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The new ternary silicide LusNii1740)Sks was synthesized from the elements by arc-
melting and its crystal structure was determined by the single-crystal X-ray diffraction.
The compound crystallizes in the ScsNi;1Ges-type: Pearson symbol hP37.2, space group
P6s/mmc (No. 194), a = 8.0985(16), ¢ = 8.550(2) A, Z = 2; R = 0.0244, wR = 0.0430 for
244 reflections. The silicide LusNii1.742)Sis is new member of the EuMgs »-type structure

family.

Keywo rds:intermetallics, silicide, crystal structure, single-crystal X-ray diffraction.

INTRODUCTION. Recently, ternary
systems consisting of silicon with rare earth
and transition metals attracted much atten-
tion mainly due to the phases with various
crystals structures and interesting physical
properties. The majority of such systems
were studied only to identify isostructural
series of compounds, for example the ternary
system Lu-Ni-Si. The isothermal section of
this system have been yet constructed, but
during the exploration of it, the existence of
nine ternary compounds has been found
(Table 1) [1-3]. All known compounds in the
Lu-Ni-Si system form in the region up to
33.3 at. % Lu. However, the formation of the
greater number of ternary compounds should
be expected considering the results of inves-
tigations of the related ternary system. Thus,

recently the ternary compound
Dy;Niqqg3Sis 95 (ScsNij Ge,-type, Pearson
symbol hP38, space group P6iz/mmc (No.
194), a = 8.1990(7), ¢ = 8.6840(7) A) [4] has
been found. This fact prompted us to search
for an isostructural compound in the Lu-Ni-
Si system. Our expectations were met and
new phase with a composition ~ LuzNi;Siy
was found.

Therefore, in the present paper we de-
scribe the results of the crystal structure in-
vestigation of the new rare-earth silicide us-
ing X-ray single-crystal diffraction data.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. A sample of nominal com-
position Luyg,Nig; 1Sin, wWas synthesized
from high-purity elements (Lu > 99.9 wt.%,
Ni > 99999 wt%, ad Si >

© B. Belan, M. Manyako, M. Dzevenko, D. Kowalska, R. Gladyshevskii,2020
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Table 1
Crystallographic data of the ternary compounds in the system Lu-Ni-Si
Compound Stucture type Pearson | Space Lattice parameters, A Ref.
symbol | group a | b | ¢
LuNkoSk  Nd(Mng sFegs)Fes t126 [4/mmm  8.164 - 4.650 1,2
LuNisSis YN izSiz oP36 Pnma  18.49 3.739 6.710 1,2
LuN iSip CeAbLGa, t110 [4/mmm  3.905 - 9.495 1,2
LUNiSis SMNiGes 0S20 Cmmm 3.8827 20.8179 3.89111 3
LusNigSk CesNigShp cla4 Im-3m  8.659 - - 1,2
LuNigSis Lu,Co3Sis mS40 C2/c  11.032 11942 5.919 1,2
£=120.18° 1,2
LuNiSi CeNiSk 0S16 Cmcm  3.851 15.810 3.851 1,2
LuNiSi TiNiSi oP12 Pnma 6.67857 4.09340 7.11618 3
LuN io,slsil,gg A|Bz hP3 P6/mmm 3.94594 - 3.87276 3

99.999 wt.%) by arc-melting under a puri-
fied argon atmosphere, using Ti as a getter
and a tungsten electrode. The alloy was re-
melted two times to ensure homogeneity.
The ingot was annealed at 600°C in an evac-
uated quartz ampoule for 720 h and subse-
quently quenched in cold water. The weight
loss during the preparation of the sample
was less than 1 % of the total mass, which
was 2 g.

The single crystals were selected by
mechanical fragmentation from the sample.
Laue and rotation diffraction patterns of se-
lected single crystals showed hexagonal
symmetry with lattice parameters a ~ 8.2 and
c ~ 8.7 A Integrated intensities measured
with graphite-monochroma-tized Mo Ka ra-
diation on KM-CCD diffractometer con-
firmed the hexagonal lattice and the system-
atic extinctions were in agreement with the
space groups P6smc, P-62c, and P6;/mmc.
The structure type Sc;Ni;Ge, [5] was as-
signed and the structure was refined using
the program SHELXL (full-matrix least-
squares refinement on F?) [6] with aniso-

tropic displacement parameters for all of the
atoms.

The chemical composition of the select-
ed crystal was checked with a field-emission
scanning electron microscope (FEINovaNano
SEM 230) equipped with an EDS analyzer
(EDAX GenesisXM4). The experimentally
determined composition of the grain (19+2
at% La: 69+2 at% Ni: 12+2 at% Si) is rather
close to the composition calculated from the
structure refinements.

The crystallographic data and details of
the data collection from the single crystal of
new silicide are listed in the Table 2. The
reasonable values of the residual factors of
the structure reliability confirmed that these
compounds indeed adopt the Sc;Ni;;Ge,-
type, which belongs to the EuMgs , family. A
final electron-density difference map was flat
and did not reveal any significant residual
peaks. The coordinates and displacement
parameters of the atoms are presented in Ta-
ble 3 and 4.

It should be noted, that structures relat-
ed to the EuMgs,-type are characterized
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Table2
Experimental details and crystallographic data for the LusNi11742Sis compound

Refined composition

LusNi1.74¢)Ska

M, g/mole 2644.24
Structure type ScsNip1Geq
Space group P6s/mmc
Z; Pearson symbol 2; hP37.2
Unit-cell parameters, A a =8.0985(16), c = 8.550(2)
Cell volume, A3 485.65(18)
Calculated density, g cm® 9.041
Absorption coefficient zz, mm* 52.609
F (000) 1191
@range for data collection 2.90-29.76
-11<h <10,
Limiting indices -11 <k <10,
-8<I1<11
Reflections collected / unique / with I > 26(1) 5249 /291 /244
Refined parameters 28
Extinction coefficient 0.00028(6)
R1/wR2 for | > 20(l) 0.0244/0.0430
R1/wR2 (all data) 0.0380/0.0455
Goodness-of-fit on F? 1.082

Table3

Atomic coordinates, equivalent dis place ment parameters and site occupancies for the

LusNi11.74¢2Sis compound

Atom \é\ggciggg Occupancy X y z Ueg, A2

Lu 6h 1 0.18984(4) 0.37968(4) 1/4 0.00729(19)
Nil 12k 1 0.16195(4) 0.32390(17)  0.58555(14) 0.0065(3)
Ni2 6h 1 0.56331(12) 0.1266(2) 1/4 0.0065(4)
Ni3 4f 1 1/3 2/3 0.0016(2) 0.0057(4)
Ni4 2b 0.735(15) 0 0 1/4 0.0156(17)
Sil 69 1 1/2 0 0 0.0049(7)
Si2 2a 1 0 0 0 0.028(2)

by channels along the c direction, the occu-
pation of which varies from one structure to
another (sites 4e, 2b and 2a) and generally
presents some kind of disorder. Different

models of occupations were tested for the
investigated structure. The best result was
obtained for fully occupied site 2a by Si at-
oms and 2b partially occupied by Ni atoms.
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These positions are partially occupied by Ge
atoms in the structure of the prototype
Sc;Niy,Ge,. Hence, the partial occupation of
the 2b site and full occupations of all other
sites in the structure of our silicide lead to
the refined composition LuzNiy; 742Si, for
the investigated crystal.

Table4d

Interatomic distances (0), reduced values of
interatomic distances (4 = 100(6 — >r)/>r,
where > r is the sum of the respective atomic
radii), and coordination numbers (CN) of the
atoms for LusNiyq 742Si, are listed in Table 5
(values of the atomic radii are taken from

[71

Anisotropic displace ment parameters (A%) for the LuzNiy17Sis compound

Atom | Uy | Uy | Us3 | U | Uiz | Uz
Lu_ 000642 00117(3)  0.0056(3) 0 0 0.00585(17)
NiL  00058(5) 0.0063(6) 0.0075(5) 0.0007(4)  0.0003(2) 0.0032(3)
N2  00067(6) 0.0058(9) 0.0068(8) O 0 0.0029(4)
Ni3d  0.0048(6) 0.0048(6) 0.0074(10) O 0 0.0024(3)
Ni4  00088(18) 0.0088(18) 0.029(3) =~ 0 0 0.0044(9)
Sil  0.0041(12) 0.0041(17) 0.0065(18) 0.0023(12) 0.0011(6) 0.0020(9)
Si2 0.006(2) 0.006(2) 0.071(6) 0 0 0.0030(11)
Tableb

Inte ratomic distances (d, A), A values (A = 100(d-Zr)/Zr, where Zr is the sum of the respective
atomic radii [11]) and atomic coordination numbers (CN) for the LusNi1174¢0)Skk compound

Atom | [ d(A | A(%) | Abom | [ dA | A%
Lu TN 2.6629(8) -105 Ni3 2SIl 2.3376(5) 30
CN =19 INi2 28220(13) -51 | CN=12 1Sil  2.3383(3) -3.0
1IN  2.8221(16) -5.1 INil  2.5164(14) 15
4Nil  2.8599(15) -3.8 2Nil  2.5171(14) 1.5
2Nil  2.8955(14) -2.6 2Ni2  2.5941(17) 46
2Ni3  2.9262(14) -1.6 IN2  25945(17) 46
4Sil  3.0627(5) 5.5 1Lu  2.9258(14)  -16
2Si2  3.4147(7)  17.6 2Lu  29262(13)  -16
2Lu  3.4862(7) 05 Ni4 2Si2  2.1375(5)  -11.3
Nil 1Si2  2.3865(13) -1.0 | CN=11 3Lu  26629(7)  -105
CN =13 2Sil  2.4818(14) 3.0 6Nil  2.6716(9) -1.0
1Ni3  25171(14) 15 Sil 2Ni2  2.3146(7) -4.0
INQ  25244(20) 1.8 CN=12  2Ni3  2.3376(5) -3.0
IN2 25245(12) 1.8 4Nil  2.4818(14) 3.0
1Ni4  26716(13) 7.7 4Lu  3.0627(6) 55
2Nil  2.7020(12) 9.0 Si2 2Ni4  21375(5)  -11.3
INil 28121(18) 134 | CN=14 6Nl  2.3865(8)  -1.0
2Lu  2.8599(14) -3.8 6Lu  3.4147(7) 176
6 ISSN 2708-129X. VKP . XIM . XXYPH ., 2020, .86, N0 5
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End of the Table 5
Atom | | dA) | A®%) Atom | | dA) | A%
1Lu  2.8955(14) -26 |[CN=12 2Nil 2.5245(16) 1.8
Ni2 2Sil  2.3146(7) -4.0 2Ni3 25941(17) 46
CN=12 2N2  2.5113(24) 1.3 1Lu 2.8220(19) -5.1
2Nil  2.5244(14) 1.8 1Lu 28221(10) -5.1

r(Lu) = 1.734 A r(Ni) = 1.246 A, r(Si) =
1.170 A). Most of the interatomic distances
are in good agreement with the atomic sizes.
The interatomic distances between Lu-Si2
and Nil-Nil are somewhat larger in compar-
ison with the sum of the respective atomic
radii. The largest decrease of interatomic
distances is observed between Ni4 and Lu or
Si2 atoms. It does not exceed 12 % of the
sum of the atomic radii of respective atoms.
Moreover, within LugNiy; 74¢Si, structure
the silicon atoms are not in contact with each
other.

The projection of the unit cell of
LugNiy; 74(2Si4 compound and the coordina-
tion polyhedrons (CP) of atoms are shown in
Fig. 1. CP are similar to corresponding poly-
hedrons of atoms in the Sc;Ni;;Ge, structure
[5] and typical for the most of the ternary
compounds in the RE-Ni-Si systems. The
lutetium atoms have the largest coordination
number (CN = 19) and its polyhedron
[Lu(LuyNiy4Sig)] can be described as pen-
tagonal prisms with seven capping atoms. A
distorted icosahedron with one additional
atom [Nil(LusNi,Siz)] is the CP of the Nil
atoms (CN = 13). The coordination polyhe-
drons of the Ni2 and Ni3 atoms (CN = 12 for
both) are similar and can be described as
distorted icosahedrons, [Ni2(Lu,NigSi,)] and
[Ni3(LusNigSi3)], respectively. A trigonal
prism [Ni4(LusNigSi,)] with lateral sides and
bases capped by additional atoms is the co-

ordination polyhedron of the Ni4 atom (CN
= 11). Only lutetium and nickel atoms form
the coordination polyhedrons of the Sil and
Si2 atoms. The Sil atoms have 12 neighbors
and the polyhedron [Sil(LusNig)] can be
described as a distorted icosahedron. A dis-
torted rhombicdo-decahedron is the CP of
Si2 atoms [Si2(LugNig)] (CN = 14).

The LugNiyy 742)Si, structure can be
considered as a packing of the Sil polyhe-
drons [Sil(LusNig)] (Fig. 2). Such polyhe-
drons are connected to each other by com-

2 Sheths LI
b, ,a
Lu (mm2) Si1 (.2/m.) Si2 (-3m.)

Fig. 1. The unit cell of the LusNiy1.74)Sia struc-
ture and coordination polyhedrons of the atoms.
The site symmetries are indicated.
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mon triangular faces and form column along
the c direction with small holes between ad-
jacent columns of icosahedrons from one
unit cell. The columns from the neighboring
unit cells, in turn, are combined into a net-

Fig. 2. The arrangement of the Sil polyhedrons
in the LugNiy1.72¢)Sks structure.

work with twisted triangular cylinder, in the
center of which the nickel and silicon atoms
with coordination (0 0 z) are situated.

Alternatively, the structure of EuMgs
type can be considered as a packing of clus-
ters [Mg,], which are dimers of face-sharing
hypho-icosahedra with 14 \wertices (Fig. 3)
[8]. These dimers connect by common Mg
atoms into the zigzag chain along c direc-
tion. The triangle from Eu atoms are located
between the “links” of this chain. The space
between zigzag chains are occupied by the
linear chains from the Mg atoms. The simi-
lar units can be seen in the structure of
ScsNiy;Gey,-type as well as LugNiyg 74(2)Sis
compound. The clusters of the first one are
built from 11 Ni atoms and 6 Ge atoms, and
11 Ni atoms and 6 Si atoms form the clusters
in the structure of our compound. The trian-
gle from the Sc atoms in case of Sc;Ni;;Ge,
and the Lu atoms in case of LuzNij; 74(2)Sis
are instead of triangle from the Eu atoms.
The only difference in these two compounds
are in the linear chains. In the structure of
LusNiy; 74()Si4 the Ni and Si atoms from
such chain, while the atoms of only one type
form the chain in the case of Sc;Ni;;Ge, and
EuMgs ,. The difference in the occupation of
channels along the c direction is as well ob-
served in other related structures, for exam-
ple, in the Sc;Ni;Si,-type, which is realized
in the ternary systems R-Cu-Si (R =Y, Gd-
Lu) or inthe Gd;Ru,Al,-type. The latter one
has four representatives among ternary sili-
cides of nickel and rare-earth metals
RsNiy,Si, (R = Gd, Ho, Er, Tm) [9, 10]. The
Table 6 summarizes the data for the related
structure types with space group P6s/mmc
that belong to the family of the structure
type EUMGs ,.

8 ISSN 2708-129X. YKP . XIM . XVYPH ., 2020, t.86, N0 5
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c—e—cce——c
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e

Lu.Ni,,..Si, Sc.Ni, Ge,

m
£&

Fig. 3. The arrangement of the clusters in the EuMgs 2, ScasNi11Ges and LusN 1742 Sks Structures.
Table6
Atom distribution in related structure types with space group P6;/mmc.
Sructue Unit-cell Wyckoff position Refs
P mraneters A 6 12k 6h 69 4 4e 2 2a
k%149  (x2x2) (x2x 1/4) (1200) (132/3z) (002 (001/4) (000)
BMg,  CIpoeC B Mg Mg Mg Mg Mgs  Mgn  Mgo 11
a=5276,c=
ErZng 4733 Er Zn Zn Zn Zn - - Zn
ScsCursAls a= gggg' = Sc AbssCloss  AbssCloas  ClozaAby  AbgsClosa - Clos Clozy 13
GARWAL azg.gég; = & Al AbeRl Ru Al i Al RU 14
a=9809;c=
CesAQ:Mah13 10,448 Ce MhosAGios  MOossAD12  AGeMes  MhosAdoos - MysAGs A9 15
o a=8024;c= . . . . .
ScsNq Sk 8429 Sc Ni Ni Si Ni - Si - 16
SeoNis Ge a:ggg; C= & Ni Ni Ge Ni . Gawp  Gam 5
DyNigzSi,  273800°7 Dy Ni Ni Si Ni - Nbm  Shes 4
. .. a=8099c= . . . . . .
LusN k174Sk 8550 Lu Ni Ni Si Ni - Nb74 Si
* this work
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CONCLUSIONS. The new silicide
LusNiy; 7402514 has been synthesized and its
structure has been investigated using single-
crystal X-ray diffraction. The compound
crystallizes in the Sc;Niy,Ge, structure type
which belongs to the large family of struc-
tures related to the EuMgs, type. The struc-
tural feature of LusNiy; 74(»Si, compound is
the partially occupied nickel position which
leads to deviation of the composition of the
compound from the composition of the
structural type.
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MeTtoaoM 3JIEKTpO-1yroBOM IIJIAaBKA CHH-
TE3UPOBAHO HOBBIM  TEpHApPHBIA  CHJIMIUJ
LusNii1,74¢)Skh. Kpucrammmgeckylo cTpykrypy
U CCIICIOBAHO METOJIOM MOHOKPHCTATBHOW PEHT-
reHoBckoil nu@pakiuu. CoeauHeHUe KpuUCTai-
nausupyercsi B crpykrypHoM THie SC3NijiGes:
cumBon [lupcona hP37.2, mpocTpaHCTBeHHas
rpymma P6s/mmc (Ne 194), a = 8,0985(16), ¢ =
8,550(2) A, Z = 2; R =0,0244, wR = 0,0430 s
244 peduiekcoB. ATOMBI B HCCIIEIOBAHOM CO-
€IMHEHUH HMEIOT CIEAYIoLMe KOOpAMHAIMOH-
Hble uncia: 19 mus morenus, 11-1m1g HuKens, u
12, 14 nyist Kpe MHUSL

KnoueBbl € ¢ 0B al HHTEPMETAUINBI,
CUIIMLMJ, KpPUCTa/UIMYECKas CTPYKTypa, MOHO-
KPUCTaJIbHBIE PEHTTEHOBCKHUE MCCIIEIOBAHUS.

KPUCTAIIYHA CTPYKTYPA HOBOI'O
CWINLIMAY LugNiiy742Sis

b. BenaHl*, M. MaHﬂxol, M. }lseBerol, J1. Ko-
BaJ'IBCKaZ, P. I'manumeBcbKkui

! Ivsiscoruii HAYioHAaNIbHULL YHIBep cumem iMeHi
leana ©panka, éyn. Kupuna i Meghoois, 6,
79005 Jlvsis, Ykpaina

2 IHncmumym HuzbKomemnepamypHux i cmpyx-
mypuux docniodxcens, Ilonbevra akademis HAYK,
11. O. boke 1410, Bpoynas 2, 50-950, Ilonvwa
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MerogomM €NeKTpOAYroBOro IUIABJICHHS
CMHTE30BAaHO HOBUM  TEpHapHUHA  CUIIIIU]
LusNi1,72¢)Sk4. Kpucraniuny crpykrypy mocimi-
JDKEHO METOJIOM MOHOKPHCTATbHOI PEHTICH iB-
cekoi mudpaxkirii. Crioyiyka KpUCTaaBYETHCS B
crpykrypHomy trmi SczNip1Ges: cumboi ITipco-
Ha hP37.2, mpocropoBa rpyma P6z/mmc (Ne
194), a = 8,0985(16), ¢ = 8,550(2) A, Z=2; R =
0,0244, wR = 0,0430 nns 244 pednekcis. HoBuit
CUJIIUJ] XapaKTePU3YEThCS YaCTKOBUM 3aIlOB-
HEHHSM KpuUcTanorpadiqHoro moioxeHHs 2b,
ske y cTpykrypi mpototuny SC3Ni1Ges gactko-
BO 3allOBHEHO aTOMaMH repMmaHito. MiKaToMHi
Bingani 1o0pe y3ro/LKYyIThCS 3 CYMOIO pajiyciB
BIOIIOBIIHMX aroMiB. ATOMH B JIOCIIDKEH I
CHOJYI1 MAIOTh TaKi KOOpAWHaliH1yucna: 19 y
moTtenio, 11-1 y Hikemo, ta 12, 14 y kpemH 0.
KoopauHaliiiiHi MHOTOTpaHHUKH € XapaKTepHH-
MU JUIS CHOJIYK TaKOTO THUIY. ATOMHU JIOTEIIO
LEHTPYIOTh MEHTAarOHAIUIBHY MPU3MY 3 CiMOMa
mopatkoBumu aromaMu. Aromu Nil, Ni2 ta Ni3
MaroTh KOOPAWHAIINH1 TTONIEIPH Y BUTIISAL CITO-
TBOpEHUX iKocaeapiB. ATom N# LIEHTpye Tpu-
TOHAIBHY TPHU3MYy 3 II’SThOMa JIOJaTKOBHUMH
atomamu. Jlo koopauHamiiiHOi cdepu aTomiB
CHUJIILIFO BXOIATh BUKIIFOYHO aTOMH JIOTEIIIF0 Ta
HIKENI0, a KOOpJAUHAIIiH1 oNieApu MarTh (o-
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pPMy CIIOTBOPEHOTO iKOCae/ipa y BHIIAJIKYy aTOMIB
Sil, Ta cmOTBOPEHOTO0 POMOIYHOTO JOJAEKACaPY
-y Si2.

KniodoBi ca0Bal HTepMETaTiau CHITIIHI,
KpUCTaJuHA CTPYKTYpa, MOHOKPHUCTAJIbH1 PEHT-
T€H IBCHKI TOCTIDKEHH .
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Derivatives of p-tert-butylcalix[4]arene substituted on the lower rim with fragments of
aminopolycarboxylic acids (EDTA, DTPA) were obtained. Mono and binuclear com-
plexes with lanthanide (111) ions were synthesized using these compounds. The effect of
the number and type of aminopolycarboxylic acid fragments on the luminescence of lig-
ands and complexes was studied. The influence of the distance between the emitting ion
and the calixarene macrocycle on the intensity of 4f-luminescence was analyzed.

Keywords:calix[4]arenes, EDTA, DTPA, lanthanides, luminescence.

INTRODUCTION. Coordination com-
pounds of lanthanides with calix[n]arenes
are of great interest as the building blocks
for supramolecular ensembles, such as calix-
porphyrin ionic associates, calix-crown
ethers, complex compounds with neutral
molecules, systems for the selective recogni-
tion of components of biologically active
substances (amino acids, ribonucleic acids)
[1]. The possibility of the functionalization
of lower and upper rims with various sub-
stituents determines the prospects for the use
of lanthanide-calix[n]arenes in many fields
of material science (luminescent coatings,
materials for lasers, fiber-optic transmission
lines), medicine (contrast agents), analytical

and bioanalytical chemistry (various lumi-
nescent sensors and markers), in the for-
mation of enzyme-like systems and mem-
branes [2].

The introduction of nitrogen-containing
groups at the lower rim of calixarene
through the modification of amido and ami-
no groups allows one to obtain a series of
nitrogen-containing receptors with different
binding ability to metal cations [3]. Among
widely wused chelating agents amino-
polycarboxylic (APC) acids are the conven-
ient compounds in terms of high stability of
their metal complexes. Therefore, the study
of the properties of such compounds is rele-
vant and promising.

© S.S. Smola, Ye.N. Fadieiev, M.Yu. Rusakova, O.V. Snurnikova, O.A. Alyeksyeyeva,
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EXPERIMENT AND DISCUSSION OF
THE RESULTS. All reagents and solvents in
spectroscopic studies purchased from com-
mercial suppliers had the analytical grade
and used without further purification. The
compounds L'Hs, L?H, and L'Hs were syn-
thesized according to methods described ear-
lier [4, 5]. Synthesis of mononuclear com-
plexes L'H; and L°H, with lanthanide ions
was described previously (Fig. 1) [6]. Mon-
onuclear (for L°Hs, L'H, and L'Hs) and
homobinuclear (for L°Hg and L6Hlo) com-
plexes with ytterbium (I111) and lutetium (111)
were obtained with the use of calix[4]arenes
containing aminopolycarboxylic acid frag-
ments, which chelate the lanthanide ion.

