XiMivHUI, aje 11 da-
30BUII CK/IaJl CIIABIB, IXHIO CTPYKTYpPY Ta pO3-
Mip KpUCTaITIB.

https://ucj.org.ua

v ® o O
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o o v oRe-
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-0.30 -0.20 -0.10 0.00
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® 5-CoRe-1
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o 5- CoRe-2
02+ o 10 - CoRe2
v 30 - CoRe-2
0.1}
0°0 1 1 1 )
-3.5 -3.0 2.5 -2.0 -1.5
lgj, A-em™

Puc. 2. ExcriepumenTanbHi (a) Ta mpegcrasieHi
y koopauHarax Taderns (6) BA 3anexxHoCTi, 3HATI
Ha NOKPUTTAX 6iHapHMUM crimaBoM CoRe (rycTuHy
CTpyMy Ta HOMep eIeKTPOJTy OCajiKeHHs
BKa3aHO Ha PUCYHKY).

Tax, HalHIDKUy IepeHanpyry BOJHIO [ie-
MOHCTPYIOTb CIUIABH, AKi OCaJKEHO 3a TyCTU-
HI cTpyMy 10 MA-cM™ Puc. 2 6 mokasye 3HauHY
BiIMiHHICTb TageNeBCbKUX [IIAHOK KPUBUX
IV CIUIaBiB Bif 4mcToro kobampry. Y Tabmm-
Ui 1 npencraBieHO XiMIYHMI CKIIaJ| ITOKPUT-
TiB citaBoM CoRe, 3Ha4eHHA TYCTMHU CTPY-
My OCaIpKeHHs CIUIaBy (j, MA-cM?), 3HaYeH-
Hs Koedinienti piBusauHs Tadens (a, b, B),
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norapudMy TYCTMHM CTPyMy OOMiHY BOJHIO
(logj , A-cM™) Ta IepeHanPyTM BOAHIO 32 06pa-
Hoi rycrunu crpymy 10 MA (AE_, B), siki 6ymo
PO3paxoBaHO 3 MpeficTaBleHnX BA 3anexHoc-
teil. KoedinieHT b y BunmajgKy BujiieHHs BOA-
HIO Ha ITOBEPXHi KoOanbTy ckmasae 120 mB, 110
BiJIIOBi/la€ JIIMITYIOUiil CTafil IIepeHoCy 3apH-
ny (peakuii @onbmepa). Cepes; HEIIATMHOBYUX
MeTaJliB peHiil € MeTaIoM, AKIIT O/IVDK4Ye BChO-
TO [0 IUIATVHM 33 BE/IMYVHOK €Hepril 3B’A3KY
Me-H [15] Ta HameXXuTh O TPymy MeETaiB,
I KOTPUX € XapaKTEPHOIO JIIMITyI04a CTajis
eleKTpoxiMiyHoi fecopbuil (peaxuis lerpos-
CbKOTI0), K i y1s tatuam [16], 3HaYeHHs KO-
edimienty b mra nux MetaniB ckrasae 40 MB.
Il criaBiB 1€ 3HaY€HH A € IPOMDKHUM i CKJIa-
mae 60-90 MB. 3mina sHaueHH: KoedilrieHTy b,
AK IPaBUIO, CBIJYUTb NPO 3MiHY MeXaHi3My
peaxiiii, ajie y I1bOMY BUIIQ[JKy HEMAE YiTKOTO
IIepexoly MK BOMa BiZJOMVMU Ta [JOBENEHN-
MU CTafiisiMy MexaHi3Mmy. Tpeba BpaxoByBaryu,
110 IIOBEPXHA CIUIABIB 3a3HA€ 3HAYHNX 3MiH
IIC/IA €/IeKTPOOCa/I)KeHHA Ta B IIPOILIEC] e/leK-
TPOBiZHOBIEHHA BoAHIO. lle, nepioro ueproro,
OKJVICHEHHS TIOBEPXHI KVICHEM 3 IIOBITPs BIIPO-
IOBX 30epiraHHs 3 HACTYIIHVM BiJHOBJIEHHSAM

I[VIX OKCUJIiB BOJHEM, 1[I0 YTBOPIOETHCS, 301/1b-
IIEHHA CTyIeHSA 3allOBHEHHA IIOBEPXHi aro-
MapHMM BOJHEM Ta HaBOJHIOBaHHA peHio. Le
Moyke Oy T IPUYMHO BUKPYBJICHHS eKCIIepy-
MEHTa/IbHVIX JAHVX IIpy 30epiraHHi MexaHi3My,
SKUI € XapaKTepHNUM JJIs1 KOOAbTy. 3a JaHu-
MU IOCTTiHUKIB [17, 18], HboMy ABMIY MOXKe
OyTu e iHIe MTOSICHEHHS — Be/IMKa KilbKICTb
PEHiI0 41 iHIINMX TYTOIUIABKMX METasliB Ha II0-
BEPXHI MOXXe IIPU3BECTU O TOTO, IO peaKil
@onbMmepa Ta l[elfpoBCbKOrO MOXYTb IPOXO-
OUTY 3 TIOPIBHAHMMM MIBULKOCTAMU, IO 1 fae
cepefiHIO BeMunHy Haxmry 60-80 MB.

3 eKCIIepMMEHTA/IbHUX JaHUX MOXKHA 3pO-
OUTY BUCHOBOK IIPO Te, IO BUKOPVICTaHHSA
e/leKTponiTuuHNuX ciiaBiB CoRe [O3BOMAE
361IbIINTY TYCTUHY CTPYMy OOMiHY BOJHIO 3
8.3:10° 1o 3.8-10* A-cM™? mOpiBHSHO 3 KOOab-
TOM. 3 iHIIOrO GOKY, MOPiBHAHHA LIUX Be/IN-
9)H He MO)Ke OyT) OfHO3HAYHVM 3a BEJIVIKOI
pisHMIi MiX KoediumieHTamm b, TOMy Haii-
Oi/IbII TOYHOI XapaKTEPUCTMKOKI eIeKTPO-
KaTAJIITUYHOI aKTMBHOCTI MU BBAKAEMO IIe-
peHanpyry BUjliIeHHA BOHIO. BuKopucranHA
TaKMX CIIABIB MOXK€ 3MEHIINUTY 11 B CEpEJHbO-
My Ha 110-150 MB.

Tabmuns 1
CKnaj Ta MOKa3HUKM e1eKTPOKATaTiTUIHOI AKTUBHOCTI MOKpUTTiB criimaBoM CoRe
J> MA-cm™? [Re], ar.% a,B b, B -lgj, Aem? AE_,B
CoRe-1(0.01 mons-1' KReO,)
5 44.4 0.26 0.069 3.77 0.127
10 51.1 0.22 0.064 3.44 0.095
20 58.9 0.25 0.073 3.42 0.114
30 52.8 0.27 0.071 3.80 0.140
CoRe-2 (0.05 monb-1r' KReO,)
5 59.8 0.37 0.096 3.85 0.173
10 67.0 0.22 0.059 3.73 0.101
30 64.3 0.25 0.059 4.24 0.134
32 ISSN 2708-129X. Ykp. XiM. XypH., 2020
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Puc. 3. EkciepumenTanbHi (a) i mpencrasieHi
y xooppmHarax Tadens (6) BA sanexsocti Ha
nokpuTTAX crimaBoM CoWRe

binapHi cruraBu MeTaniB migrpynmu 3anisa
3 BOIbQpaMOM € BiOMMMMU e/IeKTpOKaTaJli-
3aTopaMM BUJiIEHHA BOAHIO. OCiKeHHA
TepHapHOoro crytaBy CoWRe € 1jikaBuM, TOMy
[0 TaKMil CIUIaB MOENHYE 3 KOOAIbTOM JBa
TYrOIUIaBKi MeTanu 3i cBOIMM 0COOIMBOC-
TAMMU.

Ha puc. 3 npencrasneno BA sanexxHocrTi,
Ofiep’KaHi Ha 3pa3Kax IIOKPUTTIB CIIABOM
CoWRe - excnepuMeHTaJIbHi Ta y HalliBJIO-
rapuMiYHNX KOOpAVHATAX, TYCTUHY CTpPY-
My OCaJPKEHHA BKa3aHO Ha PUCYHKY. BupHo,
o y Bunaaxy ciiasiB CoWRe HaitbinpI ak-
TUBHUMMU € IIOKPUTTS, fAKi Oy/I0 0camykeHo 3a
ryctvHu cTpymy 30-40 MA-cm?. Y Tabmmmi 2
IIPE/ICTAB/IEHO XiMiYHMI CK/IaJl TIOKPUTTIB I10-
TpitiauM citaBoM Co WRe, 3Ha4€HHS I'yCTUHI
CTPYMY OCa/PKEeHHS CIIaBY, KoeillieHTiB piB-
HAHHA Tadernsa Ta TOKa3HMKIB eIeKTpOKaTai-
TUYHOI aKTVBHOCTI.

I3 maHux Tabmuui BUAHO, IO KoedilieHT
b cxnapae 65-83 MB y ToMy X pmiamas3oHi, mo
i pna 6iHapHMX cntaBiB, ane craBu CoWRe
BUSIBUWINCS OilbII €TeKTPOKATAMITUYHO aK-
TVBHVMI Ta JO3BOJIAIOTH 301/IBIINTI TYCTUHY
cTpymy obminy BogHio o 8.70-10* A-cm? Ta
3MEHIIUTY IIePEHANPYTy BUiIEHHA BOJHIO Ha
170 MB nopiBHAHO 3 KOOATTBTOM.

Tabmmigs 2
Cxiaj Ta MOKa3HMKHU eIeKTPOKATATiTMYHOT aKTUBHOCTi
nokputTiB ciimaBom CoWRe

j,MA-em?  |[Re(+W)], at.% a,B b,B -lgj, A-em? AE_ ., B
5 27.2 (+5.2) 0.27 0.083 3.25 0.110
10 40.9 (+5.3) 0.27 0.071 3.80 0.135
20 38.0 (+5.0) 0.23 0.065 3.54 0.097
30 20.2(+3.9) 0.22 0.072 3.06 0.075
40 14.9 (+3.7) 0.22 0.072 3.06 0.078

https://ucj.org.ua
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4.5 1gj, (H,), A em™

4.05.Co a CoRe o
35
3.0 . ,
0
0.3 r AE(H,), B
0.2 co CoRe 0 Puc. 4. 3anexHocti sora-

CoWRe o 5 o - © pupmy cTpymy obminy (a) Ta
0.1 ___‘____'/—v/_o—’_/—v—: nepenanpyrn Boguio AE_,; (6)

0.0 1 Il 1 Il 1

Bil BMICTy peHil0 y cIaBax

Re, at. % 40

[ 6171b1I1 HAOYHOI OLIHKM BIUIMBY XiMi4-
HOIO CKJIaJly IOKPUTTIB Ha IXHI BIACTUBOCTI
Ha pUC. 4 HaBeJeHO 3aJIeKHOCTI jorapudmy
CTpyMy OOMiHy Ta IlepeHalpyry BOJHIO Bif
BMICTY peHilo.

Kpamy enexkTpokaTamiTM4Hy aKTMBHICTb
craBiB CoWRe, K BUJHO 3 puc. 4, MOXKHa
MOSCHUTY K CMHEPreTUYHOI Ji€I0 JBOX TY-
rOIUIaBKMX MeTaJsliB, TaK I HaCIiJKOM IXHBOTO
MaJIOro BMiCTy y cIutaBi. HaAaBHICTb HeBenInKol
KiJIbBKOCTI aTOMiB TYTOIUIABKUX METAJiB [j03-
BOJIA€ OTPUMMATH TaKUil PO3IOAII €lIeMEHTIB
Ha IOBEpXHi, AKMUil 3abe3ledye HMpPOTiKaHHA
noBepxHeBol audysii agaromiB BopgHIO (cIi-
noBep-edeKT) Bix aToMa peHito (4n Bonbdpa-
MY), [ie IIPUETHAHHA eleKTPOHA BifOyBa€eTbcs
IIBMJKO Ta 3BOPOTHBO, 10 aTOMY KOOaIbTy, Ha
AKOMY IIBUJKO IPOXOJUTDH €IEeKTPOXiMidyHa
fecopouis.

et crmaB MOXXHaA pO3IIAfATU SAK IIEp-
CIEKTMBHMI [I7I1 3aCTOCYBaHHA Y €IEeKTpPO-
KaTamisi peakuii BujinenHs BogHw. Ob6macTp
ONTMMAa/IbHUX 3Ha4€Hb PO3TANIOBAHO Y Jiama-
30Hi 3Ha4YeHb Bifj MiHIMaIbHUX 10 20% peHiro.
OTpumaHuil pe3ynbTaT 30ira€TbcsA 3 JaHUMMU
HayKOBMX JIOC/TI/PKEHDb WIONO €leKTpOoKaTa-
TITUYHOI aKTUBHOCTI Y peakuil BifHOBIEHHA
BOJHIO OiHAapHUX CIUIaBiB KOOAIbTy 3 BOJb-

34

60 CoRe Ta CoWRe

¢dbpaMoM; 3TiHO LUX pe3y/IbTaTiB ONTUMAIIb-
Ha 00/1acTh pO3TAlIOBAaHA JJO 3HAYEHb BiTHOC-
Horo BMicTy Bonbdpamy 0.4 [3]. Tobro, onTn-
MaJIbHMMI € 3HadyeHH:, IO BiAMIOBigalOTh
NryBaHHIO OCHOBHOTO MeTany. TepHapHMIt
crtaB CoWRe mae nepeBary Iepep, CIIaBoOM
CoW ToMy, IO KpiM e/l1eKTpOKaTaiTMYHOL
aKTMBHOCTI Ma€ 6i/bIy KOpo3iliHy CTifKicTh
Ta TBEPAICTH, TOOTO € OiNbII TPUAATHUM IS
MPAaKTMYHOIO 3aCTOCYBAHHA.

