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LUMINESCENT QUANTUM DOTS ENCAPSULATED BY ZWITTERIONIC
AMPHIPHILIC POLYMER: SURFACE CHARGE-DEPENDENT
INTERACTION WITH CANCER CELLS

E. A. PETROVA®, T. I. TERPINSKAYA®, A. A. FEDOSYUK", A. V. RADCHANKA",
A. V. ANTANOVICH®, A. V. PRUDNIKAU®, M. V. ARTEMYEV"
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®Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus

Corresponding author: M. V. Artemyev (m_artemyev@yahoo.com)

Here, we prepared water-soluble highly luminescent CdSe/ZnS quantum dots having different surface charge and exa-
mined how zeta potential of quantum dots affected their uptake by cancer cells. Water soluble quantum dots with varied
zeta potential were prepared through encapsulation with amphiphilic polymer poly(maleic anhydride-alt-1-tetradecene)
(PMAT) containing ziwitterions formed by spatially separated carboxyl and quaternary amino groups. Varying the ration
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of negatively charged carboxyl and positively charged quaternary amino-groups during chemical modification of PMAT
we control the sign and magnitude of zeta potential of encapsulated quantum dots. Quantum dots having nearly equal
amount of carboxyl and quaternary amino groups possess pH-controlled zeta potential which can vary from negative to
positive value when pH changes from basic to acidic condition. Cellular uptake of encapsulated quantum dots has been
found to be strongly dependent of their surface charge: positively charged quantum dots efficiently internalized by cells,
while negatively charged adsorbed mostly at the cell membrane. Zwitterionic QDs do not demonstrate any charge-de-
pendent cellular toxicity at least within few hours. Long-term incubation of cells stained with zwitterionic quantum dots
results in the decrease of the fluorescence signal mainly due to the cell proliferation.

Key words: quantum dots; zwitterion; zeta potential; nanoparticle uptake.
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AIOMUWHECHEHTHBIE KBAHTOBBIE TOYKH, THKAIICYANPOBAHHBIE
OBUTTEP-NOHHBIM AMOUOPUABHBIM ITOANUMEPOM:
BANAHUWE IIOBEPXHOCTHOTI'O 3APAAA
HA B3ANUMOAENCTBUE C OITYXOAEBBIMU KAETKAMMU

E. A. IETPOBA", T. H. TEPITHHCKAA", A. A. ®E/JOCIOK®, A. B. PA/TYEHKO?,
A. B. AHTAHOBHY?, A. B. [IPYJHHKOB>, M. B. APTEMbEB?

Y Unemumym gusuonoeuu HAH Benapycu, yn. Akademuueckas, 28, 220072, 2. Munck, Berapyco
Vupeacoenue BI'Y «Hayuno-ucciedosamentekuii uHCMumym (usuko-xumudeckux npoonemy,
yi. Jlenunepaockas, 14, 220006, e. Munck, Berapyco

Ha ocHOBe NMPUTOTOBJICHHBIX BOAHBIX KOJUIOUIHBIX PACTBOPOB JIIOMUHECIIEHTHBIX KBaHTOBBIX Touek CdSe/ZnS, nmero-
IIUX pa3IUYHbIN TOBEPXHOCTHBIN 3apsijl, HCCIEOBAHO, KaK J{3eTa-MOTEHI[Hall KBAHTOBBIX TOYEK BIMIET Ha UX MOITIONIe-
HUE OIlyXOJEBBIMH KJIeTKaMu. BomopacTBopuMble KBAHTOBBIE TOUKH C BAPbUPYEMBIM J3€Ta-MOTEHIIMAIOM MOIY4YeHbI 0-
CPE/ICTBOM MHKAICYISIHMN aM(pUUIBHBIM TTOIMMEPOM — TTOJIMMAaIEHHOBBIM aHIHApUI-albT-1-TerpaneneHom (IIMAT),
COZIepIKallM LBUTTEP-HOHBI, 00pa30BaHHBIC MPOCTPAHCTBEHHO Pa3ACICHHBIMA KapOOKCHIBHBIMUA WM UETBEPTHUHBIMA
aMMOHMIHBIMHU IPYIIIaMHU. Bappupyst COOTHOILIIEHNE OTPUIIATEIBHO 3apPSHKEHHBIX KapOOKCIIIBHBIX U MOJIOKUTEIBHO 3a-
PSDKEHHBIX YEeTBEPTUUHBIX aMMOHHMIHBIX IPYIII B Iipoliecce XuMuueckoit mogudukarmn [IMAT, MoXKHO KOHTPOJIMPOBATh
3HaK ¥ BEIMYMHY J3€Ta-MOTEHIIMada HHKAIICYIMPOBAHHBIX KBAHTOBBIX Touek. KBaHTOBbIE TOUKH, HECYIE HA MOBEPX-
HOCTH IPUMEPHO PAaBHOE KOJIMYECTBO KaPOOKCHIIBHBIX U YeTBEPTUYHBIX aMMOHHUITHBIX TpymIl, o0nanaoT pH-3aBucuMbIM
J3€Ta-MOTEHINAIIOM, KOTOPBIH MOKET U3MEHATHCS OT OTPULATENBHOIO O MOJI0KUTEIBHOTO 3HAUYEHHsI P IePEX0ie OT
IIETOYHOH cpenbl K Kucioil. OOHapyKeHO, UTO MOTIOMIEHHE KJICTKaMH WHKAIICYTMPOBAHHBIX KBAHTOBBIX TOYEK CYIIE-
CTBEHHO 3aBHCHUT OT MX ITOBEPXHOCTHOTO 3apsiia: MOJOKUTEIBHO 3apsHKEHHBIE MONIOMAIOTCS KIETKAMH, TOIa KaK OT-
pHLIATENBHO 3apsDKEHHbIE TIIABHBIM 00pa3oM afcopOupyroTcsi Ha UX MeMOpaHne. [[BUTTep-MoHHbIE KBAHTOBBIE TOYKH HE
MIPOSIBIISIIOT 3aMETHOM IIMTOTOKCUYHOCTH T10 KpalHel Mepe B TeueHHe HECKOIBKHX 4acoB. JluresbHas HHKyOaus Kie-
TOK, MEUCHHBIX LIBUTTEP-MOHHBIMY KBAHTOBBIMU TOYKAMH, IPUBOJUT K YMEHBLICHHUIO JTIOMUHECLICHTHOIO CUTHAJIA, YTO
B 3HAYHUTEIILHON Mepe 00yCIIOBIEHO KIETOUHOH mporudepariei.

Kniouesvle cioea: KBaHTOBBIC TOYKHU; HBUTTEP-UOH; A3€TA-ITIOTCHIHAJI; ITOITIOICHUEC HAHOYACTHUII.

EJlaz()Oapnocmb. ABTOpLI BbIpaKaroT 6J'IaFO,HapHOCTB 34 YaCTUYIHYIO (bI/IHaHCOByIO MOAACPIKKY TOCYyHapCTBEHHBIX
mporpaMm Hay4YHbIX I/ICCJ'IC,Z[OBaHI/Iﬁ ((XI/IMpeaFeHTBI» u «KOHBepFCHHI/Iﬂ».

Introduction

Semiconductor colloidal nanocrystals or quantum dots (QDs) with size-tunable optical properties have
found numerous applications in biological assays and detection platforms [1-4]. Such QDs are primarily
prepared in organic solvents at high temperatures and, hence, are covered with hydrophobic ligands. In order
to use such particles in biological systems, QDs are required to be soluble in water, what can be achieved
by additional post-synthetic treatment. In order to promote transfer of QDs into aqueous buffer solutions
several strategies were developed, the majority of which can be essentially divided into two main categories:
polymer encapsulation and ligand exchange [5—7]. Utilization of amphiphilic polymers as solubilizing agents
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provides colloidal stability of nanoparticles (NPs) in aqueous solutions, allows controlling hydrodynamic size
and surface charge of NPs and also enables introduction of functional groups that can be further utilized for
chemical functionalization of NPs’ surface [5; 6; 8—10].

Surface charge of NPs is a key parameter that determines their colloidal stability, interaction with
macromolecules and cell surfaces and influences NPs’ performance in a variety of biomedical assays [11-14].
Utilization of amphiphilic polymers based on poly(maleic anhydride) for encapsulation of NPs has demonstrated
promising opportunities for engineering of NCs’ coating that can be implemented in biolabeling. While NCs’
shape and size significantly contribute to their interaction with cells, the nature of functional groups on the
NPs’ surface plays the major role [12; 14]. While NCs encapsulated with non-modified poly(maleic anhydride)
derivatives possess negative charge provided by carboxyl groups on their surface, it is possible to prepare
through certain polymer modification NPs with desirable surface functional groups and charge.

Earlier, poly(ethylene glycol) (PEG)-decorated poly(maleic anhydride) derivatives have been reported to
reduce non-specific and prevent protein adsorption [6]. Due to its relative inertness and hydrophilic nature,
PEG is widely used to provide biocompatibility to polymers and various NPs [15-18]. Overall neutral surface
charge on nanoparticles can also be obtained through the surface modification of nanoparticles with zwitterionic
ligands by ligand exchange technique [7; 18-21] or encapsulation methods [22; 23]. Strong interaction of
the zwitterions with water molecules can also provide good NPs biocompability. In comparison to PEG,
zwitterions provide smaller hydrodynamic size of NPs and contain both positively and negatively charged
groups that provide an overall neutral charge. This, in turn, prevents particles from aggregation via interaction
with various charged species that are always present in biological media.

Recently QDs encapsulated with poly(maleic anhydride-alt-1-tetradecene) (PMAT) partially functionalized
with N,N-dimethylethylenediamine were used as intracellular labels with proton-sponge properties [22]. Polymer
modification with ternary amino compound allowed preparation of QDs with surface charge that depends on
the number of introduced ternary amino and remaining carboxyl groups in the polymer coating. On the other
hand, diamine functionalization of PMAT-encapsulated QDs that carry surface carboxyl groups often results in
their aggregation in aqueous solution due to electrostatic charge screening and charge neutralization. In current
work we utilize another strategy that consists in controlled modification of PMAT in organic solution using
quaternary amino-compound ((2-aminoethyl)trimethylammonium chloride) and subsequent encapsulation of
highly luminescent CdSe/ZnS core-shell QDs with obtained zwitterionic polymer. Since quaternary amino
group provides pH-independent positive surface charge, total zeta potential of encapsulated QDs may be a
simple function of pH and the ratio of the number of carboxyl groups to the number of quaternary amino
groups on the surface of QDs. Remaining carboxyl groups of PMAT provide pH-dependent local negative
charge on the surface of QDs. We prepared two types of quaternary amine-modified PMAT that have positive
(+) and close to neutral (+/—) zeta potential and examined the effect of QDs’ charge on cellular interactions and
nonspecific binding with living cells (Ehrlich Ascites Carcinoma (EAC), human leucocytes, rat glioma C6).
Investigation of the correlation between the physical and chemical properties of QDs and their cellular uptake
is essential for understanding and controlling these interactions [24—28]. The information on QDs excretion is
also very essential, since it determines the intensity of the fluorescent signal in labeled cells and allows tracking
their pathways within cell using optical microscopy [29].

Materials and methods

Materials. Chemicals. Poly(maleic anhydride-alt-1-tetradecene) (PMAT, MW = 9000), (2-aminoethyl)tri-
methylammonium chloride hydrochloride (AETA), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC),
NaOH, 1-hexanethiol, anhydrous chloroform, cellulose acetate membrane (cut-off = 12 kDa) were purchased
from Sigma-Aldrich. 7-Aminoactinomycin (7-AAD), propidium iodide (PI), Hoechst 33342, Trypan blue were
purchased from Sigma. Cell TraceViolet (CTV) was purchased from Molecular Probes.

Cell culture media and supplements. Hanks’ balanced salt solution (HBSS), phosphate buffered saline (PBS),
high glucose Dulbecco’s modified Eagle’s medium (DMEM), trypsin-EDTA solution, antibiotic-antimycotic
solution (100x) with 10,000 units penicillin, 10 mg streptomycin and 25 pg amphotericin B per ml were
purchased from Sigma-Aldrich. Sodium pyruvate (100x) was purchased from Gibco by Life Technologies,
USA. Fetal calf serum (FCS) was purchased from HyClone, Thermo Scientific, UK.

Modification of PMAT with quaternary amine AETA (PMAT-AETA). For the preparation of (+/-)
or (+) QDs 18 or 53 mg of AETA respectively was dissolved in 5 mL of dry dioxane at 80 °C. After 20 min
30 mg PMAT was added to the dioxane solution and the mixture was stirred at 80 °C for 3 h. Then EDC
was added in a 4-fold excess to AETA and the reaction mixture was then stirred at 50 °C for additional 2 h.
After that the solution was cooled down to room temperature and stirred overnight in order to complete the
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reaction of PMAT carboxyl groups with AETA. After that dioxane was evaporated at 50 °C and the solid
phase was dissolved in aqueous solution of NaOH with pH 12. Modified polymer was purified from the
excess of small molecules by overnight dialysis against distilled water at room temperature using cellulose
acetate membrane.

After the purification modified polymer was dried at 60 °C and redissolved in anhydrous chloroform.
Concentration of the modified PMAT in chloroform was determined on the basis of the initial amount of the
polymer introduced into reaction. Resultant solution was filtered through 0.2 um Nylon membrane and stored
at +4 °C in dark.

Synthesis, encapsulation and characterization of QDs. CdSe/ZnS core-shell QDs with core diameter
of 2.9 nm and emission peak at A = 570 nm were synthesized according to standard procedure. NCs were
purified by precipitation with isopropanol and redissolved in chloroform. Average surface area of QDs was
calculated from the average diameter of corresponding core-shell NCs that was determined using transmission
electron microscopy (TEM). TEM samples were prepared by drying a droplet of the chloroform solution of
NCs on carbon-coated copper grids. TEM micrographs were acquired using LEO 906E transmission electron
microscope.

In order to achieve stable and reproducible results during encapsulation, the surface of QDs was capped
with hexanethiol via ligand-exchange procedure. To ensure complete encapsulation of QDs with polymer,
the total amount of the added polymer was in a 2.5-fold weight excess to QDs. For encapsulation the mixture
of polymer and QDs was stirred for 24 h and dried at room temperature. Resultant glass-like solid phase of
encapsulated QDs along with the excess of polymer was dissolved in distilled water or aqueous NaOH solution
with pH 12 and centrifuged at 10 000 rpm for 5 min to remove insoluble residuals. The excess of polymer was
removed from aqueous colloidal solutions of encapsulated QDs by ultrafiltration through commercial fiber
membrane filter with cut-off =100 kDa and subsequent dialysis against distilled water. Finally, the solution
was filtered through 0.2 pm Nylon membrane.

Concentration of CdSe/ZnS QDs encapsulated with PMAT was determined using molar extinction
coefficient of corresponding core NCs from the reference data. Zeta potential of encapsulated colloidal NCs in
different buffers was measured using Malvern Zetasizer Nano ZS90 instrument.

Cells. Ehrlich Ascites Carcinoma. EAC cells were maintained by weekly serial intraperitoneal transplan-
tation, freshly drawn from a donor. The EAC cells were isolated from the peritoneal cavity of mice bearing
8-day-old ascites tumors. The cells were washed twice and resuspended in HBSS. The viability of EAC cells
was more than 95 % as determined by propidium iodide/7-AAD exclusion (flow cytometry). We followed
World Health Organization’s International Guiding Principles for Biomedical Research involving Animals.

Human leucocytes. Leucocytes were separated from heparinized venous blood by lyzing erythrocytes in a
solution containing 155 mmol/L ammonium chloride, 10 mmol/L sodium bicarbonate and 0.1 mmol/L EDTA
for 10 min. The leucocyte fraction was washed twice and resuspended in HBSS. Isolated leucocytes were used
in the experiments immediately. Leucocytes viability was more than 90 % as determined by propidium iodide
or 7-AAD exclusion (flow cytometry).

QDs-cell interaction. ODs uptake and short-time toxicity. EAC cells or leucocytes suspensions (in HBSS,
unless stated otherwise) were transferred into 96-well round-bottom plate. After that, QDs were introduced in
the amount necessary to achieve the final concentration of 0.1-0.3 umol/L of nanoparticles and then plates
were incubated for 0.5 h. Cellular uptake of QD was measured using flow cytometry (PE-A channel) and QD
distribution in cells was visualized with fluorescent microscope. Cell viability was determined by 7-AAD
exclusion (flow cytometry).

ODs long-term toxicity and elimination. We analyzed the changes in the fluorescent signal from cells stained
with QD or dye CTV. EAC cells were stained in HBSS with CTV according to the manufacturer’s manual or
with QDs for 20 min, washed twice in HBSS and resuspended in DMEM containing 10 % FBS and antibiotic-
antimycotic. Cells were cultivated on 24-well plate (Greiner, Austria) for 2 days at 37 °C in CO, incubator
(Shellab, USA) with CO, level of 5 %. After 0.5, 4, 24, 28, 48 h of incubation the aliquots of the cell suspension
were drawn and used for flow cytometry analysis. Cells viability was investigated using 7-AAD test. QDs and
CTV fluorescence intensity was registered only for living cells.

Instrumental analysis. Flow cytometry. Flow cytometry analysis was performed using BD FACSCanto 11
and Diva 7.0 software (Becton Dickinson, USA). Gating of human leucocytes based on FSC/SSC was per-
formed to separate granulocytes, monocytes and lymphocytes.

Optical microscopy. A suspension of EAC cells was placed on a glass plate and optical images were
obtained using Leitz MPV-2 and Opton microscopes with 16x and 25x objectives. Mercury lamp was used
for fluorescence excitation (A = 365 nm) and PLOEMOPAK system with emission filters at 370—490 and
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520—700 nm range were used for the registration of fluorescence images. The images were registered with
Leica DC300 F digital camera controlled by Leica IM1000 software.

For nuclei visualization cells were stained with 10> mol/L Hoechst 33342 in PBS (20 °C, 15-30 min).

Fluorescence quenching by Trypan blue. Fluorescence intensity of stained cells was registered at first
in the absence of Trypan blue and then 5 min after the addition of 1 % solution of Trypan blue. Trypan
blue fluorescence was registered at PerCP-Cy5.5-A channel, while QDs fluorescence registered at PE-A
channel. Dead cells which have been Trypan blue-positive were excluded from analysis. Trypan blue-induced
fluorescence quenching of membrane-associated QDs was measured in living cells only.

Statistical analysis. Statistical analysis was performed using Excel Software and Statistics 7. The deviations
were considered significant for p values < 0.05 according to the Mann — Whitney test. Experimental points are
presented as the mean values + SEM.

Results and discussion

Figure 1 schematically demonstrates the formation zwitterions via PMAT modification with AETA and the
structure of encapsulated QDs.

Figure 1 shows that during encapsulation chemically modified PMAT creates hydrophobic bilayer on the
surface of CdSe/ZnS Ds via Van der Waals interaction of C12 aliphatic side chains of PMAT and hexanetiol
bound to the surface Zn atoms of QDs. Pairs of carboxyl and quaternary amino groups on the surface of PMAT
nano-capsule create spatially separated zwitterions with the negative charge of carboxyl groups partially or
fully compensated by positive charge of amino groups. Overall zeta potential of encapsulated QDs depends on
the ratio of carboxyl and quaternary amino groups. Table 1 represents characteristics of QDs encapsulated with
three different PMAT-based polymers.

- cr )
H C +.
HN + CH il
’ \/\N\CH3 HCI e N
CrCH, 0 C NH HO
3 [ j OQ( o
+ _ v +CH—CH—CH2—$H+
80 °C
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—{~CH—CH—CH,— (|JH+ CH,
(|CH2)11
. LI Y,
+\2/ Polymer Hydrophobic
. "~ | hydrophobic ligands on the
B2 27—4"' alkyl chains particle surface
s 3 <
) Q O , H h
% Tt S R
o ' S 5

COO

Fig. 1. Scheme of the formation of zwitterions by the chemical modification
of PMAT with quaternary amine AETA (top) and the structure of highly luminescent
CdSe/ZnS QDs encapsulated with zwitterion-containing PMAT (bottom).
The ratio of carboxyl and quaternary amino groups can be tuned from 0 % for (—)QDs
to 50 % for (+/—)QDs and to nearly 100 % for (+)QDs
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Table 1

Zeta potential and hydrodynamic size determined by DLS-measurements
of CdSe/ZnS QDs encapsulated with three different types of polymers: pure PMAT (-),
PMAT fully (+) and partially (+/-) functionalized
with quaternary amine AETA (MES buffer, pH 7.4)

QDs sample name {-Potential, mV Hydrodynamic size, nm
(—)QDs —40 14
(+H)QDs +30 22
(+/-)QDs -4 18

The data in table 1 shows that QDs encapsulated with pure PMAT ((—)QDs) show strongly negative sur-
face charge due to the dissociation of surface carboxyl groups. QDs encapsulated with 100 % AETA-modified
PMAT ((+)QDs) show large positive surface charge, while 50 % modified PMAT ((+/—)QDs) possess nearly
zero zeta potential at pH 7.4. Hydrodynamic size of all encapsulated QDs was around 15-20 nm.

To determine optimal conditions for further comparative experiments, we initially measured the uptake of
QDs by tumor cells in different buffers. The uptake of (—)QDs by tumor cells is sensitive to the presence of
Ca”" and less sensitive to Mg®" in the solution. Ca/Mg-free PBS buffer affords weak staining, as well as PBS
with glucose. However, the addition of Mg”" increases (—)QDs binding threefold and Ca** — almost fivefold.
Since Hank’s buffer is based on PBS with added Ca*", Mg** and glucose, HBSS is more suitable for staining
live cells with (—)QDs than standard PBS. Addition of fetal bovine serum remarkably inhibits (—)QDs uptake
by tumor cells.

Earlier, T. Geelen et al. [30] on the example of mouse macrophages (RAW cells) demonstrated that Ca- and
Mg-ions in incubation media provide efficient uptake of phosphatidylserine-containing paramagnetic lipo-
somes. Authors suggested the major role in the uptake of Ca**-dependent receptors involved in the recognition
of apoptotic cells expressing phosphatidylserine, such as, LOX-1 (lectin-like oxidized low-density lipoprotein
receptor-1) scavenger receptor, whose calcium-dependent nature was revealed by J. E. Murphy et al. [31].
In our work we used different cell type and QDs used in this study were not conjugated to phosphatidylserine
and thus another explanation of the increased QDs uptake in the presence of Ca®” and Mg** ions was proposed.
Investigation of neurotransmission demonstrated that Ca** ions are involved in the regulation of vesicular
transport of neurotransmitters [32]. All this data suggests that Ca®" ions are possibly involved in the regulation
of vesicular transport of nanoparticles. However, detailed analysis of the ion-dependent transport is beyond
the scope of current paper.

After that we compared the efficiency of cellular uptake of encapsulated QDs with different surface charge.
Figure 2 shows fluorescence images of EAC cells stained with differently charged (—)QDs and (+)QDs.

The influence of zeta potential on the nanoparticle uptake still remains a debatable subject. Positive sur-
face charge can provoke strong electrostatic attraction of nanoparticles in the negatively charged regions of
plasma membrane and adsorption and internalization of nanoparticles [33; 34]. At the same time ca. 100 nm
(by hydrodynamic size) negatively charged nanoparticles were efficiently absorbed by Caco-2 and epithelial
MDCK cells [35-38]. Generally, nanoparticles with stronger zeta potential regardless of its sign exhibited
better uptake by phagocytic cells. At the same time positively charged nanoparticles are always absorbed
more efficiently than negatively charged ones [33]. Our results also demonstrate that positively charged
encapsulated QDs are better absorbed by cells and the shift of zeta potential to neutral values decreases
absorption efficiency.

200 pm

Fig. 2. Representative fluorescence images of EAC cells
stained with (—)QDs (left) and (+)QDs (right)
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In order to determine how the surface charge of QDs affects cell labeling, we examined cellular staining
using (+/—)QDs with pH-tunable zeta potential. Figure 3 shows that while (—)QDs and (+)QDs have strongly
negative and positive zeta potentials respectively in the wide range of pH, & value of (+/—)QDs varies from ca.
—20 mV at pH >10 to +30 mV at pH < 5. The zwitterions on the surface of (+/—)QDs formed by paired quater-
nary amine and carboxyl groups provide different surface charge to the whole QD depending on the degree of
carboxyl group deprotonation at different pH.
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Fig. 3. The influence of pH on zeta potential of (—)QDs, (+)QDs and (+/—)QDs
in different buffers. Dashed lines are linear fitting for corresponding experimental points

Figure 4 demonstrates that pH value has significant influence on the cell labeling with (+/—)QDs.
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Fig. 4. pH-Dependent EAC cell staining with (+/—)QDs
measured by fluorescence intensity (n = 4)

From fig. 4 we see that pH level has remarkable influence on the cellular staining with (+/=)QDs. These QDs
interact with cells more efficiently in acidic solutions than in neutral or basic media. Although 98—100 % of EAC
cells were stained with (+/—)QDs at all studied pH levels, the total amount of bound QDs (fluorescence intensity)
was strongly pH-dependent. Tumor microenvironment is known to be acidic due to the abnormal metabolism of
glucose and lactic acid production [38; 39] and the enhanced activity of proton transporters that pump out protons
from the cells into the extracellular space [40—42]. Thus, positive zeta potential of (+/—)QDs in tumor tissues can
increase and the nanoparticles will be better absorbed by tumor cells in comparison to normal tissues.

Besides the influence of zeta potential on staining efficiency, its possible effect on the cytotoxicity of
encapsulated QDs was also considered. Figure 5 demonstrates that (—)QDs, (+)QDs and (+/—)QDs do not show
cytotoxicity during 4 h, but promote cell death after 24 and 48 h incubation.

To date different mechanisms were proposed to explain possible cytotoxicity of CdSe/ZnS QDs, including
the release of Zn>", Cd*" or Se’ ions that have negative effect on cells [43—45]. The mechanism of cytotoxicity
can involve active oxygen forms, changes in permittivity of mitochondrial membranes, triggering of DNA
damage and induction of apoptosis and necrosis [46—50]. QDs were also shown to be able to generate active
oxygen forms upon photoexcitation in Escherichia coli stained with QDs [45]. Our results did not provide
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clear evidence that cytotoxicity of QDs depends on their zeta potential. While after 24 h of incubation there
was the correlation between decreased cytotoxicity of QDs and stronger positive zeta potential, the results of
48 h incubation did not exhibit such correlation. Taking into account that positive zeta potential of QDs en-
hances their absorption by cells, we assume that QDs’ cytotoxicity does not depend on the fact, whether QDs
are absorbed by cells, bound to the cell membrane or located outside the cells in the growth media.

Analysis of the fluorescence images shows that significant portion of QDs is localized near the cell mem-
brane. In order to establish, whether QDs were internalized or attached to the outer side of the cell membrane,

we treated cells after the QDs’ uptake with Trypan blue. Figure 6 shows the effect of Trypan blue on the fluo-
rescence of EAC cells stained with (—)QDs and (+)QDs.

120
100 | — = _:E
%

< 80k . O Control
) iL O (-)QDs
o) *
2 0l % . @ ()QDs
2
~ * B (+/-)QDs

40 - ) +-Q

20

0 1 1 1
0.5 4 24 48

Incubation, h

Fig. 5. Viability of EAC cells stained with (—)QDs,
(+)QDs, (+/-)QDs during 48 h incubation
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Fig. 6. Flow cytometry histograms (a, b), QDs fluorescence intensity (c) and percentage of stained cells (d)
of EAC cells stained 30 min with (—)QDs and (+)QDs and treated with Trypan blue
(1 —before Trypan blue treatment, 2 — after Trypan blue treatment);
*p (1-2) < 0.05 according to the Mann — Whitney test (n = 4)
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Trypan blue is known to quench the extracellular fluorescence of organic dyes [51; 52], surface-associated
QDs and QDs in dead cells but has no effect on QDs internalized by live cells [53]. Figure 6 shows that cells
stained with (+)QD have 2-3 times more intensive fluorescence signal in comparison to (—)QD. In both cases
Trypan blue treatment results in ca. 4-fold quenching of QDs’ fluorescence. Such quenching was not caused
by the cell death, since data on fig. 6 demonstrates weak QDs’ cytotoxicity. Therefore, the decrease of fluores-
cence signal can be explained by Trypan blue quenching of QDs localized on the outer side of the cell mem-
brane. The difference between fluorescence signal before and after the treatment with Trypan blue corresponds
to the amount of QDs attached to the outer side of the cell membrane. This difference is 2.8 times larger for
cells stained with (+)QDs in comparison to (—)QDs which points to much larger amount of (+)QDs bound to
the outer side of membrane.

After the quenching of extracellular fluorescence by Trypan blue cells stained with (+)QDs are still much
brighter that in case of (—)QDs (see fig. 6). We may conclude that positively charged QDs are better adsorbed
on the cell membrane and internalized by cells than negatively charged QDs. Positively charged QDs demon-
strate high uptake by different human and animal cells. Studying cellular uptake of (+)QDs by human perip-
heral blood leucocytes subpopulations we observed that (+)QDs were able to label 90-100 % of all types of
examined cells (neutrophils, monocytes, lymphocytes) in the serum-free medium. Additionally we were able
to successfully label different tumor cells with (+)QDs including mouse Erlich ascites and hepatoma 22a, rat
glioma C6 and human A549 (data not shown).

Figure 7 shows the level and fluorescence intensity of EAC cells stained with both CTV and QDs by 48 h
incubation. CTV is not released from the cell by exocytosis and is homogeneously distributed between the
daughter cells during division.
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Fig. 7. Percentage of EAC cells stained with (+)QDs or (—)QDs during 48 h incubation in vitro (n = 4) (a).
Fluorescence signal from EAC cells stained with (+)QDs or (—)QDs during 48 h incubation in vitro (n = 4) (b)

Cells were stained with QDs of different surface charge and CTV for 20 min, washed and cultivated in
CTV- and QDs-free Dulbecco’s modified Eagle’s medium for 2 days in order to estimate the retention time of
the fluorescence signal in living cells.

Fluorescence intensity of CTV decreases during 48 h of incubation period, what reflects the prolifera-
tion activity of EAC cells. Data analysis performed with ModFit software revealed that most cells divided
1-2 times and belonged to the second and third generations. Intensity dynamics of fluorescence signal in cells
stained with (—)QDs and (+)QDs is similar to CTV, what points to the fact that cell division is a major factor
that causes temporal decrease of the fluorescence intensity during 48 h incubation period. However, during the
incubation period the amount of cells labeled by (—)QDs decreased for ca. 30 %, while the same parameter for
(+)QDs and CTV changed insignificantly, what might be probably attributed to less efficient (—)QDs uptake by
cells in comparison to positively charged QDs. Since fluorescence signal in the case of QDs decreases slightly
faster with incubation time than in the case of CTV, the decrease of the signal cannot be solely attributed to the
cell division. For example, different cellular models demonstrated the decrease of QDs’ fluorescence due to
exocytosis [37; 54; 55] and even to the chemical degradation of nanoparticles [56]. Further studies are required
to determine exact mechanisms of fluorescence degradation in different cell cultures, which are important for
practical applications of highly luminescent QDs as non-specific cell markers or staining agents.
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Conclusions

Encapsulation of highly luminescent CdSe/ZnS quantum dots with chemically modified poly(maleic anhy-
dride-alt-1-tetradecene) by (2-aminoethyl)trimethylammonium chloride allowed obtaining non-specific lumi-
nescent stains with controlled zeta potential through the formation of surface zwitterions. The efficiency of the
cellular uptake of zwitterionic quantum dots was shown to be dependent on their zeta potential. In comparison
to negatively charged quantum dots positively charged ones are better absorbed and intrernalized by cells.
Negatively charged quantum dots tend to bind mainly to a cellular membrane. We did not observe any noti-
ceable zeta potential-dependent toxicity of zwitterionic QDs within few hours. Long-term incubation of cells
stained with zwitterionic quantum dots results in the decrease of the fluorescence signal mainly due to the cell
proliferation. Highly luminescent quantum dots encapsulated with zwitterionic amphiphilic polymer can be
considered as promising non-specific cell-staining agents with charge-controlled nanoparticle-cell interaction.
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XRD analysis showed that bismuth coatings formed from perchlorate electrolyte have a rhombohedral type of crystal
lattice, the most intense reflex of Bi is (012). The number of organic additives adding into the electrolyte leads changing
in the texture of the coatings growth, for example, in presence of acridine yellow and safranin violet, the most intense
Bi reflex becomes (110). Surface morphology investigation using a scanning electron microscope showed that coatings
obtained without organic additives, as well as in the presence of safranin violet, have the lager crystallite sizes (tens of
microns) with different growth textures. The crystallite sizes decrease in the presence of resorcinol and synthanol with
the same Bi growth texture (012). The most fine-grained, dense and uniform coatings were obtained with simultaneous

syntanol and resorcinol adding into the electrolyte.

Key words: electrodeposition; bismuth; perchloric electrolyte; organic additives; coatings.
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BAUSHUE OPTAHUYECKUX COEAMHEHUN
N PEJKUMOB OCAJKAEHUA HA CTPYKTVYPY
N MOP®OAOTIMIO BUCMYTOBBIX ITOKPBITNI

JI. H. THILIKEBHY ", C. C. TPABYHKOB", JI. C. IIBIBY/IbCKAA?,
B. C. LIEH/TFOKOB?, C. C. IEPEBO3HHKOB?, C. K. [I03HAK?, A. B. TPYXAHOB"

YICHIIO «Hayuno-npaxmuueckuii yenmp Hayuonansnoii akademuu nayk benapycu no mamepuanosedenuio,
ya. I1. Bpoexu, 19, 220072, e. Munck, berapyco
DVupeacoenue BIY «Hayuno-uccnedo8amencruti UHCIMUmMym Qusuko-xumuieckux npoouemy,
yu. Jlenunepaockas, 14, 220006, e. Munck, berapyce

MetoznoM peHTTeH0(]a30BOTO aHAJIM3a [TOKA3aHO, YTO TOKPBITHUS, TOTY4YEHHbIE U3 MEPXIOPATHOTO NIEKTPOINTA BHC-
MYTHPOBaHHSI, UMEIOT POMOO03IPUIECKUI THIT KPUCTAJUIMYECKOM PEIIeTKN, CAaMbIM MHTEHCUBHBIM PE(IIEKCOM SIBIISICTCS
Bi(012). Beenenue B 2JIEKTPOIIHT psijia OPraHUIECKUX COSTMHEHUI TPUBOIAMT K M3MEHEHHUIO TEKCTYPhI POCTa MOKPBITHH:
HarpuMep, pH J00ABICHUN aKPHIMHOBOTO KEJITOT0 1 ca()paHUHOBOTO (DPHOJIIETOBOTO HanOoJIee HHTEHCHBHBIM pedIiek-
com cranosutcst Bi(110). UccnenoBanue Mophoaorui HOBEPXHOCTH € MTOMOIIBIO CKAHUPYIOILETO 3IEKTPOHHOTO MUKPO-
CKOTIa BBISIBUJIO, YTO MOKPBITHS, ITOJTYYEHHbIE B OTCYTCTBHE OPraHNYECKUX COCMHEHMH, a TaKKe B MIPUCYTCTBUH cad-
PaHMHOBOTO (PHOJIETOBOTO, MMEIOT Hanbosee KpyIHbIE pa3Mepbl KPUCTAJUTUTOB (IECATKH MUKPOH) C Pa3HON TEKCTYypOn
pocta. B npucyTcTBHM pe3opunHa ¥ CHHTaHOIA pa3Mepbl KPUCTAUINTOB YMEHBIIAIOTCS IPH OAWHAKOBOH TEKCType UX
pocra Bi(012). HanbGosnee MenKko3epHUCTHIE, IUIOTHBIC U OTHOPOHbIE TIOKPHITHS MOTYyYCHbI IPH OJJHOBPEMEHHOM BBE/Ie-
HHUHU B IEKTPOIUT CUHTAHONA U PE30PLHHA.

Knrouesoie cnosa: OJICKTPOXUMHUYCCKOEC OCAXKICHUE, BUCMYT, HCpXJ’IOpaTHI:IfI OJICKTPOJIUT; OPTaHUYCCKHUE COCTUHE-
HUA; IIOKPBITHUA.

Brazooaprocme. Padota BeInoIHEHA ITpH (HHAHCOBOH mojiepkke bemopycckoro pecnyonukaHckoro GpoHaa GhyHa-
MEHTaIbHBIX uccaenoBanuii (rpant Ne T17M-046).

Introduction

Nowadays, the problem of Bi deposition has attracted attention of the scientific community because of bis-
muth’s unique electrical, chemical and physical properties. Bismuth has found application in electroanalytical
chemistry as a new promising environmentally safe electrode for the heavy metals analysis in place of a poiso-
nous mercury dropping electrode [ 1-4]. Bismuth deposited on various metals is used as protective and antifric-
tion coatings due to chemical resistance and mechanical properties [5]. Bismuth sub-monolayers on some noble
metal surfaces have shown enhanced catalytic activity, particularly the two-electron reduction of H,0, to H,O, the
reduction of O, in aqueous fuel cells [6; 7], as well as the oxidation of formic on Pt [§—12]. The coatings based on
bismuth have shown thermoelectric efficiency [13; 14], large magnetoresistance [15—17] and interesting quantum
effects [18]. Bismuth is also used like perspective electrochromic material for electronic devices [19; 20], for
resistance and rectifying contacts producing on semiconductors [21] and for films with a giant magnetoresistive
effect for magnetic field sensors [22]. Uses of bismuth contents composites offer a very attractive alternative to
lead protection from gamma irradiation due to the much more environmentally friendly bismuth [23; 24].

Much attention of the bismuth deposition literature has focused onto noble metals and growth onto non-me-
tallic substrates, such as glassy carbon [25] and semiconductors [26—28]. There is a limited number of authors
dealing with continuous bismuth films onto metallic substrates by electrodeposition [29; 30]. The main goal of
this paper is to investigate high-speed electrolyte that would obtain thick-layer Bi coatings. Our purpose is the
Bi coatings production by the electrochemical deposition method, because this method has significant number
of advantages. First of all, it is high growth rate and the possibility of thick coatings producing; for another
thing, it is good adhesion to the substrate; thirdly, it is the possibility of a controlled microstructure changing
(the grain size, film texture and coating density) due to technological parameters variation; finally it is electro-
lyte composition changing owing to the adding of various organic additives.

