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ETHYLENEDIAMINE-N,N'-DISUCCINIC AND N,N-BIS(PHOSPHONO-

METHYL)-2-AMINOPROPIONIC ACIDS.
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An analysis of the fluorescent characteristics of ethylenediamine-N,N'-disuccinic and
N,N-bis(phosphonomethyl)-2-aminopropionic acids was carried out depending on the pH
of the solutions. It was established that the change in fluorescence intensity and lifetime is
associated with the formation of variously protonated forms of acids in which stable H-cycles
are formed with the participation of hydrogen bonds. The energies of the singlet and triplet
levels of the ligands were experimentally determined, the values of which are higher than the
energy of the radiative level of the Nd(III) ion, which indicates the possibility of intramo-
lecular transfer of the excitation energy to the resonance level of the lanthanide ion. It was
established that both homo- and heteronuclear complexes of Nd(III) exhibit 4f-luminescence
in the near-IR region. It was found that for phosphorus-containing complexes there is an
increase in luminescence intensity and relative quantum yields in comparison with amino-
carboxylate analogs. In heterometallic complexes based on aminopolycarboxylic acids, the
intramolecular transfer of energy from the excited level of Co(II) to the resonance level of the
f-metal leads to sensitization of the 4f-luminescence of the neodymium ion.

Key words: complexes, neodymium, aminopolycarboxylic acids, aminocarboxyphospho-
nates, synthesis, luminescence.

INTRODUCTION. The synthesis and re-
search of complex compounds with ligands
that have several donor centers are of increased
interest due to the possibility of using them
as primary molecular blocks to create more
complex polynuclear systems with a given
structure and predicted properties. The stabili-

ty and solubility of the complex, as well as the
efficiency of 4f-luminescence, depend on the
selected ligand. Effective energy transfer from
the triplet level of the ligand to the resonance
level of the lanthanide ion is a necessary con-
dition for realizing 4f-luminescence in lantha-
nide compounds. Moreover, the effectiveness
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of this process and the luminescence yield will
be influenced by such factors as the energy of
the triplet level of the ligand, the structure of
the ligand (the presence of electron-donat-
ing and electron-accepting substituents and
their mutual location in the ligand molecule),
quenching mechanisms, etc. In addition, for
selective binding to various metal ions, ligands
must have a heterodentate nature and an un-
saturated character [1, 2]. These requirements
are met by polydentate acyclic ligands, such as
aminopolycarboxylic (APC) or aminocarboxy-
phosphonic (ACPh) acids, which form highly
stable metal complexes with lanthanide ions
[3-8]. Complexes of lanthanides with APC or
ACPh that exhibit luminescence in the IR re-
gion (Nd, Pr, Er, Yb) can be used as precursors
for luminescent diagnostics, for fluorescent
immunoassays, for creating amplifiers in laser
systems, etc. [9-13]. In the latter case, factors
such as the minimal background signal of bio-
objects (high in measurements in the visible
region), the possibility of luminescence excita-
tion in a wide range, including non-rigid irra-
diation with visible light, determine the pros-
pects for the practical use of these compounds.

Work on the enhancement of IR lumines-
cence of Ln(III) ions is mainly divided into two
directions: targeted selection of ligands in com-
plexes with which 4f-luminescence is realized
and synthesis of heteronuclear, in particular,
d-f-metal complexes. In the latter, 3-d metal
complexes can be used as energy transfer "an-
tennas” for the sensitization of the 4f-lumines-
cence of Ln(III) ions, as well as "energy gaps"
between the triplet level of the ligand and the
emission level of the lanthanide ion, thus fa-
cilitating the sensitization of its luminescence,
especially in the near-IR region. This is due to
the fact that the absorption bands (L—L* or
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L—M) of transition metal complexes lie in the
near-ultraviolet, visible, or near long-wave-
length region, compared to the n—m* absorp-
tion bands of common ligands [14-16].

The studies of the spectral-luminescent
properties of aminopolycarboxylate complex-
es of lanthanides (both mono- and hetero-
metallic) cover mainly compounds with the
most common APC: EDTA and DTPA [17-
23]. There are almost no studies of the lumi-
nescent properties of Ln(III) complexes with
ethylenediaminedi-succinic acid (H,_EDDS),
although it is known that heterometallic neo-
dymium complexes can be used as drugs
for cancer diseases, immunodeficiency, and
blood diseases [24, 25]. In [5], new heterome-
tallic complexes of neodymium and zinc with
ethylenediaminedisuccinic acid were synthe-
sized for the first time. It was shown that the
monometallic complex of zinc, which is less
stable than the corresponding neodymium
complex, acts as a "building block” for obtain-
ing a heterobinuclear compound by the exo-
coordination of additional metal ions. It was
found that in the heterometallic complex, the
Nd** ion is bound to the oxygen atoms of two
a-carboxyl groups and one B-carboxyl group
and to the nitrogen atom of the ligand, and
the coordination sphere of the Zn?* ion is
formed by the oxygen atoms of the B-carboxyl
group of the EDDS molecule, which performs
the bridging function, and water molecules.
It was shown that both homonuclear and
heteronuclear complexes exhibit 4f-lumines-
cence of neodymium ions, but the intensity
and quantum yield of luminescence in the
heterometallic system decreases due to the
overlap of the luminescence spectra of the
zinc-containing fragment with the absorption
bands of Nd(III) ions.
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To date, in the literature, only a small num-
ber of works are devoted to complexes of lan-
thanides with aminocarboxyphosphonic acids,
their structural features and physicochemical
properties [26-31], and there is limited in-
formation on the luminescent properties of
the compounds. The work [26] describes the
synthesis of complexes of lanthanides with
phosphonomethylglycine (NPMG) of the gen-
eral formula LnC,H,NO,P-nH,O (Ln(III)= La,
Ce, Nd, Er; n= 1; 1.5; 2 ). It was established
that the lanthanide ion coordinates NPMG
through the oxygen atoms of the carboxyl and
phosphonium groups and the nitrogen atom.
The stability constants of phosphonomethyl-
glycinate complexes of Pr(III), Nd(III), and
Ga(III) were determined in [27, 28]. However,
in none of the cited works, data on the spect-
ral-luminescent characteristics of synthesized
compounds were obtained.

Using N-(phosphonomethyl)iminodiacetic
acid (H,PMIDA), the authors of [29-31] ob-
tained a number of isostructural chiral lanth-
anoid carboxylate-phosphonates Ln(HPMI-
DA)(H,0),-H,0 (Ln(Ill) = Gd, Tb, Dy, Y, Er,
YD, Lu). It was established that the Ln(III) ion
has an 8-coordinate environment and chelates
one HPMIDA anion in a tetradentate man-
ner (IN+30) and two other HPMIDA anions
through one carboxylate and one phosphonate
oxygen atom. The lanthanide coordination
sphere is complemented by two aqua ligands.
Luminescence studies of the synthesized com-
pounds showed that the terbium complex ex-
hibits four very strong characteristic emission
bands °D,—7F, (j=6;5;4;3) at 490 nm, 547 nm,
582 nm, and 622 nm, respectively. The lifetime
of Tb (°D,) for )\ex)em =380,488 nmisabout 1 ms.
In the spectra of the Er complex, there is only a
very broad emission band in the visible region

https://ucj.org.ua

at 406 nm. The authors explain the absence of
emission bands in the near IR region for the
Er(III) compound by the effect of quenching of
the luminescent state by high-frequency oscil-
lating water molecules.

The study of Ln(III) (Pr, Nd, Gd, Ho, Er)
complexes with phosphonomethylaminosuc-
cinic acid showed that f-metals coordinate to
the ligand through a nitrogen atom and three
oxygen atoms of the phosphonic group and a-
and B-carboxyl groups with the formation of
complexes of the composition 1:1 for Pr(III)
and Er(IIT) and dimers for Nd(III) and Gd(III).
It has been established that molecular fluores-
cence is observed for phosphonomethylami-
nosuccinic acid in a wide pH range. Nd(III)
complexes exhibit 4f-luminescence in solid
form and in solution in the near IR region [4].

The survey of scientific literature shows
that the synthesis of new aminopolycarboxy-
lates and aminocarboxyphosphonates of lan-
thanides remains in the circle of interests of
modern coordination chemistry, since these
compounds can exhibit useful luminescent
properties both in the visible and in the near
IR region.

EXPERIMENT AND RESULTS DISCUS-
SION. The synthesis of monometallic com-
plexes was carried out by the interaction of
aqueous solutions of neodymium nitrate
Nd(NO,),.6H,0 with aqueous solutions of
complexons at a molar ratio of reagents of 1:1
at pH ~6 and a temperature of 50°C. After
cooling the reaction mixture, the formed com-
plexes were precipitated with absolute ethyl al-
cohol, filtered off and washed with ethanol to
remove inorganic impurities.

Ethylenediaminedisuccinic acid was ob-
tained by the condensation reaction of maleic
acid with ethylenediamine [32].
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The synthesis of N,N-bis(phosphonome-
thyl)-2-aminopropionicacid (H,PMAP) (Fig. 1)
was carried out in a three-component system

using phosphorous acid (hydrophosphoryl
component), paraformaldehyde (ketone com-
ponent) and 3-alanine (amine component):

(0]
2%
HO OH o HO
T N\NH, +2 HO\P\/ +2HCT — oh—N> 0
© OH 7
| “oH
OH

Fig. 1 - Synthesis scheme of N,N-bis(phosphonomethyl)-2-aminopropionic acid.

Synthesis method of N,N-bis(phosphono-
methyl)-2-aminopropionic acid. A mixture of
12.07 g (147 mmol) of phosphorous acid and
9.91 g (74.46 mmol) was dissolved in 40 ml of
1:1 hydrochloric acid. A two-fold excess of pa-
raformaldehyde was added in small portions to
the resulting solution heated to 100 °C, adding
the next portion after dissolving the sediment
of the previous one. After that, the reaction
mixture was heated for 8-16 hours, controlling
the course of the reaction according to the data
of *'P NMR spectroscopy until the doublet sig-
nal of phosphorous acid ('],,=670 Hz) com-
pletely disappeared. After that, the reaction
mixture was heated for another 2 hours and
evaporated in vacuo to a thick glue-like con-
sistency. The light viscous oil was additional-
ly evaporated three times under vacuum with
isopropanol to remove residual water. A white
fine-crystalline precipitate of the target pro-
duct (H,PMAP) was formed during long-
term grinding of the crushed glassy mass with
methanol, it was quickly filtered off, washed
twice with methanol, diethyl ester and dried in
a vacuum. The product yield of N,N-bis(phos-
phonomethyl)-2-aminopropionic acid is 9.08 g
(28.29 mmol, 38%).

The purity of the final product was deter-
mined by elemental analysis and the *P NMR
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method. The content of C, H, N was determined
on a CHN analyzer Perkin Elmer - 2400. The
content of phosphorus was determined by the
method of gravimetry. H.PMAP: C.H, NO,P,
(M= 263). Anal. calc.(%): C, 18.26; H, 4.14; N,
5.37; P, 23.64. Found (%): C, 18.25; H, 4.18;
N, 5.32; P, 23.57. 3P NMR (DZO; S, ppm):
10360, t, 3, = 12,4 Hz. FT-IR (KBr, cm™):
1737 [v(COOH)]; 1635 [v (COO")]; 1465
[v(COO)]J; 1166 [v (PO,)]; 1009 [v(P=0)];
943 [v (POH)J; 3007-2926 [v(CH)]; 3434
[v(H,0)].

The synthesis of the heterometallic comp-
lexes NdCoEDDS and NdCoEDTA was carried
out by the block method by the interaction of
monoprotonated ethylenediaminedisuccinate
complex of Co(II) with neodymium nitrate [8].

The excitation, fluorescence, and 4f-lumi-
nescence spectra were recorded on a Fluoro-
log FL 3-22 spectrofluorimeter (Horiba Jobin
Yvon, Xe-450 W ozone-free lamp), equipped
with an R928P photoelectric power supply unit
(Hamamatsu, Japan) for the visible spectral re-
gion and cooled to 77 K (Optical Systems Inc.,
USA) for the IR region.

In aqueous solutions, depending on the pH,
ethylenediaminedisuccinic acid exists in seve-
ral stable anionic forms, which are character-
ized by the formation of chelate cycles with the
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participation of a proton due to cross hydrogen
bonds [33, 34]. At the same time, the presence
of intra- and intermolecular hydrogen bonds
will affect the fluorescent properties of com-
plexons, since it is known that fluorescence
spectra are sensitive to the influence of the lat-
ter. From this point of view, it was interesting to
study the fluorescence of H,EDDS at different
pH values. Figure 2 shows fluorescence spectra
of ethylenediaminedisuccinic acid at different
pH values of the solution. At 77 K, the fluores-
cence spectrum of ethylenediaminedisuccinic
acid solutions in the pH range 1-2 (Fig. 2 a,
curve 1) is a broad unstructured band with a
maximum at 443.6 nm, (integral intensity (I,)
is 97-10° a.u.). At these pH values, the emission
spectrum of the acid is blurred, which can be
attributed to the formation of a network of hy-
drogen bonds between the molecules of the li-
gand and the solvent.

The fluorescence lifetime at pH 0.55 is 5.8
ns (Table 1) and has a monoexponential char-
acter, which may indicate the predominant ex-
istence of betaine cations (H,L)** and (H,L)*
in the solution. When carboxyl groups are
ionized in the pH range 2-5 (Fig. 2, curve 2),
in which H,L, (H,L)"" and (H,L)* particles are
formed, the fluorescence intensity decreases

slightly, and the fluorescence maximum ba-
thochromically shifts by 5-8 nm. The lifetimes
fluorescence were determined (t, (pH 2.2) =
5.6 ns and 2.4 ns; 1, (pH 4.1) = 6.4 ns and 3.1
ns), the decay curves of which have a multiex-
ponential character and indicate the existence
of several forms in the solution.

H,C —CH
HoOC ;o fooH
CH-NH  HN—CH
3 kY
HOOC —CH,, HzC —COOH
1200000 -
1000000
‘S 800000
= ]
'% 600000
-

™ 400000
200000
U —

5(;0 6(;0
A, nm
Fig. 2 - Fluorescence spectra of H EDDS at
different pH values of the solution: 1 - 0.55-0.80;

2-2-53- 9.1;A_=340-360 nm, T 77K.

T
400

Table 1.

Characteristics of the fluorescence spectra for the variously protonated forms of
H,EDDS and H_ PMAP depending on the pH of the solutions.

Predominant form of
pH the ligand Ap nm Tp S

HEDDS | HPMAP | HEDDS | HPMAP | HEDDS | HPMAP

0,55 - 1 (HCI) HL* HL® HL®HL, 444 433 5.8 12.6

2.5 (acetate buffer) ~ HL HL; HL,HL>* 449 437 5.6;2.4 10.8

5 (KOH) HZLZ; H2L3' 452 422 6.4; 3.1 12.3

7 (KOH) HL? HL* - 430 12.3; 4,8 12,6

9-10 (ammonia buffer) HL3L* HL*, L*> 454 429 7,3; 1,8 11.7

https://ucj.org.ua
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It can be assumed that, for example, for the
form (H,L)* (pH ~ 5.3 - 5.5;1 =63-10°a.u.; T,=
12.3 and 4.8 ns) two methyleneaminodiacetate
fragments, which make up 50% of the mass of
the molecule, rotate freely, causing a non-radi-
ative loss of excitation energy, which explains
the weak fluorescence of this form of the ligand.
It should be noted that, despite the significant
advantage of the presence of the (H,L)* form
in the solution, the value of the second 1,=4.8
ns indicates the presence of other protoned
forms of EDDS in this pH region [35]. At
pH>8 (Fig. 2, curve 3), there is a significant in-
crease in fluorescence with a small shift in A,.
to the short-wave region. Since the (H,L)* and
(HL)" forms of the ligand dominate in the pH
range 5-10, the increase in fluorescence in-
tensity can be attributed to the dissociation of
the first betaine proton and the formation of
a hydrogen bond between nitrogen atoms and

a-carboxyl groups, and, therefore, to a change
in the symmetry of the ligand. Probably, during
the transition to the (HL)* and (L)* forms, the
formation of hydrogen bonds limits the free
rotation of the groups, causing a sharp jump
in the fluorescence intensity. The analysis of
the data on the fluorescence attenuation of the
form (L)* (pH~11) made it possible to deter-
mine two values of T, = 7.3 and 1.8 ns, which
can probably be associated with the formation
of "short-lived" H-cycles in solutions.

To obtain information on the possibil-
ity of realizing 4f-luminescence in lantha-
nide-containing compounds based on N,N-
bis(phosphonomethyl)-2-aminopropionic
acid, its luminescent properties were investi-
gated. Figure 3 shows fluorescence spectra of
H_PMAP aqueous solutions at different pH
levels.

350000
300000
3 .2
4 250000 2 HO P;-OH
=
. | m o
-5 200000 4 o \ |i/
" OH
W 150000 OH
Fig. 3 - Fluorescence spectra of
100000 . .
H_PMAP aqueous solutions at dif-
0000 ferent pH values of the medium: 1-
pH1;2-pH253-pH54-pH7.5
0 30 o 3 330 0 (\_=340 nm, T 298 K),

Upon excitation into the absorption band
of the ligand at 290 nm at room temperature,
a broad structureless band is observed in the
region of 370-600 nm, the position of the max-
imum of which depends on the pH. At pH 1,
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the maximum of the fluorescence band is at
433 nm and at pH 2 at 437 nm. In a strongly
acidic environment, the acid molecule is in the
cationic form H_L* as a result of protonation
of the amino group and realization of a zwit-
terionic structure with a positive charge on
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the ammonium nitrogen atom and a negative
center on one of the phosphonic groups. At pH
5, the maximum of the fluorescence band is at
422 nm, which corresponds to the presence
in the solution of a mixture of ligand forms of
various degrees of protonation with the pre-
dominant form H,L*. It should be noted that
the fluorescence spectrum of H_ PMAP in solid
form consists of a band with a maximum at 420
nm, which is probably caused by the presence
of both zwitterionic and deprotonated forms.
The fluorescence lifetime at the maximum of
this band is 12.61+0.26 ns. With a further in-
crease in pH, the HL, and L* forms prevail in
the solution, which is reflected in the fluores-
cence spectra by a long-wavelength shift of the
band maximum: 429 nm at pH 7 and 430 nm
at pH 9. At the same time, stable H-cycles are
formed in the anions: two 5-membered ami-
nophosphonic cycles and one 6-membered
B-alanine cycle.

At a temperature of 77 K, a band with os-
cillatory structure is observed in the lumines-
cence spectrum of the ligand, the maximum of
which is at 449 nm.

For the effective transfer of excitation ener-
gy from the triplet level of the ligand to the
resonance (radiating) level of lanthanide ions,
it is necessary that the difference between
these states (energy gap) is within 2500-
3500 cm™ [36]. To experimentally determine
the energy of the singlet and triplet levels of
ethylenediaminedisuccinic and bis(phospho-
nomethyl)-2-aminopropionic acids, the fluo-
rescence spectra of Gd(III) and Lu(III) com-
plexes were studied. It was established that for
gadolinium ethylenediaminedisuccinate, the
energy values of the singlet S, (E,) and triplet
T, (E,) levels are 22650 cm™ and 19420 cm’,
respectively. The singlet and triplet levels of

https://ucj.org.ua

Lu(III) complexes with H.PMAP are 22780 cm™
and 21740 cm’, respectively. The calculat-
ed energy values of the triplet levels of the li-
gands are above the emitting ‘F,  level of the
Nd(III) ion, the energy of which is approxi-
mately 11460 cm™, which indicates the possi-
bility of intramolecular transfer of excitation
energy from the lower triplet levels of the
ligands to the resonance level of the neody-
mium ion.