BVCHOBK/. Bbinapui (CoRe) Ta TepHap-
Hi (CoWRe) enexTpONiTUYHI CITaBM IPOSIB-
NIAI0Th  €IeKTPOKATaIITUYHI BIACTUBOCTI Y
peaxiil BifHOBIEHHA BOJHIO Y JIY>)KHOMY cCe-
penosuuli. BukopucraHHA TepHapHUX CIlIa-
BiB JI03BOJIsI€ 30iMBIINTI MaikKe Ha MOPSIOK
BE/IMYMHY T'YCTUHY CTPYMY OOMiHY Ta 3MeH-
IIATK TepeHanpyry BopHwo Ha 150-170 mB
HOPiBHAHO 3 K0OanbToM. 30i/IbIlIeHHS BMIiCTy
PeHilo y crmaBax 4o KinbKocTi moHaz 30 at.%
NPU3BOAUTD [O TOTIpUIEHHA IIOKa3HUKIB
€/IeKTPOKATA/IITUYHOI aKTUMBHOCTi. 3a CIHiB-
CTaBJIEHHAM YCiX OTPMMaHUX 3HaYE€Hb CTPYMY
0OMiHy Ta lepeHanpyry BOAHIO, HAKPAIIVIMMU
€/IeKTpOKaTaai3aTopaMy BiJHOBJIEHH: BOJHIO
y TY>KHOMY pO34MHi MOXXYTb OyTU ITOKPUTTA
TepHapHuMHM ciutaBamu CoWRe 3 KinbKicTio
peniro 15-20 ar. %.
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ITopsaka. Po6oty 6yno npoBeneHo B pam-
Kax lLlinboBOI [OCHIZHMUIBKOI IpOrpaMmu
HAH Vkpaian «IlepcnektuBHi QyHITaMeH-
TaJIbHI [JOCII[PKEHHA Ta IHHOBAL|iiHI PO3-
pobKyu HaHOMarepianiB 1 HaHOTEXHOJIOTriil
Il TOTpeb MPOMMCIOBOCTI, OXOPOHU 3710-
POB’Sl Ta Ci/IbCHKOTO TOCIIOAAPCTBA», MPOEKT
Ne 28/20-H, 2020.

JJIEKTPOKATANN3 PEAKLIUN BbIAENEHWUA
BOZIOPO[IA HA CYNEPCIJIABAX CoRe,

CoWRe, OCAXAEHHbIX U3 LIUTPATHOIO
JJNIEKTPOJIUTA

0. C. Anonuesa*, T. B. Manvuesa,
B. C. Ky6nanoeckuii

Mncmumym obuieil u HeopeaHuueckoi xXu-
muu um. B. M. Bepnaockoeo HAH Ykpaunui,
npocn. Axademuxa Ilannaouna, 32/34, Kues
03142, Yxpauna

‘e-mail: juliya_yap@ukr.net

MeTofoM CTalMOHApHOI BOJIbTAMIIEPO-
MeTpUM MCCAeJOBaHA PeaKUus 371eKTPOBOC-
CTaHOBJIEHMsI IOHOB BOZIOpOJa Ha OMHApHMX
CoRe n Tepaapunux CoWRe crinaBax, efeKkTpo-
OCAXIEHHUX U3 LUTPATHOTO 3JIEKTPOINUTA
C PpasHbIM KOIMYECTBOM IleppeHaTa Kalus
(0.01 m 0.05 Momb-r!) B 3aBUCMMOCTM OT
IUIOTHOCTY TOKa ocaxkpeHusa (5-40 MA-cMm2).
Paccuntanbl KMHeTMYECKIE TapaMeTPhl peak-
LMY U ITIOKA3aHO, YTO VCIIO/Ib30BaHNe TepHap-
HIX CIUTABOB IIO3BOJIAIET YBEIMYNUTD MIOYTYU Ha
HOPSI/IOK BEINYMHY IUVIOTHOCTM TOKa OOMeHa
U 3HAUYNUTE/IbHO YMEHBIIUTb IlepeHampsiKe-
HIUe BOJOPOJA MO CPaBHEHUIO C KOOATBTOM.

https://ucj.org.ua

ITokasaHo, 4TO My4IIMMM €eKTPOKaTanu3a-
TOpaMI BOCCTAHOBJIEHMS BOJOPOJA B IIE/I0Y-
HOM pPacTBOpe MOIYT OBITh IIOKPBITUA Tep-
HapHbiMK ciutaBamu CoWRe ¢ KOMM4ecTBOM
penna 15-20 at. %.

KiroueBble cmoBa: crias, KOOa/IbT, peHMI,
Bo/bdpaM, INeKTPOKATAIN3

ELECTROCATALYSIS OF THE HYDROGEN
EVOLUTION REACTION ON CoRe, CoWRe
SUPERALLOYS DEPOSITED FROM CITRATE
ELECTROLYTE

Yu. S. Yapontseva’, T. V. Maltseva,
V. 8. Kublanovsky

V. 1. Vernadsky Institute of General and
Inorganic Chemistry of National Academy of
Sciences of Ukraine, 32/34 Academic Palladin
Avenue, Kyiv 03142, Ukraine

‘e-mail: juliya_yap@ukr.net

Thereaction of electroreduction of hydrogen
ions on binary CoRe and ternary CoWRe alloys
electrodeposited from a citrate electrolyte with
different amount of potassium perrhenate
(0.01 and 0.05 mol-L') depending on the
deposition current density (5-40 A-cm?) has
been investigated by the method of stationary
voltammetry. The Kkinetic parameters of
the reaction have been calculated, and it is
shown that the use of ternary alloys allows
one to increase the value of exchange current
density by almost an order of magnitude
and significantly reduce the overvoltage of
hydrogen reduction in comparison with cobalt.
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It is shown that the best electrocatalysts for

the
can

reduction of hydrogen in alkaline solution
be ternary CoWRe alloys with a rhenium

content of 15-20 at. %.

Key words: alloy, cobalt, rhenium, tungsten,
electrocatalysis.
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BMJINB A3OIHILIATOPIB NONIMEPW3ALII METUJIMETAKPUIIATY HA

MPOLIEC YTBOPEHHA TA MOP®0O0rIH NONIYPETAH/NONIMETWII-
METAKPWUNAT B3AEMOMPOHNKHUX MONIMEPHUX CITOK

/1. @. Kocanuyx*, O. 1. Aumonenxo, B. K. Ipuwienxo, H. A. bycvko, T. JI. Iznamosa, /1. O. Boponuosa

Incmumym ximii 6ucokomonexynaprux cnonyk HAH Ykpainu, Xapxiscvke wioce, 48, Kuis 02160,

Yxpaina
*e-mail: lkosyanchuk@ukr.net

HocmnifxeHo KiHeTUKY YTBOPEHHs KOMIIOHEHTIB B3aEMOIIPOHMKHIX HoniMepHux citTok (BIIC) no-
niypeTaH/moiMeTVMeTaKpU/IaT, OTPUMAHUX in situ, Ta Gpa3oBuit MO, BUK/IMKAHNIT XiMIYHIMU pe-

aKIiAMM, 32 HAABHOCTI B peaKIiJiHiil CyMillli 0/1ir0asoiHiliaTopis nmonimMepusanii MeTUIMETAKPU/IATY,
AKi MICTATDh QparMeHTH HOMiypeTaHOBOTO jTaHIjora. IlokasaHo, 110 BBeJIeHHAM OJliroasoiHimjiaropis
pi3HOI XiMi4HOI IPMPOAY MOX/IMBO KOHTpOoBaTy npouec popmysanna BIIC 3aBIsKy yTBOPEHHIO

i} 9ac cuHTe3y 67I0KKOIO/IiMepiB, sIKi Aif0Th K KOMIATHOTi3aTOpy CyMillli, CIIOBI/IbHIOIOUY IIPOLieC

¢da3oBoro NofiNy Ta CHpUAIYM yTBOPEHHIO OibIl TOHKOI cTpykTypu BIIC.

KirouoBi cmoBa: B3aeMOIIpOHMKHI ITO/IiMepHi ciTku, oniroasoininiatopu, xiMiuHa kiHeTnka, ¢paso-

BUII TOA11, Mopooris

BCTVYII. B3aeMONIpOHMKHI OMTiMEPHi CiTKI
(BIIC) - cymimi ;BOX ciTyacTyx nosnimepis, ski
YTBOPIOIOTBCS BOJHOYAC in situ 3 ogHOpasHNX
PeakLiiHuX CyMilleil, € pe3y/lbTaToM HaK/a-
IAHHA ABOX IIPOLECIB: XIMIYHUX peaKLill CUH-
Te3y KOMIIOHEHTIB Ta iH[yKOBaHOrO HMMU a-
30BOTO IOAiTY, CIPUYNHEHOTO BUHUKHEHHAM
B cucremi HecymicHocti [1-3]. YTBOpIOBaHI
reTepOreHHi CUCTEMM 4acTO MAKOTh HE3HAYHY
Mi>1<(1)a3013y azresiro, 10 NPU3BOAUTHL O He-
3aI0BITbHIX (i3VKO-XIMiYHUX B/IACTUBOCTEIL.
Bupinmry npo6neMy mifBuieHHA CyMiCHOCTI
KOMIIOHEHTIB MOXXHa 3a PaXYHOK CIIOBI/IbHEH-
HA TIporiecy $a3oBoro MOfiny 3 METO0 Ofiep-
YKaHHA OUIbII TOHKOI JVICIIEPCHOI CTPYKTYpH
cymient. [l boro 4acTo BUKOPUCTOBYIOTDH
crielliajibHi 06aBKM, TaK 3BaHi Komnamuobisni-

3amopu — CIIONYKY, sIKi 3faTHi 1o ¢isndHoi abo
XiMiYHOI B3a€MOJil 3 KOMIIOHEHTaMM CyMillli
Ha Mexi nopiny ¢as, mo crpuse crabinisamnii
CHCTEMM i KpallJoMy IMCIEPIyBaHHIO OJHO-
ro KOMIIOHEHTA B iHIIOMY. fIK MakpoMosneKy-
JISIpHI KOMITaTMOiTi3aTOpy HailyacTilie BUKO-
PUCTOBYIOTH KOIIO/TiMepH, AKi BBOJATD B CyMi-
mwi a60 B TOTOBOMY BUIIAZ, a00 OIEpXKYIOTh
in situ B pe3y/nbTari peaxiliii Mi>K/IaHLIFOTOBOTO
o6MiHy, a Takox XimiuHOI B3aemopii dpyHKITio-
Ha/IbHUX TPYTI, CIIeljia/IbHO BBE/IEHUX B KOM-
IOHEHTH cyMmimeit. JIOKIagHuil aHali3 excIie-
PVIMEHTA/IbHMX | TEOPETUYHMX POOIT, IpUCBS-
YEHUX JOC/I/IKEHHIO TaKMX CUCTEM, HaBeJIeHO
B MoHorpadii [4]. B ananmizoBanux pobotax
KOIO/IIMepM  pO3ITIAAI0Th AK KOMITATHOi-
ni3aTopyu Cymilllenl B)Xe TOTOBMX IIO/IiMepiB.
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ITpote BIIC i naniB-BIIC, a Takoxx cymimi i-
HilTHMX To/TiMepiB, 0 GOpMYIOThCA in situ 3
ofHO(pa3HIX MOHOMEPHMX CHCTEM i 3a3HAIOThH
y IIpolieci IXHbOTO YTBOPeHH: (pa30BOro Mopi-
JTy, TAKO)X MO>KHa KOMIIAaTyOi/1i3yBaTy BBeieH-
HAM B TaKi peakliifHi cucTeMy KOIIONiMepiB
ab0 B rOTOBOMY BMITIAAL, ab0 OTpuMyBaTH ix
6e3mocepeHbO in situ BOAHOYAC i3 KOMIIOHEH-
TaMy CyMilli. Y jiiTeparypi € 1niie KibKa po-
OiT, IPUCBSIYEHNX TaKUM TOCTIPKEHHM [5, 6].
Tak, B po6ori [5] 6y1o mokasaHo, 110 fogaBaH-
HA MaKpoOMOHOMepy nonibiHinanerary (IIBA)
3 KiHIIeBMMM METAKPWIATHUMU IPyIIaMU B CU-
cremy MeTuaMerakpwiat (MMA)-kononimep
€TUJIEHY 3 BiHIZTAL|eTaTOM, 1110 TIOiMePU3y€ETh-
Cs1, IPU3BOAUTD J10 30i/IbIIIEHHS Yacy IOYaTKy
dasoBoro IIOJi/Y 1 3MEHIIEHHS JI0TO LIBUIKO-
cTi, mpu oMy popmyerbes 6imbur cTabimpHa
CTPYKTypa CyMillli 3 MEHIIVMM pO3Mipamu Jo-
MeHiB. ABTOpY POOOTN IOSACHIOIOTD Iie 3MeH-
IIeHHAM MDK(]a30BOro HATATY B pe3y/IbTaTi
YTBOPEHHSA B CyMillli IIPUIIENJIEHOTO KOIOJIi-
Mepy nonimervimerakpwiar (IIMMA)-IIBA.
Amnanoriunuit egekT iCTOTHOTO CHOBiTbHEHHS
¢dasoBoro noginy 6y0 BUABIEHO i IpU OTpK-
MaHHI €IOKCUYPETAHOBUX KOMIIO3UIII IIpK
BBEJIEHHI B PEAKI[I/IHY CyMIlI eIIOKCUYpPETaHO-
BOTO KOIIONIIMepY, KU TaKOX (popMyBaBcs B
npoueci cuuTesy [6]. Kommosumnii, mo MicTATh
KOIIO/IiMep, Ma/Iy Kpalli MeXaHi4Hi BJIacTUBO-
CTi, 30KpeMa, 6i/1b111 BUCOKi 3Ha4eHH BiHOC-
HOT'O IIOJIOB)XEHHA 1 PO3PUBHOI MIIIHOCTI.