Experimental

Samples of Bi coatings were electrodeposited from an acid perchlorate electrolyte which was prepared
from bismuth(Ill) hydroxide and concentrated perchloric acid solution (concentration — 65 %, density —
1.569 g - cm ) with rapid mixing. Bismuth deposition was produced in galvanostatic regime at the 23—60 °C
temperature range onto aluminum substrates 0.4 mm thickness. Bismuth rods were used as anodes. The elec-
trochemical experiments were carried out using a power source B5-78/6 as a stabilized current source. Organic
additives of different chemical nature were added into the bismuth electrolyte at a concentration of 1 g/L. Each
concentration was 0.5 g/L with simultaneous addition of two additives.
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Coatings surface morphology investigation was realized on scanning electronic microscope (SEM) LEO
1455VP with console for measuring the diffraction of reflected electrons. X-ray diffraction (XRD) analysis of
bismuth coatings was performed on a PanAnalytical Empyrean diffractometer using monochromatized Cuk,
irradiation.

The deposition process polarization voltammetric studies in various electrolytes were conducted using
the potentiostat-galvanostats PI 50 Pro2 and Autolab PGSTAT302N. The measurements in a three-electrode
two-chamber cell equipped with a platinum auxiliary electrode and a saturated solution of a chloride-silver
electrode with a Luggin capillary were performed. The required temperature level was maintained by thermo-
static water-jacket connected to an ultratermostat. Polarization measurements in the potentiodynamic regime
at a potential sweep rate of 1 mV/s to obtain quasistationary current values were taken. A freshly deposited
bismuth coatings with a 5 um thickness on a copper foil with 1 cm® area was used as working electrodes.
The non-working electrode surface was isolated with a chemically resistant varnish Lacomit. Electrolyte mi-
xing in electrochemical cell was performed by means of a magnetic stirrer with 600—800 rpm.

Results and discussion

Polarization measurements were realized in a perchlorate electrolyte containing 0.174 mol/L Bi(ClO,),
and 3 mol/L HCIO, at 23, 40 and 60 °C temperature with mixing and without for the purpose of bismuth
electrodeposition conditions optimizing. It can be seen that the bismuth deposition begins at ~30 mV potential
(relative to a saturated chloride-silver reference electrode) from the current-voltage curves presented in fig. 1.
These values are close to the bismuth electrode equilibrium potential in a given solution. At the beginning the
Bi*" ions discharge occurs in kinetic, then in mixed diffusion-kinetic and, finally, diffusion modes (see fig. 1,
curve /). The current region occurrence in the potential range from minus 200 mV to minus 500 mV indicates
the diffusion character of the process. The current region with the electrolyte mixing drops out (see fig. 1,
curve 2). The cathode current begins to sharply rise at potentials less than minus 500 mV. As a result, an easily
removable loose powdery precipitate creation at the electrode is observed. The dendritic formation process
arising can be associated with the onset of hydrogen evolution in this potential region.

S8 Operating current density region

2

Current density, mA/cm

-600 500 -400 -300 -200 -100 0 100
Potential, mV

Fig. 1. Bismuth deposition volt-ampere curves
from perchlorate electrolyte (0.174 mol/L Bi(ClO,);,
and 3 mol/L HCIO,, T'= 23 °C) without mixing (curve /) and with mixing (curve 2)

The electrolyte temperature influence on the character of the current-voltage curves are illustrated in fig. 2.
It can be seen from the figure that the temperature rise results in a noticeable drop in the diffusion current pla-
teau and the increment in the absolute current density values: ~25, ~50 and ~ 80 mA /em? for 23, 40 and 60 °C
temperatures, respectively. This process also leads to potential shift of the dendritic formation beginning to the
region of more positive potentials (see fig. 2, curves /—3). The bismuth deposition process effectively proceeds
in the kinetic regime with mixing. Moreover the current-voltage curve slope ratio is substantially higher at the
temperature of 60 °C than when the process is carried out at a temperature of 23 °C (see fig. 1, curve 2 and
fig. 2, curve 2).

A number of organic additives of various chemical nature, capable of effective adsorption on a bismuth
surface have been tested to improve the bismuth coatings quality (increasing density, plasticity and flatness).
Such additives as benzene derivatives (resorcinol, cresol), oxyethylated alcohol (synthanol), coloring agent
(acridine yellow, safranin violet) were chosen. Figure 3 shows the bismuth deposition current-voltage curves
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with and without of various organic additives and without electrolyte mixing. The cresol, resorcinol and sin-
tanol adding into the electrolyte leads to an overvoltage growth in the curve kinetic part and an insignificant
increas in the limiting diffusion current region. The dendrite formation area transition occurs at potentials more
negative than minus 600 mV (see fig. 3, curves 2—4). Quite another situation takes place when acridine and
safranin coloring agents are introduced into electrolyte. In this case, the kinetic region overvoltage sharply de-
creases, which may indicate a change in the Bi(III) electrode reduction mechanism with these coloring agents.
The limiting diffusion current region in the case of the safranin agent visibly increases with dendrite formation
area beginning displacement up to minus 700 mV.

This region for the acridine agent remains practically unchanged, with a subsequent decrease in the curve
slope in the dendritic area (see fig. 3, curves 5 and 6).

The most significant effect on the Bi(Ill) cathodic reduction is achieved by adding syntanol and resorcinol
in combination: bismuth electrocrystallization overvoltage is augmented in the kinetic region, diffusion current
area becomes less signified, the dendrite formation potential shifts (down to minus 800 mV) to the negative
potential region (see fig. 3, curve 7).

|
(%3
(e}
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-100

Current density, mA/cm?
-
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-200 . - -
-600 -500 -400 -300 -200 -100 0
Potential, mV

Fig. 2. Bismuth deposition polarization curves
from perchlorate electrolyte (0.174 mol/L Bi(ClO, ), in mol/L HCIO,)
at 23 °C (curve 1), 40 °C (curve 2) and 60 °C (curves 3 and 4) with mixing (curve 4)
and without electrolyte mixing (curves /—3)
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Fig. 3. Bismuth deposition polarization curves
from perchlorate electrolyte (0.174 mol/L Bi(ClO,), in 3 mol/L HCIO,, T=23 °C)
without additives (curve /) and with additives of different chemical nature (1 g/L):
cresol (curve 2), resorcinol (curve 3), synthanol (curve 4), acridine yellow (curve 5),
safranin violet (curve 6), synthanol and resorcinol (curve 7)

17



Kypnaa Besopycckoro rocynapcrBeHHOro yaupepcurera. Xumus. 2018. Ne 1. C. 14-21
Journal of the Belarusian State University. Chemistry. 2018. No. 1. P. 14-21

XRD diffraction data (fig. 4) showed that bismuth coatings have a rhombohedral crystal structure (space
group R — 3m). However, the bismuth lattice is commonly described as a hexagonal primitive cell. In this paper
we use the three-index Miller system of indices rather than the four-index Miller — Bravais system [31]. All
of the diffraction patterns can be indexed to bismuth with lattice parameters ¢ = 0.455 nm and ¢ = 1.186 nm.
It is important to emphasize that coatings with a signified texture (012) are formed in the electrolyte without
additives. This texture is retained by adding into the electrolyte the organic additives, which we have studied,
such as cresol, resorcinol, synthanol. However, in the presence of coloring agents (acridine yellow and safranin
violet), the growth texture changes (see fig. 4, b), the most intense reflex becomes (110).
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Fig. 4. XRD patterns (CuK,,) of bismuth coatings electrodeposited
from perchlorate electrolyte without () and with safranin coloring agent (b).
The current density is 23 mA /cm’, the electrolyte temperature is 23 °C,
and the coating thickness is 600 um

The investigation of same thickness (600 wm) coatings surface morphology using SEM showed that films
electrodeposited without additives, as well as with safranin coloring agent, eventually form crystalline coatings
with a block size of tens of microns, but with different texture growth (fig. 5, a, b). Moreover in the presence
of additives such as resorcinol, cresol and synthanol, the microcrystalline blocks size decreasing with the same
growth texture is observed, but more dense and flat coating is formed. The decrease in the microcrystalline
blocks size is particularly significant in cases of simultaneous syntanol and resorcinol adding into the electrolyte
(see fig. 5, /). In this case, a close grained, flat coating of good quality is formed.
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Fig. 5. SEM of the bismuth coatings surface electrodeposited without (a)
and with organic additives (1 g/L): safranin coloring agent (b), cresol (c), synthanol (d),
resorcinol (e), sinthanol and resorcinol ( /). The current density is 23 mA /cm’;
T =23 °C, coating thickness is 600 um
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Based on polarization measurements results, bismuth deposition regimes were optimized to obtain thick-layer
coatings (d = 600 um). The ranges below the diffusion current mode region were chosen as working cathode
current densities. In the absence of mixing, they were: 23 mA/cm? at 23 °C; 50 mA /cm? at 40 °C; 80 mA /cm®
at 60 °C. A cathode current density of 100 mA/cm” was chosen in the presence of mixing at any deposition
temperature. Thus, the deposition time was 8, 4, 3 and 2 h at current density 25, 50, 80 and 100 mA /em?, re-
spectively, to bismuth coating obtaining uniform thickness (600 um) with current output 98-99 %.

Figure 6 shows bismuth coatings photographs synthesized with optimal deposition regimes in the absence
and presence of mixing. It can be seen from the figure that cathode current density grows with a simultaneous
temperature raise and in absence of mixing, the coatings quality deteriorates: the graininess and surface rough-
ness increases, the evenness decreases, and coating thickening is visible on the substrate edge (see fig. 6, a—c).
These disadvantages are almost completely eliminated with the electrolyte mixing at a speed of 600—800 rpm,
only a slight substrate edge thickening is observed (see fig. 6, d). The most qualitative, dense, homogeneous
and flat coatings were electrodeposited with the simultaneous syntanol and resorcinol adding in the electrolyte
(see fig. 6, d). High quality coatings with the thickness of 600 um were obtained at room temperature with
cathode current density of 100 mA /cm” and electrolysis duration of 2 h.

a b c

Fig. 6. Photos of bismuth coatings electrodeposited under the following conditions:
T=23°C, Dc =25mA/cm’ (a); T =40 °C, Dc = 50 mA/cm’ (b); T =60 °C, Dc = 80 mA /cm’ (c);
T'=23°C, Dc =100 mA/cm® (d); T=23 °C, Dc = 100 mA /cm’ (e) in the presence of synthanol and resorcinol

Conclusion

The influence of various factors on the process of bismuth electrodeposition was examined. It was estab-
lished that electrolyte mixing, deposition temperature, organic additives adding exert a noticeable influence on
the electrode process of the discharge of Bi*" ions in acid perchlorate electrolyte. The temperature rise from
23 to 60 °C makes it possible to expand the range of the cathode current density from 23 to 80 mA /cm’, the
intensive mixing (600—800 rpm) —up to 100 mA /cm”. Bismuth coatings have a rhombohedral crystal structure
(space group R — 3m). Coatings with a signified texture (012) are formed in electrolyte without additives. This
texture is retained by adding into the electrolyte the organic additives such as cresol, resorcinol, synthanol.
However, in the presence of coloring agents (acridine yellow and safranin violet), the growth texture changes,
the most intense reflex becomes (110). The additional presence of such organic additives as synthanol and
resorcinol in the electrolyte guarantees flat, dense, close grained and uniform coatings with a thickness of
600 wm at room temperature and the highest cathode current density.
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FLUORESCENT BODIPY DYES AS LIGANDS FOR MAJOR
STEROIDOGENIC PROTEINS: in silico EVALUATION
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*Research Institute for Physical Chemical Problems, Belarusian State University,
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In silico docking simulations of interactions between BODIPY-based fluorescent compounds and mammalian proteins, responsible
for steroidogenesis, namely, cytochromes P450: CYP11A1, CYP17A1, CYP19A1, CYP7A1 and STARDI1 transport protein, have been
performed. Experimental results show a high affinity of some tested compounds to the active centers of the selected proteins (binding
energies range of —6.7 to —12.4 kcal/mol), indicating possible impact of BODIPY fluorescent tags into whole labeled molecules affi-
nity towards the selected proteins and perspectives of the experimental testing of the predicted interactions. For the last purpose diffe-
rent BODIPY dyes were obtained using validated methodologies and characterized using spectrofluorimetry. A strategy of quantum
chemical calculation, allowing us to predict the absorption spectra of the compounds under consideration, has been also developed.
Our results demonstrate suitability of the calculations used for estimation of physical and biological properties of BODIPY-based
compounds as a part of rational design of novel biological probes. Synthesized dyes have a potential as fluorescent probes for the
biomedical studies.

Key words: BODIPY; fluorescence; cytochrome P450; STARD1; docking; quantum chemical calculations.

In silico UCCAEAOBAHUE ®AYOPECHHEHTHBIX
BODIPY-KPACUTEAEN KAK AMTAHAOB CTEPOUAOI'EHHBIX BEAKOB

M. C. XOPELIKHH ", 5. B. ®PAJIETPOB", E. B. PYJIAA", B. M. IIKYMATOB"

YVupexcoenue BIY «Hayuno-ucciedo8amensckuii uHCmumym (usuko-xumudeckux npoonem,
yi. Jlenunepaockas, 14, 220006, e. Munck, Berapyco

[IpoBeneHo MonmemMpoBaHIe B3aUMOACHCTBUS (DIIyopecieHTHRIX coennHeHnit Ha ocHoBe BODIPY ¢ Genkxamu Miteko-
MUTAIONIUX, OTBETCTBEHHBIMH 3a CTepoujoreHes, a umeHHo nutoxpomamu P450: CYP11A1, CYP17A1, CYPI9AI,
CYP7A1 u tparcnoptasmM Oemkom STARD1. Pe3yneraTsl pac4eToB J€MOHCTPHPYIOT BEICOKYIO ap(pUHHOCTD CBS3BIBAHUS
BBIOPAHHBIX COCTMHCHUI B aKTUBHBIX [IEHTPax JaHHBIX OCITKOB (TEOPETHUECKH pacCUMTaHHbBIC SHEPTHHU CBSI3BIBAHMS B IMa-
ma3oHe ot —6,7 10 —12,4 KKaJl/MOJIb), YTO CBUAETEIBCTBYET O IEPCIICKTUBHOCTH YKCIICPUMEHTAIBLHOTO TECTHPOBAHMS Psijia
BODIPY-11pon3BoAHBIX ¢ yKa3aHHBIMH O€JIKaMH-MHUIICHAMH. J{J1s 3TOro ObUTH MOIyYeHBI M OXapaKTEPHU30BaHbl METOIOM
cnekTpodayopumerprn paznmaasie BODIPY-kpacurenn. IlpencraBieHs! METOABI KBAHTOBO-XUMHUYECKHUX PACUETOB,
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MIPEJICKa3bIBAIOIINE CIIEKTPBI TOTIONIEHUSI BHIOPAHHBIX COCTUHEHHA. Pe3ybTaThl TO3BOJIWIN CAETATh BBIBOJ O MPHEM-
JIEMOCTH UCIIOJIb30BaHMSI PACUETOB ISl OIICHKH (DU3UKO-XUMHUCCKUX CBOMCTB coennHeHuid Ha ocHoBe BODIPY B messix
CO3IIaHMsI HOBBIX COCIMHEHUH /I METUKO-OMOJIOTMYCCKUX UCCIICIOBAHUI.

Knroueswte cnosa: BODIPY; pmyopecnennus; muroxpom P450; STARD1; nokuHT; KBaHTOBO-XUMHYECKHE PACUCTHI.

Introduction

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) has become a popular fluorophore as a result of its
valuable properties such as relatively small size, non-polarity, photochemical stability, exceptional spectral
properties (extinction coefficients range of ~70 000~700 000 [mol " - cm '] at A_, > 500 up to 630 nm) [1; 2].
Various BODIPY derivatives are used as fluorescent probes in biological studies. In particular, due to lipophilic
nature of the fluorophore it has been used to create lipid droplet marker (BODIPY 493/503 or 1,3,5,7,8-pen-
tamethyl-BODIPY) [3] and fluorescently-labeled analogues of cholesterol and other lipids [4; 5]. For in-
stance, BODIPY-labeled TopFluor"-cholesterol is a fluorescent probe, widely used for analysis of cholesterol
trafficking and metabolism in mammalian cells [4—6] and pathogenic bacteria [7-9]. In spite of this, to the
best of our knowledge, there is a lack of data describing direct interactions of BODIPY-labeled steroids and
the BODIPY dyes themself with proteins, realizing traffic and bioconversions of steroids, even at in silico
level. ABC1-transporter-related BODIPY-cholesterol efflux from mammalian macrophages [6] could mean
the molecule is a potential ligand for the protein, but direct interaction and binding site was not described.
STARD1-dependent transport of BODIPY-cholesterol from phospholipid vesicles were mentioned [10], but
the binding site was not determined or proposed. BODIPY core positions were discussed for steroid-conver-
ting CYP51 of Mycobacterium tuberculosis, covalently-labeled with the cysteine-selective BODIPY malei-
mide [11]. Few new publications describe BODIPY derivatives for covalent labeling of bovine serum albumin
(BSA) as a model protein [12—14], but non-covalent interactions of similar dyes with the hydrophobic protein
were not rationalized even in silico excepting the last work mentioned in the sentence. It should be also no-
ted that BODIPY-labeled molecules could have more pronounce affinity to lipophilic subcellular bioobjects
(membranes, lipid droplets, proteins) in comparison with correspondent parent compounds, providing the con-
jugates novel biological properties. For example, extra lipid droplets staining was reported for dialkynylcarbi-
nols, labeled with BODIPY vs. labeled with coumarin and NBD-fluorophores [15].

Thus, we decided to perform computer-aided simulations of interactions of BODIPY-cholesterol, its new
analogue (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene-propionyl)-20-amino-pregn-5-en-3-beta-ol (BDP20AP),
and six non-steroidal BODIPY-derivatives (fig. 1) with mammalian proteins, responsible for key steroidogenesis
process, namely, transport protein STARD1 and cytochromes P450 CYP11A1, CYP17A1, CYPI9A1, CYP7AL;
three of non-steroidal BODIPY ligands (see fig. 1, 1a—1c) as well as BDP20AP (see fig. 1, 3a) were synthesized
in our laboratory for further experimental evaluation.

R
%— CH, la

— \ \ R= %—D-CSH“ 1b

\ ®
N\% AN
FZ g 1c

Fig. 1. BODIPY derivatives under investigation
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Experimental section

For in silico work protein structures were taken from the on-line service RCSB Protein Data Bank. Ligand
structures for molecular docking were made using ChemOffice (CambrigeSoft, USA) with subsequent PM6
ground state geometry optimization in Gaussian09 (Gaussian, Inc., USA) software. Simulation of ligand-pro-
tein interaction was performed via AutodockVina and AutoDock Tools (Graphics Laboratory, Scripps Re-
search Institute, USA). Quantum-chemical calculations of UV-visible absorption spectra were performed in
Gaussian09 using the time-dependent density functional theory TD-B3LYP, 6-311+G(d, p) basis set, CPCM —
solvation model, solvent — ethanol [16]. Molecular structures for TD-DFT calculations were optimized in
Gaussian09 using B3LYP functional, 6-311+G(d, p) basis set and CPCM — solvation model, solvent — ethanol.
For experimental work all reagents and solvents were received from Sigma Aldrich (USA). Pyrrole and di-
chloromethane were purified in advance. All reactions were performed in oven-dried glassware. UV-visible
absorption spectra and fluorescence emission spectra were recorded on a commercial spectrophotofluorometer
(SOLAR CM2203) with 5 nm gap in ethanol. General procedure for non-steroidal BODIPY ligands synthesis
was according to [17] (fig. 2).

R

H
1) CH,CI

N. 212
acylating agent — X \

‘ L R= —CH3 _— n-CSH“
2) NEt \ ®
) e N
3) BF,*Et,0
) BEEL 1]:32 la 1b lc

Fig. 2. A scheme of non-steroidal BODIPY synthesis

Briefly, to freshly purified pyrrole in anhydrous dichloromethane (10 ml) corresponding acylating agent
(acetyl chloride, hexanoic anhydride and benzoyl chloride for 1a, 1b and 1c, respectively) was added. The re-
action mixture was stirred at room temperature 6 h is the case of 1a and 1b as well as 12 h in the case of Ic.
Triethylamine and BF,* Et,0O were then added. After 1 h the reaction mixture was washed with water. The or-
ganic layer was dried over anhydrous sodium sulfate, filtered and evaporated under vacuum. The crude pro-
duct was purified by silica-based column chromatography (hexane/ethyl acetate is equal 10/0.5, v/v). Detailed
information about the reagents amount is shown in table 1.

Table 1
Reagents amount taken for BODIPY synthesis
Substance Pyrrole, pmol Acylating agent, umol NEt,, umol BF,*Et,0, mmol
la 485 255 926 1.94
1b 382 200 730 1.53
lc 374 196 746 1.5

Results and discussion

UV-Visible absorption spectra of compounds la—1¢ were theoretically calculated. The results and transi-
tion types are shown in table 2.

Table 2

Calculated and experimentally-determined spectral
properties for 1a—1c and transition types

Compound A abs TD-DFT, nm A abs in ethanol, nm A em in ethanol, nm
la 419 492 502
1b 421 496 506
lc 427 497 530

Excitation process corresponds to HOMO — LUMO transitions (S, — S, excited states) for all selected
compounds. The calculation strategy used has shown good correlation with the experimental data. The results
could be evaluated as positive and this calculation method could be used to predict spectral properties of
BODIPY dyes.
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For estimation of considerated BODIPY’s ability to interact with steroidogenic proteins, docking simula-
tions were performed [18]. Six non-steroidal BODIPY and two steroidal BODIPY derivatives, depicted on
fig. 1, were chosen as ligands for main steroidogenic proteins. Calculated free binding energies (kcal/mol) of
selected compounds and native ligands (cholesterol, pregnenolone and estrone) are shown in table 3. Locali-
zations with highest affinity are illustrated on fig. 3.

a b

LEU 199

MET 144
PHE 267

TPR 241
THR 263

N\

LEU 243

HIS 220

i TR

VAL 179

ASP 298 x
ARG 115 s :
ILE 133
THR 306
ALA 113

HEM 600

PHE 221
TPR 224

Fig. 3. Computed localizations of the BODIPY compounds
with proteins of steroidogenesis, showing the highest affinities:
a —2a with STARDI protein (3p01); b — 3a with STARDI protein;
¢ —1lc with CYP19A1 (5jkw); d — 2a with CYP17A1 (3ruk)

Table 3
Calculated free binding energy (kcal/mol)
of ligands under investigation
Ligand 3dax” 3v8d 3sn5 3mzs 3p01 3ruk Sikw
la -6.7 -8 -8.2 -8.2 -7.2 -1.5 -85
1b -7.6 -8.1 -7.9 -8.9 7 -8.1 -8.7
lc -8.9 -7.8 9.1 -9.8 -84 -94 -10.2
2a -8.6 -10.3 -10.3 -94 -8.8 -9.7 -99
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Ending table 3

Ligand 3dax” 3v8d 3sn5 3mzs 3p01 3ruk Sjkw
2b -7.6 -9.7 -9 -9.9 -8 -9.4 -6.5
2¢ -8.8 -8.4 -9.9 -10 -17.5 -9 -7.1
3a -9.4 -10.2 -12.4 -14.4 -12.2 -7.9 —-10.1
3b -10.6 -10.1 -10.2 -9.9 -9.3 -8 -8.9
Chol -7.9 -12.2 —-12 -11.9 -9.8 — -
Preg - — - — -11.4 -
Estrone - — - - — - -11.8
"PDB proteins codes 3dax, 3v8d and 3sn5 for CYP7A1, 3mzs for CYP11A1, 3p0l for STARDI1, 3ruk for CYP17A1,
and 5jkw for CYP19A1.

According to our calculation results BODIPY-based compounds could interact with cytochromes P450
CYP11A1, CYP17A1, CYP19A1, CYP7A1 and STARDI protein. Interacting energies for the majority of
computed ligand-protein pair interactions are from —8 up to —10 kcal/mol. It should be mentioned that BODIPY
ligands have relatively worse affinity to selected proteins in comparison with the BODIPY labeled steroids. This
might be due to similarity with natural substrates and impact of both BODIPY and steroidal part in realization of
hydrophobic interactions with the proteins.

For the STARDI lipid transfer protein the best affinity was shown with 2a (-8.8 kcal/mol) and 3b
(—12.2 kcal/mol) ligands. For the CYP19A1 protein the best affinity was shown with ¢ (—10.2 kcal/mol) and
3a (—10.1 kcal/mol) ligands. For the CYP11A1 protein the best affinity was shown with 2¢ (—10 kcal/mol) and
3a (—14.4 kcal/mol) ligands. For the CYP17Alprotein the best affinity was shown with 2a (-9.7 kcal/mol)
and 3b (-8 kcal/mol) ligands. For the CYP7A1 the best affinity was shown with 2a (—10.3 kcal/mol) and
3a (-12.4 kcal/mol) ligands. For the CYP7A1 the best affinity was shown with 2a (-10.3 kcal/mol) and 3a
(—10.2 kcal/mol) ligands. For the CYP7A1 lipid transfer protein the best affinity was shown with 1c (-8.9 kcal/mol)
and 3b (—10.6 kcal/mol) ligands.

The results indicate on interactions possibility. Most of calculated ligands possess even better binding affini-
ties comparing with primitive steroid ligands. Some of the most promising docking results are shown on fig. 3.

Conclusion

Using in silico docking simulations we have demonstrated a possibility of some BODIPY dyes to bind into
active sites of five proteins of steroidogenesis, namely, cytochromes P450 CYP11A1, CYP17A1, CYPI9AI,
CYP7A1 and STARDI transport protein. Thus, possible impact of BODIPY fluorescent tags into compositions
of fluorescently labeled molecules affinity towards the enzymes should be taken into consideration. A suitable
strategy of quantum chemical calculation has allowed us to predict the absorption spectra of the compounds
under consideration. The BODIPY dyes have a potential as fluorescent probes for the druggable proteins under
consideration. The new BODIPY-labeled steroid might be used alternatively to common BODIPY-cholesterol for
some steroidogenic proteins studies. For the purpose of experimental evaluation of the in silico found interactions
different BODIPY dyes were obtained using validated methodologies and characterized using spectrofluorimetry.
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CKPUHUMHI HOBbIX NTHAOAOCTEPOUAOB
B KAYECTBE CYBCTPATOB IIMTOXPOMOB P450 in silico

A. B. IAHAJAY, 5. B. ®PAJIETPOB”, H. C. ®POJIOBA", B. M. IIKYMATOB"

YVupeacoenue BI'Y «Hayuno-ucciedosamenbekutl uUHCMumym ousuko-Xumuieckux npooiemy,
yi. Jlenunepaockas, 14, 220006, e. Munck, Berapyco

Onucano MOJIEIMPOBAHKE B3aUMOJCHCTBHSI MHOIOCTEPOHIOB ¢ uToxpoMamu P450, ydacTBYIONTUMH B MpoIiecce
crepougorenesa. Haunbosiee BhICOKOE CPOACTBO OBLIO Mpeicka3aHo mo oTHoiieHuio kK Gpepmentam CYP3A4, CYP7A1
u CYP11A1, ciocoOHBIM KaTaJIM3UPOBATh IPEBpAlCHUE XoyecTeprHa. J{iisi OEIKOB, OCYIIECTRISIFOIIUX PEBPALCHAC
CTEPOHIOB MPETHAHOBOTO M ACTPAHOBOTO PSIIOB, OOHAPYKEHO CHMKEHUE apGUHHOCTH MHIOIOCTEPOHIOB IO CpaBHE-
HUIO C TIPUPOTHBIMHU CYOCTpaTaMu, BEI3BAHHOE CTPYKTYPHBIME Pa3IHYISIMA. Pe3ymbTaTel pacyeToB MO3BOJSIOT MPEIO-
JIOXKHTB, 9TO UCCIIEAYyeMbIe HHIOIOCTEPOU B! C HAMOOIBIIEH BEPOSATHOCTHIO MOTYT IOABEPTaThCS THIPOKCIITUPOBAHUIO
B TIOJIOXKEHMsIX 4 1 7, a Takke HHruOupoBars aeiictBue CYP17A1 3a cyeT KOOpAUHAITMOHHOTO B3aMMOICHCTBUS C TEMOM.

Knrwueswvie cnosa: nuaonoctepousl; TUTOXpoMbl P450; MoaeKyIsSpHbIA JOKUHT.

SCREENING OF NOVEL INDOLE STEROIDS
AS CYTOCHROME P450 SUBSTRATES in silico
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In this work we describe the modeling of interactions between indole steroids and steroidogenic cytochromes P450.
The highest possible affinity is expected of enzymes involved in cholesterol transformation (i. e. CYP3A4, CYP7AL,
CYPI1A1). In case of pregnane and estrane-converting proteins a decrease in the binding energy of synthetic steroids
is found. The variations in affinity are explained in terms of structural difference. These calculations imply that indole
steroids are most likely to be hydroxylated at positions 4 and 7 as well as interfere with CYP17A1 activity by heme

coordination.
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BBenenune

CuHTeTHYeCKHEe IPOU3BOIHBIC CTEPOUIOB aKTUBHO MCCIIEIYIOTCSl B KAY€CTBE HOBBIX IPEnaparoB Julsl Jie-
YEeHHsI TOPMOHAJIBHBIX HAPYIIICHHUH, 8 TAK)KE HEKOTOPBIX (POPM JTOOPOKAYECTBEHHBIX U 3JI0KAYECTBEHHBIX OITy-
xoneit [1]. B wacTHOCTH, cTepOnIIbI, CoACpIKaIIe TETEPOIMKI B OOKOBOH IETH, TPEACTABISIIOT HHTEPEC KaK
aHajoru abuparepoHa, IOIaBIIAIONIET0 OMOCHHTE3 aHIPOTEHOB 3a cueT nHruompoBanus CYP17A1 u ucnomns-
3yeMOTrO0 JIJIsl TEpaIiii METAaCTaTHUECKUX OMYXOJIeH MpeIcTarebHOM jkene3bl. THTepec K coueTaHuIo HHJI0Mb-
HOTO M CTEPOUIHOTO (parMeHTOB BbI3BaH, C OJIHOW CTOPOHBI, CIIOCOOHOCTHIO WHJIONOB TIO/IABIIATEH KICTOUHBIC
CUTHAIILHBIE TIPOLIECCHI, C APYTO — BOBMOXKHOCTBIO UCIIOJIb30BAHMUS TETPAIMKIMYECKOTO OCTATKa B KAUeCTBE
crienmuuIHON TpaHCIIOpTHOH Tpynmsl [2—4]. [TockonmbKy MeTabonmM3M M OWomerpamanus CTEPOUIOB B 3Ha-
YUTEIHHOW Mepe 00yCIIOBICHBI TeMO3aBUCUMBIME MOHOokcureHazamMu CYP450 [5], HamMu mpoBeaeHO Mo-
JICTUPOBAHUE B3aNMOJICHCTBHS CHHTETHYCCKIX MHIOJIOCTEPOUIOB C HEKOTOPBIMH (hPepMEHTAMH yKa3aHHOTO
ceMetictBa. Beibop muroxpoMoB P450 B kadecTBe OOBEKTOB MCCICHOBAHUS TaKXKE CBSI3aH C OMHUCAHHBIMHU
B JINTEpaType B3aUMOJICHCTBUSMHU WHJIOJNIOB U TE€MOINPOTEHHOB, YYACTBYIOIINX B MPOIeccax KaHIeporeHesa.
B gacTHOCTH, TPOTHBOOITYX0JIeBast aKTUBHOCTD 3,3 - TUUHAOIMIIMETaHA BKITIOYACT B C€0sl HHTHOMPOBAHUE ITH-
ToXpoMOB P450, yuacTByromux B epBoit (haze MeTadOIN3Ma M aKTHBHPYIOIINX KapIIMHOTCHHBIC KCEHOONOTH-
ku [6]. Kpome Toro, 3,3'-guuHmommnMeran npensarcteyer CYP450-onocpenoBaHHOMY THAPOKCHIIHPOBAHUIO
ACTPOHA M 3CTPAJNOIIA, MOJABIISISI TEM CaMbIM ACTPOTCHO3aBHCHUMBIE MpoIecchl mponmdeparmu [7]. Ps 3a-
MEIICHHBIX WHJIOJNIOB, OCHOBAHHBIX Ha CTPYKTYpE aHTArOHKWCTa 3CTPOTEHOBBIX PELENTOPOB 3MHIOKCU(CHA,
OBIT WccnenoBaH B KadecTBe HecTeponaubeix mHruOuTOpoB CYP17A1 m CYP19A1 [8]. Hakonern, 3-apwui-
STCHWIMHJIOINBI 00JI/IAI0T aHTHMMMYHOJICTIPECCAHTHBIMH CBOMCTBaMU OJiarojiapsi HHTHOMPOBAaHUIO TEMOTIPO-
TerHa TpunTohaH-2,3-TMOKCUTeHAa3bl, TUIIEPIKCIIPECCUPYEMOT0 B HEKOTOPBIX OIYXOJIEBBIX KIIETKAX B IIEJSIX
TIOIaBJICHUST UMMYHHOTO pacto3HaBanus [9]. TakuM 06pazom, HHIOIOCTEPOUIB MMPEACTABIISIOT HHTEPEC KaK
crienu(UYHBIC TUTAH/IbI CTEPOUIOTCHHBIX U TEMOCOICPIKAIIUX OCIIKOB.

MaTepua.nLl M MeTOIbl HCCJIeIOBaAHUM

CrpykTypHBIE (OPMYIBI UCCIEAYEMBIX CTEPONIOB H300paXkeHbI Ha puc. 1. Hymeparmms aToMmoB 60KOBO#
IIEMN TPOBOIMIIACH B COOTBETCTBHH C peKOMeHmanmusaMu komuiccnu International Union of Pure and Applied
Chemistry (IUPAC) [10].

[Ipn MonmenvpoBaHWM JIMTaH[-PENENITOPHBIX B3aWMOCHCTBHN HCIONB30BAM JaHHBIC, JACTTOHNPOBAHHBIC
B Oanke OenxoBbIX cTpykTtyp RCSB PDB (pdb id 3RUK mms CYP17A1, SJKW mma CYP19A1, 3SNS mns
CYP7A1, 3MZS s CYP11A1, IWOE mns CYP11A1). [ToctpoeHue nmuranmaoB 1 00paboOTKy pe3ylIbTaToB OCY-
MIECTBIISIIN C TOMOIIBIO MPOrpaMMHBIX ntakeToB PyMol 1.5.0.1 u MGLTools 1.5.6. ]Ins pacueToB HCHONb30BaN

20 21
NH
HO
1
19 20 22
NH
NH oy
21 \_NH 23
NH
HO Ho”
2 3

Puc. 1. CTpoeHre UCCIIeIOBaHHBIX JIMTAHI0B C HyMEPOBaHHBIMU aTOMaMH OOKOBOIT 1iern
Fig. 1. The structure of steroidal ligands used in the study. The numbers refer to the side-chain atoms
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nporpammy AutoDock Vina 1.1.2 [11]. OuieHKa SHEPTUHN CBSI3BIBAHUS IPOBOANUIIACEH C TPUMEHEHUEM HCXOTHON
(GyHKIMY B3auMOsIelcTBUSA. Bce BBIYMCIEHHUS OCYIECTRISAINCE B IPUOIMKEHUH KECTKON CTPYKTYPBbI OEJIKOB.
KondopmaiimonHoe npocTpancTBo umenno GpopMmy Kyba co CTOpOHOH, jyiMHa kotopoi paBHa 30 A. Otbop
KOH(OpMAIUil TIPOU3BOJIUIIN ITyTEM CPABHEHHUS ITOJIOKEHUH CTEPOUTHBIX JIMTAH/IOB C KpUCTaLIOrpaduuecKoi
CTpyKTypo# u3 Oanka nanueix RCSB PDB, a Taxke Ha 0OCHOBaHMM OPHEHTAIMH WHJIOIBHOTO (pparMeHTa oT-
HOCHUTEIFHO MIPOCTETHYECKON TPYIITHI OEITKOB.

Pe3yabrarsl ncciie0BaHuii 1 MX 00CyKAeHHE

KonnyectTBeHHbBIE TTapaMeTphl BEIYMCICHHBIX KOH(POPMAIMA HHIOJIOCTEPOUIOB B aKTUBHBIX IIEHTPaX IU-
ToxpomoB P450 npencraBiensl B TabmuIle.