All synthesized Nd(III) complexes exhibit
4f-luminescence in the near IR region. Figure
4 shows excitation (a) and luminescence (b)
spectra of the Nd(III) complex with H EDDS.
The excitation spectrum of NdEDDS contains
an intense broad band in the interval 330-380
nm with a maximum at 353 nm, which refers
to the m-m* transitions of the ligand. A low-in-
tensity and weak band at 332 nm is the result
of the overlap of the excitation spectra of an
organic molecule and the Nd(III) ions them-
selves, and the shoulder at 379 nm corresponds
to the transitions ‘I, ‘D, ,'D_ [ ,'D, )L .
» D, of the Nd(III) ion. This relationship be-
tween the band intensities indicates lumines-
cence sensitization due to intramolecular en-
ergy transfer from the aminocarboxylate frag-
ment to the lanthanide ion.

In the spectra of 4f-luminescence of neo-
dymium ethylenediaminedisuccinate, three
bands of intrinsic luminescence of Nd(III)
are observed, which correspond to transi-
tions from the excited level ‘F,  to the multi-
plets of the ground level *I: “I, ) (\ | =871/905
nm), ‘[, , (A= 1063 nm) and *I,, (A =
1337/1359 nm) (Fig. 4, b). The most intense
emission band, the integral area of which
is ~75% of the total intensity, is at 1063 nm,
which is characteristic of the so-called «laser»

transition 4F3 /2—>“I11 e The relative contributions
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of the integral intensities of the ‘I, , and ‘I , ,
bands to the total intensity are approximate-
ly 13.5% and 11.5%, respectively. In this case,
the splitting of the *F, — ‘I, band into two
components at 871, 905 nm is observed. The
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transition ‘F,  — ‘I,  is less intense, but is also
split into two components, one of which mani-
fests itself in a longer wavelength region (A__

1359 nm).
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Fig. 4 - Excitation spectrum (a) and 4f-luminescence spectrum (b) of NdEDDS

in the solid state (A__

The structure of the 4f-luminescence spectra
of the neodymium complex based on H_ PMAP
is identical to the luminescence spectra of the
NdEDDS complex (Fig. 5). However, it should
be noted that in the phosphonate complex, in
comparison with the ethylenediaminedisucci-
nate complex, there is a hypsochromic shift of
both components of the ‘F, — ‘I, transition

by 4-7 nm and the transition band *F, -l .,
by 5 nm. The maximum of the most intense
transition ‘F, —*I | ~which isat 1062 nm in the
case of NdAPMAP and at 1063 nm in the case of
NdEDDS, almost does not change its position.
The absence of splitting of this band for both
complexes indicates the presence of one emit-

ting center.
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=353 nm, T=298 K).

It should be noted that the luminescence in-
tensity of the NAPMAP complex in solutions is
much lower than in the solid state, because in
solutions there is a more significant deactiva-
tion of the excited state of the lanthanide ion
on the O-H oscillators of coordinated water
molecules, which is manifested in a low lumi-
nescence signal. But when passing from aque-
ous solutions of complexes to solid samples,
the structure of the luminescence spectra and
the position of the maxima of the spectral lines
does not change, which is a consequence of the
absence of significant structural changes in the
immediate environment of the lanthanide in
both aggregate states.
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Fig. 5 — Excitation (inset) and 4f-luminescence spectra of the NdAPMAP complex
in the solid state (1) and in solution (2) (\__ =362 nm, T=298 K; C_, = 1:10°M).

A relatively small increase in luminescence
intensity for the NdPMAP complex compared
to NdEDDS may be due to the different struc-
ture of the complexes, which differ in the size
and number of chelate cycles. During com-
plexation, EDDS forms three 5-membered
(one ethylenediamine and two glycine) and
two 6-membered B-alanine cycles [7, 8]. Two
5-membered metallocycles aminophosphon-
ic and one 6-membered B-alanine metallocy-
cle are formed in the NAPMAP complex. The
arrangement of the cycles according to the
5-6-5 system is energetically more attractive
than 6-5-6. That is, in the neodymium amino-
carboxyphosphonate, a less rigid structure is
realized than in the EDDS-based complex, and
in the latter, the neodymium ion is more coor-
dinatively saturated.

https://ucj.org.ua

As it was indicated, recently the interest in
heterobinuclear coordination compounds of
lanthanides has increased significantly, which
is connected with the variety of their proper-
ties and the expansion of the field of practical
application. There are almost no reports on
luminescent Co-Nd aminocarboxylate comp-
lexes. Some Co(II) coordination compounds
are characterized by fluorescence in the blue
or green region and can be used to sensitize
the luminescence of Ln(III) ions in the IR re-
gion. Therefore, it was of interest to investigate
the luminescence of heterometallic complexes
CoEDDSNd and CoEDTANA.

For CoGdEDDS solutions, upon excitation
in the region of 300-390 nm at room tempe-
rature, a broad band of molecular fluorescence
in the region of 420-490 nm is observed. At
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77K, a structured band was recorded, which
is characterized by a maximum in the region
of 435-450 nm and a shoulder in the region
of 465-480 nm, which is probably a superpo-
sition of singlet and triplet states in hetero-
nuclear complexes. The application of a time
delay (50 us) and freezing of the solutions al-
lowed to record the phosphorescence of the
complexes understudy, the maxima of which
lie in the region of 495-535 nm. Thus, the in-
troduction of Co(II) ions into the composition
of neodymium complexes leads, in compari-
son with monocomplexes, to a decrease in the
energy of singlet (AE, ~ 2100-2300 cm™) and
triplet (AE ~ 2100-2400 cm™) levels, the latter
are located in the region of 18750-20300 cm™.
For all complexes, the position of the fluores-

cence maximum within the experimental error
does not depend on the excitation wavelength.
It can be assumed that the influence of Co(II)
ions on the S, and T, states is associated with
the enhancement of the spin-orbital interac-
tion in the molecule. The position of the triplet
levels accounts for the presence of the 4f-lumi-
nescence signal of the neodymium ion in he-
teronuclear complexes. It is also necessary to
take into account the energy of the excited le-
vel of the cobalt ion itself (18500-20000 cm™).
It can be assumed that intramolecular d — f
energy transfer leads to sensitization of 4f-lu-
minescence in the IR region in the case of
Nd(IIT) complexes, the luminescence spectra
of which are shown in Fig. 6.

Ilum: a.u.
1.0 .
Illa"E
0.54
4 4 2
E> 1,
4 4
1 B> 1
Fig. 6 - 4f-Luminescence spectra of
' ' ' ' NdCoEDTA (1) complexes (A =365 nm)
850 950 1050 1150 1250 e

The 4f-luminescence spectra of both comp-
lexes are identical have the appearance charac-
teristic of the neodymium ion and consist of
three transitions: ‘F, — I, , (875-902 nm),
4F3/2 - 4111/2 (1062-1065 nm), 4F3/2 - 4113/2

(1330-1335 nm). But in the spectrum of the
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A, nm

and NdCoEDDS (2) (A__ = 345 nm).

complex with EDDS, a splitting of the ‘F, —

3/2
419 ) and 4F3 h7 41 . transition bands into three

components (87§?/2893, and 905 nm and 1340,
1357, and 1381 nm, respectively) is observed.
The “F,, — ‘I, , transition has a pronounced
splitting into two components, one of which
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manifests itself in the longer wavelength region
(1063 and 1078 nm). It is obvious that there are
two emission centers in the ethylenediaminedi-
succinate complex. A similar set of splittings of
the corresponding bands is probably a conse-
quence of the distortion of the configuration of
the NdA(III) ion in NdCoEDDS and a decrease
in the symmetry of the coordination polyhe-
dron compared to the NdCoEDTA complex.
Taking into account the energy of the excit-
ed level of Co(II) (*T (P) ~ 520 nm [37, 38]),

it can be assumed that intramolecular d — f
energy transfer leads to sensitization of the
4f-luminescence of the neodymium ion, which
is provided both by the overlapping of the lu-
minescence spectra of Co(II) with the excita-
tion bands of neodymium-containing com-
pounds, which correspond to the transitions
‘I,,~*D,, (354 nm), ‘I, ,—°P , (432 nm), and
by the low-lying emitting ‘F, , level of the ion
neodymium (Fig. 7).

25
Sl electron .
sfer G
T,— trans 52
20 = l Tl Hll(?
] *Fon =4 15
o 1 1 S32. Frp =—
St = : . Hon. “Fen
- o—
~ Il ' Far  J1oM
Tl 3| ! . 3
3] B 3 1 1 0
- 41
w - 1 . 1512 ‘:
| ! 4 450
N 1 [ e s
1 : 1 A Yib Fig. 7 — Scheme of sensitization
0 v S w 1g *las o of Nd(III) ion luminescence by
Ligand Co(II) Nd(III) Co(II) ions.

The increase in the luminescence intensity
of Nd(III) ions in cobalt-containing heteronu-
clear complexes is probably associated with the
non-radiative transfer of energy between two
metal centers, in which the Co(III) ion acts as a
donor, and the Nd(III) ion acts as an acceptor .

Comparison of the structure of the lumines-
cence spectra of NdCoEDDS and NdCoEDTA
indicates a different coordination environment
of Nd(III) in these complexes. Obviously, in
heterometallic ethylenediaminedisuccinate, the
Nd** coordination environment is formed due
to the 5-dentate coordination (2N+30) of one
EDDS ion and 3 water molecules. The cobalt

https://ucj.org.ua

ion is bound monodentately to the bridging
B-carboxyl group and bidentately to the oxygen
atoms of two a-carboxyl groups of the EDDS
molecule [8]. The Nd(IIT) ion in the NdCoEDTA
complex, similarly to Gd,Co,(EDTA),(H,0)
[39], is in the coordination environment of
NdO,, (bent bicapped tetragonal antiprism)
and is monodentately bound to six carboxy-
late oxygen atoms from three different EDTA
molecules and to four oxygen atoms of water
molecules. The Co(II) ion is in a distorted oc-
tahedral environment and is coordinated by two
nitrogen atoms, four oxygen atoms of EDTA
and one oxygen atom of a water molecule. Thus,
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a more rigid structure is achieved in the ethy-
lenediaminetetraacetate heterocomplex than
in the heteronuclear complex based on EDDS,
due to which the radiation intensity decreases.
In addition, a larger number of water mole-
cules in the NdACoEDTA complex also contri-
butes to a decrease in luminescence.

But it should be noted that in going from
monometallic complexes based on aminopoly-
carboxylates to their heterometallic analogues,
the positions of the most intense transition
‘F,, = ‘I,,, almost do not change, and the
components of the transition ‘F, — ‘I, shift
by ~1-3 nm, which is evidence of the preser-

vation of the neodymium coordination site in
both types of compounds.

When determining the luminescence inten-
sity of Nd(III) ions, as a rule, its «laser» most
intense transition ‘F, — “I, , which corre-
sponds to the band with a maximum at 1060-
1065 nm, is used. When calculating the quan-
tum yield of luminescence of Nd(III) ions, the
‘F,,— ‘I, , transition is also taken into account,
the intensity of which is usually 20-40% of the
«laser» intensity. Due to the low intensity of the
4F3/2 - 4113/2 transition (Xmax =~ 1345-1350 nm;
emission 5-10%), it is not taken into account

in the calculations (Table 2).

Characteristics of the luminescence spectra of Nd(III) complexes fable2
with aminopolycarboxylic and aminocarboxyphosphonic acids.
Complex kex.’ nm A Sftam DY [ 10%au | ¢, 10%au.
NdEDDS 353 905/871; 1063; 1359/1337 10.65 0.11
NdZnEDDS 365 [4] 902/874; 1064; 1365 4.26 0.06
NdCoEDDS 365 878/893/905; 1064/1077; 1340/1357/1381 14.27 0.29
NdEDTA 365 903/872;1062; 1358 4.04 0.025
NdZnEDTA 365 [4] 905/876; 1062; 1360 3.27 0.021
NdCoEDTA 345 902/867;1064; 1359/1338 8.92 0.17
NdPMAP 362 898/875; 1062; 1332 14.21 0.28

As can be seen from the data in the table. 2,
the heterometallic complex NdCoEDDS has
the largest integrated intensity of 4f-lumines-
cence among the investigated compounds. The
intensity of 4f-luminescence of NdCoEDTA
is 1.72 times lower than the intensity of
NdCoEDDS, but 2.2 times greater than
NdEDTA. In general, the trend of decreas-
ing I, ~should be noted. of ethylenediamine-
tetraacetates compared to their ethylenedi-
aminedisuccinate analogues. Obviously, this is
related to the structure of the complexes. Com-
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plexes based on EDTA are characterized by
the formation of net 2D polymers [39], which
obviously causes the shielding of the emitting
centers of the Nd’*ion, and is the reason for the
low intensity and efficiency of luminescence.

The intensity of 4f-luminescence of the
NdPMAP complex is approximately the same
as that of I NdCoEDDS, which is probably
due to the proximity of the energies of their
triplet levels.

The quantum yield of 4f-luminescence (¢, )
for cobalt-containing heterometallic complex-
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es is greater than for monometallic compounds
regardless of the complexon, while for ethyle-
ne diamine disuccinates ¢, , is greater than for
ethylene diamine tetraacetates by a factor of 4.4
in the case of homonuclear complexes and by a
factor of 1.6 and - in the case of heteronuclear.

According to the values of 4f-luminescence
intensity and the calculated ¢, , the Nd(III)
complexes can be placed in the following order:
NdCoEDDS > NdPHMAP > NdCoEDTA >
NdEDDS > NdEDTA > NdZnEDTA >
NdZnEDDS.

CONCLUSIONS. The fluorescence of ethyle-
nediaminedisuccinic and N,N-bis(phosphono-
methyl)-2-aminopropionic acids in solution
at different pH values was investigated. It was
shown that depending on the pH, the intensity
and lifetime of fluorescence of variously proto-
nated forms of acids change, which is due to the
formation of stable H-cycles with the participa-
tion of hydrogen bonds. The energies of the sin-
glet and triplet levels of the ligands were exper-
imentally determined, the values of which are
higher than the energy of the radiative level of
the Nd(III) ion, which indicates the possibility
of intramolecular transfer of excitation energy
to the resonance level of the lanthanide ion.

The luminescent properties of homo- and
heteronuclear complexes of Nd(III) with
H,EDDS and H_PMAP were studied. It was
found that intense 4f-luminescence in the
near IR region is observed for all synthesized
compounds upon excitation in the absorption
region of the ligand. It was shown that the lu-
minescence intensity depends on the coordi-
nation environment of the lanthanide ion. The
highest intensity of luminescence is exhibited
by the NdACoEDDS and NdPHMAR complex-
es, which are also characterized by a higher
quantum vyield. In heterometallic complexes

https://ucj.org.ua

based on aminopolycarboxylic acids, the intra-
molecular transfer of energy from the excited
level of Co(II) to the resonance level of the
f-metal leads to sensitization of the 4f-lumi-
nescence of the neodymium ion.
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HocmimkeHo (bnyopecueﬂuiio eTUJIeHa/a-
MiH-N,N'-musaTaproi ta N,N-6ic(dpocdono-
METII)-2-aMiHOIIPOIIOHOBOI KHUC/IOT y pPO3-
4yyHi 3a pisHux 3HadyeHb pH. Ilokasano, mpo
3a/ieXHO Bif pH 3MiHIOIOTbCA IHTEHCUBHICTb
Ta 9ac XXUTTS QIyopecIieHIlii pisHOIIPpOTOHOBA-
HVX POPM KICTIOT, 1110 3yMOBJ/IEHO YTBOPEHHSAM
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cTiiiknx H-1uKiIiB 3a y4acTio BOJHEBUX 3B's13-
KiB. ExcrepuMeHTasbHO BU3HAY€HO €Hepril
CUHIVIETHUX Ta TPUIUIETHUX PiBHIB JIiraHziB
(ES: 22650 cm, E = 21420 cM! ga H,EDDS;
E = 22780 cm, E =20740 cM! A HSPMAP),
3HAYeHHA AKUX € BUILIVM €Heprii BUIIPOMiHIO-
BasipHOTO piBHA ioHa Nd(III) (11 460 cm™), mo
CBIIYNTD PO MOXX/IUBICTH BHYTPIIIHbO-MO-
JIEKY/IIPHOTO IIepeHeCeHHsI eHeprii 30ymKeH-
Hs Ha pe3OHAHCHUII piBEHb i0HA JITAaHTAHOINY.
HocmimkeHo MIOMiHECIIEHTHI BIAaCTUBOCTI
romo- i rerepossiepanx komrvrekcis Nd(III) 3
H,EDDS ta H,PMAP. Busisneno, mo mpu 30y-
IPKEeHHI B 0071aCTi IOIIMHAHHA Jira"py and
BCiX CMHTE30BAaHMUX CIIONYK CIIOCTEPIraeTbhCcs
iHTeHCMBHA 4f-TIOMIHECIEHIisI B OMVDKHINM
[9-o6macti. IlokasaHO, WO IiHTEHCUMBHICTDH
JIIOMiHECI|eHIIi1 3a/IeXXNUTh Bifi KOOpAMHALil-
HOTO OTOYeHHA ioHa nmanTaHoiny. Haitbimpury
IHTEHCUBHICTDb JIIOMiHECUEHIIil IPOABIAITD
koMmiuiekcu NACoEDDS ta NdPHMAP, gna
SKUX XapaKTePHMIA i OIIbIII BUCOKMIT KBAHTO-
BUI BUXIifl. Y rerepomeTanidHMX KOMIUIEKCAX
Ha OCHOBI aMiHOIIOTIKapOOHOBUX KVIC/IOT BHY-
TPILIHbOMOJIEKY/IAPHE IIEpEHEeCEeHH A eHepril 31
36ymxenoro piBHaA Co(1I) Ha pe3onaHCHMIt pi-
BeHb f-MeTany npusBoOguTH JO CeHCuObimizamii
4f-moMiHecueH1i] ioHa HeoUMY.

KnrouoBi cmoBa: KoMIIieKCH, HEOIMM, aMi-
HOIOTIKapOOHOBI KUCTIOTY, aMiHOKapOOKCH-
dbocdhonaru, cuHTE3, MOMiHECIEHITis.
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Al-DOPED LANTHANUM-LITHIUM TITANATE WITH
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La, Li Ti Al O, ceramics (x = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) were synthesized with
the use of ALLO, and an aqueous solution of AI(NO,), as an aluminium source. In both cases,
the ceramics preserve a high dielectric constant € ~ 10°. It was found that the single-phase
La, LiTi,_ Al O,perovskite structure is formed at temperatures above 1200 °C. It was shown
that the use of AI(NO,), allows simplifying the synthesis: reduction in the sintering tem-
perature by 20 °C, Li loss and, as a result, an increase in the density of ceramics. Ceramics
La, Li .Ti Al .O, witha maximum density higher than 85 % were sintered at about 1280
and 1300 °C of with the use of AI(NO,), and Al O, respectively. Frequency spectra of ima-
ginary parts of impedance and electrical modulus demonstrate two dispersion regions that
refer to processes in the ceramic grains’ boundaries and ceramic grains. Ceramic samples
synthesized using AI(NO,), solutions tend to exhibit higher dielectric constants than those
synthesized using AL O,. At a frequency of 100 Hz, the dielectric constant for ceramics syn-
thesized using AI(NO,), aqueous solution is 70600, whereas that for ceramics synthesized
using AL O, is 44300. Obtained materials are useful for microelectronics, energy storage and

harvesting devices.