IcHye 1m1e offHa MOXX/IMBICTh YTBOPEHHS KO-
mo/iMepiB in situ, Koy mpouec paguKaabHOL
IoJ/1iMepM3allii OHOrO 3 KOMIIOHEHTIB CyMilli
iHILiF0E€TbCA ONIIrOMEPHUM iHiLIIaATOPOM, MOJIE-
Ky/IM IKOTO CKJIaJJal0ThCA 3 (PparMeHTiB Mojie-
KyJI iHIoro KommnoHexTa [7-10].

Panimre [11] 6y1o nmokasaHo, 1110, BUKOPHUC-
TOBYI0YM oOfliroMepHmit asoiniuniatop (OAI)
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nonimepusauii MMA, Moreky/a SIKOTo MiCTUTD
dparmentn Mmonekymu mnomiyperany (ITY) 3
oniroeipHuM 67I0KOM Ha OCHOBi OJIrOOKCH-
IIPOIIIEHITIIKOIIO, MOXKHA PeTylIioBaT IIpo-
nec (GopMyBaHHA CTPyKTypu B HamiB-BIIC
Ha ocHOBi summroro I1V i nminiitHoro IIMMA.
BeeneHHA Takoro asoiHiliaropa y BUXigHY pe-
aKLIMHYy CyMilll IPUBOAWIO OO YTBOPEHHS B
cucTeMi 6/10KKOTIOTIMepiB, SIKi CHOBi/IbHIOBA/IN
¢dasoBuit MOAII i cipys/ yTBOPEHHIO OiIbII
TOHKOI CTPYKTYPM CyMillli 3 posmipaMu joMe-
HiB B Ki/IbKa pasiB MeHIIMMM, HDXK B cyMmiIi 6e3
asoiHiniaTopa. A [eTaNbHIIIOr0 BUBYEHHA
nepebiry mpolieciB y Takiit cucTeMi BaXkK/IMBO
DOCTANTY, AKMM YMHOM Ha KiHETMKY XiMidy-
HUX peak1ili, pa3oBmit mofin Ta Mopgoorito
HaniB-BIIC BmmBae BBeleHHA B PeakiiliHy
CYMIIll a30iHiliaTOPiB iHIIOI XiMi4HOI IpUpOAK
3 IHIIOK0 Ki/IBKICTIO TPYII, 11O iHILiI0I0TH IOIi-
Mepu3sanito. Taki ZOCTiI>KeHHA € BaX/INBUMU
AK B HAYKOBOMY aCII€KTi, TaK i B IPUK/IATHOMY.
Bonu maroTh HOBI 3HAHHA NPO MPOLECH YTBO-
PEHHA NOJIMEPHUX CHUCTEM Ta [O03BOJAITH
3HAXOIMTY HOBI CIIOCOOM PeTy/IIOBaHHA CTPYK-
TYpM 1 BJIaCTMBOCTEN IIOJIIMEPHUX MaTepiasisb.
Y 3B’A3KY 3 LM MeTOl0 11iel poboTtu 6yyo fjo-
CipPKeHHs BIUVIMBY BBefleHHA ABoX TumiB OAI
1110 MAIOTh Pi3Hy IpUpOAy oniroegipHoro 610-
Ky (Ha ocHOBI ckmagnoro (OAI-1) Ta mpocToro
(OAI-2) oniroedippiony), Ha Ipoliec yTBOpeH-
HA [IY/IIMMA nanis-BIIC.
EKCIIEPVIMEHT I OBI'OBOPEHHA PE-
3YJIbTATIB. O6’extamMy [OCIipKeHHS Oynn
cymimi ITY/TIMMA cknmapy 10/90 mac. %.
CityacTuii nojliypeTad CMHTE3yBa/lIN 3 MaKpO-
piizonianaty (M/II) Ha ocHOBI ortirogieTneH-
rmikonpagumninary (OJJA) 3 MOJeKyIApHOIO
macoro (MM) 800 i rekcameTnieHpiisonianary
(TMJI), B3saTux y crniBBigHOMmIeHHi 1 : 2, (M/II-
1) (MM = 1136, Bmict NCO-rpym - 6,29 %)
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i TPMMETWIONIPONAHY AK 3LIMBayva JTaHIIOra
B CTE€XIOMETPUYHIN KI/IBKOCTi 10 MaKpOAii3o-
niaHaTy. B yperanoBy cymim fogaBanm pos-
paxoBaHy KinbKictb MMA 3 po3unHeHOI0 B
Hill cymimmno ininjaropis (aso-6ic-i306yTu-
pounitpun (JJAK) i OAI), 3aranbHa KOHIIEH-
Tpania fAkoi craHoBmnaa 0,005 monw/m. [na
orpumanHa OAI-1 i OAI-2 BukopucroBy-
Ba/y, BifNoOBifHO, ABa pisHux MJAIL: MII-1
ta MII-2 (MM = 2336, mict NCO-rpyn -
3,14 %) 3 onirookcumnporminenriuikonto (OIIT)

0 Chs 0 0
HN-C -~ O~CH-CH, }ofo—NH +2 <:>:N—NH—C -
|

(CH2)s n (?Hz)e

OCN NGO
9 ‘CH3 (FHS /07 <:>
<:>:N—NH—C -~ C-N-N-C-C_ |
CH, o, NNTCOHN

I |
o (?Hz)e CHs

3 MM = 2000 i TM/II. CriBBifHOIIIEHHS B3s-
Tux omiroegipaionis Ta TM/I ckmagano 1 : 2.
OriroasoiHinjiaTopu cMHTe3yBalM Ha OCHOBIi
a30-0ic-i300yTUpoOrifpasoHy IVK/IOTeKCaHO-
ny (ATH-IT) (T, = 116-120 °C, BMmicT a3o-
Ty — 7,2 %, rasose uncino - 57,4 mn/r) i M/I1
npy MonbHOMY criBBifgHOmeHHi (AIH-IIT) :
(MAI) = 2:1. Oniroasoisiniatop mMae 6ygoBy
R-X-R, ge R — ATH-IIT, a X — 6;moxk M/II-1 a6o
MJI-2. Peakuiro yrBopennsa takux OAI HaBe-
meno Ha npukiani OAI-2 (puc. 1):

CHs  CHs;O
c N=N- c C - NH-N- <:> -
CHs
<:>70 CHy  CHs0
e C N=N-C ~C-NH-N- <:>
'\"chéfoN CHy  CHy
(CHz)e

HN*(HZ ‘EO CH-CH;, O C NH
O

Puc. 1. Cxema peakuiii yTBOpeHHs 0/1irOMepHOTro a3oiHiljiaTopa Ha OCHOBI ITpocTOro oniroedipaiony

IIpy B3aeMopil auMITiApasOHHUX Ipyn 3
i3oliaHaTaMM  YTBOPIOIOTbCA  OKCaJlia30JIiH-
Kap6amarsi uuknn [12].

OpHovacHi peakuii yTBopeHHa IIY i
IIMMA 3a n"asBHocTi B cuctemi OAI i1 6e3
Hboro nposogun 3a 80 °C. Kinetuky yrso-
penns I1Y 11 IIMMA pocnimKyBanyu METOIOM
130TepMIYHOI KaZOpUMMeETPpil BIJIIOBiAHO 1O
METOJIMKMY, ONMCaHoi B pobori [13].

Ha modvarky mocmigkeHb JOLiTbHO BUBYM-
T BIUIMB Bubpanux OAI Ha monimepusariro
inpuBigyanpbHoro MMA. Ha puc. 2 Hasepe-
HO KiHeTMuHi KpuBi nomimepmusanii MMA.
Bupno, mo 3i 36inpuienHAM BMmicTy 060x OAI
LIBYAKICTD IIO/IiIMepU3aLil Majiae.

https://ucj.org.ua

Y o0—=079% 3
a N IS S L
w —
0.8 J o f*/* .../I
e 4 -
s * /
| 4 é? ' o—" 4
- § e / oood
| ‘3 g
[}
|
]
|
2
o
Vi
T T T T T
200 300 400 500 600
Yac, xB

Puc. 2. Kinetnuni kpmsi yrBopenns IIMMA 3a
koHueHTpanii OAI 0 (1); 0,001 (2, 2'); 0,0025 (3, 3)
10,004 monb/n (4, 4") pna OAI-1 (2, 3, 4) ta OAI-2
(2} 3, 4.
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Puc. 3. HYacoBa 3anexHicCTb IpUBeEHOI MBIJI- Puc. 4. YacoBa 3ajexHICTb NpUBENEHOL

KocTi nonimepusanii MMA 3a koHneHTpanii OAI-
10 (1); 0,001 (2); 0,0025 (3) i 0,004 monb/n (4)

IBUAKOCTI noniMepusanii MMA 3a KoHIJeHTpalii
OAI-20(1); 0,001 (2); 0,0025 (3) 10,004 monb/n (4)

Tabmuus 1
Kinernuni mapamerpu peakuii noniMmepusanii MMA npu Bukopucranni OAI
OAI-1 | OAI-2
Konuenrpauist OAL | Yac gocaruenns O Yac focATHeHHA O
MOJIB/TT W xB maxc’ XB W xB maxc’ B
0 70 0,0320 70 0,0320
0,001 100 0,0100 100 0,0110
0,0025 136 0,0052 178 0,0051
0,004 242 0,0032 217 0,0036
g o, 80O O 5.8 t
=N-NH-C - C-N=N-C-C c- C N=N- NH=N= <:> o
<:> CHy  oH, NNTCHN "“H’@N’N& CHi  CHy 2N
O (CHzs  CHs (CH2)s
HN*(‘? O-CH-CH, O’?’NH
n oo
ne Do, o ¢ oo
— "t ! ! ,C¢" +2<:>NNHC c
cH, NTNTGTNH HN ZCONTNT o, CHs
o (CH2)e CHs (?Hz)eo
HN -C~0-CH-CH; —0-C- NH
H{ 2 ﬂ; 5

Puc. 5. Cxema peakuii posmagy OAI-2.
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Ile Takox BuImBae 3 puc. 3, 4 i tabmumi 1,
fie TIOKa3aHo 3MiHy IIPUBEJEHNX MIBULKOCTEN
noniMepusanii 3anexxHo Bix BmicTy OAI-1 i
OAI-2.

Peakniro posmagy oniroasoiHiniaropa Ha-
BezieHo Ha npukiangi OAI-2 (puc. 5).

bipapukan iHinioe yrBopeHHs 67I0KKOIIO-
nmimepy ITY(OIIT-I'M[I)-IIMMA, a pgBa in-
LINX, TIOPAJ, i3 painKanaMM, AKi yTBOPIOIOTbCA
npu posnagi JAK, - nonimepusanizo MMA.

AHaji3 OTpMMaHUX pe3Y/IbTaTiB IIOKA3YE,
mo npupoga OAI Ha MOYaTKOBMX CTaZiAX IO-
niMepMsanii MpaKTUYHO He IO3HAYa€ThCA Ha
peaxiil, i TiIbKM Ha KiHI[eBOMY eTalli 3a Be/u-
koro BMicTy OAI criocTtepiraloTb 3MiHM — pe-
aklif 6ipII 3aBeplIeHA IPU BUKOPUCTAHHI
OAI-1. Buacmifgok 6i1p1Ioi eneKTpoHOMO-
HOpHOCTI ecTepHux rpyn B OAI-1 nmopiBHA-
Ho 3 eTepHyMu rpynamy OAI-2 [14] B OAI-1
YTBOPIOIOTBCS MIlTHIII BOJ{HEBi 3B’3KM, IO
MPU3BOAUTD IO OIIBII B’A3KOI CUCTEMU i, Bifi-
IIOBiIHO, 1O NMPUIIBNAIIEHHA IOAiMepu3aliil.
ITaminHA BeIVYMHM NPUBELEHOI MIBUAKOCTL
3i 36inbuIeHHAM KoHIleHTparii OAI 060x Tu-
IiB 3yMOBJICHO MEHIIOK KOHCTAHTOK PO3IIa-
ny OAI 3a 80 °C. lna TAK BoHa CTaHOBUTH
1,36x107* ¢!, a ma OAI - 0,81x107° ¢! [15].

O CHy CHy 0

m CQNNCC \<:>

N\
Crwmin "o g

NH*C*N*N ‘
|

HN C*EO CH- Csz“

[ mocmimpkeHHs KiHeTUKM GOpPMyBaHHS
Hanis-BIIC ITY/IIMMA 3a HasgABHOCTIi B CucC-
temi OAI pisHoi ximiuHOI mpupoay BUOpaHO
cymim IIY/IIMMA cknagy 10/90 mac. % npu
BMKOPMCTaHHI CyMminii iHilliaTopiB i3 KOHIIEH-
tpauieto 0,005 Monb/11 Ha BifMiHY Bif paHine
IPOBefeHNX HaMu Jociipkens [11], me 6yno
BUBYEHO cyMmimi 3 Oinbmmm Bmictom ITY i
Oi/bIII0K0 KOHIIEHTpAIlielo cyMili iHiIjiaTopis.
Lleit Bu6ip 3yMOB/IEHUII CK/IJIOM OJIir0a3oiHi-
1[iaTOPiB, B AKUX BMICT a30TPyTI, 1O iHI[IIOI0Th
nosnimMepizauito, BABi4i IepeOinbIIye BYUKO-
pucroByBauuii panime [11]. [le mpussopgmio
[0 3HAYHOTO 3pOCTAHHA LIBUAKOCTI MOJiMe-
pusanii i, sSIK HAaCTiJOK, O BebMU Ipoodite-
MaTUYHOTO PO3Ji/lIeHHA KiHETUMYHUX KPUBUX
peakliil ypeTaHOYTBOPEHHS 1 MomimMepusariii
MMA Ha 0CHOBi OTPMMYBaHMX TEPMOTPAM.