XapakTepuCTHKHU PacuyeTHbIX KOH(popManuii HH10J10CTEPOU/10B

Calculated parameters of indole steroid conformations

Benok Jluran AG, KKaJ - MOJb ' ;’pﬁé?ﬁ?ﬁq@ﬁiﬁ;ﬂfp;sxg
[Ipernenonon 11,1 4,2 (C,;-Fe)
1 -10,0 4,9 (N'-Fe)
CYP17A1
2 -7,8 5,1 (N'-Fe)
208-3 -7,0 3,3 (N'-Fe)
Tecroctepon -12,3 4,0 (C,y-Fe)
1 -6,4 >6,0 (C,4-Fe)
CYP19A1 2 -6,8 >7,0 (C,,-Fe)
20R-3 -5,0 6,0 (C,y-Fe)
208-3 =57 6,0 (C,y-Fe)
XomnecrepuH -12,1 4,9 (C,-Fe)
1 -12,2 5,3 (C,-Fe)
2 11,5 5,2 (C,-Fe)
CYP7A1
20R-3 -10,7 5,0 (C,-Fe)
205.3 -10,7 5,1 (C,-Fe)
-9.8 5,9 (N'-Fe)
XonecrepuH -11,9 3,4 (Cy,-Fe)
1 -13,6 3,8 (C,,-Fe)
CYPI11A1 2 -13,2 3,7 (C,y-Fe)
20R-3 -12,9 3,4 (C,;-Fe)
208-3 -13,0 3,0 (C,;-Fe)
XonectepuH -10,3 4,0 (C,-Fe)
; -11,0 4,0 (N'-Fe)
-10,7 4,2 (C,-Fe)
-10,8 4,1 (N'-Fe)
CYP3A4
2 -10,3 3,7 (C,-Fe)
-10,2 4,0 (C,-Fe)
20R-3 -10,3 3,5 (C,-Fe)
208-3 -10,3 3,5 (C,-Fe)

Jua xordopmanuii mamonocreponioB B aktuBHOM 1ieHTpe CYP17A1 xapakrepHo cHrkeHue addun-
HOCTH 10 CPAaBHEHHIO C MPETHEHOJIOHOM (TIPUPOAHBIM cybcTparoM). HecMOTpsi Ha BBICOKYIO SHEPTHIO B3a-
MMOJICHCTBHA, B CIy4yae COCAMHEHHWs [ HaONomaeTcsi 3HAYUTEIbHOE yJAaJeHHe WHIOIBHOTO (hparmMeHTa OT
reMa, IpersTCTBYOLIEe KOOPAUHALIMU C MOHOM >keie3a. [t cpaBHeHUs: COMMKEHUE UHJIOIBHOIO OCTaTKa
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20S-u3omepa 3 ¢ MPOCTETHUECKON TPYIIION (epMEHTa COMPOBOXKIACTCS YMECHBIIICHUEM JHEPTUU B3aMMO-
neiictBust 10 —7,0 kxan/monb. [ 20R-crepounna 3 cyOcTparonoqoOHbie KOHGOPMAMK HE BBISBICHBL. DTO
00yCIIOBJICHO CTPYKTYPHBIMH Pa3INIUAMHU MEXKIY [IPETHEHOJIOHOM U MHIO0JO0CTEpOonaaMu (B YaCTHOCTH, Ha-
JMYUEM Y TIocTeTHIX 00beMHOr0 apoMaTrnieckoro pparmenTa). Kpome Toro, B ciydae coequHeHuit / u 2 noa-
BIKHOCTb MHJIOJIBHBIX KOJIEI] OrpaHMuYeHa AJTMHOM OOKOBOM IIENH, YTO MPEISTCTBYET CyOCTpaTronogoOHOMy
PacIoNOKEHUIO B aKTUBHOM caiiTe (pepMEHTA U YBEIMUMBACT BKJIA]] CTEPHUECKUX B3aUMOJIecTBU. B mpoTu-
BOIIOJIOKHOCTH 3TOMY OOKOBast LIETb CTepouAa 3 UMeET JOCTAaTOYHYIO JJTUHY 1Sl CONMMKEHNST HHAO0JIA C TEMOM,
YTO TIOKa3aHo Ha puc. 2. BeposTHo, HaOmM0MaeMO€e TIPH 3TOM CHH)KEHUE SHEPTUH CBSI3BIBAHMSA, TI0 CPABHEHHUIO
C IpYTMMHM JIMTaHAaMH, BBI3BAHO BHYTPHUMOJIEKYJISIPHBIMU TOPCUOHHBIMU B3aUMO/IEHCTBUAMM.

a/a o0/b

Asn-202 Asn-202

Leu-209 / \ Leu-209 /

Val-483

Puc. 2. CpaBHUTENBEHOE PACIIOIOKEHHE IPETHEHOIOHA ()
u 20S-n3omepa creporna 3 (0) B aktuBHOM caiite CYP17A1

Fig. 2. Comparison of pregnenolone (@) and 20S-isomer of steroid 3 (b)
positioned within CYP17A1 active site

B ciiyuae ¢pepmentoB CYP7A1 u CYP11A1 GokoBble e HHAOJIOCTEPOUIOB COMTOCTABUMBI 110 pazMepam
C aJIKWIBHBIM (PparMEHTOM XOJieCTepHHa. B pesynbrare pacrnonoxeHne CHHTETHYECKUX JIUTaH0B B MOJOCTH
Oenka COBITAAET C MPEACKa3aHHBIM IS XoJlecTepuHa (puc. 3).

CrepouaHbIil 0CTOB MHIO0JONMPOU3BOAHBIX B ciiydae CYP7A1 HeckoabKo CMEIIEH OTHOCHTEIBHO XOJIe-
CTEpHHA, YTO MO3BOJISIET 0OPA30BBIBATH BOAOPOIHBIC CBS3U C aMHUHOTPYIION Leu-361 U THIPOKCHTPYIIITIOi
Ser-105. Cnenyer Take OTMETUTh CHW)KEHHE SHEPTHU CBSA3BIBAHUS U30MEpOB 3 Ha 1,5 KKaji/Molb Mo cpaB-
HEHMIO C JPYTUMHU CTEpOUAaMH, BBI3BAHHOE YBEIMYCHNEM JUIMHBI 00K0BOH nenu. B yactHoctu, 20R-u3omep
COeIMHEHHS 3 BBIHYK/ICH PHHUMATH H30THYTYIO KOH(OopMaInio O0KOBOI IIeNH BBHY OTTAJIKHBAIOLIECTO BO3-
neiictBust octarkoB Phe-102, His-111 u Ile-114. 13 Tabnuuet Takxe BUAHO, uto B ciaydae CYP11A1 sHeprus
CBSI3BIBAHMS XOJIECTEPHUHA MEHbIIE BBIYMCICHHOMW IS WHAOIOCTepouI0B. lIpnynHoil sTor0 sBNstercs Omu-
30CTh aroMa a30Ta B COCTaBE MHJIOJIBHOIO KOJbIIa ¢ KapOOHMIIBbHOW rpynmoi octatka Ala-286, Omarogaps
yeMy oOpasyercsi JIOIOJIHUTENbHAS BOAOPOAHAS CBsI3b. AHAIM3 JMTEPATYPHBIX JaHHBIX I1O3BOJISIET IPENIO-
JIOXKHTb, YTO B Clyyae MpeBpallleHus uccienayembix coeauHenuit moj aevicteuem CYP11A1l pacmerienue
OokoBoii ern 1o cBsizu C—N manoBeposiTHO [12].

B cnyuae CYP3A4 nccnenyemplie aUraabl OPUEHTUPOBAHBI K MPOCTETHYECKON TPYIINE THAPOKCHILHON
IpyInon, Haxoasuecs B monoxkeHnn 3. Kak mpasuino, Hanbosee OMM3KUM K KaTaTUTHYECKOMY LIEHTPY SIBIISI-
ercs 4-i atoM yrepoaa. Jis coequHeHus 2 Takoke Oblia Mpencka3aHa BO3MOXHOCTh OPUEHTAIIUN 2-M aTOMOM
10 OTHOIICHHUIO K TeMY, YTO MOXKET PUBECTH K 00pa30BaHUIO0 H30MEPHBIX OPMO-TUAPOKCUINPOBAHHBIX IPO-
n3BOHBIX. [lomyueHHBIE pe3ynbTaThl COOTBETCTBYIOT KCIEPUMEHTAIBHBIM JaHHBIM O PErHOCIeHN(UIHOCTH
neiictusi CYP3A4 110 OTHOIICHHIO K Pa3InYHBIM CTEPOUAHBIM cyOcTparam [7; 13]. MakcumanbHas sHeprust
CBSI3bIBAHMSI CTEPOUIOB / U 2 MOCTUTAeTCs IPHU PACIOIOKEHUH HHIOIBHOTO (pparMeHTa BOIU3HU IIOCKOCTH
rema (puc. 4). B onmrcannom ciygae BO3MOXHO 00pa30BaHNe BOJOPOTHOMN CBA3H MEKIY THAPOKCHIILHON IPyTI-
0¥ B MOJIOKEHHUH 3 W KapOOHWIBHOH rpynmoit Arg-106, a Takke aMHHOTPYIIION cTeporia U KapOOHMIEHON
rpymmoii Ile-369, uto ctabunusupyer N30rHYTYIO KOH(OpMaLuIo JIMTaHaa.

31



Kypnaa Besopycckoro rocynapcrseHHoro yuusepcurera. Xumus. 2018. Ne 1. C. 28-34
Journal of the Belarusian State University. Chemistry. 2018. No. 1. P. 28—34

ala o/b

Ser-105 Ser-105 Ile-114

Tle-114
N\

His-101

Puc. 3. CpaBHHUTEIILHOE PACIIONOKEHHE XOIEeCTepUHA (&)
n unponocrepouna / (6) B akruBHoM caiite CYP7AL

Fig. 3. Comparison of cholesterol (@) and indole steroid / (b)
positioned within CYP7A1 active site

[Ipu pacnonokeHNH UCKYCCTBEHHBIX JIMTaHI0B B akTUBHOM caiite CYP19A1 oxxupnaercs CHIKEHUE SHEP-
UM CBSI3bIBAHUS HAa 5—6 KKaJI/MOJIb 110 CPAaBHEHHIO C €CTECTBEHHBIM JIMTaHIOM. J[aHHOE 00CTOSTEIBCTBO BbI-
3BaHO HAJIMYUEM OOBEMHOUM OOKOBOH IICMH, OTCYTCTBYIOUICH Y (PU3UOIOIHMUYECKUX CYOCTPATOB yKa3aHHOI'O
¢depmenTa. [ToaTBepKIEHUEM 3TOTO SBJSCTCS YMEHBIICHUE PACCUUTAHHON SHEPIHM CBSI3bIBAHUS TIPU BO3-
pacTaHuU JUTMHBI OOKOBOH 1ienu. [Ipu pacroyioKeH!H TeTPAMKINYSCKOTO Spa aHAJIOIMYHO €CTECTBEHHBIM
JIUTaHJ]aM WHJIOJIbHBIA ()ParMeHT MCIHBITHIBACT OTTAJKUBAIOIICEe BO3JeHCTBUE ocTarkoB Arg-115, Leu-372,
Val-373 u Met-374. [lannbiii GakTop NPUBOIUT K Pa3BOPOTY MHIOJOCTEPOU 0B Ha 180° OTHOCHUTENBHO I10-
JIOXKCHHUSI, XapaKTePHOIo JIJIsl MPUPOIHBIX cyOcTpatoB [14]. [1pu 3TOM BO3MOXKHO 00pa30BaHUE BOJIOPOIHOM
CBSI3M MEXJ1y MHJI0JIbHBIM aTOMOM a30Ta U aMUIHOM rpymmoi Gln-218.

ala o/b

Arg-372
Phe-215
4 —\

Thr-209

—

\ Arg-106

Puc. 4. CpaBHUTENBEHOE PACTIONOKEHUE XOIECTEpHHA ()
u unposnocrepouna 2 (6) (AG =-10,8 kkan/monb) B aktuBHOM caiite CYP3A4

Fig. 4. Comparison of cholesterol (@) and indole steroid 2 (b) (AG =—10.8 kcal/mol)
positioned within CYP3A4 active site
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3akjaueHmne

B xo71e uccnenoBanusi poBeeHO MOJICIIUPOBAHNE B3AMMOJICHCTBISI HHIOIIOCTEPOHIOB C PSIZIOM ITHTOXPO-
MoB P450, ocymecTBIsIOMNX MPEBPAIICHUE CTEPOHIOB B OPraHU3Me YelioBeKa. Pe3ynbraTel MOJIEITUPOBAHUS
ITOKA3bIBAIOT, YTO B OOJBIIUHCTBE CIIy4aeB UCKYCCTBEHHBIC JIUTAH/BI CIIOCOOHBI IIPUHUMATh KOH(OpMAIIHUIO,
aHAJIOTHYHYIO cyOCTpaTHOM. B 3aBHCHUMOCTH OT TpUpOJIBI OeJIKa SHEPTHUs CBSI3bIBAHHS BapbUPYET B Tpelie-
nmax oT —5,0 mo —13,6 xxa/monb. [Ipy HAMMYUK HECKOIBKUX CyOCTPaTOmoA00HBIX KOH(POPMAITUH pa3IHIus
B DHEPTUH CBSI3bIBAHMS HE NpeBbIIIaoT 1 KKkan/Monb. Hanbonee BhIcOKOEe CPOJCTBO OBLIO MPECKa3aHO st
(hepmenTOB, Katanu3upyomux npesparieans xonectepuna (CYP3A4, CYP7A1L, CYP11A1), uto oObsicHsET-
CsI TCOMETPUIECKAM CXOJICTBOM HHJIOJIOCTEPOHIOB M IPUPOIHOTO cyOcTpara. 3a nckirodeHuem 20S-m3omepa
MIPOW3BOIHOTO 3, I UCCICMYEMBIX CTEPOUIOB HE OOHAPYKEHO KOH(MOPMAIHA, CITOCOOCTBYIOINX KOOPIH-
Halnu WHIOJIBHOTO ocTaTka ¢ TeMoM CYP17A1. [lomydeHHbIe pe3yabTaThl O3BOJISIOT OCYIIIECTBUTE PaITHO-
HAJIBHOE TECTUPOBAHUE UHJIOJIOCTEPOUIOB B KAUECTBE JIMTAHIOB CTEPOUIIIPEBPAIIAIONINX IIUTOXpOoMOB P450.
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C ucronb30BaHUEM COBPEMEHHBIX KBAaHTOBO-XMMHUECKMX METOJIOB MCCIIEIOBAaHBI IPOLIECCHl HYKIICO(DUIBHOTO 3a-
MEIIEHUs] HUTPOTPYNIbl B psiay N-ajkui-3-HUTpo-1,2,4-Tpra3oinoB alUIHUKIMYECKHMMH CIHHPTaMH (LUKIOTEKCAHOII,
MEHTOJI) 1 MHOTOATOMHBIMH (peHOIaMU (TMPOKATEXHH, PE30PIMH) B Ta30BOH (aze n BOJHOM pacTBope. BrimonHeHHbIE
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C IMIUKINYECKUMH CITUPTAMHU SIBJIACTCS TePMOAMHAMHYECKH BO3MOKHBIM KaK B ra30BOH (pasze, Tak M B BOIHOM pac-
tBOpe. Cpenan n3oMepHbIX N-ankui-3-Hutpo-1,2,4-Tpua3onos HanMmeHbInee 3HaueHne A G cooTBeTcTBYeT N(2)-130Mepy.
Ipu nepexozne OT aNUIUKINYECKUX CIIMPTOB K MHOTOATOMHBIM (DEHOJIaM pacueTHbIe BeMUMHbI A G 3aMETHO BO3pacTa-
10T. Peakuuu 1-ankuin-3-HuTpo-1,2,4-Tprasosos ¢ pe30pIrHOM U MUPOKATEXUHOM B BOJJHOM PacTBOPE XapaKTePH3YIOTCS
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Nucleophilic substitution of nitro group in N-alkyl-3-nitro-1,2,4-triazoles molecules with alicyclic alcohols (cyclo-
hexanol, menthol) and polyatomic phenols (pyrocatechol, resorcinol) in the gas phase and in aqueous solution was studied
by means of quantum-chemical calculations. The results of calculations show that nucleophilic substitution of the nitro
group attached to the triazole ring under action of alicyclic alcohols is thermodynamically possible both in the gas phase
and in aqueous solution. Among the isomeric N-alkyl-3-nitro-1,2,4-triazoles, the lowest value of A G corresponds to
the N(2)-isomer. Calculated values of A G are appreciably higher for polyatomic phenols in comparison with alicyclic
alcohols. The reactions of 1-alkyl-3-nitro-1,2,4-triazoles with resorcinol and pyrocatechol in aqueous solution are
characterized by small negative or positive values of A G. So, nucleophilic substitution is reversible in this case. At the
same time, the process is irreversible for the corresponding anions (when reactions take place in alkaline media).

Key words: N-alkyl-3-nitro-1,2,4-triazoles; nucleophilic substitution of nitro group; alicyclic alcohols; polyatomic
phenols; quantum-chemical calculations.
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BBenenue

OYHKIMOHAIBHO 3aMelIeHHbIe TPONU3BOAHbIE 1,2,4-TpHa3oia NepCrneKTUBHBI I MPAKTUYECKOTO UCITONb-
30BaHUS B Pa3IMYHBIX 001aCTIX )KU3HEACATCILHOCTH YeJI0BEKa — CIICIMaIbHON TEXHUKE, POMBIIIJICHHOCTH,
CEJIbCKOM XO3SIICTBE B KaueCTBE (PYHTUIIUIOB M TepOUIUIOB, B Onoxumuu, papmakonoruu u ap. [1-4]. Ox-
HUM U3 yIOOHBIX METONOB BBEACHUS (PYHKIMOHAIBHBIX TPYIII MO YIIEpoaHOMY aroMy 1,2,4-Tpra3oibHOro
[UKJIA SBJSIFOTCS PeaKkMy HYKICO(UITBHOTO 3aMelleHHsT HUTPOTPYNIbI B 3-HUTPO- 1,2,4-Tprazonax, METOABI
CHHTE3a KOTOPhIX OTHOCUTEIHHO XOPOIIO U3yUYeHHI [5].

Panee HamMH BBITIONHEHBI PacyueThl CTAHAAPTHBIX DHTANBINUN W dHepruil [MOOca peaknmii N-amkuin-3-
HUTPO-1,2,4-TprazonoB ¢ anudaTuuecKuMH CIIUPTAMH U COOTBETCTBYIOUIMMH alIKOTONSIT-aHKOHAMHU B Ta-
30BOM U BogHOU (hazax [6]. ComiacHO BBIMOJIHEHHBIM pacyeTaM JaHHBIC PEaKIUU TePMOJAUHAMUYCCKH BO3-
MOXXHBI KaK B ra3oBoi (haze, Tak U B BOAHOM pacTBope. PacueTHblie 3HaueHust sHeprun ['mOOca akTUBanuu
peakuuit N-3Tui-3-HuTpo-1,2,4-TprazosioB ¢ METUIIOBBIM CIIHPTOM B BOJHOM PacTBOPE YMEHBIIAIOTCS B PATY
AG” (nns msomepa 1) >> AG™, (quts uzomepa 4) > AG” (ju1s uzomepa 2). DTO COOTBETCTBYET JaHHBIM JKC-
MIEPUMEHTAIBHOTO UCCIIEI0BAaHMS, CBUIETENbCTBYIONUM O TOM, YTO PEAKI[MOHHAs COCOOHOCTh N-ankui-3-
HUTPO-1,2,4-TprazooB B peaklusIX HyKJICO(QUIBHOTO 3aMEIICHUS CYIIECTBEHHO 3aBUCHT OT IOJIOKEHUS 3a-
MECTHUTENIsl B TPUA30JIbHOM IIUKJIE U yMeHbIIaeTcs B sy N(2) > N(4) >> N(1) [6].

Lenpto HacTOsIIEH pabOTHI SIBISIETCS KBAaHTOBO-XMMUYECKOE HCCICIOBAHHE PEaKIUi HYKICO(PHILHOTO
3aMelIeHUs] HUTPOTPYMIbl B Mojekyaax N-ankui-3-HUTpo-1,2,4-Tpua3osoB aluIUKINYeCKUMH CIUPTaMu
¥ MHOTOaTOMHBIMH (peHOJIaMU.

MarepuaJjbl 1 METOAbI MCCJIeTOBAHUIT

KBaHTOBO-XMMHUYECKHUE PACUETHI BBHITIOIHEHEI C UCTIOIB30BAaHUEM ITporpaMMHoro nakera Gaussian-09 [7].
Pacuetsr mpoBoaniu B pamkax teopun DFT (dynkunonan B3LYP [8]). OnTumusamnuio reoMeTpin 1 pacyer
SHEPrUH HYJEBBIX KoeOaHwil ocymiecTBisn B 6asuce 6-31G(d). B cooTBeTCTBHM € MPOBEACHHBIMH HaMU
paHee HCCIEeIOBAHUSIMH T€OMETPUYECKNE XapaKTePUCTHKH MPOU3BOIHBIX TETPaszojia U TPHA30JI0B, paccyu-
TaHHBIE C UCTIOIH30BAHNEM JJAHHOTO YPOBHS TEOPHH, XOPOIIO COMNTACYIOTCS C HKCIIEPUMEHTALHBIMU 3Ha4e-
Husmu [9-11]. Jlns pacdera mOTHON 3HEPTUM ONTHMHU3UPOBAHHBIX CTPYKTYDP NMPUMEHSUTH Oa3MCHBIN HaOOp
6-311+ G TIpepinymiue HCCeOBAHMS MOKA3BIBAIOT, YTO BEINUYHHBI OTHOCHTEIBHBIX YHEPIHIA TayToMep-
HeIX (popm C-amkokcu-1,2,4-Tpra3onoB u u3oMepHbIx N-MeTmin-C-meTokcu-1,2,4-Tpra3onos, a Takke 3Ha-
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YyeHHsI CBOOOIHBIX dHepruil [ m6bca AenpoTOHNPOBAHUS 3aMEIIEHHBIX MTUPHUINHOB, BRIYUCIECHHBIE 3TUM Me-
TOJIOM, XOPOIIO COTJIACYIOTCSI C pe3yibTaTaMH, MOJYyYEeHHBIMH C HCIIONB30BaHUEM 0o0Jiee BBHICOKMX YPOBHEH
teopun G3 u G3MP2 [12; 13]. Duepruto [ n66¢ca conpBaTanyy pacCUUTHIBAIN C TPUMEHEHHEM KOHTHUHYYMHON
mozenu pactBoputenss PCM [14] co crangapTHBIMU TTapaMeTpaMu ISl BOZBI, TTOCKOJIBKY U3BECTHO, UYTO MPH-
MEHEHHE MOI00HBIX MOJIENeN MMO3BOJISET MPABUILHO ONMHUCHIBATh BIMSHUE PACTBOPUTEIIS HA OTHOCUTEIIBHYIO
yCTOMUNBOCTh N-3aMeleHHBIX MPOU3BOAHBIX TeTpaszona [15], a Takke TayTOMEpHBIX U MPOTOHHPOBAHHBIX
(dhopM TeTpazoiia, TPUA30JIOB U UX MPOU3BOAHBIX [16—19]. KpoMe TOro, BEIUMCIICHHBIC B paMKaX KOHTHHYYM-
HBIX MOJIEJIe KOHCTaHThI KUCIIOTHOCTH U OCHOBHOCTH a30JI0B XOPOIIO COITIACYIOTCS € OKCTIEPUMEHTAIbHBIMU
3HaueHusMu [20; 21].

Pe3y.]'ll>TaTl>I HCCJIeI0BAaHUM U X 06cy)lc)1e1me

B nacTtosmeii pabote B kauecTBe CyOCTpaToB ObLTH paccMOTpeHbl N-meTni-, N-3Tui-, N-u30-mpomnuni-
u N-mpem-0yTun-3-HuTpo-1,2,4-Tpra3oibl, a B KaUECTBE PEarcHTOB — IUKJIOTCKCAHOJ, MEHTOJ, PE30PIIUH
Y TUPOKATEXHWH WU COOTBETCTBYIOIMME aHuOHBI (1) u (2).

N N
T OR

HC HO OH
R= <:>— @— @ R'=CH,, C,H,, i-C,H,, +C,H,
CH,
H,C

[TockonbKy B MOJIEKyIaxX MPOIYKTOB B3aUMOAEHUCTBUS N-aikui-3-HUTpo-1,2,4-Tpra3oioB ¢ MUKIIOreKca-
HOJIOM U MCHTOJIOM 3aMECTUTC/IN MOTYT 3aHUMAaTh aKCUAJIbHBIC NI 3KBATOPHUAJIBHBIC ITOJIOXKCHUS, a B ClIydac
NUPOKATEXMHA BO3MOKHO 00pa3oBaHrEe BHYTPUMOJICKYIISIPHON BOJOPOIHON CBSI3M, Ha TIEPBOM JTaIlle HUCClie-
JTIOBaHUs ObUIO M3yYEHO MPOCTPAHCTBEHHOE cTpoeHne Monekyn 2H-3-OR-1,2,4-tpua3zonos, e OR — ocraTok
AIHMIUKINICCKOTO CrupTa (IIMKJIOTEKCAHO | WIIM MEHTOJ 2) WM MHOTOATOMHOIO (peHosa (pe30piuH 3 Wiu
MUPOKATEXHH 4 ) B ra30BOM M BOIHOH (azax:

[\ /7 A\ \
N—H = _H
Vo N Ve N Q
N——= N—
o o o HO O
1 2 3 4
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CormacHo BBITOIHEHHBIM pacye€TaM akCuaJIbHOMY M 5KBATOPHAJIBHOMY ITOJIOKCHUAM 3aMCCTUTEIIA B MOJIC-
KyJie / COOTBETCTBYIOT Onm3Kkue 3HaueHus sHepruu (Tadm. 1). [Ipu 3ToM, Kak U cae1oBaso 0XKHJaTh, SKBATO-
PUATIBbHOC MOJIOKCHUC ABIACTCA DOHCPICTUUCCKH HECKOJIBKO Ooiee BBII'OAHBIM.

Ta6numa 1

PacyerHble 3HaueHus 3Hepruu ['mé6ca HandoJiee ycToiiUuBBIX
KoHGopMmanuii MosIeKyJIbl I, B KOTOPBIX 3aMeCTUTEIb 3aHMMAaeT
kBaTopuaiabHoe (Ie) u akcuanabHoe (/a) nojiokeHus,

B ra3oBoii ¢aze (AGggs) U BOJHOM pacTBope (AG,) (k/:x/MoJib)

Table 1

The calculated values of standard Gibbs free energy
of the most stable conformations of molecule 7
in the gas phase (AG),,) and in aqueous solution (AG,).
Substituent occupies the equatorial (1e) or axial (1a) positions (kJ/mol)

CoenrHenne (AGSy) (AGy)
le 0,0 0,0
la 3,2 4,4

J7ist moncka APYrux yCTOWYMBBIX KOH(QOpMaLUii MOJIEKyIbI / BBIITOJHEHO CKAHUPOBAHNE MOBEPXHOCTH TO-
teHumanbHoM sueprun (I1112) Boons apyrpanHoro yrima C3—O—C(uuknorekcan)—H. W3 II19, npencras-
JIEHHOM Ha puc. 1, BUJTHO, 4UTO JUIs 9KBATOPHAIBHOTO MOJIOKEHNS 3aMECTUTENIS CYLIECTBYIOT JIB€ YCTOMUMBBIE
KOH(OpMAaILUK MOJIEKYIBI /.

30 |
25
20

15 + i

E, x]JIx/moib
=
T
\

5 L
0 /—— | | |
S~———
50 100 150 200
5 L

JByrpannbiit yron C3—O—C(uuknorekcan)—H, rpazg

Puc. 1. Ceuenne 1113 Baons ayrpansoro yra C3—O—C(umknorekcan)—H Monekynsl / B BOJHOM pacTBOpe
Fig. 1. The PES scan along the dihedral angle C3—O—C(cyclohexane)—H of molecule / in aqueous solution

Ha ocHOBe mony4eHHBIX pe3yNbTaToB NPEeIIoKEeHO CTPOSHHE Hanboiee YCTOHUYMBON KOH(pOpMaIMK MoJIe-
Kynel 2. HalinenHas B pe3yabTaTe MOJHOM ONTHMHU3ALNN T€OMETPHUH CTPYKTypa MpHUBeIeHa Ha pucC. 2.

BBbIIIOIHEHHBIE PACYETHI CBUAETENBCTBYIOT O TOM, YTO PACTBOPUTEIL HE OKA3bIBACT 3aMETHOIO BIMSHUS HA
OTHOCHTEITbHYIO YCTOMYMBOCTh U TEOMETPHUYCCKHE XapaKTEPHCTHKU CTAOMIBHBIX KOHQOpMaInii MoJieky:1 [ u 2.

B TO xe Bpems reoMeTpruUecKrue XapaKTePUCTUKN YCTOMUMBBIX KOH(POPMAHiA MOeKyd 3 U 4 B BOTHOM
pPacTBOpE CYLIECTBEHHO OTIMYAIOTCS OT TAKOBBIX, HAMIECHHBIX Il M30JUPOBAHHBIX MOJEKy. Tak, ycroiuu-
Basi KOH(OpMaIusi MOJIEKYJIbl 3 B BOJHOM PAacTBOpE, B OTIIMYKE OT Ta30BOH (Da3bl, HIMEET HEIIOCKOE CTpoe-
HUe (cM. puc. 2). B razoBoii ¢asze B ycTOHUMBBIX KOH(OPMALUSAX MOJEKYIBl 4 peamu3yloTcsl BHYTpUMOJIe-
KyJISIpHBIC BOJIOPOIHBIE CBSI3U, 00Opa30BaHHBIC 3a CUET aToMa Bojopoaa rpynisl N—H Tpua3zoiabHOTo nukia
WM atoMa BOJOpPOoJa FHIPOKCHIILHOM Tpymnmbl. Mekay TeM B BOAHOM PacTBOpE YCTOMUMBON KOH(OpManuu
MOJICKYJIBI 4, B KOTOPOH BHYTPUMOJICKYIIAPHAsE BOIOPOAHAS CBSI3b 00pa3yeTcs 3a CUeT aroMa BOAOPO/ia TPYIIIBI
N—H TtpuasonsHOro nukia, HaiiaeHo He ObiI0. [Ip 3TOM KOH(pOpPMaLUS 4, 6, B KOTOPOH BHYTPHUMOJIEKYIISP-
Hasi BOIOPOAHAS CBS3b OTCYTCTBYET, SIBIIsieTCS HanOoee YCTOMUMBOM B BOTHOM pacTBope (Tali. 2).
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Puc. 2. CTpyKTypbl, COOTBETCTBYIOIINE HanOo0JIee YCTOHUMBBIM KOHGDOPMAIISIM MONEKy 2, 3, 4 (¢ 1 6) B BOZHOM pacTBOpe
Fig. 2. Structures of the most stable conformations of molecules 2, 3, 4 (a and b) in aqueous solution

Tabnuma 2

PacyerHblie 3HayeHus JHeprun ['m66ca ycroiiunBbpIX KOHpopManmii
MOJIeKYJIbI 4 B BOJHOM pacTBope (k:k/Mob)

Table 2

The calculated values of standard Gibbs free energy
of the stable conformations of molecule 4 in aqueous solution (kJ/mol)

CoenvHenne AG
4, a O)O
4,b -9,5

s OLEeHKH TEepMOIMHAMUYECKOW BO3MOXXHOCTH MPOTEKAHHS PEakluil HYKICO(DUIBHOTO 3aMelICHUS
HUTPOTPYMITBI B MOJEKynax N-ankui-3-HUTpo-1,2,4-Tprua3ooB alWIUKINYECKUMH CIHPTAMA W MHOTO-
aTOMHBIMHU (DEHOJIAMH BBITIOJHEHBI KBAHTOBO-XMMHUYECKHE pacdeTsl dHepruid ['mb0ca peakuuit N-ankumn-3-
HUTPO-1,2,4-TpNa3osa0B (ANKWI = METWI, 3THI, U30-TIPOTIHI, mpem-0yTHII) ¢ aTUIUKINIECKIMH CIIHPTAMU
(IIMKJIOTEKCAaHOI M MEHTOJ) © MHOTOaTOMHBIMH (hpeHOTaMH (PE30PIIUH U MUPOKATEXMH ) MITH COOTBETCTBYOIIIN-
MU aHHMOHAMH B ra3oBoii ¢ase u BogHoM pactBope (1) u (2). Pe3ynbrarsl npeacranieHst B Ta01. 3.

Tabnuma 3
PacuerHnble 3HaueHnusi 3Heprun ['nd0ca peakuuii, npeacraBieHHbIX Ha cxemax (1) u (2),
B razoboii ¢aze (A,G 298) H BOJHOM pacTBope (A, Gy), kK/lx/Monb
Table 3
The calculated values of standard Gibbs free energy of the reactions shown in schemes (1) and (2)
in the gas phase (A,G,) and in aqueous solution (A,G), kJ/mol
P R’ ¥ ero moyoxKe- Luknorexcanosn Menron Pesopuun IMupoxarexun
s HUC B IUKIIC ArGg‘)S ArGS ArGg% AVGS ArGg98 AVGS ArGgQS ArGS
(1) 1H —45.4 -27.9 —44.33 —28,7 -22.4 -6,1 243 5,8
(N 2H -55,6 -50,7 -53,17 -48.9 -259 21,7 -30,3 -8,2
(N 4 H -50,4 —-44.,6 —47,94 -41,3 -21,0 -16,4 -28,3 —4.0
(1) 1 CH, -40,4 -253 -39,10 -29,1 -18.4 -6,1 -21,9 5,4
@] 2 CH, -60,1 -553 -56,87 -51,5 -32,0 -26,8 -37,6 -14,9
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OkoHuyaHue Tabn. 3
Ending table 3

R’ ¥ ero nojoxe- IMuxnorexcanon Menron Pesopuun ITupoxarexun
PRI | e 5 e AGY AG AG) AG AGY AG AG AG

7 298 s rJ 298 s 298 rJs 7 208 s
(1) 4 CH, -57,5 -51,5 —54,44 =51,1 -28,3 —24,4 -37,1 -10,8
(1) 1 C,H; -39,3 -29,7 -37,88 -26,0 -17,4 5,6 -20,9 6,9
(1) 2 C,H; —-63,7 -56,7 | —62,05 —54,3 —34,8 —28,9 —42,1 -15,0
(1) 4 C,H; -59,2 -53,6 —54,74 —49,1 -31,2 -26,2 -41,9 -13,6
(1) 1i-CH, 374 27,8 | -36,02 -26,1 -15,5 -5,0 20,8 7,4
(1) 2i-C,H, -60,1 -56,2 | —58,15 -54,7 —34,6 -30,8 -394 -15,5
(1) 4i-CH, —57,2 -50,0 —51,06 —45,0 25,2 -23.3 354 -10,1
(1) 1¢+C,H, -36,4 -28,5 -35,21 —24,7 -16,7 -0,8 -19,9 8,0
(1 2 t+-CH, —-69,1 -64,5 | 77,08 -70,0 -40,9 -35,7 -47,7 26,5
(1) 4 1-C,H, —67,2 -61,0 | 74,22 —65,5 -38,8 -34,9 -48,9 -22.9
2) 1 H -199.9 | -179,3 | -178,5 | —190,2 —54,3 -83,4 29,5 —62,4
(2) 2H -210,1 | -202,0 | -187,4 | -210,4 -57,8 -99,0 35,5 76,5
2) 4H -204,9 —-195.,9 -182,1 —202,7 =529 -93,7 -33,5 =723
2) 1 CH, —-194,9 -176,7 -173,3 -190,6 -50,3 —83,4 27,1 -62.,8
2) 2 CH, -214,6 —206,7 —-191,1 -213,0 -63.9 —104,1 -42,8 -83,2
2) 4 CH, -212,0 -202,9 —-188,6 -212,6 —-60,2 —-101,7 -42,3 -79,0
2) 1 C,H; —-193,8 -181,0 -172,1 -187,5 -49,3 -82,9 -26,1 -61.4
2) 2 C,H; -218,2 | -208,0 | —-196,3 | -215,7 —-66,7 -106,3 —47,3 —-83,2
(2) 4 C,H; -213,7 | -205,0 | -188,9 | -210,6 —-63,1 -103,5 —47,1 -81,9
2) 1i-CH, -191.9 -179,1 —-170,2 -187,5 —47.4 -82,4 -259 —-60,8
) 2i-CH, -214,6 -207,6 -192,4 -216,2 —-66,5 —-108,1 —44,6 -83.,8
) 4i-CH, -211,7 | -201,3 | 1853 | -206,4 -57,1 -100,6 —-40,5 78,3
2) 1+CH, -190,9 | -179,8 | —-169,4 | —186,2 —48,6 -78,1 -25,1 -60,3
(2) 2 +-C,H, -223,6 | 2158 | -211,3 | -231,5 72,8 —-113,0 -52,9 -94,8
(2) 4 +-C,H, -221,7 | 2124 | 2084 | -227,0 -70,7 -112,2 54,1 91,2

BrImonHeHHBIE pacdeThl TOKA3bIBAIOT, YTO HYKICOQHIBHOE 3aMEUICHUE HUTPOTPYIIBI B TPHA30JILHOM
LUKJIC TIPU B3aUMOJICHCTBUU C ANUIUKINYECKHUMHU CIUpTaMH 1o peakuusM (1) u (2) sBisercs TepMoauHa-
MHUYECKH BO3MOXKHBIM KaK B Ta30BOH (a3e, Tak U B BOMHOM pacTBope. [Ipu aToM cpean n3omepHbIX N-aiaKui-
3-uuTpo-1,2,4-Tpuazonos HauMeHsblee 3HadeHue A G coorBeTcTBYeT N(2)-n3omepy. st N(1)-n3omepoB BbI-
uncrennble 3Hauenus A G, B Ta30BOH (hase 3aKOHOMEPHO YBETHUMBAIOTCS C POCTOM JIOHOPHBIX CBOMCTB
ANKWJIBHOTO 3aMeCTUTENS. B To jxe Bpems JUIsl peakiiyii, MpOTEeKaoIMX B BOIHOM PacTBOpE, MPUPOJIa aTKUIIb-
HOTI'0 3aMECTUTENS B TPUA30JIbHOM LIUKJIE OKa3bIBaeT MEHbIIIEE BIUSHUE HAa pacueTHbIe BennuuHbl A G,. B ciy-
gae N(2)- u N(4)-ankun3aMenmentsix 3-HuTpo-1,2,4-Tpruaszonos 6o1ee 3HAYUMBI HE SICKTPOHHBIC d(H(DEKTHI,
a o0beM 3amecturens R ¢ BozpacTaHueM o0beMa aJIKUIIBHOTO 3aMecTuTels BennunHa A G 3aKOHOMEPHO
yMeHbIIaeTcs (CM. Tad. 3).

[Tpu nepexone OT ATMIUKINYECKUX CHUPTOB K MHOTOATOMHBIM (peHosaM pacueTHble BenuuuHbl A G 3a-
METHO BO3PACTAIOT, YTO MOXKET OBITh CBSI3aHO C MEHbBIIIEeH HYKICO(DUIHPHOCTHIO )EHOJIOB 110 CPABHEHUIO C aJIH-
OUKJIAYeCKUME criupTamu. [Ipu aTom peakiuu 1-ankui-3-HUTpo-1,2,4-Tpra3oioB ¢ Pe30PIUHOM U MHPOKa-
TEXWHOM B BOAHOM PACTBOPE XapaKTePU3YIOTCsI HEOOIBIIMMH OTPULATEIIEHBIMU WM IKE TTOJI0KHUTEIbHBIMU
3HaueHusAMHU A G (cM. Ta0i. 3), T. €. peakuy 3aMELICHUS] HUTPOrPyMIIbl B MoJeKynax 1-ankmi-3-aurpo-1,2,4-
TPHA30JI0B PE30OPLUIUHOM M THPOKATEXMHOM B HEHTPAIBHBIX CpeAax MpOTeKaroT Jubo oOparumo, I1ud0 BOBCE
TEPMOIMHAMHYECKH HEBO3MOKHBI. MEXIy TeM TpH Tepexoie OT HEUTPaTbHBIX HyKICO(HIOB K COOTBETCT-
BYIOIIIMM aHMOHaM (IIPH MPOBEIECHNH PEaKIUi B IEIOYHBIX CPEAax) MPOIecc 3aMeIeHUs] HUTPOTPYTITHI CTa-
HOBHTCSI HEOOpAaTUMBIM (cM. Taod. 3).