Keywords: Li-containing, aluminium nitrate, microelectronics, perovskite, solid-state re-
action technique.

INTRODUCTION. Materials based on lithi-
um-containing perovskites with a high dielec-
tric constant (¢ > 1000) have been developed
for use in microelectronics to address the chal-
lenge of miniaturizing electronic circuits [1].
They are used in the field of microelectronics,
in the development of thermostable compo-
nents of electronics [1], solid energy storage
(Multi-Layer Ceramic Capacitors) [2], solar
energy [3], electrochemical devices, and deep

mining and space technology [4]. These mate-
rials are of both scientific and practical interest
due to the high effective dielectric constant re-
sulting from the relaxation of mobile lithium
ions [5]. The authors of [6, 7] investigated the
substitution of La and Ti ions by Li and Al ions
in the La, .Li Ti Al O, system to improve its
electrical characteristics. Depending on the
sintering conditions, the resulting perovskites
can crystallize in either orthorhombic or
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rhombohedral syngony. The La, Li Ti, Al O,
materials with orthorhombic syngony form
solid solutions in the concentration range
x =0.15-0.30, and exhibit a high dielectric con-
stant [8]. However, there is a lack of research
on the crystal structure and dielectric proper-
ties of this material at concentration ranges of
x less than 0.15 and more than 0.3.

The conventional method of preparing
powders for ceramic material production in-
volves roasting a mechanically crushed mix-
ture of metal oxides and carbonates in specific
proportions [9]. However, this process intro-
duces pollutants from abrasive materials dur-
ing grinding, which negatively affect dielectric
properties. The solid-state reaction, a diffu-
sion-controlled process, requires a uniform
distribution of each substance to produce a
fully reacted and homogeneous product. The
prolonged calcination at high temperatures
and precise atmospheric control needed for
the mechanically ground mixture results in the
loss of volatile components, such as lithium.
Additionally, achieving good density requires
very high sintering temperatures.

Numerous studies have been dedicated to
the developmentofLa, _ Li, TiO, LLTO-based
materials; however, they typically focus solely
on the properties of the resulting perovskites,
neglecting the study of chemical transforma-
tions that occur during synthesis. As a result,
further enhancement of synthesis and material
characteristics is impeded. The present study
represents a pivotal point in investigating the
chemical transformations that occur during
the synthesis of LLTO-based perovskites and
aims to improve the synthesis process for fur-
ther research.

The goal of this study is to explore phase for-
mation during the synthesis of La, _Li Ti, Al O,-

72

based solid solutions using the solid-state reac-
tion technique with the incorporation of ALO,,
as well as to reduce sintering temperature and
minimize Li loss during solid-state synthesis.
The use of an aqueous solution of AI(NO,),
as an aluminum source should decrease the
sintering temperature while ensuring a more
uniform distribution of aluminum in the ma-
terial, thus preventing the accumulation of Al
in localized conglomerates that can occur with
solid ALO,.

EXPERIMENT AND DISCUSSION OF
THE RESULT. The following initial reagents
were used for the synthesisof La, _Li Ti, Al O,
(x=0.05,0.10,0.15, 0.20, 0.25, 0.30) solid solu-
tions: stoichiometric amounts of dried Li,CO,
(Merck 99.99%), La,O, (Aldrich 99.99%), TiO,
(Aldrich 99%), and AL O, (Merck 99.99%) or
an aqueous solution of AI(NO,), as the source of
aluminium. Li CO, was dried at 300 °C, La,O,
at 800° C, AL O, and TiO, at 600 °C. Mixed
powders were ground in an agate mortar with
isopropyl alcohol (or alcohol and the solu-
tion of AI(NO,),) and calcined in air for 4 h at
1200 °C.

X-ray powder diffraction was performed
using a DRON-4-07 diffractometer (Cu Ka
radiation, 40 kV, 20 mA) for the analysis of
phases formed during the synthesis. The unit
cell parameters of the samples were calculated
using the Le Bail procedure [8] and the Full-
Prof software. In order to determine interme-
diate phases during synthesis, isothermal heat
treatment was carried out in the temperature
range from room temperature (RT) to 1200 °C
during 2 h (crucibles with the diameter D =
3 cm and height h = 2 cm). The change in the
phase composition was studied in the tempera-
ture range 20-1200 °C by method X-ray phase
diffraction (XRD) analysis using DRON-4-07
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CuKa-radiation; 40 kV, 20 mA). SiO, and
Al O, were used as external standards (for 20
and intensity).

The heat treatment of powders was car-
ried out. After grinding, the powders were
compressed into tablets under the pressure of
500 kg/cm?* (50 MPa). The materials sintered
in the temperature range of 1270-1320 °C de-
pending on the Li and Al contents (the heating
rate was 200 °/h). The tablets were sintered for
6 hours and cooled to the room temperature at

To carry out the measurements of the dielec-
tric properties metal electrodes were applied
on the end faces of sintered cylindrical samples
with a diameter of 8 mm and a thickness of
2 mm. Impedance spectroscopy measurements
were performed using a 1260 Impedance / Gain
phase Analyzer (Solartron Analytical).

It was shown that single-phase
La  Li Ti Al O, perovskites were formed at
temperatures above 1200 °C (Fig. 1.). Using
XRPD analysis intermediate phases during so-

a cooling rate of 200 °/h. lid-state reaction technique were determined.
o La(OH), « La,Ti,O,
v La,0; o Li,TisO,
» ¢ LijTi;O - LaAlO,
e TIO, * LaggrLip 15T asAlp 1503
P A l l * l A 1200 °C
sre waxl b xoxox A *_ 1150 °C
sre il A xox o x -~ _*_1100 °C
B M S K 1050 °C
'.'. "'.A:l # Fet Yo Yar 900 °C
M I'Rl[ et X 800°C  Fig.1.XRPDpatternsforLa Li Ti Al O
aasha g 1. P 0.67Y0.15 - Tog5 Mo 153
r r r r solid solution at different calcination tempe-
20 40 60 80 ratures. Intermediate phases are marked with
20, ° symbols.

The processes of mechanical mixing and
adsorption of moisture from the air by lan-
thanum oxide at room temperature lead to the
formation of hydroxide:

La O, + 2H 0 220 5 3 La(OH), (1)
Increase in temperature to 300-400 °C leads
to reactions of lanthanum hydroxide and car-

bon dioxide from the air, lanthanum dioxycar-
bonate forms:

https://ucj.org.ua

2La(OH), + CO, -5 13 O CO,+3H,0

(2)

In the temperature range of 500-600 °C lithi-
um carbonate interacts with titanium oxide:

Li,CO, + TiO, 2, i TiO, + CO,T (3)

Lanthanum dioxycarbonate decomposes
and lanthanum titanate interacts with titanium
oxide at a temperature of about 900 °C. Di- and
trititanates forms
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La,0,CO, %513 O, + CO,T (4)

Li,TiO, + TiO, =% [ Ti O,  (5)
Li,Ti,0, + TiO, Zewc 5 i Ti,O, (6)

Lanthanum and titanium oxides interact in
the temperature range of 800-1000 °C to form
lanthanum dititanate:

La,O, + 2TiO, s, Ta Ti, O, (7)

At temperatures above 1000 °C lanthanum
aluminate and lanthanum titanate perovskites

form: _ _
La,Ti)O_+ TiO, 1wnwc, 31a TiO, (8)

1 1 1 1100-1200 °C,
ZLa(z/s-y)LlsyT103+y La(2/3+z)T1(1-3z)Al3zO3 >

— (z+y) La, ,Li Ti, Al O ,where x = 3yz/(y + 2)

The wunit cell parameters were deter-
mined from the XRPD patterns using a rapid
whole-pattern profile-matching Le Bail pro-
cedure. La, Li Ti, Al O, (where 0.15 < x <
0.3) solid solutions synthesized with the use
of ALO, and AI(NO,), aqueous solution ma-
terials have a rhombohedral perovskite-related
structure (space group R-3¢c, Ne 167).

Fig. 2 shows the dependencies of the rela-
tive density of ceramics on the sintering tem-
perature at x = 0.15. For La, _Li .Ti Al O,
synthesized using the solution of AI(NO,), as
the aluminium source, the relative density of
ceramics is higher and is achieved at lower
temperatures compared to the synthesis using
Al O,. The maximum density is 89 % and 87 %
for the use of AI(NO,), and AL O, respectively.
Dependencies have maxima at about 1280 and
1300 °C. Higher porosity of materials at high
sintering temperatures can be associated with
Liloss.

74

(z+y)La, Li

La, O, + AL O, 110, 2T aAlO,  (9)

Onwards lithium-lanthanum titanate
and lanthanum titanate-aluminate form at
1100-1200 °C:

(1-1,5y) La,, TiO, + 1,5y Li, TiO, Lu-u0c
1100-1200 °C L13 Tlo3 (10)
Y

>La,,

(1-32) La,, TiO, + 3z LaAlO new-iz0c,
1100-1200 °C Al O
3z 73

0012005 T2

(2/3+z)Ti(1—3z) ( 1 1)
La

.51, Ti, Al O, solid solutions were ob-
tained by the interaction of the phases ob-
tained by reactions (10) and (11).

O -

3yz/y+zT11—(3yz/ ly+2)” " Byzly+z 3

(12)

(Pexp/P theor) 100, %0

AINO3)3

80 1

60 -

1320

T °C

Fig. 2. Dependencies of relative density on sin-

tering temperature for La Li Ti Al O, ce-

ramic samples at x = 0.15 synthesized using Al O,

and an aqueous solution of AI(NO,), as the alu-
minium source.

1240 1280

sintering®

Sintering temperatures depending on the
X content in ceramic samples are presented in
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Fig. 3. Temperatures rise with increasing Al

content. The use of AI(NO,), aqueous solution 2", Ohm M", 1/F

instead of AL, O, leads to a decrease in the sin-
tering temperature. The decrease is 18-24 °C.
(1] 107
Tsintering’ C
1320 1
10°
1300 1
T e e rerer—rrrmep—rrmgA ()3
1280 - AlNO3)3 10° 10° 106
f, Hz
Fig. 4. Frequency spectra of imaginary part
1260 of impedance and electrical modulus, for

0.1 0.2 X La, LiTi xAlxO, at x = 0.15 and x = 0.20 for ce-

0.67

Fig. 3. Dependencies of sintering temperatures ~amic samples, synthesized using aqueous solution
on x content for La  Li Ti Al O,ceramic samples of AINO,),.
synthesized with the use of AI(NO,), aqueous solu-
tion and ALO,. It can be noted, that the maximum value of

the electrical modulus slightly increased after

Using impedance spectroscopy there are increasing the Al content for both regions.
three semicircles on the complex impedance dia- Dielectric constants spectra for La Li_
gram at room temperature for La _Li Ti Al O, Ti, Al O, at x = 0.20 were determined (Fig.
ceramic samples synthesized with the use of 5). Regardless of the synthesis method ceramic
AI(NO,),. Three semicircles in the Cole-Cole samples demonstrate high values of dielectric
plots show three relaxation mechanisms, which  constant. The dielectric constant of the ceram-
may be attributed to grain, grain boundary, ics synthesized using AI(NO,), solutions is
and electrode polarization. Frequency spectra generally higher. At the frequency of 100 Hz
of imaginary parts of impedance and electrical ~dielectric constant is 70600 and 44300 with the
modulus also demonstrate three dispersion re- use of AI(NO,), aqueous solution and AL O,
gions (Fig. 4), covering the frequency band at respectively.
least up to 10 MHz. The low-frequency region A notable feature of the obtained spectra is
(up to 10 Hz) refers to processes in the sample/ the presence of a flat region, which will deter-
electrode area, the middle-frequency area (up mine the operating band of the microelectro-
to 1 kHz) refers to processes within the ceramic nics components based on the presented ce-
grains’ boundaries, and the high-frequency re- ramics. Bandwidth (+ 15 % of ¢’) is 256 and
gion refers to the relaxation of charge carriersin 764 Hz for the ceramics synthesized using
ceramic grains [10]. AI(NO,), and Al O,, respectively.
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&
107 4
AI(NO3)3
10°
10° -
102 102 10° f, Hz

Fig. 5. Spectra of dielectric constant real parts
for the La, _Li Ti, Al O, ceramics at x = 0.20 syn-
thesized using AL O, and AI(NO,), aqueous solu-
tions as aluminium sources.

CONCLUSIONS. La, LiTi, Al O, cera-
mics were synthesized by solid-state reaction
technique with the use of AL O, and the aque-
ous solution of AI(NO,), as a source of alu-
minium. It was shown that intermediate phas-
es during the solid-state reaction technique
were La(OH),, La,O,CO,, Li,TiO,, Li,Ti O,
Li,Ti,O, and La, Ti,O,. It was found, that the
use of the AI(NO,), solution allows to reduce
the sintering temperature, to extend the opera-
tion time of sintering furnaces, reduces the loss
of volatile elements and slightly increases the
dielectric constant of the ceramic material. Di-
electric constant spectra have a flat region with
a width of 256 and 764 Hz for the use of ALO,
and AI(NO,), respectively.

Relaxation processes within the ceramic
grains boundaries and the ceramic grains de-
termine the dielectric properties of La  Li
Ti, Al O, ceramics according to the three ob-
served regions on the spectra of electric mo-
dulus and impedance.
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KepamiuHi maTepianm Ha OCHOBI
La, LiTi_ Al O, 6yno cuHTe30BaHO METOZIOM
X x 1lx Tx 3
TBepodasHMX peaxiiiii 3 BUKOPUCTAHHAM
okcupy Al O, Ta HiTpaty antominito AI(NO,),.
B 060x Bumajkax Kepamika XapaKTepu3yeThCsl
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KATANI3ATOPU ENEKTPOJIITU4HOI0 BUATEHHA BOAHKO

HA OCHOBI CI0J1YK BOJIb@PAMY TA BYIJIELIHO

C. B. Kynewosg*, 1. A. Hoeocenoea, O. B. Medéexcuncvka
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HapeneHo pesynbpraty OLiHKM €1€EKTPOKATaTiTMYHOI AKTMBHOCTI HU3KM BUCOKOJVICIIEPC-
HMX MarepiajliB Ha OCHOBi Bonbdpamy Ta Byraemio pisHoro cknagy (WC/C, W C/WC/C
TOIIO), Oflep>KaHNX METOJOM BUCOKOTEMIIEPATyPHOTO €/l1eKTPOXiMiYHOIO CUHTe3y 3 po3-
IJIaBJIEHMX €/IEKTPOMITHUX CyMillell, TPy eIeKTPONITUYHOMY BU/II/IEHHI BOJHIO 3 PO3YM-
HiB cipuyanoi kucnorn. Metogamu POA, CEM, KP-cniektpockorii Ta [ITA BusHaueHo ixHiit
CKJIaJ, 0COONMMBOCTI CTPYKTYypu, Mopdororii Ta po3Mipyu okpemux KpucraniriB. CuHTe-
30BaHi 3pa3KM CIIONTYK MICTATb HEBEMUKY Ki/IbKiCTh ByIIemio (5o 3 mMac.%), MaoTb po3Mip
KpucTaniTiB nopAaky 20-30 HM, Me3OIOPUCTY CTPYKTYPY, XapaKTe€pPU3YIOTbCA BENUKOIO
KiZIBKICTIO CTPYKTYPHUX JieeKTiB Ta CIPUAIOTh 3MEHIIEHHIO TIepeHaNPyTy BUJ/IEHHS BOJ-
HIO 3 PO34MHIB Cip4aHOI KMC/IOTHU. I3 HU3KM CMHTE30BaHUX Ta JOC/IIPKEHNX MaTepiajiiB Hall-
Kpallly eIeKTPOKaTa/liTUYHY aKTUBHICTD /I peaKuii BujineHHsA BogHI0 B 1N posunHi HZSO .
mae xommnosut WC/C, opeprxannit is cucremu Na,K|Cl-Na,W,0_-CO, (xoedinient Tadpens
b - -75 MB; nepenamnpyra npu ryctusi crpymy 10 MA/cm? - -0,2 B).

Knio4oBi cnoBa: crionykyu Ha OCHOBi ByIJIEII0 Ta BO/Nb(paMy, BUCOKOTEMIIEpPATypPHMUII
€JIEKTPOXIMIYHMII CMHTES, eIEKTPOKaTali3, BULIZIEHHA BOGHIO.

BCTYII. I3 KOXHMM HACTYIIHMUM POKOM IIPOJZYKTOM JIOrO OKMCHEHHA € BOJa, AKa He

HOTpeOy TIOfICTBA B JXKepesiax eHeprii spocTa-
I0Tb, BIJIIOBiIHO, 3pOCTa€ 11 aHTPOIIOT€HHNIL
BIUIMB Ha IOBKi/NA. ToMy MOIIYK €KOJIOTivyHO
0e3NeyHNX, HelIeBUX, HETOKCMYHUX Ta Bifi-
HOBJIIOBaHMX JDKEpel eHepril cTae Ay)Ke ak-
Tya/IbHMM 3aBJaHHAM. AJIbTEPHATUBOIO IIPU-
POMHOMY ITa/INBY, 1O HA CbOIOHI BUKOPUCTO-
BYIOTb Y IIPOMIC/IOBMX MacIlTabax, MOXe CTa-
T BojfieHb. [IopiBHAHO 3 MpUMpPOJHMMM €Hep-
TOHOCiAMY (IpMpORHMIL ra3, HaTa YU BYTiN-
JIs1) BiH Ma€ BUILy €eHePIrOEMHICTD, IIPK I[bOMY

3aBfla€ MIKOAY JOBKi/II0. OCHOBHY YacTUHY
BOJHIO J/IS1 IPOMMC/IOBOTO BUKOPUCTAHHA OT-
PUMYIOTH KaTaJliTUYHOI KOHBEPCIEI0 METaHY
BoAsAHOW maporo [1]. Ileit metoxn morpebye
BUKOPUCTAHHS BEMMKUX 00’€MIB NIPUPOLHO-
ro rady (CriBBiHOIIEHHS BUTPAYeHOTO Tasy
[0 OTPMMAHOIO BOJHIO CKIafa€ 3:1 yMOBHMX
vyacTuH). [IpomucnoBux macurabis HabyB Me-
Tofi rasudikanii KokciBHOroO ByTi/lIA, pearti-
3alif AKOro IMOoTpeOye BUCOKUX TEMIIEPATYp
Ta crnenudivHoro ob6bmagHaHHA. [Ipu 1pomy
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BifIOyBa€TbCsl 3a0pyJHEHHS HaBKOIUIIHBOTO
cepefloBMILA NMPOAYKTaMM OKMCHEHHS, CEpef
AKUX 1 OKCUJM BYITIELO.