Tpe6a TakoX BiI3HAUMTH, 110 KAPTHUHA I10-
Bepinku OAI npu dopmysanni cymimi ITY/
[IMMA cknagHima, HDK Ipy NoniMepusa-
uii Tinbku MMA. Ile symMOBIEeHO THM, 1O [0
CK/IaZly OJIiIFOMEPHOrO a30iHilliaTopa BXOLUTD
peakiiiifHa rifjpasoHHa IrpyIia, sKa B3a€MOJi€ 3
MJI-1, mo npusBoOgUTh 4O YTBOPEHHA IOJi-
ininiaropa (wa npuxnani OAI-2) (puc. 6):

e

CHs  CHy0
CCN NC c

CH3 CH3 NH*N:<:> + mOCN-R-NCO —>

A~ N-— a | | NN~ .
NH-GNN" (0 g, NNCNH
(CH2)6 0

C’NH

Puc. 6. Cxema peaxiiii yTBopeHH: NOiiHiiaTopa
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Voro posmaji NpU3BOAUTD 0 BUHMKHEHHS 1BOX bipajgukais (puc. 7):

() o, o cny /OO
| ceNNCoc

Puc. 8. Kinetnuni kpusi yrBopennsa IIMMA
(I-4) i IIY (1'-4) B cymimi ITY/TIMMA 3a
koHueHTpanii OAI-1 0 (1, 1°; 0,001 (2, 2°); 0,0025
(3,310,004 monb/n (4, 4)

ITpu Bukopucranni OAI-1 y cyminii yTBo-
proerbcss opuH  Onokkononimep ITY(OIIA-
I'MID)-IIMMA, npu Bukopuctansi OAI-2 —
pea: IIY(OOA-TMID-IIMMA i IIY(OIIT-
I'MAI)-IIMMA.
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Puc. 7. CxeMma peaxuii posnafly nosmiisiniaropa
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Puc. 9. Kinetnuni kpusi yrBopennsa IIMMA
(I-4) i 1IY (1'-4) B cymimi ITY/ITIMMA 3a
xoHnentpanii OAI-2 0 (1, 1'); 0,001 (2, 2); 0,0025
(3,310,004 monb/n (4, 4)

Ha puc. 8 i 9 HaBeleHO KiHeTUYHI KpuBIi
yrBopenHa ITY i IIMMA 3aneXHO Bij KOH-
nentpanii OAI B cucreMi BifnmoBifHO [AnA
OAI-1 i OAI-2, a KiHeTHYHI IMapaMeTpyu LUX
peakiiit — B Tab. 2
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Tabnuig 2
Kinetnuni mapamerpu peaxniii yrsopenns I1Y i IIMMA 3anexHo Big koHneHTpanii OAI
OAI-1 | OAI-2
. Y Y
Konnenrparnis K, ,x10% n/ OCHI‘ZZHHH o | Ky x10° 1/ ocariCeHHﬂ o
OAI, MOJIBb/JT (XB'MOHB) A makc’ (XB'MOHb) Al Makc®
Makc’ XB maxc’ XB
0 50,01 74 0,034 50,01 74 0,034
0,001 29,18 67 0,031 23,85 65 0,039
0,0025 18,53 57 0,020 18,85 60 0,032
0,004 13,57 66 0,016 12,63 82 0,017
Ompasy Tpeba Bif3HaYMTH, LIO HaBEE- w .| ;
Hi BEIMYMHM KOHCTAHTM IIBUJKOCTI peaKiil 1 2 f
yTBOpeHHsa IIY MawTh TiIbKM OL[iHOYHMIA ] | \'\_
XapakTep Yepe3 Maluil BMICT ypeTaHOBMX 0.025 ° \
KOMIIOHEHTIB B cucteMi. 3 puc. 8, 9 i tabm. 2 0.020 2 [\
BUJIHO, 1O 3i 301/IbIIEHHAM BMICTY SIK Of{HO- 0015 ] /A/ r \\_
ro, TaK i gpyroro OAI B cymimax mBuaKicTb i 1 £ 7 < 0\\.\
KOHCTaHTa MBUAKOCTI peakii yroperns [TY ] %@2@; T e
napae. Taka TeHAeHIis ciocTepiranack iy pasi 0005 f——F " u " ﬁ\ﬂ&g'\.\
Bukopucrania OAl Ha ocHOBI oirookcumpo- 0,000 ] , ' e TERgt
IMiZIEHIIIKOMI0, a/ie 3 MEHIIVMM BMICTOM a30- 0 %0 0 e

rpyn [11]. Take mamiHHA MOXXHAa HOSCHUTU
TUM, 1[0 OJIOKKOIOTiMepH, SIKi BUHMKAIOTD B
cHcTeMi, MOXXYTh YyTBOPIOBaT! BOJHEBI 3B’A3-
KU 3 MaKpofii3olliaHaToOM, IO NPU3BOAUTH
10 3HIVDKEHHS PYX/IMBOCTI OCTAaHHBOTO i AK
pe3ynbTaT — O 3MEHILIEHHs IBUAKOCTI yTBO-
penns ITY. ITpu npomy npupopa OAI HecyTTe-
BO II03HAYAETbCA Ha 3MiHI IIBUAKOCTI peaKIil
Ta Il KOHCTaHTH.

o crocyernbca BuBy BMicty OAl i jtoro
IpUpOAM Ha peakuiro nmomimepusanii MMA
(puc. 101 11), TO TYT CriOCTepiraloThb iCTOTHI
3MIHM B XapaKTepl OTPUMaHUX 3a/IeXKHOCTEN
IMOPiBHAHO 3 OINJMCAaHMM paHillle BIIMBOM
OAI Ha Taky X peakiiifo B MOfiOHUX CyMi-
max [11].

https://ucj.org.ua

Puc. 10. YacoBa 3ane>xHicTb IpUBEAEHOI LB -
KocTi nonimepusanii MMA B cymimi I[TY/ITIMMA
3a koHnenrparii OAI-1 0 (1); 0,001 (2); 0,0025 (3)
i 0,004 monb/n (4)

Axmo panime cnocrepiraaym MOHOTOHHE
3HJDKEHHSA IIBUIKOCTI nonmiMepusanii MMA,
i BoHO Oyno mOB’sA3aHe 3i 3MEHIIEHHAM KOH-
crantn posnapy OAI nmopisuano 3 JJAK, To
B LIbOMY BUIAQJIKy IIPM BMKOPMCTaHHI 000X
OAI cmocrepiraloTb €KCTpeMajbHy 3aJIeX-
HICTb YacCy JOCATHEHHA MaKCUMYMY IIpUBeJe-
HOI IIBMUJKOCTI Bifj IXHbOTO BMICTY B CUCTeMi:
CIIOYaTKy BiH 3MEHIIYeTbCS (MaKcuMMasbHe
IPUCKOPEHHS peaklil CHOCTepiraloTb IIpu
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crniBBigHomeHHI KoHIeHTpanii OAI : JAK =
1:1), anorim 36inblIyeTbes (peakiis mojime-
pu3alii CHOBIIBHIOETBCA). SIKIIO MOX/INBOIO
IPUYVMHOK POCTY IPUBEEHOI IBUAKOCTI IpK
koHLeHTpanii OAI0,00110,0025 monb/m MoXxe
OyTy 30i/nbIIeHHS 3arajbHOI Ki/IbKOCTI peak-
LIIHUX IeHTPiB pafuKa/JbHOI IIO/TiMepU3allil
(oxpim jBOX papukanis npu posnani JAK me
i Benuka KinbKicTh 6ipajyKkaiiiB npu posmaji
YTBOPIOBAHOTO B CHCTeMi IoriiHiliaTopa), To
3HIDKEHHA NPUBEJEeHOI MBUAKOCTI MoTiMepu-
3a1lii 3a MOJaIbIIOTO 30i/TbIIIEHHs KOHI[eHTpa-
1ii OAI MO>XHa IIOB 13aTU 31 SHVDKEHHAM JIOTO
epexTuBHOCTI nopiBHAHO 3 [IAK.
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Puc. 11. YacoBa 3ane>xHiCTb IpUBeeHOI BI/JI-
kocTi nonimepusanii MMA B cymimi ITY/IIMMA
3a koHneHTpauii OAI-2 0 (1); 0,001 (2); 0,0025 (3)
10,004 monb/ (4)

Sk BummBae 3 Tab1. 2, MaKCUMasIbHe 3Ha-
YeHHs NPUBEJEHUX IIBUAKOCTENl MOHOTOHHO
nagae npu 36impienHi Bmicty OAI B cymi-
IIax, 0 MOXKe OyTM IOB’SI3aHO 3i 3MEHILEH-
HAM KOHCTAHT JIOIO poO3Najy IOPiBHAHO 3
JAK. IIpn upomy HeoOXigHO BigMiTUTH, IO
IpUpOJa iHilliaTOpa He BIUIMBAE HA XapaKTep
3MiHM HIBY/IKOCTI ITOJIiMepuM3aliii, a crocrepe-
KyBaHe 6i/bllle CIIOBi/TbHEHH: peakliii 3a Hail-
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6inpuroi koHnenTpanii (0,004 monb/m) OAI Ha
OCHOBI Ipocroro omiroedipaiony Moxe 6yTn,
JIMOBipHO, 3yMOBJIEHO Ti€I0 X IPUYMHOIO, 1110
i mpu nonimepusanii ynctoro MMA 3a HasAB-
Hocti OAL
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Puc. 12. 3anexnicts Inl = f(t) gna cymimi ITY/
I[IMMA 3a xonnentpanii OAI-1 0 (1); 0,001 (2);
0,0025 (3) i 0,004 Momb/71 (4)

Ockinbkyu XimigHi peakiil yTBOpeHHA
KOMIIOHEHTIB  CyMillli CYIPOBOMKYIOTbCA
$basoBuUM TOAiINOM, TapaneNbHO MeTOOM
CBIT/IOPO3CIAHHA BMBYAIM Liell IpOLeC Bifl-
IOBIJJHO 10 METOIMKM, ONMcaHoi B [16], a 3a
IOIIOMOTOI0 ONTUYHOro Mikpockoma MBJI-6
DOCTIIKYBaI CTPYKTYPY OTPUMAaHUX CyMi-
Iein.

Bimomo, mo He3ane>XXHO Bifi MexaHi3My
¢$as3oBoro mopiny 3a iHyKOBAaHOTO peaklji€ro
dasoBoro IIOZIi/Ty TIepeXifi CUCTEMU BiJj OTHO-
¢dasoBoro mo /Bo(hazoBOro CTaHy CYIPOBO-
JDKYETBCA 371TaMOM Ha 3aJIEXKHOCTI iHTEHCUB-
HOCTI CBiTNIOpO3cCiAHHA I Bif 4yacy peakuii f.
3a MM 3/1aMOM BM3HA4aI0Thb MOMEHT IIOYATKY
dasoBoro noginy. fkumo y mpomeci peaxuii
¢dasoBuil moAin BiOYBa€eTbcsA 3a MexXaHi3-
MOM CIIIHO/IaJIBHOTO pO3Iajy, TO 3a/IeXKHICTh
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I = f(t) Ha 710r0 IMOYaTKOBUX CTAJisX OINUCY-
IOTH CIiBBigHOIIEHHAM [17]:

I =1,exp[2R(q)]t, (1)

e R(q) - dpaxTop mificuieHHs, 1o XapakTepu-
3ye MBMAKICTb HAPOCTAHHA QIYKTyallill KOH-
neHTpalil 3a (a3oBOro MOfiNy, ¢ — XBUIbOBE
YUCTIO.

In/

6 ]
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Puc. 13. 3anexuicts Inl = f[ln(t-t)] pna
cymimi ITY/TIMMA 3a xornenTpanii OAI-1 0 (1);
0,001 (2); 0,0025 (3) i 0,004 momnb/n (4)

IIpm MexaHisMi HyKJeallil Ta pocTy, a Ta-
KO)K IIpU CIIIHOMA/IbHOMY pO3Maji Ha IIi3Hi-
IIMX CTaJifAX, KOMM BiZOYBa€ThCs 3MiHA PO3-
MipiB CTPYKTYp, LJO pO3JiIAITLCSA, CIIPABE]-
JIMBUM € CITIiBBimHOIIEHHS [5, 18]:

I~ (t-t,)P, (2)
fie t, — 4ac Ho4yaTKy pasoBoro Mozpiny.

3rigHo 3 piBHAHHAMU (1) i (2) 3amexxHOCTI
InI = £(t) i InI = flIn(¢-t )] matoTp 6y TV IpsIMO-
niHiHYMY 3 HaxwioM 2R(q) i P BixnoBigHo.