Pe3ynbraTs! MpoBEAEHHBIX KBAHTOBO-XUMHYECKHX PACYETOB XOPOIIIO COTIIACYIOTCS C AKCTIEPUMEHTATBHBI-
MU JaHHBIMH, TIOJTYYEHHBIMH aBTOpamH [22].
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BrinonHeHHbIe KBaHTOBO-XUMHUYECKUE PacyeThl MPOLECCOB HYKICO(UIBHOTO 3aMELeHNs] HUTPOTPYIIIIBI
B pany N-ankui-3-Hutpo-1,2,4-Tprua3oioB aJUIUKINIECKUMI CTUPTAaMH (IIUKIOT€KCaHOI, MEHTOI) M MHOTO-
aTOMHBIMH (peHONMaMu (IMPOKATEXHH, PE30PLMH) B ra30Boil (haze M BOAHOM PacTBOPE MOKA3bIBAIOT, YTO HY-
KJIeo(UIFHOE 3aMelIeHIEe HUTPOTPYIIIBI B MOJOKEHUH 3 TPHA30JILHOTO IUKJIA [TPU B3aMMOJCHCTBUH C aJlu-
LUKIMYECKUMHU CIIUPTAaMHU SIBJISIETCS] TEPMOAMHAMHUYECKH BO3MOXKHBIM KaK B Ia30BOH (ha3e, Tak U B BOIHOM
pactsope. Jlnst N(1)-u30MepoB BeIUUCIICHHbIE 3HAYeHHsS A, Gge B TA30B0I (ha3e 3aKOHOMEPHO YBETHUMBAIOTCS
C POCTOM JOHOPHBIX CBOMCTB aNKHIBHOTO 3aMECTHUTENS, B TO BpeMs Kak it N(2)- 1 N(4)-anknuin3aMeneHHbIX
3-autpo-1,2,4-Tpuazonos Oonee 3HAYUM 00BEM aJIKHIBHOTO 3aMECTHTEINS, @ HE AIeKTpoHHbIE 3 dekThl. [Ipu
Hepexoie OT ATUIHUKINYECKUX CIUPTOB K MHOTOATOMHBIM (DeHOJIAM pacueTHbIC BennuuHbl A G 3aMETHO BO3-
pacrarort. [Ipu aTom peaknuu 1-amkni-3-HuTpo-1,2,4-Tprua3onoB ¢ HEUTpaIbHBIME HyKJIeo(hHuIaMu B BOTHOU
cpeze MOJKHBI MPOTeKaTh 00paruMo. B To sxke BpeMs mpu mepexojie OT HeHTPaIbHBIX HYyKJICO(UIOB K COOT-
BETCTBYIOIUM aHHOHAM (IIpH [IPOBEICHUN PEAKIIMHI B ILEJIOYHBIX CPeJax) IPOLECC 3aMEIEeHHsI HUTPOIPYIIIIbI
CTaHOBHTCSI HEOOPATUMBIM.
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[IpencraBneHsl pe3yabTaThl CHHTE3a M HCCIICIOBAHHS KOPPEISIIIMU CTPYKTYPBI U JIEKTPOMAarHUTHBIX CBOMCTB HOBO-
IO KJIACCa JKEJE30CONEPIKAUIMX CBEPXPoBOaHUKOB coctaBa LaFeAsO, F, (x =0,11...0,15) npu coBmecTHOM ananuse
JaHHBIX MECCOAYIPOBCKUX, PEHTTCHOBCKHUX, MATHUTHBIX 1 2JIEKTPO(PHU3NIECKNX U3MEPEHHH B IIMPOKOM HHTEPBAJIC TEM-
nepatyp (7' =4,2...300,0 K). [TokazaHo BO3HHKHOBEHHE BBICOKOTeMIeparypHoro agdexra Kormo B obpasme ¢ x = 0,15
npu 7 <40 K u ero naapHEHIINM IepexooM B 00IaCTh BEICOKOTEMIIEPATYPHOI cBepXIpoBoguMocTH mipu 7' < 25 K s
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cocraBoB ¢ x = 0,11...0,14. O6HapyxeHHbIC d3PPEKTHI MO3BOJISIOT MPEIANOIOKUTD, YTO B3aUMOJACHCTBHE MAarHUTHBIX
MOMCHTOB JJICKTPOHOB MPOBOAUMOCTU C MarHUTHbIMU MOMCHTaMU anMeceﬁ MOXET BHOCUTH CyHleCTBeHHLIﬁ BKJIa[
B (hOpMHPOBAHUE KYIICPOBCKHUX AP JKEJIC30COACPIKAIINX CBEPXIIPOBOTHUKOB.

Knrouesvie cnosa: xene30coepiKaliie CBEpXIPOBOAHUKH; MECCOAYIPOBCKAsT CIEKTPOCKOIHS; BEICOKOTEMITEPATYp-
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The results of investigation of iron-containing superconductors LaFeAsO,, F, (x =0,11...0,15) are presented, ba-
sed on joint analysis of Mdssbauer spectroscopy, XRD, magnetic and electrophysical methods. A full suppression of
magnetic order in these samples with the appearance of the Kondo effect is shown at x = 0.15 and 7 < 40 K, as well as
the transformation of Kondo effect into high-temperature superconductivity at x =0.11...0.14 and 7< 25 K. The revealed
effects allow assuming a significant contribution of interaction between magnetic moments of conducting electrons and
impurities in the Cooper pair formation for iron-containing superconductors.

Key words: iron-containing superconductors; Mdssbauer spectroscopy; high-temperature Kondo effect; magnetic and
electrophysical property.

BBenenue

B xrmaccuueckux BbICOKOTeMIiepaTtypHbIX cBepxmpoBogHukax (BTCII) mexanusm cBepXImpoBOIUMOCTH
00BsICHSIETCSl Yepe3 00pa3oBaHKe KYNEPOBCKHUX MIIEKTPOHHBIX Tap, KOTOPbIe paclpoCTPaHSIOTCs 0e3 moTepH
sHepruu [1-4]. CornacHo oOuienpusHanHoi Teopuu bapnuna — Kynepa — [lpuddepa napsl ynepsxubarorcs
BMECTE TIOCPE/ICTBOM KoJjieOaHUs yepe3 OCHOBY MaTrepHalia U3 MOJOKHUTEIbHO 3apsDKEHHBIX HOHOB [5]. On-
HAKO TI0JIATaeTCsl, YTO dTOT MEXaHW3M He OOBSICHSET SIBIICHHS BBICOKOTEMIIEpATypHOH CBEPXIPOBOAUMOCTH
B kynpatHeix BTCII (B coctaB moutu Beex oTKpbIThIX BTCII mo 2008 1. BXOAMI OKCHUI MEN), TIE TeMIlepa-
Typa mepexoja B CBEpXIpoBozsiiee coctosane qocturaet 138 K. B 3TuX coemMHEHUSIX UMEIOTCS TIOCKOCTH,
cojiep Kallue KUCIOpOoJ U MOHBI MeJH, YIIaKOBaHHBIE B KBaJlpaTHbIE CTPYKTYphl. [IpoBoquMOCTh B HUX OCY-
HIECTBIISIETCS MMyTEM MEPEeCcKOKa dIEKTPOHA ¢ OAHOTO MOHA MEJIW Ha JPYTO, IIPH STOM OHU O0pasyloT mapy
(MexaHM3M JI0 HACTOSIIIETO BpeMeHH ocTaeTcs HeBblscHeHHBIM). HoBrie BTCII Ha 0cHOBE apceHu10B kene3a
TAKXKE UMEIOT AHAIOTMUYHYIO CTPYKTYPY, T. €. SIBJISIFOTCSI MHOTOCJIIOMHBIMU MaTE€pUAJIaMHU, COAEPHKAT INIOCKOCTH
JKeJle3a U MBIIIbsIKa, BJIOJb KOTOPBIX AJIEKTPOHBI, BEPOSITHO, U CKOJIB3AT. TeM He MeHee MeX1y 3TUMHU TUIIaMu
COEMHEHUN UMeeTcs psifi CYLIEeCTBEeHHbIX oTIH4YNi. KauecTBeHHBIE pacdyeThl MOKa3bIBAIOT, YTO MEXAHHU3MBbI
BBICOKOTEMIIEPATYPHOI CBEPXITPOBOIUMOCTH B HUX HE MOTYT OBbITh TOK/I€CTBEHHBI APYT ApyTy. B wactHOCTH,
oOHapyxeHo, uto HoBble BTCII criocoOHBI TeHepupoBaTh MATHUTHOE T10JI€, Ha MOPSI0K MPEBBIIIAONIee 3Ha-
YEeHHUs, JOCTUTHYTHIE B KyIPAaTHBIX CBEPXIPOBOAHUKAX [4]. DTO OTKPHIBAET HOBBIE MEPCIIEKTUBHI JIISI TPAKTH-
YECKOT'O HCIIOJIB30BAHMS CBEPXIIPOBOJHUKOB HA OCHOBE apCEHU/IA JKEe3a.

C ToYKM 3peHHs HOBBIX BO3MO)KHOCTEH B MPOBEICHUU CTPYKTYPHO-aHAIUTUYECKHX HccienoBaHuii FeAs-
CBEPXIPOBOHUKHU TAKXKE SIBISIOTCS HMHTEPECHBIMU OOBEKTaMHM, MOCKOJIBKY MPEICTABISIOT COO0W coenHe-
HUS1, O0TaThIe )KeIe30M, T. €. 00IaJarolue MarHUTHBIMH CBOMCTBAMH, a IIEPEXO0]l B CBEPXITPOBOISIIEE COCTOS-
HUe HaOII0IaeTCs y HUX Ha TpaHMIle MarHUTHON HEYCTOWYMBOCTH, YeTo paHee He OOHAPYKUBAIH B KIaCCH-
YECKHX CBEPXIPOBOIIINX MaTepuanax. KpoMe Toro, Hanuuue xene3a B CTPYKType COSAUHEHNUS MTO3BOJISET
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JIOTIOJTHATH HAa0Op TPATUIIMOHHBIX CTPYKTYPHO-aHAJUTHUYECKHX METOJIOB, HCIIOJIb3YEMBIX B MCCIIEOBAHUU
BTCII, HOBBIM MeTO0M Mé&ccHaydpOBCKOil CIIEKTPOCKONHHU Ha m3otome ° Fe. Dddext Méccbayspa moren-
[UATBHO MOXKET CTaTh TEM METOJOM HCCIIEZIOBAaHHUs, C MMOMOIIbIO KOTOPOr0 MOXKHO MOJIYYUTh KaueCTBEHHO
HOBYI0 MH(OPMAIHIO O MEXaHU3ME BBICOKOTEMIIEPATYPHOI CBEPXIPOBOAUMOCTH U pa3pabOTKe TEXHOIOTUH
JUTSI 1IEJIEHAIIPABIIEHHOTO MMOBBIIIEHUSI KPUTUYECKON TEMIIepaTyphl IEPEX0/ia B CBEPXIIPOBOJIALIEE COCTOSTHUE.

OnnnM 13 mpeacTaBuTenell BelmeykazanHoro kiacca BTCII-marepuanoB BBICTYHalOT OKCHAPCEHHIBI JKe-
ne3a u nantana — LaFeAsO. JlanHoe coequHeHue sIBISIETCS MapaMarHUTHBIM NPU KOMHATHOW TeMIleparype
Y TIEPEXOIUT B aHTH(EepPPOMAarHUTHOE COCTOsTHUE TP TemIieparype okoso 140 K, ocraBasick B HeM 0 TemIiepa-
Typbl 4,2 K [6-8]. Jleruposanue ¢propom npu x > 0,10 (LaFeAsO, 4 F ) mpuBonut k paspymenuro antugep-
pOMarHeTH3Ma: MarHUTHOE T10JIE Ha sI[paXx JKeJie3a OCTaeTcs paBHBIM HYJIIO Ha BCEM TEMITEPAaTypPHOM MHTEpBaJe
OT KOMHATHOH TeMIlepaTypbl O TEMIIEPaTypbl XKUAKOTO reaus. B [6] cienan BbIBOI 0 TOM, YTO pa3pylICHHUE
antudeppomarautHoro cocrosiuua LaFeAsO npu ero serupoBanuu GTOpOM MPsIMO CBSI3aHO C MPOSIBIICHUEM
3THM COEIMHEHHEM CBOMCTBA CBEPXIPOBOIMMOCTH: TMOCIeNHee HaOM0AaI0Cch TOJIBKO B TEX CIydasx, KOrjua
MarHuTHOE IOJIE Ha sIpax jKelie3a OCTaBaJOCh PaBHBIM HYJIO Ha BCEM HCCIIEAYeMOM TEMIIEPaTypHOM HHTEp-
Basie. B To ke BpeMsi OueBHIHO, YTO MOTYyUCHHBIE PE3yNIbTaThl SBHO HE MCYEPIIBIBAIOT BO3MOXKHOCTEH dpdexTa
Méccbayapa B uccieqoBann HoBelx BTCII. Takum 06paszom, 11e1h HaCTOSIIETO UCCIIeA0BaHUS — pa3padoTarh
METO/IbI M BOCTIPOM3BO/IUMBIE TEXHOJIOTUH [TOJyYEHHs BHICOKOTEMIIEPATyPHBIX CBEPXITPOBOSIINX COSTUHEHUN
LaFeAsO, ,F,, nsyuauts psan pusmueckux s¢Qexros, KoTopbie MOTyT BauATh Ha cBoicTBa Kak BTCII, Tak
Y HaHOMAaTepHuayoB Ha ux ocHose [9—11].

OO0pa3ubl 1 MeTOIbI HCCJIEI0BAHU

Cuntes coenunennii odmeii popmyns LaFeAsO, F, tne x = 0,11...0,15, ocymiectsusics myrem TBep-
no(hazHOro B3aMMOACHUCTBHS (KepaMUiecKasi TEXHOJIOTHs) C MCTIONIb30BaHueM peKypcopa FeAs, sBistromero-
Csl OCHOBHBIM KOMITOHEHTOM TIPH JaJbHEHIIIEM MTOTydYeHUH BBICOKOTEMIIEPATyPHOTO CBEPXIPOBOAHMKA. {7
MOy YEHUS apceHu 1a JKere3a Opaau MeJIKOAUCIIEPCHbIE TTOPOILKH KapOOHUIIBHOTO JKeJIe3a U METaJUINYEeCKOrO
MBIIIBSKA (MapKH «oc. 4.»). CHHTE3 MPOBOAMIICS B COOTBETCTBUH ¢ peakiueil Fe + As — FeAs (¢ 0,3 mac. %
n30BITKOM MbIIIBsIKA). [lepeTepTyto cMech MOPOLIKOB ITPECCOBAIM, 3aBOPAUYMBAIIN B TAHTAJIOBYIO (DOJIBIY U HO-
MeIaJId B KBapLEBYIO NPOOHPKY. 3aTeM ee 3arnauBaliy, IPEeABAPUTEILHO OTKauaB U3 HEe BO3IYX M IPOIYB
BOAOPOIOM (TSI yIalleHUs aicOpONPOBAHHOTO KHcIopoaa). OOKHUT OCYIIECTBISIIN B IBE CTAIUN: B TCUCHUE
4 g pu temneparype 400—450 °C u B teuenue 20 4 npu temneparype 600—650 °C co cKOpocThIO HarpeBa
50 rpam/4.

CuHTE3 CBEpXIPOBOIALLIEIO COSAUHEHHUS LaFeAsO<1 7X)Fx (x=0,11...0,15) ocymecTBIISICS TAaKKEe METOIOM
TBEpA0(a3HOTO CIICKAHUsI B COOTBETCTBUH C YPABHEHHEM PEaKIUH

FeAs + kLa + [LaF3 + mLa,0; — LaFeAsO, F.

B3aumopeiicTBue peareHTOB MPOTEKaI0 B BaKyyMe IO CIEIyollel cxeme: 1 — MeUIeHHBI HarpeB pea-
reaToB 70 900 °C (npu ckopoctu He 6omnee 50 rpan/4) u Beiepkka B Teuenue 10 u; 2 — warpes g0 1100 °C
1 BelJIepKKa B TeueHue 50 4u; 3 — nepeTupaHue, BAKYyMHUPOBaHHE M MeuIeHHBIH HarpeB a0 1150 °C ¢ BbI-
nepxkoii B Tedenne 20 4. Koneunsie 00pasibl MpecTaBisiii co00i TOPOUIB! C BHEITHUM AMAMETPOM 12 MM,
BHYTpeHHHM — 9,5 MM 1 BbicoToH 5,0 MM. [t mpoBenenust perrrenodazosoro anamuza (POA) u mécchaya-
POBCKHMX HCCIIENIOBaHUI 00pa3ibl (B 4acTHOCTH, cocTaBbl LaFeAsO, 4sF, s u LaFeAsO, «F |,) nepetupanuce
B [IOPOLIOK.

OobpazoBanue (a3 U MOITHOTY NMPOTEKAHUS PEaKLUU KOHTPOJIMpPOBaiu ¢ nomoinsio POA, kotopslil mpo-
BOJIWJICA TIPH KOMHATHOW TeMIiepaType Ha peHTreHoBckoM audpaxkromerpe HZG 4A xommanuu Carl Zeiss
(Mena, TepMaHus) ¢ H3TydeHHEM CoK, u MaprannesbiM GuiabsTpoM npu Toke 30 MA u Hanpsixenun 40 kB.

Marnutasie u snekrpodusndeckue cBoiictBa BTCII-00pa3iioB Ha 0cHOBE apceHHa *kKeJie3a UcCleoBa-
JMCh HA TOPOUAAIBHBIX 00pa3Lax 1o CTaHAAPTHOM 4-KOHTAaKTHOH cxeme. OOpasen pa3zpesascs IonoiaM, Ha
MIOJTy4YE€HHOE MOTYKOJIBI[O0 HAHOCUIIUCH TOKOBBIE U OTEHIIMAIbHBIE KOHTAKTHI, BHEIIHEE TOCTOSSHHOE MAarHUT-
HOE TIOJIE TIPUKJIAIBIBAIOCH IEPIIEHANKYISAPHO AIEKTPHIECKOMY TOKY. [ ITOTHOCTh KPUTHUYECKOTO TOKA OIpe-
JeJsyIach 0 JIMHEHHOMY y4acTKy BOJBT-aMIIEPHOM XapaKTE€PUCTUKH IIpU j > j ., sKcTpanonsauueil k £ = 0,
a y/lellbHOE CONPOTHBIICHHE HAXOMIOCh 10 HAKIIOHY BOJIBT-aMIIEPHOM XapaKTePUCTHKH.

ConporusneHne 006pa3noB R U3MepsIoch MPSIMBIM METOAOM C (PUKCcaluei pa3HOCTH MOTEHIMAIOB V Ha UX

kpasix mpu Toke [ = 24,7 MA. Torna mo 3akony Oma R = %

Jiist mpoBeAeHUs U3MEPEHUH ITPH HU3KUX TeMIlepaTypax o0pasew nomemaics B cocyq Jproapa ¢ KUIKUM
renueM. Temneparypa u3Mepsuiach repMaHueBbIM TepmoMeTpom corpoTtusieHust TIIK-51 ¢ TouHocThIO 70
0,01 K, narpeB TepMOMETpPa U3MEPUTEIBHBIM TOKOM OTCYTCTBOBAJL.
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3mepenns MéccOayIpOBCKUX CIIEKTPOB MPOBOIMINCH ¢ HCTOYHUKOM PE30HAHCHOTO m3imydenus ' Co (Rh)
akTuBHOCTBIO 0,6 I'BK B reomerpun npomyckanus. [Ipu MEccOaydIpOBCKUX M3MEPEHUSIX B OOJIACTH HU3KUX
TemIeparyp oopasibl NOMEIAINChH B padouyro KaMepy KpHOreHHou cucteMsl Oxford Instruments. Baeninee
MarHUTHOE T0JIe BETMYHHOM 710 5 T mpuKIIapIBaioch B MapalieIbHOM HAIPABJICHHH MO0 OTHOIICHUIO K OCH
pacrnpocTpaHeHusl ITyyka raMMa-KBaHTOB. J{JIst onpeseseHus: CeKTPOB HCIOIb30BAJICS BEICOKOIKCIIPECCHBIN
MéccOayapoBckuit ciektpomerp MS-2000 [12]. BpeMs m3mepeHus Ha KakaoM obpasiie coctapisiiio ~10 4.

JKCcNepUMeHTAJNbHbIE Pe3y/ibTaThbl

B HacrosiieMm paszzierne mpeAcTaBlieHbl SKCHEPUMEHTAIbHBIC PE3YyNbTaThl, MOMYYCHHBIC JUI 00pa3loB
LaFeAsO,, ,F, npu snauenusx x = 0,12 u x = 0,15. Tako# BbIGOp 00yCIIOBIEH TEM, YTO JJAHHBIE 110 00pa3uam
B uHTepBane x = 0,11...0,14 61u3Ku APYT K APYTY C HE3HAYUTEIBHBIM OTIMYUEM B KpUTHUYECKOM TeMIiepaType
repexozia 00pas3ioB B cBepXIpoBosiiee coctogane. Obpaszer co 3HadenneM x = 0,15 3aanmaer ocodoe MecTo
B 3TOM DSy, IOCKOJIbKY Ha HEM BIIEpBbIe HaOmonascs BeIcoKkoTeMneparypHbii agdexr Konmo [10].

Obpasey LaFeAsO, g F, ;. JJuppakrorpamma POA s sToro odpasua npusesiena Ha puc. 1. Msmepenus
npoBoauaKCh ¢ uanyuenneM CoK, B auamnaszone yrios 20 ot 10° go 70°. g ananusa audpakTorpamm Hc-
noJib30Basiack nporpamma TREOR 90 [13]. Pesynbrarsl nmoaTeepauiin 00pa3oBaHUE TBEPJOTO pacTBOpa Ha
OCHOBe JiernpoBaHHoro (hropom coennuenus LaFeAsO, conep:kanue kotoporo coctaBnseT ~98 %. Pedmek-
COB MCXOAHBIX PEAareHTOB MM MPUMECHBIX (a3 He 0OHAPYKEHO (B paMKax BO3MOXXHOCTEW MprOOpa BeposiT-
HO Haynn4ue cienoBbix Konnyects LaOF). Yeranosneno, uro coenunenue LaFeAsO ¢ F s kpucrammmsyercs
B TETParoHaJIbHYIO KPUCTAIIIMYECKYIO CTPYKTYpPY, COCTOALIYI0 U3 uepeayromuxcs cioeB Fe-As u La-O, co
CIEeIYIONIUMU MapaMeTpaMu dyieMeHTapHoit sueiiku: a = 0,3998 uMm; ¢ = 0,873 5 HM. DTOT pe3ynbrar co-
miacyercst ¢ JaHHbIMM [14]. ATOMBI jkesie3a M KHMCJIOpOHAa PACIOJIOKEHbI B LEHTPE CJIErka HMCKa)KeHHBIX
As- n La-terparapos. IIpu aToM As-TeTpasapbl CKUMAIOTCS B c-HalpaBlIeHUH, paccTosHue Fe-As paBHO
0,241 um (0,234 am mo nauubM [14]), a yrer As-Fe-As nmetor 3nadenns 107,5° (105,8° mo [16]) u 113,5°
(117,1° mo [14]). Kaxpiii aToMm xeJe3a TakiKe CBS3aH C COCETHUMH aTOMaMU KeJie3a BJI0JIb TNIOCKOCTH KBa-
npatHo# pernetku pazmepom 0,285 um (0,283 uMm 1o [14]).

Wzmepenne compoTuBieHUs 00pasiia MpoBOAMIOCE B HHTepBale Temneparyp ot 4,2 1o 300,0 K. Haubonee
MHTEpPECHasi 00JIaCTh 3aBUCUMOCTH conpoTuiieHust oT Temnepatypsl (7' < 80 K) npencrasiena Ha puc. 2.

Pe3ynbrarsl MArHUTHBIX U3MEPEHUI 1 X0l KPUBOW MarHUTHOHN MHAYKIHUU B 3aBUCUMOCTH OT TEMIIEPATyPbl
MpUBEACHBI Ha pHUC. 3.

Ha puc. 4 npencrasnens: MéccOayspoBekue cnekTpel o6pasua LaFeAsO ¢F |5, n3mepennsie npu temme-
parypax I'=5 K (puc. 4, a) u T=300 K (puc. 4, 6).

o—LaOF

LaFeAsO,F, s

20 30 40 50 60 70
20, rpan

Puc. 1. Tudpakrorpamma coenunennii LaFeAsOF (mist cpaBHeHnms),
LaFeAsO, gF, ;s m LaFeAsO, «F |,

Fig. 1. XRD patterns of the samples LaFeAsOF (for comparison),
LaFeAsO,4F, s and LaFeAsO, ,F |,

46



OpurnHajibHble CTATHH
Original Papers

0,08
0,07
0,06
0,05

=

© 0,04

5
0,03
0,02
0,01

0,00 Lot

Bropoii azossrit
nepexon

\

ITepBolii ha3zoBbIit
nepexo

20 40 60 80 100 120 140 160 180 200

T, K

Puc. 2. 3aBUCHMOCTB CONPOTHBIIEHUS R OT Temmepatypsl 7' B uanaszone Temneparyp ot 5 1o 80 K mst o6pasna LaFeAsO gsF s

Fig. 2. Dependence of resistance R on temperature 7 at the temperature range 5...80 K for the sample LaFeAsO, .F, 5

ala 6/b
15 -
15
—_—
g g 10} .7l
210 Z £,
= =
< < !
g A
g 5 é SF 4t
£ g
= = I
) S -1
g T
= S|
£ 0 £ 0
g g T=300K
s = B
T =
g5 g st
= o
5 : |
> -10 =
“10}F
4 L L
~15 “500 250 0 250 500
-15 L 1 L I’ L 1 L
-60 —-40 20 0 20 40 60 -60 -40 20 0 20 40 60
Hanpspkennocts marautaoro noust (H), kOe Hanpsoxenrocts MarautHoro nons (H), kOe
O6pasen T,K M, ., Avw/kr M, Av’/xr  H.,Oe H.,Oe M, Aw/kr M, , Am’/kr
LaFeAsO,4sF, 5 15,3770 -15,3783 =25 24 0,296 6 —-0,2886
LaFeAsOgF 5 300 14,3657 -14,3626 —18 15 0,2218 -0,2183

Puc. 3. Kpusbie ructepesuca obpasua LaFeAsO, y,F s pu 7= 5 Ku 7= 300 K (6) u ux mapameTpsr:

M

m;

2 (7 Tim) — MakcumanbHast HaMarHuaeHHocTh ipu 7 Tor; M (=7 Ti) — MuHMManbpHast HAMarHHIeHHOCTH pu —7 Ti;

I‘ICJr — MOJIOKUTEJIbHAsA KOOPUUTHUBHASA CUJIA; HC, — OTpULaTeJIbHasg KOOPUUTUBHAA CUJIA;
MRJr — IMOJIOKHUTECIIbHAA OCTaTOYHAass HAMAariHn4€HHOCTDb, MR— — OTpuLaTeiibHas OCTaTO4YHast HAMarHH4€HHOCTh

Fig. 3. Hysteresis loops for sample LaFeAsO, (F, s at =5 K () and T'= 300 K (b), and their parameters:

M

m:

o« (7'T) is a maximum magnetization at 7 T; M,

max—

(=7 T) is a maximum magnetization at —7 T; H, is a positive coercivity;

H_. is negative coercivity; M,, is a positive remanent magnetization; M, is a negative remanent magnetization

Obpasey LaFeAsQ, . F, ,,. Judpakrorpamma POA st 5T0oro 06pasia npakKTU4ECKH HE OTIIMYAETCS OT JIH-
(paxrorpammsl 1y paccMoTpenHoro cocraBa LaFeAsO ¢ F |5 n xapakrepusyercst nIeHTHYHBIMY TTAPAMET-
pamMu 3HauCHUH ANMEeMEHTapHOH stuciiku (cM. puc. 1). M3aMepeHune COmpoTHBICHHUS TAHHOTO 00pasIia Takke
MIPOBOJIWIIOCH B IIIMPOKOM MHTEpBaje temieparyp — ot 4,2 1o 300,0 K. Haubonee unTepecHas 001acTh 3aBH-
CHMOCTH COTIPOTHBIIEHHUS 0T TeMIiteparypsl (7 < 80 K) nmpuBenena Ha puc. 5.
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Fig. 4. Mossbauer spectra of LaFeAsO, F, s at 7= 5 K (@) and 7= 300 K (b).

The emergence of quadruple splitting of resonant lines at 7= 5 K represents a specific effect for this sample,
which was not observed at other values of x =0.11...0.14
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Puc. 5. 3aBucumoctsb conporuBiieHus R ot temneparypsl I B quanaszoHe remneparyp ot 5 1o 80 K qst o6pasua LaFeAsO, (F ;5.
BeprrKanbHble TyHKTHPHBIE JITHUY ITOKAa3bIBAIOT TeMIepaTypHble oonacty dddexra KoHno u cBepXIpoBOaUMOCTH

Fig. 5. Dependence of resistance R on temperature 7 at the temperature range 5...80 K for the LaFeAsO, (F, |, sample.

Vertical dot lines show the temperature ranges for the Kondo effect and high-temperature superconductivity, correspondingly

Ha puc. 6 mpecTaBieHbl pe3yIbTaThl MATHUTHBIX U3MEPEHUH 1711 00pas3ios cocraBa LaFeAsO gF .

Méccbaysposckue criektpel oOpasua LaFeAsOF, ,, nu3MepeHnbie B TeMIepaTrypHOM HMHTEpBAJE OT
5 no 300 K, conmepxaT OAMHOUHYIO JMHHIO B pailoHE HYJIEBOW OTHOCHUTENBHOW CKOPOCTH, MapaMeTpbl KO-
TOpOH OIM3KM K TapaMeTpaM JIMHUH Ha puc. 4, 0, nonydeHHbmM s obpasua LaFeAsO g F 5. [Tapamerpsr
CIIEKTPOB INIPAKTUYECKU HE 3aBUCAT OT TEMIIEpPAaTypbl U XapaKTEPU3yIOTCsA BEIMUUHON HU30MEPHOIO CABMIa
6 = (0,58 £ 0,01) mm/c u mmmpunoit muaun I = (0,32 £ 0,01) Mmm/c. DT pe3ynbTaThl COOTBETCTBYIOT JIaH-
HbIM [15], cormacno kotopbiM 00pasubl LaFeAsO, ,F, mpu x > 0,10 npencrapnsior co60i napamMarHeTHKu
B IIMPOKOM TeMIepaTypHoM nntepsaie — ot 4,2 1o 300,0 K.

JIOTIOTHUTENBHO K MPOBEICHHBIM W3MEPEHUSIM HAMH HCCIE0BaIach TpaHchopMmanus MEccOay’POBCKUX
HapaMeTpoOB CHEKTpa 00paslia P HAJOKEHUH BHEIIIHETO MAarHUTHOTO I10JIs, TOKA3bIBAIOIINX BOSHUKHOBEHHUE

MAarHUTHOU CBEPXTOHKOU CTPYKTYpHI (puc. 7).
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O003HaYCHUS COOTBETCTBYIOT IPUBEACHHBIM Ha pUC. 3

Fig. 6. Hysteresis loops for the sample LaFeAsO, ,F, |, at 7= 10 K (@) and 7= 50 K (b) and their parameters.
The designations correspond to fig. 3
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Puc. 7. Méccbaysposckuii criektp obpasia LaFeAsO, F, |,, n3mepennstit npu 7'= 5 K npu HanoxeHUH BHELIHETO
MarHuTHOTO 1oy B = 5 Ti. MarHuTHOE CBEPXTOHKOE PaCIICIUICHUE PE3OHAHCHBIX JTMHUHN ITOKa3bIBACT MOSBICHUE
AAIBHETO MATHUTHOTO MOPSIIKA CO 3HAYCHNEM I((HEKTUBHOTO MArHUTHOTO MOJISL HA PE3OHAHCHBIX Anpax H,,= 45,5 + 0,5 kOe

Fig. 7. Mossbauer spectrum of the LaFeAsO, (F, ,, sample at 7= 5 K obtained in the presence of external magnetic field B=5T.
The magnetic hyperfine splitting of resonant lines indicates the appearance of long-range magnetic
ordering with the effective magnetic field on resonant nuclei /.= 45.5 + 0.5 kOe
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AHaJIu3 n HHTEpHpETAlus TaHHbIX

IIpw ananuse nosy4eHHbIX qaHHbIX 11 o0pasua LaFeAsO 4iF |5 BeisiBIeHa cienupuieckas 3aBUCUMOCTD
COTIPOTHUBIIEHHUS 00pasna OT TeMIeparyphbl, TIOKa3bIBaIOMIas, 9To 1pu Temmeparype <50 K kmaccuueckas 3a-
BHCHMOCTH (T. €. CHIDKCHHE CONPOTUBIICHIS 00pa3iia ¢ YMCHBIIICHHEM €TI0 TeMIIEpaTyphl) IPHOOpETacT WH-
BEPCHBIN XapakTep, Py KOTOPOM JallbHEHIIee CHIYKEHHE TeMIIepaTyphl MPUBOAUT K BO3PACTAHUIO COIPO-
TUBJICHHUA. DTOT PE3yNbTaT HAMISAHO MIPOJEMOHCTPHUPOBAH HA PUC. §, TPEACTABIAIONIEM COO0H YKPYTHEHHBIH
¢dbparment puc. 2 npu 7' < 50 K.
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Puc. 8. Xon KpuBOH yIENLHOTO COMPOTHUBIIEHUA TOpouaaIbHOro oopasua LaFeAsO ¢F,
B 3aBUCHUMOCTH OT Temreparypsl ipu 7' < 50 K

Fig. 8. Resistivity of the toroidal sample LaFeAsO, .F, 5 versus the temperature at 7< 50 K

[Tomo6uEBIN 2ddekT, mpenckasanasiii Kormo [16], nelicTBUTEN,HO HAONIONAICS IPYTHMH aBTOPAMH, HO
TOJIBKO TIPH HU3KHUX TeMITeparypax (OJU3KUX K TEMIIEpaType KUIKOTO Tenms). B To e Bpems HaOIomaeMblit
HaMH BBICOKOTeMIIepaTypHbIi 3 dext Konmo, mo-suanmMomMy, oOHapykeH BIlepBbie. Kak M3BECTHO, JaHHBIN
3¢ dexT IMeeT MECTO TPH OMPENEIIEHHON 3aBUCUMOCTH YIETHHOTO CONIPOTHBIIEHHS 00pa3siia OT TEMITEPaTyphl
COTJIACHO YPaBHEHHIO

p(T)=p, +al? +bT5+cln%,

e p, — OCTaTOYHOE YJEIbHOE CONPOTHUBIEHUE; d, b, ¢ U d — KOHCTAHTBI.

Unen aT” onuckiBaeT (epMu-BKiaz, bT° — BUOpaluy peneTky, MocIeJHUI WieH B IpaBoil YacTH ypaB-
Henus — 3¢ dext KoHao, KOTOPBI BO3HUKAET MPHU HU3KUX TEMIEpaTrypax U CHIbHOM CBS3M MEXKIy MarHHT-
HBIMM MOMEHTAMHU NPUMECH U DIIEKTPOHOB MPOBOAMMOCTH. Kak BUJIHO U3 ypaBHEHUs, IPU JOMUHHUPYIOIEM
BKJIaJIC 9TOT0 CJIAaraeMoro Mpou3BoaHas dp/dT cTaHOBUTCS OTPULIATEIBHOM, YTO O3HAYAET YBEIUUCHHE YIICIIb-
HOTO COIIPOTHBJICHHUS 00paslia NpU YMEHBIICHUH €ro TeMIIepaTypbl COIACHO MOJyYCHHBIM HaMH JaHHBIM
(cm. puc. 8).

OOHapyeHHasi 3aBUCUMOCTb (CM. pHUC. 8) CBUAETEIBCTBYET 00 aHOMAaJbHO CHIIBHOM B3aMMOJCHCTBUH
MEXIY CIMHAMU 3JIEKTPOHOB MMPOBOJMMOCTH U CIMHAaMU ipumeceit ipu x = 0,15. B [10] 6b110 ipeanonokeHo,
YTO MOSIBJICHUE CHIILHON CIIMHOBOM CBs3M — crienquduyeckuii 3pPeKT, BOZHUKAIOLWIHNA B pe3ynbsraTe (pa3zoBoro
nepexozia Broporo poa juis oopasua LaFeAsO,F, s mpu Temmeparypax oxosno 40 K (cm. puc. 2), Buepsbie
00Hapy>KEHHOT0 HaMH JUIS 3TOTO 00pasla, U NPUBOAALIMK K KBaJPYNOJIbHOMY PAacUICIJICHUIO PE30HAHCHOM
JIMHUAHU B ero MEccOayIpOBCKOM CIIEKTpe (CM. puc. 4, @). DTO CBUAETEILCTBYET O CTPYKTYPHOH IepecTpoiike
HCCJIEyEMOTO COEMHEHNUS C MOSBICHNUEM IpaIueHTa JEKTPUUECKOro MO Ha PE30HAHCHBIX siipax. OHaKo
Bo3HMKHOBeHHE dddexra Konno raxke Habmonanocs u 1y apyrux oopasuos LaFeAsO, F, B unrepsane
3nauennid x = 0,11...0,14, nns1 koTOpBIX HEe 3aduKCUpOBaH (a3oBBIH MEPEXoa BTOPOTro pojia IPU TeMIIeparypax
oxosio 40 K. IToaToMy JIOTHYHO MPEANONOKUTE, YTO Tpupoaa 3ddexra Kongo B nccnemxyempix odpasnax jao-
CTAaTOYHO YHMBEPCAIbHA U HE CBA3aHA C BOSMOXKHON Monubukanuei pewerku LaFeAsO, |F. npu pasmny-
HBIX TEMIIEpaTypax, a IOJHOCTBIO OIPEENIeTC MHTEHCUBHOCTBIO B3aMMOJICHCTBUSI MAarHUTHBIX MOMEHTOB
JIEKTPOHOB MTPOBOJUMOCTH U IMPUMECHBIX LEeHTPoB. [Ipu 3TOM ciiegyeT uMeTh B BUJLY, UTO MPU TOCTATOYHO
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BBICOKOW MHTEHCHBHOCTH TAKOTO B3aUMOJIEHCTBUS (B 9acTHOCTH, 115t oOpasua LaFeAsO 4 sF |5) apdexra BbI-
COKOTEMITEpaTypPHOI CBEPXITPOBOJIMMOCTH HE BOSHHMKAET M COMPOTHBIEHHE 00pa3iia 0CTaeTCs KOHEYHBIM T10
KpaiiHen mepe 10 3nadenus 7= 5 K (em. puc. 2). OrcyrerBre cBepXnpoBoauMocTy B o0pasie LaFeAsO 4 F
TaK)Ke MOATBEPIKIACTCS JAaHHBIMH MarHUTHBIX M3MEpPEHUi, MpeAcTaBIeHHbBIME Ha puc. 3. B cBs3u ¢ 3TUM
MOYKHO C/I€TIaTh BBIBOJ O TOM, YTO MpPH JOCTATOYHO HMU3KOHM TeMmrieparype (B HameM ciydae npu 7' < 50 K)
B3aMMOJICHCTBHE MarHUTHBIX MOMEHTOB MTPUMECEH 1 IEKTPOHOB MPOBOJANMOCTH CTAHOBHUTCS HACTOIBKO HH-
TEHCUBHBIM, uTO ekt Konmo monasiser 3¢Gext CBepXIpPOBOIUMOCTH.