EnexkTpokaTtaniTuyHa peaklis BUAiNIEHHSA
BogHio (PBB) — ue oxuu i3 Haibinbir mepc-
NEeKTUBHUX METOJIB JI0TO OTPMMAaHHA y IIpoO-
MUCIOBMX Macitabax. OCHOBHUM HEJOIIKOM
LIbOT'O METOMY € BYCOKa BApPTiCTh €JIEKTPOSHUX
MarepiaiB i3 HU3bKMMI 3HAYEHHAMH IIepeHa-
IPYTY KaTOHOTO BUJi/IEHHA BOLHIO (MeTanmn
IVIATMHOBOI Tpymy). TakMM 4YMHOM, poO3po-
O71eHHs BUCOKOe(eKTVBHMUX, CTaOI/IbHNX i fe-
IIeBUX €eKTPOJHMX MarepianiB (eeKTpoka-
tanisatopis) miss PBB mae Baromnit BiimB Ha
BUPpILIIEHHs MTPo6/IeM) MIMPOKOMACIITAOHOTO
BIIPOBaJPKEHHSA TEXHOJIOTi/l BOJHEBOI €Hepre-
TUKIL.

Ha cporopHi miia PBB mpononyroTh Benuky
KiZIBKIiCTD e/IeKTPOSHUX MaTepiainiB [2-5], Aki
MO>KHa YMOBHO PO3[iINTY Ha IBi PYIIN: MaTe-
piany 3 BUKOPUCTaHHAM MeTasliB IJIaTMHOBOI
TPyIM Ta Ti, y CK/Iafii AKMX BOHM BifcyTHi. Ce-
pen KaTai3aTopiB Iepiol rpymm Ciif Bifmi-
TUTY KaTajli3aTop, AKUI CKIaJaeTbcA i3 Pt Ha
aHiniH-rpadeHoBiit nigknaaui [6]. Ina Hboro
€ XapaKTepHUMM aHOMAJIbHO HM3bKi 3HAYEH-
HA TIepEeHANPYIY BUM/IEHHA BOJHIO IIPU TyC-
TuHi crpymy 10 MA/cM? (77,,) Ta KyTOBOTO KO-
edinienty (b) piBnannsa Tadens (17, = -12 MB
ta b = -29,33 MB BignosigHo). [I1s pemtu ma-
Tepia/iB Ha OCHOBi 6/1arOPOHUX MeTANiB 7],
B cepefHbOMY cKnagae 20 — -50 MB, a 3HadeH-
HA b = -25 - -60 MB. Yepes BUCOKY BapTicTb
0/1arOpOfHMX MeTasiB OTPUMaHHS BOJHIO 3
BUKOPUCTAHHAM TaKUX KaTali3aToOpPiB € eKo-
HOMIYHO HefoLinbHUM. EnekTpokarasnizaTo-
pu Apyroi rpynu, cepen sSKUX Kapoimu, cyib-
¢binpn, mHiTpupu, ¢gocdiam Tta iHmI cromykn
IepexifiHMX HeMeTasliB, MalTb [elo ripii
XapaKTepUCTUKM, ajie iXHA BapTiCTb 3HAYHO

80

HIDKYa. 3a JaHuMM po6oTu [4] BCcTaHOBIIEHO,
mo Karanizaropu Ha ocHOBi CoP un FeP, mo-
XXYTb OyTV IEepPCHEKTUBHOIO a/IbTEPHATUBOO
IUTAaTMHOBYMM MeTajaM, OCKi/IbKM MalOTb Haili-
Kpaui xapaktepuctuku st PBB: i,/ ~-50 mB,
b=-30--35MB.

OkpeMor0 HiArpynorw KaTali3aTopis, IO
He MICTATb MeTa/M IUVIATMHOBOI IPYIN, MOX-
Ha BUAUINTY KapOigy TYTOIUIaBKMX MeTaliB
[7-17], AKi TpOABIAITb BMCOKY CTilIKiCTb
fo Koposii, ¢iswuHy i XiMiuHy cTabinbHiCTH
Ta KaTa/JliTU4YHy aKTUBHICTb 1 € BiTHOCHO Je-
meByMy. BOHM MalOTh IEpPCHEKTUBY BUKO-
PUCTaHHA B IMpOLECaX €IeKTPONTITUYHOTO
OTpMMaHHA BOJHIO fAK CAMOCTIVHI KaTaJli-
3aropy, i Ak Hocii 671aropopgHMX MeTalis.
Y rtabmuni 1 HaBefeHO XapaKTepPUCTUKY Ka-
Ta/ni3aTopiB Ha OCHOBi kap6iniB Bombdpamy,
AKi OY/I0 CMHTe30BaHO PiSHMMM METOHAaMU Ta
nporectoBano B PBB. 3 tabnuui 1 BuzgHO, 1110
HaJKpally aKTUBHICTb (SIKIIO IOpPiBHIOBATH
3HAQUEHHs TMEePEHANpPYTy 1], ) TPOABIAE KOM-
nosut W,C/C(tpy6xu) [10], sxuit 3abesneuye
HepeHANPYTy BUAIEHHS BOJHIO, OMM3bKY 1O
3a3HavyeHoi B po6oTi [4] Ha kaTanmizaTopax Ha
ocHoBi ocdiny 3anisa 4 kobanbTy, a came —
1,,=-50 MB, b —= -45 MB. Ileit komnosut 6yno
oflep>)KaHO 0araTOCTaIiTHUM METONOM, SIKUI
IIOEIHYBAB TEXHONOriI0 XaMMmepa 1A ofiep-
JKaHHS 6araToCTiHHUX BYIJIELIEBUX TPYOOK,
Ta KapOifM3alilo HAHOYACTMHOK BOIbGpPaM
okcupy 3a reMuneparypu 900 °C y cepenosuii
aprony [10]. KommosuT ckragaBcs 3 HaHOYaC-
TUHOK (po3Mip Bix 2 0 5 HM) HamiBKapOigy
Bonmbdpamy W, C (~69 mac.%), ocamkeHOro
Ha OararocTiHHi Byrienesi TpyOku. bmmspki
0 3a3HAYEHMX €IeKTPOKATAIITUYHIX XapaK-
TEPUCTUK MTOKa3aB CKIAJHIMINIT KOMIIO3UT Ha
OCHOBI IOZIBIITHMX KapObifiiB Bombdpamy 3 Mo-
niogenom W.C@WC, /Mo [9]. Lleit kommosut
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OJlep>KyBaJy 3a JOIIOMOT0X0 TEXHOJIOTII MarHe-
TPOHHOTO PO3NMIEHHSA: HA BYIJIELIEBY TKaHM-
HYy Ar-11a3MoBiit kamepi posnumosanun WC,
y pe3y/nbTaTi 4Ooro Ha Hill yTBOPIOBAIMUCA I10-
pucri wiiBku cknagy W C@WC, (ToBIIMHA
~30 um), moTim Ha map W,C@WC,  nanmo-
Ba/I Wap Mo, mpyu bOMy 3MEHIIIyBajIacs TOB-
myHa Kap6igHoro mapy (~11,2 Hm) [9]. Posmip
qactTuHOK W, C@WC, y KOMIIO3UTi CTAHOBUB
~9 HM. fKmo 1A NOpiBHAHHA KaTaliTU4-
HOI aKTVBHOCTi BUKOPUCTOBYBATM Koedili-
enT Tadensa b, To Hailkpali XapaKTepuUCTH-
KI MalOTh Katajisaropu cknagy Pt-WC,_@C
[7] Ta (Mo,W),C/C [8], nna axux b ~-35 MB.
Karanisarop Pt-WC, @C 6yno omepxano y
iBi cTapil [7]: cnovyarky ImasMofyHaMiYHUM
METOJOM IIPY BMCOKOMIBUIKICHOMY pO3IN-
NeHHi mw1asmuy, mo mictiia W i C, B iHepTHi

armocdepi Ar orpumysamu WC _@C; notim
METOJJOM MOKPOTO IPOCOYEHHA [0 CKIapy
KaTasizaTopa gopgaBanu Pt (o 10 mac.%). Ka-
Tanizarop (Mo,W),C/C TakoX OTpUMYyBanu y
leKinpKa eTamiB [8]: crmoyaTky oTpmMyBamn
OKJICHEHi ByTIJIel|eBi HAHOTPYOKMU (OKVMCHEHHS
nposonuu napamu HNO, 3a Temmeparypu
200 °C 48 roauH); OKpeMO OTPUMYBIN Kap-
6imu Mo Ta W po3uMHEeHHAM Y eTaHOJI iXHixX
xnopuzpis (MoCl,, WCI); motim kap6igm Ta
TpyOKM IepeMillyBany i B pOTOPHOMY BUIIa-
proBa4i OCylIyBajaM Bifi €TaHOIY; OTpMMaHI
3pa3Ky BUCYIIYBa/M i CIIiKa/ly 3a TeMIIepaTy-
pu 800 °C y cepenoBuILli BOHIO; HACAMKiHEllb,
IIPOBOAVIIM TIaCMBYBAaHHs IIOBEPXHI 3pa3KiB
cymimmno O, ta N, (sa Temneparypu 25 °C,
TPY TOAVIHMA).

Tabmuns 1

XapaKTepuCTUKN KaTalni3aTopiB Ha OCHOBi Kap6ifiB Bonbdpamy, ogep>kaHUX pisHIMU
MeTOaMMU B peaKuii BuieHHA BOOHIO i3 po3unHis H SO,

Table 1.

Characteristics of catalysts based on tungsten carbides obtained by various methods for
hydrogen evolution reaction from H,SO, solutions.

Karanizatop Mertop cuHTE3Y 1;3; -ﬂﬁ’ JI-pa
Pt-WC, /C IIa3MOXIMIYHMIA 32 127 [7]
(Mo,W),C/C (tpy6xmu) XiMIYHUI CHTE3 —~TepMiuHe 006pOO6TIeHHS 34 92 (8]
W.C@WC, /Mo MarHeTpOHHe HallMJIeHH: 41 58 [9]
W,C/C (rpy6xn) KapOifu3salis B po34mHax 45 50 [10]
P-W,C/N-C Harpis 3a 400 °C H,PW O, 53 39 [11]
Ta NHZC(ZNH)NHCN
WC/C CUHTe3 Y pO3IIIaBax 54,4 112 [12]
WC/W Bifiman — kap6ingnsais 55,5 87 [13]
Ww.C KapOigusanisa 67,8 153 [14]
W.C/W aHOJyBaHHS —BiJIHOBJIEHH: —KapOigu3arisa 84,9 132 [15]
Fe,W.C Kapbifu3aliis B po3dmHax 91 226 [16]
WC/C noiMepusaiiisi —CriBocajKeHHs —Kapbifn3saris 93 220 [17]

https://ucj.org.ua
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OpHuM i3 HefoiKiB NepeBa)KHOI KibKOC-
Ti MeTofiiB cuHTe3y Kapb6iniB Bonbdpamy (y
poborti [18] fmeTanpHO PO3ITIAHYTO OCHOBHI
METOAY Ofiep>)KaHHA YIbTPafMCIIEpCHUX Kap-
6iniB Bonbdpamy) — 1e GararocTajilHICTb.
Hanpuknan, xaranisatop WC/W i3 pemio
HIDKYMMU Xapakrepuctukamu (1,, = -87 MB,
b - -55,5 MB) ogmepxxaHo y Tpu cragii [13]:
crodarky pom6iunmuit WO, 6yno oTpumaHO
okncHeHHAM W Qonbru Ha moBiTpi 3a TemIe-
patypu 600 °C porarom 2 ropus; notim WO,
BiJITIa/IIOBa/IM B >KOPCTKMX YMOBaxX BaKyyMy
(temmepaTypa — 800 °C, gac — 40 xB) i3 MeTO0
opepxkantsa WO,; micist boro Kapbingusariieo
3 CH, sa temneparypu 800 °C (20 xBuaMH)
onep>xyBanu komnosut WC/W.

HanoposmipHi kap6igHi MaTepiany Mo>xHa
€/IeKTPOXiMiYHO OTPMMATU B COJIbOBUX PO3-
II7IaBaXx Ta 3/1i/ICHIOBATY IXHE JIETYBaHHA B O HY
CTaflil0 CYHTe3y. 3MiHIOIYM YMOBM CUHTE3Y:
CKJafi Ta CIIBBiHOIIEHHA IPEKYypPCOPiB Kap-
0iny (OKCMI€HOBMICHMX CIIOTYK BOTbdpamy Ta
BYIJIELII0), KaTOAHY I'YCTUHY CTPYMY, HAIpyry
Ha BaHHI, MO>KHA OTPMMATH MIVPOKUIT IIEPETIiK
KOMIIOSUIIITHUX €7IEKTPONITUYHMX MaTepiajiB
Ha OCHOBi Kapb6ifiB Bonmbdpamy, SKMit BKIIIO-
Jae 5K offHodasHi cuctemMn (MeTaneBuit BOIb-
¢dpam, Byrenp), TaK i uncneHHi 6ararogasosi
cymin xap6ifiB Bonbdpamy 3 BiTbHUM ByT/Ie-
IIeM Ta MeTaJIeBUM BO/Tb(PpPaMOM.

SIx BupHO 3 Tabmuui 1, o ckIapy Marbke
BCiX MaTepiasiB BXOZMTH ByIelpb (SK Iifi-
K/Taika abo yacTyHa KOMIO3UTY). BucokoreMm-
nepaTypHmit enekrpoximiuamit cunrtes (BEC)
TO3BOJIAE OfeP)KyBaTU BYIJIEL|€BI MaTepianm
pisHoi Mopdororii Ta cTpykTypu [19].

Bigomi pob6ortu [20-24], ge BKasaHo, IO
MeTajIeBMiT BOMbPaM TaKOX MOXKHA PO3IJIA-
JaTy SIK eIeKTpofgHuii MaTepian ana PBB. As-
TOPYU JOCTIANIN €IeKTPOKaTaliTUYHI BIaCTH-
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BOCTI B KMICJIOTHOMY Ta JIY>)KHOMY €71eKTPOJIiTi
AK CYLIBHOTO BONb(PAMOBOrO eIeKTpofa
(BigmonipoBanmit W ctpmxkenn) [21, 22], Tak
i Bonbdpamy, ocajpkeHOMY Ha ByIJIeleBill Ma-
tpuni [23] (ana 0,5M H SO, - #,, = -105 MB,
b - -58 MB). MetaneBnit BombdppaM TaKOX
MoxHa orpuMmaTtu MerogoM BEC. Ilopomxknu
BOIbpamy B 1iiit po60oTi 6y/10 OTpUMAHO eleK-
TPOXIMIYHMM BiJJHOBJIEHHAM OKCUT€HOBMIC-
HIIX CIIOTYK BONMb(paMy Ha raji€BoMy KaTOAi
y pPO3IUIaBi X/IOPUAIB HATPio Ta Kayblito [24].

HesBaxarounm Ha Te, 1[0 HAyKOBi 3acagm
BEC kap6inis Bonbdpamy 6yno pospobieHo
Mmarbke 40 pokiB Tomy [25], ixHi ¢isnko-xi-
MiuHI Ta €JeKTPOKATa/JTiTU4YHI BIACTUBOCTI
3aJIEKHO BiJl YMOB CMHTE3y IIPaKTUYHO HE JI0-
crnifxeno. Tomy mocmimkeHHA KaTaliTUYHUX
BJIACTUBOCTEN €eKTPOIITUYHNX MaTepiasiB
Ha OCHOBIi BO/Ib(ppaMy Ta BYIJIELIO € aKTyalb-
HIJM HayKOBMM Ta IIPUK/IA/JHUM 3aBJAHHAM.

Mertoto 11i€1 po60TI € MOPiBHATbHA OIiHKA
€JIEKTPOKATa/IiTUYHOI AKTMBHOCTI CUHTE30Ba-
HIUX 3a Pi3HMX YMOB KOMIIO3UTHUX CyMilllei
pisHOrO cKMany Kap6inis Bompgppamy (WC i
W,C), Byrneno ta MeTaneBoro Bonbdpamy B
peaxiii BuUJileHHA BOAHIO 3 CIpYaHOKMUCIUX
PO34MHIB.

EKCIIEPMIMEHT I OBI'OBOPEHHA PE-
3YJIbTATIB. Ilopoumku Bonbdppamy ozpep-
KyBalM  €eKTPOXiMiYHMM  BiJHOBJIEHHAM
npibHOAVICIIEpCHOTO (pO3Mip 4acTMHOK — 30-
80 mxMm) Bonbdpam (VI) okcupay B posmiasie-
Hilt enextponithiit cymimi CaCl-NaCl (ma-
COB€ CIIiBBiJJHOIIEHHs KOMIIOHEHTIB BKa3aHO
y Tabs. 2) i3 BUKOPUCTAHHAM PiJKOTrO Tasie-
BOTO €/IeKTpofia B aTMocdepi aprony mpu mno-
CTiitHiN ryctuHi ctpymy 0,4 A/cm? mpoTsirom
4,7 rop, 3a remneparypu 600 °C. Ockinbku pis-
HULA TeMIepaTyp KpuCTalisanil posIasiie-
Horo enektpormirty (507 °C) Ta ranito (~30 °C)
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€ BEMKOI0, TO BiIOKpEM/IEHHA CONIbOBOI Ta
MeTaseBoi a3y mic/iA eneKTpoisy He BUK/IN-
KaJ10 TpysHoutiB. [ic/is MoBHOTO po3YMHEHHA
conboBoi ¢asn y 0,1M HCI, posunn i tBepai
dasu pospinsAIM METOIOM HeKaHTaljil. YTBO-
peHuit IpiOHOANMCIIEPCHUII TPOAYKT IPOMU-
Ba/Illl JIEKiIbKAa pasiB AMCTUIbOBAHOK BOMOIO
IO BiICYTHOCTI AKICHOI peaKlii Ha HasABHICTb y
JleKaHTaTi aHIOHIB X/IOpy (peakIiis 3 pO3YNHOM
HiTpary cpibma). BimmuTnit Bi 3a/mMikiB eek-
Tponity ocay cyumm (~ 120 °C) go nocrirHol
Macu. JleTaZIbHO METOMKY Ta ME€XaHi3M CUHTe-
3y Bo/b(paMy omymcaHo y pobori [24].
[Topo1ku ByIienzo ofep>KyBain OTEeHIIi0-
CTaTMYHVM €JIeKTPOTi30M KapOOHATy JiTiio
B posmiasneHint cymimi NaCl-KCl (ta6n. 1)
npu norenuiani E = -1,9 B Ha Pt xkatopi. Enek-
TPOJIi3 IPOBOAWIN B aTMocdepi aproHy mnpo-
TATOM 2 roauH 3a Temnepatypu 750 °C. Tsep-
Iy CyMilll IPOAYKTIB €7IEKTPOJIi3y Ta €IEKTPO-
Ty POSYMHANM Y TapAYiil JUCTUIbOBaHIN
BOJI 1 AMCIIEpPCHMI YOPHUII IIOPOLIOK BifMU-

Ba/IM TPV KUITATIHHI O HEraTMBHOI peakiii
Ha xjopuj-ioH. IToTiM oTpuMaHMi TOPOIIOK
cymman 3a remneparypu 105-130 °C Ha nosi-
Tpi. KoHCTpyKIif0 e1eKTpoXiMi4HOI KOMipKH,
IeTabHy METOAMKY Ta MeXaHi3M OIMCAHO Y
pobori [26].