Hna pocmimkyBanoi cymimi ITY/IIMMA
ckmagy 10/90 mac. % i3 pi3HOIO Ki/lbKicTIO
OAI-1 sanexsicte Inl = f(t) HaBegeHO Ha
puc. 12, a sanexuicts Inl = f[In(t-t)] - Ha
puc. 13. Iloni6Hi 3ame>xxHOCTI € TMHOBMUMMU i
g cymimi ITY/IIMMA 3 pisHOIO KilTbKiCTIO
inmoro omiroasoininiatropa (OAI-2), Tomy ix
TYT He HaBOJATb. AHaJIi3 3a3HAUYEHNUX 3aJIEXK-
HOCTeI ITOKa3YE, 1110 Ha KOXKHIN 3 HUX CIIOCTe-
piraroTh, IpVHAMHI, ABI IPAMOIIHIIHI Ji/IAH-
K, 1JO CBiIYUTBH NPO Ki/bKa cTafiit ¢pa3oBoro
nopiny B mporeci popmysanus Hanis-BIIC.

Tabnuug 3
ITapamerpu ¢aszosoro nmopiny B cymimi ITY/TIMMA 3 OAI-11 OAI-2
Koumentparis Yac noyarky qacnl"[oanKy 2 ‘{af KiHIIA 2 2R(q)_>1<103, 2R(q)_>1<103,
OAL MO/ Q)aspBoro crapii (PasoBoro crapii @asoBoro B, | B, c c
Hopimy, XB HOJiTy, XB HOJiNy, XB 1-a minAHKa | 2-a giIsAHKa

OAI-1
0 21,5 30,0 38,0 1,26 2,77 0,33 2,44
0,001 24,0 34,0 39,5 1,10 2,27 0,32 1,00
0,0025 26,5 35,0 41,5 1,00 2,17 0,31 0,87
0,004 34,1 41,6 53,1 1,00 1,60 0,30 0,60

OAI-2
0 21,5 30,0 38,0 1,26 2,77 0,33 2,44
0,001 25,0 35,0 41,0 1,05 2,17 0,31 0,97
0,0025 28,0 38,0 47,0 1,00 1,88 0,29 0,85
0,004 36,0 42,5 54,0 0,80 1,47 0,27 0,50
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KpiMm nporo BupHO, mo 3i 36i1bIIeHHAM
KoHIeHTpanii OAI-1 sMeHIIYIOTbCA HaxXWIn
sanexuocrelt Ak Inl = (t), rax i Inl = f[In(t-t )]
(ocobmmBO Ha [Apyrilt AiMAHL 3a/eXHOCTI
InI =£{(t)), mo Bka3ye Ha ynoBiIbHEHHS ITPOIle-
cy ¢asoBoro mopiny mpu 30inblIeHHI BMicTy
OAI-1. (AHamoriyHmMI BICHOBOK CTOCYETBC i
cymimi [TY/TIMMA 3 a3oininiatopom OAI-2).

Buxkopucrosyroun pmani puc. 12 i 13, mu
pospaxyBamu BemmumHM 2R(q) i B, Aki xa-
PaKTepu3yIOTh MIBUAKICTh (Pa3oBOro MOAINY,
Ha KOXHIiil 3 Jioro crajinm pia cymimi ITY/
IIMMA 3 OAI-1. Pesynpratm umx pospa-
XYHKIB, a TaKO)X aHAJIOTi4Hi pe3ynbTaTu I
cymimi ITY/TIMMA 3 OAI-2 HaBefieHO B Ta-
6muni 3. BugHo, 110 He3ajieXXHO Bifi IpUpoOau
OAI npu 36inbiuenHi oro BMicTy B cyminii
30i/IbIIYETHCS Yac MOYaTKy (asoBOro MOy,
9ac IOYaTKy JIOro APYroi CTajii, a TaKOX Yac
3aBepIleHHs JpYyroi cTafil (3armH Ha 3ajex-
HocTi Inl = f(t)). llIBuaxicTs ¢pazoBoro nopiny
(BemrumHM 2R(q) i B) IpM IbOMY 3MEHIIYETh-
cs. [IpuumHoo TanbMyBaHHs (a3oBOro MOMi-
ny B cymimax 3 OAI moxe OyTu 3MeHIIeHH:
mBUAKOCTI yrBOopeHHA IIY, mpo mo cBig4arhb
maHi Tabn. 2. OkpiM LbOTO, IpU BBEJEHHI Y
cymimm OAI yTBOpIOIOTBCA fiBa GIOKKOIOI-
mepu: I[TY(OJA-TMAI)-IIMMA Ta ITY(OIII-
I'MII)-IIMMA, ski [OiloThb SK KOMIIaTHOiTi-
3aTOpM CyMilli, a TAKOXX BMHMKAIOTb BOJHEB1
3B’513KM He TibKM MDK YTBOPIOBaHMMMU OJIOK-
kononiMepamu i M/II-1, a 11 MK nepmmmu Ta
KapOoHinmpHUMK rpymamu [IMMA, mo ¢op-
MYETbCA.

HasBHicTp iBOX cTafiil ¢asosoro mopiny
MO>KHA IIOACHUTY TaKUM 4MHOM. 3 puc. 12113
BUIUIMBAE, 110 Ha KOXHII 3i cTafiit ¢pasoBoro
IIOJIi/Ty BUKOHYIOTbCA KpuUTepil 1 HyKealii-
HOTO, i CIiHOJTa/IbHOTO MeXaHi3MiB. BoueBupb,
MO>KHA IPUITYCTUTH, IO peaIbHNUII MeXaHi3M
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¢daszoBoro mofiny B Liil cucTeMi — Ije HaKIa-
JaHHA OBOX MeXaHi3MiB. OjHaK, OCKiTbKN
mocmimkyBaHuit ckman cymimi ITY/IIMMA
He € KpUTUYHMM [16], To Ha mepmiit crapii
¢dasoBmit moxin BifOyBa€TbcsA, B OCHOBHOMY,
3a MexaHi3MOM HyKJ/eanii Ta pocry. Komu 3a
nepe0biry peakuiil cucreMa IONIaJjla€ B HeCTa-
6inbHy 06macTb, ¢aszoBuil MOAIN 37iliCHIO-
€TbCSA TOJIOBHMM 4YMHOM 3a CIIiHOQJIbHUM
MexaHisMoM. OCKinbKM Ipollec HyK/ealii Ta
pOCTy BiflOyBa€TbCs CYTTEBO IOBi/IbHIIIIE CIIi-
HOZJAJIbHOTO posmany [19], mBuakicte Hapo-
CTaHHA IHTEHCUMBHOCTI CBIiT/IOpO3CIAHHA Ha
nepuiit crazii 6yge MeHIIa, Hi>K Ha APYTilL.
BigsHaummo, 10 €KCIEepPUMMEHTA/IbHO [IBi
crapii a3oBOro MoAiny crnocrepiranu aBTopn
pobit [16, 20, 21] it ms iHmmx cuctem. Tak,
HaIIpUK/IaZl, ABOMa 37laMaMl Ha 3a/IeXHOCTI
norapudma iHTEHCUBHOCTI CBIT/IOpO3CiAHHS
Bifl yacy peaxuiii cynpoBomKyBanocs Gpopmy-
BaHHA in situ cymimi niHiMHUX noniMepis 1Y
i IMMA pisHOro cknajly npu pisHOMy BMICTi
ininiaropa [16]. Lle TakoX XapaKTepHO [is
OiHapHMX cyMimmeit nonikap6onary 3 [IMMA
[20], HeHamOBHEHNX | HANOBHEHMX CyMilleit
[1BA i3 IMMA [20]. ITpn BuBYeHHi cyminri -
HiitHUX nonimepis IIC i nmomi-2-x1opcTupony
[18, 22] Ha gacoBiit 3anexxHocTi In] Ta cTynens
KOHBEPCil 2-XJIOpPCTUPOTY TaKOX CIIOCTepira-
M ABi BUIAHKM, a KOCTiIpKeHHS Mopdororii
CyMillli B IIpoljeci peakiii IoKasasno ii 3MiHy
BiJl Kpalle/b 10 CIliBHEIIEpEPBHNX JOMEHIB.
Mopdornorito pocmimpkyBanux Hamm 1Y/
I[IMMA nanis-BIIC naBegeno Ha puc. 14 i
15, 3 AKUX BUIUIMBAE, 1O JI/I1 HUX XapaKTep-
Ha JJOMEHHA CTPYKTYpa, AKa (pOpMyeTbCs Ha
IPOMDKHMX CTajisix ¢asoBOro IoJiy BHacC-
TJOK TOro, 0 (Ha3oBuUil MOALNT BinOyBaeThCA
IO TeNeyTBOPEHHA 1 MOXX/IMBUII po3Naj, B3a-
€MOIIOB’SI3aHUX CIIIHOJAIBHUX CTPYKTYp 3
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Puc. 14. Mikpodororpadii chopmopanux in situ cymimest ITY/ITIMMA 3a koruenrpanii OAI-1 0 (a);

0,001 (6); 0,0025 (B) i 0,004 monb/n (1)

Puc. 15. Mikpodororpadii chpopmoBanux in situ cymimest ITY/ITIMMA 3a xonuentparii OAI-2 0 (a);

0,001 (6); 0,0025 (B) i 0,004 Monb/n (1)

yTBOpeHHAM Kparenb [23]. [Ipu BBenenHi orri-
roasoiHiniaTopis i 36inbleHH] IXHPOI KOHI|eH-
Tpalil po3Mipu JOMEHIB CTalOTb MEHIIVIMI.
Orxe, HaBefleHi pesy/nbTaTy MiTBEPIKYIOTh
BICHOBOK, 1110 00MfIBa 0/1iroasoiHiriatopu mi-
I0Tb sIK KoMnatub6inizaropu Hamnis-BIIC. Sxio
posrnagatu BB npupogu OAI Ha Mop-
¢dororito OTPUMYBaHNX CyMilllell, TO MOXXHA
IpunycTuTi, mo OAI-2 sk kommaTnbinizatop
€ epexTuBHinmMM, HK OAI-1, ockinbku daso-
BUIt nofin y cymimax 3 OAI-2 Ha BifMiHY Bif
cymiment 3 OAI-1 Bi,[[6YBa€TbCH MOBi/IbHilIIE,
PO IO CBif9aTh BeIM4MHY apameTpiB 2R(q)
i B (Tabm. 3), a mopdornoris cymimeit 3 OAI-2
mpibHima, Hi>k 3 OAI-1.

VIMOBipHO, Take TrajbMyBaHHS ()a30Bo-
ro noginy B cymimi 3 OAI-2 MO>XXHa TOSACHK-
TU TUM, IO IIPY JOTO BUKOPUCTAHHI B CUC-

https://ucj.org.ua

TeMi YTBOPIOIOTbCA HBa OIOKKOIOTIMEpH:
I[IY(OJA-TMAI)-IIMMA i ITY(OIIT-I'MI)-
I[IMMA, a npu Bukopuctanti OAI-1 - Tinbku
oguu I[TY(OJA-TM/II)-TIMMA.

TakyM 4YMHOM IOKa3aHO, 1[0 BBOASAYM B
peaKkuiiiHy CyMilll METMIMETAKPUIAT — KOM-
IIOHEHTM YPEeTaHOYTBOPEHHSA OJIiroasoiHili-
aToOpy pisHOI XiMi4HOI NpUpPOAM, AKI 3[aTHI
YTBOPIOBAaTH OIOKKOIOTiMepy-KOMITATHO1/Ti-
3aTopy OesnocepenHbO Iif yac cuHTe3y I1Y/
IIMMA BIIC, MO>XX/TMBO peryaroBaTy IpoLec
iXHBOTO (POPMYBAHHSL.

BVMCHOBKJ. IlposefeHi HoCmifiKeHHA
pasoM i3 pesynbratamu pobotu [11] mokasa-
IV, 1110 IIpY BBEJEHHI B peakliliHy CyMill Me-
TUIMETAKPU/IAT-KOMIIOHEHTY  YPETaHOYTBO-
PEHHA O0J1iroasoiHiniaTopis pi3HOl XiMiYHOI
npupoay, mij yac cuntesy [IY/IIMMA BIIC
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YTBOPIOIOTbCA OTOKKOIOMIMEPH, 3a PaxyHOK
4OT'0 MOK/IMBO PETY/IIOBATH AK KIHETUKY yTBO-
PEeHHsI KOMIIOHEHTIB, Tak i mporec ¢$a3oBo-
ro noginy Ta Mopdornorio. brokkomnonimepn
[ifOTh AK KoMmarubimisaTopum i cnpusioTh
yTBOpeHHI0 Oinbir ToHKOI cTpykTypu BIIC
MIOPIBHAHO 3 CUCTEMaMMU 6e3 a3oiHiliaropis,
[0 Ma€ IO3UTVBHO Bifl6MBaTVICA Ha IEBHUX
ixnix BracTuBoCTAX. Tpeba BiAMITUTK TaKOX,
1110 3a pe3y/bTaTaMy IIPOBEIEHNX TOC/TiIPKEHb
IIOKa3aHO He3HayHu BIUMB nnpupoan OAI Ha
npouec popmysanns [TY/IIMMA wHanis-BIIC
Ta MOP(QOJIOTil0 YTBOPEHMX CUCTEM.