B To e Bpems npu 3HadeHusx x = 0,11...0,14 naOnromgaercs: kKauecTBEHHO MHas cutyarus: 3¢ dext Kon-
no takke umeeT mecto nipu 7' < 50 K (cMm. puc. 5), onnako nmpu temneparype Hrke 30 K mpoucxomut ero
TpaHcopMalrsi B BEICOKOTEMIIEPATYPHYIO CBEPXIIPOBOAUMOCTD, U Takas TpaHC(pOpMaIvs, 10 HAIINM JaH-
HBIM, 3a(DUKCHPOBaHa BIEPBBIC B HCCIICIOBAHUH TOTO SIBICHHS. BO3HUKHOBEHHE CBEPXITPOBOISIIIETO COCTOS-
HUS B 3THX 00pa3Iiax TakykKe MOATBEeP)KIaeTCs JaHHBIMU MarHUTHBIX U3MEPEHHH, TIpe/ICTaBICHHBIMHU Ha pHC. 6.
[TomyuyeHHbIe pe3yabTaThl MOKAa3bIBAIOT, YTO MCCIIEyeMOe COEeANHEHHE — CBEPXITPOBOAHUK BTOPOTO poja, Ha-
XOJSILLUICS B COCTOSIHUM MelicHepa U MpOosBIIIOMUN AUaMarHeTU3M HUKEe KpuTHdeckoro noist B, =20 mTi.
W3 sxcrpanonsauy new MaraHuTHoro rucrepesuca npu 7' = 10 K, npuBenenHoi Ha puc. 6, MOKHO OIEHHUTH
BEJIMYMHY BTOPOTO KPUTHYECKOTO 10Jst B, =500 MTi. MarHuTHBIC BUXPU B CBEPXIIPOBOJHUKE (POPMUPYIOTCS
MEXTy JBYMs YKa3aHHBIMU 3HAYEHHUSIMH KPUTHUYECKMX MAarHUTHBIX Tosei. [ImoTHOCTh BUXpeil MoBBIIIaeTcs
C BO3pacTaHUEM HallpsHKEHHOCTH MAarHuTHOro noss. IIpu BenuunHe mosist Bellle KPUTUYECKOrO 3Ha4eHUs B,
CBEPXIPOBOIMMOCTD pa3pyIiaeTcs ¥ HapaMarHUTHBIM XapakTep JJOMUHUPYET B MArHUTHOM TETIIe THCTepe3nca.

Takum oOpaszom, Habmromaemas Tpanchopmaiyst 3gpdexra Konmao B BICOKOTEMITEpaTYpHYIO CBEPXITPOBO-
JTUMOCTD TIO3BOJISIET CZefiaTh MPUHIUITHAIBHBIN BBIBOJ] O TOM, YTO B3aUMOJEHCTBHE MEXIY CITUHAMM JJIEK-
TPOHOB U MarHUTHBIMH MOMEHTaMH IIPUMECel MOKET UTpaTh BaXKHYIO pOJiib B (POPMUPOBAHUHU KyTIEPOBCKUX
nap B JKEJIE30COACPKAIINX CBEPXIPOBOJHUKAX. ITO OOCTOSTENBCTBO CTHMYIHPOBAIO HAIIM UCCIIEIOBAHUS
M0 B3aWMOJICHICTBHIO MarHUTHBIX MOMEHTOB KaK B CBOOOJHOM COCTOSIHMH, TaK W B TBEPJBIX TENax, a TaKKe
B kBaHTOBOM [17] u kBazukinaccuueckoM [18; 19] mpenenax, KOTOpble KaUeCTBEHHO MOITBEPIKIAI0T MPABUITh-
HOCTb JJAHHOTO BBIBOJIA.

JloTIOTHUTENEHBIM 3KCIIEPUMEHTATBHBIM MOATBEPKACHHUEM ITOTO MPETIOT0KEHUS CITYKUT U TO, YTO TOSIB-
JICHHE BBICOKOTEMIIEPATYPHOI CBEpXNPOBOAMMOCTH B cocTaBax LaFeAsO, ,F, crporo koppenupyer ¢ paspy-
IIEHHEM JIaJIbHETO MAarHUTHOTO MOpsiKa B 00pa3Iiiax BILUIOTh 10 TEMIEPATyphl JKUAKOTO TeJHs, HaOIroaeMbIM
npu x > 0,10. DTOT pe3yasrar ObUT OOHAPYXKEH paHee JPYTMMHU aBTOpaMu [6—8] U MOATBEPIKICH HAIIUMHU
UCCIIeIOBAaHUSIMHU, B YACTHOCTH OTCYTCTBUEM CBEPXTOHKOTO MarHUTHOTO paclieruieHus: MEéccOaydpOBCKUX JIU-
Huil Ha puc. 4. OObsICHEHHE TaHHOTO pe3yJbTaTa CTAaHOBUTCS OYEBHIHBIM B CHJIYy TOTO, YTO MPU HAJIHYUHU
JTATbHETO MarHWTHOTO TIOPSKa B3aUMOJIEHCTBHE MEX/Ty MAarHUTHBIMH MOMEHTaMH 3JIE€KTPOHOB ITPOBOIUMO-
CTH M TIPUMECHBIMHU dJIEMEHTaMH ObUIO ObI TPeHeOPEKMMO MalIbIM B CPAaBHEHUU C JAPYTUMH MarHUTHBIMHU
a¢dexkramu B 00Opasiie.

B 10 e BpeMst P HAJIO)KEHUU BHEIITHETO MArHUTHOTO TOJIs Ha lapamMarHuTHeie o0pasusl LaFeAsO, F,
TANbHUAN TIOPSIOK CHOBA MOSABISAETCS ¢ BOSHMKHOBEHHEM JIOKAJLHOTO MAarHUTHOTO TOJISl HA PE30HAHCHBIX
anpax H,= 45,5 £ 0,5 kOe (puc. 7). B 5T0M ciy4ae MOKHO NPEATIONOKATE, YTO HHAYLUUPYEMBbIA BHEUIHAM
MarHATHBIM TIOJIEM JTaIbHUA MarHUTHBIA MOPSAAOK OOYCIIOBIIEH MONIApU3AIMel MarHUTHBIX MOMEHTOB IpH-
MECHBIX IIEHTPOB B HAJIOXEHHOM MarHUTHOM II0JIE, YTO CIYXHT €Ille OJHUM MOATBEepPKICHUEM CUIILHOW Mar-
HUTHOH CBSI3U MEKIY MarHUTHBIMH MOMEHTAMH MPUMECHBIX [IEHTPOB U AJIEKTPOHAMH IMPOBOAUMOCTH.

BwMmecre ¢ TeM HEOOXOMMO UMETh B BHTY, UTO CITUIIIKOM BBICOKAsi HHTEHCHBHOCTH 3 dekra Konmo moxer
noAaBiIsATh 3Q(GEKT CBEPXMPOBOJUMOCTH, YTO, B UACTHOCTH, HaOmomaeTcst npu 3HaueHun x = 0,15, koTopoe
OJIM3KO K TIPEICTy paCTBOPUMOCTH (GTOPA. DTO MO3BOJISET MPEAIOI0KHUTh, UTO HHTEHCUBHOCTH 3 dekTa KoH-
JI0 BO3pacTaeT ¢ MpUOImKEHUEM K 3ToMy Tipesieny. [Ipu aTom yMeHblieHne BenuanHbl 3 dexra Konno Oymer
CIocoOCTBOBATh MOBBIIIEHUIO KpuTHUeckoil Temneparypsl BTCII Ha ocHOBe apcennia xenesa, , 1o HalleMmy
3aKJIIOYEHNIO, C ATOM IENbI0 CIEAYyeT MCIOIb30BATh JIETHPYIOIINE 3JIEMEHThI ¢ 0ojiee BHICOKOW pPacTBOPH-
MOCTBIO, yeM y (ropa (B 4acTHOCTH, Bogopon [15]). B To sxe Bpemst oOHapy)eHHas TpaHCc(hOpMaIusi BEICOKO-
temneparypaoro 3¢gdekra Konmgo B BTCII cBumeTebcTBYET O TOM, YTO CHJIBHOE B3aMMOJCHCTBHE MEKITY
CIIMHAMH 3JIEKTPOHOB M MarHUTHBIMH MOMEHTAMHU NMPUMECEH UTpaeT BaXXHYIO poiib B (DOPMUPOBAHUH KyTIe-
POBCKHX TIap B KEJe30COepKAIINX CBEPXIPOBOJHUKAX, TOITOMY IONTHOE TojapieHue sgdexra Konmao mo-
JKET TaKKe MPUBECTH K UCUE3HOBEHUIO 3(h(heKTa BEICOKOTEMITEpaTypHOH CBEPXIIPOBOJIUMOCTH.

3akjaueHmne

B pesynbraTte BHITOTHEHHOTO HCCIIEIOBAHUS METOAOM TBEpAO(DA3HOTO CIIEKaHUsI CHHTE3UPOBaHbI OJJHO-
dasnbie o6pasupl cocrasa LaFeAsO, F. (x = 0,11...0,15) ¢ comepxanuem cBepXnpoBoismei gasel 10
98 %. [lpu n3MepeHnHt MOTHOTO UMIIeIaHCa CHHTE3UPOBAHHBIX 00pa3oB 00OHAPYKEH BHICOKOTEMIIEPATYP-
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He1i ¢ dext Kono (MHBepcHas 3aBUCUMOCTD COTIPOTUBIICHHS 00pasiia OT TEMIIEPATyphl ), CBUICTEILCTBYIO-
M O CHJIBHOM CBSI3M MarHUTHBIX MOMEHTOB NPUMECHBIX IIEHTPOB C MATHUTHBIMA MOMEHTAMH JIEKTPO-
HOB npoBoauMocTH. Habmonaercs tpancopmanus nannoro s¢pdexra 8 BTCII B o6pasuax LaFeAsO, ,F,
cx=0,11...0,14 nmpu temneparype =25 K. Ha ocHOBe u3BecTHOI (uzndeckoil mHTEprpeTanuu dPpdexra
Konpo, npenmnonararomieil CynecTBeHHOE B3aUMOJICHCTBHE CIIMHOB AIICKTPOHOB MPOBOIMMOCTH C MArHUT-
HbIMH MOMEHTaMH MPUMECEH B KPUCTAJUIC U OINpPEACIAIONIeH NalbHUNH MarHUTHBIM MOPSIOK B oOpasiie
MPH HAJIO)KEHUH BHEITHETO0 MAarHUTHOTO TIOJISI, TOJTBEPKAACTCS TIPEABAPUTENLHBIN BBIBOJ O 3HAYUTEIHHOM
BKJIaJIe YKa3aHHOTO P QeKTa B MEXaHNW3M BBICOKOTEMIIEPATYPHOH CBEpXMPOBOgUMOCTH. [Ipu cpaBHUTEINB-
HOM aHaji3e JKCIEPUMEHTAILHBIX JaHHBIX MECCOAyIPOBCKOW CIIEKTPOCKOMUH, PEHTTEHOBCKMX, MArHUT-
HbIX W onekTpuyeckux usmepennii st BTCII LaFeAsO, F, npu 3nauennsix x = 0,11...0,15 nmoka3sano,
YTO ¢ MPUONIMIKEHUEM X K TIPEJISITy paCTBOPUMOCTH (PTOpa B yKa3aHHBIX 00pa3iiax BO3pacTaeT BEPOITHOCTh
BOo3HUKHOBeHHS (P dekra KoHo, 4To BBI3BIBAECT PEe3KOE CHIKEHUE KPUTHYECKOH TeMIepaTypsbl mepexosa
(T,) oOpasioB B CBEPXIPOBOJSAIIEE COCTOSTHHE. J{JIst MOBBIIEHHS 3HaUeHHsI 7, HA OCHOBE apCeHHIa JKee3a
HEOOXOMM BHIOOp JIETHPYIONIUX AIIEMEHTOB ¢ 00Jiee BHICOKUM TIPEIEIOM PACTBOPHUMOCTH 110 CPABHEHHIO
¢ ¢TopoM, HaIIpUMEpP BOAOPO/IA.

[Mony4eHHBIE pe3yNIbTaThl HTPAIOT BaXKHYIO POJIb B TOHUMaHUH MEXaHW3Ma BEICOKOTEMITEPATypHON CBEpX-
MIPOBOIMMOCTH B HEKYTIPATHBIX CBEPXIIPOBOJHUKAX, & TAK)KE BHOCAT BKJIAJ B TAILHEHITYIO pa3padOTKy METO-
JIOB TIOBBIIIICHUST KPUTHUECKOM TEMITepaTypbl CBEPXIIPOBOTHIUKOB ATOTO THIIA.
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MUKPOTPUBOAOTNYECKOE ITOBEAEHUE METAAA-MATPUYHBIX
HAHOKOMITIO3UTOB HA OCHOBE CAOUCTBIX OKCHUAOB,
BBITIOAHAIOHMINX ®YHKINIO HAHOKOHTEMHEPHBIX CTPYKTYP

A. C. IOTBHHOBHY", T. B. CBHPHJIOBA", /1. B. CBHPH/IOB", A. B. KAITAPHXA"
YBenopyccruii 2ocyoapemeenuuiii yuusepcumem, np. Hezagucumocmu, 4, 220030, 2. Munck, Benapyce

C HUCHONB30BaHUEM DJICKTPOXUMHUYECKOTO COOCAXKICHUSI HUKENS U JAUCICPCHOTO TPUOKCHIA MOJIUOICHA CIOUCTO-
TO CTPOCHUA MOJYYCHBI METAJUI-MATPUIHBIEC KOMIIO3UTBI, B KOTOPBIX q)a3a BHCAPCHUA MOXET UT'PATh POJIb KOHTef/'IHepa,
V/ICP/KHBAIOIIETO BO BHYTPECHHEM 00bEME HHTEPKaJINPOBAHHBIC OPraHMIECKHe coequHeHns. [[0Ka3aHo, YT0 HHTepPKAIls-
st OeH30TpHasoia (MHrMOUTOpa KOPPO3HK) B MEKCIIOEBOE ITPOCTPAHCTBO OKCHUIA obecnednBaeT SPPEeKTHBHOE MO/IaB-
JIeHHe TPHOOKOPPO3UH HUKEICBOW MaTPHIIBL.

Knroueswie cnosa: MCTAJUI-MAaTPUIHBIC KOMITO3UTBI; TPUOKCHU MOJ'II/I6£[€Ha; 66H30TpI/IaSO.]'I; MPIKpOTpI/I60.]'IOFI/IH; aTOMHO-
CUJI0Bast MUKPOCKOITHUA, KOHTeﬁHeprle CHUCTCMBI.

Brazooaprnocme. Pabora BbINONIHEHA YaCTUYHO B paMKax npoekTa benopycckoro pecryomikanckoro ¢ponaa GpyHia-
MEHTaIBHBIX HccienoBannii (rpant Ne X17PM-073).

MICROTRIBOLOGICAL BEHAVIOR OF METAL-MATRIX NANOCOMPOSITES
BASED ON THE NANOCONTAINER-LIKE LAYERED OXIDES

A. S. LOGVINOVICH', T .V. SVIRIDOVA®", D. V. SVIRIDOV', A. V. KAPARIKHA"

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
Corresponding author: A. S. Logvinovich (logvinovich2357@gmail.com)

The electrochemical codeposition of nickel with the dispersed molybdenum oxide of layered structure yields metal-
matrix composites in which the second phase is capable to play a role of container retaining organics in its internal
volume. It is shown that the intercalation of benzotriazole (a well-known corrosion inhibitor) into the interlayer volume
of MoO; ensures an effective suppression of tribocorrosion of matrix metal.

Key words: metal-matrix composites; molybdenum trioxide; benzotriazole; microtribology; atomic-force microscopy;
container systems.
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BBenenune

Hcnonp3oBaHne AUCHIEPCHBIX OKCHIIOB JTAMEJUISIPHOTO CTPOCHUS (B YACTHOCTH, TPUOKCHIa MOJTUOICHA TeK-
CaroHaJbHOW MOIU(UKAIINHN) B KadecTBE (a3bl BHEAPSHUS JIUTSI AIICKTPOXHUMUYECKOTO OCAXK/ICHHUS METaIJI-Ma-
TPUYHBIX KOMIIO3UTOB OTKPBIBAET BO3MOKHOCTD MOJTYYCHUS aHTU(PPUKITUOHHBIX MOKPHITHH, CIIOCOOHBIX BBI-
JIepP’)KUBATh 3HAYUTEIILHBIE MEXaHWICCKHUE HATrPy3KH U PYHKIIMOHUPOBATH TP BRICOKHUX Temmeparypax [1; 2].
B 10 ke Bpems ykazaHHbIC OKCHJIBI CJIOUCTOTO CTPOCHHUS 3a CUET 00pa30BaHUSI HHTEPKAJSITOB OPraHUICCKIX
COCJIMHEHHI MOTYT BBICTYIATh B KQYeCTBE KOHTCHHEPHBIX CUCTEM, CIIOCOOHBIX JO3UPOBAHHO BBHICBOOOKIATH
WHKAICYJIMPOBAHHBIE B MEXKIUIOCKOCTHBIX MPOCTPAaHCTBAaX (QYHKIHMOHAIBHBIC COCIMHEHUS (B TOM YHCIIC HH-
THOUTOPBI KOPPO3HH ), YTO JIOJDKHO 00ECIICUHTH MOJJABICHIE KOPPO3UH MATPHYHOTO METAJUIA B PEIKUME OTPHU-
LATeIBHOM 00PaTHOM CBSI3U. DTO, B CBOIO OYEPE/ib, MOYKET CO3/IATh YCIIOBHS JJIS TOJABICHHS TPUOOKOPPO3UU
IIPH BBICOKMX MEXaHMUECKUX Harpy3Kax.

Lenbto HacTosIIeH pabOThI SBISIETCS MUKPOTPUOOIOTHUECKOE HCCIIEIOBAHNE IEKTPOXUMHUYECKH OCaXK-
JICHHBIX KOMITO3UIIMOHHBIX MOKPBITHH HHUKENb — JAUCHEPCHBI TPUOKCHJ MOIHO/IEHA, B KOTOPHIX OKCHJIHAS
(haza BHEJIPEHUS B CHITY TIPUCYIIETO € CIIOMCTO-KAHAIBHOTO CTPOCHHUS CIIOCOOHA BBIMOMHATH (DYHKIIMIO Ha-
HOKOHTEHHEPHOU CUCTEMBI — JICTIO IS HHTHOUTOPOB KOPPO3HHU.

MeToanka IKCIIEPUMEHTA

DIEKTPOXUMHYECKOE OCAKICHNUE KOMITO3UTHBIX MTOKPBITHI IMTPOBOIMIH B NIEKTPOIUTUIECKOH sTUeiKe pu
(MKCHPOBAHHOM TIIOTHOCTH KaTOJHOTO Toka 2 A/am’. B kauecTBe MOIOKKH HCTIOIB30BAITH MEJTHYIO (OTIBY.
Pons anona urpan HukeneBbd anekTpo. OcakaeHne Belu U3 CTaHAAPTHOTO CYNb(aTHOTO NEKTPOIUTA HH-
KeJmpoBaHus cienyrouiero cocrasa: NiSO, (200 r/i), NiCl, (50 r/n), H;BO, (200 /1), pH 4,5-5,0, B kOTOpOM
OBLT CyCTIEHANPOBAH AUCTIEPCHBIN okcua monubaena (0,5 r/m).

JucniepcHblit TpHOKCHT MOJHOAEHA TIOTYYEeH C MCIIOIB30BAHNEM COIbBOTEpMUUecKkoro meroaa [3]. Ilpu
9TOM IMPEKYPCOPOM CIYKHJIa MOJTUOJICHOBasI KMCIOTa (ITOoJydyeHa IMyTeM HOHHOTO 0OMeHa), B KOTOPYIO B Ka-
YEeCTBE MHKAICYIMPYEMOTO HHIHOUTOpa Koppo3un Ob1 1o6asneH Oenzorpuazon (bTA) B konmngectse 15 /.
CuHTE3UpOBaHHAS TAaKUM 00pa3oM IHCIIEPCHAsT OKCHI-MOIUOIEeHOBAs (a3a, copeprKaIiasi HHTepKaIHpOBaH-
Hbelii BTA, MHOTOKpaTHO TIPOMBIBANIaCh B TUCTUUTMPOBAHHON BOJE B IEJAX yAAICHHS (PH3UICCKH COpOUPO-
BaHHOTO BTA. [lo maHHBIM CIIEKTPOCKOMMYECKOTO MccienaoBanus, konmndecTBo bTA B okcumHOW (haze mpu
3TOM nazaio ¢ 61 no 35 mac. %.

AHanu3 Mop(OIOTHH TOBEPXHOCTH MOTYUYEHHBIX KOMITO3UTHBIX TTOKPHITHI BBITTOIHEH C TIOMOIIBIO CKaHH-
pyroriero anmekTporHoro mukpockorna LEO-1420 (I'epmanust) u atromHO-criioBoro mukpockomna NT-206 (be-
Japych) B peKUMe cKaHHpoBaHusA. Kpome Toro, MUKpOTpHOOIOTHUECKOE HCCIIEIOBaHNE TIPOBOAMIIOCH C MPH-
MEHEHHEM aTOMHO-CHJIOBOTO MHKPOCKOTA B KOHTAaKTHO-CTATUYECKOM PEXHME TPHOOMETPHUUECKON JIMHUHU
(B KauecTBe 30H/a UCIIOIB30BaICS MIapuK U3 criaBa BK6 nnamerpom 700 MKM, KOTHYECTBO ITUKIOB TIpOYEp-
yuBaHus TUHUH n1ocTtrrano 500), a Takke UCXO0J U3 TOPCHOHHOTO 3aKpyYUBaHUs KaHTHJIEBEpa B Pe3ylbTare
KOHTaKTa C U3y4aeMO MOBEPXHOCTHIO.

OO011yr0 U3HOCOCTOMKOCTH TNIEHOK OCAKICHHOTO METAJUI-MaTPUYHOTO KOMIIO3UTa YCTaHABIMBAIIHU IO TI0-
Tepe Macchl 00pasna B YCIOBUAX CyXOTro TPEHHMs mpy Harpyske 1,1 kr/cm® B Teuenue 2 4 (IUIOIMIAIb TOPOKKH
TpeHus cocrapisiia 1,8 cv’).

Koppo3noHHy0 yCTOMYNBOCTh KOMITO3UTHBIX IIEHOK OIICHUBAH IO PE3yJIbTaTaM I'PaBUMETPUUYECKHUX
KOPPO3UOHHBIX UCHBITaHUM, IpoBeneHHbIX B cpene 0,5 monbs/n H,SO, npu tremneparype 70 °C. Ilonsapu-
3aI[MOHHBIE KPUBbIE U CIEKTPHI UMIIEIaHCa B KOHTAKTE C KOPPO3SMOHHON CPenoil MOIyYeHBI C MOMOIIBIO
norennunocrtara Autolab PGSTAT204 (Hunepnauasl) ¢ GpyHKITHEH CIIEKTPOMETpPA HMEKTPOXUMHUYECKOTO UM-
nejanca.

Pe3y.111,TaT1,1 HCCae0BAHUI U UX 06cy)lc}1e}me

Ilo maHHBIM peHTTeHOTpaUIECKOTO HMCCIETOBAHUSA, TPUOKCHA-MOINOAeHOBas (a3a, CHHTE3MpPOBAHHAS
B npucyrctBun bTA, npencrasisia coboil cMech rekcaroHaibHoro MoO; U ero MOHOKJIMHHOIO JUrHpaTa
MoO; - 2H,0, npuuem B nudpaxrorpaMmax HaOIOAAICA CABUT BCEX PEe(IICKCOB B CTOPOHY OOJBIINX YITIOB
KaK CJIe/ICTBUE MHTEPKAJIMPOBAHMS OCH30TPHA30JIa B MEKCIOEBOE MTPOCTPAHCTBO (a3bl 0€3 HapyIlIeHHs KpH-
CTAJTTMYECKOM CTPYKTYPHI OKCHIa-HOCUTeNs. B TO ske Bpemst B cooTBeTcTBHM ¢ MK-criekTpockomnueii (puc. 1)
OCHOBHEBIE YacTOTHI Konebanuii ms BTA (B wacTHOCTH, BaneHTHbIe Koebanus V(CN) B o6mactn 1210 cm ')
IIpU UHTepKaIAuuu B MoO, NpakTUYeCcKy HE U3MEHSAIOTCS U, 3Ha4uT, BHeApeHue bTA B okcuIHYIO0 MaTpuiy
HE CONPOBOXKAAETCSI XUMUYECKUM CBSI3bIBAHMEM MHTHONUTOPA B MEKCIOEBOM 00beMe. DJIEKTPOXUMHUECKOE
COOCKACHUE HUKETISI M TPUOKCHAA MOJMOACHA TPUBOINUT K (DOPMHPOBAHHIO METAJI-MaTPUYHOTO KOMIIO3HUTA,
conepxarero 1o 0,7 mac. % okcuaa [4]. [Ipu 5TOM BHEnpeHHe 4acTUI] OKCHIHOHN (pa3bl B METAUTHYECKYIO
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MaTpuny HE BJIMACT HAa KPpUCTAJIIUM3ALUIO METAlJIa U HE NPHUBOAUT K U3MCHCHUIO PasMEpPOB obacTel Kore-
PEHTHOI'0 pacCesHUsl, KOTOPOC, KaK U B CJIy4aC MCXOAHOTO IraJIbBAHUYCCKOTO HUKEIIA, COCTABIIACT 7 HM, 4TO
IIO3BOJIACT OTHECTHU KOMITO3UTHI I\Ii-l\/IOO3 K HAaHOKOMIIO3UTaM.
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Puc. 1. UK-criekTp 4acTHIl IUCTIEPCHOTO TPHOKCH A MOIHOIeHa, fonupoBaHHOTOo BTA.
V(OH),,,,, — yacTora KoneGaHui 1isi TMAPATHON BOBL;

v(OH),,,, — 1acTora konebanuii Jisl TEPMUHAIBHBIX THIPOKCUIIBHBIX TPYTITT

Fig. 1. 1R spectra of dispersed molybdenum trioxide doped with benzotriazole.
v(OH),,,,, is the frequency of oscillations of hydration water;
V(OH),,,, — frequency of oscillations for terminal hydroxyl groups

Pe3ynbrars! nccnenoBaHuil, BBITOJHEHHBIX METOJOM aTOMHO-CHJIOBOH MUKPOCKOIHH, CBUIETEIBCTBYIOT
0 TOM, 4TO HIEPOXOBATOCTh MTOBEPXHOCTH HUKENS IPU BHEAPEHHUHU B €r0 00bEeM YacTUI] TPHOKCHa MOJIHOIeHa
noBbIIaeTcs (puc. 2) ¥ CpeaHee OTKIOHEHUE MPO(UIIs MOBEPXHOCTH yBennunBaeTcs ¢ 432,8 no 648,8 um. [lpu
9TOM HOBBIE CTPYKTYPHBIE 3JIEMEHTHI, (POpMHUPYIOLIHE TOBEPXHOCTS, IO pazMepy 1 GopMe COOTBETCTBYIOT Ya-
CTHLIaM MHKOPIOPHPOBAaHHOM OKcHA-MONMOAeHOBOM (aspl. Takas Mopdonorus moBepxXHOCTH 00yCIOBIEHA
MIPOTEKAaHHEM IIpoliecca OCAKICHUS MO peloke-Mexanusmy [1; 2; 5], obecrnieunBaiomemMy nepeioKain3aiio
JTAaHHOTO MpoLecca HETOCPEICTBEHHO Ha OKCHI-MOJIMOACHOBYIO a3y u 3(pheKTHBHOE MHKANCYINPOBAHUE Ya-
CTHI] OKCH/Ia MaTPUYHBIM METAJJIOM.

ala o/b

R,=432,8 am

0

Puc. 2. 3D-n300pakeHHsI TOBEPXHOCTH TaTbBAHIMYECKH OCAKICHHOTO HUKEIS (a)
1 3IIEKTPOXUMHYECKH chopMupoBaHHOTO Komno3uta Ni-MoO, : BTA (6)

Fig. 2. AFM images of the surface of galvanic nickel (a)
and electrochemically derived Ni-MoO, : BTA composite (b)
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BrinonHeHHOE 3NIeKTPOXUMUYECKOoe HccieoBanue (puc. 3) rmokasasno, 4YTo Nepexo K KOMIO3UTHOMY TO-
kpbITui0 Ni-MoO, npuBOAUT K CHUKEHUIO 3()(MEKTUBHOCTU OKUCIEHUS 3IEKTPOJHON MOBEPXHOCTH B KHC-
JIOW KOPPO3HOHHOH cpefie. B cBoro ouepenp, COacHO TPaBUMETPUYECKUM U3MEPEHNSIM WHKOPTIOPHPOBAHNE
YacTHUIl TPUOKCHIAa MOMHOIeHA 3HAYUTENBHO (5-KpaTHO) CHIKAET CKOPOCTh KOPPO3UH HHUKEIEBOW MaTpPHUIIBI.
Takoe maccuBUpyIOIIee ACWCTBUE HHKOPIIOPUPYEMON OKCHA-MOIUOIEHOBOHN (Da3hl CBS3aHO TPEXkKIE BCETO
C TeM OOCTOSITEIbCTBOM, YTO OHA MOYKET BBICTYINAaTh B Ka4€CTBE MCTOYHHMKA MOJIMOAT-HOHOB, 00JIIal0NINX
WHTUOUPYIOINM JieiicTBHeM [5; 6]. IHKopriopupoBaHUE B HUKEJEBBIA HOCUTENh YACTHII OKCHA C WHTEpKa-
JTUPOBAHHBIM OCH30TPHA30JI0M CIIOCOOCTBYET JalbHEHIIIEMY CHUKCHHUIO CKOPOCTU KOPPO3UHU (CM. TaOIHUILY)
U nofaBieHNI0 Y(Q(HEKTUBHOCTH aHOTHOTO OKHCJICHHUSI HUKEIS (CM. puUC. 3), UTO SIBISICTCS PE3ybTaToM Jeii-
CTBUS HHTHOHMPYIOIICH T0OaBKH.

PeSyJ'll)TaTbl IrpaBUMETPUYIECKOI0 KOPPO3HUOHHOI0 HCCJI€10BAHUSA IVIECHOK
rajJbBAaHHYE€CKOI0 HUKEJIA U KOMIIO3UTOB HAa €ro 0OCHOBE

Results of gravimetric corrosion testing
of galvanic nickel films and nickel-based composites

Conep:kaHue OKCHIA B JJIEK- Conep:xanue okcuia CpenHsist CKOpOCTb
TpOJIHTE, T/ B KOMIIO3UTE, Mac. % KOPPO3HH, MI/(cM” - 1)
Ni — 4,6
Ni-MoO, 0,7 1,7
Ni-MoO,; : BTA 0,6 1,4

Ha puc. 4 BuaHO, 4TO B KOHTaKTe ¢ KOppo3uoHHoi cpenoit (3 % NaCl) cnekTp 3JIeKTpOXUMHUYECKOTO HM-
nefaHca AJsl IUIEHKU HUKeNsl B KoopauHatax HailikBucra umeet ¢opmy, ONM3KyI0 K IPaBUIBHOMY IOIYKpY-
Ty, ¥ OIMCHIBACTCSA MIPOCTON SKBUBAJICHTHOW CXEMOM, COCTOALICH M3 CONPOTUBIICHUSA PacTBOpa R, EMKOCTH
JBOMHOIO 3JIEKTPUUYECKOro ciios Cy; U BKIIOYEHHOTO MapajuleNIbHO COIPOTHUBIIEHHS IepeHoca 3apsaaa R.. Ot1-
cyTcTBHe Aedopmainuii CrieKTpa CBUICTENLCTBYET O HE3HAYUTEILHOM BKJIAJIE B JIEKTPOXUMHUECKUE H3Me-
PEHUs CO CTOPOHBI MACCUBHOM INIEHKU Ha MoBepxHocTU Hukens. Ilepexon k komnosuty Ni-MoO, : BTA co-
IIPOBOXKIAETCSL PE3KUM BO3PACTAHUEM BEJIMUMHBI UMIIEJJAaHCA, YTO YKa3bIBAET HA CHIKEHUE 3(PPEKTUBHOCTH
KOPPO3HOHHOTO Tporecca. [Ipu 3Tom criekTp npuodperaeT Oojee CIOKHYIO (HOpMy, KOTOpasi OIMCHIBACTCS
9KBUBAJICHTHOM CXEMOM, BKJIFOUAIOIIEH B ce0sl JOMOIHUTEIBHO eMKOCTHBIH (C,) 1 oMuueckui (R ) SI€MEHTHI.
3T0 ToATBEpXKIAET 00pa30BaHKE MTOBEPXHOCTHOTO TIOTHOTO aJICOPOIIMOHHOTO CIIosl (C yJacTHeM copoupyto-
mierocsi 0eH30TpHUazoa U Monudaara, KOTOPhI TakKe CIOCOOEH BBICTYIATh B KadecTBe MHruourtopa [5]),
00ecreunBaloIero noaBieHNne KOPPO3HH.

BrlnonHeHHOE KOMIUIEKCHOE TPHOOIOTHYECKOe HCClieioBaHue (pHc. 5) Mokas3ajo, 4TO MHKOPIOPUPOBa-
HUE AUCIEPCHOTO TPHUOKCHIA MOJIMO/EHA B OCAOK IaJIbBAHNYECKOIO HUKeENs o0ecrieunBaeT GopMUpOBaHUE
M3HOCOCTOMKHUX MOKPBITHH (M3HOCOCTOWKOCTH KOMITO3UTOB IPEBBIIIAET COOTBETCTBYIOLINI MMOKa3aTeNb /sl
TIeHOK Hukens B 4,5 pasa). Ilpu sTom BbIcOKas w3-

0,10 HOCOCTOMKOCTb 3/1eCh SBIAETCS CJIEICTBHEM CaMo-
s i CMAa3bIBAIOIINX CBOMCTB, COOOIIAEMBIX KOMITO3UTY WH-
S 008f L KOPIIOPHUPOBAHHBIM CJIOWCTBIM OKCHIOM: TIO JaHHBIM
) L MUKPOTPHOOJIOTHIECKOTO HCCIIe0BaHus, Kod(hhuiu-
€ 0,06 €HT TPEHMs AJI1 KOMIO3UTOB coctasiser 0,87 m naxe
E | menbie (0,05-0,15 mpu MaKpOCKOMUYECKOM 30HAUPO-
% 0.04 1 BaHUM [5]), B TO BpeMs Kak B ClIy4ae raJbBaHUYECKO-
2 5 IO HHKEJS, TIOTYYEHHOTO B COMOCTABUMBIX YCIIOBUSX,
= I 3 3Ha4YeHue Kod(uireHTa npepbiiaet 1 (kak B mporec-

0.02 - ce MUKPOTPHOOIOTHIECKIX N3MEPEHUH, TaK U TIPH Ma-

i KPOCKOTIMYECKOM 30HIUPOBAHUH ).