KommnosutHi Marepianyu, OCHOBHUMM KOM-
IIOHEHTaMU SIKMX € Kapbifyu Bonbdpamy, oTpu-
MYBa/lMl Ta/IbBAHOCTATUYHUM €/IeKTPOIi3OM
IpY KaTOAHIN TycTuHi cTpymy ~0,08 MA/cm?
i3 enexrpomitHOl cymimi ckmagy NaCl-KCl-
Na,W,0_-CO, (rabn. 2) [27, 28]. 3mintoroun
KOHIIEHTpallilo JuBoAbdpaMaTy HaTpilo Ta
ucky CO, B peakropi, KepyBamu CKIajoM
Ta BUXOJOM KiHIIEBOrO IpoAyKTy. Enexrpo-
XiMiYHMII CMHTE3 Ta BIIMUBKY OTPMMAaHUX
IPOJYKTIB MIPOBOJAV/IN 33 METOINVKOIO €JIEeKT-
poxiMi4HOro OTpuMMaHHS ByIIelo [26], ane
/1A IIbOTO BUMKOPMCTOBYBAIM €/I€KTPOXiMid-
HY YCTAaHOBKY aBTOKJIIABHOTO TUIIY, fAKa [O-
3BOJIAI/IA TIPALIIOBATY 34 BUCOKUX TeMIIepaTyp
(~1300 °C) ta tncky (mo 20 atm.).

Tabmunsa 2
YMOBU e1eKTPOXiMiYHOr0 CMHTEe3y MaTepialiB AJIA eeKTPOKATATiTUHIHOTO TECTYBAHHA
Table 2.
Electrochemical synthesis conditions of the materials for electrocatalitical testing.
. CKk1ap; e1eKTpoITy, o i, Alcm?
Marepian Mac.% t,°C U,B V, r-Alroxm
W NaCl (32,5) - CaCl. (66,7) - WO. (0,8) 600 0,40 0,20
’ 2 ’ 3N 4,05-3,30 ’
. 0,70
C  NaCl(40,0) - KCI (50,0) - Li,CO, (10,0) 750 150" 0,04
WC/C  NaCl (39,9) - KCI (50,8) - Na W0, (9,3)-CO." 750 0,07 0,04
a : : MRS 2 1,75-1,70 :
W.C/WC  NaCl (37,6) - KCl (47,9) - Na.W.0, (14,5) ~CO.* 750 0,08 0,90
2 > > 2y U 2 1,75-1,44 ’

iK— IyCTMHA KaTOIHOTO CTPyMy; U — HaIllpyra Ha BaHHi; V — IIBUJKICTb OCA/)KEHHS;

* — TucK, 1,25 Mlla; ** — morenmiarn, B
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dazoBuit cknag, MopdoIOrio Ta CTPYKTY-
Py OTPUMAHMX IIOPOIIKiB Oy/I0 OXapakTepu-
30BaHO METOZIaMJi peHTTeHO(a30BOro aHaIi3y
(P®A) (mudpakromerp «IPOH-3M»); cka-
HYBaJIbHOI e/leKTpoHHOI Mikpockonii (CEM)
(mikpockon JEOL JSM-35 i3 BUKOpUCTaHHAM
JIeTeKTOPiB BTOPMHHYUX Ta BiOUTHX eIeKTPoO-
HiB); crekTpockomil KoMOiHaLiiiHOro po3ci-
roBaHHs cBiTna (KPC) (mikpockon Renishaw
in Via Raman Microscope, sax mxepeno 30y-
mKeHHA BukopucroByBamu He-Ne masep i3
TOBXXIHO0 XBIIi 633 HM i3 moTy>kHicTI0 10%)
Ta JUepeHIilHOr0 TepMOrpaBiMeTpPUYHOro
ananisy (JTA) (repmoanamisarop Derivato-
graph Q-1500 D system Paulik).

HocmimKeHHA BULUIEHHA BOGHIO Y KUCIOT-
HUIX €JIEKTPOJIiTaX 3/11/ICHIOBA/IN B CTAaHAPTHI
TPUENIEKTPOJIHIN €IeKTPOXiMiYHiN KoMipmi. Sk
poboui enekTpopy BUKOPUCTOBYBamy rpadiro-
Bl CTPVDKHI 3 HAHECEHVIM IIApOM KaTaslisaTopa
Ha OCHOBI IIOPOILIKiB BO/IbpaMy, BYIJIELI0 4N
kap6inis Bonbppamy WC i W_C. Burorosnen-
HA poOOYMX €/IeKTPOJiB 3MINICHIOBAIM Y Jie-
KinbKa ertamnis. Cymim nopoky (mMacoso 0,01 r)
i3 5% crmproBum posumHoM Nafion (D521
NAFION®, DUPONT™) wanocunu Ha Bifgmo-
nipoBanuit Topensp (S = 0,34 cm?) rpadiToBux
cTpkHiB. Ilicma 1mporo enekTpopyu Cymmm
CIIOYaTKy 3a KIMHATHOI TeMIlepaTypy IpOT:-
roM 24 TOfiVH, a IIOTiM 3 TOAVHY B CYIIN/IbHI
madi 3a temneparypu 110 °C. 3a pisHuuero
Macy TOTOBOTO €/IEKTPOJA 3 HAaHECEHUM Ila-
pPOM KaTaji3aropa Ta Macu BuXifiHOro rpadi-
Ty OLIIHIOBa/IM IIMTOMY Macy KaTajisaropa Ha
OIMHUIII0 POOOYOI TOBEPXHI OCII/KYBAHOTO
enektpona. Hepob6ody moBepxHIO eneKTpofia
eKpaHyBa/M JabOpaTOpHOI IUIiBKOIO Para-
film «M» (American National Can™). JI;ia no-
PIBHAHHA [OCTIPKYBa/IM KaTaJIiTUYHY aKTUB-
HICTh BUXiZHOTO TpagiTOBOTrO eNeKTpoja Ta
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IJIATVIHY OJfHAKOBOI ITOBEPXHi 3 MOCHi/KyBa-
Humu enekrpogamu (0,34 cm?). [Jomomi>KHUM
€7IeKTPOZIOM CITyTyBajia IVIaTVHOBA I/IACTMHKA.
Kamepy po6odoro enexTpona Bif JOIOMDKHO-
TO eJIEKTPOJY BiIOKpEMIIIOBA/IV CKJITHUM (i/b-
tpoM. [loTeHIian po6ovyoro enekTpoma BUMi-
pIoBamM BiJHOCHO XJIOPCPiOHOTrO eneKTpona
nopiBHAHHA («EBJI-1M3,1»). Ilonapusauirai
BUMIPIOBaHHA 3/JiJICHIOBA/IM 32 KIMHATHOI TeM-
nepaTypy Ipy WBUAKOCTI onApu3aii 5 mB/c
noreHniocrarom «I1I-50-1.1», mporpamaro-
pom «IIP-8» Ta peecTpyroumM HIpUCTPOEM
«JIK[I-4». SIx poboumit po3umH BUKOPUCTO-
ByBa/m 1IN posumn H SO,, yepes sixmit 6ap-
6oryBam BucokouncTuii (99,993 %) aprow.
Y cy4yacHUX /liTepaTypHUX JpKepenax A OLliH-
KJ aKTMBHOCTI IIOPOIIKOBMX KaTajli3aTopiB BI-
KOPUCTOBYIOTb TaKi IIOKa3HMKM: TOYATOK BUi-
nenns BonHio — E (B); mepenanpyry sa ryctunu
ctpymy 10 mA/cm?~ 7, (B); KyToBmit koedi-
LieHT Haxwty npamol mis pinankn Tadensa -
b (MB). Y wiitt po60Ti MM BUKOPYICTOBYBAJIM Ta-
KMI1 CaMIil aITOPUTM T€CTYBAHHA.

Ha puc. 1 HaBeieHO peHTreHiBChKi aydpak-
TOTpaMMl CHHTE30BAHUX 3pas3KiB eIeKTPOli-
tinaanx nopoukis (C, W, WC/C, W,C/WC/C),
SIKi HAHOCU/IM Ha po604y rmoBepxHIo rpadito-
BUX €/IEKTPOJiB.

[lna ByrneneBoro Marepiany Ha gudpax-
torpami (puc. 1, crektp 1) He 3adikcoBaHO
YKOTHOTO peIeKCy, XapaKTepHOTO BijoMuM
KpUCTaIiyHuM MopudikauisM Byrrenio (rpa-
¢ir, anMas, ByI/eleBi HAHOTPYOKM TOIIO), OK-
pim raio y mexax kyris 20 15-25 °. Ile cBin-
YUTh IIPO PEHTIeHOAaMOP(HICTh CUHTE30BaHO-
ro 3paska. Ha gudpaxrorpami, mo xapakrepu-
3ye BonmbdpaM (puc. 1, cruektp 2), OTpUMaHuii
3 enextponitHoi cymimi NaCl-CaCl-WO,,
3acikcoBaHo yuie pediekcy, XapaKTepHi s
jioro Mopmikanii Ky6iunoi cuHroHii (xapr-

ISSN 2708-129X. YKp. xim. XypH., 2023



C. B. Kynewos, I. A. Hosocenosa, 0. B. MeBeXuHcbka

YXX No 06 / TOM 89

ka ICDD 6asu gannux PDF-2 Ne 00-004-0806).
ITomiTHUM € pO3MIMPEHHA /I BCIX XapakTe-
puctryHux mikiB (110, 200, 211), mo Moxke
CBiquMTH TIpO HasBHICTH Aedopmariil Ta Ha-
IIPY>KEHOCTI BCEpeNVHI KPUCTaMiYHOI peliT-
KM, @ TAKOXK 3MEHIIEHHA PO3Mipy KpPUCTAIITiB.
Posmip xpucramitiB Bonbppamy CTaHOBUTDH
~30 HM (po3paxoBaHO 3a JOIIOMOIOK PiBHSIH-
Hs CensikoBa — lllepepa). Ha gudpaxrorpamax
Kap6iniB Bonbdpamy (puc.l, ciekrpu 3-4), ok-
piM ocHOBHUX pedrrekciB Kapbigaux daz WC
i WC (BigmoBimHO, KapTku Ne 00-025-1047,
00-035-0776), peectpyerbes rano (20 15-25 °),
XapakTepHe 11 aMoppHMX ¢a3 Byrreno. Too6-
TO, IPOJYKTOM CUHTE3Y 3 €IeKTPOJITHOI CY-
minmi NaCl-KCl-Na,W,0_-CO, € xomnosutu
WC/W,C i3 Binbuum Byrnenem. Metogom JITA
[29] BcTaHOBIIEHO, 1O BMICT Bi/IBHOTO ByIJIe-
1110 CTAHOBUTD O/U3bKO 3 Mac.%. Kommosur Ha
OCHOBi HamiBKapb6iny Bonbdppamy W, C, okpim
BYTJIELIE€BOI dasy, MICTUTh TaKOXX He3HAYHi
BK/IIOUEHHSI MOHOKapOiny Bonmbdpamy (~7 %).
Pospaxosanmit posmip kpucrasnitis WC i W.C
cTaHOBUTD ~20-30 HM.
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Puc. 1. Tunosi audpaxrorpamMu cMHTE30BaHMX
HOPOIIKiB, BMKOPUCTAHMX [JIi BUIOTOBJICHHS
KaranizaTopiB: 1 — ByrIeup, 2 — Boabdpam, 3 —
WC/C, 4 - W,C/WC/C (* - nosnaueno ¢asy WC)

Fig. 1. Typical diffractograms of synthesized
catalyst powders: 1 — carbon, 2 - tungsten, 3 -
WC/C, 4 - W,C/WC/C (WC phase marked by *).

[Topomky Byrnenpo Ta JOTO CK/IaJoBOI y
KOMITO3UTaX Ha OCHOBi kap6iniB Bonbppamy
XapaKTepusyBaay MeETOOM CIIEKTPOCKOIIil
KPC (puc. 2).
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Puc. 2. - Cnexrpu KPC: (a) - enexrpomnituunoro Byrienio; (6) — komnosury WC/C. TloryxHicTb

He-Ne (633 um) nasepa 10%

Fig. 2. - Raman spectra of: (a) — electrolytic carbon; (b) - WC/C composite. The power of the He-Ne

(633 nm) laser is 10%.
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[ 060x BumajkiB 3adikcoBaHO XapakTep-
Hi 714 ByrneneBux marepianis miku D, G, 2D i3
BUCOKMM 3HAUYEHHSM BiJHOIIIEHHS iHTEHCUB-
nocreit [ /1 (1, 2 - ga umcToro ByrIeno; 1,7 -
wiz WC/C), mo BKa3ye Ha BUCOKMII PiBeHb
HEBIIOPANKOBAHOCTI KPUCTa/lTiqYHOI CTPYKTYpU
eNIeKTpoiTMYHOoro Byrnen. Ha ocHoBi mmx
criiBBifHOIIeHD 3a piBHAHHAM (1) [30] pospa-
XOBaHO CepeHi 3HaYeHHs PO3Mipy BYITIEL[€BUX
JaCTUHOK. JI71 41CTOTO BYITIEII0 BOHM CKIaJia-
10Tb 32 HM, a y komno3uti WC/C - 22 Hm:

2 MKM
—

(1)

e L - posmip KpucTamitis, HM; A, — TOBXMHA
XBIJIi /1asepa, HM; ID/I - CHiBBiJHOIIIEHHS iH-
teHcuBHOCTel D i G mikis ciextpy KPC.

OmnmcaHi Bulle XapaKTEPUCTUKM BIIMBA-
I0Tb Ha Mopdoorito (puc. 3) CMHTe30BaHMX
KaTa/liTMYHMX MarepiaiB, fAKa Bifirpae Bu-
pilasbHy ponb y GOpMyBaHHI KaTaliTMYHOL
aKTMBHOCTI.

Lo=(2,410% A} ~(j—z)-1,

Puc. 3. - 3o06paxenns CEM: (a) - Bonbdpamy; (6) — Byrnemio; (B) — komnosury WC/C; (r) -

HamiBKap6igy Bonbdpamy W,C

Fig. 3. — SEM images of: (a) - tungsten; (b) — carbon; (c) - WC/C composite; (d) - tungsten semicar-

bide W_C.
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ArnoMepaTyt MiKpOYacTMHOK BOJIbQpamy,
Byrneno ta komnosuty WC/C mMaTh Henpa-
BI/IBbHI GOPMU 3 BiICYTHICTIO YiTKO BUpaXKe-
HOI KpUCTamiyHOCTi cTpyKTYyp (puc. 3 a, 6, B).
YacTuHKM Bifipi3HAIOTHCA 32 po3MipoM i pop-
Moto. J]s1 BonbdpaMy XapaKkTepHa HasiBHICTb
HEe3HAYHOI KiI/IbKOCTI BK/IIOYEHD Y BUTTIAJ] IeH-
IPUTHUX CTPYKTYP, mist WC/C - chepuyuHux.
Mopdonoria W,C sinpisnserbca Big WC,
Kpucrtamitu (cepenHiit po3mip ~20 HM) 00’€ex-
HYIOTbCS B aIJIOMEpaTy Y BUIJIAAL IECTUIIPO-
MEHEBUX 3ipOK, PO3Mip AKUX 3HAXOOUTHCA B
Mexax 5-10 MxMm (puc. 3 1).

BxasaHni Bullle YMHHUKY MOXXYTb IIO3UTUB-
HO BIUIMHYTM Ha KaTa/JiTUYHI BIaCTUBOCTI Ha-
mux 3paskis. [Jebopmaliis, abo ClIOTBOpeHHS
KPUCTa/MiYHOl PelliTKM Marepiany IpusBo-
JIATh O CTBOPEHHsS HOBMX ab60 Momudikaii
ICHYIOUMX aKTMBHMX IJ€HTPiB Ha IIOBEPXHI Ka-

TajlizaTopa 4u 3MiHU a/iCOPOLiIHUX BIaCTH-
BocTell Marepiamy. CBO€w 4Yeprow, posmip
YacCTMHOK  (KpUCTamiTiB)  6e3lnocepenHbo
BIUIMBAa€E Ha INNUTOMY IIOBEPXHIO MaTepiany:
[0 MEHIINII PO3Mip YacTMHOK, TO Oi/bIIOI0
Oyzme moBepxHs KaTasizaTopa. AriomepoBaHi
JaCTUHKM Kap6iny BombppaMy BKpUTI IIapoM
BIIBHOTO BYIJIEI[IO, 1110 3a1100ira€ OKMCHEHHIO
noBepxHi Kap6iny fo okcunpy WO,, ans axoro
KaTaJliTM4YHa aKTUBHICTb € 3HAYHO MEHUIOI.
Bumict Byrneno B KapOigfHMX KOMIIO3MTaxX He
3aHaJTO BUCOKUI (o 3 Mac.%), o6 3HIKY-
BaTy aKTUBHICTD KaTaji3aTopa II/IAXOM 3aKy-
noproBaHHsA 1op. Mopdororist 3paskiB kap-
OifHMX KOMIIO3UTIB 3abesmeuye 36iTbLIeHY
nuTOMY noBepxHio (~50 M?/r). Takum unHOM,
OJiep>KaHi IMOPOIIKY MOXXYTb MaT/ HEIOTaHy
KaTaJliTUIHY aKTUBHICTD 111 PBB.

a 0
0.00+
0.0 —_
o -0.024 \
4
~ -~
< SENER 2~3
004 \
1
-0.06 ; . ; -1.0 T T T T T T
210 05 0.0 45 40 35 3.0 -25 -20 -15
E,B logli], A/cm?
Puc. 4. - BomprammeporpaMm BUZiZIEHHS BOAHIO (a) Ta 3a/JeXHICTb CTPYyMy BiJ Hampyru B

HamiBnorapumiyHNX KooppuHarax (6) Ha dnucromy rpaditoBoMy enektponi (1), Pt (6) Ta rpadiri 3
HaHeceHuMM: Bonmbdpamom (2); Byrnenem (3); W,C(WC/C) (4); WC/C (5). Enextponit — 1N posunn
H.SO,, mBuakicts nonsapusanii 5 mB/c, remneparypa 21 °C. IloTenuian nepepaxoBaHO BiffHOCHO

CTaHAApTHOI'O BOAHEBOI'O €/IEKTPONY.

Fig. 4. - The voltammograms of hydrogen evolution (a) and current-voltage dependence on a semi-lo-
garithmic scale (b) on a pure graphite electrode (1), Pt (6) and graphite with applied: tungsten (2); carbon
(3); W,C(WC/C) (4); WC/C (5). Electrolyte — 1N H,SO,, polarization speed 5 mV/s, temperature 21 °C.
The potential is calculated relative to a standard hydrogen electrode.
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Ha puc. 4a nokasaHo mongpusaliiiHi xa-
PAaKTEPUCTUKM [OCIIDKYBAHUX €/IeKTPOJiB
IpY BUMIJIEHHI BOJHIO 3 PO3YMHY Cip4aHOI
KJCIIOTI.