All ligands and complexes were ob-
tained in solid state and characterized by
means of elemental analysis, mass spec-
trometry (MALDI), thin-layer chromatog-
raphy (TLC), and NMR spectroscopy. The
lanthanide content in the complexes was de-
termined with the use of the complexometric
method with an arsenazo | indicator. Mass
spectra of the compounds by the MALDI
method were recorded on a Varian Autoflex
Il spectrometer. 1 H NMR spectra were ob-
tained on a Bruker Avance-300 spectrometer
(300 MHz) in DMSO-d6 solutions with an
internal TMS standard at 25°C. IR spectra
were recorded on a Shimadzu FT-IR 8400S
spectrophotometer in KBr pellets.

Absorption spectra in the UV and visi-
ble regions were recorded using Specord
M40 UV/VIS spectrophotometer. The lumi-
nescence excitation and emission spectra
were recorded on a Fluorolog FL 3-22
spectrofluorimeter, Horiba JobinYvon (Xe
lamp 450 W), equipped for measurements
both at room temperature and at 77 K (PMT

R928P for the visible region and InGaAs
photo-resistance cooled for 77 K for the IR
region).

Modification of p-tert-calix[4]arene.
The general approach for the modification of
a calix[4]arene molecule with EDTA or
DTPA fragments was in the acylation of the
appropriate dianhydride with aminoethoxy
groups located at the lower rim of p-tert-
butylcalix[4]arene. The reaction was held in
DMF at 80°C in presence of triethylamine
(Fig. 1). Compounds L°Hg and L‘H; were
obtained from monoaminoethoxy ca-
lix[4Jarene L'H;. The synthesis of the
diaminoethoxy derivative (L?H,), with two
amino and anhydride fragments in the
macrocycle molecule at the opposite ends,
suggests the possibility of the formation of
several reaction products. Using one equiva-
lent of DTPA dianhydride, according to [5],
the compound L'Hs was obtained, in which
the chelating fragment acts as a bridge con-
necting two opposite phenolic rings of the
macrocycle. With the gradual addition of the
nucleophilic agent (L°H,) dropwise to the
solution of APC dianhydride taken in a 6-
fold excess, it was possible to add two acid
fragments to the calix[4]arene matrix (com-
pounds L°Hg and L°H,).

L®Hs: Yield: 83%. Mp>320°C. Calc. fo
I’C56H75N3011, %: C 6961, H 782, found,
%: C 6948, H 7.51. MS (MALDI): 965
(M. IR (KBr), v, cm™: 3346 (NH, OH),
2961 (C-H), 2868 (C-H), 1758 (C=0), 1483
(C-C). NMR'H (DMSO-dg), &, ppm.: 1.11 s
(9H, t-Bu), 1.14 s (18H, t-Bu), 1.16 s (9H, t-
Bu), 2.72-2.90 m (4H, N-(CH,),-N), 3.05 s
(6H, N-CH,-CO), 3.34 s (2H, N-CH,-CO),
3.39 d (4H, Ar-CH,-Ar), 4.06 d (2H, Ar-
CH,-Ar), 4.27d (2H, Ar-CH,-Ar), 6.88d
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Fig. 1. Scheme of the lower rim modification of
calix[4]arenes with APC fragments

(2H, Ar-H), 7.02 s (2H, Ar-H), 7.05 d
(2H,Ar-H), 7.18 s (2H, Ar-H), 11.88 s (3H,
COOH).

L*H,: Yield: 81%. Mp>320°C. Calc.
for CgoHgoN4O43, %: C 67.52, H 7.74, found,
%: C 67.22, H 7.95.MS (MALDI): 1066
(MY. IR (KBr), v, cm™: 3348 (NH+OH),
2964 (C-H), 2868 (C-H), 1760 (C=0), 1483
(C-C). NMR'H (DMSO-dy), 8, ppm: 1.12 s
(9H, t-Bu), 1.14 s (18H, t-Bu), 1.16 s (9H, t-
Bu), 2.72-2.90 m (8H, N-(CH,),-N), 3.07 s
(8H, N-CH,-CO), 3.34 s (2H, N-CH,-CO),
3.39 d (4H, Ar-CH,-Ar), 4.06 d (2H, Ar-

CH,-Ar), 427 d (2H, Ar-CH,-Ar), 6.87 d
(2H, Ar-H), 7.00 s (2H, Ar-H), 7.04 d (2H,
Ar-H), 7.14 s (2H, Ar-H), 11.88 s (4H,
COOH).

L°Hg: Yield: 74%. Mp>320°C. Calc.
for CsgH75N3044, %: C 69.61, H 7.82; found,
%: C 69.48, H 7.51. MS (MALDI): 1282
(M. IR (KBr), v, cm™: 3364 (NH, OH),
2961 (C-H), 2866 (C-H), 1754 (C=0), 1476
(C-C). NMR'H (DMSO-dg), 8, ppm: 1.10 s
(18H, t-Bu), 1.24 s (18H, t-Bu), 2.72-2.90 m
(8H, N-(CH,),-N), 3.06 s(12H, N-CH,-CO),
3.35 s (4H, N-CH,-CO), 3.43 d (4H, Ar-
CH,-Ar), 440 d (4H, Ar-CH,-Ar), 6.92 s
(4H, Ar-H), 7.05 s (4H, Ar-H), 11.68 s (6H,
COOH).

L°H,o: Yield: 75%. Mp>320°C. Calc.
for Cs¢H75N30,4, %: C 69.61, H 7.82; found,
%: C 69.48, H 7.51. MS (MALDI): 1484
(MY. IR (KBr), v, cm™: 3367 (NH, OH),
2962 (C-H), 2867 (C-H), 1756 (C=0), 1476
(C-C).NMR'H (DMSO-dg), 5, ppm: 1.10 s
(18H, t-Bu), 1.24 s (18H, t-Bu), 2.72-2.90 m
(16H, N-(CH,),-N), 3.07 s (16H, N-CH,-CO
), 3.35 s (4H, N-CH,-CO), 3.40 d (4H, Ar-
CH,-Ar), 441 d (4H, Ar-CH,-Ar), 6.93 s
(4H, Ar-H), 7.05 s (4H, Ar-H), 11.68 s (8H,
COOH).

L'Hs: Yield: 72%. Mp>320°C. Calc.
for Cg,HgsN504,, %: C 68.17, H 7.84, found,
%: C 68.54, H 7.32.MS (MALDI): 1091
(MY). IR (KBr), v, cm™: 3365 (NH, OH),
2961 (C-H), 2866 (C-H), 1755 (C=0), 1476
(C-C).NMR'H (DMSO-dg), 8, ppm: 0.99 s
(18H, t-Bu), 1.03 s (18H, t-Bu), 2.33 t (4H,
N-(CH,),-N), 2.79 t (4H, N-(CH,),-N), 3.05
s (6H, N-CH,-C0), 3.32 s (4H, N-CH,-CO),
3.43 d (4H, Ar-CH,-Ar), 440 d (4H, Ar-
CH,-Ar), 6.92 s (4H, Ar-H), 7.04 s (4H, Ar-
H), 11.88 s (3H, COOH).
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To identify the obtained compounds by
mass spectrometry, the MALDI method was
used, since the FAB method did not give un-
ambiguous results. This is probably due to
the high affinity of APC fragments to the
polar matrix (m-nitrobenzyl alcohol), which
leads to increased fragmentation of mole-
cules. Peaks of molecular ions were recorded
in MALDI mass spectra recorded under
conditions of determination of negative ions.
In addition to them, peaks were observed in
the spectrum, indicating fragmentation, in
which the hydroxy groups of APC fragments
were sequentially separated.

In PMR spectra of modified ca-
lix[4]arenes, insignificant changes in the po-
sition of the signals of protons of tert-butyl
groups, protons of methylene bridges of the
calixarene macrocycle and phenolic rings are
observed in comparison with the spectra of
aminoethoxy derivatives, which indicates the
cone conformation of the macrocycle mole-
cules [6]. In the 2.4-3.5 ppm region, a series
of signals appear relative to the protons of
methylene groups of aminopolycarboxylate.
Signals of protons of carboxy groups appear
at 6 = 11.9 ppm. Instead of two proton Sig-
nals of amino and hydroxy groups, which
are observed in the spectrum of the initial
amino derivatives, a wide singlet appears at
0 = 7.9 ppm, which is associated with the
participation of amide protons in the for-
mation of a hydrogen bond with phenolic
protons.

The assignment of bands in the IR
spectra of free ligands was carried out in ac-
cordance with published data for substituted
calix [4] arenes.The IR spectra of the ob-
tained compounds contain vibrational ab-
sorption bands from groups of both the

macrocyclic platform and the APC fragment.
In the 3200-3600 cm ™ region a broad band
with maxima at 3346-3373 c¢cm ' is ob-
served, which is likely due to the owerlap of
vibration bands of OH bonds of the lower
rim of the calix[4]arene and unassociated
NH bonds of the amide group. In the region
of 2850-3000 cm™, a group of bands is ob-
served, which was assigned to a superposi-
tion of stretching and deformation vibrations
of CH-bonds from both calix[4]arene and
acid fragments. The IR spectra of the L*Hg-
L'Hs compounds are characterized by the
presence of an intense band in the region of
1754-1760 cm™, which remains almost at
the sameposition when the number and type
of acid fragments change. This band was as-
signed to the stretching vibrations of car-
boxyl groups. As for the bands in the region
of 1470-1490 cm™, they can be attributed to
the deformation vibrations of the CH,-
groups superimposed on the frequency of
asymmetric vibrations of the carboxyl group.
In addition, in the range of 1440-1460 cm?,
there is a band of skeletal vibrations of the
aromatic component of the macrocycle,
which also complicates the interpretation of
IR spectra.

Synthesis of Yb(II1) and Lu(lll) com-
plexes. The synthesis of lanthanide-
containing complexes based on modified ca-
lix[4]arenes was carried out by the interac-
tion of the ligand with lanthanide chlorides
hexahydrates at the rate of 0.9 mol of LnCl;
for each APC fragment. Significantly greater
stability  constants of rare  earth
aminopolycarboxylates (logKk = 15 - 19)
compared with complexes in which the ion
is coordinated by phenolic oxygen atoms
(logK = 3 — 8) suggests that the calixarene
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Tablel

Data of elemental analysis and mass spectrometric measurements of lanthanides complexes

with calix[4]arenes

m/z (calculated / found), %
Complex (M,?)/I;)DI), c H L
YbL3(DMF), 1135[M"]  58.1/58.3 6.8/6.5  13.5/13.7
YbL*(DMF) 1236]M"]  57.7/57.8 6.6/6.3  13.2/12.9
Yh,L3(DMF), 1622[M"]  50.2/50.4 6.1/6.2  18.1/18.4
Yh, LS (DMF), 1824[M']  49.9/49.5 5.9/5.6  17.6/17.4
YbL’(DMF) 1261[M']  58.5/58.2 6.7/6.5  13.0/13.2
LuL*(DMF), 1137[M*]  60.0/60.2 6.8/6.6  13.6/13.3
LuL*(DMF) 1238[M"]  58.2/58.6 6.4/6.1  14.114.4
Lu,L>(DMF), 1626[M*]  50.1/50.4 6.1/6.3  18.2/18.0
Lu,L°(DMF), 1828[M*]  49.9/49.7 59/57  17.717.4
LuL’(DMF) 1263[M']  58.4/58.2 6.7/6.5  13.1/13.2
fragment is not involved in coordination. 1482 (C-C). NMR'H (DMSO-dg), 3,

The data of elemental analysis and mass
spectrometric measurements of complexes
of lanthanides with calix[4]arenes are given
in Table 1. In the MALDI mass spectra
mono- and binuclear complexes of ca-
lix[4]arene derivatives, peaks of the corre-
sponding molecular ions are observed.

LuL®H,: IR (KBr), v, cm™: 3328 (NH,
OH), 2961 (C-H), 2868 (C-H), 1654 (C=0),
1479 (C-C). NMR'H (DMSO-dg), 3,
ppm:1.12 s (9H, t-Bu), 1.15 s (18H, t-Bu),
1.17 s (9H, t-Bu), 2.95-3.13 t (4H, N-
(CH,),-N), 3.26-3.54 m (8H, N-CH,-CO),
3.36 d (4H, Ar-CH,-Ar), 4.02 d (2H, Ar-
CH,-Ar), 4.28 d (2H, Ar-CH,-Ar), 6.90 d
(2H, Ar-H), 7.04 s (2H, Ar-H), 7.09 d (2H,
Ar-H), 7.15 s (2H, Ar-H).

LuL*H,: IR (KBr), v, cm™: 3346 (NH,
OH), 2961 (C-H), 2868 (C-H), 1653 (C=0),

ISSN 2708-129X. YKP . XIM . XVYPH ., 2020,

ppm:1.10 s (9H, t-Bu), 1.14 s (18H, t-Bu),
1.17 s (9H, t-Bu), 2.95-3.13 m (8H, N-
(CH,),-N), 3.22-3.45 m (10H, N-CH,-CO),
3.42 d (4H, Ar-CH,-Ar), 4.09 d (2H, Ar-
CH,-Ar), 429 d (2H, Ar-CH,-Ar)6.88 d
(2H, Ar-H), 7.01 s (2H, Ar-H), 7.05 d (2H,
Ar-H), 7.16 s (2H, Ar-H), 11.88 s (1H,
COOH).

Lu,L°H,: IR (KBr), v, cm™: 3343
(NH, OH), 2963 (C-H), 2867 (C-H), 1649
(C=0), 1478 (C-C). NMR'H (DMSO-dy), 8,
ppm: 1.08 s (18H, t-Bu), 1.21 s (18H, t-Bu),
2.93-3.09 m (8H, N-(CH,),-N), 3.24-3.54 m
(16H, N-CH,-CO), 3.43 d (4H, Ar-CH,-Ar),
4.40 d (4H, Ar-CH,-Ar), 6.92 s (4H, Ar-H),
7.05 s (4H, Ar-H).

Lu,L°H,: IR (KBr), v, cm™: 3336
(NH, OH), 2961 (C-H), 2866 (C-H), 1652
(C=0), 1476 (C-C). NMR'H (DMSO-dy), 8,
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ppm: 1.08 s (18H, t-Bu), 1.22 s (18H, t-Bu),
2.94-3.11 m (16H, N-(CH,),-N), 3.24-3.54
m (20H, N-CH,-CO), 3.48 d (4H, Ar-CH,-
Ar), 4.35 d (4H, Ar-CH,-Ar), 6.93 s (4H,
Ar-H), 7.03 s (4H,Ar-H), 11.68 s (2H,
COOH).

LuL"H,: IR (KBr), v, cm™: 3340 (NH,
OH), 2962 (C-H), 2868 (C-H), 1648 (C=0),
1479 (C-C). NMR'H (DMSO-dg), 5,
ppm:1.00 s (18H, t-Bu), 1.03 s (18H, t-Bu),
2.95-3.13 m (8H, N-(CH,),-N), 3.22-3.45 m
(10H, N-CH,-CO), 3.46 d (4H, Ar-CH,-Ar),
4.44 d (4H, Ar-CH,-Ar), 6.91 s (4H, Ar-H),
7.05 s(4H, Ar-H).

NMR spectra of Lu(lll) complexes
were compared with the data obtained for
free ligands. A shift of the proton signals of
methylene groups from APC fragments to
the low field region by 0.20-0.25 ppm was
found. At the same time, the signals of the
phenyl, tert-butyl and methylene protons
remains practically unchanged, which is
probably due to the absence of the coordina-
tion of calix[4]arene phenolic fragments by
Lu(H1) ion. In the spectra of the complexes
LuL®H;, Lu,L°H,, and LuL"H,, the signals
of the protons of the carboxyl groups disap-
pear, and for LuL*H, and Lu,L°H, the signal
intensity decreases by 4 times indicating the
coordination of Lu(lll) ions by the chelating
AP C fragment.

In all IR spectra of the complexes, the
conservation of the broadened intense band
is observed at 3200-3600 cm™. In this area,
vibrational bands of both amide NH-bonds
and phenolic hydroxy groups are superim-
posed, as well as the remaining hydroxy
groups of APC fragments, which compli-
cates their analysis. Howeer, the absence of
a significant shift in the maximum of this

band may indicate the preservation of the
hydrogen bond system and the absence of
ionization of phenolic hydroxy groups. It
was not possible to define the bands corre-
sponding to the symmetric vibrations of the
carboxy groups, which is probably due to the
owverlap of a large number of calyx[4]arene
macrocycle bands in this region (1350 —
1450 cm™). The coordination of the lantha-
nide ion is confirmed because of the appear-
ance of v(Ln-0) bands at 455-460 cm™.

According to the results of physico-
chemical methods, it can be assumed that the
coordination polyhedron of lanthanide in
synthesized complexes is formed due to ter-
tiary nitrogen atoms and oxygen atoms of
APC fragments. Solvent molecules (DMF)
also are present in the coordination sphere,
which  is  typical  for  lanthanide
aminopolycarboxylates [7] (Fig. 2). The lan-
thanide ions is not coordinated by the donor
atoms of the lower rime phenolic groups,
probably, because of the steric factors and
the length of linkers linking calix[4 ]arenes to
an acid fragment. This was previously
proved for the mononuclear complex L'Hsg
with europium (I11) [5]. Figure 2 shows the
structure of the homonuclear complexes
LnL*H,, Ln,L°H, and LnL'H,, where Ln =
Yb(111), Lu(l11).

DKE:\L:/\SI S
Fig. 2. Structure of lanthanide-containing

complexes of calix[4]arenes
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Table2

Spectral and luminescent properties of ligands and their complexes with lutetium (111) (C =

1x10“*M; DMF)

Compound Absorption Molecular fluoresc_ence _
A, nm, (Ig) | Ag, nm | Apn, nm | Escm™ | Er,cm™

CHs o0 Ej:gg 418 444 23920 22520
L*H, %2 Ej:gg; 416 440 24040 22730
Hs 5o Ei:ggg 423 449 23640 22270
LHio o0 Ej:ggg 421 443 23750 22570
LHs 5o 82823 420 455 23810 21980
LulHy o0 83‘5‘; 432 468 23150 21370
LuL*H, gi gg% 430 465 23250 21500
LlH, 50 ggg; 434 470 23040 21270
LupL5H, g;g 838 433 467 23090 21410
LuTH, 500 88% 437 474 22880 21100

Spectral-luminescent properties. The hydroxy groups of calix[4]arene do not par-

absorption spectra of the compounds L*Hg -
L'H; contain two characteristic bands of
calixarenes in the region of 270-290 nm (¢ =
7000-10000). An increase of intensity and a
bathochromic shift of 3-12 nm are observed
comparing to the spectra of the initial
aminoethoxy derivatives L'H; and L?H,. It is
known that ionization of phenolic hydroxy
groups, upon their dissociation or complex
formation, leads to the appearance of bands
in the absorption spectra in the range 300—
320 nm. The absence of these bands in the
spectra of the complexes confirms that the

ticipate in the coordination of lanthanide
ions (Table 2).

Fluorescence is observed in the region
of 410420 nm for all solutions of ca-
lix[4]arenes at 295 K (Fig. 3a). Moreower, in
comparison with the initial aminoethoxy de-
rivatives, a bathochromic shift of these
bands is observed (by 700-1000 cm™). The
phosphorescence spectra determining the
lower triplet state of the ligand were record-
ed when the samples were cooled to 77 K.
The phosphorescence spectra of ligands also
undergo significant changes: a bathochromic
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Fig. 3. Spectra of molecular fluorescence (a),
phosphorescence (b) Lu,L®H, and 4f-
luminescence Yh,L%H, (c) (C=10"°M; DMF).

shift of 1000-1700 cm™ is observed. It is as-
sociated with a decrease in the energy of tri-
plet levels (E;; = 21980-22730 cm™) (Fig.
3b) (Table 2). Positions of singlet lewvels in
complexes decrease by 500-1500 cm™ and
triplet levels by 600-1000 cm™. The intensity
of the bands remains virtually unchanged as
compared to ligands.

The data in Table 2 indicate that since
the triplet lewvels are higher than the reso-
nance lewvel of the Yb(III) ion (10200-10300
cm™), 4f-luminescence is possible for all
compounds through the intramolecular ener-
gy transfer mechanism. When all the Yb(lII)
complexes are excited at the absorption
maxima, a band in the region of 975-985 nm

is observed in the luminescence spectra (Fig.
3), which corresponds to the transition from
the excited Fs, level of the lanthanide ion to
the ground level F,j,. Due to the excitation
energy transfer to ytterbium ion, the molecu-
lar fluorescence of the complexes is signifi-
cantly quenched in comparison with ligands
(more than 80%). It was found that the quan-
tum vyields of 4f-luminescence of ytterbium
complexes with L®*Hg and L*H, are lower
than for compounds with the initial
aminoethoxy derivatives (Table 3).

Table3
Spectral-luminescent  characteristics of
Yb(I11)-calix[4]arenes complexes

Complex | Ama, NM | @x10°
YbL'* 981 1.9
YbL*(CI)* 982 1.6
YbL°H; 981 1.1
YbL"H, 081 1.3
YbL’H; 081 2.3
Yb,L°H, 981 2.4
Yb,L"H, 082 2.1

Two main factors that influence the 4f-
luminescence intensity of complexes of
modified calix[4]arenes as compared to
complexes of the initial aminoethoxy deriva-
tives should be taken into account. First, the
coordination of the ion with the APC frag-
ment leaves a minimum space for solvent
molecules  (which have luminescence
qguenching effect) in the internal coordina-
tion sphere of the complex. Secondly, the
emitting ion is removed from the calixarene
photoantenna, which affects the decrease in
luminescence intensity.

As a result of structural optimization
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by means of the molecular mechanics meth-
od (HyperChem 8.0.6 program), it was
shown that Yb(IIl) ion is 4 times (about
8.6A) more distant from phenolic oxygen
atoms in comparison with the complexes of
the initial L'H, and L?H,. The largest quan-
tum vyield among mononuclear complexes
was found for the complex with L'Hs, in
which this distance decreases to 5.9A.

In binuclear complexes Yb,L°H, and
Yb,L°H,, in spite of the removal of emitting
ions from the calix[4]arene, the intensity of
4f-luminescence increases by 1.7-2 times in
comparison with mononuclear complexes.
Since molecular fluorescence is completely
guenched in both mononuclear and binuclear
complexes, an increase of intensity and
quantum vyield of Yb-centered emission is
the evidence of the more efficient excitation
energy transfer due to a decrease in non-
radiative losses.

Less intense signal in the case of both
mono- and binuclear EDTA-substituted
complexes are likely due to the fact that the
ytterbium ion coordinated by the EDTA
fragment forms donor-acceptor bonds with
only six donor atoms. Thus, the coordination
sphere of the lanthanide ion is less saturated,
and extra-coordination of larger number of
solvent molecules is possible. Latter leads to
an additional possibility of dissipating the
excitation energy. The estimated number of
donor atoms (for DTP A-derivatives) provid-
ed by one acid fragment is 8, which is typi-
cal for diethylenetriaminepentaacetates of
lanthanides [7].

It was also found that Lu(ll1) complex-
es reveal biological activity. The antibacteri-
al activity of the L*H, derivative and its lute-
tium complex were studied against various

species of Gram positive, such as Staphylo-
coccus aureus, as well as Escherichia coli
(Gram negative) bacteria. L"H, was charac-
terized by a rather high lewel of antibacterial
action on S. aureus cells, practically without
affecting the Gram negative microorganism
development, while its lutetium complex had
an inhibitory effect on both species of test
microorganisms.