0 MukpoTpHrOOJIOTHYECKOE HCCIISIOBaHNE T0Ka3ajI0
01 00 01 02 03 04 05 POTP ! :
YTO B Clly4ae rajlbBAHUYECKOTO HUKEIS B XO/€ LMKIIU-
Hanpsoxenue, B .
YEeCKOTO MEXaHHYEeCKOTO BO3JCHCTBHUS HAONIOIACTCS
Puc. 3. Ilukymnaeckue BOILTAMIEPOTPAMMBI 1Ist IUIEHKH MOCTENIEHHOE MOHOTOHHOE TIOAHATHE [HA TPEKA 30Ha,
rajgbBaHnueckoro Hukens (/), kommosuta Ni-MoO; (2), YTO CBUJETENLCTBYET O IIPEBAIMPYIONIEM 3HAYCHUM
Ni-M : BTA H .
O 00, () 8 0,5 Mo/ H,S0, TPUOGOKOPPO3UH B TIPOLECCE MEXAHMYECKOTO M3HOCA,
KOPOCTh Pa3BEePTKU MOTeHIMana — 2 MB - ¢ COMPOBOK LAIOLLEMC AKOILICHICM  OKC o
) . o . MpOB MCSl HaKOTLICHUEM HJHBIX TPO-
Fig. 3. Cyclic voltammograms for galvanic nickel (1), Ni-MoO; P BI[ m A p
composite (2), Ni-MoO, : BTA composite (3). Electrolyte: AYKTOB. B TO K€ BPEMA B CIyHac WHKOPHOPHUPOBAHH
0.5 mol/l H,SO,. Sweep speed of potential —2 mV - s~ B HHUKENb YaCTUL[ OKCHJAA MOJMOZICHA, COIEpXKalluX
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Fig. 4. Nyquist plots for galvanic nickel film (/)
and Ni-MoO; : BTA composite (2) in corrosive solution
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Puc. 5. Pe3ynpraTbl MUKPOTPHOOIOrHYECKOTO NCCIIEIOBAHMS TaJIbBAHNYECKOTO HUKENA (¢) M KOMIIO3UTHBIX MuieHOK Ni-MoO; : BTA (6):
dZ — pa3HOCTPH BEJIMYMH HOPMAJIBHOTO OTKJIIOHEHWSI 30H/1a ITPU TIPSIMOM U 00paTHOM XO0/I¢; f — KOO((PHUIUCHT TPCHUSI.
Bennunna cKpyuMBaHHs KAHTHJIEBEPA JIaHa B OTHOCHTEIIBHBIX SIHHHUIIAX

Fig. 5. The results of microtribological study of galvanic nickel (¢) and composite films Ni-MoO;, : BTA (b):
dZ — the difference between the normal deviation of the probe in the forward and reverse mode; f'is the coefficient of friction.
The twisting of the cantilever is given in arbitery units
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0CH30TPHA30JI, MEXaHMUECKOE OKUCIUTEILHOE M3HANIMBAHKIE TOAABISIETCSl BCIES/ICTBHE JIO3UPOBAHHOTO BbI-
CBOOOKICHUS MOJIEKYJ aHTHUKOPPO3MOHHOTO areHTa W3 YaCTHI[ CJIOUCTOTO OKCHA M JTHO TPEeKa B XOAE IH-
KIAPOBAHUS HAUWHAST MOCTETICHHO 3amTyOonsaTees (puc. 6, 6). Pe3ynpraroM HEWCTBUS BBIIEISIONIETOCS WH-
rUOUTOpA SBJSIFOTCS 3aMEJIJICHHE TPUOOKOPPO3UH U ToaBiieHue (POPMUPOBAHUSI OKCH/IAa HUKEIIS B Tpeeiax
JOPOXKKH TPEHHUSL.
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Puc. 6. I3MeHEeHUE MOJIOXKEHHUS JTHA TPEKa 30H7Ia aTOMHO-CHUIIOBOTO MUKPOCKOTIA
BJI0JIb KOOPAMHATHI Z JIs TallbBAHUYECKOTO HUKEIS (@) M KoMIO3UTHBIX meHoK Ni-MoO; : BTA (6).
AB — HampaBieHue Tpeka IBIKCHUS 30HAa
Fig. 6. The evolution of the position of the bottom of AFM probe track along Z-coordinate for galvanic nickel (a)
and composite films Ni-MoO, : BTA (). AB is the direction of the track

3akaoueHmne

BrinonHeHHOE Hccaen0BaHue TOKA3bIBAET, YTO BHEPEHUE B METAJUIMUECKY0 MATPUILy YaCTHULl CJIOUCTBIX
OKCHJIOB, COAEPIKAINX HHTEPKAINPOBAHHBIH HHIHOUTOP KOPPO3WH, MTO3BOJISET HE TOJBKO IMOBBICUTH KOPPO-
3HOHHYIO YCTOHYHMBOCTH TOTYYaeMbIX METaI-MaTPUYHBIX KOMIIO3WTOB, HO W IOJABUTh TPUOOKOPPO3MIO,
oOecmeunBasi TaKUM 00pa3OM PE3KOe MOBBIIICHNE YCTOHYHNBOCTH TIO0 OTHOIICHHIO K MEXaHUYECKOMY H3HOCY.
IIpyuHIMIIHATBHBIM SBISETCS TO, YTO CIIOUCTBIE OKCUBI, UTPAIOLIUE POJIb KOHTEHHEPHBIX CTPYKTYP, COXpaHs-
0T CIIOCOOHOCTB COOOIIATh TOBEPXHOCTH KOMIIO3UTA CAMOCMA3bIBAIOLIIE CBOUCTBA.
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_ CHOEKTPAABHO-AIOMUHECLIEHTHBIE
CBOVICTBA MUKPOKPUCTAAAOB YAL(BO,), : Ce*’, Th*",
TTOAYYEHHBIX METOAOM COOCAKAEHUA

I’ IT. HIEBYEHKO", 10. B. BOKIIIHI]", H. IO. HBJIHEBA",
I E. MAJIAIIKEBHY?, C. E. KHHYAHOB®

YVupeacoenue BIY «Hayuno-uccredosamenckuti uHCMumym (usuko-xumuveckux npobnemy,
. Jlenunepaockas, 14, 220006, e. Munck, benapyce
A Unemumym usuxu um. 5. M. Cmenanoea HAH Benapycu,
np. Hezasucumocmu, 68-2, 220072, 2. Munck, Bearapyce
D O6vedunennbviii uncmumym sdepubix ucciedosanii,
yi. Konuo-Kiopu, 6, 141980, . /[yona, Mockoeckas o6n., Poccus

CunTesuposansl MuKpokpuctaiisl YAL(BO,), : Ce™',

TbSJr C HCIIOJIb30BAHHUEM KOJ'IJ'[OPI}IHO-XI/IMI/I‘IGCKOFO nmoaxoaa

K UX CHHTE3y. YCTaHOBIEH 3((eKT CeHCHOMTH3aun JEOMHHECLICHLIMH HOHOB Tb*" monamu Ce’, 06ycloBIeHHEII mepe-
HOCOM 3HEPTHH JIEKTPOHHOTO BO36ysKieHus Sd-yposHeii nonoB Ce’* Ha 7F -ypoBuu Tb* 3(1)(1)6KTI/IBHOCTL TaKo# ceH-
CHOMITH3AIMH COCTABIAET OKolo 50 %. YBenuuenne konuentpamuu Th** B /:[Ba pasa (c 5 no 10 at. %) npu HEM3MEHHO
xonnentparmu Ce’* (1 at. %) conpoBoxkaaeTcs npuéIusuTenbHo 10 % BospacTanneM 5QOEKTUBHOCTH CEHCHOMITH3HPO-

3 3+
BAaHHOMH JIIOMUHCCILICHIITUHN Tb™".

Knrouessie cnosa: coocaxaeHune; aTroMo00paTsl HTTPHSL;, TIOMUHECIICHIINS; CCHCHOMITH3AIIH.

bnazooapnuocms. Pabota BeImonHeHa pu GUHAHCOBOH monaepkke bemopycckoro pecmybnnkanckoro ¢ponaa hyHmaa-

MEHTaIBHBIX uccienoBannii (rpant Ne X17/1-012).
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THE SPECTRAL-LUMINESCENT PROPERTIES OF MICROCRYSTALLINE
YAL(BO,), : Ce**, Tb*", OBTAINING BY COPRECIPITATION METHOD

G. P. SHEVCHENKO?, Y. V. BOKSHYTS", I. Y. IVLIEVA®, G. E. MALASHKEVICH", S. E. KICHANOV ¢

*Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus
*Institute of Physics named after B. I. Stepanov, National Academy of Sciences of Belarus,
68-2 Niezalieznasci Avenue, Minsk 220072, Belarus
‘Joint Institute for Nuclear Research, 6 Joliot-Curie Street, Dubna 141980, Moscow Region, Russia

Corresponding author: G. P. Shevchenko (gvidonashevchenko@gmail.com)

YAL(BO,), : Ce’*, Tb*" microcrystals were synthesized via using colloid-chemical approach. The effect of sensitizing
of Tb*" ion luminescence by Ce’” ions, caused by electronic excitation energy transfer of Ce’” ions from 5d levels to 'F,
levels of Tb>", was established. The efficiency of such sensitization is about 50 %. With the concentration of Ce’" being the
same (1 at. %), doubling the Tb’" concentration (from 5 to 10 at. %) will cause 10 % increase of sensitized luminescence
efficiency of Tb>".
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BBenenue

boparsr obweit popmynst RM,(BO;),, raie R — penxozemenshsle noHs! i urtpuii, a M (Al, Fe, Ga,
Cr) — KpUCTaJUIBI CO CTPYKTYpOH XaHTUTA, 00JIaJal0T SIPKO BBIPAKEHHBIMH JIIOMUHECLIEHTHBIMUA M HEJTMHEH-
HO-ONTHYECKMMHU CBONCTBAMM M XapaKTEPHU3YIOTCS BBICOKOM TEPMHMUYECKOW, XUMHUYECKOM M MEXaHMUYECKOU
ycroitunBocTsio [1-3]. Kpome Toro, oHn 1eMOHCTPUPYIOT aHOMAJIbHO HU3KO€ KOHIEHTPAIMOHHOE TyIIEHHE
JIOMHMHECLICHLIUHN peIKo3eMeNIbHBIX 1eMeHToB (P3D), 00ycinoBieHHOEe MEKMOHHBIM TIEPEHOCOM BO3OYKIE-
HUH, 13-32 PEKOPIHO OOJIBIIOr0 PAcCTOSHHUA MEXKAY Ommkaiiiumu noHamu Ln—Ln, paBroro 0,59 um [4]. D10
CBSI3aHO CO CTPYKTYypOH XaHTHTA, B koTopoil momudapel [RO,] pazaenens: nomudapamu [BO,]. Cpenu 6oparos
Haubollee epCHeKTUBHBIM sABIgeTcs antoMmodopar urrpus (YAL(BO,),, YAB), koTopblii Xapakrepu3syeTcs orl-
TUYECKON MPO3PaYHOCTHIO B IIMPOKOM Juarna3oHe JUIH BosH — oT 200 1o 7000 M [5; 6]. 3ameras NOIHOCTBIO
WM 9aCTUYHO HOH Y™ MoHaMu P3D, MOXHO TOJTydaTh TIOMHHECIUPYIOIIHME MATEPHAIIBI C TpeOyeMbIMHU T1apa-
metpamu. Tak, YAB : Sm’", Eu’, Tb*", Dy’ MoryT ucrons30Barhcst Aj1sl OJTyYeHHs TBEPAOTENbHBIX 1a3ePOB,
M3Iydaloux B BUAUMOi o6mactu, YAB : Nd*', Er'" — TBepaoTenbHBIX Ta3epoB, U3IydalomuX B OMukHeit
unppakpacHoii o6mactu, YAB : Ce’', Tb’* — Bricokod(hdeKkTHBHBIX YD-BH3yann3aTopos, BOCTPEGOBAHHOCT
KOTOPBIX B OMOJIOTHYECKUX M MEIUIIMHCKUX MCCIEJOBAaHHUAX MOCTOSHHO pacteT [7—11].

Henp HacTosimei paboTbl — HccnenoBanue (HazoBoro cocraBa, MOP(HOJOTHH M JIIOMHUHECLHEHIIUU CEPUU
MHKpPOKPHUCTaJIHUeCKuX oOpasios YAB, axrusupoBanubix uoHamu Ce’’, Tb™" u monyueHHBIX MeTomOM
COOC@XKJCHUS, KOTOPBIH 00ecieunBaeT BEICOKOE TOMOTEHHOE paclpe/iesieHHe HOHOB-aKTHBATOPOB B PEIIETKE
XO0351Ha.

MeToauka 3KCIIepuMeHTA

O6pa3upl amromMobopara UTTPHs, aKTUBUPOBAHHOTO IIEPHEM M TepOHeM, MOydyald 10 paHee 3arnaTeHTo-
BaHHOW MeToauke [12] myTeM coocakeHUs] THAPOKCHIOB U3 BOIHBIX PACTBOPOB COOTBETCTBYIOIIMX COJIEH
B MPHUCYTCTBUHM OOpHON KHUCIOTHI. J[1s1 COBMECTHOTO OCa)KACHUS UCIIOIB30BaIM PACTBOPHI HUTPATOB UTTPHUS
1 aJIIOMUHUS B KOHIEHTPAMH | MOJIB/JI, TOyYeHHBIE ITyTEM PaCTBOPEHHS MX OKCHIOB B BOJIE B IPUCYTCTBUHU
HNO,, pacTBopbl aMmmuaxa (p = 0,982 r/cM’) 1 GOpHOMN KMCIOTHI B KOHIEHTpaluy 1 Mosb/i. B kauecTse co-
JIe-aKTUBAaTOPOB MPUMEHSIN HUTPAThl TepOUs U Lepusi, KOTOpbIe J0OaBISIIM K CMECH PacTBOPOB HUTPATOB
UTTPpUS M aTIOMUHUS U3 pacuera 5 ar. % Tb, a Taroke 1 at. % Ce u 5 wnu 10 at. % Tb no 3amemaemomy
nony Y’'. B aKcriepuMeHTe HCMOJb30BaTICh PEAKTHBBI MAPKH «X. U.». VICXOIHbIE peareHThI B BUJIE PACTBOPOB
a30THOKMCIIBIX CONEH UTTpUs M AFOMHUHHS CMEIIUBAIM B COOTBETCTBUM cO cTrexuomerpueit Y,0; : 3A1,0;,
no0aBis HUTpaThl Tepous u uepust u 10 % usdeirok H;BO, (10 cpaBHEHHIO CO CTEXHOMETPUYECKUM KO-
nyecTBoM). OcakaeHue MPOBOIWIN MPU MEPEMEIIMBAHNN, MEJICHHO MPUKAMbBIBas MOIyYSHHBI pacTBOp
HCXOJHBIX peareHToB K pacTBopy ammuaka o pH 7,5-8,0. [lonydenHble cycrieH3un COBMECTHO OCAKACHHBIX
THIPOKCHIIOB OCTABIISUIM HAa CYTKH, 3aTEM OTIEJISUIM OCAAKH IyTeM LEHTPU(PYTUPOBAHUS, TPOMBIBAIN CITUP-
TOM U BBICYIIMBAIM Ha Bo3ayxe npu temmeparype 60—80 °C. OOpasyromuecs kceporean TepMooodpadaThIBaIn
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Ha Bo3ayxe 2 4 ipu Temneparype 600 °C s ynaneHust U3 Kceporesneil CTpyKTYPHO CBA3aHHOM BOJBI M KUCIIOT-
HBIX OCTaTKOB U 2 4 mipu temreparype 1150 °C mis popmupoBanus aaromodbopara UTTpHsL.

Juist cepunt MOMYyYEHHBIX 00pa3IoB MPOBECHBI CTPYKTYpHBIE HccienoBanus B OObeJUHEHHOM HHCTHTYTE
SJIepHBIX UccrenoBanmii Ha qudpaxromerpe Empyrean PANalytical ¢ ”HTEHCHBHBIM TOTOKOM PEHTI'€HOBCKO-
ro m3nydenus (Cuk -uzmydenue). Mop¢onoruro u pa3mMep 4acTHIl OTPeessUTH METOIOM CKaHUPYIOIIEH 31ek-
TpoHHOI Mukpockonuu (COM) na mpudopax LEO-1420. Cnextpsr momunectiennnu (CJI) u cnexTpbl Bo3-
oyxxnenus mromuHectennu (CBJI) 3anmuceiBasucs mpu Temmeparype 298 K una ciexrpodmyopumerpe CIJI-1.

Pe3y.]'ll>TaTl>I HCCJIeI0BAHUI U X 06cy)lc)1e1me

Ha puc. 1 mpuBeseHbl peHTIeHOIPaMMBbI MOTYYEHHBIX 00pa3loB, KPUCTAITNYECKAs! CTPYKTYpa KOTOPBIX
cootrBercTByeT YAL(BO,), (JCPDS-2002, PDF72-1978). Iluku yeTkue U y3Kue, 4YTO CBUAETEILCTBYET O XO-
poleii 3aKkpycTamIM30BaHHOCTH 06pa3ioB. Morsl Ce’" n Tb* 3amemaror Y**. BenencTsre Manoro pasunuus
B MOHHBIX paJInycax UX BIMSHHUE Ha TOJOKEHUE TUPPAKIUOHHBIX peduiekcoB He3HaUNTEeNbHO. OQHAKO JUTst
00pasoB ¢ TepOueM XapaKTepHO HEOOIBIIIOE CMENeHNE TUPPAKITUOHHBIX ITHKOB B CTOPOHY OOJIBIINX YIJIOB,
YTO MOXET yKa3bIBaTh Ha 3aMEIICHUE HOHOB UTTpus LepueM u tepouem (Ne 1, 3, 4) B pemerke YAL(BO,),
¢ adexToM ee cxKaTHs, Hojee BHIPAKEHHBIM IS cofepxkanus 5 % Tb, mockonbKy HoHHBIH pagmyc T 3a-
meTHO MeHbme, uem Ce’": Ce’" — 0,114 um, Tb*™ — 0,092 uM (KoopauHAIEOHHOE uncio — 6). s obpasia
Ne 2 ¢ makcumanbabIM conepxkannem tepoust (10 % Tb, 1 % Ce) oTMeueHHOE CMElIeHUE THKOB OTCYTCTBYET,
¥ MOXKHO TIpefronarars popmupoBanue apyrux a3 ¢ TeporueM ¢ MeHee 3HaYNTeIbHBIM BKIIOYEHUEM B KpH-
crajmnyeckyto pemetky YAL(BO;),, 4To TpeOyeT JONONHUTEIEHOTO HCCIIEI0BaHMUS.

Ne2—-10%Tb, 1 % Ce

i
i i 3 }
P e AR i
. I
i 3 { No3-5%Tb
e A AN A A A
: } I Ned—1% Ce
.a-JL A J‘L_J\~ —”'\.J w J\
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Puc. 1. Pentrenorpammsr o6pasnos YAL(BO,),,
OIHOAKTHBHPOBAHHBIX U coakTHBUpOBaHHBIX Ce u Tb (CuK -usnyuenue)

Fig. 1. XRD patterns for YAL,(BO;), samples,
activated and co-activated by Ce and Tb (CuK-radiation)

O6pasust YAL(BO,),, aktuBuposansusie Ce u Tb, nmo nanaeiM COM (puc. 2), COCTOST U3 YacTHUIl pa3Me-
pom ot 0,2 o 2,0 mxm. Cpennuii pasmep yactui oopasiia YAB, conepxkariiero 1 % Ce u 5 % Tb, cocrapisieT
okoiio 0,5 mMxm, a odpasia YAB, conepxartero 1 % Ce u 10 % Tb, — okono 1,0 mxm. YacTHIlbI HMEIOT Kak
MHOTOYTOJIbHYIO (JOPMY C YHCIIOM TpaHEil OT 4eThIpeX J0 IIeCTH, TaK M MajoukooOpasHywo gopmy. Pazmep
najgouKko0OpasHbIX yactuil kosedercs ot 0,2 10 1,0 MM, pa3smep HanboJIee 4YacTO BCTPEUAIOIIMXCS JOCTUTAET
0,3 MKM.

CriexTps momuHectieHmn noHos Tb™" B Tb- u Tb + Ce-axtuBupoBanHbx 06pasiax YAB npu A, = 310 uwm,
OJIM3KOM K MaKCHMAaJIbHOM MHTEHCUBHOCTH TIOJI0CHI BO30YK/ICHHS MOHA Ce™, MpencTaBiIeHHbBIE HA PUC. 3, a,
B OCHOBHOM 00YCJIOBJICHbI TIOMUHECIIeHINeH noHoB T B rcceyeMoii 061acTH CreKTpa MpH JUIMHAX BOJH
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Puc. 2. COM o6pasuos YAL(BO,),, akrusuposanubix: a — 1 % Ce +5 % Tb; 6 — 1 % Ce + 10 % Tb
Fig. 2. SEM for YAL(BO,), samples, activated:  — 1 % Ce + 5 % Tb; b—1 % Ce + 10 % Tb

350—700 uM 3a cyer f— f-IepexoaoB ¢ Bo36y>1<neHHoro ypoBHs “D, Ha ypoBHH F (puc. 4). Hanbosnee unten-
CHBHas T0II0CA JIFOMHHECIEHIH HoHOB Tb*" ¢ MaxcuMymamu npn 545 1 550 HM BBI3BIBACTCA IIEPEXOIOM
°D, — 'F,. Pacuiieruienue SMUCCHOHHBIX JIMHUA cepnn nepexosos °D, — F , KOTOpO€ HAaO0IaeTCs KaK B CIIy-
qae o6pa3u0B aKTHBMPOBAHHEIX TONBKO HoHamu Th**, Tak u B cyuae Tb + Ce- -COAKTUBUPOBAaHHBIX, MOXKET
ObITH 00YCJIOBICHO Pa3HbIMU KpHCTannorpa(bnqecngH MO3ULUSAMH TepOUs IPU 3aMEICHUN HOHOB UTTPHSI.
Kak BugHO u3 puc. 3, a (kpusbie 2 u 3), CHEKTPBI JTIOMUHECLICHIINH IPAKTUYIECCKH HE 3aBUCAT OT KOHLEHTPALUU
nonos Tb’", 4To, MO-BUAMMOMY, ABISETCS CIIEACTBUEM JOCTATOYHO GOJBIIONO MHHHMAIBHOTO PACCTOSHHS
(Ln—Ln) B YAB u 3army6/1eHHOT0 TOJNIOXKeHHs cocTosuus “D,. Jliomunectenus noros Ce’” B coakTHBH-
POBaHHBIX 00pa3Lax MPOSBISAETCS B BUAEC MAJIOMHTEHCUBHOM IOJIOCHI, PACIICIUICHHON HA JIBE KOMIIOHEHTHI
(Ao = 350 M 1 A, . = 370 HM), KOTOpBIE COOTBETCTBYIOT IIEPEXO/IAM M3 MEeTacTabMIBHOIO COCTOSIHUS CMe-
manHoit 4f°5d'-xoudurypamun B cocrosnus “F,, u °F,, ocHoHOTro Tepma. B Tb + Ce- ~COAKTHBHPOBAHHEIX
obpasuax npH JUIMHE BOJIHBI BO30yxaeHus A, . = 310 Hm MHTEHCHBHOCTD JIOMHHECLECHIN Tb* npumepro
Ha JIBa MOPsAKa BBILIE, 4YeM B 0Opasle, AKTHBHPOBAHHOM TOIBKO Tb*", 9TO CBHIETENBCTBYET O 3HAUYMTETHHOM
3¢ pexTe ceHCHOMTH3ANHI IIOMUHECIIeHIMK HoHOoB Tb®* nonamu Ce®”
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& =
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Puc. 3. CJI (a) u CBJI (6) quist 06pasos YAL(BO,),, akTuBUpOBaHHBIX:
1-5%Tb";2-1%Ce™ +5%Tb"; 3—1% Ce + 10 % Tb;
Apois =310 1M (a); A, = 545 um (6)

8030
Fig. 3. Luminescence (a) and excitation luminescence (b) spectra
for YA13(BO3)4 samples, activated:
1-5%Tb";2-1%Ce" +5%Tb"; 3-1% Ce + 10 % Tb;
Ao = 310 nm (a); A, = 545 nm (b)
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OhhexTHBHOCTD TaKOW CEHCHOMIIM3AINH, CY/S 110 OTHOIICHHIO MaplyuaTbHOW HHTEHCHBHOCTH JIFOMHHEC-
nenmmn Tb" k MHTerpanbHOMN, BKIIOUAIONIeH B cebs TONOMHUTENHFHO monocy momuHecnennun Ce’ (1By-
rop6as monoca mpu A < 400 HM), cocTapiseT okoo 50 %. Yeennuenue koHrenTparmu Tb®" 0 10 ar. % npn
Henm3MeHHOH KoHnenTparmu Ce’™ (1 at. %) conpoBokaaeTcs npuommu3nuTensHo 10 % BospacTanueM 3¢ Qek-
TUBHOCTH CEHCHOMIN3MPOBAHHOI oMuHecteHmmn Tb®* (em. puc. 3, a, kpusbie 2 u 3).

Peanm3anus onncanHoOW CEHCHOMIN3ALMHN JTIOMHUHECIICHIINU TTOJTBEPKIAETCS TaKKe CIEKTPaMu BO30YX-
JICHUS JTIOMUHECIIEHITUH (puc. 3, 6, KpuBbIE 2 U 3), HA KOTOPBIX OTYCTINBO BUIHO TOSBICHUE IBYX NHTCHCHB-
HBIX Y®-nonoc npu amuHax BomH 270 u 320 HM, XapakTepHsIx i noos Ce’” B YAB [13]. Crexyer Taxoke
OTMETHTB, 4TO TIPH A, s = 375 HM, XapakTepHOil /s HoHOB Th', MHTEHCUBHOCTH JTFOMUHECIIEHIMHI 06pasiia
YAL,(BO,), : Ce’*, Tb’* Bo3pacTaer Bcero npuMepHo B 2 pasa.
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Puc. 4. Cxema sHepreTudeckux yposHeii nonos Ce’” u Tb*" u nepenoca snepruu
pu peanuzanyn dGdexra ceHCHOMIM3aunuy JTFOMUHECIICHIINN TEPOUS

Fig. 4. Scheme of energy levels of Ce’* and Tb’ “ions and energy transfer during the realization
of the terbium luminescence sensitization effect

Taxum 006pazoM, CHHTE3UPOBAHHBIE C HCITOIB30BAHUEM KOJUIOMIHO-XMMHYECKOTO METO/Ia MUKPOKPHUCTAII-
3+ 3+

as1 YAL(BO,), : Ce™, Tb™ co cpennumu pasmepamu gactun ot 0,2 1o 1,0 mxm xapakrepu3syrorcs 3G deKTuB-
Hoi#t (50 % u BEIIIE) ceHcuOMM3anueii monamu Ce’” moMmHecHeHIEH HoHOB Tb’', HHTEHCHBHOCT KOTOPO
YCUJIMBACTCS HA J[BA TOPSIKA IO CPaBHEHWIO C HECEHCHOWIM3WPOBAHHBIMHU oOpas3iamu. JlaHHEIH 3ddexT
06YCIIOBJIEH TIEPEHOCOM SHEPTHHU IEKTPOHHOTO BO30yxkieHns Sd-yposHeii nonos Ce’ Ha 7Fj-yp0BHI/I Tb*.
3a cyeT BBICOKOH KOHIIEHTPALIMK aKTUBATOPa 03 SIBHOTO TYIICHHS JIIOMUHECIIEHITNHA MOYKHO JOCTHYb BRICOKOH
WHTEHCUBHOCTH M3ITydeHHs. YCTAaHOBIICHHBIE JTIOMIHECIIEHTHBIE CBOMCTBA aKTHBUPOBAHHBIX aFoMOO0OpPaTOB
JTAIOT BO3MOXKHOCTH MCITONIb30BAaTh TAKWE MaTepPHAaIIbl B IIEJISX Pa3padOTKHA HOBBIX TIOMUHO(OPOB ISt TPeod-
pazoBaHus YD-U3mydeHNs B H3ITy9eHUE BUIUMOTO CIIEKTPA.

budanorpadguyeckne cCblIKM

1. Dutta D. P, Tyagi A. K. Inorganic phosphor materials for solid state white light generation // Solid State Phenom. 2009.
Vol. 155. P. 113-143. DOI: 10.4028/www.scientific.net/SSP.155.113.

2. Maia L. J. Q., Fick J., Bouchard C., et al. Elaboration and optimization of (Y, Er)Al,(BO;), glassy planar waveguides through
the sol-gel process // Opt. Mat. 2010. Vol. 32, issue 3. P. 484—490.

3. Koporulina E. V., Leonyuk N. I., Hansen D., et al. Flux growth and luminescence of Ho : YAL,(BO,), and PrAl,(BO;,), crystals //
J. Cryst. Growth. 1998. Vol. 191, issue 4. P. 767-773. DOI: 10.1016/S0022-0248(98)00347-9.

4. Hong H. Y-P, Dwight K. Crystal structure and fluorescence lifetime of NdAl,(BO;),, a promising laser material // Mater. Res.
Bull. 1974. Vol. 9, issue 12. P. 1661-1665. DOI: 10.1016/0025-5408(74)90158-5.

5. Wang P, Dawes J., Dekker P, et al. Highly efficient diode-pumped ytterbium-doped yttrium aluminium borate laser // Opt.
Commun. 2000. Vol. 174, issues 5/6. P. 467-470. DOI: 10.1016/S0030-4018(99)00686-0.

6. Mazzera M., Baraldi A., Buffagni E., et al. Spectroscopic analysis of Pr*’ crystal-field transitions in YAL,(BO,), / Appl. Phys. B.
2011. Vol. 104, issue 3. P. 603—617. DOI: 10.1007/s00340-011-4421-7.

7. Leonyuk N. I, Leonyuk L. I. Growth and characterization of RM;(BO,), crystals // Prog. Cryst. Growth Charact. Mater. 1995.
Vol. 31, issues 3/4. P. 179-278. DOI: 10.1016/0960-8974(96)83730-2.

65



ZKypnaa Besopycckoro rocynapcrseHHoro ynusepeurera. Xumus. 2018. Ne 1. C. 61-66
Journal of the Belarusian State University. Chemistry. 2018. No. 1. P. 61-66

8. Jung S. T, Yoon J. T,, Chung S. J. Phase transition of neodymium yttrium aluminium borate with composition / Mater. Res.
Bull. 1996. Vol. 31, issue 8. P. 1021-1027. DOI: 10.1016/S0025-5408(96)00059-1.

9. Jagque D., Capmany J., Molero F, et al. Up-conversion luminescence in the Nd** : YAB self frequency doubling laser crystal //
Opt. Mater. 1998. Vol. 10, issue 3. P. 211-217.

10. Watterich A., Aleshkevych P, Borowiec M. T., et al. Optical and magnetic spectroscopy of rare-earth-doped yttrium aluminium
borate YAI(BO,), single crystals // J. Phys.: Cond. Matter. 2003. Vol. 15, Ne 19. P. 3323-3331. DOI: 10.1088/0953-8984/15/19/331.

11. Liu Y, Yang Z., Yu Q., et al. Luminescence properties of Ba,LiB,0,, : Dy’ phosphor // Mater. Lett. 2011. Vol. 65. P. 1956-1958.
DOI: 10.1016/j.matlet.2011.04.002.

12. Crioco6 momydeHns MOIMKPHCTAIUIMYECKOTO amoMo0opaTa HTTPHs CO CTPYKTYpol xaHTuTa : mar. 16458 Pecn. bemapycs,
MIIK C 09 K 11/80, C 09 K 11/63 / T. E. Manamkesud, I. I1. Illeuenko, E. B. Tpetbsik, I. B. Illumniko ; 3assutens M-t puznkn HAH
Bbenapycu. Ne a 20101690 ; 3asBn. 10.11.2010.

13. boxwuy FO. B., bpexcnesa H. FO., Illesuenxo I I1. Bnusaue XuMIdeckoil IPHPOIBI OCaauTENss Ha (POPMUPOBAHUE YIBTpa-
qucrepeHbix nopomkos YAL(BO,), : Ce // Heopr. marepuanst. 2016. T. 52, Ne 11. C. 1217-1222.

References

1. Dutta D. P., Tyagi A. K. Inorganic phosphor materials for solid state white light generation. Solid State Phenom. 2009. Vol. 155.
P. 113-143. DOI: 10.4028/www.scientific.net/SSP.155.113.

2. Maia L. J. Q., Fick J., Bouchard C., et al. Elaboration and optimization of (Y,Er)AL(BO,), glassy planar waveguides through
the sol-gel process. Opt. Mat. 2010. Vol. 32, issue 3. P. 484—490.

3. Koporulina E. V., Leonyuk N. I., Hansen D., et al. Flux growth and luminescence of Ho : YAL,(BO,), and PrAl;(BO,), crystals.
J. Cryst. Growth. 1998. Vol. 191, issue 4. P. 767-773. DOI: 10.1016/S0022-0248(98)00347-9.

4. Hong H. Y.-P., Dwight K. Crystal structure and fluorescence lifetime of NdAl,(BO,),, a promising laser material. Mater. Res.
Bull. 1974. Vol. 9, issue 12. P. 1661-1665. DOI: 10.1016/0025-5408(74)90158-5.

5. Wang P., Dawes J., Dekker P., et al. Highly efficient diode-pumped ytterbium-doped yttrium aluminium borate laser. Opt. Com-
mun. 2000. Vol. 174, issues 5/6. P. 467—470. DOI: 10.1016/S0030-4018(99)00686-0.

6. Mazzera M., Baraldi A., Buffagni E., et al. Spectroscopic analysis of Pr’* crystal-field transitions in YAL,(BO,),. Appl. Phys. B.
2011. Vol. 104, issue 3. P. 603—-617. DOI: 10.1007/s00340-011-4421-7.

7. Leonyuk N. L., Leonyuk L. I. Growth and characterization of RM,(BO;), crystals. Prog. Cryst. Growth Charact. Mater. 1995.
Vol. 31, issues 3/4. P. 179-278. DOI: 10.1016/0960-8974(96)83730-2.

8. Jung S. T., Yoon J. T., Chung S. J. Phase transition of neodymium yttrium aluminium borate with composition. Mater. Res. Bull.
1996. Vol. 31, issue 8. P. 1021-1027. DOI: 10.1016/S0025-5408(96)00059-1.

9. Jaque D., Capmany J., Molero F., et al. Up-conversion luminescence in the Nd** : YAB self frequency doubling laser crystal.
Opt. Mater. 1998. Vol. 10, issue 3. P. 211-217.

10. Watterich A., Aleshkevych P., Borowiec M. T, et al. Optical and magnetic spectroscopy of rare-earth-doped yttrium aluminium
borate YAL,(BO,), single crystals. J. Phys.: Cond. Matter. 2003. Vol. 15, No. 19. P. 3323-3331. DOI: 10.1088/0953-8984/15/19/331.

11.LiuY,, Yang Z., Yu Q., et al. Luminescence properties of Ba,LiB;O,, : Dy*" phosphor. Mater. Lett. 2011. Vol. 65. P. 1956—-1958.
DOI: 10.1016/j.matlet.2011.04.002.

12. [A method for producing polycrystalline yttrium aluminoborate with a chantite structure] : pat. 16458 of the Repub. of Belarus,
MPK C 09 K 11/80, C 09 K 11/63. G. E. Malashkevich, G. P. Shevchenko, E. V. Tret’yak, G. V. Shyshko ; appl. Inst. of Phys. of Natl.
Acad. of Sci. of Belarus. No. a 20101690 ; declar. 10.11.2010 (in Russ.).

13. Bokshyts Y. V., Brezhneva N. Y., Shevchenko G. P. Effect of the Chemical Nature of Precipitant on the Formation of Ultrafine
YAL(BO,), : Ce Powders. Neorgan. materialy [Inogr. Neorgan. Mater.]. 2016. Vol. 52, No. 11. P. 1217-1222 (in Russ.).

Cmamws nocmynuna 6 peoxkoanezuto 22.11.2017.
Received by editorial board 22.11.2017.

66



OpurnHajibHble CTATHH
Original Papers

VIIK 542.06:54-114:54-44

CHUHTE3 1 TEPMOAN3
ITOAN-5-BUHUATETPA3ZOAATA MEAU

A. B. 3YPAEB, 0. B. TPHTOPBEB", H. M. T[PUTOPBEBA",
JI. H. MAHBKOV, JI. C. HBAIIIKEBHY ", A. C. IIXOB", 0. A. HBAIIIKEBHY ®

YVupeacoenue BI'Y «Hayuno-uccnedosamenbckuti UHCMUmym u3uko-xumuieckux npoéuemy,
yu. Jlenunepaockas, 14, 220006, e. Munck, berapyce
) Benopycckuii 2ocyoapcmeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapyce

Pa3paboran MeTo/] MOJYyUYCHHUSI MEAHON COJIM MOJIN-5-BUHUITETPA30JIa, OCHOBAHHBIN HA B3aUMOACHCTBUU BOIHBIX
pacTBOpoOB Noju-5-BuHMITeTpa3onara Hatpust u Cu(NO,),. I[Ipu ucnonszoBanun pactsopos Cu(NO,), ¢ KOHIIEHTpa-
nueit ke 0,3 MOITB/T ToTydaeMast IIoIUMepHasi COIb POPMHUPYETCS MPEUMYIICCTBEHHO B BHJIC THHEHHBIX CTPYKTYP
¢ 00pazoBaHMEM TOMEPEYHBIX HOHHBIX CIIMBOK, B TO BPeMs Kak MpUMEHEHHE Oosiee KOHIICHTPHPOBAHHBIX PACTBOPOB
Cu(NO,), (0,6 Mob/11 1 BbIIIE) IPUBOIUT K (POPMUPOBAHUIO ITIOOYIISPHBIX CTPYKTYP 3@ CUET peau3allui B OCICIHUX
BHYTPHUMOJIEKYJISIPHBIX CIIMBOK MOHOM METAaJIa M PAa3IMYHOTO poja KOOPAMHAMOHHBIX B3aMMOAEHCTBUH. MeTomom
muddepeHINaTFHON CKaHUPYIOMIEH KaTOPUMETPUH YCTAHOBJICHO, YTO XapaKTep W YHEPTeTHICCKUE IMapaMeTphl Tep-
MHYECKOTO Pa3IOKEHHUs METHOH CONM CYHIECTBEHHO 3aBHCAT OT YCJOBUH ee moiydeHus. [Ipomykrt, oOpasyromuii-
Csl B pe3ysibTare TePMHUYECKOTO Pa3JIOKEHHs MEIHOW COJIM, TPEJICTABISET COO0H MOIUMEPHYIO PEHTIeHOAMOP(HYIO
MaTpUIly C MHKOPIIOPHPOBAHHBIMU HAHOYACTHUIIAMH MEIH, KOTOpas MPOSBISIET BBHICOKYIO KaTaJUTHUECKYIO aKTHB-
HOCTB B PEAKIIHIX KPOCC-COUeTaHus ()eHIITANETIICHA U KIUK-CHHTE3a TPYIHOAOCTYMHEIX 1,4- 1 1,4, 5-3aMemnieHHbIX
1H-1,2,3-Tpuazonos.

Knrwouegvie cnosa: monu-5-BUHWITETPA30I; MOIH-5-BUHMITETpa3onar Menu(ll); HaHO9acTHIBI MeI; KIIMK-CHHTE3

1H-1,2,3-Tpua3oiioB; peakiiuu Kpocc-coueTanus (eHIIaeTUICHA.
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ABTOpBI:

Anexcandp Buxmoposuu 3ypaeé — miaammii Hay4dHBI CoO-
TPYIHHK JJA00PAaTOPHH XUMHUH KOHJICHCHPOBAHHBIX CPE]l.
IOpuit Buxmoposeuu Ipuzopves — KaHIUAAT XUMHUYECKUX
HayK; 3aBe/lylommuii maboparopueil XUMHH KOHAEHCHPOBAaHHBIX
cpen.

Huna Muxaitnoena I'puzopvesa — HaydHbI COTPYIHUK J1a00-
paTopuM XUMUH KOHJEHCHPOBAHHBIX CPEJI.

Jrwboes Heanoena Ilanvko — Belyliuii XUMUK-HUHKEHEP.
JTwomuna Cepzeeena Heauikeguu — XKaHANAAT XUMHYCCKUX
HayK; 3aBeyIONIi 1abopaTopueil PHU3NKO-XUMHUECKUX METO-
JIOB HCCIIEZIOBAHMS.