K BUEHO 3 HaBe#eHUX [JaHUX, MOYATOK
Bupinenns sopHwo (E ) Ha rpadiri pikcyers-
csa mpu noteHuiani ~-0,5 B, a 3HayeHHA Mo =
-0,76 B. Ha Takomy >X caMOMy eleKTpOAi
3 HaHECEHVMM BOIbPpPaMOM, BYTJIEIleM YU
KapbigamMu BonbppaMy IepeHanpyra BUJi-
JIEHHA BOJHIO 3MEHINYETbCA. [l MOpiBHAH-
HA aKTUBHOCTI TAaKOXX HaBeJeHO BOJIbTaM-
nepHi 3anexxHocTi g Pt enexrpopa (puc. 4,
KpuBa 6). OKpiM IepeHanpyry, Ba>KIMBUM
apaMeTpoM, IO BifoOpa)ka€ aKTUBHICTD
€7IeKTPOJHOTO MaTepiany, € KyToBuit Koedi-
IieHT b, AKMIl BU3HAYAETHCA 3 HAXWIY Nps-
Mmoi ana pinaaku Tadens (y HamiBrorapuog-
MiYHUX KooppamHartax). HeBmcoki 3HaueHHA
1poro KoedilieHTa BKa3ylOTb Ha BMICOKY
mBUAKICTh peakiil. To6To Karamizatop mo-
JIETIIY€E eIEKTPOXIMIUHY peakIilo, 3HIXKY-
I04M eHepreTWYHMil 6ap’ep s BUJiNEHHA
BOAHIO. [I/1s1 BU3HaUYeHHA b Ha OCHOBI laHUX
Bo/bTamMIeporpaMm (puc. 4 a) mobypmoBaHO
3a/IE)KHOCTI TYCTMHM CTPyMY Bifl IOTEHIIi-
aly y HamiBnorapu@MivyHMX KOOpAVHATax
(E-Ig(i)). Ha puc. 4 6 mokazaHo 3aeXHOCTi
IJIA JIIHITHOI BiIAHKY BObTaMIIEPHOI KPUBOI.

Y rtabmuni 3 3BefeHO po3paxoBaHi Ia-
paMeTpy BUJiIEHHA BOAHIO 3 1N posumny
H,SO, na mectu JOCTiKEHNX €1eKTPOozax.
Haiimenme (He BpaxoByloum Pt-enmextpon)
3HaueHHs b XapaKTepHe JIs eIeKTPOfia, BU-
TOTOBJIEHOTO i3 cyMilli MOHOKap6ify BOJIb-
¢dpamy 3 BinbHMM ByreneM. [TokasHuky, mo
XapaKTepU3yITb BUJI/IEHHA BONHIO, MAalOTh
TaKi sHauenus: E - -0,05 B; 17, , - -0,2 B; b -
-75 MB.
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Tabmuns 3.
XapakTepucTMKN peaknii BUJiIEHHA
BofHIO 3 1 N posunny H SO, Ha pisHux enex-

Tpogax
Table 3.

Characteristics of hydrogen evolution
reaction from 1N H SO, at different ectrodes.

Ne | Enmexrpop E,B | n,B | b,mMB
1 Tpadit 05  -076  -160
2 Pt -0,02 -0,05 -25
3 E-Byrnenp -0,25 -0,45 -130
4  E-Bombdpam -0,3 -0,55 -140
5 W.C/WC/C -0,1 -0,25 -85
6 WC/C -0,05 -0,2 -75

Bucoki kaTamiTiyHi XapaKTepUCTUKM 3pas-
Ka (6) 3yMOBJIEHi THM, 1] e/IEKTPOHHA CTPYK-
Typa Kapbiny Bombppamy WC mopibHa mo
cTpykrypu MeTanesoi Pt. Ha e Bnepiue 3Bep-
Hynu yBary B 1973 poui R.B. Levy i M. Boudart
ypo6ori [31]. ITisniure, Ha ocHOBi Teopii PpyHK-
nionana ryctuan (Density-functional theory,
DFT) 6yno mifTBepKeHO Iie IpPUIYIIeHHS.
Indopmaniro mopo ryctunu cranis (Density
of States, DOS) piss WC i Pt HaBezieHo y po6o-
Tax [6, 10, 13, 32-35]. ITopiBHanua DOS WC
i Pt mokasano Ha puc. 5 (300pa>keHHs BiiTBO-
peHo 3 pobit [32] Ta [6]). I3 HaBemeHuX HaHMX
(puc. 5 a) BupgHO nepekputts niHin p-d WC,
IpUYOMY B iHTepBasi eHepriit -2,5 — -8 eB ninii
C 2p-30H i W 5d-30H MawoTh offHaKoBy ¢op-
MY Ta {HTEHCUBHICTb, @ TAKOXX PO3IIMPEHHS]
d-cMyT¥M y TIO/IOXKeHH] MK CHIOTyYHVMM i aH-
TUCIIONTYYHMUMY cTaHaMu. CX0XXy OyIoBy Mae i
wiatuHa (puc. 5 6). @opma ninii DOS nobnusy
nenrtpa d-cmyru WC (-2,25 eB) Takox anano-
riuHa 3 wiatuHow. OCKiIbKY LeHTp d-cMyru
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WC i Pt sHaxopuTbcs nmobmmsy piBas Depwi,
TO 1]€ CBilYMTh Ha KOPUCTH TOTO, 11JO BOHYU Ma-
I0Tb BIUCOKY T'YCTMHY CTaHiB Ha piBHI ®PepMi.
Lle 3abe3nmeuye BeNMMKy KiTbKicCTh BaKaHTHUX
opbiraseil, AKi MOXYTb IpuitMaty Oinblire
€/IeKTPOHIB, 1[0 POOUTH peakilio OibiI iMo-
BipHOI0. 3Ha4yHe PO3IIVPEHHS d-cMyryu s
WC i Pt o3Hayae, 1110 BOHM MAaIOTh IIMPOKUIL
Mialla3OH €HepreTUYHUX PiBHIB, AKi MOXYTb
Oy Ty BUKOPUCTAHI /I pO3MIillleHHS eJIeKTPO-
HiB. Ak mng WC, tak i misa Pt d-sona BimHOC-
HO [lelloKali3oBaHa (d-eleKTpOHU He Jyse

a
2,0
3ar. DOS
N F-J ~ S W d—p DOS
E,=-225cB T s

['yctuna cranis

-10 -5 0 5 10

JIOKa/Ti30BaHi Ha OKpeMux atomax). Ille Bax-
JIMBO IS €/IeKTPOKATATITUYHOI aKTUBHOCTI,
OCKIZIBKM [I03BOJISIE €IEKTPOHAM BIJIbBHO pPy-
XaTUCA MK aTOMaMM MeTaiy, o Oy/e moser-
1yBaTy peakuiro. binpm geranpHy iHpopma-
Li0 I[OJ0 BIUIMBY €I€KTPOHHOI CTPYKTypU
Ha eJIEKTPOKATaIiTUYHY aKTUBHICTb HaBefe-
HO y pobori [36]. Okpim TorO, Yy 11iit po6oTi
MicTuTbCA 1iKaBa iHpopMalis, SKUM 4MHOM
MO>XHa 3MIHIOBATH €JIEKTPOHHY CTPYKTYpy
Marepialy 3 METOI CTBOPEHH:A HOBMX Jlelle-
BUX €/IeKTpOKaTani3aTopis.

7]

251 E,=-2.687 ¢B

2,04

]

1,5 ~

1,01

I'yctuna cTaHiB

0,5

0,0 T
-10 -5

= dbocoooc o=
n
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Puc. 5 - IlopiBusanHuA ryctunu ctaHiB Pt i WC: (a) - DOS rekcaronansaoro WC (BigrBopeno 3 [32]);
(6) — s3arampra DOS Pt (BigTBOpeHO i3 [6]). BepTukanbHO0 INYHKTUPHOIO JIiHI€I0 MOKa3aHO piBeHb

®epwmi. E, - nenrp d-cmyru.

Fig. 5 - Comparison of Density of States of Pt and WC: (a) - DOS of hexagonal WC (replotted from
[32]; (b) - total DOS of Pt (replotted from [6]). The vertical dashed line shows the Fermi level. E, - the

d-band center.

OCKiNbKM eleKTPOAY, IO CKIAZy SIKUX BXO-
nATh Kap6igm Bonbdpamy (3paskm (5) i (6),
Tabs1. 3), MalOTh HaVKpalli XapaKTepUCTUKM,
TO OY710 3p06/IeHO TOPiBHAHHSA (pIcC. 6) TOKa3-
HUKIB IXHbOI KaTaiTU4IHOI aKTUBHOCTI (77, b)
i3 nmiteparypuumu ganummu (tabn. 1). Bapro
3a3HAYNTH, 1O BMKOHAHE IOPIBHAHHA Ma€

https://ucj.org.ua

[e10 YMOBHUI XapaKTep, TOMY 110 KOHCTPYK-
Lig 1 TUII €NeKTPOAIB y BUKOHAHMUX JOCIi-
mxeHHAX Oymu pisumu. Kpim nporo, Benuky
MOTPIlIHICTh Y 3HAY€HHA T'YCTUH CTPYMY BHO-
CUTB TOV (aKT, 110, 3a3BUYAIl, PO3PAXOBYIOThH
reOMEeTPUYHY, a He aKTUBHY IIIOLIY €/IeKTPO-
la 3 HAaHeCEHMM ILIIapoM KarajisaTtopa. To6To
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po3paxoBaHi 3HaYeHHA € eQEeKTVBHNMI, a He
ICTUHHUMM, 1O CIIiJ] BPaXOBYyBaTU B IIOPiB-
HAHHI 3 JiTeparypHuMu JaHuMmu. I3 puc. 6
BUIHO, o Hami spasku WC/C ta W C/WC/C
3a KaTa/lTiTMYHOK aKTUBHICTIO (KoedirieHT b)
3HaXOMATHCS Ha PiBHI KaTanizaropis (9), (10),
(11), axi 6ymu cuHTe30BaHi piSHMMMU MeTO-
pamn: (9) — xap6igusanis WO, (monepegHbo
OfIEpP)KAaHOTO COTbBOTEPMIYHMM METOAOM) Yy

noroui CH,/H, sa temnepatypu 700 °C [13];
(10) - xap6igusanis komnosuty WO,-H O/W
(AKWIT BUTOTOBJICHO aHONYBAHHAM BOJIbdpa-
MoBoOi 11iBKM 3a Temnepatypu 50 °C i noren-
uiany 10 B) y cymimi CH,/H, sa Temnepatypu
600-750 °C [14]; (11) — xapbigusaliis B pos-
YIHaX MeTaBOIbPpaMaTy aMOHil0, pe3opIu-
HY i ¢popManberiny 3a IpUCyTHOCTI HiTpary
3ajisa i TpuHarpiruuTpary [15].

2
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Puc. 6. — TlopiBHAHHS 3HaYeHb NepeHANpPYT¥ BUAiTEHHS BoAHIO Ta Koedinienra Tadens nammx
spaskis: (1) - WC/C, (2) - W,C/WC/C s enekTpokaranisatopamm 3 jiTepaTypHux mxepen: (3) -
(Mo,W),C/C [7]; (4) - W,C@WC, /Mo [8]; (5) - W,C/C [9]; (6) - P-W,C/N-C [10]; (7) - WC/C [11];
(8) - WC/W [12]; (9) - W,C [13]; (10) - W,C/W [14]; (11) - Fe,W,C [15]; (12) - WC/C [16]

Fig. 6. - Comparison of values of hydrogen evolution overvoltage and Tafel coefficient for our sam-
ples: (1) - WC/C, (2) - W,C/WC/C with electrocatalysts from literary sources: (3) - (Mo,W),C/C [7];
(4) - W,C@WC, /Mo [8]; (5) - W,C/C [9]; (6) - P-W,C/N-C [10]; (7) - WC/C [11]; (8) - WC/W [12];
(9) - W,C [13]; (10) - W,C/W [14]; (11) - Fe,W C [15]; (12) - WC/C [16].

OcHOBHa mepeBara CHMHTE30BaHUX €JI€K-
TPOXIMIYHMM METOJOM MaTepiajiB IOJIAra€ y
IIPOCTOTI IXHBOTO OJ[€P)KaHHA Ta HEBUCOKUX
NUTOMUX BUTparax peareHTiB. KpiMm 1poro,
€/IEKTPOXIMIYHMIT CUHTES Y CObOBUX PO3II/IA-
BaX /Ia€ MOK/IMBICTD MOKPAIIUTY KaTaiTUYHY
aKTUBHICTb KapOifiiB BombdpamMy 3a paxyHOK
CUHEPTeTUYHOTO e(eKTy, HIIIXOM BBEIEHHS
IO IXHBOIO CK/IaJy JIEIYIOUMX €JIEMEHTIB i3
BIMCOKOIO KaTa/JiTUYHOK 3[aTHICTIO: [JeIIeBUX

90

MertaniB migrpynu 3anmisa (Fe, Co, Ni) a6o He-
BE/IMKMX KiJIBKOCTEil O/IarOpogHMX MeTajliB
(Ag um Pt).

BJVICHOBK/. Kommno3uTHi Marepianu Ha
OCHOBi Kap0iny Bonmbgpamy 3i BMiCTOM ByT-
Jeli0 He BUINMUM 3a 3 Mac.%, CUHTe30BaHi
METOIOM BMCOKOTEMIIEPATyPHOTO eIeKTpPO-
XIMIYHOTO CHHTE3y 3 €IeKTPOJITHOI CyMilli
Na,K|Cl-Na,W,0_-CO,, MaroTh KaTamiTiu4ay
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aKTUBHICTb B €/IEKTPOIITUYHOMY BUJIIEHHI
BOJHIO 3 PO3YMHIB CipYyaHOI KMC/IOTH, CIIiB-
CTaBHY 3 Karajli3aTopaMyu Ha OCHOBI MeTaJliB
IUTATMHOBOI TPyNM, IO BiIKpMBAa€ Ie€pCIIeK-
TUBY IXHBOTO IIMPOKOMACIITAaOHOTO BVIKO-
PUCTaHHA B IIpoliecaX BOJAHEBOI €HePreTUKIL.
CuHTe30BaHMII KOMIIO3UTHUI KaTaji3aTop
WC/C xapakTepusyeTbcs TaKUMU IOKa3HMU-
KaMM: 3HA4YeHHA II€peHalpyrM BUJITIEHHA
BOJHIO 3 TycTMHM cTpyMy 10 MA/cm? - -0,2 B;
KkyToBuit koeginienr Tadens b - -75 MB.
% Po60Ty BUKOHAHO B MeKaX TeMM Bi-

=’ JOMYOro 3aMOBIeHHA «XiMiuHMII
pu3aiiH (QyHKIiOHaTIBbHMX MaTtepia-
niB 1A pTopuagHNX 6aTapeii, maanB-
HUX KOMipOK Ta reHeparopiB BOJ-
HIO», JePKaBHMII peecTpamiiitHuii
HoMep: Ne 0123U100606.

e
ELECTROLYTIC CATALYSTS BASED ON

TUNGSTEN AND CARBON COMPOUNDS
FOR THE HYDROGEN EVOLUTION REACTION

S.V. Kuleshov*, I.A. Novoselova,
O.V. Medvezhynska

V.I. Vernadsky Institute of General and Inorganic
Chemistry of National Academy of Sciences of
Ukraine,

32/34 Academic Palladin Avenue, 03142 Kyiv,
Ukraine

*e-mail: sergiykuleshov@gmail.com

The hydrogen evolution reaction (HER) is
one of the most promising methods of obtain-
ing high-purity hydrogen. However, the high
cost and limited resources of materials with

https://ucj.org.ua

low cathodic hydrogen evolution overvoltage
values, such as platinum group metals, are the
main obstacles to the use HER for obtaining
hydrogen on an industrial scale. Therefore, it
is necessary to develop new alternative mate-
rials and methods of their production. One
of the promising materials are catalysts based
on refractory metals, in particular tungsten
carbides. Metal tungsten can also be used for
these purposes. In our opinion, high-tem-
perature electrochemical synthesis (HTES)
in molten salts can be a promising method of
obtaining materials with properties that meet
the requirements for effective catalysts, name-
ly: ultra-dispersity, high specific surface area,
mesoporosity and defective structure, high
chemical and electrochemical stability. There-
fore, the purpose of this work is to evaluate the
electrocatalytic activity of a group of materials
for HER, which are obtained by HTES in melts.
Four samples of electrolytic materials were
chosen for the study: tungsten, carbon, tung-
sten mono- and semi-carbides (WC and W,C).
All samples were characterized in detail using
X-ray diffraction (phase composition), SEM
(morphology), Raman spectroscopy (structure
of carbon phases), DTG (free carbon content).
Based on the analysis of the obtained data, it
was established that all samples can be used as
catalysts: crystallites have a nanometer size and
a large number of structural defects; morpho-
logy provides increased surface area; tungsten
carbide particles are covered with a layer of free
carbon, which prevents oxidation of carbide to
WO,, which has a lower catalytic activity; car-
bon particles are nanosized (20-30 nm) and
contain a large number of structural defects;
tungsten carbide-based samples contain free
carbon, which increases the specific surface
area, but does not cause clogging of pores.
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Polarization measurements were carried out
at room temperature at a polarization rate of
5 mV/s in a standard three-electrode cell with
an Ag|AgCl reference electrode. 1IN H,SO, was
used as a base solution, which was bubbled
with high-purity argon. Onset potentials for all
samples are -0.05 — -0.25 V (in order WC/C -
W, C/WC/C - C - W). The overvoltage and
Tafel slope were calculated and WC/C com-
posite was shown to have the lowest values of
-0.2 V and -75 mV, respectively.

Electrolytic composite of tungsten carbide/
carbon have demonstrated the best character-
istics, so we plan to continue the development
of synthesis method of carbide compounds,
which will allow us to reveal even greater po-
tential of carbide catalysts and pave the way for
their wide application in catalytic processes.