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

CONCLUSIONS. Calix[4]arenes sub-
stituted at the lower rim with fragments of
aminopolycarboxylic acids (EDTA, DTPA)
were synthesized. Mono and binuclear com-
plexes with lanthanide (ll1) ions were syn-
thesized using these compounds. All com-
pounds were characterized by means of var-
ious physico-chemical methods, and struc-
tures of complexes were proposed. 4f-
Luminescence of the lanthanide ion is real-
ized in the mononuclear complexes of ca-
lix[4]arenes, and when an additional ion is
introduced into the macrocycle, its intensity
is approximately doubled. The data obtained
allow us to conclude that the structure of
functionalized ligands significantly affects
the differences in the luminescent properties
of complexes based on them. In this case,
the effect of the structure of additional lig-
ands, their amount, and the method of com-
bining with the macrocycle is manifested.
This is confirmed by the fact that the com-
plexes of lanthanides with calix[4]arenes,
which are the basic compounds for the pro-
duction of APC-modified ligands (p-tert-
butylcalix[4]arenes, L'H; and L?H,), have
approximately equal values of the quantum
yields of 4f-luminescence.
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KAJIIKC[4]APEHI, MOJIU®IKOBAHI IO
HIDKHBOMY OBOJY ®PATMEHTAMU
EATA (IITIA), TA IX Ln(11l) KOMIUIEKCH
(Ln = Yb, Lu): CHUHTE3 TA JIIOMI-
HECLIEHTHI BJIACTUBOCTI YV BJIWKHIN
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OTpuMaHi TOXITH1 n-mpem-OyTUIKATIKC
[4]apeny, 3amileHi Mo HIKHBOUK 0001y (par-
MEHTaMHu aMIHOTIOJ IKApOOHOBUX KHCJIOT
(EOATA, ATITIA). Mono Ta OisiiepHi KOMITJIEKCH
3 ionamu na"Ta”igB (III) Oynu cuHTe30BaHi 3a
JOMIOMOTOI0  IIUX CHONYK. BHBYEHO BILIMB
KUIBKOCTI Ta THUMY (parMeHTiB aMiHOMOJi-
KapOOHOBHX KHUCJIOT Ha JIIOMIHECLEHIIo IIi-
raHj[iB Ta KoMIuiekciB. IIpoaHanizoBaHO BILIMB
BIICTaH1 MK BUIIPOMIHIOIOYMM 10HOM 1 Makpo-
UKIOM KaJlikcapeHY Ha IHTEHCHUBHICTh 4f
JFOMIHECIEHITI.

KnwouoBi cioBa: karikc[4]apenn, EJ[TA,
JTITA, nanTaH oy, JIOMIHECI[CHITIS.

KAJIUKC[4]APEHBI, MOJU®UIMPOBAH-
HBIE II0 HIDKHEMY OBOJY ®PAI-
MEHTAMU DATA (ATIIA), U UX Ln(l)
KOMIUIEKCHI (Ln = Yb, Lu): CUHTE3 U
JIIOMUHECLIEHTHBIE CBOWCTBA B
BJIVDKHEU UK OBJIACTHU
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[Tonyuensl MIPOU3BOHBIE n-mpem-
Oyruikanukc[4 JapeHa, 3aMeIeHHBIC IO HHXK-
HeMy o0oay ¢parMeHTaMH aMHUHOIOJIMKapOo-
HoBBIX kucinoT (BATA, JATIIA). C momompto
3TUX COCIMHEHUN OB CHHTE3UPOBAHBI MOHO-
u OuszepHble KOMIUIEKCHl C MOHAMHU JIaHTaHH-
nos (III). M3yyeHo BiaMsHUE KOJIMYECTBA U THIA
(parMEeHTOB aMHUHOMOJMKapOOHOBBIX KUCIIOT Ha
JIOMHHECLEHIIMIO JINTAHJIOB U  KOMILIEKCOB.
IIpoananu3upoBaHO BJIMSHUE PACCTOSHUS MEXK-
Iy U31y4arollUM MOHOM U MaKpOLMKIOM Kaju-
KCapeHa Ha HMHTEHCUBHOCTh 4f-1rOMHHECLEH-
1197078

KnwoueBbole ¢ o0 B a: Kamukc[4]apeHsr,
OATA, ATIIA, naHTaHUIbI, TIOMUHECICHINS
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CHUHTE3 TA EJIEKTPOIIPOBIJHICTDb TBEPAUX PO3YUHIB CUCTEMHA
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BcranogieHo, 1o 3aMimmeHHs y ckiai propuanpoinHoi dasu Pbg gsSn 14F4 wacTurn
KaTIioH iB nn}0M6yMy KaTioHaMu HeonuMy (10 17 moi. %) cripusie 30UTbIIEHHIO ii TPOBi-
JTHOCTI B YChOMY IHTEpBalli TeMIIeparyp, MPUYOMY B THM OUIBII Mipi, YuM OUIbIIA
KOHIIEHTpAIlll TeTEePOBAIICHTHOTO 3aMicHHKA. HaifBuimy mpoBimHICTH (0373=3.68: 10?
Cwm/cM) Ta HallMEHIITy eHEprif0 aKTUBaIlii Mae 3pa3ok ckimaay Pbg ggNdy17SM 14F417. Cu-
HTe30BaHi (asu BocTpykrypHi f-PbSnF, (terparonansha CuHrosis, mp. rp. P4/nmm),
aHioHU (TOPY B HUX 3HAXOJATHCS Y TPbOX CTPYKTypHO-HEEKB BAJIGHTHUX no3uLigx. Ile-
peHoc 3apsay 3a0e3MeuyroTh BUCOKOPYXIIHBI MDKBY3JIOB1 aHIOHH ()TOpPY, KOHIICHTPAIiST
KK X 31 301TbIIeHHSAM TeMiieparypu Ta Bmicty NdF3 3pocrae. Uncna mepeHocy 3a aHio-
Hamu (propy He MeH1 3a 0,99, TpakTHYHO HE 3aJIeXKaTh BiJ KOHLIEHTpalii Tpu propuay

HEO/IUMY.

KnwuoBi

c 1 0 B a: gropuanpoBinHi ¢asu, gropuau naoMOymy, CTaHyMy, rere-

pOBaJIeHTHE 3aMillleHH s, (TOPU HEOAUMY, EJIEKTPOIIPOBIIH iCTh, YU CIIA TIEPEHOCY.

BCTYII. BaxiuBuM 3aBJIaHHAM CY-
YacHOT HAyKH 1 TEXHIKU € po3poOKa Ta CTBO-
PEHHSI HOBUX MaTepiaiiB JJis ajbTEepPHATHB-
HUX JDKepell aKyMyJIIOBaHHSI Ta IiepPETBO-
pennst eHeprii. JIiTiH-10HHI aKyMyJSITOpU Ha
ChOTOJIHI € HAMOIMBII IIMPOKO BHUKOPHUCTO-
BYBAaHUMH CUCTeMaMU 30epiraHHs eJIeKTpo-
ximiuHoi eneprii. Ilpore Bucoka BapTiCTbh
JTIIO 1 HOro Maji MOKIaau y TMPUPOIi, a Ta-
KOX eKCIUTyaraiiss ko0anbTy abo HiKeo
CTIOHYKa€ JI0 TIOIIYKY JHKEpes eHeprii HOBO-
T'O MOKOJI HHSI.

OnHa 3 TakuX albTEePHATUBHUX TMOCTII-
TIEBUX CHCTEM, OKpIM HaTpi€BO-10HHUX
akymyJsiTopiB [1, 2], criupaeTbcsi Ha aHIOHU
bTOpy K Ha EJEKTPOXIMIYHO aKTUBHUHN BHI
HOCIiB 3apsmy. Pe3ynpTatu anami3y mepeHo-
cy 3apany y ¢ropun-ionnux 6arapesx (PIb)
3a JOTIOMOTOI0 10HIB (PTOPY MOKa3zalw, 1o, B
3aJIeKHOCTI BiJI KOMOIHAINT €JIEKTPOTHUX Ta
EJICKTPOJITHUX MarepiajiB, iX MUTOMa €HEep-
i MOXe OyTH O1IBIIOI0 332 TIUTOMY €HEPrito
NeAKUX JITIEBUX JKEpeN CTpyMy 1 cAratu
6ambko 5000 Brr/mv® [3-6]. Bennkoro me-
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Cunmes ma enekmponpogionicms meepoux pozuunie cucmemu PbFo,—NdF;-SnF,

peBaroro JKepesl CTpyMy Takoro THUIY Y TO-
PIBHSIHHI 3 JTiH-IOHHUMHU € iX BHCOKa TO-
K€ KO- Ta BHO yX00E3TMEeUHICTD.

3HauHy yBary mpuBEPTaIOTh TBEPAl PO-
34MHU TETEPOBAJICHTHOTO 3aMilleHHI Ha
ocHoBi ¢rTopuniB PbSnF, ta BaSnF,. Bxe
py KIMHATHIA TeMIepaTrypl BOHH XapaKTe-
PU3YIOTBCSI BUCOKHMU 3HAYEHHAMU (1-107%-
1-10° Cwm/cM) yHIMOISIPHOI MPOBiTHOCTI,
Ky 3a0e3medyloTh aHioHH (TOopy [7-12].
Taki crosyku 3/1aTHI YTBOPIOBATH HOBI (TO-
puANpoBiAHI (a3u 3a paXyHOK BBEJICHHS B
KaTIOHHY MIATPAaTKy PI3HUX TeTepOBAJICHT-
HHUX 3aMICHUKIB 31 30€peXeHHIM CTPYKTYpHU
BuxiHOI (azu [13], o cyTTEBO BIUIMBAE Ha
€JIEKTPOTIPOBIAHI BJIACTUBOCTI 3a PaxyHOK
30UIBIIIEHHS KiJIBKOCTI MiXKBY3JIOBUX HOHIB
dTopy abo BakaHCi AJis X PyXYy.

CraHOM Ha CHLOTOJHIIIHIHM JEHb TOCUTh
peTeIbHO JOCHI)KeHO BIUIMB Ha MPOBIJ-
Hicte PbSnF, 3amimeHHs yacTUHM KaTiOHIB
IUIIOMOYMY KaTiOHaM¥ TPHUBAJEHTHUX METa-
miB [8, 11, 14]. Tak, 30kpema, BCTaHOBJIC HO,
1o npu 3amimeHH 10 20 Mo % Howis Pb?*
fiomamu Ln®* (Ln=Y, La, Ce, Nd, Sm, Gd) y
ctpykTypi PbSnF, enextpomnpoBignicTs TBe-
PIUX PO3YUHIB, SIKi MPU IIbOMY YTBO PIOIOTh-
Cs, 3HAYHO BHWINA Yy TIOPIBHAHHI 3 BUXIJIHUM
PbSnF,. MakcuMasabHy HpOBIIHICTE MaOTh
TBEPAl PO3YMHM, L0 MICTITh y CBOEMY
ckmani 10,0 — 15,0 Mmon.% tpudTopuniB He-
oamMmy, camapito abo itpiro [11, 14]. 3ami-
IICHHS YaCTUHU WOHIB IUTIOMOYMY MHOHaMU
KaJilo CHOpus€e TMABUIICHHIO  €JIEKTpPO-
NPOBITHOCTI Y TopiBHAHHI 3 f-PbSnF,. Haii-
BUIIY MPOBIAHICTh Ta HAWMEHIIY €HEPriio
aKTHBAIN] MPOBIIHOCTI Y BUCOKOTEMIIEpaTy-
pHIi  oOiacTi  Mae  3pa3oK  CKIany
Ko.10PBo.90SNF3 99 (0573=0,13 Cm/cm) [15].

Cinij 3a3HaYMTH, IO MIJABUIINATH €JICK-

ISSN 2708-129X. YKP . XIM . XVYPH .,

TpompoBiAHiCT S-POSNF, MoxHa He nuie
32 paxyHOK BBEJICHHS 3aMIiCHUKIB, a W M-
XOM BIIXWJIECHHS BiJ €KBIMOJSIPHOTO CIIiB-
BigHomeHus kommnoueHtiB (PbF,: SnF, = 1:
1) Hocmmxkenusimu [16] Oyno mokasaso, 1o
3pazok ckiaany PbggeSng 14F4 130cTpykTyp-
it f-PbSnF, (teTparoHansHa CHUHIOHIs,
np.rp. P42/n), mpote #oro eneKTpoIpoBia-
HICTh CYTTEBO BIAPI3HAETHCS BiJ MPOBIAHOC-
Ti f-PbSnF,. SIkmo npu temmneparypax, Bu-
mux 3a 550 K, mpoBigHicTh 000X 3pa3KiB 3a
M0 PAJIKOM BEJIMY MHU TPHOTM3HO OJMHAKOBA
(1,88-2,41)-10° Cwm/cm, To TpH TeMmepary-
pax, HK4YuX 3a 373 K mpoBigHICTh 3pa3Ky
cxnany Pbg SNy 14F4 Ha mopsanox BennduHM
Oinpia y mopiBHsHHI 3 S-PbSnF,, npu mpo-
My €Heprisi akTHBarii HpOBl,I[HOCTl Yy BCbOMY
TEMIIEpATyYpHOMY Jliama3oHl HIDKYA Maibke
BiBiYi 1 ckiamae 0,23 ta 0,1 eB mpu 373 ta
573 K BiAIOBIAHO.

[Ipu 3amime HHI YaC TUHU HOHIB TUTIOM-
Oymy ionamMmu pybOimiro y  cHonyIi
Pby g6SN; 14F4 yTBOpIOIOTECS TBEpAi pO3UMHH
reTepoBajeHTHOr0 3amimeHHs Rb,PDby g
N1 14F4x (0<x<0,2), MmakcuManpHi 3Ha-
YEHHsI €JICKTPO MPOBITHOCTI SIKMX XapaKTe pHi
i 3paskiB mpu x>0,2 (o573 = 0,34-0,41
Cm/cm, E, = 0,16 eB Ta o373 = (5,34-
8,16)-10 Cwm/cm, E, = 0,48-0,51 B Bixro-
BiiHO) [16].

VY 3B'3Ky 3 1IUM JTOCJIKEHHA BILUIUBY
reTepoBaJIc HTHUX 3aMICHUKIB Ha MPOBIAHI
BJIACTHBOCTI HECTEXIOMETPUYHHUX (PTOPHI-
NpoBiAHUX (a3, HANPUKIAA, 3pa3Ky CKIaay
Pbo geSNy 14F4, 3 MeTOl0 BUSBIEHHI KOMIIO-
3WIN I 3 TOKPAIIEHUMH XaPaKTe PUCTUKAMH €
aKTyaJIbHUM 3aBJaHHSAM. MeTo0 JaHOTO
JTOCHIIKEeHHSI OYyJI0 BU3HAYEHHS BIUIMBY 3a-
MilleHHs yacTunM ioHiB Pb?* Homamu Nd**
Ha EJIEKTPOTPOBIIHICTE HECTEXIOMETPHY HOT
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dbTOopUnIPOBIAHOT dazu CKJIany
Pby s6SN; 14F4 31 cTpykTyporo S-PbSnF,.

EKCIIEPUMEHT I OBI'OBOPEHHA
PE3VJIBTATIB. Cunte3 MNOJIKpPUCTaTi4HUX
3paskiB B cucteMi (1-X)PbF,—xNdF;—SnF,
NpOBOAWIN MeToJ0oM IaBneHHs. [lonepen-
HbO0 BuUcymeHl Buxigai ¢ropuau (NdFj,
PbF, i SnF,, «x.4.») 3BakyBaiu y HeoOXij-
HUX KUIbKOCTSIX, PETENhHO TEpeTUpaTd B
aratoBii CTYMII Ta MepeMillalii y MIaTHHO-
Buil Turesnb. CUHTE3 MPOBOJAMUIN B 1HTEpBAJi
temneparyp 773-823 K B atmocdepi aprony
npotsiroM 20 xB. PeHtreHodazoBuii anam3
(PO®A) otpumanux 3pa3kiB MPOBOAWIN Ha
nuppaktometpi  JJPOH-3M 3 CuK,-
BUIIPOMiHIOBAHHSM B iHTepBasi KyTiB Big 10
no 80 rpan. [ns imentudikami Ta 00 poOKH
nudpakTorpaM BUKOPHCTOBYBaiu Oazy na-
Hux JCPD 1 komm'totepHi mporpamu Match 1
UnitCell.

EnexTponpoBiiHI BJIACTUBOCTI CHHTE-
30BaHMX 3pa3kiB (TOPUANPOBIAHUX (a3 J10-
CIJKYyBAJIA METOJOM CTEKTPOCKOTII €JIeKT-
POXIMIYHOTO IMIEAAHCY 13 3aCTOCYBAHHAM
JIBOXEJICKTPOAHOI CXeMH 3a JOTOMOTOI0
€JIEKTPOXIMI4HOTO MO1YJIA Autolab
(Ekochemie) Ta wyacToTHOTO aHai3aTOPy
FRA (Frequency Response Analyzer) B in-
tepai wactoT 107 — 10° 'y (mpu ammmi yxi
BuxigHoro curxHaiy 10 mB) ta mMocToBUM
MeTooM Ha dactoTi 70 k['11 3 BUKOpHUCTaAH-
HIM JIBOXENIEKTpPOaHOI cxemu. Jlast moci-
JOKeHh OpaJii TMpecoBaHi IO KPHC TaTid Hi
3pa3kud MW HAPUIHOT GopMu AiameTpoMm 8
MM 1 ToBIMHOIO 2,0-3,0 MM. CTpyMOTIiIBO-
JaMH J10 3pa3KiB CIYT'yBaJIH TJIaJIKl MOJIpO-
BaHI IUIATMHOBI IUIACTUHHU. BumiproBaHHA
IPOBOJIWIN B atMoc(epl aproHy B 1HTepBaJi
298 — 773 K micns TepMOCTaTyBaHHS B pe-
KEM1  OXOJIOJDKeHHS. J[s  HIBEJIIO BAHHS

BKJIQIy TIOPUCTOCTI 3pa3KiB TAOJETKH BHIO-
TOBJISIJIM B OJHUX 1 THUX Xe mpec-dopMmax 3
npioHOUCTIEpCHUX (pakiiii 3 PoO3MipoM
4acTOK He OunpmnM 3a 60 MKM mijJ THCKOM
150 arm.

[IuroMy MpPOBIHICTE PO3PAXOBYBAIH
3a PIBHIHHAM o = /6. /R, ne | - ToBimuHa
IIWJT HpUY HOTO 3pas3ka, S - IJIo[a KO HTakKTy,
R - akTUBHUII oM.

EnekTpoHHYy CKIIaqoBY TPOBIJHOCTI
IOCHIIKyBanu MeToaoM XeOba—Baruepa
[17] B €JIEKTPOXIMIY Hi i KOMipLi
(-)Ni/NiF,+CaF,|enextpomit|Pt(+). Tepmo-
CTaTOBaHy KOMIPKY TIOCTYHOBO TMOJISIPU3Y-
BaJIM J{XKE PEJIOM MOCTIHHOTO cTpyMy b5-43 B
intepBani notenmans 0,1 — 2,5 B 3 kpokom
0,1 B. Ctpym, 1o mpoTikae 4epe3 KOMIipKy,
BUMIpIOBAIM  IUPOBUM  BOJBTMETPOM
ABM-4307.

Cnexktpu SAMP 3 peecTpyBaiu Ha
crektpomeTpi Bruker AVANCE 400 B inTe-
pBam temmeparyp 293 — 623 K. Ximiunuid
3CyB (0, M.4.) BU3HAYaJIU BITHOCHO €TaJOHY
CeFs 3 TounicTio 1 M.u. Hlupuny ninii (Ha
nosioBuHI BucoTu AH) BuMiproBanu B kI'11 3
NMOXUOKOI, 10 He mepeBumryBaita 1%.
OTpuMaHi eKCcHepUMEHTaJbHI J1aHi 00po0-
JIOBAJM 13 3aCTOCYBAaHHAM KOMII IOTE€PHHUX
nporpam MestReNova i MagicPlot.

Metonom P®DA BcTaHOBIEHO, 110 NpPHU
9aCTKOBOMY 3aMIIICHHI HOHIB Pb*" fonamu
Nd** y 3pa3ky ckyany Pbg gsSN; 14F4 oqHODa-
3HI TBEpAl PO3UYMHH 31 CTPYKTYpow f-
PbSnF, ytBoprorotecst mpu BmicTi NdF; mo
17 wmon. %. Ilpu 3amimenHi Oiapme 18
Mon% Pb*" y kpucramumiii rparmi
Pby g6SN; 14F4 Ha peHTre HIBCBKUX U] pPaKTO-
rpaMax peecTpyroThCsl pe(IIeKCH BUXiJTHOTO
NdF; (puc. 1). Ciijx 3a3Ha4UTH, 110 Ha PEHT-
TeHIBCbKHX AHU(]paKTorpamax BCix CHHTE30-
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Puc. 2. 3anexHicTb mapaMeTpiB KOMIPKU a 1 ¢
3pa3kiB TBepauX po3urHIB Pbogs.xNOkSNy 14F44x
Bi1 BMicTy NdF3

BaHUX 3pa3kiB mpu kyrax ~24,5 ta 27,5
rpag. PeeCTPYIOThCS TIKH, 110 HE BIATOBI-
JAI0Th KOJIHIH 13 BHXimHUX pedoBuH (PbF,,
NdF;, SnF,) uu ix okcugam abo OKCHPTO pH-
nam. [Ipote po3paxoBaHi mapameTpu KpHC-

L L L L L 1 L 3
2 4 6 8 0 12 14 16 18

TaJi4HOI TPaTKU 3aJ0BUILHO OTIHCYIOTHCS
npasunamu Berapna i Petrepca [18], a mo-
XHOKa pO3paxyHKy THapaMeTpiB HE TiePEBU-
nrye 2%. 3anexHiCTh MapaMeTpiB KpHCTai-
9HOT Tpard OTPUMAHUX TBEPAHMX PO3YHUHIB
Pbo g6« N0, SNy 14F 444 Npe/ICTaBICHO  Ha
puc. 2.

Ha puc. 3 Ha mpuknani 3pa3ky ckjiamy
Pb0_76Ndo_1osn1_14F4‘10 l'lpeI[CTaBHeHi THIIOBI1
rogorpadu iMInegancy B koopanuHatax Haii-
kBicta. [Ipu Temmneparypi 293 K Ha iMmniena-
HCHUX JliarpamMax BCiX JOCJIKeHUX 3pa3KiB
B 00JacTi BHUCOKHX YacTOT PEECTPYETHCS
TUIBKU OJTHE Ie(opMOBaHe MiBKOJIO, IKE MpHU
Mepexo/ii B HU3bKOYACTOTHY 00JIaCTh TpaH-
chopMyeThCsl B TPSMOJIHIMHY 321 HICTh
(puc. 3a). KoMmnekcHMil omp KOMIpKH Ha
MW JISHIN IMIIeJaHCc HOT miarpamu (B oOua-
CTI HM3BKUX YacCTOT) XapaKTepHu3ye Tepe-
PO3MOILT KOHIEHTpalii MIXBY3JI0BUX aHIO-
HIB (TOpY, II0 BUHUKAE B MPHUEICKTPOTHO-
My MIapi TBEPAOTO ENEKTPOJITY MiJ AI€I0
30BHIIIHBOTO €JIEKTPUY HOTO TIOJISL.

31 301IbIICHHIM TEMIIEpATypHU Ta BMicC-
Ty GTOpHAY HEOAMMY B TBEPAOMY pO3YHHI
paniyc nedopmMoBaHUX TiBKiJI 3MEHIIYETHCS
(puc. 36), a cami BOHHU 3MIIIYIOTHECS B 00-
JacTh OUIbII BUCOKMX 4acToT. Ilpm mocuth
BHCOKHX TeMmIieparypax (puc. 3B) TMPOBII-
HICTh 3pa3ka MOJKHa OILIHHUTH TUIBKM TpHU
aHami31 3aJIe)KHOCTI HiHMCHOI CKIIATOBOI KOM-
TUIEKCHOT MPOBIJHOCTI BiJl YaCTOTU B KOOP-
nuHatax bone, abo MOCTOBHMM METOZOM TpHU
94acTOTax, 110 BUKJIIOYAIOTh BIUIUB OJIOKYIO-
YUX €JIEKTPOJIIB 1 YaCTOTHO3 NI )KHY CKJIa10-
By immenancy [19, 20]. Takwuit xapakrep
3MiHM IMIIEJaHCHUX Jiarpam TUIOBUWH IJIs
HE YIOPSAKOBAHUX 10HMPOBIIHUX CIONYK, B
SKHX HOCIi 3apsay 3aliMaroTh CTPYKTYPHO-
HeekBiBaneHTHI mo3uiii [21]. Tlpu xosim-
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Puc. 3. T'omorpadu iMnenaHcy Ta ekBiBaJeHTHA
EIIEKTPUYHA CXeMa MOJIIKPUCTATIMHOTO 3pa3Ky
tBepaoro posurHy Pbg7sNdy10SM 14F410 mipu
PI3HHX TeMIepaTypax.