Anexcanop Cemenosuu JIaxoe — kKaHauIaT XUMUIECKUX HayK;
BEYIIUH HayYHBIH COTPYAHHUK JAOOPAaTOpHM XUMHHU KOHIEH-
CHUPOBaHHBIX Cpell.
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SYNTHESIS AND THERMOLYSIS
OF COPPER POLY-5-VINYLTETRAZOLATE

A. V. ZURAEV", Y. V. GRIGORIEV*, I. M. GRIGORIEVA’,
L. I. PAN’KO’, L. S. IVASHKEVICH", A. S. LYAKHOV*, O. A. IVASHKEVICH®

*Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus
°Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus

Corresponding author: A. V. Zuraev (alex.zuraev@gmail.com)

The method for synthesis of copper poly-5-vinyltetrazole salt (Cu-PVT) which based on interaction between the
aqueous solutions of sodium poly-5-vinyltetrazolate and Cu(NO;), was developed. By using of the solutions of Cu(NO,),
with a concentration below then 0.3 mol/l, the polymer salt represents as a linear structures with a transverse ionic
crosslinks, while the using of more concentrated solutions of Cu(NO,), (0.6 mol/l and higher) leads to the formation of
globular structures due to the realization in obtained salts intramolecular crosslinks by the metal ion and various kind of
coordination interactions. Using differential scanning calorimetry method, it was established that character and energe-
tic parameters of thermal decomposition of Cu-PVT are highly dependent on it preparation conditions. Obtained in the
result of thermal decomposition of Cu-PVT product have X-ray amorphous polymeric matrix with copper nanoparticles
which show high catalytic activity in phenylacetylene cross-coupling reaction and click-synthesis of difficult to approach
1,4- and 1,4, 5-substituted 1H-1,2,3-triazoles.

Key words: poly-5-vinyltetrazole; copper(Il) poly-5-vinyltetrazolate; copper nanoparticles; click-synthesis of
1H-1,2,3-triazoles; phenylacetylene cross-coupling reactions.

BBenenune

Braronapst BRICOKUM SHTJIBIHUSIM 00pa30BaHMs, YIOBICTBOPUTEIHLHON YyBCTBUTEILHOCTH K yIapy U Tpe-
HUIO, 8 TAK)KE BBICOKOW JI0JIe a30Ta B MPOAYKTAX Pa3iIOKEHHS MOJHA30THCThIE TeTePOIMKINICCKUE COCIU-
HEHHSI HaXOJSIT IIUPOKOE MPHUMEHEHHE B KAYeCTBE BHICOKOOHEPIETUYHBIX KOMIIOHECHTOB B COCTaBE PEIENTYP
TBEP/IbIX PAKETHBIX TOILIHB, Ta30TCHEPUPYIONINX U B3PBIBYATHIX COCTaBOB U Jip. [1-7]. Terpaszonconepxaiine
MOJIMMEPBI SIBIISFOTCS TIEPCIIEKTUBHBIMA KOMIIOHEHTAMU CBSI3YIOIIMX B Pa3IMYHBIX YHEPTETHYECKUX COCTa-
Bax [8—13].

CriocoObl TIOTyYeHHsI TETPA30JICOACPIKAIINX TIOIUMEPOB U UX TEPMOXUMHYECCKHE CBOMCTBA M3yUYeHBI JI0-
CTaTO4YHO Xopoto [14], ogHako, HECMOTPSI Ha BBICOKYIO KOMIUIEKCOOOPa3yIOIIYI0 CIIOCOOHOCTh TETPa30ih-
HoOro 1uKIia [14], ucciaeOBaHUI0O METOJIOB CHHTE3a W TEPMOJIN3Y IOJIU-5-BUHUITETPA30IATOB MEPEXOIHBIX
METaJUIOB, KOTOpPhIE MMOTECHIMAIBHO MOT'YT OBITh MCIIONH30BaHbl B KAYECTBE KOMIIOHEHTOB Pa3IMUHBIX ITHPO-
TEXHUYECKUX COCTABOB, PETYISITOPOB TOPEHUS TBEPIBIX PAKETHBIX TOTUIUB H JIP., JOJPKHOTO BHUMAHUS JI0
HBIHEIITHETO BPEMEHH HE YIEISIIOCh.

Hacrostmast pabota mocssmeHa pa3paboTke MeTo/la CHHTEe3a MoNn-S-BuHIITeTpaszonara meau (Cu-I11BT),
a TaKKe MCCIEJJOBAaHHIO MPOIecca ero TePMOJT3a M H3YUYCHHIO COCTaBa U CBOWCTB O0pa3yIONIUXCs MIPU STOM
MPOYKTOB.

MaTepl/laJIbl U MeTObI MCCJIeI0OBAHUM

Brumanue! Ilonu-5-eununmempa3son u e2o MeOHAs CoNb AGNAIOMCIA IHEPLOEMKUMU COCOUHEHUIMU, NPU Pa-
bome ¢ KOMopbIMU 0053AMENbHO UCNONb308AHUE NOBLIULEHHBIX Mep De30NaACHOCMU U Cpedcme UHOUBUOYATb-
HOU 3aUUmbl.

IHonu-5-eununmempason (IIBT). K pactBopy, comepxkamemy 25 r (0,47 MOISI) MOMHAKPHIIOHUTPIIIA
B 500 mn mumermndopmMamuia, MpU TEPEMEIIMBAHUK TPH KOMHATHOM Temriieparype moOasmstii 32,5 T
(0,5 momst) asmma marpust u 27 T (0,5 Moutst) Xopuaa aMMOHISL. PeakImoHHY 0 CMeCh TIEpEeMEIITNBAIIU B TCUCHUE
2 g ipu 70-80 °C, 3arem Temmneparypy nogauMaiu 10 100 °C u B reuenne 30 MuH, He TpeKparias nepeMerIn-
BaHUs, MpUKanbBamy 80 MII AMCTUILTUPOBAaHHOHK Bofbl. [lepememuBanme nmpoxomkanmy npu 100 °C B Teuenne
2 4, mocie yero nogHumanu remneparypy no 110 °C, nobasmnsnu 3,25 r (0,05 mosnst) NaN; u 2,7 r (0,05 mois)
NH,C1 u nponomxanu nepeMerinBaHue B TeueHue 2 4. 3ateM Temieparypy nogaumanu no 115-120 °C, no-
6asisumu eme 3,25 r (0,05 momst) NaN; u 2,7 r (0,05 mons/n) NH,Cl, peakunoHHy0 cMech IepeMelnBain
npu 3Toi Temreparype B Tederne 20 4. [To okoHYaHUM Tpoliecca peakinOHHYI0 CMECh ITOCIIE OXJIaXICHHS JI0
KOMHATHOH TeMmepaTypbl GUiIsTpOBaH, GUIBTpAT pa30aBisuiv B ABa pa3a AUCTUILTUPOBAHHON BOJIOH U MOJTY-
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YEHHBIN pacTBOP MPUKAIBIBAIHN K TIEPEMEIINBAEMOMY pacTBoOpY, coaepxkaiiemy 300 M1 KOHIIEHTPHUPOBAaHHON
HCI B 3 n muctwimupoBanHoi Boabl. BeimaBmiuit B ocamok [IBT oTmensuin oT pacTBOPUTEISI, TIPOMBIBAITN
JTUCTUJUTHPOBAHHON BOJIOM 10 HENTPaIbHOM peakiiuy U cymuin B Bakyyme ipu 100 °C 10 mocTosHHOTO Beca.
Honyunnu 42,8 t (95 %) I[IBT. Coneprxanne TeTpa3oNmibHBIX (ParMEeHTOB, ONPEICICHHOE METOIOM HEBOJI-
HOTO KHCJIOTHO-OCHOBHOTO TUTPOBAHUS, COCTABUIIO B TIOYUYEHHOM MPOAYKTEe 97—98 % OT TeopeTHIecKu BO3-
MOYKHOTO.

IHonu-5-eununmempaszonam meou (Cu-IIBT). K pactBopy ¢ 2,68 1 (0,067 monss) NaOH B 200 M mumc-
THJTUPOBAHHON BojbI 1o0aBisin 6,5 T (0,067 monst) I1BT. Ilomyuennsnii pactBop Na-IIBT npuxanbsiBanu
MIpU TIepEeMEIINBAHUN TTPU KOMHATHOM TeMIiepaTrype K BOJHBIM pacTBopam, coxaepskamum 0,013 5 mons vu-
Tpara, xyopuaa unu opomuaa menu(ll). Peakimonnyro cMech nepeMennBaiy Mpu KOMHATHOM TemIeparype
B TEYCHHE 2 4, MOCIIEC Yero 0Cal0K OT(QHIBTPOBBIBAIN, TIATEIHLHO MPOMBIBAIN JTUCTUILTUPOBAHHON BOJIOM
70 OTCYTCTBHSA B IpoMbIBHBIX Boax NO;, ClI” mwiu Br, 3aTeM 3TWIIOBBIM CIIMPTOM U CYIIWIN B BaKyyMe IIpH
temneparype 80 °C 10 MOCTOSTHHOTO Beca.

Tepmonus nonu-5-eununmempazonama meou. Tepmonu3z Cu-I1BT npoBonunm myTem BbIACPKUBAHNS Ha-
BeckH oOpasna (He Oosiee 5 T) B TCUCHHE 5 MUH B IIpeABapUTEIIbHO pazorpeToii 1o 300 °C mydenbHOM mevu.
B pesynwrare Tepmudeckoro paznoxkenuss Cu-I1BT momyyans mopoInok 4epHO-KOPUIHEBOTO IIBETA C COIEP-
JKaHHEeM Mean okoio 53 %.

Mamepuanvt u memoovt. ViudppaxpacHsie crekTpbl 3anuchiBaiu Ha ¢Qypbe-MK-cniekrpomerpe Nicolet
Thermo Avatar 330 FT-IR (CIIIA) B quanasore ot 4000 10 600 cM ', umcio ckarnpoBanuii — 16. TepMorpaBu-
METPHIO CO CKaHHUpyromel quddepeHInanbHON KaTopuMeTpUer MPOBOIIIH ¢ HCTIONTB30BAaHUEM TepPMOaHaN3a-
topa Netzsch STA429 (I'epmanus) B armocepe azota (CKOpocTh Harpesa coctarisuia 10 °C/MUH, TPUMEHSIICS
KOPYHJIOBBIN THUTEJIh, MAacCa HABECKU PaBHSIIACH 1—3 MT, TeMIepaTypHbIi Juana3oH Harpesa — ot 25 mo 500 °C).
Mopdonoruro noBepxHoctH npoaykroB Tepmonuza Cu-IIBT uccnenoBany ¢ moMoIb0 CKaHUPYIOIIETO 3JIeK-
TpoHHOro Mukpockona (COM) LEO-1420 (Hunepnanabr). @azoBblii cOCTaB MPOTYKTOB TEPMOIN3A yCTaHABIIH-
BaJId METOJIOM peHTreHodaszororo ananusa (PDA) na audpaxromerpe Emperian (PANalytical, Hunepnanbr)
¢ ucnons3oBanueM CukK -m3mydenus (Ni-¢punstp). ConepixaHue TETPa3ONMIbHBIX TPYIIT B CHHTE3UPOBAaHHOM
[IBT ycranaBnuBaiu ImyTeM HEBOJHOTO KMCIIOTHO-OCHOBHOTO TUTpoBaHus [15]. Onpenenenne KOTU4eCTBEHHO-
ro conepxanus Meau B oopasnax Cu-IIBT u npoaykTax ux TepMoiu3a MPOBOAMIN METOIOM HOJOMETPUYECKO-
ro TutpoBanus [16]. s BeIMONHEHNS UCCIeI0BAaHUN IPUMEHSIINCh KOMMEPUYECKHE PEaKTUBBI M PACTBOPHUTENN
6e3 nonoHNuTeNbHOM ouucTKU. [{na nomyuenus [IBT ncnonb30Bamy MpOMBIIIIIEHHO BBITyCKaeMbIil COTTOTUMED
AKPWIOHUTPIIIA, METUIAKPUIIATA U 2-aKPUIaAMHI0-2-METHIIPONIAHCYITb(MOKUCTOTH (93 : 6 : 1 Mon. %), mpume-
HSIOIINICS [T PON3BOJICTBA MOMHAKPUIIOHUTpUIIbHOTO BostokHa (ITAH) «Hurpon JI-5».

Pe3y.]'ll>TaTl>I HCCJIeI0BAaHUM U X 06cy)lc)1e1me

[Tonu-5-BUHUITETPA30JT MOXKET OBbITH TMONYYEH JAByMsi MeTomaMu: monumepusamnuu (1) S-BuHMITETpa30-
na [14] u a3ugupoBanus nonuakpunonutpuna (II) [17]:
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[TockonbKy cHHTE3 5-BHHUIITETpA30J1a JOCTAaTOUHO CIOXKEH U TPpeOyeT UCTIONB30BaHUs TPYIHOAOCTYITHBIX
peareHToB, B Hactositie padore [1BT nomyuanu nocpencTBom noiauMepananoruaHoi Tpanchopmarun [TAH.
JloCTOMHCTBOM JaHHOTO CIOCO0a SBISIETCSl TAKXKE TO, YTO B MPOLIECCE CHHTE3a HE TPOUCXOAUT 3aMETHOTO
W3MEHEHMsI MOJIEKYJIsIpHO-MaccoBoro pacnpenenenuss (MMP) [17]. O1o obecnieunBaeT BO3MOKHOCTD IMOJTY-
YeHHUs! MPOJYKTa C TPeOyeMBIMU MOJICKYJISIPHO-MAaCCOBBIMU XapaKTEPUCTHKAMHU MYTEM ITOI00pa MCXOIHOTO
ITAH c 3amanasim MMP. Tlocnensee 00CTOSTENBCTBO MPEICTABISICTCS BECbMa BaXKHBIM, TaK KaK MOJIYUYCHUE
IBT ¢ onpenenenabiM MMP siBiisieTCst OTJICNIBHOM U JJOCTATOUHO CIIOKHOU MPOOJIeMOA, TpeOyFoIIeH mpoBeie-
HUS CTIEIMANIbHBIX HCCIe0BaHu, Toraa Kak cuHTe3 [IAH ¢ pa3nnaHbpIMU MOJIEKYIISIpHO-MACCOBBIMU XapaKTe-
PUCTHKaMM U3y4Y€eH JI0CTAaTOYHO XOpoIlo [2].
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B cBs3u ¢ Tem uto [IBT HepacTBOpHUM B OPraHWYECKUX PACTBOPUTEINSAX, 32 UCKIIOYCHUEM JAUMETHII(Op-
MaMH/Ia U JUMETHIICYIb(QOKCH A, HAMH ObUTa U3y4eHa BO3MOKHOCTH noiyueHust Cu-IIBT nmytem ocakaeHus
pactBopa I1BT B qumetundopmamuze B Bogubie pactBopsl CuX, (X = Cl, Br umu NO,). B pesynsrare npo-
BEJICHHBIX HCCIIEJIOBAaHUI yCTAHOBIEHO, YTO HE3aBUCHUMO OT COOTHOIIEHHSI HCIIONB3yEMbIX PeareéHTOB U KOH-
LIEHTPAIIMU UX PACTBOPOB ATOT IOIX01 1103BoJIsieT noiy4arbk Cu-IIBT ¢ maccoBoii noneit meau He 6onee 24 %,
YTO COCTABIISET OKOJIO TIOJIOBUHBI OT MAKCHMAJIbHO BO3MOYKHOTO M CBUCTEIHCTBYET O HETIOJIHOM IIPOTEKaHUN
polecca 3aMeIleHUs] HOHOB BOJIOPO/Ia B TeTPa3oIiiibHbIX Gparmentax [IBT nonamu Cu™".

Cu-TIBT c cozmepkanueM MeNH, OJIH3KHM K TEOPETUYECKHA BO3MOKHOMY, YAAJIOCh MONYYHTh ITyTEM B3au-
mopeiicteust Na-I1IBT, nomywgaemoro in situ ipu pactBopernu IIBT B BomHoM pactBope NaOH, ¢ BogHbIMU
pactBopamu CuX, (X = Cl, Br uimu NO,). IIpu 3tom makcumansHbiil Beixox Cu-IIBT (95 %) nocturaercst npu
ucnosb30BaHuK MosbHOro cootnomenus [BT u CuX,, pasuoro 1 : 2.

n n
n
NaOH CuX,, H,0
NZ NH ——207 NON »2Y
\_/ H,0 N N@N
N=N N—N e\ D)
N—N /2
Cu-TIBT
X = Cl, Br, NO,
. J

Cnenmyer OTMETHTB, UTO U3 UCCIEAOBAHHBIX conelt meau i noaydenus Cu-IIBT naubonee npeamoutu-
TenbHbIM sBisiercs npumeHeHue Cu(NO,),, IOCKONbKY TOJIBKO B 3TOM CIIy4ae IOCIE IPOMBIBKU JUCTHILIHPO-
BaHHOU BOJIOH B [IOTy4aeMOM IMPOAYKTE IOJHOCTBIO OTCYTCTBYET IIpUMech ucxonHoro Hutpara Meau(Il). Ilpu
MCTIONIb30BaHuU Xjopuaa u o6pomuaa mean(ll) monnocteio ocBoboanuTs nomyuaemsiii Cu-IIBT ot npumeceit
UCXOJIHBIX I'aJIOTEHUJIOB ME/IU He yAaeTcs. B ¢BsA3u ¢ 3TUM AanbHelIne uccaejoBaHus MpoBOIUIN Ha 00pas-
nax Cu-IIBT, nomyuenssix ¢ npumenenueM Cu(NO;),.

[Tpu neranbHOM M3ydeHuu npouecca odpasoBanus Cu-IIBT obGHapyxeHO, 4TO OKpacka U BHEIIHHN BHUJ
[IOJIy4a€MOM CONH CYLICCTBEHHO 3aBUCT OT KOHLIEHTPALUI MCIIOJIb3yEMBIX PACTBOPOB, 4 TAKXKE OT MOJIBHOIO
coorHomenust Cu(NO,), u Na-IIBT (tab6mn. 1).

Tabnuma 1

Bansnane xonnenTpanun pactsopa Cu(NO,), 1 MOJIBHOIO COOTHOIICHUS
Cu(NO,), u Na-TIBT ua xapaxrepucruku nosxyyaemoro Cu-TIBT"

Table 1

The influence of concentration of Cu(NO,), solution of and molar ratio
Cu(NO,), : Na-TIIBT on characteristics of copper(II) poly-5-vinyltetrazolate

Ngcﬁil_)[?;,?a o MHCU(NO3)2n’ - Bremnnii Bunx nomyuennoro Cu-IIBT Ma;g;:fs; A){E?M
1 10 0,0135 TemHo-cuHMI aMOPQHBIN TOPOIIOK 20,65
2 20 0,0135 CuHuit aMop(HBIN TOPOIIOK 21,25
3 40 0,0135 CBen10-CHHUH MIaCTHHYATHIH MOPOIIOK 21,92
4 80 0,0135 W3ympyaHO-3eneHbIN TIaCTUHYATHIN TOPOIIOK 21,15
5 10 0,067 TemHo-cuHMN aMOP(HBII TOPOIIOK 23,64
6 10 0,0135 TemHO-cuHMI aMOP(HBIN TOPOIIOK 21,06
7 10 0,0067 CuHuii aMOp(HBIH TOPOIIOK 22,54
8 10 0,0034 CBemI0-CHHUH TTaCTHHYATHIA TOPOIIOK 19,12
9 10 0,0017 W3ymMpyaHO-3eIeHbIN TIIaCTHHYATHIN TTOPOIIIOK 20,21

B kaxmom ciydae ucnosb3oBanu 20 Mt pactBopa, comepskariero 0,0067 mons Na-IIBT.  Cpeanee apudmeTndeckoe oT Tpex
MapauIeIbHBIX ONPEICICHHA.

70



OpurnHajibHble CTATHH
Original Papers

B cayuae omunakosoro monpHoro coornomenus Cu(NO;), u Na-TIIBT, pasnoro =1 : 2, kak BHIHO U3
Tab1. 1, momydaemble IPOAYKThI, HECMOTPSI Ha IPUMEPHO OAMHAKOBOE COJICPKAHUE MEJTH, Pa3IHYaroTCsl OKpa-
CKOHl U BHEIIHUM BHUJIOM B 3aBUCUMOCTHU OT KOHLIEHTpalUu ucnoib3dyemoro pacrsopa Cu(NO,),. AHanoruu-
HbIE U3MEHEHMsI HAOIIOAAIOTCS U NIPU M3MEHEeHUH MoibHOro cootHomenus Cu(NO,), u Na-IIBT or 10 : 1
1o 0,25 : 1. Tak, o6pasuel 1, 2 u 5—7, mony4deHHbIE ¢ MPUMEHEHHUEM KOHIIEHTpUPOBaHHBIX (0,6 MOJIB/IT U BBIIIIE)
pactBopos Cu(NO,),, npeacTaBistoT co0oi aMop@HbIe TOPOLIKH TEMHO-CUHETO U CUHETO LIBETOB, a MPOIYK-
Tl 3, 4, 8 1 9, TpU MOyYEHNUU KOTOPBIX HCIIOJIB30BaAJICA BOJHBINH pacTBOpP HUTpATa MEAM C KOHIEHTpanuen
ke 0,3 MOJIb/JI, — MJIACTHUHYATHIC TOPOIIKH, UMEIOIKE CBETIO-CUHION (3, 8) U u3ympynHo-3eiieHyo (4, 9)
okpacku. CieayeT OTMETHUTh, YTO 00pasmbl 1, 2 m 5—7 BRIMANalOT B OCANOK U3 PEAKIIMOHHOW CMECH HETIO-
CPEACTBEHHO I0CIIe CMELIMBAHUS HCXOAHBIX PEareHTOB, 3TO 1aeT OCHOBAHUE CAEIATh IPEIIIOIOKEHUE O TOM,
yto B 3ToM ciydae Cu-IIBT ¢opmupyercst npenmyliecTBeHHO B II0OyIsIpHON (GopMe 3a cueT 00pa3oBaHuUs
BHYTPUMOJEKYISAPHBIX HOHHBIX H KOOPAMHALMOHHBIX cBaseil Cu’* ¢ aToMaMy a30Ta TeTPa30ibHBIX [UKJIOB.
IIpu nomyuyennu npoxykros 3, 4, 8 u 9 B pesynsrare cMemuBanusa BoaHbIX pacTtBopos Na-IIBT u Cu(NO,),
00pa3oBaHus 0callka He TIPOUCXOAUT U HAONIIOAeTCs MOBBIIICHUE BSI3KOCTH PEaKIMOHHON CMECH BILIOTH JI0
MIOJTHOM TIOTEPH €10 TEKYUECTH, YTO CBHJICTEIBCTBYET O peuMyIiecTBeHHOM GpopmupoBannu Cu-IIBT B Buje
JTUHEHHBIX CTPYKTYpP ¢ 00pa30BaHUEM MEKMOJICKYIIPHBIX CIMMBOK noHOM MeTtaymia. Cu-I1BT B aToMm ciydae
BBIJICIISUIA U3 PEAKLIMOHHOM CMECH ITyTEM OCaKICHUS 3TUIIOBBIM CITUPTOM.

O6pasupl Cu-I1BT, monyyeHHble B pa3IUYHBIX YCIOBHSIX, UCCIAECIOBAHBI METOIAMH TEPMOTPaBUMETpHYE-
CKOTO aHaJIn3a 1 JuQQepeHInaibHON CKaHupyolei kanopuMeTpun. [lomydeHHbie pe3ynbTaTsl IpeacTaBIie-
HBI B Ta0M. 2.

TabGauma 2
Jannble TT'- u ICK-uccienopanus nojay4ensnix oopasuos Cu-IIBT
Table 2
TG and DSC data of obtained copper(II) poly-5-vinyltetrazolate samples
Ne oGpasita Cu-TIBT Ok303ddexr 1 Ok30addexT 2 Maccosas ,Z([)OJ'[?I
T,°C AH,, JTx/r T,°C AH,, JTx/r ocrarka, %

1 233,30 1021,00 360,60 520,00 44,63
2 234,00 694,00 362,10 572,30 53,60
3 227,20 442,70 360,10 450,00 53,71
4 231,00 339,70 361,60 392,50 54,50
5 232,50 1066,00 363,10 454,80 44,62
6 234,00 940,20 358,90 560,30 46,20
7 225,30 177,20 362,60 498,80 58,07
8 — - 372,00 617,30 61,23
9 - - 369,60 580,00 66,71

Tepmuueckoe pa3nokeHue Bcex noiaydeHHbIx 00pas3nos Cu-I1BT, kak BuaHO U3 TabII. 2, MPOTEKaeT dK30Tep-
MHYHO, TIPH 3TOM I 00pa3noB 1—7 HabmogaroTes aBa 9k303(ddexra ¢ MakcuMyMaMu B HHTepBaiax 225-234
u 359-372 °C. MHTeHCHBHOCTB 3K303((pexra 1 CyIecTBeHHO CHMYKAETCS MPU YMEHbBIIEHUH KOHIIEHTPAIIUU
IPUMEHSIEMOTr0 JUIs OoIy4eHHs cooTBeTcTByromlero oopasua Cu-IIBT pactBopa Cu(NO,),, a a1 00pasuos 8
¥ 9, TIOJTy4YeHHBIX ¢ ucronbiosanueM 0,34 1 0,17 mons/am’ pactopoB Cu(NO,),, 5TOT 9k303hdeKT ncuesaet
NOJTHOCTBI0. C y4eTOM TOT0, YTO COZIepKaHue ME/IM TPUMEPHO paBHOE BO BCeX U3y4eHHBIX oOpasziax Cu-I1BT,
a Takke Toro (paxra, yTo It UX moydenus ucnons3oBaincs [IBT ¢ ognHakoBoii cTeneHbIo TETPa3oInpOBaHUs
(97-98 %), Takas 3aBUCUMOCTD dHEeproeMKocTH 00pas3noB Cu-IIBT oT ycnoBwmii X mMorydeHus MOKET OBITh
CBs3aHa, HA HAI B3IV, TOJIBKO ¢ OCOOCHHOCTSIMH CTPOCHUSI BTOPUYHOIN CTPYKTYpBl 00pas3yIoIIerocst CIiu-
TOTO MOJIMMEPA H, KaK CIEACTBUE, C PA3INUMIMU MEXaHU3MOB TEPMHUYECKOTO pacmajia TeTpa30IbHbIX LIUKIIOB,
BXOJSIIIUX B ero cocTas. [1o aToii npuunne sk303¢dekt 1, Boznukaromwmii npu repmonuze Cu-IIBT, obycnos-
JIeH, TIO-BUIMMOMY, Pa3JIOKEHUEM TETPa30JbHBIX IMKJIOB, BXOJSIIUX B COCTAB TIIOOYISPHBIX CTPYKTYP, B TO
BpeMsl Kak 3k303((dext 2 MokeT ObITh CBA3aH C PA3IOKEHUEM TETPA30JIbHBIX IIUKIOB, HAXOAAIIUXCS B JIH-
HEHHBIX y4acTKax MoJuMepHoi nenu. IlonTBepxaeHreM 3TOro MpearnonokKeHUs] MOTYT CIIyXKHUTh PE3YJIbTaThl,
HoJTy4eHHble aBTopaMu [18] mpu M3yueHuH TepMoin3a, UMEIOLIEro 3aBeJOMO JMHEHHYIO CTPYKTYpY IOJIH-
S-BUHMJITETpA30JlaTa HaTPHs, TEPMUUECKOE PA3IOKEHHE KOTOPOTO MPOTEKAET OAHOCTAIMIHO ¢ MAaKCUMYMOM
ak303¢dexra npu Temreparype 418,8 °C.
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[To maHHBIM CKAaHHUPYIOMICH IEKTPOHHOHN criekTpockonuu (COM) obpasma 1, obpasyronuiicss B pe3yib-
Tate Tepmuueckoro paziokerus Cu-IIBT moporok 4epHO-KOPUYHEBOTO IIBETa HUMEET Pa3Mep YacTHUI] OKOJIO
150 Mk, ipencTaBnsier co0OW MOIMMEPHYIO PEHTTEHOAMOP(PHYIO MATPHUIy ¢ HHKOPIIOPUPOBAHHBIMU HaHOYA-
cruriamu Meau. Ha pentreHorpamMme storo npoaykra (puc. 1) B nuamnazone 20 = 5—80° HaOnrogaroTcst Opar-
roBckue orpaxenus (111), (200) u (220) meranmuueckoit Mean (PDF # 4-836). Tlo ymupenuto pediekcos
Ha PEHTIeHOTpaMMe MOXKHO 3aKJIIOUHTh, YTO CPEHHU pasMep KPHCTAIOB MEIH COCTaBisieT okoio 30 HM.
Hpyrux kpucramindeckux a3 He 00HAPYKEHO.

A
12 000 | Cu (1)
10 000 -
g 8000
=
° 6000
= \ Cu (200)
4000 |
i Cu (220)
2000 |-
20 40 60 80
20, rpag

Puc. 1. PeHTreHOrpamMma MopoIka, oJy4eHHOr0 TEPMOTH30M
obpasma 1 (m3mydenune CuK,, A =1,5418 A)

Fig. 1. XRD pattern of a powder, obtained by thermolysis
of the first sample (CuK, radiation, A = 1.5418 A)

Ha puc. 2 nokazano COM-u300pakeHHe OTICIBHON YaCTHUIIbI MTOPOIIIKA IPOIYKTa TepMon3a oopasma 1.
Kak BHIIHO, MPOIYKT TEPMOJM3a MPEICTABISIET COOOH MOJMMEPHYIO MATpHIly C OCaKJICHHBIMH Ha ee T0-
BEPXHOCTH HAHOYACTHUIIAMU MeTaJuInueckoi Meau. [Ipu 9ToM cpenHuii pazMep 4acTUll MeM HE TPEBBIIIACT
100 HM, 9TO COOTBETCTBYET pa3MEpHOMY JMAMa3oHy JIjs HaHodacTHIl. CleayeT OTMETUTh, 4TO 3TH pa3Me-
PBI HECKOIIBKO BBINIE MO CPAaBHEHHIO C PE3yJbTaraMu, MOJyYeHHBIMH METOJIOM PEHTreHO(a30BOTO aHAIIM3a
(~30 um). [Tockonbky u3o0paxkernbie Ha COM-(oTorpadun 4acTHIIBI TOBOJIBHO OJHOPOJIHBI, TAKHUE Pa3Jiu-
4Hs B pa3Mepax, MOJMyYCHHBIX Pa3HBIMUA METOJIaMH, HEJIb3sl OOBSCHHUTH ariioMepanueil Hanodactuil. B cesa3u
C 3TUM MBI [TOJIaraeM, YTo obpasyromuecs B pesyinbrare Tepmoinsa Cu-11BT naHowacTHIbl MU ITpeICTaBIIsA-
0T 000 MOMUKPUCTAILTBI pazMepoM ~100 HM, cocTosmre U3 HAHOKPUCTAILTOB Meau (~30 HM).

[Monmumepnas marpuna npoaykra Tepmonuza Cu-IIBT nsyuena merogom MK-criektpockornmu. O6iacth
HenpepsiBHOTO Tortomenns 3000-3600 cm ' B MK-ciekTpe cOOTBETCTBYET Ae(hOpPMAIIHOHHBIM KOJNEGAHHAM
N—H-cBs3eii. CiaGble MOTOCH MOMIOMIEHHS B {Uana3oHe TH BoH 2800—3000 cM ', BeposITHO, MOTYT GBITh
00yCIIOBIICHBI HAJTMUUEM B TIPOAYKTe edopmainonHbix konebanuii C—H-cBsizeit. HempepsiBHOE morvionie-

Puc. 2. COM-n3o6paxenue npoaykra repmonusa oopasua 1 Cu-IIBT

Fig. 2. SEM image of a powder, obtained by thermolysis
of copper(Il) poly-5-vinyltetrazolate (sample 1)
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mue B o6mactu 10001600 cm ' cooTBercTByeT BaneHTHEIM Konmebamusm C—H (1378, 1405 cm') u N—H
(1536 cm') cBaseit coorBercTBeHHO. Crabkle MONOCKH ¢ MakcuMyMamu mpu 2033; 2130 u 2185 cM ' MoryT
OBITh OTHECEHBI K BAaJICHTHBIM KOJICOAHUSM HUTPHIbHOM Trpynmbl C=N Wi K CONpsHKEHHBIM UMHHOBBIM
C=N-rpynmam.

B pesynbrare u3ydeHus KaTaTUTHISCKOW akTHBHOCTH TIpoayKTa Tepmonn3a Cu-IIBT oOHapyxkeHo, 4TO OH
sBysieTcst 9 (HEeKTUBHBIM KaTallM3aTOPOM peakiuy Kpocc-coderanust Genmnanermiena [19; 20]:

=Z
Cu-Pol 7\ _

THE, 25 °C _ - — N\ /
98 %

a TarxoKe Karajan3aTopoM KIMK-CHHTEe3a TPYyIHONOCTYNHbIX 1,4-u 1,4,5-3amemennsix 1H-1,2,3-tpuasomnos [21]:

g o) .-
=S
\\ ~_ PhCOCI, NaN;, kat. /MePhSOZCl, NaN;,, NaOAc, Eat. Y

Yz
N N
| N MeOH, 10 h MeCH, 1 h |,
sh N
88 % PhCOCI, NaN,, kat. 95 %
MeOH, 10 h

\\/z

N

95 %

3akjayeHmne

PazpaboTtan meTon momydeHus MeOHOU conm mosm-S-uHMITeTpazona (Cu-I1BT) ¢ conepkannem menw,
OM3KUM K TEOPETHUECKH BO3MOXXHOMY. YCTAaHOBJICHO, UTO BTOpHYHAas cTpykTypa Cu-IIBT cymecTBeHHO
3aBUCHUT OT KOHLIeHTpauuii pactBopos Cu(NO,),, npuMeHseMbIX AJIs IpoBeieHHs cuHTe3a. [ Ipu ncnons3oBannu
pactBopoB Cu(NO;), ¢ xoHuenrpauueil Hwke 0,3 Monb/1 moiydaemasl HOJIMMEpPHas COlb (OPMUPYETCS
MIPEVMYIIECTBEHHO B BHUJE JHMHEWHBIX CTPYKTYp C OOpa3OBaHHMEM ITOTIEPEYHBIX HOHHBIX CIIWBOK, B TO
BpeMsl KaKk IpUMeHeHHe Oosee KOHLEHTpUpoBaHHbIX pacTBopoB Cu(NO;), (0,6 Monb/i1 U BbIIIE) NPUBOAUT
K (POPMHPOBAHHUIO TIOOYISPHBIX CTPYKTYP 3@ CUET PEeaTU3alii B TIOCIEIHNX BHYTPUMOIIEKY/ISPHBIX CIIMBOK
HOHOM MeTaJla W Pa3IUIHOrO poja KOOPAMHAMOHHBIX B3amMmoneilicTtBuil. Metomom JICK ycTaHOBIICHO:
XapakTep M SHEpreTHYecKue mapaMmerpsl tepmudeckoro pasnoxenns Cu-IIBT cymecTtBeHHO 3aBHCAT OT yc-
noBHit ero noydeHws. OOHAPYKEHO, UTO MPOIYKT TepMudeckoro pasnoxeHus Cu-IIBT npeacrasmsier coboit
TTOJIMMEPHYIO PEHTTEHOAMOP(HYIO MaTPHUIly C WHKOPIOPHUPOBAHHBIMH HAHOYACTHUIIAMH MEAHW M IMPOSBISIET
BBICOKYIO KaTaINTHYECKYI0O aKTHBHOCTh B PEAKIMAX KPOCC-COYEeTaHWs (PEHMIIAIETHIICHA W KIWK-CHHTE3a
TPyTHOAOCTYIHBIX 1,4- 1 1,4, 5-3amemennsix 1H-1,2, 3-Tpra3onos.
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OITPEAEAEHUWE KOHCTAHT
COIIOANMEPU3ALINN METAKPUAATA HATPUA
N 2-AKPUAAMUAO-2-METUATTIPOITAHCYAB®OHATA HATPUS

JI. B. AKUMI[OBA", JI. B. KHEBHIIKAA"

YBenopycckuii 2ocyoapcmeennviii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, Benapyce

C momouIpio0 MeToJa pajnKadbHOM MOTMMEpPHU3AMd B BOJHOM pPAcTBOPE BIIEPBBIC CHHTE3HMPOBAHBI COTIOIUMEPHI
MeTaKpujiaTa HaTpHs ¥ 2-aKpuiIaMuJ0-2-MeTHIIIPOIAaHCYIIb(OHATA HATPHS C Pa3JIMUHBIM COACPIKAaHWEM MOHOMEPHBIX
3BeHbeB. COCTaB COMOIMMEPOB OLIEHUBANIHN C TTOMOIIBIO HH(ppaKpacHO# cnekrpockonnu. Meronamu ®aiinmana — Pocca
n Kenena — Trooma onpe/eneHs KOHCTAHTBI CONOIMMEPH3ALUH, YCTAHOBIEHO CTAaTUCTUYECKOE PACIIPE/IETICHUE 3BEHBEB
1 00eIHeHNE COTOIMMEPa 3BEHBSIMH METAKpUIIaTa HATPUSI.

Kniouegvie cnosa: paguxanbHas CONOIUMEPU3ALIUS; METAKPUIAT HATPUs; 2-aKPHIIaMHU0-2-METHIINIPONAHCYIb(QOHAT
HaTpHsl; KOHCTAHTHI cononuMepusanuu; Meroas! Paitumana — Pocca u Kenena — Trogomia.

DETERMINATION OF COPOLYMERIZATION CONSTANTS OF
SODIUM METHACRYLATE AND SODIUM 2-ACRYLAMIDO-2-
METHYLPROPANESULFONATE

L. B. YAKIMTSOVA®, D. V. KIEVITSKAYA*

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
Corresponding author: L. B. Yakimtsova (yakimtsova@bsu.by)

Copolymers of sodium methacrylate and sodium 2-acrylamido-2-methylpropanesulfonate with different content of
monomeric units were synthesized by radical polymerization in aqueous solution for the first time. The composition of the
copolymers was evaluated by infrared spectroscopy. The Finemann — Ross and Kelen — Tiidos methods have been used to
determine the copolymerization constants, the statistical distribution of units and reduction of the copolymer with sodium
methacrylate units were established.