BJIMAHUE A3O0UHULINATOPOB MNMOJIN-
MEPU3ALUA METUNIMETAKPUJIATA HA
NPOLIECC 0BPA30BAHUA 1 MOP®0J10I1H0

NOJINYPETAH/NONUMETUNIMETAKPUNAT
B3AUMOINPOHUKAKOLLUX MNOJIMMEPHBIX
CETOK
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UccnegoBana KMHeTMKa 0OpasoBaHMA
KOMITIOHEHTOB B3aMIMOIIPOHMKAIOLIUX I10/IN-
MepHbIX ceToK (BIIC) mommyperan/monnme-
TWIMeTaKpWIaT, NOMTy4eHHBIX in situ, u da-
30BO€ pasJie/IeHle, BbI3BAHHOE XMMIYECKUMMA
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peakiuAMY, TpY HaINYMU B PEaKLIMOHHON
CMeCH OJIMI0Aa30MHUIVIATOPOB IOIMMepu3a-
LUV MeTWIMETAaKpIUIaTa, Coflepykalmx ¢par-
MEHTBI IONMypeTaHoBoi Iemu. IlokasaHo,
YTO BBEJICHMEM O/IMT0a30VHVIIMATOPOB pas-
JINYIHOV XMMUYECKON IPUPOIBI MOXXHO KOH-
Tpo/mpoBarh npouecc Gopmmposanusa BIIC
Omarogapss o06pasoBaHNMI0 BO BpeMs CUHTe3a
0/I0KCOIIONMMEPOB, SBJIIOIINXCS KOMITATHU-
OmIM3aTopaMy cMecH, KOTOpbIe 3aMefIAioT
npouecc ¢$asoBOro pasmeNeHuss U CIoco6-
CTBYIOT 00pa3oBaHMIO 6O/lee TOHKOJ CTPYK-
Typsl BIIC.

KioueBble cnoBa: B3alMOIIPOHMKAIOIINE
HO/IVIMEpPHbIe CEeTKY, OIMI0a30MHMUINATOPEIL,
XUMMJecKas KMHeTHKa, Gpa3oBoe pasjeneHne,
Mopdonorns
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Interpenetrating polymer networks (IPN)
are mixtures of two cross-linked polymers
formed as a result of chemical reactions of
in situ synthesis of components from sin-
gle-phase initial mixtures. As a rule, due to the
incompatibility of the components, a physical
process of phase separation takes place with
the formation of heterogeneous systems with
insignificant interphase adhesion, which can
have a negative effect on the physicochemical
properties. To increase the compatibility of the
components and to stabilize the systems, com-
patibilizers are introduced into the reaction
mixtures. In this work the kinetics of the in situ
formation of the components of polyurethane/
poly(methyl methacrylate) interpenetrating
polymer networks and the phase separation
induced by chemical reactions in the presence
of methyl methacrylate polymerization oli-
goazoinitiators in the reaction mixture were
studied. Oligoazoinitiators contained frag-
ments of a polyurethane chain also. It has been
shown that the introduction of oligoazoiniti-
ators of various chemical natures can control
the process of IPN formation due to the for-
mation of block copolymers during synthesis,
which are compatibilizers of the mixture. They
slow down the phase separation process and
favor the formation of a finer IPN structure.

Key words: interpenetrating polymer net-

works, oliazoinitiators, chemical kinetics,
phase separation, morphology.
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SYNTHETIC POTENTIAL OF 9,10-ANTHRAQUINONYLDIAZONIUM
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For the first time, the literature sources concerning the chemical transformations of diazonium salts
of 1(2)-amino-9,10-anthracenediones are generalized and systematized. The potential of 9,10-dioxoan-
thracenyldiazonium salts as key substrates in the preparation of various linear-functionalized, acyclic
and heterocyclic derivatives has been determined. The main synthetic transformations of diazonium
salts of amino-9,10-anthracenediones, which are realized without preserving the azo function lead
to the formation of reaction products of Sandmeyer, Meerwein, and Gomberg-Bachmann-Hay, are
analyzed. The use of 9,10-dioxoanthracenyldiazonium salts or products of their transformations for
obtaining heteryl-containing condensed and functionalized derivatives is presented.

Key words: diazonium salts of 1(2)-amino-9,10-anthracenedione, dediazonation, azo coupling, an-

nulation, heterylfunctionalization.

INTRODUCTION. In modern organic syn-
thesis diazonium salts belong to the impor-
tant classes of compounds with a powerful
synthetic potential, which have not lost their
relevance and importance to this day due to
their easy accessibility and pronounced reac-
tivity. Their use in various synthetic transfor-
mations opens access to new types of organic
compounds. In this context, diazonium salts
of amino-9,10-anthracenediones play an im-
portant role in developing approaches to the
synthesis of new substances with potential bio-
logical effects. At the same time, despite the di-
versity of the products of the arendiazonation
reaction, a relatively little arsenal of derivatives

was obtained on the basis of diazonium salts of
amino-9,10-anthracenediones, among which
diazo compounds and the products of the
Sandmeyer and Meerwein reactions should be
noted.

The formation of 9,10-anthracenediazoni-
um salts occurs only in solutions of concen-
trated acids, which is due to the decreased
basicity of the amino group of amino-9,10-an-
thracenediones [1]. Usually, 9,10-dioxoan-
thracenyldiazonium chloride is obtained in
the presence of concentrated HCI in organic
solvents [1, 2]. However, most often in diazoti-
zation reactions, hydrosulfate and tetrafluoro-
borate salts 3-8 are obtained, which are more
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stable during storage and convenient in use.
Diazonium hydrosulfates 3, 4 are easily formed
in concentrated H,SO, under the action of so-
dium nitrite or nitrosyl sulfuric acid [3]. When
the latter interact with sodium tetrafluorobo-
rate, they give the corresponding salts 5 and
6 [1]. In recent years, --BuONO is used as an
effective diazotizing agent, which makes it pos-
sible to obtain salts 7, 8.

(0]

g - (0] + -
N,HSO, N,BF,
7YY NaBF, DS
| — |
= Z
Y 0
3,4 5,6
NaNO,
H,S0,
.o
e NH, N,OBu-
| ‘/ +-BuONO | 7S
_
P P
0 [0}
1,2 7,8

Due to the high electrophilicity of the di-
azonium center, which is enhanced by quinoid
conjugation, salts 3-8 easily interact with nu-
cleophilic reagents, which allows the introduc-
tion of new substituents into the anthracene-
dione ring and to obtain both dediazonation
products and azo group derivatives.

This review focuses on the generalization
and systematization of the results of original
studies related to the transformation of diazo-
nium salts of amino-9,10-anthracenediones,
and the uses of diazonation reaction products
to obtain various derivatives of 9,10-anthra-
cenedione are presented.

REACTIONS OF DEDIAZONIZATION OF
9,10-ANTHRACENYL DIAZONIUM SALTS

The authors of [3] found that the diazotiza-
tion of 1(2)-aminoanthracene-9,10-diones 9

56

and 10 in dioxane using the NaNO,-HCI sys-
tem leads to the products of the replacement
of the diazonium group with hydrogen atom
11 and OH-group 12. The formation of the
latter derivative is explained by the peri-effect
of diazo and hydroxy groups, which causes the
reduction process.

o NH, o)
X
e QL
bbbty
dioxane
o o
9 11
o X (0] X
NH
Q"
ekt ety
dioxane
(0] (0]
10 12
X=H,Cl

Deaminated methyl derivative 14 and pyra-
zoloanylelated compound 15 are the products
of the conversion of diazonium hydrosulfate of
1-amino-2-methyl-9,10-anthracenedione 13
in methanol and dioxane [4].

0 NH,
4N

0

13

1. NaNO,, H,S0,
2. EtOH, 16 h, 20 °C

(o) o HN—l‘\J\
l I l Me ! . l C
+
(0] o

14 (25%) 15 (62%)

The treatment of 9,10-dioxoanthracenyl-
diazonium 16 chlorides with zinc dust in etha-
nol solution was a convenient approach to the
synthesis of reduction products 17 [4].
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NZCl
SO;Na
O‘O
20 °C
NHAr 0.5 min NHAr
16
17 95-99%

It should be noted that the introduction of
the hydroxyl group, halogen atom, azide, ni-
trile, sulfur- and phosphorus-containing sub-
stituents by replacing the diazonium group of
9,10-anthracenedione is widely used in syn-
thetic practice since the early XX century [1].

X = Cl, HSO,, BF,

R=OH, L F, N; CN, SCN, SH,
SAIK, SO,CI, POH,
Hydroxyderivatives are easily obtained by

the hydrolysis of diazonium salts of amino-

anthracene-9,10-diones [3, 5, 6]. The inter-
action of the corresponding diazonium salt
with potassium iodide at room temperature
is used to obtain 1(2)-iodo-9,10-dioxoanthra-
cene [7]. The one-step interaction of 1(2)-ami-
no-9,10-dioxoanthracene with the diazotizing
NaNO,-HI system in dimethyl sulfoxide me-
dium allows one to obtain the target prod-
uct with higher yield [8]. The corresponding
1,8-difluoro derivative 19 was obtained under
the conditions of the Baltz-Schiman reaction
from bis-tetrafluoroborate 9,10-dioxoanthra-
cenyl diazonium 18.

- + + -

F4sBN, O N,BF, F (0] F
L) e QU T
sublimation
o (0]

18 19 60%

https://ucj.org.ua

Nitrile-containing  9,10-dioxoanthracenes
are usually obtained under the conditions of the
Sandmeyer reaction in the presence of an aque-
ous solution of a complex salt of copper (I) cya-
nide and potassium/sodium cyanide [1, 9].

The formation of 1(2)-azido derivatives of
9,10-anthracenedione easily occurs when the
corresponding diazonium salts interact with
sodium azide in an aqueous medium [10-12].

The synthesis of 1-mercapto-9,10-anthra-
cenedione involves a two-stage process, in
which the first stage is carried out by the thi-
ocyanation of the diazonium salt with potas-
sium rhodanide, and the second stage involves
alkaline hydrolysis in an aqueous-ethanolic
solution [1]. An alternative method of ob-
taining such a compound is the interaction of
9,10-dioxoanthracenyldiazonium hydrosulfate
with potassium dithiocarbonate in an aqueous
medium followed by hydrolysis [13].

Thiocyanate derivatives were obtained by
the diazotization of 1-amino- and 1,4-diami-
no-9,10-dioxoanthracene with sodium nitrite
in sulfuric acid, followed by the action of po-
tassium thiocyanate [14, 15].

Several studies on the synthesis of 1(2)-
thio-containing 9,10-anthracenediones by the
S-arylation of thioglycolic acid with diazoni-
um salts have been described in the literature
[14, 16]. 9,10-Dihydro-9,10-dioxoanthracene-
2-ylsulfonyl chloride was obtained from the
corresponding diazonium chloride and sul-
tur (IV) oxide in the presence of copper (II)
chloride [17]. Phosphorus-containing deriv-
atives based on diazonium tetrafluoroborates
of 9,10-anthracenedione are represented by
(9,10-dioxo-9,10-dihydroanthracene-1(2)-yl)
phosphonic acids 20, 21, which are formed
by the interaction of salts 5, 6 with phospho-
rus (III) chloride in the presence of a salt of

o7




ORGANIC CHEMISTRY

SYNTHETIC POTENTIAL OF 9,10-ANTHRAQUINONYLDIAZONIUM SALTS

copper (I) and can be easily converted into am-
monium salts [18, 19].

The authors of [20] proposed an effective
variant for obtaining 9,10-dioxo-anthrace-
nyldithiocarbamates under the conditions

+ - « » . .
N,BF, PCLBE, of “green” chemistry based on 9,10-dioxoan-
PCl4 thracenyldiazonium salts. The reaction of
—_— - . . . .
CuBr noncatalytic arylation with freshly obtained,
o 2t neutralized with sodium carbonate, diazoni-
5,6 um hydrosulfate salts of 1(2)-amino-9,10-an-
thracenediones 1, 2, 22—-28 and a series of in
PO;H, . (1 . . .
H.0 situ generated dithiocarbamic acids with frag-
0 . . . o
J3HCI ments of diethylamine, pyrrolidine, piperidine
- HBF, 3 and morpholine in an aqueous medium under
20,21 mild temperature conditions led to the prepa-
ration of carbodithioates 29a-v.
S
O  NH, o SJ\NR4 R,=R,=H, NR=NEt, (29a); R;=R,=H, NR = N:\O (29b);
R,
. R Ry=R,=H,NR;=N ) (290); R;=R,=H, NR,= NC[ (29d);
— R, = H, R, = NHMe¢, NR, = NEt, (2%¢);
R, = H, R, = 4-HN-C4H ,Me, NR, = NEt, (29);
0 R 0 R R, = Br, R, = 4-HN-C¢H,Me, NR, = NEt, (29g);
1, 24-28 29a-i 50-95% R; = Cl, R, = 4-HN-C¢H,Me, NR = NEt, (29h);
R, = COOH, R, = H, NR, = NEt, (29i);
O NH, s
s—
O‘O 1. NaNO,_ H,S0, NR,
HS |
2. N 85-96%
NH, O § v .
in situ _ . . .
2 o 0 ec NR, = NEt, 29)); N0 (29k); N_ ) (291); NQ (29m)
o )
NH, S_NR,
X - — LT
S
R Ry
o Y 67-94%
2,23

R, =R, =H (1); R, = H, R, = NHCH; (25);
R, = H, R, = 4-HN-C¢H,CH; (26);

R, = Br, R, = 4-HN-C4H,CH, (27);

R, = CL, R, = 4-HN-C4H,CH; (28);

R, = COOH, R, = H (24)

R;=H (2); Ry=CI(23)

58

Ry=H, NR,=NEt, (29n); R;=H, NR;=N_ O (290);
R;=H, NR= N:> (29p); R;=H, NR,= Nij (29q)

Ry=Cl, NR,=NEt, (29r); Ry=Cl, NR;= N0 (295);
Ry=Cl, NR,=N_ ) (29u); Ry=Cl, NR,= Nij (29v)
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9,10-Dioxoanthracenyl-2-diazonium tetra- N,HSO, R

fluoroborate 5 is a convenient reagent in NaN;
the synthesis of (N-Boc-3-pyrrolyl)anthra- O‘O O‘O
cene-1-yl-9,10-dioxoanthracene 30 under the

conditions of Pd-catalyzed arylation of N-(tert- 2: (ﬁi‘::l)* ;z Eﬁ: g:j; )
- —NHAF
butoxycarbonyl) -3-pyrroline salt 5 [21]. ( "

% toluene “O

o 110 °C

N
. Y 34 (R1=0H),
o wNpr, [N <0 o 37 (R'=NHAr)
Pd(OAc),,
—_—
H,0/MeCN

R=Ph, 4-NO,Ph, 4-BrPh, C(Me),OH, 4-CH;0Ph;
5 30 73%

Ar =3-MePh, 4-MePh

Azidoderivatives 39 under heating above
110° C were converted to compounds of isoxa-
The authors of [22-28] described the use of zole type 40, which reacted with sulfoxide to
diazonium salt 7 to obtain functional deriva- give sulfanylideneaminoanthracene-9,10-di-

tives 31 in the presence of copper (II) salts. ones 41 [30].
oo
O  N,0-Bu- NzHSO4
NaN3
—
Ol‘ ii
o)
7 31 R =Br, CH= CHZ,
R3
i - CuBr,, MeCN, 14 h, 20 °C, 70%; T gRe
—_—
ii - CuBr,, MeCN, 14 h, 20 °C, TBAF, Pd(dba),, 2-(di-tert- 1;’11901’:1C 130 °C, 45 min
butylphosphino)biphenyl, THF, 20 °C 8 h, 80 °C, 96%; N
—iN2

iii -CuBr,, MeCN, L-ascorbic acid, DMSO, 12 h, 20 °C 70%

The influence of electron-donor substitu-
ents in the fourth position of the 9,10-diox-
oanthracene nucleus on the cyclization process
of alkynyl-containing hydrosulfate diazonium
salts 32, 35 was determined [29].