BaJlbHOMY pycCi aHiOHIB (pTOpY BHUHHUKAE BU-
MaJIKOBE EJEKTPUYHE TOJIe, SIKe BIUIMBAE HA
BEIIMUHUHY €HEpre THIHUX Oap'epiB MIXK Mic-
IFIMU 1X JIOKami3amii B KpUC Taliy Hi il peri Tii
CUHTE30BaHUX CIIOJIYyK.

['onmorpadu iMnenancy BCiX AOCIHIIKe-
HUX TMOJIKPUCTATIUHUX 3pa3KiB TBEPAUX
po3umHIB Pbygs.xNO, SNy 14F44x B mmpoxomy
IHTEpBaJIl TEeMIEpaTyp BIATOBIAAIOTH EKBI-
BaJICHTHIl cXeMi, NMpuBeIeHIH Ha puc. 3, B
akiil enemeHT nocTiiHoi ¢a3zu (CPE1) xapa-
KTepHU3ye peJlakcaliifHi MpoLecH MepeHoCcy
3apsny, R1 BigmoBigae o00’eMHOMY OTIOpY
3pa3ky, a eineMeHT mnocTtiiHoi (asu CPE2
OTNUCYE TOJSIPU3AINHI TpoIlecH B 00JacTi
HUBHKHX YacTOT.

AHam3  pe3yJsbTarTiB  IMIEIaHC HUX
BHMIpIOBaHb B KoopauHaTax bome (puc. 4)
MOKa3aB, 10 3aJIE)KHOCTI €JIeKTPO IPOBiIHO-
CTI BiJI 4aCTOTH MalOTh BUIJISI, TUIIOBUM I
NepPeBakHOi O1JIBIIOCTI TBEPAUX EIEKTPOJIi-
TIB 1 3aJ0BUTLHO AMPOKCHUMYIOTHCS MOIEITb-
HUMU YABJICHHIMHU TIPO CTPHOKOBUH MeXa-
HI3M IpOBIIHOCTI [22, 23].

B inTepBani yvactot 0,1+100 k[ pe-
€CTPYIOTHCSI 3HAYCHHSI, 110 HE 3aJIekaTh BiJ
qacTOTH. BOHU CHiBMagar0Th 13 3HAUYC HHSIMH
MPOBITHOCTI, BUPaXyBaHUMU 32 BEJIMY HHOIO
ornopy R1 exBiBaJeHTHOI CXeMHU Ta pe3yJib-
TaTaMH BUMIPIOBAHHI MOCTOBHUM METOJIOM
npu yacrorax 10+70 k', Tomy iX BUKOpUC-
TOBYBaJM MPH aHaTI31 3aJ€KHOCTEH EJICKT-
POTIPOBIIHOCTI Bij Temneparypu o =1/s-R,.

3aJIe)KHOCTI €JIEKTPOTMPOBITHOCTI BCiX
CHUHTE30BaHUX Ta JOCJIIXEHUX 3pa3KiB TBE-
pnux posuuHiB cuctremu PbF,—NdF;—SnF,
Bil Temneparypu (puc. 5, Ttabma. 1) ymoBHO
MOYKHA PO3JUTUTH Ha ABI 00JacTi: HU3BHKO-
TEMIIEpATypHy Ta BUCOKOTEMIIEPATypHY.
[lepexim MK  HUMH pEECTPYETHCS B
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Puc. 4. 3anexHIiCTh €NEKTPONPOBITHOCTI MOJTi-
KpPICTEU'Ii‘IHOFO 3pa3Ky Pb0.75Nd0.108n1.14F4,10 B
4acTOTU IPU PBHUX TEMIIepaTypax.

iaTepBai temrnepatyp 400470 K. Sk y Bu-
COKOTEMIIepaTypHiil 001acTi, Tak 1 B 00J1acTi
HIBBKUX TEMTIEPaTyp Il 3aJ€KHOCTI 3a/10BI-
JbHO ampoOKCUMYIOTHCS PIBHSHHIM AppeHi-
yca-®Openkens (mpsMa B KoopauHarax lg
oT - 1/T).

Hesnaune 3amimenss (3,0 M0m1.%) iio-
mip Pb?" ma Nd** B CcTpYKTYpi PbggeSN; 14F4
00yMOBJIIO€ TMIABUILIEHHS €JIEKTPO IPOBIIHO-
cti mpu 7>530 K (6.88-10 Cm/cM nopiBHs-
HO 3 2.41-107 Cwm/cm JUTsI BUX1JHOTO 3pasKy
Pbg g¢SN; 14F4). B obmacti Oijbmn HH3BKHX
TEMIIEpaTyp €JIEKTPOMPOBIAHICTh 3Pa3KiB
JAHOTO CKJIQAy 3MEHIIYEThCS, HaOIMKaro-
9UCh 0 3HAUYC€Hb, XapaKTepHUX I Jf-
PbSnF,. Enepris akTuBalii npoBiqHOCTI TIpU
IbOMY 3pOCTAa€ y BChOMY 1HTEpBaJl TeMIIe-
patyp (Tabm. 1).

[Moganpire 30UMbIICHHS KOHIEHTpAL]
fionie Nd** y cunTe30BaHnx 3paskax 06yMo-
BJIIOE€ 3POCTaHHA iX (propua-ioHHOT TPOBiA-
HOCTI B YChOMY 1HTEpBaji Temreparyp (puc.
5). Cninx 3a3Ha4UTH, IO 3pa3KH 13 BMICTOM

lg &7, Cv/em K
; . 2
=
T

O v A O 4d Do m
So w3 O e B Lo B e

b 2 JF \%00 “, oo -~ v\
Oo ﬁa s
0000 R O
30k %9 3,
A

1,5 18 21 24 27 30 33 36

1000/T
Puc. 5. TemmeparypHi 3aJ€KHOCT1 €IEKTPOIPO-
BIIHOCT1 MOJIIKPUCTAIMHUX 3pa3KiB TBEPAUX
po3urHiB Pbg g6 xNUxSNy 14F44+x mipu BmicTi NdF3
(M01.%):1-0,0; 2-3,0;3-7,0;4-10,0; 5 -
13,0; 6 - 15,0; 7 - 17,0; 8 — 20,0.

10-15 mon.% NdF; mpu 7>500 K wmarotsh
CIIBCTaBUMI 3HAUEHHS €JICKTPOMPOBITHOCTI.
[Ipu GuIbII HM3BKUX TEMIIEpaTypax IMPOBII-
HICTh THIM BHIIA, YUM O1JIbIIIa KO HIIE HTPAITS
3amicHUKa. HaiBuiry enexkTponpoBiaHICTD
Ta HallMEHIy €Heprilo aKTUBAIlll Ma€e 3pa3oK
ckiaany PbgggNdy 17Sn; 14F417.  Tloganbime
30UIbIIEHHS BMICTY TPUPTOPUAY HEOANMY
(monag 18 Mo0m1.%) y CTPYKTYypl 3paszKy
PbogeSn; 14F4 mpm3BOAMTE [0  3HMKEHHS
€JICKTPOTIPOBITHOCTI, 10 MOXe OyTH 00y-
MOBJICHO YTBOPEHHSIM JOJATKOBOI ¢azu
NdF;. Ha xopucTh 1pOro cBig4ath pe3ylib-
TaTU PEHTreHO(a30BOTO aHaJI3y MPOAYKTIB
CHUHTE3y 3pa3KiB 3 BUCOKHM BMICTOM TpU-
¢dbropuny Heonumy (puc. 1).

3arajioM 3aMilleHHI YacTWUHU 10HIB
Pb™ kariomamu Nd** B 3pasky ckuamy
PbggeSny 14F4 cmpuse 30imblIeHHIO  HOTO
€JIEKTPOTIPOBIAHOCTI B yChOMY 1HTEpBai
TEMIIEpaTyp Ta KOHIEHTpaliii (puc. 6).
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TaOonuusal

IMapameTpn esekTponmpoBimHOCTI 3pa3kiB TBepaux po3umHiB PbggsxNGxSN; 14F4+x 13 pisHEM

BMicTOM Tpug TOPHIY HEOAUMY

3pazok AE,, eB ( CI\I/Ig/(Eﬁ[))1K o, Cm/cMm T,K

0.28 9.06 2.9:10° 373

PbogeSni.14Fs 0.18 6.67 1.75-107 473

0.1 4.64 241107 573
-3

ST B -
-3

CEVTC R A R
-3

Pbo.79Nd 0.07SM 14F 4.07 8:232 gg? 3'%5_1::[30 g;g

0.13 2.18 8.03-10°% 373

Pbg76Nd 0,105 14F4 10 0.39 5.71 7.42-107? 473

0.2 3.01 0.27 573

0.14 2.23 9.8-107 373

Pbg73Nd 0135 14F 413 0.31 4.32 8.5-102 473

0.25 4.01 0.26 573

0.1 1.77 1.25-107° 373

Pbg71Nd 155 14F 415 0.31 4.84 9.93.1072 473

0.24 4.26 0.24 573

0.1 2.29 3.68-107 373

PbosoNd 0,175 14F 417 0.34 5.71 0.21 473

0.18 3.92 0.33 573

[Ipu mpoMy eHepris akTuBamii 10HHOT
HPOBITHOCTI  3pa3kiB  Pby ggxNUy SNy 14F44x
npu teMmneparypax Hmwkuux 3a 400 K 3men-
HIyeThes 31 30UTbIe HHSIM BMICTY NdF3.

Metonom Xeb66a-Baruepa BuU3Hau€HO,
0 €JEKTPOHHA MPOBIAHICTh 3pa3KiB Ha 2
TIO PSIIKH BEJTMM MHU MEHIIIA 32 10 HHY, a YHUC-
Ja TIepeHoCcy 3a i0HaMHu QTopy OMM3BKI J0
TEOPETHIHUX Ta HE 3aleXaTh BIJ BMICTY
3aMicHUKa (TadI. 2).

BaxnuBy inpopmamiio mpo mnpupoay
HOCITB 3apsany B JOCHIKYBaHI CHUCTEMI
OTPUMYBAIIM METOJOM BHUCOKOTEMIIEPATYP-
noi SIMP '°F crexrpockormii. TumoBi criext-

30

pu SAMP Ha sapax F Ha MIPUKJIA/1 TBE PAOTO
posuuny cknany Pbg73Ndy 135Ny 14F4.13 pen-
CTaBJIeHI Ha puc. 7. 3araibHHA BHI OTPUMa-
HUX CIIEKTPIB CBIAYMTH MPO T€, IO Y KPUC-
TaJiuHIM TpaTii aHioHW (TOpy 3alMalOTh
CTPYKTYPHO HEOJHaKoBi no3uiii [24, 25].
Pospizasrors mo3wuimiro F(1) xopcTkoi
IpaTKy 3 HEPYXOMHMH aHIO HAMH, 1110 3HAXO-
JSATHCS HA OCSIX TPETHOTO MOPSAIKY, MO3UILIIO
F(2) 3 nokanbHO pyXJMBUMHU aHIOHaMH Ha
THX K€ OCAX Ta MIXKBY3JIOBI aHIOHU (TOpY
F(3). 31 30inbmieHHsIM TemrmeparypH BiaOy-
BAa€ETHCSl TIEPEPO3MNOAIT aHIOHIB (QTOPY MiX
MO3HIISIMU, IKI BOHHU 3aiiMal0Th y KpHCTa-

ISSN 2708-129X. YKP . XIM . XVYPH ., 2020, t.86, N0 5



Cunmes ma enekmponpogionicms meepoux pozuunie cucmemu PbF,—NdF;-SnF,

036 |
I A
0.30 | o 373K )y
» I o 473K Q ~
Lo a ST3K N
S8} 0
¥o12} 4
3 O ©
006 B .
- n-
000f —g=—— o ———0——0 U
1 | 1 1 1 1 L | L I
3 6 9 12 15 18
NdF_, mon.%

Puc. 6. 3anexHicTh €I€KTPONPOBAHOCT1 3pa3KiB
TBepauX po3uuHiB Pbg gsxNUxSN; 14F44x Bim BMi-
cry NdF3 npu pBHEX TemmepaTypax

Tabnums?2
EnexTpoHHa npoBigHiCTH Ta Yuc/a nepeHoCy
3pa3KiB TBEPINX po34uHIB Pbo g6-

xNOxSny 14F44x pisHoro ckaaxy mpu 373 K

3pa3zok Tens Onurs t
CMm/cm CMm/cm F

Pb0_83Nd0_038n1_14F4.03 1.52-10° 1.28-10° 0,99
PboglNd 0.058n1.14F4.05 32610_3 22310-6 0,99
Pb07gNd 0,07Sn1,14F4,07 49510_b 33510_d 0,99
Pbo76Ndg10SN; 14Fs10  5.97-10°  8.03-10° 0,99
Pbo7sNdo13Sn; 14F413  6.28-10° 9.8-10° 0,99
Pbo7:Ndo15Sn; 14F415s  8.05-10° 1.25-10° 0,99
PbosoNdo17Sn; 14Fs7  1.18-10*  3.68-10° 0,99

miuaHi i rpatmi [24, 25]. JoMinyrouoro 3a iH-
TErpaIbHOK 1HTEHCHBHICTIO CTa€ BY3bKa
CKJI[I0OBA CIIEKTPY, 10 XapaKTepHU3ye BUCO-
KOPYXJIMBI MiXBY3J0BI HoHU. Takui mepe-
PO3MOIIN aHIOHIB MPUTaMaHHUM Tie peBaXxHi it
O1mpIocTi GropunmpoBigHUX a3 daoopu-
TOBOT Ta TICOHITOBOI CTPYKTYp [25].

Tpanchopmarust ¢dopMu pe30HAHCHOT
cmyru B obOmacti temmeparyp 150-453 K
CIpsi>KeHA 31 3HAYHUM 3MEHIIeHHIM AH BiI
202 mo 60 kI’ (puc. 8).

Poskman crextpis SIMP Y% cunreso-
BaHUX 3pa3KiB Ha CKJIAJIOBI, II0 XapaKTepH-
3YIOTh TOJIOKEHHS aHiOHIB ()TOPY B MEBHUX
MO3HINSAX KPUCTATIYHOT TPaTKH, BHKOHAHO
3T1AHO 3 poboToto [26, 27] (puc. 7).

OCKIUJTbKY TUIOIIA CKJIaJOBHUX KOMIIO-
HEHTIB CTICKTPY IPOTIO PIIiifHA K1JIBKOCTI aHi-
OHIB () TOPY, 110 3HAXOAATHCS B Til UM 1HIII I
MO3UINi, MOXHa B TEPIIOMY HaOJIMXeHHI
KUJIbKICHO OLIHUTU 1X YacTKy y 3arajbHii
KUIBKOCTI TIPU PI3HUX TeMmIepaTypax. Tak,
HAIPUKIIAI, 4acTKa «BUCOKOPYXJIUBUX» aHi-
OHIB (pTOpPY, MO 3HAXOAATHCS Y MIXKBY3JIO-
BUX MPOCTOPAX KPUCTATIYHOT IpaTKH (O3 U-
ms F(3), ckmagoBa cnexkrpy P3) mpum 150 K
He mepeBuinye 20% 1 3pocTae 31 30iIbIICH-
wiM Temneparypu a0 50% npu 300 K ta
72% mipu 453 K 3a paxyHOok 3anmydeHHs (T1o-
pun-10HIB 3 JIoKaimbHO pyxiauBoi F(2) ta He-
pyxauBoi F(1) mo3umiii (puc. 9). [lpuuomy,
no temrneparypu 270 K, sk BUIHO 13 mpuBe-
JI€HUX JaHUX, B OCHOBHOMY 3MEHIIYETHCS
KUJIBKICTh aHIOHIB, III0 3HAXOJSATHCS B I03H-
mi F(2) (mnmoma ckimagoBOro KOMIIOHEHTY
P,). Kinbkicte anioHIB (TOpY, IO 3HAXO-
nateest y mo3uii F(1) (tutoma ckimagoBoro
KOMTIOHEHTY P;), MpakTUYHO HE 3M1HIOETHCS.
[Tpu BUmUX TemmepaTypax BOHU TaKOX Iie-
pexonsaTh y MixkBy3i0Bi no3umi F(3). Crmig
3a3HAYUTH, 10 YacTKa BUCOKOPYXIUBUX
¢doHiB DTOPY Yy KpUCTATIYHINA TpaTill 3a OJ-
HaKOBOI TeMIIEpaTypH 3pOCTae 31 301JIbIIe H-
wim BMicty NdF;. Tak, Hanpukian, 3a TeM-
nepatypu 298 K nmms 3paskiB i3 BMICTOM
3—55—-7—-10—13—15 mon% uacTtka BU-
COKOPYXJIMBHX aHIOHIB F 3MiHIOETBCS Ta-
KM 4uHOM 40—42—45—47—50—52%.

OtpumaHni pe3yabTaTH Tal0Th IMJCTaBH
BBaXAaTH, M0 MEPEHOC 3apsay y 3paskax
TBepANX po3umHiB Phyge (NA, SNy 14F44y 32-
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BUCHOBKH. Tlpu 3aMilieHHI y CKJia-
ai tBepaoro po3uuHy PbggeSn; 14F, mo 17
MonL% kationie Pb”" iomamu Nd** yrBo-
prOIOThCS OHO(Ma3HI TBEPAl PO3UMHHU TreTe-
POBAJIEHTHOTO 3aMIMIEHHS 31 CTPYKTypoIo -
PbSnF,. 30iibIie HHS KO HIIC HTpAIi KaTio HIB
Nd** y ckrani cuHTe30BaHIX 3pasKiB CIIpHse
30UIBIIEHHIO  IX  €JIEKTPOTPOBIAHOCTI B
yChOMY 1HTE€pBaJIl TEMTIE paTyp, 10 JT03BOJISE
IJIeCTIPSIMOBAHO KepyBaTH 1i mapaMmeTpaMmu.
Haiibibmy eneKTpompoBIMHICTE Ta Hal-
MEHIIIy €HEePrilo0 aKTUBaIlli Mae 3pa30K CKIa-
ny  PbyegNdg 179Ny 14F4 17 ((5373:3-68'10_2
CMm/cM), enekTpOoNpOBIAHICTh SKOTO Ha IO-
pPAIOK BEeNMMIWHHU OiJibllla y TOPIBHAHHI 3
BuxiiHUM 3pazkoM (PbggeSn; 14F4) 1 Ha aBa
O PSIIKM Y TO piBHAHHI 3 S-PhSnF,.

B anioHHi#i miarpaTimi CHUHTE30BaHUX
dbropunnpoBigHuX da3z WoHU PTOpYy 3akiMa-
I0Th TPU CTPYKTYPHO-HEECKBIBAJICHTHI MO3U-
mii. 31 30UTbIIE HHSIM TEMIIE paTypH KO HIIE HT-
parisi Mi>KBY3JIOBHX aHiOHIB 3pocTae. [lepe-
HOC 3apsily Y CUHT€30BaHUX (PTOPHUITIPOBII-
HUX (¢azax 3a0e3neuyroTh MIKBY3JIOBI aHiO-
HU (GTOpYy, YHCJIA TIEPEHOCY HE MEHIIl 3a
0,99 1 mpakTUYIHO HEe 3aJieKaTh BiJ KOHIICHT-
pawii TpupTOpULYy HEOAUMY.

CHUHTE3 )41 SQJIEKTPOITPOBOJHOCTD
TBEPJIbBIX PACTBOPOB CHUCTEMBI PbF,-
Nng—San

[Toropen ko 10.B.", Haropnsrit A.A.,
OmMmenbuyk A.A.

Hucmumym obwetl u HeopeaHudeckou Xumuu
um. B.U. Bepnaockoeo HAH Y kpaumwi

Kues, np. Ilannaouna, 32/34

“e-mail: pogorenkoyulija@gmail.com

OrnpeneneHo, 4TO 3aMEIIEHHE B COCTaBE
¢ropunnpoBonsmeit da3el Pbg geSn; 14F4 wacTu

KaTHOHOB CBUHIIA KaTMOHaMu Heoauma (o 17
MOJI. %) CIOCOOCTBYET YBETHMYCHHIO €€ DJICK-
TPOIIPOBOAHOCTH BO BCEM TEMIIEPaTypHOM HH-
TepBaje, MpuyeM TeM OoJbllie, YeM BBILIE KOH-
LEHTPalMsl TeTePOBAJICHTHOIO  3aMECTHUTEIs.
HamBBICIIYIO  TTPOBOAUMOCTE  (0373=3.68-1072
Cm/cM) ¥ HaWMEHBIIIYIO DHEPTUI0 aKTHUBAIUU
umeet obpaserr PboegNdy17SM 14F417. Cunresu-
poBaHHbIe (a3bl u30CTpyKTypHbIE [-PhSnF4
(TeTparoHanbHas CHHIOHHS, mp. rp. P4/nmm),
aHUOHBI (TOpa B HUX HAXOIATCA B TPEX CTPYK-
TYpHO-HEIKBUBAJICHTHBIX Mo3uusaX. llepenoc
3apsaa 00ecIeYrBalOT BBICOKOTIOIBHKHBIE Me-
Ky3eJIbHbI€ aHMOHBI (Propa, KOHIIEHTPALHS KO-
TOPBIX C YBEIMYEHUEM TEMIIEpaTypbl U COJEp-
xanue NdF; Bo3pacraer. Umcna mepeHoca 3a
aHnoHamu ¢ropa craHoBsAT He MeHbie 0,99 u
MPaKTUYEeCKd HE 3aBUCAT OT KOHIEHTpAIUU
TpudTOpHIa HEOAUMA.

KnodgeBbie ca0Ba:GropuanpoBoasIye
da3bl, ¢ropunsl CBUHIIA, OJOBA, TETEPOBAICHT-
HOE 3aMellneHue, (ropuj] HEoAuMa, DIIEKTPOI-
POBOIHOCTB, YU CTIA TIEPEHOCA.

SYNTHESIS AND ELECTRICAL
CONDUCTIVITY OF SOLID SOLUTIONS
OF THE SYSTEM PbF,—NdF3-SnF;

Pohorenko Yu.V.", Nagornyi A.A.,
Omel’chuk A.O.

V.1. Vernadsky Institute of General and
Inorganic Chemistry of the NAS of Ukraine
Kyiv, Palladin Ave., 32/34

“e-mail: pogorenkoyulija@gmail.com

In the system PbF,—NdF3;-SnF; are formed
solid solutions of the heterovalent substitution
PbO,ge.XNdxsn1,14F4+x (O<X SO,l?) with struc-
ture of p—PbSnF;. At x > 0,17 on the X-ray
diffractograms, inaddition to the basic structure,
additional peaks are recorded to the reflexes of
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the individual NdFs. For single-phase solid solu-
tions, the calculated parameters of the crystal
lattice are satisfactorily described by the Vegard
rule. The introduction of ions of Nd** into the
initial structure leads to an increase in the pa-
rameter ¢ of the elementary cell from 51.267 A
for x = 0,03 to 51.577 A for x = 0.17. The re-
placement of a part of leads ions to neodymium
jons an increase in electrical conductivity com-
pared with Pbg gsSn; 14F4. The slight replacement
(3.0 mol. %) of Pb** ions by Nd** in the
structure of Pbg gsSni.14F4 causes an increase in
the electrical conductivity at T> 530 K (6.88-10
2 S/cm compared to 2.41-10% S/cm for the initial
sample compound Pbg.gsSni 14F4). In the region
of lower temperatures, the electrical
conductivity of the samples of this composition
decreases, and below that temperature, on the
contrary, slightly reduces the electrical
conductivity, approaching the values
characteristic of f-PbSnF,. The activation
energy of the conductivity thus increases over
the entire temperature range. A further increase
in the concentration of Nd** ions in the
synthesized samples causes an increase in their
fluoride-ion  conductivity  throughout the
temperature range. It should be noted that
samples with a content of 10-15 mol% NdF3 at
T>500 K have comparable conductivity values.
At lower temperatures, the higher the
conductivity, the higher the concentration of the
substituent. The highest conductivity and the
lowest activation energy have the sample
Pbo,sgNdo,17sn1,14F4,17 ((5373:3.68'10-2 S/em,
Es=0,1 eV). The fluorine anions in synthesized
phases are in three structurally-equivalent
positions. The charge transfer is provided by the
highly mobile interstitial fluorine anions, whose
concentration  increases  with  increasing
temperature and concentration of NdFs. The
transfer numbers for fluorine anions are not less
than 0.99, practically independent of the
concentration of neodymium trifluoride.