Keywords: carbon and tungsten-based
compounds, high-temperature electrochemi-
cal synthesis, electrocatalysis, hydrogen evolu-
tion.
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IN SILICO NPOrHO3YBAHHS BI0JIOrI4YHOI AKTUBHOCTI

bPOMMOXIAHUX rAPOAKPUAUHIB

C. A. Bapenuuenxo’, K. B. fInoea, O. K. ®apam, B. 1. Mapkos

Ukrainian State University of Chemical Technology, 49005 Dnipro, Ukraine
*e-mail: svetlanavarenichenko@gmail.com

Metoto po6oTu 6y/n0 BCTAaHOBJIEHHS CIIEKTPY 6i0IOTiYHOI aKTMBHOCTI HOBMX HOXifIHUX 9-6poM-
1,2,3,4-TeTpariipoakpuaHiB Yepe3 0OMeXKeHy Ki/IbKICTb JIiTepaTypHMX JaHMX. In silico mporHosy-
BaHHA 00paHUX OPOMITOXiJHNX IiIpOBaHNX aKPUANHIB OY/I0 IPOBEIEHO 3a JOIIOMOTOI0 BeO-pecypcy
SuperPred 3.0. Orpumani pesynbratu 6y/10 MOPiBHAHO 3 pe3y/IbTaTaMy IIPOTHO3yBAaHHS JiI0YNX JTi-
KAapCHKUX IIPeIaparis, AKi MICTATb Y CBOIil CTPYKTYPi aKpuANHOBUI LUK — Takpuny, AMipuguay
i AMcakpuHy. BpaxoByBamich pesynbratyt <80%. Haiibinbll mepcrieKTMBHOK BUABUIACS CIIOTyKa
9-6pomo-1,2,3,4-Terparigpoakpuayt. CribHO ITPOTHO30BAHOIO MillIeHHIO [I/Is1 OPOMITOXiTHUX Tif-
POBaHUX aKpUAMHIB Ta yciX Tppox nikapcpkux npenapariB € JJHK-(anypunosuit abo anipumigu-
HOBWIT CaliT) jTia3a 3 JIMOBIpHICTIO 3B’3yBaHHA B MeXKax 82-97,5%. CHiJbHMMMU NIPOTHO30BAaHNMMI
MillleHAMM I NOXigHuX 9-6pom-1,2,3,4-TeTparinpoakpuanHis, TakpuHny i AMcakpuHy € 6y Tupu-
xoniHecrepasa (90,4-98,2%) i paxTop-nocepenuuk Tpanckpunuii 1-a (92,02-98,01%). ITepcriekTus-
HVIMU CIIIIBHYMU MillIeHsIMM JU/Ts TIOA/IbIINX JOCI/KeHD € KaTencuH D, Tos nofibumit pereritop 8
i mepeHOCHMK I/I0K03M, ajle HeoOXiHO 3a3HAUNTH 1[0 IMOBIpHICTD 3B’I3yBaHHA Y BKa3aHMX JIiKap-
CbKMX Ipenaparax Oymaa Hipkde 80%. Yci obpani cionyku 6ynu mepeBipeHi Ha BiAIOBigHICTD Kpu-
tepiam Jlinincki. JogaTkoBo 6y1o mposefieHo in silico mporHo3yBaHHA TOCTPOi TOKCMYHOCTI 6pOM-
HOXIJHMX aKPUAMHIB 1A MypiB i3 yoTupMa Tunamu BBefeHHs. Haii6inbir 6e3reyHol CIOTyKoo
3a [epOpaIbHIUM METOJIOM BBeJIeHHs € CIIONyKa 9-6poMo-2-TpeT-6yTn-1,2,3,4-TeTparigpoakpuans
(1570 mr/kT), TOAi K OiNbII TOKCUYHOKO 3a iHIINX BMUABWIACA CIIONTyKa 9-6pomo-1,2,3,4-TeTparin-
poakpupuH (565,3 mr/kr). PospaxyHkoBa cepefHs jieTanbHa fo3a TakpuHy Hic/is ogHOpa3oBoi nep-
OpasbHOI 031 LIypaM CTaHOBUTD 40 MI/KT. PesynbTaTyt IpOrHO3yBaHHA MiZTBEPVIN ePCIeKTUB-
HiCTh IOAAIBIINX JOCTIIXKEHb cepef K/Iacy TiffpoBaHNX OpOMIIOXiTHIUX aKPUANHIB.

KirouoBi cmroBa: 6poMIIoXifHi akpUANHY, TAKPUH, in silico mpornosyBanss, JHK-miasa, 6y tupun-
XOJliHecTepasa.

BCTVYII. TloxigHi aKpUAVHIB NPUBEPTaIOTh
fo cebe yBary CBOIM TEOPETMYHVM Ta IIpaK-
TUYHMM 3Ha4YeHHAM. JlOC/TiI>KeHHA LMX CITOTYK
Tpa€ BaX/IMBY po/Ib y BupillleHH] (yHIaMeH-
TaJIbBHMX NTPO6JIeM Oy/10BM, peaKIliiiHOI 3TaTHO-
CTi 1 TayTOMEpil OpPraHiYHUX CIONYK, a TAKOX
MEXaHi3MiB 1 perioHanpaBIeHOCTI peaKIiil.

[IpencraBHMKM pARY NOXiJHYUX MifpOaKpUAVHY
3aCTOCOBYIOTbCA AK NPOTUIYX/IVHHI, IPOTH-
BipycHi, aHTMOaKTepianbHi, MPOTUMAaIApIiliHI,
IPOTUIPUOKOBiTaIIpoTU3anaabHizacoom [1-2].
Panime 6y10 oBioMIeHO PO 3aCTOCYBaHHA
HOXiIHMX aKpUAOHOONTOBOI Kucmoty (10-kap-
6okcumeTnn-9-akpuoH) y dpapmaxosorii. e
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OJlHE MOXi/IHe Tigpoakpuauuy — 1,2,3,4-teTpa-
rifipo-9-aMiHOaKpUAVH — Tpemapar TakpuH,
SKWIT CTaB TePILINM JIIKapChbKUM 3aCO00M IS
NiKyBaHHA XBOpoOM AsnblireiimMepa [3].

Ane mopsapx 3 e(deKTUBHICTIO Ipenapary
CIIOCTEpITaeTbCs y>Ke BMPAXKEHUI TelaTo-
TOKCUYHMI eeKT, [0 CIOHYKA€ IMPOBOJUTH
BCe HOBI IOCTI/PKeHHA Y 1iit o6macTi. Y 3B’s13-
Ky 3 IVIM 3yCWIIS 6araTboX HOC/JHUKIB Ha-
IpaBJieHi Ha mouyku aHanoris «Takpun» ce-
pen MOXigHNMX aKpUAMHIB, SAKi 6 MPOABIAIN
Oinpiry ¢apMakonoriyHy aKTUBHICTb IIpU
HVDKYI TOKCMYIHOCTI [4-5].

Oxpemoio Ipo6neMor0 € po3pobIeHHA

6 PBr; DMF,
1h,rt

IpenapaTuBHO JOCTYIHUX METOMIB CUHTE3Y
MOXiTHMX AKPUMHIB K MOTEHIiTHO 6iomo-
IiYHO-aKTUBHUX CITONYK.

EKCIIEPMMMEHT I OBI'OBOPEHHA PE-
3YVJIBTATIB.

Mertoto po60oTH € NpOrHo3yBaHHsA 6iono-
riYHOI aKTMBHOCTI paHillle CHHTE30BaHUX
OpPOMITOXiTHMX aKPUIVHIB BHACTIJOK eJIeK-
TpO(iTBHOTO TeperpynyBaHHs TeMiHaTbHNIX
3,1-06en3okca3uHiB (cxema 1) [6].

Hapani 6yno mposesmeno ¢yHkuioHamisamio
OpOMIOXiIHNX AKPUAMHIB B3aeMofielo 3 N-a-
puiManeimifaMn 6e3 3acTOCyBaHHS KaTasi3aTo-
piB (cxema 2) [7].

el

o

N\

i ’j/\/ i "R
Br
1114

N\ N\ N\ N\
Br Br Br Br
1.1 1.2 1.3 1.4
CxeMma 1
IO
Br
O,N \© Br §
Br oxN-o
O\ ol UL ’
X = N H N H
P ° o o
N DMSO, 100-120C, 4 h N NO, N
o
1.1 o ©/N02
1.5 1.6
CxeMma 2

[lonepenni [OCHi>KEHHA CHHTE30BAHUX
3a UMM METOJOM XJIOPIIOXiIHUX aKpUAVHIB
IOKa3ajIy UIMPOKMIL iaria30H 6ioIorivyHOI aK-
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TUBHOCTI Ta IXHIO IIO/A/IbIIY IEPCIEKTUBHICTh
[8]. Ane BifCcyTHICTDb 3pyYHNUX METOJIB CHHTe-
3y caMe OpOMITOXiJHUX aKpU/MHIB 3yMOBMIA
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nedinuT ingopmanii uyomo ixHboi 6ionoriyHol
AKTUBHOCTI.

Ockinbku y niteparypi oOMeXxeHa Kifb-
KiCTh BigoMOCTell 1100 0i0/MoriyHol aKTUB-
HOCTi OpOMIOXiTHUX aKPUANHIB, TO MU BM-
pimmmm mpoBecTy mporHosyBaHH#A in silico
3a pgomoMoro Beb6-pecypcy SuperPred 3.0
https://prediction.charite.de/index.php. Be6-
cepBep SuperPred mopiBHIOE CTPYKTYpHMIA
BiIOMTOK BXiTHOI MOJIeKy/1M 3 6a3010 HaHUX
JIiKiB, OB’ A3aHMX 3 IXHIMU MillIeHAMM Ta LI -
xamy BIuBY. Ockinbku 6iomoriqnnmit eexT
€ pnobpe mepembayyBaHUM, SKIIO CTPYK-
TypHa MOAiOHICTh JOCTATHS, TO Beb-cepBep
JI03BOJIsIE POOUTU MPOTHO3U IIOA0 00MACTi
MeIMYHMX NTOKa3aHb HOBUX CIONYK i 3HaXO-
IVITYI HOBi BUCHOBKM [JI BiJOMMX MillleHeI.
Taka iHpopmawis Moxe OYyTU KOPUCHOIO IS
knacudikanii mikiB i TpOrHO3yBaHHA Iineil.
[9,10].

[TporuosysanHs koziB ATC abo Mimeneir
MajMX MOJIEKY i, TAKMM YMHOM, OTPUMaHHA
inpopmanii mpo cHONMyKM IPOIOHYE [OIO-
MOTY B IIpoleci po3po6ieHHs mikiB. [Iporuos
ATC Be6-cepBepa, a TaKOX IependadyeHHs i
0a3yeTbCsl Ha MOJie/Ti MallITHHOTO HaBYaHHS 3
BUKOPVCTaHHAM JIOTiCTUYHOI perpecii Ta Bifi-
6uTkiB MopraHna foBxuHoo 2048. 7151 Bu3Ha-
JYeHHA MillleHi BUKOPUCTOBYBamm 6as3y JaHux
ChEMBL Bepcii 29. 3HayeHHs 3B’A3yBaHHA
BUKOPUCTOBYBA/IM /I aHa/Ii3iB 3 OpraHisMoM
«Homo sapiens», T aHasnisy B (3B’s13yBanHs)
a6o F (pyuxiionanbumit), i piBeHb JOCTOBIp-
HOCTi TNpMHaliMHI 7. 3Ha4eHHA aKTUBHOCTI
BuKopucrosysanu nuie ans tuiy IC_, EC_,
K, K, Ta akTuBHOCTI.

Hani HamMu 6y/10 IPOBeEeHO JOCTiKEHHS
HasIBHOCTI IMOBipHO{ 6i0/710Ti4YHOT aKTMBHOC-
Ti CMHTE30BaHMNX CIIONYK, @ CaMe 3B SI3yBaHHS
3 OiKamu, pelenTopaMi, eH3¥MaMI KIiTHH

50°

https://ucj.org.ua

1 T. II. 3a JIOIIOMOTOI0 BKa3aHOIO OHJIAMH pe-
cypcy (tabn. 1-4). Orpumani pesynbpraTi
0y10 TOpiBHAHO 3 pe3yIbTaTaMy IIPOTHO-
3yBaHHA BiJOMMX JiKapcbkux 3aco0iB, Ta-
kux Ak TakpuH, AMipuamH Ta AMcakpuH
(Tabm. 5-7).

N\ N\
_ |
NH, Br
Tacrine Amiridinum
N\
Pz
Amsacrine

NH
e
o NH—S\IO

3a mepeikoM IPOTHO30BAaHMX Iiijlell Ta
JIMOBIipHOCTi 3B’A3yBaHHA cmonyku 1.1-1.4
BiIMOBiJAIOTh [iF0YMM JTIKapCHKUM 3acobam.
Bpaxosysanu pesynbratun <80%.

3a3HavyeHi MPOTHO30BaHI ILi/li BifirparTh
Ba)K/IVBI pOJi y peryndanil XUTTENIANTbHOC-
Ti KJIITMHU, HAIIPUKIAJ, HHK—(anprHOBMIZ
abo amipmMiguHOBMIT caiiT) miasa - Oara-
ToQyHKIiOHa/NbHMIT OiMOK, sKMit Bimirpae
LIEHTPa/bHy pO/b y KIITUHHIN BifiNIOBiJl Ha
OKIC/TIOBA/IBHMIL CTpecC Mij| yac mepebiry Ta-
KUX 3aXBOPIOBaHb, AK IT1iOMa, MeIaHOMa, paK
oueit [11].

bytupunxoninecrepasa cupuse iHaKTUBa-
Lii HelpoMesiaTopa aneTmnaxoniny. Moxke
PO3K/IafaTy HelpoTOKCUYHi Ppochopopraniy-
Hi eTepu i Bifiirpa€ K/IIF0YOBY POJIb Y TIiIKYBaHHI
XBOpOOU AjblureiiMepa, KOTHITMBHUX IOPY-
LI€EHb, CUHJPOMY CiMeNHOI XiZIOMiKpoHeMii,
HEPOTOKCUYIHOCTI, OO0, IHTOKCUKAII OT-
pyroto [12, 13].
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Tabmuns 1.

ITporHo3oBaHi 11ini 38’A3yBaHHA 3 MO/IEKY/IOIO TifpoBaHOro aKpuanHy 1.1
Table 1.
Predicted targets of binding to the hydrogenated acridine molecule 1.1.

Kon Kog Bisyaui- Kop
Hassa nimi y 6asi y6asi  sauiaB y6asi
ChEMBL UniProt 6asi PDB TTD

Vmogip- TounicTh
HicTB, % Moperi, %

ITHK-(amrypunoBuii a6o

. . . . . CHEMBL5619 P27695 6BOW TI13348 96,31 91,11
amipMMifgMHOBUI caiiT) miasa

QaxTOp-nocepegHIK

CHEMBL3108638 015164 4YBM - 92,65 91,11
TpaHcKpymuii 1- a

byTtupunxoninecrepasa CHEMBLI1914  P06276  5LKR  T99799 90,41 95

Tonn-nopioumit

pereniTop 8 CHEMBL5805 Q9NR97 3WN4 T48703 89,81 96,25

Penenrop TAMK-A; CHEMBL2095172 P14867 6X3T T51487 8822 92,67

a-1/ B-2/y-2

licTonpeanerniasa 8 CHEMBL3192 Q9BY41 5VI6  T28887 87,66 93,99
Karencun /I CHEMBL2581  P07339 40D9 T67102 86,85 98,95
Spepunii peentop ROR-p CHEMBL309128 Q92753 - - 86,55 95,5
MonoamiHokcugasa A CHEMBL1951 P21397 275Y - 84,35 91,49
ITepeHOCHMK TTIIOKO3M CHEMBL2535 P11166 6THA - 83,98 98,75

MycKkapMHOBUIT aLleTUII-

. . CHEMBL2035  P08912  60L9  T79961 82,67 94,62
XojiHoBuMit peyentop M5

Cepun/Tpeonin- CHEMBL6006 075385 4WNO - 82,22 76
nporeinkinasza ULK1

AcornifioBaHI 3 eHOOIIIa3-

MATVITHIIM pETHKYTyMOM CHEMBLA4159 Q99714 2023 - 81,6 70,16

aMinoigHmit B-mentup-
CHONTyYHMI 610K

Inyrarion S-tpancdepasa Pi  CHEMBL3902  P09211 5J41 T21669 80,75 93,81

Yen 2 nigpopyan H
KaJlieBUX HaIIPYTO3a/Ie>XKHMUX CHEMBL240 Q12809 5VAl  T20251 80 89,76
KaHaJiB
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Tonn-noxi6bHMit perentop 8 — KIHOYOBUIL
KOMIIOHEHT BpOJKEHOTO Ta aJalTMBHOIO
imynitery. TLR (Toll-nopi6bni penenropn)
KOHTPOJIIOIOTh IMYHHY BIiJIIOBilb TOCIOza-
pA IIPOTH MAaTOTEHIB LIJIAXOM pO3IisHaBaHHS
MOJIEKY/IIPHUX CTPYKTYP, CHelUpiuHuX s
Mmikpoopranismis. Jlie uepes MYD88 i TRAF6,
110 mpu3BoauTh o akTuBanii NF-kappa-B, ce-
Kpelil IUTOKIHIB i BiNOBifi 3ananeHH!0 [14].
bepe ydacTp y perynAnii Takux npouecis, AK
aJIepriuHuil puHIT, ayToiMyHHMIT Aiabet, mu-
¢dy3Ha BeMKOKTTMHHA B-K1iTnHHA TiMdoMma,
iHdex1is BipycOM POCTOTO reprecy, MenaHo-
Ma, CICTEMHMI YepBOHMI BOBYaK.

Pertenirtop TAMK-A; a-1/ B-2/y-2 Bigirpae

B)X/IMBY ponb Y GOpMyBaHHI QyHKI[iOHAIb-
Huyx ranbMiBHMX [AMKepriyaux cmHarmcis Ha
TOATOK [0 OIOCEPENKYBAaHHA CYUHANITUYHOIO
ranbMyBaHHA AK IAMK-kepoBanuit ioHHMI
kaHaj. CybonyHunsa gamma2 € HeoOXifHOIo,
ajle HeJZOCTAaTHBOI JUIS IIBUAKOTO (opMy-
BaHHA AKTMBHUX CUHANTUYHMUX KOHTAKTiB,
i Ha cuHanToreHHui edext i€l cybomuHMI
BIUIMBAE TUII - Ta B-CyOOANMHNUILb, TIPUCYTHIX
y IeHTaMepi pelenropa. 3a y4yacTio IIbOTO pe-
Henropa IepebiraloTh MpoLecH anKO3aIex-
HOCTi, fii aHecTes3il, TPMBOXHUX PO3JIA/iB,
XPOHIYHOTO 6010, IMCTUTY, Aempecii, eminen-
Cil Ta emiJIENTUYHUX HAIaJiB, eCeHI[ia/IbHOTO
Tpemopy [15,16].

Tabnuns 2.

IIporHo3oBaHi 11ini 3B’A3yBaHHA 3 MOTEKY/IOI0 TiZPOBAHOTO aKpUANHY 1.2

Table 2.

Predicted targets of binding to the hydrogenated acridine molecule 1.2.

Hassa mimi Kon y 6asi yK6(;Zi E:Z;H; yK6(;Zi Mnopip-  Tounicts
] 0, 10

ChEMBL UniProt 6asi PDB  TTD HicTb, % Mopmeni, %

bytupunxoninecrepasa CHEMBLI1914  P06276  5LKR  T99799 94,11 95

PaxTop-nocepenrmx CHEMBL3108638 015164 4YBM - 93,66 95,56

TpaHcKpunuii 1-a

JIFK-(anypurosuit abo CHEMBL5619  P27695 6BOW T13348 93,57 91,11

anipMMifgMHOBUI caiiT) nmiasa

Karencun /] CHEMBL2581 P07339 40D9 T67102 89,65 98,95

Cy6oguHn1IsA AKepHOTro

dbaxropa NF-kama-B p105 CHEMBL3251 P19838 1SVC - 85,77 96,09

IlepeHOCHUK T/TI0KO31 CHEMBL2535 P11166 6THA - 82,39 98,75

LnuctuHimTaminonenTumasa CHEMBL2693 Q9UIQ6 5MJ6 - 81,3 97,64

PeuenTop ceporoniny 7 CHEMBL3155  P34969 ~ T79062 80,48 90,71

(5-HT7)

MoHoamiHOKcHgasa A CHEMBL1951 P21397 275Y - 80,15 91,49
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Tabmuns 3.
IIpornosoBaHi 1ini 38’A3yBaHH:A 3 MOJIEKY/IOIO TiIPOBaHOTO aKpuauHy 1.3

Table 3.
Predicted targets of binding to the hydrogenated acridine molecule 1.3.