The presence of such substituents not only 41 54-94%
stabilizes the latter, but also allows the nucleop- R'=Alk, R>=Cl, NO,, NHC(O)Ph; R*=R*=Me, Et, Ph
hilic substitution of the diazo group with the
azide anion and the conversion of compounds Isoxazole derivatives 40 can also be used to
33, 36 to isoxazoles 34, 37 without involving prepare phosphoamides 42 and iminophos-
acetylene function. phoranes 43 [30].
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O—IN O  N=PPh,
CII) = X
—_—
A
R R? toluene R! R2
0 2h 0
40 43 63-86%
O NHP(O)(OR%),
P(ORY);
A
toluene R! R?
25h )
42 42-98% R3=Me, Ph

R'=R2=H, Cl, NO,

Anthra[1,9-c¢d:5,10-cd’]diisoxazole 46 re-
acts similarly with triphenylphosphine, di-
methyl(diethyl, diphenyl)sulfoxides and tri-
alkyl(aryl)oxyphosphines with the disclosure
of both isoxazole cycles and the formation of
corresponding bisproducts 47-49 [30].

NZHSO4
O‘O *
e —_—
’04SHN2
o— | N=PPh,
PPh,
E— —>
5 O‘
toluene | xylene
N, N—O 25h  ph,p=N
46 }
RR,S=0 | 130°C A
45 min P(OMe); | toluene
R! -N,
(o} N=S—0
O  NHP(O)(OR*
0=S=N O
B (R°0),(O)PHN

R!'=R2=Me, Et, Ph 49 R3=Me, Et, Ph

The behavior of the azides of 9,10-an-
thracenedione 50, 51 in the reaction of Cu-
catalyzed 1,3-dipolar cycloaddition (CuAAC)

60

with a number of substituted alkynes was
investigated [31]. It was found that the use
of systems such as Cul-L-proline in DMSO,
CuSO,-potassium ascorbate in a mixture of
DME-H,0 and Cul-TEA in chloroform led to
a positive result with obtaining 1,2,3-triazole
derivatives 52 only in the case of the latter op-
tion [31].

o
NH; 1.NaNoO,, it Ny
LD e
—_— —_—
2. NaNj
(o)
1,2 50,51
N:N

0o N \8»
SO

R;"CZC-R,

R; R;=Ph, Ry=H (a, );
R,=CH,OH, R,=H (b, h);

Cul, EN, R;=COOMe, Ry=H (¢, i);
CHCl3, 20 °C o R;=COOELt, R,=H (4, j);
52a-k R;=R,=COOMe (e, k)

The Gomberg - Bachmann - Hay and
Meerwein reactions play an important role
in the transformation of the diazonium salts
of 9,10-anthracenediones, since the acylation
and Friedel - Crafts alkylation processes are
not characteristic of 9,10-dioxoanthracene de-
rivatives due to the effect of quinoid conjuga-
tion [32].

It was determined that the formation of
the products of this reaction, aryl-9,10-dioxo-
anthracenes 53-60, occurs quite easily and in
high yields (40-60%). The arylation of tolu-
ene leads to the formation of 1(2)-isomers at
the ortho- and para-positions to CH,-groups
57, 59 (in the case of 9,10-dioxoanthra-
cene-1-yldiazonium) and mixtures 58, 60 (in
the case of 9,10-dioxoanthracene-2-yldiazoni-
um) [33].
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1-yl)acetic acid 67 and its esters 68 were pre-
pared by the Cu-catalyzed coupling of diazoni-
um salt 3 with 1,1-dichloroethene under mild
conditions [36].

o
53 (1-isomer) 55 (1-isomer) + _
54 (2-isomer) 56 (2-isomer) Me o N HSO, Cl 0 H,C < Cl

H,= SO,H
_a,
s (0 |

Me
0 o
1[ ) l:
N2 2 -N,
| | > o o
Z 3
OR
lo) o

57 (1-isomer) 59 (1-isomer) 0 HZC/gO
58 (2-isomer) 60 (2-isomer)
. . . q. . ROH/H,0
Studies of C-arylation of pyridine by diazo- EPvevrem O‘O
nium salts of anthracenediones under the con- o
ditions of a modified Gomberg-Bachmann- 67 R=H, 68 R =C;-C; alkyl

Hay reaction at a temperature of -10 °Cto 70 °C Under similar conditions, 2-(9,10-di-
in the absence of catalyst and Cu-catalysis have 0x0-9,10-dihydroanthracene-1-yl)chloroacet-
shown that a mixture of ortho-, meta- and pa- ic acid 69 was obtained in high yield from
ra-products of arylation of pyridine 61-66 was 1,1,2-trichloroethene and diazonium hydro-
the result of the interaction [34]. gen sulfate 3 in acetate acid [35].

o/ \
pele e
+ —
, 0 HC
55, Q 0 N,HSO,
o CIHC=CCl,

o
- O‘O O‘O
61
-10...70 °C
Q o/ \N Cu AcOH

; \Rges !
J Q 3 69
The authors of [35] suggested using meth-
“O %@ acrylonitrile in the presence of copper(I)
0 NzH504 N\ " chloride to obtain 1-(2-oxopropyl)anthra-

T cene-9,10-dione 70, which was converted by

+

o . 9l alkaline hydrolysis to 2-hydroxy-7H-ben-
. N
) O‘O zo[de]anthracene-7-one 71.
o g — Me HO
o 0  N,HSO, )\ o )<Me

The use of Meyerwein reaction taking di- O‘O

azonium salts of 9,10-dioxoanthracene as an

example is represented by coupling reactions °

with such unsaturated compounds as 1,1-di- o on

chloroethene, 1,1,2-trichloroethene, acrylic o e )L

acid esters, nitrile methacrylic acid, 2,4-dicy- O
MeOH/KOH

ano-1-butene in the presence of copper salts —Ho O‘O
o

HZ
MeOH/CuZClz o

[35]. 2- (9,10-Dioxo0-9,10-dihydroanthracene-

70 71 91%
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The Cu-catalyzed arylation of 2,4-dicy-
ano-1-butene in methanol leads to the for-
mation of a mixture of cyanohydrin 72, cya-
noketone 73, and 9,10-dioxoanthracene 74 as
a dediazonation product. 5-(9,10-Diox0-9,10-
dihydroanthracene-1-yl) -4-oxopentanoic acid
76 was synthesized by an acid hydrolysis of
derivative 73. When methanol was replaced
by acetonitrile, the formation of 2-chloro-2-
[(9,10-diox0-9,10-dihydroanthracene-1-yl)
methyl]pentanedinitrile 75 was observed as
the main product [35].

o

OH CN
0 HZCM o HZCJK/\CN 0
CN
00 QU - AU
0 o)
72 76% 73 5% 74 20%
CN
HZC%\/\CN
CuCl, MeOH
+ - Cl
O N,HSO, ji/\ o HzC\k\/CN
H,C CN CN
—_—
CuCl,, MeCN
o o
3 75 24%
o o)
OH
o Hzck/\CN 0 HzCk/W
*“O HzSO4 o)
o)
73 76 96%

The authors of [2] observed the formation
of C-C coupling products 77-82 in the study
of the arylation of methyl esters of acrylic and
methacrylic acids, acrylamide and 1,4-benzo-
quinone by 9,10-anthracenedione-1-diazoni-
um tetrafluoroborate under the conditions of
Meerwein reaction.

62

CH OMe
O HC*=

H,C,
CHJLOMe o. NH
CuSO, Y O
,CH
NZBF4 0 uc
ELNSS S
O‘O C“SO4
o
o o s1 46%

OMe

82 42%

80 32%

Functionalized with a methylfuran frag-
ment, 9,10-anthracenedione derivative 83 was
obtained under the conditions of Meerwein
reaction by the arylation of diethyl 2-methyl-
enepentanedioate in the presence of copper(I)
chloride in methanol [35].

NZHSO4 COOEt

5

HyC7TCO0EE " cookt

CuCl MeOH

EtO
(0]
Q0
(0]
83 30%

The behavior of 9,10-anthracenedione-1-di-
azonium chloride 84 was also studied under
the conditions of the Meerwein reaction in the
presence of CuCl, in an acetone medium [37],

and it was found that the product of this inter-
action is tetrachlorocuprate (II) 85.
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.
NaNO,, 0 Nyl
_HCL, AcOH.
o)
84
.
0o N,

CuCl,
—_—
Me,CO

-2
“O cuct,
o 2
85
The dediazonation of tetrachlorocuprate
(II) 85 in polar solvents at room tempera-
ture led to 1-chloro-9,10-anthracenediones.
Instead, 9,10-anthracenedione chloro- and
hydroxypropionates 86 were obtained in the
presence of acrylate esters [37].

N2c1 OR,
— Q

84 86
R=Cl, OH; R{=Me, Et, Bu, Pr

The replacement of CuCl by FeSO, leads to
the formation of a mixture of ketones 87 and
88, the yield of which is significantly affected
by the sequence of addition of reagents [32].

0
(\L’
NZBF4 \@ o ~Me
?w soshdves
o (o]
87 88

5

Annelated derivatives of 9,10-dioxoan-
thracene prepared on the basis of diazonium
salts are presented in the literature by a limited
number of examples. In particular, a conven-
ient method was proposed for the preparation
of benzofuran-dioxoanthracene compounds
90 by heating 4-hydroxy-9,10-dioxo-2-ary-
loxy-9,10-dihydroanthracene-1-diazonium
salts 89 [38].

https://ucj.org.ua

*‘g A, MeCN

89 X=HSO, BF, i-PrNO

O OH

90 R=Alk, NO,, Hal 68-88%

Moreover, benzofuran- 93 and benzothio-
phene-condensed derivatives 94 of 9,10-an-
thracenedione were obtained by the photocycli-
zation of 1-aryloxy(arylthio)-9,10-dioxoanthra-
cenyldiazonium chlorides 91 and 92 in dioxane
or in a mixture of acetate acid with dioxane [39].

Nep

(o)
O. hy
O 1\?261 dioxane or

AcOH-dioxane

The preparation of condensed tetrahy-
drodipyranium derivatives 95 was described
in [39], where bis(hydrosulfatediazoni-
um)9,10-dioxoanthracene 44 was used in cou-
pling reactions with unsaturated compounds
(nitriles of acrylic and methacrylic acids, me-
thyl and ethyl esters of acrylic acid, styrene and
methylstyrene) in the presence of copper(I)
salts in a dimethylphosphite medium.

o

91,92 X=0,8

93,94 89,76%

P
0 N,HSO,
—_—
A
‘0,SN, O
44
R'R? |
o o
— 0 |— 0
pog ©
R! R? R' R?

95 51-63%
R!, R’=H, CN, (CH,),, CN, COOMe, COOEt, Ph, C¢H,Cl, COOH
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REACTIONS OF DIAZONIUM SALTS OF
AMINO-9,10-ANTHRACENEDIONES WITH
PRESERVATION OF THE AZO FUNCTION

The azo coupling reaction of diazonium
salts of 9,10-dioxoanthracene is one of the key
reactions and is widely used in the production
of azo dyes [40]. The property of diazotized
amino-9,10-anthracenediones to form color-
ed azo coupling products has also been used
in analytical methods, in particular for the de-
termination of ascorbic acid [41] and isonia-
zid [42].

A number of a- and B-carbonyl-containing
compounds were successfully used in the mod-
ified Jappa-Klingemann reaction with 9,10-di-
oxoanthracenyldiazonium hydrosulfates 3 and
96 to obtain hydrazone derivatives 97 and 98,
in which acyl and/or alkoxycarbonyl groups
are present in the ylidene part of the hydrazone
fragment [43]. Products 97 and 98 were easily
formed with good yields in an aqueous medi-
um by the arylation of carbonyl reagents with
freshly prepared diazonium hydrosulfates 3
and 96 under mild temperature and non-base
conditions.