Keywo rds: fluoride conductive phase, lead
and tin fluorides, heterovalent substitution, fluo-

ride  neodymium, electrical conductivity,
transport numbers.
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Po3pobneno crmocid cpsimoBanoro (opMyBaHHSI YaCTUHOK TITIPAaTOBAaHUX OKCHJIIB LIHP-
KOHIIO Ta TUTaHY B aHIOHOOOMIHH1 CMOJIM. 3aCTOCOBAHO MinXi, KU Oa3zyeTbCst Ha Tep-
MoauHamMiuHOMY piBHsHHI OcTBanpaa-Opeiinrixa. Takuii minxin moB's3ye po3Mip yac-
TUHOK 1B PO3UYUHHICTIO CTIOJIYKH, 110 OCA/KYETHCS, T KOHI[EHTPAIIIEI0 peareHTB. MeH I
PO3YMHHUIA AIOKCUJ LIUPKOHIIO OCA/KYETHCS Y BUIVIAI HEarperoBaHMX HAaHOYACTUHOK
po3Mip kX He mepeBuInye 10 HM, CKIa] TaKUX KOMIIO3UTIB € HAOUTBII BiATBOPIOBA-
HUM. Y BUIAJKy OUTbII pO3YMHHOTO JIOKCUAY TUTaHY YTBOPIOIOTHCS arperatu HaHovac-
TUHOK (10 70 HM). [Ipy MinBUINECHH1 KOHIIEHTpAIll PO3YMHY COJI1 METally y ToJiMepi,
OCA/KYIOTHCSl YACTUHKU MIKPOHHMX PO3MIPIB: CKJIaJ MaTepiajliB TaKoro TUMY BiATBO-
proeThes HaliMeHIe. HearperoBani HaHOYaCTUHKM 30 UIbIIYIOTh OOMIHHY €EMHICTh MO i
MEpHOTO I0HITY, IO CHPUUYUHIOE 3POCTAaHHS HOTO eJIeKTponpoBinHocTi y 1.4-1.8 pasis.
Ile 06yMOBIIEHO 3pOCTaHHAM KOHIEHTpALlil pyXJIMBUX HOCIB 3apsay y HoJiMepHiil oc-
HOBI 32 pPaXyHOK 3MEHIICHHS ii HaOyXaHHs, a TaKOXX 30UIbIIEHHSIM BHECKY IPOTHIOH iB
GyHKITIOHATPHUX TPYN HEOpraHMHOI CKIano0BOoi y mepeHoc ioHiB. HaBmakw, arperatu
HAaHOYACTUHOK MOCHJIIOIOTh HaOyXaHHs MOJIMEPY, PE3YIbTATOM YOTO € 3MEH IICHHS €M-
HOCTI Ta €JIeKTPONPOBITHOCTIL [OHITH 3acTOCOBaHO /AJIs1 IOHOOOMIHHOT EepepOOKU HaHO-
¢GUIbTpall ITHOTO TepMeaTy MOJIOYHOI CHPOBATKM Ta Ul €JIEKTPOMEMOpPAaHHOIO 3HECO-
JICHHs1 OUTKOBOTO KOHIIEHTPATY.

KnmodoB1 ¢cJo0Ba:opraHo-HEOPraHMHHUHN 1OHIT, OKCHU/I ITUPKOH 0, OKCUJI TUTAHY,
€JIEKTPO/IC10H 3aIl i1, MOJIOYHA CUPOBATKA.

BCTYVII.  loHOOOMiHHI KOMIO3WTH, JISIOTH CO0OI0 HOBUI Kjac marepiaiiB 3 Xa-
chopmoBaHi B pe3ynpTaTi KOMOIHYBaHHS pPaKTEepPUCTUKAMH, siKI y 0ararb0X BHUIAAKAX

KOMIIOHEHTIB pi3HOT XIMIYHOI MPHUPOIH, SB- TMEPEBEPIIYIOTh  AHAJIOTIYHI  MOKa3HHUKHU
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OKpeMux ckianoBux [1, 2]. Hanpuknan, ne-
peBaror0  KOMTIO3HIIMHUX  10HOOOMIHHUX
CMOJI Tiepe]] aKTUBOBAHMM BYTUIJISIM Ta He-
OpraHiuHUMU COpPOCHTAMH € iX MeXaHiYHa
MIIHICTh 3aBASKH TOJIMEpHiM ocHOBi. Ha
BiJIMiHY BiJl i0 HOOOMIHHHX TIOJIiIMEpiB, Opra-
HO-HEOPraHiuHUM KOMIIO3UTaM (SIK 10HITaM,
Tak 1 MeMOpaHaM) MpUTaMaHHa CTiWKICTh 10
3a0pyaHEHb OpPraHiYHUMHU PEYOBHUHAMH, IO
HaJa€ 3MOT'Y BUKOPHUCTOBYBATH 1X ISl TIEpe-
poOKu piAUH OIOTEHHOTO TOXOJKEeHHS [3,
4]. IIpoGaemoro, sika rajabMye HIMPOKOMAC-
mra0He NMpaKTUYIHE BUKOPHUCTAHHI 10HOOO-
MIHHUX OpPraHO-HEOpPraHiyHUX KOMTIIO3UTIB,
€ HEOJIHO3HAYHHWIl BIUIMB HEOPraHidHOi
CKJII0OBOi Ha 1X (yHKINOHATbHI BIACTHUBOC-
Ti: 1HKOPHOPYBaHHA HEOpPraHiYHUX YacTH-
HOK J10 10HOOOMIHHOTO TOJIIMEpPY MOXeE 5K
MOKpaniyBaru, Tak 1 MOTIpHIyBAaTH OOMIHHY
€MHICTb, IIBHIKICTh NEPEHOCY 10HIB, OCMO-
THIHY TPOHUKHICTH (IJs1 MEeMOpaH) TOIIO.
Taka mpoGiiemMa € akTyalbHOIO HE TUIbKHU
JUJIsT MaTepiaiiB, M0 3aCTOCOBYIOTHCS y TIPO-
1ecax 10HHOro oOMiHy Ta eleKTpoMeMOpaH-
HOTO PO3AiICHHS, aje W JJsi HU3BKOTEMIIe-
paTypHUX TMalWBHUX eJeMeHTiB. B ocran-
HHOMY BUIMAAKY 3aMiHa MOJIIMEPHUX MPOTO-
HIOPOBIAHUX  MeMmOpaH Ha  Opraso-
HEOpraHiuHl J03BOJSIE 3HAYHO PO3IMIUPUTH
niana3zoH podouux temrnepatyp [2, 5]. [Ipote
B OKpEMHUX BUIMAJKaX 1HKOPTIOPOBaHI HEOP-
raHiuHI YaCTUHKM MOXYTh TMOCHIIOBATH
KpPOCCOBEp METAHOJIy Yepe3 IpoTOHIIPOBiI-
Hy MeMOpany. [IpoGiemaruiHUM € TakoxX
BIITBOPEHHS () YHKINOHAIHHUX BJIACTHBOC-
TE€ 1 KOMTIO3 UTIB.

Ha nam norsin, nmpo6iemu oO0ymoBie-
HO CKJIQJHOIO MOPHUCTOI0 CTPYKTYpPOIO 10HO-
00MiHHUX moJiiMepiB. Taki mojiMepu y Ha-
OpsKJIOMY CTaHI MICTATh SK HAHOPO3MIpHI

rigpodibHI IOpHU, 1€ BIAOYBAETHCA KO HIIE H-
TPyBaHHSA Ta NEPEHOC 10HIB, TaK 1 IHEPTHI B
bOMY BiJTHOLIEHHI TiApodoOHI mopu, po3-
Mip SIKUX CTAHOBUTH BiJl ICKIJIbKOX JECATKIB
HAHOMETPIB 10 JACKUIBKOX MIKpoH [6, 7].
BinnosinHo, mpu MoaupiKyBaHHI y ToJiMe-
PHI OCHOBI MOXYTb OCa/1>)KyBaTHUCS YaCTHUH-
KU pi3HUX po3MipiB 1 mopdosorii [2]. B 3a-
JICKHOCTI BiJl HOTO, YaCTHHKH OCAIKYyIOTh-
cs B TUX a00 1HIIWX TOpax mnojimepy. BoHu
MOXYTh €KpaHyBaTH riapodiibHI M0pH, 3/1a-
BIFOBATH a00 PO3TATYBATH iX. 37aBJIIO BAHHS
abo po3TATYBaHHI 00YMOBJICHO THM, IO He-
OpraHiuHi YaCTHUHKH SBJIIIOTH COOO0I0 J0aT-
KOB1 OCMOTHYHI IIeHTpH [2, 7]. BinnosinHo,
3MIHIOIOTbCSI cOpOIiliHA aKTUBHICTh Ta eJjie-
KTPOIPOBIIHICT HOJIMEPiB. MeTa poOOTH —
BCTAHOBJICHHSI BIUTUBY MOP(QOJIOTIYHUX OCO-
OJIMBOCTE Il YaCTUHOK HEOPraHIuHOTO 10HITY,
IHKOPTIOPOBAHUX J10 10HOOOMIHHOTO TIOJIi-
Mepy, Ha (YHKINOHAIbHI BJIACTUBOCTI KOM-
TIO3 UTIB.

binbmiicte poOOT, MPUCBAYEHUX 10HO-
O0OMIHHUM KOMTIO3UTaM, CTOCYIOTBCSI KaTio-
HOOOMIHMX MartepiajiB, OCKUIbKU CaMme Taki
MeMOpaHU 3aCTOCOBYIOThCS i TAJWBHUX
exemeHTiB [2, 5]. BogHouac, y mitepartypi
MICTSTBbCSI BKpail 0OMekeHi BiJIOMOCTiI CTO-
COBHO KOMTIO3 UL MTHUX aHI0O HOOOMIHHUX Ma-
tepiamiB [4, 8-10]. O6GnacTi X 3acTOCyBaHHS
BKIIIOYAIOTh BUJAJEHHS TOKCHUYHHUX 10HHUX
3a0pynHeHp 3 Boau [8-10] Ta 3HeconeHHS
piauH G10T€HHOTO TOXOKeHHS [4] MeTona-
MU ioHHOTO OOMiHy [8, 10], mudysiliHoro
niam3y [9] Ta exexTpoMeMOpaHHOTO PO3Ji-
nenns [4, 8], 30kpema i3 BHUKOPWCTaHHIM
OpraHo-HEOPraHIYHOTO 10HITY B SKOCTI Mi-
xMeMOpaHHoro HamoBHIOBada [8]. Ilpwm
OYMIIIEHHI Ta MepepoOIn O10JOTIYHUX PIIUH
3aCTOCYBaHHS 10HOOOMIHHMX CMOJ € O0OMe-
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K€HUM BHACJHIJIOK iX 3a0pyJHEHHS OpTraHiy-
HUMH PEUYOBUHAMH, HE3BAXKAIOUU HA BUCOKY
edexTuBHICTH 10HHOTO 00MiHY. Hanpukian,
el METOJ J103BOJISIE€ JOCSTTH CTyIeHs 3He-
COJIEHHA MOJIOYHOi cupoBarku 99% [11].
3HaYHO MEHIIWH CTYNEeHb 3HECOJICHHS pea-
JM3yE€TbCS Yy BUMAAKY enekTponiamizy [11]
abo miadimeTpamii [12]. Hnst mocsrHe HHS
HEOOXI1JHOT IO MHU 3HECOJICHHSI CUPOBATKH
MOYHA 3aMpoToHyBaTH KOMOIHOBaHHWI Me-
TOA 10HHOTO OOMIHY Ta eJIEeKTpOIiali3zy
(EDI, enextponeionizamito) [13]. IlepeBa-
ror0 KOMOIHOBAaHOTO METOJYy Mepe]l EJIEKT-
poniamizom € Oe3peareHTHICTh ((QYHKINIO
pETreHe pyIo4oTro are HTy BUKOHYE €JIeKTPUU-
HUWU CTpyM), a Tepe]] 10HHUM OOMIHOM —
0e3nepepBHICTb.

3amaui poboTu Bkmovanu: (i) po3poo-
Ky crnoco0y oJepXaHHsS aHIOHOOOMIHHUX
KOMTIO3UTIB, SIKUH mependadae GopMyBaHHS
HEOPraHiuHOI CKJIaJ0BOi 13 MEBHUMH MOP-
dosoriyHIMU 0cOOIHMBOCTAMU (B arperona-
HOMY a00 HearperoBaHomy cTaHi), (ii) goc-
JJOKEHHS (YHKIIOHAJbHUX BIACTUBOCTE N
KOMIO3UTIB, (1i1) TECTyBaHHS OTPUMAHHUX
MarepiajiB y Tmpolecax eJleKTpoAeioHi3a-
I HHOTO 3HECOJIEHHA MOJIENIbHOTO PO3YHUHY
MOJIOYHOI CUpOBATKH Ta MepepoOku il Ha-
HodinmbpTpamiitnoro (H®) nepmeary 3 BuKO-
PUCTaHHAM TpPaAULiHHOTO 10HHOTO OOMiHY.
VY miit poOOTI OCHOBHY yBary 30Cepeike HO
TOJIOBHMM YWHOM Ha aHiO HOOOMiHHHUX Mare-
plajax, MpoTe 3aCTOBYBAJIM TAKOX 1 KaTio-
HOOOMiHHUYN KOMTIO3UT.

EKCIIEPUMEHT I OBI'OBOPEHHA
PE3VJIBTATIB. JIns monupikyBaHHS BUKO-
PHUCTOBYBAITH T€JIeBl 10HOOOMIHHI CMOJI Ha
OCHOB1 CTHPOJI-MBIHIJIOCH30JI0BOI MaTpHIIi
(AIT "Cmonn", Ykpaina). Cuiib HOKHCJIOTHA
cmomna KVY-2-8 mictuna rpynu —SOsH, 1i mo-

BHAa OOMIHHA €MHICTh CTaHOBHIA 1,8 MMOJIb
cm®. CrubHOOCHOBHA cMona AH-17 micTmna
qeTtBepTHHHI aminorpymu (1,15 MMois cv™).
BceraHoBneHO, 110 BMICT BOJM B Hal pSKITUX
CMOJIaX CTaHOBUTH 01U3bK0 50%.

Jns MonudikyBaHHSI CMOJI BUKOPUC TO-
ByBamu pearenru: ZrOCl,-8H,0, TiCly,,
NH,OH, NaOH, H3PO, Ta HCI (Yepxkacbkwii
Ximnpom JITH, VYkpaina), cupoBaTKOBUI
6inkoBuil koHuentpatr (Promilk, ®panuis).
Jlns mpuroTyBaHHA PO3YHHY, IO MOJEIIIOE
KOHIIEHTPAT MOJIOYHOT CUPOBATKHU MICIIsI Ha-
Ho(inmpTpami, Oynu Bukopuctani NaCl Ta
KCIl. NH;NO; 3acTtocoByBanu Jijisi MpUroTy-
BaHHS PO3YMHY, SKUN 3aI0BHIOE €JIEKTPOIHi
KaMepH eJekTpoiianizHoi komipku. HO me-
pMeat, OTpUMaHUN TpU TepepoOll MOJOY-
HOi cupoBarku, Oymo Hamawo I[lupsTHUHCH-
KAM CHPHHUM 3aBOJOM (Tpyma TiJIMPUEMCTB
«MonouHuil anbsiHC», YKpaiHa). [{ys enexr-
poJicioHI3alli BUKOPUCTOBYBAJIM MEMOpPaHHU:
kaTtioHoooMiHHy MK-40 Ta aHioHOOOMiHHY
MA-40.

[Tpouenypa MoaudikyBaHHsS aHIOHOO-
OMIHHOT CMoOJIM BKJfOYana Taki ctamii: (i)
HaOpsiKaHHA HaBa)XKW CMOJH y Boji, (i1) iM-
npernyBanus cmosim 0,1 M BogHuMM po3du-
Hom TiCl,; a6o ZrOCl,; (iil) mpomMuBaHHS
0,01 M pozumnom HCIl nnst BumaneHHst HEO-
OMIHHO COpOOBAHOTO EJIEKTPOJITY 3 MaKpo-
nop, (1v) ocamkeHHs T1paTOBAHOTO OKCHUIY
1 M pozunnom NH,OH; (v) mpomuBaHHS
10HITY JI€10 HI30BaHOIO BOJIOO, (V1) CYIIiHHS
npu 70° C, (vil) OYMIIEHHS YJbTPa3BYKOM
npu 30 kI’ 32 AONOMOTOIO YJIbTPa3ByKOBO1
BanHM Bamdelin (Bandelin, Yropmuna).
BkazaHy mporueaypy MoBTO pIOBaIH J€KiJIbKa
paziB. Takum yuHOM OyJIM OTpUMaHI KOMIIO-
3UTH, IO MICTITh HEarperoBaHi HaHOYAaC TH-
HKW (T1ApaTOBaHUN TIOKCHI IMHMPKOHIIO,
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') abo arperarn HaHOYAaCTHHOK (Tiapa-
ToBaHui fiokcun turany, ['J[T). byno 3niit-
CHEHO KijbKa MUKIB MoAwpiKyBaHH:I. Jys
CHUHTE3y KOMTIO3UTY, IO MICTUTh BEJIHKI ar-
JOMepaTH MIKPOHHUX PO3MIpiB, cTafiio (iii)
Oyno BHKIIOYEHO 3 MpPOLEAYpPU CHUHTE3Y.
JI71s1 KO)KHOTO THITY KOMIIO3UTIB OyJI0O BUPO-
OyieHo Tpw cepii 3paskiB. 111 BUTOTOBJIC HHS
KOXHOI cepii BUKOPUCTOBYBAJIM CBIXKY 10HO-
obminHy cmoury. KaTioHooOMiHHY cMouTy
moaupikyBanu riapodocdaToM IUPKOHIIO
(I'®LL) 7 pasiB 3a metogukow [13]. B ycix
BUMAAKaX MOAHU(DIKATOPU OCAIKYyBAIU TMPHU
29312 K.

JInst BM3HA4YEHHS KUILKOCTI 1HKOPTIO-
pOBaHOiI HEOPraHiuHOi CKIIaJOBOi 10HITH
cnamoBanu Ha moBiTpi npu 1000° C, ans
IbOro BUKOpUcTOBYBanu miu SNOL 7.2
(SNOL, JIutBa). BmicT 6€3BOAHOTO OKCHAY
OI[l HIOBAJIM 32 MACOI0 3aJTUIIKY .

TEM 300paxeHHs OTpUMaHO 3a J0TIO-
moroto Mikpockory JEOL JEM 1230 (Jeol,
SAnownis). [lonepenubo rpaHyIu 10HITY MOJI-
piOHIOBaIM Ta OYMIIAIH YJIbTPa3ByKOM.
EnexTpomnpoBiHICTh HACHUITHOTO IIapy 10Hi-
TIB BUMIPIOBAJIU 3a JOTIOMOTOI0 iMIIE/IaHC-
Hoi cuctemu Autolab (Metrohm Autolab,
Hinepnannu) ananoriuno [8]. Bumipto BaHHS
npoBoxwid B iHrepBam wactor 1-10° T,
[lonepenHbO 3pasky, pereHepyBaidu €JIeKT-
poMeMOpaHHIM METOAO0M.

MinepanbHUM CKJaa HaHO QiIbTpalli-
HOTO TepMeaTy CTaHOBHB (MMoJb aM): K -
34; Na - 17; Cl - 51. Iloka3HUK XIMIYHOIO
croxuBannst kucHio (XCK) pocsiras 510
mr*am®. Tlomepe 0 piguHy 030HYBAH
arasoriuHo [14], 3nauenns XCK 3HM3MIOCS
10 230 mr¥*am°. TlepMear mpoOmycKaid de-
pe3 10HOOOMIHHY KOJOHKY miametpoM 0,8
cMm 31 mBuakicTio 0,3 av*ron”. KonmoHka

Oyna 3anoBHeHa aHioHITOM. BMmict ioHiB Cl
Ha BHUXO/1 3 KOJIO HKM BU3HAY JIH 32 J0TIOMO-
roto pH-meTpy [-160 MU, ykomruiekroBa-
HUM celleKTuBHUM enekTpoaom ELIS-131Cl
(Ananutnpudop, benapyce). Uepes myxHuit
pPO3YMWH, SKHUWA YTBOPIOBABCS TMICISI MPOXO-
JDKeHH 4epe3 KOoJOoHKY, 6apooryBanu CO,.
loniT y xonoHm perenepyBaiu 1 M po3un-
HoMm NH,OH, emoar vewrpamzysaimu HNO;,
po3unH 3anumanu B vamm [letpi. [licns
BUIIAPOBYBAaHHA BOJM YTBOPIOBaJacs Cyxa
cymim NH4NO; Ta NH,Cl Ilicns 1poro
0CaJl PO3YUHSIIH 1 aHANTI3YBAJIH.

Po3umH, skuii Mojaemoe  OUIKOBHM
KOHLIEHTPAT MICJI eNeKTpoaiani3y abo mia-
¢binpTpamiii, mictus 1 r*om” Ginkis, 0,15 r*
o KCI i 0,04 r*am° NaCl. [le#t po3uun
JIeMiHepami3yBalll  €JICKTPOCiOHI3aIl HHUM
METOJIOM. BUKOpHCTOBYBaiM TpUKAMEpHY
KOMipKy aHanoridHo [8]. Mixx memOpaHamu
PO3TaIIOBYBaJIH CyMIiII opraHo-
HEOPraHiYHMUX KaTIOHITY Ta aHIOHITY Yy CIIB-
BigHomeHHI 1:1. KarioHiT OyB momnepeaHbo
moaudikopanuit ['®Ll, a anionit — Hearpe-
ropanmMu HaHouactuHkamu [JII. Yepes
1ap 1OHITIB IUPKYJIOBAB MOJEIbHUNA PpO3-
guH (10 ,I[Ms) 31 mBUAKICTIO 20 CMs*XB'l, a
yepes enekrpoaHi BigauieHus — 0,1 M po3s-
gyuH NH4NOj;. Enektpopeionizamito mpoBO-
WA TpU TIOCTiHHIA Hampysi. Enexrpomnpo-
BIITHICTP MOJEJHLHOTO PO3YHMHY KO HTPOJIO-
BAJIM 3a JONOMOrorw KoHaykroMmerpa HI
9932 (Hanna Insruments), peectpyBaiu Ta-
KO 3HaueHHsA pH.

Bci ekciepumeHTH 3 010JIOTIYHUMU Pi-
JMHAM U BUKO HyBasu npu 284 K.

Po3Mip iHKOPTIOpOBAaHUX YAaCTHHOK Ti-
JPaTOBAHOTO OKCHIY MOke OyTH BH3Haye-
HUN BUXOJSYH 3 TEPMOJHMHAMIYHOTO IMiAXO-
ny OctBanbna-Opeiiammixa [15]:

ISSN 2708-129X. YKP . XIM . XVYPH ., 2020, t.86, No 5 41



10.C. I3asvxo0, I.B. ®@edina, B.B. 3axapos, €.0. Konomieys, K.O. Kyoenxo

nS __ PV, ocose
C RTF )

ae CiC, — KOHIICHTpAIIsl PO34YHHEHOT CTIO-
JyKd B TOJIIMEpl 1 y MepeHac MICHOMY PO3-
YYHI BiATOBIIHO, [ — KoedimeHT GopMHU Ya-
ctuHOK (2,8 misa chepuanux), V,— MoIsip-
HUIl 00'eM HEpPO3YMHHOI CHOIYKH, O — IO-
BEPXHEBHU HATSAT PO3YHMHHUKA, ¢ — KYyT 3MO-
yyBaHHs (cos@=1 mns rigpodimbHUX pedo-
BUH), I — pajiyc 4acTUHOK, R— yHiBepcasbHa
ra3oBa cTtaja, | — TeMneparypa. YacTHHKH,
paniyc sSIKMX MEHIIHA 32 3HAUY€HHS, OTPHUM a-
Hi 3 piBHAHHA (1), pO3YUHSIIOTHCS 1 OC1/IAI0Th
Ha O1JIBIITMX YaCTUHKAX.