Kon Bisyaui- Kop

Kop y 6asi Vmosip- TounicTh

Hassa mii y 6asi 3aniaB  y6asi . 0 o
ChEMBL UniProt 6asi PDB  TTD HicTh, % Momerni, %
bytupnnxoninecrepasa CHEMBL1914 P06276 5LKR T99799 96,54 95
Tuposun-THR-pochoni- ey ipy 1075138 OINUWS — 6NOD - 9581 71,22
ecrepasa l

IOHK-(amypunoBuii abo armi-
PUMIIMHOBMIT CAliT) Tiasa

Katencun [ CHEMBL2581 P07339 40D9 T67102 94,47 98,95

CHEMBL5619 P27695 6BOW  T13348 95,44 91,11

QakTop-nocepefHNK TPaH-

CHEMBL3108638 O15164  4YBM - 93,64 95,56
cKpunuii 1-a

MyckaprHOBWMII al}e TU/IXO-
niHOBMII penienniTop M5

licronpgeaneTnmasa 8 CHEMBL3192 Q9BY41 5VI6 T28887 92,02 93,99

CHEMBL2035 P08912 60L9 T79961 92,89 94,62

Yien 2 migpopyuan H xa-
nieBux Hampyrosanexxunx CHEMBL240 Q12809 5VA1l T20251 88,89 89,76
KaHaJIiB

MycKapHOBMII aLle TUIIXO-

. . CHEMBL216 P11229 60I] T28893 86,29 94,23
niHoBMit perienTop M1

MonoamiHoKcugasa A CHEMBL1951 P21397 275Y - 86,11 91,49
Kasein kinasa I a/f CHEMBL3038477 P67870 6TLS T51565 85,46 99,23
Huctunaimaminonentugasa CHEMBL2693 QoUIQ6  5M]J6 - 84,33 97,64

Tonn-nopi6umit perenrop 8 CHEMBL5805 Q9NR97 3WN4 T48703 83,85 96,25

Cy6opyHnLs AKepHOro

dbaxropa NF-karma-B p105 CHEMBL3251 P19838 1SVC - 82,61 96,09

TuposuH-npoTeiHKiHa3za
CSK

[lepeHOCHUK ITIOKO3MU CHEMBL2535 P11166 6THA - 81,62 98,75

CHEMBL2634 P41240 1BYG T64721 82,04 78,61

TuposuH-npoTeiHKiHa3za

FYN CHEMBL1841 P06241 2DQ7 T17980 80,01 81,29
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Tabnuns 4.
IIporHo3oBaHi 1fini 38’A3yBaHHA 3 MOTEKY/IOI0 TiZPOBAHOTO aKpuaNHy 1.4
Table 4.
Predicted targets of binding to the hydrogenated acridine molecule 1.4.
Hassa i KonyGasi  KonyGasi |00 FO% - honip- o0 <"
. . o >3
ChEMBL UniProt 6asiPDB TTD HicTb, % %
bytupnnxoninecrepasa CHEMBL1914 P06276 S5LKR  T99799 98,19 95
g:faoi“”’HHK'q’oc‘bomem' CHEMBL1075138 O9NUWS8 6NOD - 96,53 71,22
Karencun [] CHEMBL2581 P07339 40D9 T67102 95,69 98,95
JIHK-(anypunosmit abo ami-  ~ppypysc1o pr7695  6BOW  T13348 943 91,11
PUMIAMHOBMII caiiT) iasa
DaKTOp-TOCEPEARMK TPAK- ey (p7 3108638 015164 4YBM - 92,2 9556
cKpumuii 1-a
TicTonpeaneTnmasa 8 CHEMBL3192 Q9BY41 5VIe6 T28887 90,22 93,99
CyGommuuus A7EPHOTO ak-  ~ppyipraos)  piog3g  1SVC - 88,86 96,09
topa NF-kanma-B p105
g;‘f‘smomﬂm perierrrop CHEMBIL253  P34972  6KPF - 88,85 97,25
MycKapnuoBmit aueTUxomi- - opypyipy o035 pog912 60L9  T79961 87,38 94,62
HOBUII penentop M5
LucTuHimaminonenTugasa CHEMBL2693 QIUIQ6  5MJ6 - 84,94 97,64
Aminonentumasa N CHEMBL1907 P15144 4FYT T67272 83,82 93,31
Kommiexkc LSD1/CoREST CHEMBL3137262 060341 5L3D - 83,49 97,09
XemoTaxkcuHuit peuenTop CHEMBIL2373  P21730 6CIR T15439 83,47 92,62
anaginatoxcuuy Cha
AneTunxoninecrepasa CHEMBL220 P22303 1F8U  T30082 82,62 94,45
Usnen 2 nigpopuun H kaie-
BMX HAIIPYrO3aJIeXKHUX KaHa- CHEMBL240 Q12809 5VA1 T20251 82,41 89,76
JIiB
Kasein xinasa I1 a/B CHEMBL3038477 P67870 6TLS T51565 82,38 99,23
Penentop cepotoniiy 7 CHEMBL3155  P34969 ~  T79062 80,5 90,71
(5-HT7)
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Tabmuns 5.

IIporHo3oBaHi 1ini 3B’A3yBaHHA TiKapcbKoro 3aco0y Takpuny
Table 5.
Predicted drug binding targets of Tacrine.

Komy  Bisyami- Kop
6asi 3aniaB  y6asi
UniProt 6asi PDB  TTD

Vmosip- TousnicTp
HiCcTb, % Mopeni, %

Kop y 6a3i

Hassa mimi ChEMBL

ITHK-(ammyprHoBwMit a60 armi-

. . . . CHEMBL5619  P27695 6BOW  T13348 97,5 91,11
PUMITVHOBMIT caiiT) miasa

Acor1iifioBaHN 3 eHOOII/Ia3Ma-
TUYHUM PETUKYTyMOM aMifo-

. , . CHEMBL4159 Q99714 2023 - 92,63 70,16
IHMI B-TIenTI/-3B A3YI04Mit

6imox

byrupunxoninecrepasa CHEMBLI1914 P06276  5LKR  T99799 92,49 95
(PaKTOpMOCEPERMMK TPAH-  CHENIBI3108638 O15164 4YBM - 92,02 9556
CKpunii 1-a

Snepunit penentop ROR-p CHEMBL3091268 Q92753 - - 90,87 95,5
[nyration S-Tpancdepasa Pi CHEMBL3902  P09211 5J41 T21669 84,53 93,81
MonoamiHOKcumasa A CHEMBL1951  P21397 275Y - 84,32 91,49
ITporeinkinasa N1 CHEMBL3384 Q16512 40TH - 83,98 80,71

Tonn-nopi6umit peuenrop 8 CHEMBL5805 Q9NR97 3WN4  T48703 83,2 96,25

Penjenitop ceporoniny 3a (5-

HT3a) CHEMBL1899  P46098 - T64591 82,89 100
[uknookcurexnasa-1 CHEMBL221 P23219 6Y3C - 81,08 90,17
Tabnuus 6.

ITporno3oBaHi 11ini 3B’A3yBaHHS TiKapCcbKOro 3aco0y AMipuanHy
Table 6.
Predicted drug binding targets of Amiridine.

Kon Bisyanmi- Kop
y6asi 3aninB  yo6asi
UniProt 6as3iPDB  TTD

Vmosip- TounicTh
HICTB, % Mopmeni, %

Kop y 6asi

Hassa minmi ChEMBL

IOHK-(anypuuoBmit abo armi-

. . . . CHEMBL5619 P27695 6BOW  T13348 85,44 91,11
PUMITMHOBMIT cailT) mia3a

ITpoTteinkinasza N1 CHEMBL3384  Ql6512 40TH - 82,86 80,71
ITporeinkinasa N2 CHEMBL3032 Q16513 4CRS - 81,96 78
Tuposun-npoteinkinaza Lyn CHEMBL3905 P07948 5XY1 - 81,39 75,53
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Tabnuns 7.
ITporno3oBaHi 1ini 38’A3yBaHHA TiKapCchKOTro 3aco0y AMCaKpuHy
Table 7.
Predicted drug binding targets of Amsacrine.
. Kop y 6asi KOH. Bls)f.am— KOH. Vmosip- Tqu1ch
Hasga minmi y6asi  3aumiaB  yo6asi . Mozieri,
ChEMBL . ) HicTb, %
UniProt 6a3iPDB TTD %
DaxTOp-MOCCPERUMK TPAN- -y ipy 3108638 015164 4YBM ~ 9801 9556
cKpumuii 1-a
Kasein kinasa II o/p CHEMBL3038477 P67870 6TLS T51565 92,18 99,23
bytupnnxoninecrepasa CHEMBL1914 P06276 5LKR T99799 91,55 95
Anepruit akrop epuTpOiN- ey inr 1075004 Q16236 2FLU - 91,26 96
HUII 2-TI0B’s13aHuit pakTop 2
Penennitop npernany X CHEMBL3401 075469 6TFI T82702 89,91 94,73
S6yIMBMIL TPAHCIOPTEp AMi- pypy rpr 30gs pa3003  SLM4 - 89,58 94,67
HOKMCOT 1
Crieuniammit it A€dxa 6= ppyipy 1795185 Q58F21 7199 T90985 89,03 89,76
JIOK OpPOMOJIOMeH
[TpoteinoBa docdarasa mo-
o . . CHEMBL2635 P51452 3F81 - 88,28 94
nBiitHOI cnerudivyHOCTi 3
[OHOTPOIHIIA PEUENITOP Ty~ e\ ipr 4016 PA2262  2WJW T42392 8569 86,92
tamaty, AMPA 2
Anernixoninecrepasa CHEMBL220 P22303 1F8U T30082 85,53 94,45
IlepeHOCHMK I/TIOKO3K CHEMBL2535 P11166 6THA - 84,56 98,75
JIHR-(anypunosuii abo amti- e gy sc19 pr7695 6BOW  T13348 8232 9111
PUMIiIMHOBMIT caiiT) miasa
Tuposun-npoteinkinaza CSK CHEMBL2634 P41240 1BYG Te64721 80,78 78,61
Turi6itop a-cybomuuniti Kka- gy pr 2076 015111 SEBZ - 8035 95,83
31 sifiepHOro (bakTopa Kamma-B
Tnposun-mporeinxinasa CHEMBL2803  P43403 20Z0 - 80,26 82,5
ZAP-70
CyGOMMHULA HANYTOSANEXK- pyp 4306 22460 — T17569 8025 94,03
HOTro KayieBoro kaHany Kvl.5
TicTonpeanietnmasa 7 CHEMBL2716 Q8WUI4 3C10 - 80,2 89,44
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Cnonykn 1.5 i 1.6 nposABuIM aHaIOTiYHMIA
IepeniK MPOTHO30BAaHMX LijIell Ta JMOBIp-
HiCcTb 3B’s13yBaHHs 10 crionyk 1.1 ta 1.2

BBenenHs mipomiguHoBoro ¢gparmenra mo
cnonyk 1.5-1.6 Bcymepedy OYiKyBaHHAM He
CHIPUSAIO 301TBIIEHHIO Pi3HOMAITTS IPOTHO3-
BaHNX MillIeHell.

CHiZbHOI0 IIPOTHO30BAHOI0 MillIEHHIO [JIA
cnonyk 1.1-1.6 Ta ycix TpbOX MiKapChbKMX Ipe-
napariB € JJHK-iasa 3 iiMmoBipHicTIO 3B’s3y-
BaHHA B Mexax 82-97,5%. CninbHuUMM npo-
THO30BaHMMM MillleHAMM JiiA cronyk 1.1-1.6
i Takpuny Ta AMcakpuHy € OyTUpUIXOiHe-
crepasa (90,4-98,2%) i dakTop-mocepemHNK
TpaHckpumnii 1-a (92,02-98,01%).

IIporuososani MilleHi, Taki K acolinoBa-
HUIL 3 EHJOIVIA3MATUYHMUM PETUKY/TYMOM aMi-
noigHui Prentup-3B'a3ywunit 6imok, Agep-
uuit petenitop ROR-PB, riyration S-tpancde-

pasa Pi Ta MoHOoamiHOKcHza3a A (+ cromyku
1.2 1.3) e cninbHuMu mna Takpuny i cionykn
1.1 AmcakpuH Ta cionyku 1.3 i 1.4 mposasus-
I0Tb CIIi/IbHY IMOBipHICTb 3B'sI3yBaHHS 3 Kase-
iH- kinazoro II a/p.

[lepcieKTMBHMMM i1 MTOAAIBIINX JOCTIi-
IDKEHDb € TaKOXK IPOrHO30BaHi MillleHi AK Ka-
tericuH /1, To/ut-nopi6Hmit penentop 8, nepe-
HOCHUK ITIFOKO3Y, OCKiZIbKY BOHM € 1 B CITO/TYIIi
1.1, i B 3a3HaYeHMX JIIKAPChKUX IIperaparax,
ajie Ha BifiMiHy Big crionyku 1.1 B HUX IMOBip-
HicTb 3B’A3yBaHHA MeHIIa 3a 80%.

Hani 3a ;oromMorox mporpaMHoOro 3abesrre-
yeHHsA GUSAR [17] 6yrno 3piiicCHEHO IIPOTHO3
in silico smauenp LD_ mna mrypis i3 yotupma
TUIIaMu BBefleHH: (iHrananiiHo IP, BHyTpinI-
HboBeHHMI 1V, nepopanpumit Oral, migmkip-
uuit SC). [lani HaBemeHo y Tabmui 8.

Tabnung. 8.
IIpornosyBaHHsA rocTpoi TOKCMYHOCTI cionyk 1.1-1.6 pna mypis
Table 8.
Prediction of acute toxicity of compounds 1.1-1.6 for rats.
Inranauiine BayrpimnaboBeHHe ITepopanbHe [Migmkipue
Crnonyka BBefleHHs LD, | BBefleHHs LD BBefleHHA LD BBeflleHHs LD,
(mr/kr) (mr/kr) (mr/kr) (mr/xr)
1.1 148,100 61,230 565,300 563,200
1.2 266,600 61,220 828,300 521,500
1.3 785,400 25,940 1570,000 728,700
1.4 671,600 16,460 1298,000 499,400
1.5 171,500 53,870 1052,000 819,300
1.6 186,500 64,080 721,300 460,800

Po3paxyHkoBa cepefHs /leTabHa jo3a Tak-
PUHY IC/IA OJHOPA30BOI IE€POPAIbHOI JO3K
mypam craHoBuTb 40 mr/kr [18].

I3 maHMX BM3HAYE€HHA rOCTPOI TOKCMYHOCTI
BHYTPIIIHbOBEHHYUM ILJIAXOM BBEJEHHSA MOX-

106

Ha 3pOONTN BUCHOBOK, III0 BBEJEHHS aJIKi/lb-
HJIX 3aMiCHMKIB i 36i/1blIIeHHA IXHBOI po3Trary-
YKEHOCTI IIPU3BOANTD [0 301/IbIIEHHS TOKCUY-
HOCTi y papi cmonyk 1.1-1.4. Ane 3a iHmmx
MEeTOJ[iB BBeleHH 1110 TeH/eHIIil0 He CIIOCTe-
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pirarorp. Hait6inpI 6e3neyHo0 CIIOMYKOIO 3a
IIEPOpPa/IbHMM METO/IOM BBENEHHSA € CIOTyKa
1.3, Tomi AK OiNbII TOKCMYHOIO 32 iHIINX BUA-
BuUIacsA crionyka 1.1.

3arajbHMII BUCHOBOK i3 IPOTHO3YBaHHSA
rOCTPOi TOKCUYHOCTI: crionyku 1.1-1.6 € Ha-
6araTo 6e3neyuHimmy 3a TakpuH.

BMCHOBKM

In silico mporHosyBanHa 6ionoriuHoi ak-
TUBHOCTI cepef NMOXifHUX TiApPOBAaHUX aKpU-
IVIHIB IIPOIEMOHCTPYBaAM IXHIO BifTIOBifI-
HICTb [il0YMM JIiKapCbKUM 3acobaM, TakuM
aK TakpuH, AMipuayH i AMcakpuH. 3aBIsAKU
IIPOBEIEHOMY JIOCHI/PKEHHIO BCTAaHOBJIEHO
Ha0i/IbII TepCIIeKTUBHI MillleHi 3B'I3yBaHHS,

1110 3HAYHO IOJIETIIYE II0JabIIe MONEKY/IAPHE
MopieoBaHHA i 6ioximiune TectyBaHHs. Ce-
pen KOCTiKeHNX Hailbi/IbIll MePCIIeKTUBHOIO
€ cionyka 9-6pomo-1,2,3,4-teTparigpoakpu-
puH. PesynbraTy IpOrHO3YBaHHA HifTBEPAV-
JIV TIEPCIIeKTUBHICTD MOAAIBIINX JAOCTi/I>KEHb
cepef; K/Iacy TijpoBaHMX OpOMITOXiTHUX aKpH-
IIVIHIB.
S::i Po60Ty BUKOHaHO B MeXax Jep>K0ro-
4 mKeTHOI TeMu «HoBi npuMHIMINM CHH-
Te3y (IIyopecIieHTHUX MarepianiB Ta
6ionoriyHo-akTMBHUX N-, S-BMicHUX
reTepoOIMKIIiBY», Kep>KaBHMUII peecTpa-
nitanin Homep: 0115U0003159.

e
IN SILICO PREDICTION OF BIOLOGICAL

ACTIVITY OF BROMO DERIVATIVES
OF HYDROACRIDINES

S.A. Varenichenko, O.K. Farat,
K. V. Yanova, V. 1. Markov

Ukrainian State University of Chemical Tech-

nology,
49005 Dnipro, Ukraine

‘e-mail: svetlanavarenichenko@gmail.com

Theaim of the work was to establish the spectrum
of biological activity of new derivatives of 9-bro-
mo-1,2,3,4-tetrahydroacridine due to the limited
amount of literature data. In silico prediction of
selected bromo-derivatives of hydrogenated acri-
dines was performed using the SuperPred 3.0 web
resource. The obtained results were compared with
the results of prediction of active drugs that con-
tain the acridine cycle in their structure - Tacrine,
Amiridine and Amsacrine. Results <80% were
taken into account. The most promising compound
was 9-bromo-1,2,3,4-tetrahydroacridine. A com-
mon predicted target for bromide-hydrogenated
acridines and all three drugs is DNA-(apurine or

https://ucj.org.ua

apyrimidine site) lyase with binding probabilities
ranging from 82-97.5%. Common predicted targets
for 9-bromo-1,2,3,4-tetrahydroacridine deriva-
tives, Tacrine and Amsacrine are butyrylcholinest-
erase (90.4-98.2%) and transcription factor 1-a
(92.02-98.01 %). Cathepsin D, toll-like receptor 8
and glucose transporter are promising common tar-
gets for further research, but it should be noted that
the probability of binding in these drugs was below
80%. All selected compounds were tested for Lipin-
ski's criteria. In addition, in silico prediction of the
acute toxicity of bromo-derivatives of acridine was
performed in rats with four types of administration.
The safest compound according to the oral meth-
od of administration is the compound 9-bromo-2-
tert-butyl-1,2,3,4-tetrahydroacridine (1570 mg/kg),
while the compound 9-bromo-1,2 turned out to be
more toxic than the others ,3,4-tetrahydroacridine
(565.3 mg/kg). The estimated average lethal dose of
Tacrine after a single oral dose to rats is 40 mg/kg.
The prediction results confirmed the prospects of
further research among the class of hydrogenated
bromoderivatives of acridines.

Keywords: bromoderivatives of acridine, tac-

rine, in silico prediction, DNA lyase, butyrylcho-
linesterase.
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