RZ
o
NZHSO4 - o R
COO " O
A
o
3R' =H, 96 R'= COOH 97 (R'=H), 98 (R'=COOH) 62-71%

R’=Me, R*=H; R’=Et, R’*=H; R>=Me, R*=C(0)Me;
R?=0Et, R*=C(0)OEt; R*=0Et, R*=C(0)Me

The authors in [44] proposed a method
for the synthesis of indazolone derivative 99,
which consisted in a sequential two-stage in-
teraction of aminoanthracenedione 1 with
3-hydroxybenzoic acid and p-toluidine.

64

o NH, 1. NaNO,, HC],
3-hydroxybenzoic acid

O‘O 2. p-toluidine, A

o o
1 99 20%

The formation of phenolic and naphthalene
derivatives containing the 9,10-dioxoanthra-
cene diazo component occurs quite easily un-
der the conditions of azo coupling of diazoni-
um salts with an aromatic component [45-47].
For the products of azo coupling of diazonium
salts 100 with f-naphthol 101 in solutions of
dimethyl sulfoxide or chloroform, a tenden-
cy to azo-hydrazone tautomerism was found
as a result of the peri-effect of the carbonyl

group [48].

101 R=H (a); 2-ClI (b); 4-Cl (c)

100

In the above mentioned work, a number of
1-arylazo-9,10-anthracenedione derivatives 103
with aminoalkyl, aminocarbocyclic and hetero-
cyclic moieties at the position 4 were prepared in
sequential reactions of azo coupling of salt 102
and nucleophilic substitution in compounds
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103 in a medium of N,N-dimethylacetamide sulfate in dioxane leads to the formation of azo
at 50-60 °C or N,N-dimethylformamide in the product 107 [33].
temperature range of 60-80 °C.

o Nuso, HC= CHz
NoX N:NOR
S (D
O . FeSO4

dioxane

(0]

cl 5 107
103
R = OH, N(Me), A convenient way of obtaining hybrid

structures with 1,3-oxazepinedione 110 and

it N:NOX benzo[1,3]oxazepinedione 111 cycles based on

_NHRIRE O‘O the successive transformations of azo coupling
product 108 obtained with 9,10-dioxoanthra-
- 72N8'}L}:2 cene-1-yldiazonium 84 and salicylic aldehyde
NR!R?= NAlk,, NHAIK, NO O,N/\:> has been proposed in [49].
As noted above, the Cu(I)-catalyzed aryla- q.:
tion of phenylacetylene by 9,10-dioxoanthra- el 6 0 B i !
cenyldiazonium tetrafluoroborate 5 has its own Ao —
specificity and can occur with the formation of
various reaction products [33]. In particular, " s
it was established that in aqueous acetone azo /@0 Q(
couplings are realized with the formation of Wj

hydrazones of derivative 105. Instead, isomer- ~_arH,

ic 1-[(2-oxo-2-phenylethyl) diazenyl]anthra- & " s
cene-9,10-dione 106 is formed in the medium
of acetic acid or dimethyl sulfoxide.

109 110 68- ss%

0
NZBF4 0 l’hH A, Ar=0-CICgH, p-CIC¢H, 0-BrCqH,

C CH
CuCl
AcOH
’N:CH 111 75-88%

CuCl O‘O A series of 9,10-anthracenedione triazene
H20-MexCO I derivatives 113 and 115 was obtained by the
105 arylation of the corresponding arylamines and

In contrast to the products of a similar reac- hydroxylamine substituted by salts 112 in the
tion in DMSO [32], the arylation of styrene un-  presence of catalytic amounts of AcONa in a
der conditions of a catalytic amount of iron(II) DMF medium. The synthesized compounds
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were found to be capable of azo-hydrazone NH CHR! o 1

i = O N=N=N-CgH,R
tautomerism [48]. 0 N-N ) oHy

-H
v CL ) w1 —
N e,
(0] NBF
2BFq R, O N=N-NH I 2CO; 6 R
e

Ooc Bl

R, R,
(0]

0o N=N N=N
N. N
— (I O‘O
= H
R
M /@Fl ©)

O N-N-N "9
R'=H, 2-Me, 3-Me, 4-Me, 4-OMe, 4-OEt, 3-Br, 4-Cl
= R,=H, Cl, OPh, NHC¢H,; NHPh, 4-MeC¢H,NH
R,
(]
114 . . . .« e
Ry=H, 2-Me, 3-Me, 4-Me, 2,4,6-(Me)s 4-OMe, The diazotization of acetylene-containing
4-OEt, 4-Cl, 3-Br, 3-NO _ INO- _ i i
Remt €1, 0P, NHC i NP, 4 MeCoHNH l-amino-9,10-anthracenediones 120 in the
presence of hydrochloric acid leads to the for-
N R, ,' 1 . .
N-N=XU mation of a mixture of annelated pyrazole de-

rivatives 121 and 122.

116 +-
R,=Ph, Me; Ry=H, 2-Me, 4-Cl H, ,SR(RI 0o N y
{C=CRRY)
®

N=N-
12 RlNHOH *
115
N
O‘O NaNOz O‘O

Triazene derivatives with N-aminoalkyl I
fragments 117 were obtained in high yields 120
by the azo coupling of diazonium salt 5 with a
number of aliphatic amines [10, 50, 51].

|

R=H, Bu, CH,0Ph;

+ —
O  N,HSO, O N=N-NR R'=Ph, COPr, COBu-t, COPh

RNH,
—_—
H,0, 2 h,
°C

S 20 l 0 HN’N 0] HN’N
e
5 117 75-86% \§R
NR = N(CH,CH,O0H), NEt,
N(CH,OCH,),; NHCH,CH,NH,;
122

NHCH,CH,SOH; —
NH(CH,);COOH;N_ { [ 0N >,N::|

The work [48] describes the synthesis of In turn, diazonium sulfates 123 intramo-
1-(aryltriazen)-4-substituted-9,10-dioxoan- lecularly condense under the action of sulfuric
thracenes 118, which were cyclized to triazo- acid into naphtho[2,3-h]cinoline-4,7,12- (1H)-
lo-anelated derivatives 119 in dimethyl sul- triones 124 [52, 53].
foxide in the presence of catalytic amounts of
potassium carbonate.
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N2H504 o ans
O‘O e O‘O
123 124 71-91%

R=H, Bu, C(OH)Me,, CH(OH)Pr-i, CH(OH)Pr

It was found that compounds 125 with the
simultaneous presence of an acetyl fragment at
the position 4 of the anthracenedione nucleus
and of electron-donating substituents in the
alkynyl fragment form cyclic derivatives 126
in excellent yields (up to 89%) [29].

NZHSO4

~ 126
R=4-MeOPh, —NN,

3-Phenyl-1H-naphtho(2,3-g]indazole-6,11-
dione 128 was formed in a fairly high yield
from 1-diazonium-2-benzyl-9,10-anthracene-
dione sulfate 127 in ethanol [54].

OHNN

—L
\f

125

N,HSO, O HN- N
CHzPh O
O‘O ‘O

127 128 76%

An efficient synthetic approach [55] for the
preparation of a number condensed deriva-
tives of 9,10-anthracenediones, namely an-
thra[1,2-d][1,2,3]triazine-4,7,12(3H)-triones
130, was proposed via the conditions of diazo-
tization intramolecular cyclization reaction of
1-amino-9,10-dioxoanthracene-2-carboxam-
ides 129.

https://ucj.org.ua

O NH, O

Neca
AcOH
O R 20°C,12h
129 130
R=R;=H; R=H, R, =2-CF;C¢Hy; R = H, R; = 3-MeC¢Hy;

R=H, R=C¢Hy;; R=H, R=3-FC¢Hy; R=H, Ry=
R=H,R;=3-CIC¢H ; R=H, R; =4-CIC¢H;
R=H, R; =2-OMeC¢Hy; R = Br, R; =H; R = Br, R; =3-FC¢H,;

R=Br, R; =2-OMeC¢H4; R=Br, R; = C¢H;; R=Br, R; =4-FC¢Hy;

R =Br, R; =3-CICH; R =Br, R; =4-CICcH; R =Br, R; =2-CF;C¢H,

4-FC¢H,;

CONCLUSIONS. Thus, the presented gene-
ralized literature data on the known reactions
of diazonium salts of 9,10-anthracenedione
show their pronounced synthetic potential.
Moreover, the preparation of derivatives ac-
cording to the dediazonation scheme under
the conditions of the Sandmeyer, Meerwein,
Gomberg - Bachmann - Hay or azo coupling
reactions is presented in most of the published
works. In turn, the approach associated with
the arylation of S-nucleophiles is less studied
and is limited to the synthesis of only some
of their representatives. The works devoted to
the arylation of aryl alkynes, arylamines, and
carbonyl-containing compounds by diazo-
nium salts with the formation of hydrazone
derivatives deserve special attention. The use
of 9,10-anthracenyldiazonium salts is no less
synthetically significant in the reactions of an-
nelation of triazole, pyrazole, pyridazine and
triazinone nucleus.
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CWHTETUYHWIA NOTEHLIAN

9,10-AHTPAXIHOHINAIA3OHIEBUX COJIEN

M. B. Cmacesuu', B. I. 3eapuu’,
B. I1. Hosikos', M. B. Bosx?

" HayionanvHuii yHisepcumem «/Ivsisécvka
nonimexixa», eyn. C. Banodepu, 12, Jlveis
79013, Yxpaina

> Incmumym opeauiunoi ximii HAH Ykpa-
iHu, eyn. Mypmancoka, 5, Kuie 02660, Yxpaina

*e-mail: maryna.v.stasevych@gmail.com

Bnepmie ysaranbHeHO Ta CUCTEMaTH30-
BaHO JIiTepaTypHi pKepena, AKi CTOCYITbCA
XiMIYHMX TIepeTBOpPEHb [ia30HIEBUX COeN
1(2)-amino-9,10-anTpanensionis. Poskpuro
noreHnian conein 9,10-giokcoaHTpaleHinmia-
30HiI0 SIK K/IIOYOBMX CYOCTpaTiB y mporecax
Ofiep)KaHHA pi3HOMAHITHMX JIiHITHO-QYHK-
LiOHA/Ii30BaHNX, AUUKIIYHUX Ta IeTePOLV-
KIYHUX noXxigHux. IIpoaHanisoBaHo OCHOB-
Hi CUHTETHYHI IIepEeTBOPEHHA ia3OHiEBUX
coneil amiHO-9,10-aHTpaneHioniB, AKi pe-
amisyloTbcst 6e3 30epeskeHHs a30QYHKIHT i
IPU3BOJATD 10 YTBOPEHHSA IPOAYKTIB peak-
uinn 3anpmeepa, MeepseitHa Ta [ombepra -
baxmana - Xea. BucBiTneHo BUMKOpUCTaHHA
comeit  9,10-miokcoaHTpaleHingia3oHit0 abo
IPOAYKTIB IXHIX TpaHcdopMmawiit mis opep-
JKaHHA TeTepUIBMICHUMX KOHJ/IEHCOBaHMX Ta
($yHKIIOHATI30BaHNX IOXiHUX.

KnrouoBi cmoBa: miasonieBi comi 1(2)-ami-
HO-9,10-aHTpaneHioHIB, [efia3OHil0BaHHS,
a30CIIONTyYeHHs, aHEe/II0OBAHHS, TeTepUIPyHK-
IioHaJsTi3aIis
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9,10-AHTPAXUHOHUNAWA3OHMEBbIX COJEN

M. B. Cmacesuu'*, B. I. 3eapuu’,
B. I1. Hosuxosé', M. B. Boex?

! HayuonanvHouii yHusepcumem «/Ivéuscoka
nonumaxnuka», ya. C. banoepwi, 12, JIveos
79013, Yxpauna

> ncmumym opeanuueckoti xumuu HAH Y-
paunwvl, yn. Mypmarckas, 5, Kues 02660, Ykpauna

*e-mail: maryna.v.stasevych@gmail.com

BriepBbie 0600111eHbBI 11 CHCTEMATU3UPOBa-
Hbl JTUTEpaTypHble MICTOYHUKM, Kacalollyecs
XMMMYECKUX IpeBpallleHNi1 JUa30HNEeBUX CO-
neit 1(2)-amuHo-9,10-aHTpareHinoHOB. Pac-
KpbIT moTeHnuan coneir 9,10-mmokcoanTpa-
LEeHWIAMA30HMA KaK KII0YeBBIX CyOCTpaToOB
B IIpolleccax IMONYy4YeHM Pas3INYHbIX JIMHEN-
HO-(QYHKIVIOHA/IM3VPOBAHHBIX,  AL[K/INYe-
CKUX UM TeTepPOLMKINYECKNUX IPOU3BOJHBIX.
[TpoanannsMpoBaHbl OCHOBHbBIE CUHTETHYE-
CKie TpeoOpa3oBaHMA [MA30HUEBMX COJIEN
aMIHO-9,10-aHTpaLleHAOHOB, KOTOpbIE pe-
a/m3yloTcs 0e3 coxpaHeHMsA a30(YHKIUU U
IPUBOAAT K 00pa3oBaHMIO IPOLYKTOB peak-
it 3aHpMmeiiepa, MeepseitHa u [ombepra —
baxmana - X3a. OcBelljeHO UCIOTb30BaHNE
coneit 9,10-1MOKcOaHTpaLleHU/IAMA30HA VN
IPOAYKTOB VX TPaHCHOpMAIVIM I HOTyde-
HUA TeTEPUICOAEpKAMX KOHJEHCUPOBAH-
HBIX ¥ (QYHKIVIOHAM3VPOBAHHBIX IIPOU3BO-
IHDIX.

KiroueBble cmoBa: quasonuesbie comu 1(2)-
aMIHO-9,10-aHTpaLleHAVIOHOB, Jefa3OHNUpPO-
BaHMe, a30CoYeTaHye, aHHe/IMPOBaHle, reTe-
pUAPYHKIMOHAMN3AIIVIS
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