3 piBasiHHA (1) BUIHO, 0 Ba)TUBUM
dakTopoM, 10 BU3HAYAE PO3MIPH 1HKOPIIO-
POBAaHHMX YAaCTUHOK, € MPUPOAA CTIOIYKH, IO
ocaKyeThcsa. OqHAK 3pOOUTH TOYHHUH PO3-
paxyHOK PO3Mipy YaCTHHOK BIJITIOBIHO 10
piBHsiHHA (1) HOCUTH BaXKo, MO 00yMOBIIE-
HO HEBW3HAYEHICTIO MOJSIPHOTO 00'eMy
aMop(HOTO TiAPATOBAHOTO OKCHUIY, HANpPH-
kian, ['JIL. [Ipote MoKHaA BUKOpHUCTATH J1a-
HI g Kpuctaimiysoro ZrO, (2,16><1O'5 M
*Monb'l). Posrimsaemo ocamxkenns /(I 3
BOJHOTO po3uuny mpu 293 K (noBepxHeBuUit
HaTar Boau ctaHoButh 0,073 H Mt 3a X
yMOB). 3a3BH4aii KOHIICHTPAINIO ITUPKO HIIO
y HEHACHMYEHOMY PO3YHHI TOCTIMHOT 10 HHOT
CUJIH, SIKMI 3HAXOJIUTHCA Y KOHTAKTI 3 BaX-
KOPO3UYMHHOIO  CIOJIYKOIO  (HAmpHKJIA,
ZrSiO, abo kpuctamiunmm ZrO,), BH3HaYa-
10Th aHamiTHIHO [16]. Taki mani BigIoOBIIa-
I0Th YHUCJIIBHUKY MiAJOrapumMigaHOro Apody
piBusiHHsA (1). KoHIeHTpalis nepeHac udeHo-
ro po34uHy (3HAMEHHHK TiajorapudmivHo-
ro 1po0y) — BMICT Zr y pO34rHI HaJl CBIKOO-
camkeHumM abo W HaBITh  3icCTape HUM

Zr(OH),. [lns 1y>XHUX CepeTOBHII 3HaYe HHSI
KOHIICHTpAIl il y HEHACHMEHOMY Ta TIEpec -
YEHOMY PO3YMHAX PO3PI3HAIOTHCS HA IO psi-
TIOK (10'8 ta 107 MOJIL*J:[M'?’ BIITIOBITHO),
takuM 4uHOM InC/C,.~2,3. MiHimas Huil
niametp uvactuHok ['JIL, ocamxeHHS SKHUX
MOXIIMBO 3 TEPMOJMHAMIYHOT TOUKH 30Dy,
CTaHOBUTH 1,5 HM. Y mojimMepi TOMIHYIOTh
came Takl YaCTHUHKH, SIKI OCaJ>KeHI MPH Mi-
HIMQJILHOMY BMICTI HEOOMIHHO COpPOOBaHUX
T'1IPOKCOKOMITIEKCIB UpKOHIIO (puc. 1a). 3a
HaMO1JIbIIOr0 BMICTY y TOJIIMEPI TaKUX 10-
HiB, ['JIL ocamxyeTbcst y BUrJsiAl BEIUKUX
YaCTHHOK PO3MIpOM JEKiJIbka MIKpOH (pHC.
16). Posmomin HearperoBaHWX HaHOYACTH-
HOK 3a JlaMeTpoM, sIKUi ToOyIoBaHO 3a Ja-
Humu aHanizy TEM-300paxeHb, ABISE€ CO-
0010 TUIOBY rayciaHy, MakCUMyM SIKOi BiJI-
noBigae 2 uM (puc. 1B). Hanouactunku po3-
TalmoBaHi OJM3bKO OJIHA 10 OJHOI, aje He
arperoBaHi, OCKUIbKM BOHH CTabili30BaHi
CTIHKaM¥ TOp moJiiMepy. BpaxoByrouu po3-
Mip HAHOYaCTUHOK, BOHU JIOKAJII30BaHl y Ti-
IpodiabHUX MOpax, a BEJIWKI arperara — y
riapohoOHuX.

Momsipauit 06'em TiO, Tpoxu Me HITUA
nopismsiHo 3 ZrO, (2x107 m*momp ). Ta-
KM 4WHOM, CJIIJT O9iKyBaTH MEHIIIUX PO3Mi-
piB yactuHok ['J[T 3rimHo piBHsiHuA (1). Oxn-
Hak, Ha Biaminy Big I, I'IT ocamxyeThes
y BUIJAAI OiJbIIMX NEPBUHHUX YaCTUHOK,
SIK1 yTBOPIOIOTH arperatu (puc. 2).

OTpuMaHi pe3yibTaTyh MOXHA TOSCHU-
TH, IPUIUMal04 ¥ 10 yBaru piBHAHHA (2). Lle
piBHSIHHS OyJ0 OJ€p)KaHO HAMU paHille, BU-
xons19u 3 popmysu (1) [10]:

PV,,0CoS @ i
RT |:|n AP - In Cczgm -zln [KI?IFSAOH CV?IISAOH _VI(ZVCC?“A)]:l (2)

NH,OH

r=-—
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PiBusinns (2) moB'sizye po3Mip 4dacTu-
HOK, IO OCA/KYIOTHCS, 13 TOOYTKOM pO3-
yuHHOCTI crnonyku Cat(OH),, koHcTaHTOIO
nucotmari ocamkyBada (Kyyson), HOTO KOH-
neHTpamieto (Cyyaon) Ta 00'€eMOM, KOHIIEHT-

7+
Cat,

(TyT z—3apsn), KOHIEHTPAIIE€I COPOOBAHUX
KaTiOHIB B OJHMHHUILI 00'€eMy aHiO HOOOMIHHO-
ro noyiMepy Ceca, IOBHOIO OOMIHHOKO €MHI-

pamiero karioHiB Mertany C y PO34MHI

CTIO OCTaHHBOTO A Ta 00'eMoM momiMepy V.
AHanoriuHe pIiBHIHHI OTPUMAaHO JJIsI OCa-
JOKeHHSI HEOPraHIuHOTO KaTIOHITY Tiapodo-
cary MpKOHIIO B KAaTIOHOOOMiIHHINA CMOJI
[17]. ExkcnepumeHTaipHe MiATBEPIKE HHSA
3ampoTi0 HOBAHUX TEOPETUYHUX MIAXOJIB Ha-
BeneHo y [10, 17, 18].

VY BuUMaaky ocaakeHHs TiJpaTOBAHUX
okcuniB MertaniB IV rpymnu, po3paxyHoK po-
3Mipy YaCTHHOK 3a PiBHAHHAM (2) yTpyaAHe-
HOo. TpymHomil ToB'si3aHl MepeayciM 13 po3-
paxyHKOM A00YTKY PO3YMHHOCTI BHACIIOK
BEJIMKOTO PI3HOMAaHITTA 10HHUX GopM, fKi
ICHYIOTh Y pO3uuHI Haja ocanoM. Hanpuknan,
npu po3unHeHHi ['JII] yTBoproroTbCcsi MOHO-
mepri  kariomn  Zr(OH);*,  Zr(OH),™,
Zr(OH)**, menucomiiioannii Zr(OH),, a Ta-
Kok rommepHi xationnm Zrys(OH)s®* Ta
Zr,(OH)¢** [19]. TuM He MeHuI, piBHTHHS
(2) mo3BoJisie BU3HAYATH HAMPSIMOK CTIPSIMO-
BAaHOTO PEryJIOBaHHA pO3MIpY YacTHUHOK
IUIIXOM BHOOPY TOTO UM 1HIIOr0 MoAu(ika-
TOpY, THOJIMEPHOi OCHOBH, PO3YHMHHHUKA a00
OCa/)KyBaua, BapilOBaHHSA KO HICHTpAIiid
peareHTiB TOIIIO.

SIk BUITHO 3 pIBHSAHHA (2), pPO3UMHHICTh
CIOJIYKH, IO OCAaIKYyEThCS, € KIOYOBUM
dakTopoM, SKHWI BU3HAUAE PO3MIp YaCTH-
HOK: YMM MEHIII PO3YMHHOIO € CIOJIyKa, TUM
MEHIII YaCTUHKH YTBO PIOIOTHCS.
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(a), ix arperariB (0), po3moail HearperoBaHUX
HaHOYACTHHOK 3a po3Mipamu (B)
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Puc. 2. TEM 300paxeHHsI arpeToBaHNX HaHOYa-
cruaok ['JIT y momimepH iif OCHOBI

Tak, TEOpPETMUHO pO3paxoOBaHA KOHC-
TaHTa piBHOBaru peaxmii [20]:

Zr(OH),<>Zr" " +40H (3)
cTaHoBUTH 1072 M0JIL*;[M'3, a peakii:
TiO(OH),«<>TiO*+20H (4)

) . -27.3
nocsirae Habararo Oibiioi Bestmdaunu (10

MOJIb ZLM'S). Takum uwmsoMm, ['JIT yTBOproe
Oinmprni yactunku, HOK [JIL (mopiBHAHHA
puc. 2 Ta puc. 1a).

[Ipu Benukomy BMICTI T1JIpOKCOKOMII-
JIEKCIB IIUPKOHIIO B TOJIIMEPHI# OCHOBI (30i-
NBIIEHHS BEJNMYUHH Cca) 301IbIIYETHCS

MO/1yJIb norapudMigaHOTO BiJl'€eMHUKA
V. (ZEC t +K)
0.5 0.5 al _
z|In| KyonCriom —'V— , BPaxoBYIO
NH,OH

V,(zCca + A) : :

0.5 0.5 -

"y, Mo K w01 Cin,om _IV—<1' Binnosi

NH,OH
JTHO, 3MEHIIYETHCA MOJYJIh 3HAMEHHHKA

npoOy (2), amxe a1 claOKOPO34 MHHOTO

AL pisaung In JP—-InCg, € Takox Bif'e-

MHOIO BEJMYHUHOIO, TPOTE 301IbIIYETHCS
3HauyeHHd I. Takum 4YuHOM, 3016 IIIEHHA
KOHLIEHTpaIli coil MeTajdy B aHIOHOOOMiH-
HOMY TIOJIMEPi MPU3BOIUTH A0 YKPYITHE HHS
YaCTUHOK, SIKI OcaXyloTbcs. JlilicHo, y BU-
MajKy, Koy Oilpllia yacTUHA HEOoOMiHHO
COpOOBaHMX T1AIPOKCOKOMIUIEKCIB IIUPKO HIO
HE BUIAJIacad 3 aHIOHOOOMIHHOTO IOJIIMeE-
Py, OCaIKyBaIuCs BEJIMKI arjioMepaTd MikK-
POHHMX po3MipiB (nuB. puc. 16). Taki yTBO-
pPEeHHS po3TalioBai y rifpogo0Hux nmopax, a
came B ie(heKTax CTPYKTYpHU MOJIIMEPY.

Haitoimpmuii BMicT MoaudikaTopy a0-
CATAEThCS TPU OCAMKEHHI  arjloMepaTiB
'L, [icns mepmoro mukity MoAudiKyBaH-
HA BMICT HEOPTaHIYHOTO 1OHITY CTAHOBUB
24-33% nna pizHUX cepit copbentiB. Lle
O3HaYa€ TMOTaHy BIATBOPIOBAHICTh CKIaAy
OpraHo-HEOpPraHIYHUX MarepiajgiB TaKOTO
THy. Y IbOMY BUMAAKY TOAajbIe MOaudi-
KyBaHHS HE TIPOBOJIWIH.

Sk nokazano Ha mpuknani ['J]T, kpama
BIITBOPIOBAHICTh JIOCSITAETHCS, IPU YTBO-
peHHI Oinbil ApiOHMX yacTHHOK . Puc. 3a
ITFOCTPYE BMICT HEOPraHIgHOI CKIagoBOi B
10HOOOMIHHIA CMOJI INJ Yac MOCTanlHHOTO
MoaubikyBaHnsi. HaimeHIy KUIbKICTh Ha-
TIOBHIOBaua BWSBJICHO JJII KOMIIO3HTIB, IO
MICTSTh HearperoBaHi HaHodacTuHku [JLI.
Ili opraHo-HeopraHiuyHi 10HITH JE€MOHCTPY-
I0Th HaWKpaily BiJITBOPIOBAHICTh CKJIALy,
PO IO CBIJYWTh HAWHWKYE CTaHIApPTHE Bi-
nxwieHHs (puc. 30).

Kinpkicte 1 Mopdosoriss MoaudikaTo-
Py BIUTMBAIOTh HAa HA0 yXaHHSI KOMIIO3UTIB, 1X
OOMIHHY €MHICTh, Ta €JEKTPOIPOBIAHICTS,
sKa B1JJ0Opakae MIBUIKICTh TEPEHOCY TMPO-
tuioniB OH'. JIyi1 Bu3HaYe HHS 0OM1HHOT €M-
HOCTI 3pa3ku BUTpuMyBaiu B 0.1 M po3uuHni
NaCl, pH «xoperyBanu po3uunom HCI.
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OO0'eMHe CIIBBIIHOLIEHHA 1OHITY Ta
po3unHy ctaHoBwio 1:500. YTBOpeHUt ny-
KHUU PO3YUH BIATUTPOBYBAIH PO3YHHOM
HCI i1 po3paxoByBanu emHicTth. [lepen Bumi-
PIOBAHHSMH  €JIEKTPOIPOBIAHOCTI  3pa3Ku
BUTPUMYBAJIM y JI€10HI30BaHI Bo1 ab0 ypiB-
HOBa)XXyBajJu 3 JyXe po30aBIEHMM pPO3YH-
HoM HCI (pH 4).

Pesynprarn HaBemeno y Tabawmmi 1.
3pa3ku, Ki MICTATh HearperoBaHi HaHOYAac-
TUHKH, J€MOHCTPYIOTh MEHIIIe HaOyXaHHS Y
NOPIBHAHHI 3 HEMOJM(pIKOBAHUM 10HITOM
BHACJIIJJOK €KpaHyBaHHS HAaHOYaCTHUHKAMHU
riapodinbHUX TOp, AKi W 3yMOBIIOIOTH Ha-
Oyxanns [7]. BigmoBigHO, 30UIBIIYETHCS
OoOMIHHAa €MHICTh Ha OJUMHHMIIO 00'eMy Ta
€JIEKTPOTPOBIIHICTh HACHITHOTO IIapy, MMO-
BIpHO, 32 paxyHOK KOHIEHTpalii pyXJIHBUX
HOCIiB 3apsiy.

ITpu pH 4 enexTponpoBiAHICTh 301JIb-
IIYETHCS, OCKIJILKM BHECOK y TIEpEHOC 10HIB
3a0e3Me4yloTh He TUIbKU MPOTUIOHU (YHK-
IMOHATbHUX TPYT, ajie W MPOTH- Ta KOIOHH
HEOOMiHHO COPOOBAHOTO €JEKTPOIITY.

Ha BigmiHy Bix 3pa3kiB, MoudiKoBa-
HUX HearperoBaHMMU HAHOYAC TUHKaMH, 10-
HITH, III0 MICTATHh arperaTw, AEMOHCTPYIOTh
Oinplie HaOyXaHHS TOPIBHIHO 3 HeMOIU(i-
KOBaHOIO CMOJIOI0. OCKUIBKH TaKi arperaTu
po3TamioBaHi y TipodoOHHUX TOpax, BOHHU
SABJIAIOTH COOOI0 [TOJArKOBI OCMOTHYHI
HEHTPH, SKI ¥ 3yMOBIIOIOThH MiJBUIICHE Ha-
Oyxannsa. Buacminok mporo, npu pH 7 00'e-
MHa OOMIHHA €EMHICTh € MEHIIOIO, HIX JIJIS
BUXIJHOTO 10HITY. JlJIs 10HITY, AKHI MICTUTH
19% T'IT, mpu pH 4 emHuicTh aemo nepe-
BUIIIYE AHAJIOTIYHY BEIWYHMHY Ui HEMOJIU-
dikoBanoi cmonu. Ile 00yMOBJICHO BHECKOM
npotuioHiB Cl” ¢pyHKIN0 HATL HUX TPYIT HEOP-
TaHIYHOT CKJIAJIOBO1, aJ’ke y KHUCJIOMY cepe-

40 T T :

Bwmict moaudiyaropy, %
N
o

0 2 4 6

3t T
X £\ /-/\
5 / e
5ot
< .
& !
5 |
Z1lr.
g |
O .
! 1
; /
O V._.A—__.—__.A—.\-,
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Lk MoamdikyBaHHS
0

Puc. 3. BMmicT 3HEBOJIHEHOTO OKCUIY y KOMIIO-
3uTax (a) Ta CTaHIapTHE BinxwieHHS (0) mus
KOKHOTO IUKIY MOJAU(IKYBaHHS TPhOX cepiid
3pa3kiB, mo Mmictate L] (a, 1-3, 6, 1) ta TAT
(a, 4-6, 0, 2).

JIOBHIIl TOCWIIOETHCS TPOTOHYBAHHS TPYII
—OH. 3menmenns pH Takox npm3BOIUTH 10
30UIbIIEHHST €JIEKTPOMPOBIAHOCTI, IO 00Y-
MOBJICHO 3POCTaHHAM KOHICHTpaIii pyXJiu-
BHX HOCITB 3apsiy.
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Taonuusal

XapaKTepUCTHKH 3pa3KiB KOMIIO3 UL HUX i0HITIB

OO6MmiHHA €M- Enexrpo- Bunanenns ioniB Cl'3
Moaudikarop HicTh, CI, MPOBIMHICTh | HaHODUIBTpALHHOTO TIe-
*pr -3 1y -1
HaGy- MMOJIb *CM Om ™*m __pmeary
€MHICTh
. XaHHS,
BMICT, % JI0 1IPO- Crynenn
TUTL Mac. pH7 | pH4 | pH7 | pH4 CKOKY, 3HECOJICHHA,
% MM0J135*CM‘ %
- 45 1,15 1,15 0,042 0,082 0,75 95
'L, nearpe- 1,3 39 125 1,35 0,059 0,095
roBaH1 HAaHO-
YaCTUHKU 2,2 35 1,40 1,57 0,075 0,108 1,00 99
[T, arpera- 19 60 1,05 1,25 0,010 0,042 1,30 99
TH HaHoOYac-
TUHOK 35 83 0,82 1,10 0,008 0,024 - -
AL,
YaCTUHKH Mi-
KPOHHUX PO3- 33 78 0,79 1,12 0,012 0,020 - -
MIpIB

OOMiHHA €MHICTh Ta IMIBUIKICTH TIEpe-
HOCY 10HIB € BaXJIMBHUMH TOKa3HUKAMH, SIKi
BU3HA4Yal0OTh €(EKTHUBHICTh 3aCTOCYBaHHS
TOro abo iHIOro copOeHTy B 10HOOOMIHHHUX
kosioHaX. Jlyms Buganenus anioniB Cl 3 Ha-
HoQinpTpamiiiHoro nepmeary (pH 4) y nu-
HAMIYHUX YMOBaxX 3aCTOCOBYBAJIM 10HITH,
U1 AKUX OyJno 3HaiIeHO TMiJABHIEHY 00-
MIHHY €MHICTb Ta €JIEKTPOTPOBIAHICTb. []ys
MOJU(]IKOBAHUX 10HITIB 3HAWIEHO OLIBIIY
€MHICTh JIO TPOCKOKY, a TaKO>X OUIbIIHI
ctyneHp BupgaineHus Cl° (quB. Tabnuio 1). ¥V
KOJIOHINl YTBOPIOBABCS JIyKHUN po3uuH. [li-
ciast mpomyckaHHs d4epe3 1o piguny CO,
YTBOPIOBABCSl COJIOBUM PO3YHH, SIKU MOJKHA
BUKOPUCTOBYBATH JAJIsI MEPIIOTO MPOM UBAH-

HsI OOJIaHAHHA TIe pepOOKU MO JOKO PO yK-
TiB. [oHITH pereHepyBaIl pO3YNHOM amiaky,
eoaT HeWTpai3yBallld a30 THOIO KHUCJIOTOIO.
[Ticns BunmaproBaHHS CYXHid 3aJIUIIIOK aHAai-
3yBau. SIk Oyio 3HaAEHO, MOJIbHE CIIB-
BigHomeHHs NH4NO; ta NH,Cl cTanoBuMIO
1:1,3 (BuxigHa cmoisa) ta 1:3,7 (komMmo3wur,
skuit Mmictutb ['/[T). Ile o3Havae OiIbIT BU-
COKHI BMICT XJIOPUI-10HIB Y KOMIIO3UTI TIO-
PIBHAHO 3 HeMOAH(IKOBaHUM 10HITOM. Ento-
ar micJii pereHepalii 10HITY Ta HeWTpasi3a-
1ii, a0 cyxl CymiIi coJyieid MOYKHa BHKOPHC-
TOBYBATH SIK 100aBKu 10 n100puB. Bona mic-
751 POMUBAHHS KOJIOHKH MOJKe OyTH 3acTO-
COBaHa JJIsl IPUrOTYBAHHS CBI’)KOTO PO3YHUHY
NH,OH. IlepeBaroto 10 HOOOMiHHOT 0OPOOKHU
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HaHO(iNBTpAIIIHOTO TiepMeaTy € BIJICYT-
HICTh Y HBOTO HETIPHUEMHOTO 3araxy, CIpu-
YUHEHOTO JIerpajaIiiero amiHoKucioT. [lpm
NPOTYCKaHHI MepMeary uepe3 KOJIOHKY aMmi-
HOKHUCJIOTH COPOYIOTBCS 10HITOM pa3oM 3
anionamu CI'.

Jlnst enexTpoaeioHi3aIiHoT mepe poo-
KU OITKOBOTO KOHIIEHTPATY 3aCTOCOBYBAJIH
10HIT, SIKMIM XapaKTepH3yeThCsl HANO1JIbIIOIO
€JICKTPOTPOBIHICTIO, TOOTO 3Pa3oK, IO Mi-
cturb 2,2% TAL] y BUrisal HearperoBaHux
HAaHOYaC TUHOK. [OHIT 3MimyBanu i3 opraHo-
HEOpraHIYHUM KaTIOHITOM Y CIIBBI1JIHOIIE H-
Hi 1:1. 3HecoysieHHs 3AilicHIOBAIW TIpU Ha-
npy3i 5 B. Uepes 7 rox enekTpompoBiIHICT
MOJIEJIbHOTO PO34uHy 3MeHmumiacs Ha 20%
(puc. 4), npu HLOMY 3apPEECTPOBAHO HE3HAU-
it 3cyB pH 3 7 no 8.2. Lle cBiguure mpo
HEeBEJIMKMI HAjUIMIOK KaTioniB Na' y pos-
YpHI. [HIIMMU CJIOBaMHM, KaTIOHU Ta aHIOHHU
ClI" mepeHOCATHCSA 10 EJICKTPOIHHMX Bimi-
JICHb TPUOJIMBHO B €KBIBAIECHTHIN KiTbKOCTI.
Ockinpku pH peansHOTro po3unHy 01JIKOBOTO
KOHIIEHTPATy CTAHOBUTH 4-5, HE3HAYHE M-
JTyKEHHS MOXe BUABUTHUCS KopucHuUM. Iliza-
BUIIICHHS IBUIKOCTI 3HECOJEHHSI MOXe Oy-
TH JOCATHYTO IIIJIIXOM BapilOBaHHS reOMeT-
PUYHUX HapaMeTpiB e€JeKTPOAiadi3HOI KOMi-
PKH Ta T pOIMHAMIYHUX YMOB.

Ime ogHmM mnUIXOM 1HTEHCHUpIKAIIT
MacolepeHOCY € TiJBUWIICHHS HAMpyru.
[Ipote mepebir enektpoaeionizamii npu 10-
40 B yckiaJiHEHO TJAKHUCIICHHIM PO3UYHUHY Y
BIIJTIJICHHI 3HecOJieHHA. 3HaueHHI pH 3me-
uiryBasiocs 10 3 (10 B), abo # HaBiTh 10 2.3
(40 B). B pesynpTari €1€KTpOMPOBITHICTH
pPO3UMHY 3HaYHO MiJIBHUIIYyBanacs. Take mij-
KUCIICHHS € HeOa)KaHWM, aj’ke BOHO CIpU-
YUHIOE JeHaTypamio OinkiB. HaBmakwu, po-
34MH B €ICKTPOIHUX BIIIIICHHIX MIITYXKYy-

25 . . :

t,rox

Puc. 4. 3acTtocyBaHHS KOMITO3HIIIHHUX IOHITIB
(1-3) ta cymimi KOMMO3HUIIHUI KaTiOHIT-
HeMOAU(IKOBaHUM aHIOHIT (4) U1a eleKTpoaei-
OHBAI[IMHOTO 3HECOJICHHS OUIKOBOIO KOHI[CHT-
paty mosiouyHoi cupoBarku npu 5 (1, 4), 10 (2)
ta 40 (3)

BaBcs. JlaHuit gakT 0OYMOBIEHO HaIJIMII-
KOM aHIOHIB y O1JIKOBOMY KOHIIEHTPATI, €Jie-
KTPOHEUTPAILHICTh SIKOTO 3a0€3TeYy€eThCs
iomamu H', mo reHe pyloThesl HA TPAHMUII PO-
311ty (a3 aHIOHIT-PO3YMH Ta aHIO HOOOMIHHA
MeMOpaHa-pO3YMH BHACTIIOK PO3KJIadaHHS
BOJMW. 3 OIVISIIOM HAa KHWCJIOTHICTH KOHIIEHT-
paty, renepamis iomiB H' BinOyBaeThcs
0171 IHTE HCMBHO, HiX TeHeparns ioHiB OH
Ha TPaHMII PO3ALITY KaTIOHIT-PO3YMH Ta Ka-
TIOHOOOMIHHAa MeMOpaHa PO3YHH.
[linkucneHHs CHOPUYUHIOE TIPOTOHY-
BaHHI aMiHOTpyN OUIKiB, IO CHpUs€e iX aj-
copO1li Ha 30BHINIHINA TIOBEPXHI T'PaHyN Ka-
TIOHITY Ta KaTiOHOOOMiHHOT MemOpaHu. Ta-
KHAM YHHOM, 30BHIIIHSI MOBEPXHSI KaTiOHOO-
OMIHHUX MaTepialiB 0JIOKYEThCS, IO YIOBI-
npHIO€ TeHepaito 1oHiB OH'. OTxe, miaBu-
HIEHHS HAMpyru € HeOaxaHuM CcrocoOom
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1HTe HC MiKaIli MacoTe pe HOCY.

Hapmnakwy, miamy»XeHHS COpHs€e JHUCOII-
amii KapOOKCWIbHUX TPYI aMiHOKHCJIOT O1JI-
KiB: TIpU I[OMY CIIiJ] OYIKyBaTH iX ancopO-
IO HAa MOBEPXHI aHIOHITY, 1, K HACJIJIOK,
3HIDKEHHSI TIBHIKOCTI TIEPEHOCY aHIOHIB.
[Ipote mpu Hampy3i 5 B nepeHoc karioHiB Ta
aHIOHIB BiIOYBa€ThCS MPHUOJIM3HO 3 OJTHAKO-
BOIO MIBUIKICTIO. HaBmaku, mpu 3amiHI KOM-
NO3UII THOTO aHIOHITY Ha HEMOJU(PIKOBAHUMA
CTIOCTEPITAETHCS TEHICHINS A0 301IbIIE HHS
€JIEKTPOTIPOBIAHOCTI PO3UYMHY BHACTIIOK Ti-
myxenns (pH nepesuye 9). Lle cBinuuth
npo GJ0KyBaHHSA O1IKAMU TOBEPXHI T'PaHyII
AHIO HOOOMIHHOI CMOJIH, sIKa, Ha BIAMIHY BiJ
KOMIIO3UTY, HE BWSIBJISIE CTIHKICTH JI0 Opra-
HIY HUX 3a0py/1HE Hb.

BUCHOBKH. T'111, sxoMy npuTamaH-
Ha MEHIIIa pO3YUHHICTh Y o piBHAHHI 3 /[T,
YTBOPIOE HEarperoBaHi HAHOYACTUHKH y TIO-
JiMepHI aHIOHOOOMIHHIM Marpwuii. Taki
10HITH XapaKTepH3ylOThCS BIATBOPIOBAHICTIO
CKJIQy Ha BIAMIHY BiJi COpPOEHTIB, IO MiC-
TATh arperaTd HaHO4YacTHHOK. Ha BiaminHy
B1JI BUX1JJHOT CMOJIH, 10HIT, MOJH(DIKOBaHMI
HAHOYAC TUHKAMH, JE€MOHCTPYE i BUIIEHY
OOMIHHY €MHICTh Ta €JEKTPOIPOBIIHICTh.
Martepian Takoro THIy MOke OyTH 3aCTOCO-
BaHUI SIK MI>KMeMOpaHHUN HANOBHIOBAY JIJIA
[JIHOOKOTO  €JEKTPOMEMOPAHHOTO  3HECO-
JICHHS MOJIOYHOI cupoBaTku. loHIT, M0 Mic-
TUTh arperarv, Mo)xe OyTH BUKOpPHUCTAHUU
JUUIsl 3HECOJICHHs O10JIOTIYHHUX PIUH METO-
JIOM TpaJHIifHOTO 10HHOTO OOMIHY. Tak,
MIPY 3HECOJICHHI HaHO(1JIbTPaLltHOTO CHUPO-
BaTKOr0 TepMeaTy OTPUMAHO JIyKHHUH pO3-
YUH AJIs1 MUTTS OOJIaJiHaHHA Xap4yoBOi Mpo-
mucJioBocTi. IIpu pereneparii ioHITY yTBO-
PIOETHCA PO3YMH A30TBMICHHUX COJIEH, SIKI
MOYHAa BUKOPUCTOBYBATH B SKOCTI JOOpUBA.

OxpiM Xap4oBOi1 MPOMHUCIOBOCTI, 10 TOTE H-
MHHUX  cdep  3acTOCYBaHHS  OpraHo-
HEOpraHIYHUX 10HITIB BIJTHOCSTHCS BOJIOIIII-
rOTOBKa, 10HOOOMiHHA Xpomarorpadis, ¢a-
PMAaKOJIOT1Y Ha MPOMHCIIOBICTh TOIIO.

KOMIIO3UIIMOHHBIE ~ MOHUTBI  JIJIA
IIEPEPABOTKN  JKMIKHX  OTXOHOB
MOJIOYHOU TTPOMBIINUTIEHHOCTH

Ji3sbko 10.C.1*, 1.B. ®emuna’, B.B. 3axap0133,
E.A. Konomuer!, K.O. Kynenxo *

1 Uucmumym obweti u Heopeanuyeckol X umuu
um. B.U. Bepnaockoeo HAH Y kpaunu, npocn.
Axademuka Ilannaouna, 32/34, Kues, 03142,
Ykpauna

2 KuescoKuti HayuoHanbHuil VHUgepcumem mex-
Holloeuu u ousatina, ya. Hemuposuua-/lanuenko
2, 01011, e. Kues, Ykpauna

3 Hayuonanvhuii yHusepcumem nuiyesix mex-
nonoeutt MOH Yxpaunu, yn. Braoumupckas 48,
Kues, 01601, Ykpauna

*e-mail: dzyazko@gmail.com

Pa3pabotan cnoco6 HampaBiaeHHOTo (op-
MHPOBAHUS YaCTHL TMAPATUPOBAHHBIX OKCHJIOB
LIUPKOHUS U TUTaHAa B aHUOHOOOMEHHBIX CMO-
nax. [lpuMeHeH moaxod, OCHOBaHHBIM Ha Tep-
MOAMHAMUYEeCKOM  ypaBHeHuu  OcTBanpaa-
Operingnuxa. Takol Moaxo, B YaCTHOCTH, CBS-
3bIBAET Pa3Mep YacTHUI[ C PACTBOPHUMOCTBHIO CO-
elMHEeHUs, 00beMOM U KOHIICHTpAlMel peareH-
TOB. MeHee pacTBOPUMBIN JMOKCHJ LIUPKOHUS
OCaX/1aeTCsl B BUJIE HearperupoBaHHBIX HaHOYA-
CTHI], pa3Mep KOTOPBIX He mpeBbimaeT 10 HM,
COCTaB TaKMX KOMIIO3UTOB fBJIIETCS HanOosee
BOCIIPOU3BOAMMBIM. B ciyyae Gonee pactBopu-
MOTO JMOKCHJAa TUTaHa, 00pa3yloTcs arperaTsl
Hanouactull (10 70 um). Ilpu MOBBIILIEHNH KOH-
LEHTpaIM1 pacTBOpa COJIM METaula B MOJIMMeE-
pe, OCaKIAIOTCS YacCTHIbI MUKPOHHBIX pa3Mme-
poB. CocTaB MarepHalloB TakOro TUIIA BOCIPO-
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U3BOJUTCS eme Xyxke. HearpermpoBanHbie Ha-
HOYACTULIBl YBETUYMBAIOT OOMEHHYIO EMKOCTb
MOJIMMEPHOTO MOHUTA, YTO MPUBOAUT K YBEIH-
YEHUIO €r0 3JIEKTpONpoBOAHOCTH B 1.4-1.8 pas.
310 00yCIOBICHO BO3pACTaHUEM KOHLIEHTPALUH
NOJBUXHBIX HOCHUTENEH 3apsiia B MOJIUMEPHOI
OCHOBE 3a CUET YMEHBLICHUS ee HalyxaHUs U
BKJIa/1a TPOTUBOUOHOB (DYHKIIMOHAIIBHBIX TP YIIIT
HEOPraHWYECKOM COCTABIIIOIIEH B IIEPEHOC HO-
HoB. HampoTuB, arperarbl HaHOYacCTHI[ YCHJIH-
BAIOT HaOyxaHue MoJIuMepa, Pe3ylIbTaTOM YEero
SIBJISIETCSl YMEHBIIIEHHE EMKOCTH U 3JIEKTPOIPO-
BOJHOCTH. VIOHHWTHI NMPUMEHEHBI ISl HOHOOO-
MEHHOI TepepadoTKu HaHOPUIBTPAIIMOHHOTO
nepMeaTra MOJIOYHOM CBHIBOPOTKM M JUIS DJIEK-
TPOMEMOpPAaHHOTO 00ECCOMMBAHUS OCIIKOBOTO
KOHIIEHTpaTa.

KntwoueBhs e C J O B a: OpraHo-
HEOPraHWYECKUM MOHUT, OKCHJ ITUPKOHUS, OK-
CUJ TUTaHa, JJIEKTPOACHOHM3AIUS, MOJOYHAs
CBIBOPOTKA.

COMPOSITE ION-EXCHANGES FOR THE
RECYCLING OF LIQUID WASTE OF DAIRY
INDUSTRY

Yu. S. Dzyazko'*, LV. Fedina®>, V. V.
ZakharoV®, Ye.O. Kolomiets!, K.O. Kudelko*

W.I. Vernadskii Institute of General &
Inorganic Chemistry of the NAS of Ukraine,
Palladin Ave. 32/34, Kyiv, 03142, Ukraine
Kyiv National University of Technology and
Design, Nemirovich-Danchenko str. 2, 01011,
Kyiv, Ukraine

National University of Food Technologies of
the MES of Ukraine, Vladimirskaya str. 48,
Kyiv, 01601, Ukraine

*e-mail: dzyazko@gmail.com

The method of directed formation of parti-
cles of hydrated zirconium and titanium oxides
into anion exchange resins has been developed.
The approach based on the Ostwald-Freundlich

thermodynamic equation is applied. Such ap-
proach, in particular, connects the size of parti-
cles with the solubility of the compound, vol
ume and concentration of reagents. Less soluble
zirconium dioxide is deposited as non-
aggregated nanoparticles, the size of which does
not exceed 10 nm. The composition of such
composites is the most reproducible. In the case
of more soluble titanium dioxide, aggregates of
nanoparticles (up to 70 nm) are formed. When
the concentration of the solution of metal salts in
the polymer increases, the particles of micron
size are deposited, the composition of this type
of material is less reproduced. Non-aggregated
nanoparticles increase the exchange capacity of
the polymer. This leads to an increase in its elec-
trical conductivity in 1.4-1.8 times. This is due
to an increase in the concentration of mobile
charge carriers in the polymer matrix that is
caused by reducing its swelling. Other reason is
a contribution of the counter-ions of the func-
tional groups of inorganic component to ion
transport. On the contrary, the aggregates of na-
noparticles amplify the polymer swelling, result-
ing in a reduction of exchange capacity and elec-
trical conductivity. lon-exchangers were used
for the ion exchange processing of nanofiltration
permeate of milky whey, and for
electromembrane desalination of protein concen-
trate.

K ey wor ds: Organic-inorganic ion-
exchanger, zirconium dioxide, titanium dioxide,
electrodeionization, milky whey.
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SYNTHESIS OF 4-HETARYL-2-(DICHLOROMETHYL)PYRAZOLOI1,5-a][1,3,5]-

TRIAZINES
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New pyrazolo[1,5-a][1,3,5]triazines with a heteroaromatic substituent in position 4 and
dichloromethyl moiety in position 2 were obtained via a heterocyclization reaction of
readily available reagents - N-(2,2-dichloro-1-cyanoethenyl)carboxamides and 3(5)-
aminopyrazoles. The high efficiency of the proposed method for the synthesis of 2-
(dichloromethyl)-pyrazolo[1,5-a][1,3,5]triazines with furan-2-yl, thien-2-yl, and pyri-
dine-3-yl substituents was demonstrated.

Keywords:
pyrazolo-[1,5-a][1,3,5]triazine.

INTRODUCTION. The heterocyclic
system of pyrazolo[1,5-a][1,3,5]triazine can
be considered isosteric to the purine system,
and for this reason pyrazolo[1,5-a]-
[1,3,5]triazines are also sometimes called 5-
aza-9-deazapurines [1]. Molecules with this
ring in their structure demonstrate a wide
spectrum of biological activity that is heavi-
ly dependent on the nature of substituents in
the heterocycle.

A family of  pyrazolo[l,5-a]-
[1,3,5]triazines with an aminogroup in posi-
tion 4 and an aryl moiety in position 8
has demonstrated CRF (Cotricotropin-
releasing factor) inhibitory activity and
was considered as potential medicine for

N-(2,2-Dichloro-1-cyanoethenyl)carboxamide,

1H-pyrazol-5-amine,

curing depression and anxiety. DMP696 (1,
Fig. 1) is the best studied derivative in this
regard [2].

Introducing an arylmercapto group into
the structure of 4-amino-8-arylpyrazolo-
[1,5-a][1,3,5]triazine (2, Fig. 1) imbues these
molecules with antibacterial properties [3].

Furthermore, the research of new xan-
thin-oxidase inhibitors (to treat gout) has
established that the activity of 8-methyl-5-
aza-9-deazahypo-xanthine (3a, Fig.1) is
roughly three orders of magnitude higher
than that of the unsubstituted 5-aza-9-
deazahypoxanthine (3b) [4]. Plenty of ex-
amples like the abowe exist, and when re-
viewing the literature it’s easy to notice that
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Fig. 1. Bioactive pyrazolo[1,5-a][1,3,5]triazines
(literature data)

an important place among pyrazolo[1,5-a]-
[1,3,5]triazines that have been synthesized
and researched as bioactive compounds is
occupied by 4-aminoderivatives [1]. Partly
this is due to the peculiarities of the synthe-
sis of these compound: the usual starting
compounds for most pyrazolo[1,5-a][1,3,5]-
triazines are 3(5)-aminopyrazoles [5] that,
reacting as binucleophiles with N-cyano-
amidines and their analogues, easily form
various  4-aminopyrazolo[1,5-a][1,3,5]tria-
zines. On the other side, in reactions with
N-acylimidates 3(5)-aminopyrazoles give
4-alkyl- and 4-arylpyrazolo[1,5-a][1,3,5]
triazines.

Therefore, varying electrophilic agents
in 3(5)-aminopyrazole heterocyclization al-
lows to obtain new functionalized pyrazolo-
[1,5-a][1,3,5]triazines, and researching their
biological activity is going to be the next
task of interest.

The bielectrophile of our choosing be-
came a derivative of ADAN - N-(2,2-
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dichloro-1-cyanoethenyl)carboxamide  [6].
As the results of an interesting hetero-
cyclization that was accompanied by the
elimination of the CN group and formation
of pyrazolo[l1,5-a][1,3,5]triazines with a
dichloromethyl group in position 2 [7]. Al-
ternatively, previously we have synthesized
2,7-diaryl-4-(dichloro-methyl) pyrazolo-
[1,5-a][1,3,5]triazines with vyields up to
46% via interaction of 3-(5)-aminopyrazoles
with 1-aryl-1,3,4,4-tetrachloro-2-azabuta-1,3-
dienes [8].

Also we have found that pyrazolo-
[1,5-a][1,3,5]triazines exhibit moderate anti-
viral activity [7]; in contrast, anticancer ac-
tivity of some compounds from the group
was quite potent [9]. Of particular interest
is the fact that 4-aryl-2-(dichloro-
methyl)pyrazolo[1,5-a][1,3,5]-triazines have
demonstrated high activity, while that of
corresponding 4-alkylderivatives was very
weak, which prompted us to synthesize de-
rivatives with heteroaromatic substituents in
position 4 for further biological studies.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Synthesis of new 4-
aminopyrazolo[1,5-a][1,3,5]triazines with a
CHCI, group in position 2 was performed in
four stages, starting from amides 4-6 with
chloral (7). To obtain such compounds with
CHCI, group and heterocyclic moiety, we
used the previously deweloped hetero-
cyclization [10, 11].

Condensation of amides of correspond-
ing heteroaromatic acids 4-6 with chloral (7)
led to N-(2,2,2-trichloro-1-hydroxyethyl)-
amides 8-10, which reacted with thionyl
chloride to give N-(1,2,2,2-tetrachloroethyl)-
amides 11-13, which can be used in the next
step without purification. The subsequent
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substitution of the chlorine atom in amides
11-13 with a cyano group gave access to N-
(2,2-dichloro-1-cyanovinyl)-amides 14-16.
The final step was heterocyclization, which
was based on the condensation of 1H-
pyrazol-5-amines  17a-d  with  N-(2,2-
dichloro-1-cyanovinyl) furan-2-carboxy-
amide 14, its thiophene analogue 15, and
pyridine derivative 16 (Fig. 2). Key new
compounds — 4-hetaryl-2-(dichloromethyl)-
pyrazolo[1,5-a][1,3,5]triazines 18-20a-d
were obtained in good yields (66-78%). This
cyclocondensation occurs in sewveral stages
and involves the addition of an NH,-group to
the activated C-C double bond via form in-
termediate A with the subsequent triethyla-
mine-promoted elimination of HCN, result-
ing in B that after the final intermolecular
condensation gives products 18-20a-d. The
developed procedure for the hetero-
cyclization of the pyrazolo[1,5-a][1,3,5]
triazine system provides high yields of target
products 18-20a-d and is applicable to all
three starting heterocyclic derivatives 14-16.
The methods for the synthesis of the latter
differed: for furan and thiophene derivatives
— 14 and 15, it was possible to use the meth-
odology deweloped and tested for N-(2,2-
dichloro-1-cyanovinyl)carboxamides of ali-
phatic and aromatic acids [10, 11]; yet in the
case of the basic pyridine cycle, it was nec-
essary to adjust the method for processing
the reaction mixture and isolating the prod-
uct 16. We expect that this versatile protocol
may be broadly applied to the synthesis of
2-(dichloromethyl)pyrazolo[1,5-a][1,3,5]-
triazines.

The structures of synthesized com-
pounds 18-20a-d were fully confirmed by
spectral data and elemental analysis. The

comparison of the reported *H NMR spectral
data and spectra of compounds 18-20a-d
revealed some abnormal chemical shifts for
protons of heterocyclic moieties (furyl,
thienyl and pyridyl) associated with elec-
tron-withdrawing triazine ring.

The furyl and thienyl proton signals of
pyrazolo[1,5-a][1,3,5]triazines 18a-d and
19a-d in the NMR spectrum are deshielded
(7.5-9.0 and 7.0-.6 ppm respectively) com-
pared to unsubstituted furane and thiophene
(about 6.0-7.5 and 6.5-7.5 ppm respec-
tively). Proton chemical shifts of pyridine
moiety for heterocycles 20a-d are also de-
shielded cowered a range from 7.7 to
9.9 ppm. It should be noted that unsubsti-
tuted pyridine has corresponding shifts at
about 7.0-8.5 ppm, therefore the chemical
shifts in *H NMR of the heterocyclic moie-
ties in compounds 18-20a-d differ by 1 ppm
from those in the unsubstituted furane, thio-
phene and pyridine.

All reagents and solvents used in syn-
thetic procedures were purchased from Al-
drich and used as received. The reaction
progress was monitored by the TLC method
on Silica gel 60 F,5, Merck. *H (400 MHz)
and *C (100 MHz) NMR spectra of ob-
tained products were recorded at Varian
Unityplus 400 spectrometer in DMSO-dg
solution with TMS as the internal standard.
IR spectra were recorded on a Vertex 70
spectrometer from KBr pellets. Melting
points were measured on a Fisher-Johns in-
strument.

Chromatomass spectra were recorded
on an Agilent 1100 Series high performance
liquid chromatograph equipped with a diode
matrix with an Agilent LC/MS mass selec-
tive detector allowing a fast switching of the
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Fig. 2. Scheme of 4-(furan-2-yl/ithien-2-yl/pyridin-3-yl)-2- (dichloromethyl)pyrazolo[1,5-a][1,3,5]-
triazines 18-20a-d synthesis

positive/ negative ionization modes (chemi-
cal ionization).

Elemental analyses were performed
at the Analytical Laboratory of the
V.P. Kukhar Institute of Bioorganic Chemis-
try and Petrochemistry, NAS of Ukraine,
their results were found to be in good
agreement (£0.4%) with the calculated val-
ues.

General procedures of N-(2,2,2-
trichloro-1-hydroxyethyl)amides 8-10 syn-
thesis. The mixture of appropriate amide
(1 mol), chloral hydrate (1.1 mol) and con-
centrated sulfuric acid (5 ml) was refluxed
for 0.5 h. After cooling the water (300 ml)
was added and the mixture was intensively
stirred at room temperature. The precipitated
crude product was filtered off and dried.
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N-(2,2,2-Trichloro-1-hydroxyethyl)-2-
furamide 8 was described in [12].
N-(2,2,2-Trichloro-1-hydroxyethyl)
thiophene-2-carboxamide 9. Yield 250¢g
(91 %), white solid, mp 170-172 °C (ben-
zene). IR, v, cm™: 3311, 3179, 1632, 1537,
1416, 1103, 834, 719, 662. 'HNMR, 3,
ppm: 5.95-5.98 (1H, m, CH), 7.13-7.18
(1H, m, thienyl), 7.79-7.93 (2H, m, thienyl),
8.09 (1H, s, OH), 9.14 (1H, s, NH).
BCNMR, &, ppm: 81.8, 102.9, 128.6, 130.4,
132.7, 139.0, 161.7. MS, m/z 272 [M-HT.
Found, %: C, 30.60; H, 2.19; CI, 38.87; N,
5.27. C;HsCI;NO,S. Calculated, %: C,
30.62; H, 2.20; Cl, 38.74; N, 5.10.
N-(2,2,2-Trichloro-1-hydroxyethyl)-
nicotinamide 10 was described in [13].
General procedures of N-(2,2-dichloro-
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1-cyanovinyl)amides 14 and 15 synthesis.
The  mixture of N-(2,2,2-trichloro-1-
hydroxyethyl)amide 8, 9 (0.1 mol) in dry
benzene (100 ml) and thionyl chloride
(0.11 mol) was refluxed for 4 h. After cool-
ing the mixture was evaporated to dryness.
The crude product was washed by dry hex-
ane to obtain the compound 11, 12.

Solution of appropriate N-(1,2,2,2-
tetrachloroethyl)benzamide 11, 12 (0.1 mol)
in dry dioxane (70 ml) was added dropwise
to a stirred solution of KCN (0.2 mol) in wa-
ter (30 ml) at -5—(-10) °C. The solution was
stirred for 4 h. The precipitated crude prod-
uct was filtered off, washed with cold water,
dried and recrystallized from toluene.

N-(2,2-Dichloro-1-cyanovinyl)-2-
furamide 14. Yield 19 g (82 %), brown solid,
mp 104-106 °C (benzene). IR, v, cm™:
3287, 3138, 2240, 1694, 1593, 1491, 1464,
1305, 1179, 1108, 971, 948, 764, 594.
'HNMR, 8, ppm: 6.67 (1H, s, furyl), 7.35
(1H, s, furyl), 7.94 (1H, s, furyl), 10.55 (1H,
s, NH). ®C NMR, &, ppm: 110.6, 112.9,
113.2, 117.3, 135.7, 145.8, 147.4, 156.3.
MS, m/z 233 [M+H]". Found, %: C, 41.57;
H, 1.72; CI, 30.83; N, 12.23. CgH,CI,N,0..
Calculated, %: C, 41.59; H, 1.75; ClI, 30.69;
N, 12.12.

N-(2,2-Dichloro-1-cyanovinyl)thio-
phene-2-carboxamide 15. Yield 20 g (81 %),
white solid, mp 131-133 °C (benzene). IR,
v, cm™: 3217, 2963, 2233, 1639, 1602,
1529, 1488, 1299, 1102, 964, 900, 854, 636.
'HNMR, &, ppm (J, Hz): 7.24 (1H, t, J =
4.4 Hz, thienyl), 7.96-7.98 (2H, m, thienyl),
10.69 (1H, s, NH). **C NMR, &, ppm: 111.1,
113.4, 129.0, 131.6, 134.2, 1354, 136.8,
160.3. MS, m/z 249 [M+H]". Found, %: C,
38.87;H, 1.60; ClI, 28.81; N, 11.44; S, 12.88.

CgH,CI,N,0OS. Calculated, %: C, 38.89; H,
1.63;Cl, 28.69; N, 11.34; S, 12.98.

Procedures of N-(2,2-dichloro-1-cyano-
vinyl)nicotinamide 16 synthesis.

The mixture of N-(2,2,2-trichloro-1-
hydroxyethyl)nicotinamide 10 (0.1 mol) in
dry benzene (100 ml) and thionyl chloride
(0.11 mol) was refluxed for 4 h. After cool-
ing the mixture was evaporated to dryness.
The crude product was washed by dry hex-
ane to obtain compound 13.

Solution of N-(1,2,2,2-tetrachloro-
ethyl)nicotinamide 13 (0.1 mol) in dry
dioxane (70 ml) was added dropwise to a
stirred solution of KCN (0.2 mol) in water
(30 ml) at -5- (-10) °C. The mixture was
stirred for 4 h and evaporated until a precipi-
tate appeared. The precipitated crude prod-
uct was filtered off, washed with cold water,
dried and recrystallized.

N-(2,2-Dichloro-1-cyanovinyl)nicotin-
amide 16. Yield 199 (78 %), brown solid,
mp 129-131°C (benzene). IR, v, cm™:
3229, 2963, 2233, 1662, 1593, 1491, 1422,
1302, 1199, 1122, 963, 890, 703, 636.
'H NMR, &, ppm: 7.54 (1H, s, pyridyl), 8.28
(1H, s, pyriayl), 8.76 (1H, s, pyridyl), 9.06
(1H, s, pyridyl), 11.02 (1H, s, NH).
BCNMR, 8, ppm: 111.1, 113.2, 124.1,
128.0, 135.4, 136.3, 149.4, 153.6, 164.6.
MS, m/z 243 [M+H]". Found, %: C, 44.64;
H, 2.05; ClI, 29.38; N, 17.45. CyH;CI,N;0.
Calculated, %: C, 44.66; H, 2.08; Cl, 29.29;
N, 17.36.

General procedures of 2-(dichloro-
methyl)pyrazolo[1,5-a][1,3,5]triazines 18-
20a-d synthesis. To a solution of 2-acyl-
amino-3,3-dichloroacrylonitrile 14-16
(0.0l mol) in 10ml of THF, 5-amino-
pyrazole 17a-d  (0.01mol) and Et;N
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(1.39 ml, 0.01 mol) were added. The mixture
was stirred at room temperature for 24 h, and
then heated at 55-60 °C for 2 h. After sol-
vent evaporation the residue was triturated
with water to give a crude product which
was dried and recrystallized to obtain yellow
or brownish crystals.
2-Dichloromethyl-4-(furan-2-yl)-7-
methylpyrazolo[1,5-a][1,3,5]triazine  18a.
Yield 1.86 g (66 %), yellow solid, mp 187-
189 °C (MeCN). IR, v, cm™: 3118, 2996,
1606, 1577, 1502, 1459, 1361, 1262, 1143,
1031, 785, 712, 661, 533. 'H NMR, &, ppm
(J, Hz): 255 (3H, s, CHy), 6.79 (1H, s,
CHCI, or C-H pyrazole), 6.98-6.99 (1H, m,
furan), 7.38 (1H, s, CHCI, or C-H pyrazole),
8.33 (1H, s, C-H furan), 8.44 (1H,d, J = 2.9
Hz, C-H furan). *C NMR, 8§, ppm: 15.2,
71.5,98.1,114.4,125.9,142.9,144 .8, 149.7,
150.4, 157.9, 159.2. MS, m/z 285 [M+H]".
Found, %: C, 46.65; H, 2.82; Cl, 25.12; N,
19.70. Cy;HgCI,N,O. Calculated (%): C,
46.67; H, 2.85; Cl, 25.04; N, 19.79.
2-Dichloromethyl-4-(furan-2-yl)-7-

phenylpyrazolo[1,5-a][1,3,5]triazine  18b.
Yield 2.58 g (75 %), brown solid, mp 203-
205°C (MeCN: DMF, 4:1). IR, v, cm™;
3117, 3009, 2924, 1605, 1568, 1494, 1461,
1360, 1265, 1024, 766, 689, 654, 556. 'H
NMR, o, ppm (J, Hz): 7.03 (1H, m, CHCI,
or C-H pyrazole), 7.41 (1H,d,J = 1.5 Hz, C-
H furan), 7.50-7.57 (4H, m, CHCI, or C-H
pyrazole, H-3,4,5 Ph), 820 (2H, d, J =
7.8 Hz, H-2,6 Ph), 8.36 (1H, s, C-H furan),
863 (IH, d, J = 39Hz, C-H furan).
CNMR, &, ppm: 71.5, 95.3, 114.6, 126.4,
127.4, 129.5, 130.7, 131.7, 1429, 145.2,
150.5, 150.6, 158.1, 159.0. MS, m/z 345
[M+H]". Found, %: C, 55.65; H, 2.88; ClI,
20.60; N, 16.30. C44H;,CI,N,O. Calculated

(%): C,55.67; H, 2.92; Cl, 20.54; N, 16.23.
2-Dichloromethyl-4-(furan-2-yl)-7-p-
tolyl-pyrazolo[1,5-a][1,3,5]triazine 18c.
Yield 2.61 g (73 %), brown solid, mp 209-
211 °C (MeCN: DMF, 4:1). IR, v, cm ™
3129, 2923, 1605, 1564, 1496, 1448, 1358,
1261, 1228, 1150, 1024, 790, 773, 741, 659.
'HNMR, 8, ppm (J, Hz): 2.39 (3H, s, CH,,
Ar), 7.02-7.04 (1H, m, C-H furan), 7.35
(2H, d, J = 8.3 Hz, H-3,5 Ar), 7.41 (1H, s,
CHCI, or C-H, pyrazole), 7.45 (1H, s,
CHCI, or C-H pyrazole), 8.09 (2H, d, J =
8.3 Hz, H-2,6 Ar), 8.36 (1H, s, C-H furan),
863 (1H, d, J = 3.4Hz, C-H furan).
BCNMR, &, ppm: 21.5, 71.5, 95.0, 114.6,
126.3, 127.3, 128.9, 130.1, 140.5, 142.9,
145.1, 1505, 150.5, 158.1, 159.1. MS, m/z
359 [M+H]". Found, %: C, 56.80; H, 3.35;
Cl, 19.80; N, 15.55. C;;H;,CI,N,O. Calcu-
lated (%): C, 56.84; H, 3.37; Cl, 19.74; N,
15.60.
2-Dichloromethyl-7-(4-fluorophenyl)-
4-(furan-2-yl)pyrazolo[1,5-a][1,3 5]tri-
azine 18d. Yield 2.40 g (66 %), brown solid,
mp 191-193 °C (MeCN : DMF, 4 : 1). IR, v,
cm™: 3121, 3000, 1609, 1570, 1494, 1449,
1358, 1267, 1234, 1155, 1026, 844, 783,
657, 523. 'HNMR, &, ppm (J, Hz): 7.02—
7.03 (IH, m, furan), 7.36-7.42 (3H, m,
CHCI, or C-H pyrazole, H-3,5 Ar), 7.50
(1H, s, CHCI, or C-H pyrazole), 8.24-8.28
(2H, m, H-2,6 Ar), 8.36 (1H, s, C-H, furan),
8.62 (1H, d, J = 34 Hz, furan). *C NMR, 3,
ppm (J, Hz): 71.5,95.3,114.6, 116.6 (d, J =
21.4 Hz), 126.5, 128.3 (d, J = 3.0 Hz) 129.7
(J = 85Hz), 142.8, 145.2, 150.5, 150.6,
158.0, 158.2, 163.8 (d, J = 247.3 Hz). MS,
m/z 363 [M+H]". Found, %: C, 52.96; H,
2.53; CI, 19.58; N, 15.50. C;¢H,CI,FN,4O.
Calculated (%): C, 52.92; H, 2.50; Cl, 19.52;
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N, 15.43.
2-Dichloromethyl-7-methyl-4-(thien-2-
yl)pyrazolo[1,5-a][1,3,5]triazine 19a. Yield
2.03 g (68 %), light yellow solid, mp 168-
170 °C (EtOH : MeCN, 4:1). IR, v, cm™":
3107, 3029, 3107, 1595, 1527, 1475, 1247,
851, 771, 716, 652, 521. ‘HNMR, &, ppm:
2.57 (3H, s, CHy), 6.80 (1H, s, CHCI, or C-
H pyrazole), 7.38 (1H, s, CHCI, or C-H py-
razole), 7.45-7.47 (1H, m, C-H thiophen),
8.28-8.30 (1H, m, C-H, thiophen), 8.92-
8.93 (1H, m, C-H thiophen). *C NMR, 3§,
ppm: 15.2, 71.4, 97.9, 129.6, 131.9, 138.0,
138.5, 149.0, 150.0, 157.8, 159.3. MS, m/z
299 [M+H]". Found, %: C, 44.20; H, 2.68;
Cl, 23.80; N, 18.77; S, 10.68. C;;HsCI,N,S.
Calculated (%): C, 44.16; H, 2.70; CI, 23.70;
N, 18.73; S, 10.72.
2-Dichloromethyl-7-phenyl-4-(thien-2-
yl)pyrazolo[1,5-a][1,3,5]triazine 19b. Yield
2.53 g (70 %), yellow solid, mp 189-191 °C
(MeCN). IR, v, cm™: 3102, 2924, 1598,
1524, 1463, 1253, 853, 766, 650, 554. 'H
NMR, 6, ppm (J, Hz): 7.40 (1H, s, CHCI, or
C-H pyrazole), 7.49-7.59 (5H, m, CHCI, or
C-H pyrazole, C-H thiophen, H-3,4,5 Ph),
8.21 (2H, d, J = 6.8 Hz, H-2,6 Ph), 8.34 (1H,
d,J =1.6 Hz, C-H thiophen), 8.99-9.00 (1H,
m, C-H, thiophen). ®*C NMR, &, ppm: 71.4,
95.2, 127.4, 129.6, 129.7, 130.8, 131.7,
131.8, 138.1, 139.0, 149.6, 150.8, 158.2,
159.0. MS, m/z 363 [M+H]". Found, %: C,
53.17; H, 2.80; CI, 19.70; N, 15.56; S, 8.82.
C16H1oCIN,S. Calculated (%): C, 53.20; H,
2.79;Cl, 19.63; N, 15.51; S, 8.88.
2-Dichloromethyl-4-(thien-2-yl)-7-p-
tolylpyrazolo[1,5-a][1,3,5]triazine 19c. Yield
2.81 g (75 %), yellow solid, mp 195-197 °C
(MeCN). IR, v, cm™': 3100, 2917, 1596,
1524, 1448, 1221, 854, 794, 726, 654. 'H

NMR, &, ppm (J, Hz): 2.39 (3H, s, CH3, Ar),
7.35-7.49 (5H, m, CHCI,, C-H pyrazole, C-
H thiophen, H-3,5 Ar), 8.08 (2H, d, J =
7.2 Hz, H-2,6 Ar), 8.32-8.33 (1H, m, C-H
thiophen), 8.97 (1H, s, C-H thiophen).
BCNMR, &, ppm (J, Hz): 21.6, 715, 94.9,
127.3, 128.9, 129.7, 130.2, 131.8, 138.1,
138.9, 140.6, 149.5, 150.8, 158.2, 159.1.
MS, m/z 377 [M+H]". Found, %: C, 54.40;
H, 3.24; CI, 18.95; N, 15.00; S, 8.50.
Cy7H1,CI,N,S. Calculated (%): C, 54.41; H,
3.22;Cl, 18.89; N, 14.93; S, 8.54.
2-Dichloromethyl-7-(4-fluorophenyl)-
4-(thien-2-yl)pyrazolo[1,5-a][1,3,5]triazine
19d. Yield 2.65 g (70 %), yellow solid, mp
210-212°C (MeCN:DMF, 3:1). IR, v,
cm™: 3100, 2924, 1606, 1584, 1525, 1478,
1451, 1228, 839, 793, 736, 667, 521.
'HNMR, 8§, ppm: 7.41-7.52 (5H, m, CHCl,,
C-H pyrazole, H thiophen, H-3,5 Ar), 8.26-
8.35 (3H, m, H-2,6 Ar, C-H thiophen), 8.99—
9.00 (1H, m, C-H, thiophen). *C NMR, 3,
ppm (J, Hz): 70.4,94.4, 116.1, 127.8, 128.6,
129.0, 131.6, 137.3, 137.7, 150.7, 158.3,
158.6, 162.1, 164.0. MS, m/z 379 [M+H]".
Found, %: C, 50.70; H, 2.40; Cl, 18.75; N,
14.82; S, 8.50. C;sHyCIl,FN,S. Calculated
(%): C, 50.67; H, 2.39; CI, 18.70; N, 14.77;
S, 8.45.
2-(Dichloromethyl)-7-methyl-4-(pyri-
din-3-yl)pyrazolo[1,5-a][1,3,5]triazine 20a.
Yield 239 (78%), brown solid, mp
119-121 °C (EtOH). IR, v, cm: 3085,
2995, 1600, 1505, 1469, 1371, 1219, 1126,
1018, 836, 777, 700, 530. *H NMR, &, ppm:
2.53 (3H, s, CHs), 6.85 (1H, s, CHCI, or C-
H pyrazolyl), 7.43 (1H, s, CHCI, or C-H
pyrazolyl), 7.69-7.75 (1H, m, pyridyl),
8.86-8.90 (1H, m, pyridyl), 8.95-9.00 (1H,
m, pyridyl), 9.75 (1H, s, pyridyl). *C NMR,
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o, ppm: 71.3, 95.5, 124.0, 126.4, 127.2,
1295, 130.7, 131.5, 139.0, 150.9, 151.8,
153.4, 153.9, 158.0, 159.0. MS, m/z 296
[M+H]". Found, %: C, 49.02; H, 3.05; ClI,
24.21; N, 23.91. C;,H,CI,;Ns. Calculated, %:
C,49.00; H, 3.08; ClI, 24.11; N, 23.81.
2-(Dichloromethyl)-7-phenyl-4-(pyri-
din-3-yl)pyrazolo[1,5-a][1,3,5]triazine 20b.
Yield 269 (73%), brown solid, mp
165-167 °C (MeCN). IR, v, cm™*: 3087,
3003, 1604, 1581, 1517, 1460, 1389, 1228,
1192, 1023, 796, 767, 691, 557. "H NMR, 3,
ppm (J, Hz): 7.41 (1H, s, Ph), 7.50-7.54
(4H, m, Ph), 7.76 (1H, t, J = 8.0 Hz,
pyridyl), 8.12 (1H, s, CHCl, or C-H
pyrazolyl), 8.13 (1H, s, CHCIl, or C-H
pyrazolyl), 8.91-8.92 (1H, m, pyridyl), 9.13
(1H, d, J = 7.2 Hz, pyridyl), 9.89 (1H, m,
pyridyl). *C NMR, 8, ppm: 71.3, 95.5,
124.0, 126.4, 127.2, 129.5, 130.7, 131.5,
139.0, 150.9, 151.8, 153.4, 153.9, 158.0,
159.0. MS, m/z 358 [M+H]". Found, %: C,
57.29; H, 3.10; Cl, 19.99; N, 19.78.
C,7H;;CI,N5. Calculated, %: C, 57.32; H,
3.11;Cl, 19.91; N, 19.66.
2-(Dichloromethyl)-7-(4-methylphe-

nyl)-4-(pyridin-3-yl)pyrazolo[1,5-a][1,3,5]-
triazine 20c. Yield 299 (78 %), brown
solid, mp 184-186 °C (MeCN). IR, v, cm™:
3009, 2957, 1598, 1583, 1521, 1477, 1386,
1227, 1185, 1023, 838, 787, 692, 555.
'H NMR, &, ppm (J, Hz): 2.39 (3H, s, CHy),
7.39-7.46 (4H, m, Ph), 7.76 (1H, t, J =
5.4 Hz, pyridyl), 8.01 (1H, s, CHCI, or C-H
pyrazolyl), 8.02 (1H, s, CHCIl, or C-H
pyrazolyl), 8.91-8.92 (1H, m, pyridyl), 9.11-
9.13 (1H, m, pyridyl), 9.88 (1H, s, pyridyl).
BCNMR, 8, ppm: 21.5, 71.3, 95.2, 124.1,
1243, 127.2, 129.8, 130.1, 130.7, 139.1,
150.9, 151.8, 153.3, 153.9, 159.2, 159.3.

MS, m/z 372 [M+H]". Found, %: C, 58.35;
H, 3.55; CI, 19.36; N, 18.99. C;gH;3CI,Ns.
Calculated, %: C, 58.39; H, 3.54; Cl, 19.15;
N, 18.92.

2-(Dichloromethyl)-7-(4-fluorophenyl)-
4-(pyridin-3-yl)pyrazolo[1,5-a][1,3,5]-
triazine 20d. Yield 2.9 g (78 %), brown
solid, mp 185-187 °C (MeCN). IR, v, cm ™
3079, 3016, 1609, 1589, 1503, 1471, 1369,
1230, 1197, 1027, 841, 746, 562. 'H NMR,
3, ppm (J, Hz): 2.39 (3H, s, CH3), 7.32-7.40
(3H, m, Ph), 7.47-7.48 (1H, m, Ph), 7.74
(1H, t, J = 5.6 Hz, pyridyl), 8.16 (1H, s,
CHCI, or C-H pyrazolyl), 8.18 (1H, s,
CHCI, or C-H pyrazolyl), 8.90-8.91 (1H, m,
pyridyl), 9.10-9.12 (1H, m, pyridyl), 9.87
(1H, s, pyridyl). *C NMR, &, ppm: 71.3,
954, 116.4, 116.6, 124.0, 126.3, 128.0,
129.5, 129.6, 139.0, 150.9, 151.8, 153.4,
153.9, 158.0. MS, m/z 374 [M+H]". Found,
%: C, 54.59; H, 2.66, Cl, 18.88; N, 18.79.
C,7H1oCl,FNs. Calculated, %: C, 54.57; H,
2.69, Cl, 18.95; N, 18.72.

CONCLUSIONS. A series of new
pyrazolo[1,5-a][1,3,5]triazines with a hetero-
aromatic substituent in position 4 and
dichloromethyl moiety in position 2 was ob-
tained via a heterocyclization accompanied
by hydrogen cyanide elimination. The reac-
tion involved readily available reagents — N-
(2,2-dichloro-1-cyanoethenyl)carboxamides
and 3(5)-aminopyrazoles. The heterocyclic
moiety has little effect on the efficiency
of the method and the vyields of 2-
(dichloromethyl)pyrazolo[1,5-a][1,3,5]tri-
azines with furan-2-yl, thien-2-yl, and pyri-
dine-3-yl moieties, which makes the method
suitable for the synthesis of other 4-hetaryl-
2-(dichloromethyl)pyrazolo[1,5-a][1,3,5]-
triazines.
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Synthesis of 4-hetaryl-2-(dichloromethyl)pyrazolo[1,5-a][1,3,5]-triazines

CUHTE3 4-TETAPWJI-2- (IUXJIOPOMETWII)-
MPA30JIO[1,5-a][1,3,5] TPMAZUHIB

€.C. Benirina!, M.B. Kauaesa®, C.I. [Titso?,
B.C. MOCKBiHal’Z*, O.B. H_[a6J'II/IKiHa1'2,
B.C.BpOBapeuLl

1IHcmum Oioopeaniunoi ximii ma nagpmoximi

im. B.II. Kyxaps HAH Ykpainu, eyn. Mypman-
cka, 1, Kuie 02094, Vxpaina

2 Kuiscoruil HAYIOHAILHULL YHIGEpCUmMem IMeHI
Tapaca lllesuenxa, eyn. Bonooumupcwvra, 64/13,
Kuis 01601, Yxpaina

“e-mail: v.moskvina@gmail.com

[Isixom reTeporuKiIi3al il JIETKO-
noctynHuXx peareHTiB — N-(2,2- nuxiop-1-uiano-
ereHn )kapOokcaminiB Tta 3(5)-amiHomipazonis —
cMHTE30BaHO  HOBI  mipasono[l,5-a][1,3,5]-
TPUA3UHU 3 TETEPOAPOMATHYHUM 3aMICHHKOM B
MOJIOKEHHI 4 Ta JIUXIOPOMETHIIBHUM (hpar-
MEHTOM B ImojoxkeHdi 2. IIpomeMOHCTpPOBaHO
BHCOKY €(DEKTUBHICTh 3aIIPOIIOHOBAHOIO CIIOCO-
Oy cunTe3y 2-(mmxmopomerui)-mipasono|1,5-al-
[1,3,5]tpnasuuiB 3 QypaH-2-UIbHUM, TIEH-2-
UTBHUM 1 IPUANH-3- TIbHUM 3aM ICHHKaMH.

KnwouoBi cnoBa: N-(2,2-uxiopo-1-
IiaHOETeH T)KapOokcamin, 1H-mipazon-5-amiH,
nipazono[1,5-a][1,3,5]rpuaszuH.

CUHTE3 4-TETAPWJI-2-(JINXJIOPMETI)-
TP A30JI0[1,5-a][1,3,5]TPUA3VHOB

E.C. BCJ'II/II"I/IHal, M.B. KaqaeBal, C.I. HI/IJ‘IBOl,
B.C. MOCKBI/IHal’z*, O.B. ]_Ha6J'ILIKI/IHal’2,

B.C. EpOBapeu1

Y Unemumym 6uoopeanuveckoti xumuu u negh-
mexumuu um. BII. Kyxapa HAH Yxpaunol, yn.
Mypmanckas, 1, Kues 02094, Ykpauna

2 Kuesckuil HayuoHaibHblil VHUgepcumem umeHu
Tapaca [llesuenxo, yn. Bnaoumupckas, 64/13,
Kues 01601, Yxpauna

“e-mail: v.moskvina@gmail.com
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ITyrem reTEPOLMKIN3AIMH JIETKO-
IOCTYIHBIX peareHTOB — N-(2,2-mxnop-1-
[IMaHOATEHUI)KapOokcaMuioB ®  3(5)-amuHO-
MMMPa30J0B — IIOJyYEeHBl HOBBIE ITHPa30JI0-
[1,5-a][1,3,5]rpuasunbl ¢ rerepoapoMaTHye-
CKHM 3aMECTUTEJIEM B IOJIOKEHUU 4 U MXI0PO-
METHIBRHOM Tpynmod B moioxkeHnu 2. Ilpone-
MOHCTPHPOBaHa  BbICOKas 3 (P(PEKTUBHOCTD
MpeaIaraeMoro crocoba cuHTe3a 2-(auxiop-
Metun)mupasonol1,5-a][1,3,5]tpuasuHoB ¢ dy-
paH-2-UIbHbIM, THEH-2-UJIBHBIM W THPUIWH-3-
WUJIBHBIM 3aMECTUTEIISIMH.

Knwuesie cunoBa: N-(2,2-Tuxiop-1-
I{MaH 03 TEH T )KapOOKCAMHU 1, 1 H-upazon-5-
amuH, iupasono-[1,5-a][1,3,5]rpuasuH.
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