Key words: radical copolymerization; sodium methacrylate; sodium 2-acrylamido-2-methylpropanesulfonate; copoly-

merization constants; Finemann — Ross and Kelen — Tiidos methods.
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BBenenune

Bonopacteopumesie comommmmMepsl (CI1) akpunata Harpust (ANa) u 2-akpuiiaMuI0-2-MeTHITPOITaHCYIb(O-
nara Hatpus (AMIICNa) sistroTcst 3¢ eKTUBHBIMA aHTUCTATHICCKUMHU areHTaMu, (PIOKyIsTHTaMH, CTabu-
JM3aTOpaMH AUCIIEPCHBIX CUCTEM, OHH MEPCTIEKTUBHBI IS Pa3IMYHBIX OTpaciei mpoMeinuieHHoCcTH [1]. Kak
OBIT0 ycTaHoBIEHO panee [2], Bomubie pacTBopsl CIT ANa m AMIICNa B mpucyTCTBHH TpHAIleTaTa XpoMa o
JIeHiCTBHEM TTOBBIIIICHHON TeMITepaTyphl CITIOCOOHBI 00Pa30BHIBATH MOIMAIIEKTPOIUTHBIEC THIPOTEIH, 9TO 00y-
CJIOBJIMBAET BO3ZMOXXHOCTh UX MCIIOIB30BaHUS B HEPTEIOOBIBAIOMIEH TPOMBIIINIEHHOCTH, B YACTHOCTH B TEX-
HOJIOTHSIX OTPaHUYEHHS BOJIOTPUTOKOB B HE(PTAHBIX TIIACTaX.

Comommmepuzanust AMIICNa ¢ ANa B BOTHBIX pacTBOpax MPUBOIUT K 3HAYUTEIIbHOMY oOorameruio CII
3BeHbsIMH ANa [3], 9TO HEeXeJaTeIbHO, TIOCKOJIBKY CITUBAHUE COIOJMMEPOB B PE3YIbTaTe B3aMMOICHCTBUS
katnoHoB Cr(IIl) ¢ xkapOOKCMITATHBEIME TPYIIIIAMH IMPOUCXOAUT MMEHHO 3a cueT 3BeHheB ANa [4]. Beicokoe
cofiepanne 3BeHbeB ANa CrocoOCTBYET YBEIMUYEHHUIO TyCTOTHI CITUBKY M CHIDKCHHWIO CTENEHHM HaOyXaHUs
TTOJTURIIEKTPOIUTHBIX THAPOTEIEH.

Pemmte mpobnemy oborammenus CII akpriaTHBIME 3B€HBSIMH ITBITAITUCH MTPOBEJCHUEM COTIONIMMEPHU3AIIAN
ANau AMIICNa B tBepaoii daze. TBepmodazHas comoauMepu3aIiis IpoTeKaia B a3¢0TPOITHOM PEeKUMeE, TIPU
KOTOpOM cooTHoIeHue 3BeHbeB B CII Takoe ke, Kak B MOHOMEpPHOW CMECH, OTHAKO ITOT CIIOC00 He MO3BO-
JIST TOCTUTHYTH TITyOOKHUX CTEIICHEH KOHBEpCHH MOHOMEPOB [S]. B To e Bpems u3BeCTHO [6], 9TO COBMECT-
Has TOJHMEpH3anusl 2-aKpuiaMua0-2-MeTHAnponancymbGokuciaorel (AMIIC) ¢ MeTakpmiIoBOM KHCIIO-
toit (MAK) TIpHBOIUT K TMOIYYCHHUIO COMOIMMEpPA, OOCTHEHHOTO 3BEHBSIMH METAKPIIIOBOM KHUCIOTHI. Jliis
yBenmuyeHnus JuHb neneil Cll u cHmkeHns: KOHIEHTPAI KapOOKCHIIaTHBIX TPYTIT COTIOIMMEPH3AIIHIO TIPO-
BOJIWJIM B KOHIICHTPHPOBAHHOM BOJHOM pacTBOpe, a BMecTo ANa HCIOIb30BaId HAaTPUEBYIO COJIb METaKpH-
noBoi kuciotel (MANa). Jlarasie o cuaTe3e CI1 MANa ¢ AMIICNa 1 KOHCTaHTax COTIOTMMEPHU3AITUH ITHX
MOHOMEPOB B JINTEPATYPE OTCYTCTBYIOT.

Ilens HacTosmel paboOTHI — cHHTE3UpOBaTh comomuMmepbl MANa 1 AMIICNa cBobogHOpaauKaIbHON IT0-
JTUMepHu3alieil B KOHIIEHTPUPOBAHHOM BOJTHOM PacTBOPE M OTPENEIUTH KOHCTAHTHI COMOJIMMEPU3AITUN METO-
namu @aitnmana — Pocca u Kenena — Trozoma.

MaTepua.nLl M MeTOIbl HCCJIeIOBAHUM

B pa6ote ncnonp3oBanu AMIIC ¢ cogepkanremM oCHOBHOTO BemecTBa 98 % (mpousBoactso Alfa Aesar,
A Johnson Matthey Company, CILIA) ¢ temneparypoii urasinerus 185 °C 6e3 mpenBapuTeIbHON OYUCTKH.
Jns cunresa nonumetakpunara Hatpus (IIMANa), CIT MANa u AMIICNa npuMeHsIu neperHaHHyo Ipu
noumxkeHHoM pasnennn MAK mnotHoctsio 1,015 r/em’ B coorBercTBru ¢ TY 6-02-59-89 3A0 «BekTon»,
IPEICTABISIONIYI0 cO00M OECLBETHYIO KUIKOCTh ¢ pe3kuM 3amaxoMm ¢ 7, =16 °Cu T, = 162-163 °C.
[ HeTpanmu3anuu KUCIOT MCIOJIB30Bai THAPOKCU HATpHs Mapku «d. 1. a.» mo [OCT 4328-77 6e3
JIOTIOJTHUTEIILHOW OUUCTKU. BOMy MPUMEHSITH TUCTUILTUPOBAHHYIO, OCTAIIbHBIC PEareHThl — MAPKU «X. 94.)».
HMHunuatopoM moJuMepU3aIiui CIyKUiia OKUCIUTEIbHO-BOCCTAHOBUTEIbHAS CUCTEMA, COCTOSIIIAS U3 TIep-
cynbara ammonus (NH,),S,0, (IICA) u cynspura Hatpus Na,SO, (CH). IICA ounmanu nepekpucraiiu-
3amueil n3 BonHoro pactBopa npu 7' = 40—45 °C u cymuiau npu KOMHATHON TeMIIepaTrype Moj BaKyyMOM.
Cynbsut Harpus, npon3BoguMbeiii OAO «l'OMenbCKUi XUMUYECKHH 3aBOJ», UCIIONB30BAINA 0€3 JOTOIHU-
TEJIbHON OUYHUCTKU.

B tpexropiyio konly, CHaO)KEHHYIO MEIIaJIKOH, TEPMOMETPOM, OOPAaTHBIM XOJIOMIIBHUKOM U OXJIaXKae-
MYIO B BOJSHOM OaHe co baom, moMemand 0,1 MoJst oHOM W3 MOHOMEPHBIX KHCJIOT WJIM MX CMECH U pac-
TBOPSJIN B OTIPENIEIICHHOM 00beMe AUCTIITUPOBAHHOHN Bojbl. OTnenpHO pacTBopsin B Boae 0,1 moms NaOH
U MEJJICHHO MPH OXJIAXKJICHUU 1 ITEPEMEITUBAHNY TPHITUBAIN PACTBOP IIEJIOYH B KOJIOY JIO IMOTyYeHHUs BOJIO-
pozHoro nokaszaress peakuuoHHoi cMecu pH 7. ITo okoHUaHUM HEHTpanu3aluuu B pacTBOP MOHOMEPOB BBO-
mn ipeaBapuTensHo cmemanubie 10 % pactBopsr [ICA n CH n nogarManm temneparypy BOASHOW 6aHU
1o 60—65 °C. Cocras CII qst pacueTa KOHCTaHT COTIOIMMEPH3AINH OTIPEACIISIN Ha 00pa3iax, MOTydeHHbIX
Ipy MajIoi KoHBepcur MoHOMepoB (5—7 %). st atoro, kak Tonsko CII HaunHam 0Opa3oBBIBATHCS B TEUEHUE
MEPBBIX 5 MUH 110 IOCTHKEHUH HEOOXOJMMOM TEMITePaTyphl, 5 MJI PEaKIIMOHHOTO PacTBOpa OCAXK/IAIU B alle-
TOH, OYMIIAJIN TTEPEOCAXKACHNEM U cymmin mpu Temreparype 50 °C go nmoctosHHON Macchl. OcTaBIIyroCs pe-
AKIMOHHYIO CMECh MPOJIOJDKAJIM HAarpeBarh B TeUEHHE 4 4, 3aTE€M PACTBOP MOJMMEPa OCTABIISIIIH OXJIKAThHCSI
JIO CIIEMyIOIIEero yTpa. Beixoa momumepa coctasisit 97-99 %, KOHIIEHTpaIus moIuMepa B Boje Oblia paBHA
40 %. Ilo 3aBepIICHNH CHHTE3a MOJUMEP TAK)KE OYUIIAIIN TBOMHBIM TIEPEOCAXKICHIEM U3 BOIHOTO PacTBOpa
B alleTOH ¥ Ccymwiau B mkady mpu 50 °C.

Cocras CII onpenemnsimn metogom UK-cniektpockomnuu [7] ¢ momorpio criektpomerpa Bruker Alpha ¢ pu-
craBkoi Platinum-ATR (I'epmanus). [IpenBapuTenbHO HA OCHOBE CIEKTPOB CMECEW 3TaJOHHBIX 00pasloB
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romonioniumMepoB MANa u AMIICNa, B3sITBIX B ONpeeieHHOM MOJBHOM COOTHOIICHHH, ObLIa MOCTpOeHa
KanuOPOBOYHAS 3aBHCHMOCTH OTHONIEHHS ONTHYECKHX IUIOTHOCTEH mojoc mpomyckanus 1544 u 1041 cm '
(D,544/Dg4,) OT MOnBbHOM n0MM roMomnonumepa MANa. 3arem no 3nadenusm D g,,/D,,, 118 cononumepa o
KaJMOPOBOYHON 3aBUCHMOCTH ONPEACISUT MOJIbHYIO 107110 3BeHbeB MANa B CIIL.

KoHcTaHThl conmonuMepu3anuy (WM OTHOCUTEIbHbIE AaKTUBHOCTH MOHOMEPOB) OLICHUBAJIU 110 METOAY

®aitnmana — Pocca [8]:
5 )h f) F

rae F, u F, — monbHble nonu 38eHbeB MANa u AMIICNa B CIT; f, u f, — MonbHBIe 1011 MOHOMEpoB MANa
n AMIICNa B ncxXonHOW MOHOMEPHOM CMecH; 7, — KOHCTaHTa cononuMepusannn MANa; r, — KOHCTaHTa
conomumepm3aruu AMIICNa. Ypasaenue coctaBa CII B COOTBETCTBUH C 3TUM METOIOM NPHOOPETACT BUI
¢dhopmymsl (1).

KoHcTaHThI cononnmepu3anuy ObLIH ONpe/eNieHbl Takxke o Metony Kenena — Trogomia [9], ocHOBaHHOMY
Ha JIMHEapu3aliyl ypaBHEHHUSI COCTaBa COMOIIMMEpa C YUeTOM CTeleHHU pa3dpoca SKCIepUMEHTAIbHBIX daH-
HBIX € TIOMOIIBIO (hakTopa o [9]:

n=rE-2(1-8), 2)

R [ ()

e e o+ M,

L— i ®

[mz] [ml]
o ()
M, M,

S Y I R Py @
[m.] [m,]
D
M, M,

i . ”
L [MZ] dmin L [mZ] dmax

rae B ypaBHeHUsX (3) — (5) [M 1] u [M 2] — MOJIBHBIE JIOJIH _f MOHOMEpOB M, u M, B MOHOMEPHOH cMecH; [ml]
u [mz] — MoJibHbIe Aoy 3BeHbeB M, u M, B CII; min 1 max — sKcTpeMasbHble 3HAYCHUS! OTHOLICHUN BEJTMYNH
U3 psAJa ONBITHBIX JaHHBIX.

[To ypasuenusiM (3), (4), (5) paccunThIBaIN BETHMYUHEI 1), &, 0L M COTVIACHO YPaBHEHUIO (2) CTPOMIIH IpaduK
3aBUCUMOCTH 1 OT &. 11 onpeienieHns 7, HaXOQMIIH 10 rpauKy COOTBETCTBYIOIIEE 3HAUYCHUE OPMHATHI IIPH
&= 1. Koncranty r, onpezensiu 1o 3Ha4eHur0 opauHaTsl npu & = 0.

Pe3yabrarsl ncciie10BaHuil 1 MX 00CyKAeHHE

Cunres CI1 MANa u AMIICNa ocymiecTBIsui B YCIOBHSAX, aHAIOTHYHBIX TIPHBOIUMBIM B padoTax [1; 3],
Ipu cooTHOIIeHNnn MoHOMepoB 1 : 4,3 :7,1: 1,7 : 3. Ha puc. 1 mpencraBneHa cTpykTypHas Gopmyma 00-
pasytomierocs CII.

KonmuectBo peareHToB, ucnonb3yemsbix npu nosydeHuu CII ¢ pa3HbIM MOJBHBIM COOTHOIIIEHHUEM 3BEHBEB
MANa u AMIICNa, a Takke UX TOMOIIOJIMMEPOB, IPUBEACHO B TalI. 1.
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Puc. 1. CtpykrypHas popmysa conoinmepa MANa u AMIICNa
Fig. 1. Structural formula of the copolymer of sodium methacrylate (MANa)
and sodium 2-acrylamido-2-methylpropanesulfonate (AMPSNa)
Ta6numa 1
YcnoBus cunTe3a romo- u conoinmepos MANa u AMIICNa
Table 1
Conditions for the synthesis of homo- and copolymers of MANa and AMPSNa
. MAK, AMIIC, NaOH, [ICA, CH, B
A r/(MoIb) r/(MOJTB) r/(MoIb) r/(MOB/ 1) r/(MOJIB/11) ona, r
0 0 20,7/(0,1) 4,0/(0,1) ( 5060-351 (5)53) (20’00.128,/3) 29,1
02 | 1,72/0,02) | 1656/0,08) | 40/0.1) ( 0% S_/3) (20 ! ,128_/3) 28,9
03 | 2,58(0,03) | 1449/0,07) | 40/0,1) ( 20 353) (20’20,“{8,/3) 27,1
05 | 4300005 | 1035/(0,05 | 40/0,1) (80’10,351 (5)53) (3030_“;8,/3) 17,5
0,7 | 6020007 | 621/0,03) 4,0/(0,1 (70’20.351 353) (20’90.“;8,/3) 19.9
1,0 8,6/(0,1) 0 4,0/(0,1 (9080-351 353) (3025(5’1_0100/,3) 14,4

®parmenTsl HHPpaKpacHBIX crieKTpoB romornonuMepoB AMIICNa, MANa, a Takke uX COIOIUMEPOB, T10-
TydeHHBIX pHu cooTHOeHUH MANa n AMIICNa 3 : 7u 1 : 1, mpuBeacHs! Ha puc. 2.

B crekrpe romonomuMepa MANa (cM. puc. 2) 1ojaoca npoycKaHHs ¢ MAKCHMYMOM B oGnactu 1544 e’
JIOMHHHPYIOIIAsi, OHA XapaKTepHa I aCHMMETPHUIHBIX BaJICHTHBIX KoneOanuit rpynmel COO™ [10]. s
criektpa romoronmmmepa AMITICNa xapakTepucTHIeCKOH MOI0COo IPOITYCKaHUS SBIISETCS MOJI0Ca B 00JIaCTH
1041 cM ', KOTOpasi COOTBETCTBYET CHMMETPUYHBIM BAJICHTHBIM KOJICOAHHSIM CY/Ib(pOHATHBIX Tpyrn O=S=0
[11]. Carnanst C—N u C—NH nedopmarmoHHbIX Koiebannii amuHorpyIi B romonoinumepe AMITCNa u ero
CIT nposBisitores npu 1542 cM ' 1 B cilydae COMONMMEPOB COBIAIAIOT C MONOCOH IPONYCKAHHS 3BCHBCB
MANa 1544 cm™' (M. puc. 2). OmHAKO COBNAJICHHE MONOC HE HCKAXKAET PEe3y/IbTAaTOB ONPEICICHNsS COCTaBa
CII, moCcKoIbKY OHO MMEET MECTO U IPH MOCTPOCHNN KaTTMOPOBOYHOM 3aBUCHMOCTH TI0 CMECSAM 3TaJOHHBIX
00pasIoB TOMOITOJIMMEPOB, B3SATHIX B (PUKCHPOBAHHOM MOJIBHOM cOOTHOIMeHNH. CurHansl O=S=0 acum-
METPHYHBIX BaJCHTHBIX KOJIeOaHHil IposBIIsioTces B odmactu 1182 cm . TTonoca npomyckanus npu 1651 cv ™
COOTBETCTBYET BAJIEHTHBIM KOJIEOAHUSAM KapOOHWIBHOM TPYITHI IEPBUYHOTO aMU/Ia.

Crekrpst CII BKITIOUAIOT CHTHAIBI, KOTOPBIE COIEPIKaTCs B CIIEKTpax 000ux romonoianmepos. [1o mepe us-
MEHEHUs cocTaBa MeHseTcs cootHouenue D /D, ,,. OHO yBenuunBaercs ¢ BO3pAaCTAHUEM MOJIBHOM A0JIU
3BeHbeB MANa B CII. 1o Benmunnam D /D, ,; UK-ciekTpoB conosimmepos ObuIN OIPEAEIEHbl X COCTaBbI
pu 5—7 % KOHBEpCHH MOHOMEPOB B 3aBHCHMOCTH OT COCTaBa MOHOMEpHOH cmecu. CopmeprkaHne 3BEHHEB
MEeTaKpHiiaTa HaTpUsl B COMOJIMMEpaxX C BBICOKHM BBIXoAOM (97-99 %) Obuto MeHsIne TakoBoro mpu 5—7 %
KOHBEPCHUH MOHOMEPOB B cperHeM Ha 12 %. Pesynprarer onienku coctaBa ClI ¢ pa3Hoii cTenieHpIO 3aBEpIIICH-
HOCTH PEaKIIiy MOJUMEPHU3alliy OBLIIN OITyOJIMKOBAHBI paHee B padote [12].
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Puc. 2. dparmentsr UK-criekrpos romonommmepos AMIICNa (/), MANa (2)
1 COTIOJIUMEPOB, MOMy4YeHHBIX Ipu cooTHOmEeHNH MANau AMIICNa3 :7(3)ul:1(4)

Fig. 2. Fragments of IR spectra for homopolymers of AMPSNa (/), MANa (2)
and copolymers, obtained with the ratio of MANa and AMPSNa 3 :7 (3)and 1 : 1 (4)

B cootBetcTBUUN ¢ MeTogoM Daiinmana — Pocca koncTanThl cononumepuszanuu MANa u AMIICNa ompe-

2

. £ A A B
NN TTOCTPOSHUEM TPSIMOJIMHEHHON 3aBUCUMOCTH | —=—1 [~ ot | = [ —. MonbHbIe 10N 3BEHHEB

[ o (2)7
MANa u AMIICNa B CII (¥, u F,) 1 B UCXOIHOH cMecH MOHOMEPOB (f; U f,) Ul MOCTPOEHUs ITOH 3aBUCHU-
MOCTH, a TaK)Ke€ KOHCTaHTBI COMOJIMMEPHU3AIIIH IPeCTaBIeHbI B Ta0IM. 2. JaHHBIe Ta0II. 2 TOKa3bIBAIOT, YTO CO-
nonumepuzanus AMIICNa ¢ HaTpreBoii COJIbI0 METAKPUIIOBOM KUCIOTHI, B oTinure oT ANa [1; 3], mpoTekaer
¢ HeOompmM obexnennem CII 3Benbamu MANa, uTo cornacyercs ¢ padoroit [6]. YrmoBoii ko3ddunmeHT
MpsIMOM JaeT KOHCTaHTy cononuMepusanun MANa 7, a 0OTpe30K, oTcekaeMblil 1o ocu opauHaT — AMIICNa

r, (puc. 3, a).

Tabnuma 2
CooTHomeHHs1 MOJIbHBIX H0ei 3BeHbeB MANa u AMIICNa B CII ot MOJIbHBIX 10J1€ii
MOHOMEPOB B HCXOHOIi cMecH /UIs1 onpesiesieHUs] KOHCTAHT
conosnMepusanuu no merogy ®@aiinmana — Pocca
Table 2

The ratio of the mole part of the units MANa and AMPSNa in the copolymer
as a function of the mole part of the monomers in the initial mixture for determining the copolymerization
constants using the Finemann — Ross method

h f F, F, (£1A) - (BIR) | (R/E-1)-(4/1) " r,

0,2 0,8 0,20 0,80 0,25 0,75 0,50 + 0,05 0,87 £ 0,09
0,3 0,7 0,27 0,73 0,50 0,73 To xe To xe
0,5 0,5 0,47 0,53 1,15 0,15 » »

0,7 0,3 0,61 0,39 3,48 -0,84 » »

Ucxonusie nanusie o cocrase ClI, KOHCTaHTaX COMOIMMEPHU3ALINH, & TAKKE PACCYMTAHHBIE BETHMYNHBI IS
nXx HaxoxaeHus no merony Kemnena — Tromomna npencraBnens! B Ta0m. 3. [To aToMy MeToay JiIsl yCTaHOBIEHUS
KOHCTaHT CONOJIMMEpHU3aluy U3 AaHHbIX 1o coctaBy CII paccunThiBaiu 3Ha4YEHUs BEIMYHH 1), U &, 110 ¢op-
mynam (3)—(5) u cTpounu rpaduK 3aBUCUMOCTH 1) OT &, TOKa3aHHbIH Ha puc. 3, 6. 1o rpaduky onpenemnsiu
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Puc. 3. Onpenenenue koHCTaHT cononumepusanun MANa u AMIICNa
meronamu Daitimana — Pocca (a) u Kenena — Tromorma (6)
Fig. 3. Determination of the copolymerization constant MANa and

AMPSNa using Finemann — Ross (a) and Kelen — Tiidos (b) methods

KOHCTaHTy conosiumepu3aind MANa 7, HaXOKJICHHEM COOTBETCTBYIOIIETO 3HAUCHHS OpAMHATHI pH & = 1,
a koHcTaHTy cononuMepuzaund AMIICNa 7, — o 3Hauenuto opauHatel npu & = 0.

Tabnuna 3
CoorHomenust MoJabHBIX JoJeli 3BeHbeB MANa u AMIICNa B CII oT MOJIBHBIX [10JIeli MOHOMEPOB
B MCXOJIHOIi cCMeCH /151 onpe/ie/IeHHs] KOHCTAHT conoinMepu3anun no metony Kenena — Tronoma
Table 3
The ratio of the mole part of the units MANa and AMPSNa in the copolymer
as a function of the mole part of the monomers in the initial mixture for determining
the copolymerization constants using the Kelen — Tiidos method

[M,] [M,] [m,] [m,] g il ol 7 "
0,2 0,8 0,20 0,80 0,21 -0,63 0,93 0,53 +0,24 0,91 £0,08
0,3 0,7 0,27 0,73 0,35 -0,51 To xe To xe To xe
0,5 0,5 0,47 0,53 0,55 -0,07 » » »
0,7 0,3 0,61 0,39 0,79 0,19 » » »

KoHcTaHTBI cononumepu3aluy, pacCunTaHHble pa3HBIMH METOJAMM, OMU3KU IO 3HAYCHHUSM, a UX IPO-
U3BE/ICHNE MEHbIIIE€ €IMHUIBI, YTO CBHUJETENBCTBYET O CTATUCTMYECKOM pACIpPEesIeHUN 3BEHBEB B IIETIH.
Koncranra cononumepusauuu MANa r,, paccuuranHas 1o AByM ykazaHHbIM MeTonam (0,50 u 0,53), Huxe
koHcTanTel AMIICNa 7, (0,87 1 0,91), T. e. cunTe3upoBaHHbIH conoaumep odenHeH 3BeHbsiMu MANa.

3akjaoueHne

Takum o06paszom, meroamu daiinmana — Pocca u Kentena — Tronomnia onpeiesieHbl KOHCTaAHTbI PaIiKaIbHON
COIOJIMMEPU3AIIMY B BOJHOM PacTBOPE METaKpWiiaTa HaTpUsl U 2-aKpUIIaMHUJ0-2-METHIIPONAHCYIb(OoHATA
HATpusi. BeJIMYMHBI KOHCTAHT CBUICTEILCTBYIOT 00 OOCTHEHHM COMOJIMMEPA METAKPWIATHBIMU 3BEHBSIMHU
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budanorpaguyeckne cCblIKM

1. Kypenros A. B. PaguxaibHasi CONOJIMMEpPH3ALUS 2-aKpHIaMHI0-2-METHIIIPOIAHCYIb()OHATA HATPHS C aKPHUIATOM HATPHs
B pacTBopax : aBroped. Auc. ... Kaua. XuM. Hayk : 02.00.06. Kazaus, 2011.

2. Axumyosa JI. b., Cakosuu O. K. I'eneobpa3oBaHie KOMIO3UINI FOMO- H COIOJIMMEPOB aKpUiIaTa HaTpUs U 2-aKpHIaMu10-2-
MeTHiInponaHcyibdoHara Harpus // TIpoGneMbl U NEPCIEKTUBBI Pa3BUTHs XUMHHU, HeTeXuMun 1 HedrenepepaboTKH : MaTepHalbl
MexayHap. Hayd.-pakt. KoH., mocesl. 50-neruro Hmxnexam. Texnon. un-ta (Hmwkuexkamek, 25 amp. 2014 1) : B 2 T. HukHekamck,
2014. T. 1. C. 320-323.

81



Kypnaa Besopycckoro rocynapcrseHHoro yuusepcurera. Xumus. 2018. Ne 1. C. 76-82
Journal of the Belarusian State University. Chemistry. 2018. No. 1. P. 76—82

3. Kypenxog B. @., Kypenkos A. B., Jlobanos . H. Cononumepusanus 2-akpuiaMHI0-2-MeTHINPONAHCYIb(OHATa HATPUS
C aKpHJIATOM HaTpUsl B KOHLEHTPUPOBAHHBIX BOJHBIX pacTBopax // Beicokomon. coen. Cep. b. 2009. T. 51, Ne 8. C. 1554-1558.

4. lllaxno O. B., I'puniox E. B., Kpyav JI. II. CocTaB MaKpOMOJEKYISIPHBIX METaNIOKOMILUIEKCOB B ITOJIHAIEKTPOIUTHBIX THIPO-
rejsx Ha OCHOBE (DYHKIIMOHATM3UPOBAHHBIX MONHAKPHIAMHIOB, CIIUTHIX arierarom xpoma(Ill) // Jokn. HAH Benapycu. 2013. T. 57,
Ne 3. C. 63-69.

5. Axumyosa JI. b., Lletinax T. M. TBepnodasHas comoanMepu3anus 2-akpuiaMu0-2-MeTHIIPONaHCyTb(hoHaTa HATPHUS U aKpH-
nara Harpust // Bectr. BI'Y. Cep. 2, Xumust. buosnorust. 'eorpadus. 2016. Ne 3. C. 29-35.

6. Rivas B., Martinez E., Pereira E., Geckeler K. Synthesis, characterization and polychelatogenic properties of poly[(2-acrylami-
do-2-methyl-1-propane sulfonic acid)-co-(methacrylic acid)] // Polymer International. 2001. Vol. 50. P. 456—462. DOI: 10.1002/pi.657.

7. Aanunosuu T. I, Axumyosa JI. b., I puniox E. B. u dp. BnusHue cnoco0a MoarMMepH3allii Ha COCTaB COMOIMMEPOB aKpHaTa
HaTpUsl U 2-aKpHIaMHJI0-2-MeTHIIponancyibponara Hatpus // [ToarMepHbIe KOMIO3UTBI ¥ TPUOOJIOTHS : MaTepuasisl MexayHap.
Hayd.-TexH. KoH}. (I'omens, 23-26 urons 2015 1.). T'omens, 2015. C. 161.

8. Cemuuxos 0. /]. BeicokoMOneKynspHble coenHeHus : yued. s By3oB. M. : UL «Axanemus», 2003.

9. lepsiouna I’ M. Cononumepusanus : yued. nocobue. Camapa : U1 «Camapckuii yausepcute», 2013.

10. Grabowska B., Holtzer M. Structural examination of the cross-linking reaction mechanism of polyacrylate binding agents //
Archives of Metallurgy and Materials. 2009. Vol. 54, Ne 2. P. 427—-437.

11. Valle H., Sanchez J., Rivas B. L. Poly(N-vinylpyrrolidone-co-2-acrylamido-2-methylpropanesulfonate sodium) : synthesis,
characterization, and its potential application for the removal of metal ions from aqueous solution // J. Appl. Polym. Sci. 2015. Vol. 132,
Ne 2. P.41272. DOI: 10.1002/APP.41272.

12. Axumyosa JI. ., Ipuniox E. B., Uleiinak T. M. u op. Cononumepusanusi METakpHuiIaTa HaTpust U 2-aKpHIaMH0-2-METHII-
npornancynabgonara Harpus // IlepcreKTHBEI pa3BUTHSI U COBPEMEHHBIE IPOOJIEMBI 00pa30BaHMs, HAyKH W IIPOM3BOJCTBA | MATEPHATIBI
Bceepoc. Hayu.-nipakT. KoH(]., mocBsanl. 50-neturo . HiwkHekamcka (Hmxnekamek, 20 mas 2016 1) : B 2 T. Hiwknekamck, 2016. T. 1.
C.51-54.

References

1. Kurenkov A. V. Radical copolymerization of sodium 2-acrylamido-2-methylpropanesulfonate with sodium acrylate in solu-
tions : autoabstract of diss. of the cand. of chem. sci. : 02.00.06. Kazan, 2011 (in Russ.).

2. Yakimtsova L. B., Sakovich O. K. Gelling compositions of homo- and copolymers of sodium acrylate and sodium 2-acryl-
amido-2-methylpropanesulfonate. Problemyi i perspektivyi razvitiya himii, neftehimii i neftepererabotki : materialy Mezhdunar.
nauchn.-prakt. konf., posvyashch. 50-letiyu Nizhnekamskogo tekhnol. inst. (Nizhnekamsk, 25 April, 2014) : in 2 vol. Nizhnekamsk,
2014. Vol. 1. P. 320-323 (in Russ.).

3. Kurenkov V. F., Kurenkov A. V., Lobanov F. I. Copolymerization of sodium 2-acrylamido-2-methylpropanesulfonate with so-
dium acrylate in concentrated aqueous solutions. Vysokomol. soedin. Ser: B. 2009. Vol. 51, No. 8. P. 1554—1558 (in Russ.).

4. Shakhno O. V., Grinyuk E. V., Krul L. P. The composition of macromolecular metal complexes in polyelectrolyte hydrogels
based on functionalized polyacrylamides crosslinked with chromium(IIl) acetate. Dokl. Nats. Akad. Nauk Belarusi. 2013. Vol. 57,
No. 3. P. 63—69 (in Russ.).

5. Yakimtsova L. B., Shaipak T. M. Solid-phase copolymerization of sodium 2-acrylamido-2-methylpropanesulfonate and sodium
acrylate. Vestnik BGU. Ser. 2, Khimiya. Biol. Geogr. 2016. No. 3. P. 29-35 (in Russ.).

6. Rivas B., Martinez E., Pereira E., Geckeler K. Synthesis, characterization and polychelatogenic properties of poly[(2-acrylami-
do-2-methyl-1-propane sulfonic acid)-co-(methacrylic acid)]. Polym. Int. 2001. Vol. 50. P. 456—-462. DOI: 10.1002/pi.657.

7. Danilovich T. G., Yakimtsova L. B., Grinyuk E. V., et al. Influence of polymerization method on composition of sodium
acrylate and sodium 2-acrylamido-2-methylpropanesulfonate copolymers. Polimernyie kompozityi i tribologiya : materialy Mezhdu-
nar. nauchn.-tekh. konf. (Gomel, 23-26 June, 2015). Gomel, 2015. P. 161 (in Russ.).

8. Semchikov Yu. D. High-molecular compounds. Moscow : Publ. center «Academia», 2003 (in Russ.).

9. Deryabina G. I. Copolymerization. Samara : Publ. center «Samarskiy Universitet», 2013 (in Russ.).

10. Grabowska B., Holtzer M. Structural examination of the cross-linking reaction mechanism of polyacrylate binding agents.
Archives of Metallurgy and Materials. 2009. Vol. 54, No. 2. P. 427-437.

11. Valle H., Sanchez J., Rivas B. L. Poly(N-vinylpyrrolidone-co-2-acrylamido-2-methylpropanesulfonate sodium) : synthesis,
characterization, and its potential application for the removal of metal ions from aqueous solution. J. Appl. Polym. Sci. 2015. Vol. 132,
No. 2. P. 41272. DOI: 10.1002/APP.41272.

12. Yakimtsova L. B., Grinyuk E. V., Shaipak T. M., et al. Copolymerization of sodium methacrylate and sodium 2-acrylami-
do-2-methylpropanesulfonate. Perspektivy razvitiya i sovremennyye problemy obrazovaniya, nauki i proizvodstva : materialy Vseross.
nauchn.-prakt. konf., posvyashch. 50-letiyu g. Nizhnekamsk (Nizhnekamsk, 20 May, 2016) : in 2 vol. Nizhnekamsk, 2016. Vol. 1.
P. 51-54 (in Russ.).

Cmamws nocmynuna 6 peoxonnezuio 12.06.2017.
Received by editorial board 12.06.2017.

82



OpurnHajibHble CTATHH
Original Papers

VIIK 669.24:546.814-31

IAEKTPOXNMHNYECKOE OCAJKAEHUNE CIIAABA Sn—Ag,
ITPUTOAHOI'O B KAYECTBE ITPUITIOA

O. H. BPYBJIEBCKAA", M. A. IIHKYH”, T. H. BOPOEBEBA""?,
A. M. PABEHOK?, A. C. T'YHUY”, C. I. MEJIbHHKOBA®

YVupearcoenue BI'Y «Hayurno-uccredosamenbekuti UHCMUmym u3uko-Xumuieckux npoouemy,
ya. Jlenunepaocxas, 14, 220006, e. Munck, Berapyco
Y Benopycckuii 2ocyoapcmeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, benapyce
VO «Munckuii 2ocydapcmesennbiii obnacmuoii auyeiy, yi. Ceposa, 18, 220000, 2. Munck, Benapyce

[peasnoxeH coCTaB MEKTPOIUTA ISl OCANKICHHS JIETKOILIABKOTO CIIaBa Sn—Ag, OJIM3KOTO 110 COJEPIKaHHIO IEMEH-
TOB K 9BTEKTHKE, OTIIMYAIONINICS OT U3BECTHOTO CHIIBHOKHCIIOTO CYIb()aTHO-THOMOYEBUHHOTO PACTBOPA HAJTHMYHEM JI0-
0aBOK r'MIPOXUHOHA, 1,4-0yTHHIMOMA U IUTPAT-HOHOB. [10Ka3aHO, 4TO, BAPbUPYs KOHIIEHTPAIUIO J00ABOK U IIOTHOCTH
TOKa, MOYKHO YTPABIIATH COACP)KaHUEM OJIOBa B CIUIaBe B mpenenax 73—96 mac. %, CKOpOCTBIO poCTa MOKPHITHH OT 2,7
10 15,6 MKM/4, cyMMapHBIM BBIXOJIOM METAJIOB IO TOKY B rpeaenax 55-99 %. OnpezesneHo, 4To MOKPBITHS COCTOSIT U3
MEJIKUX 3epeH cepebdpa BerauurHol MeHee 0,5 MKM M IJIACTHHYATHIX KPUCTAIUIOB 0JIoBa pazmMepoM 3—20 MKM, BO3pac-
TAIOIIUM [PH TOBBIILICHUU JIOJX OJI0Ba B ciutaBe. [10 JaHHBIM TEPMUYECKOTO aHalK3a, MAKCUMYM JHIOTEPMHUUYECKOTO
nuka ruiaBieHus Ha JICK-kpuBBIX cIutaBoB Sn—Ag ¢ copiepskanueM osioBa ooee 73 mac. % npuxomutcs Ha 223,5 °C, uto
Omusko k T, 9BrexTukd. [lnoniaas nruka pacTeT ¢ yBEINYSHUEM JIOJIU 0JIoBa B ciuiaBe. [1okpbITus Sn—Ag, comepikaliie
6omee 93 mac. % o10Ba, OIU3KU IO COCTaBY K 3BTEKTHKE M XapaKTEPU3YIOTCS MOBBIIICHHBIM JaXKe IO CPABHEHUIO C OJI0-
BOM pacTeKaHUEM pacIljiaBa IPHIIOs, YTO JeTaeT X NEPCIIEKTUBHBIMH IS TTAHKH.

Kntouessie cnosa: >neKTPOXUMHYICCKOE OCAXKICHHE; CIIJIAB; OJIOBO; cepedpo; MPHITO; IBTEKTHKA; JOOABKH B DJICK-

TPOJIUT.
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ELECTROCHEMICAL PLATING OF Sn—Ag
ALLOY APPLICABLE AS A SOLDER

O. N. VRUBLEVSKAYA", M. A. SHIKUN®, T. N. VOROBYOVA"",
A. M. RABENOK", A. S. GUNICH", S. G. MELNIKOVA®

*Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus
*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
‘Minsk State Regional Lyceum, 18 Serova Street, Minsk 220000, Belarus

The additions of hydroquinone, 1,4-butandiol and citrate ions to the known strongly acidic sulfate-thiourea solution
for electrochemical deposition of Sn—Ag low-melting alloy are proposed, which provide to obtain the alloys of compo-
sition near to the eutectic one. It is shown that varying the content of the additions and current density it is possible to
control tin content in the alloy in the range of 73-96 wt. %, the rate of coatings deposition from 2.7 to 15.6 pm/h, the
total current yield in the range of 55-99 %. It is determined that coatings consist of fine silver grains less than 0.5 pm in
size and lamellar tin crystals 3-20 pm in size, increasing with the rise of tin fraction in the alloy. According to thermal
analysis data the maximum of endothermic peak in DSC curves corresponding to the melting of Sn—Ag alloy with tin
content over 73 wt. % is found at 223.5 °C, that is close to the melting temperature of the eutectic. The area of this peak
increases with tin quota in the alloy. Sn—Ag coatings containing more than 93 wt. % of tin, similar in composition to the
eutectic are characterized by high spreading of the molten solder even better as compared with tin, which makes these
coatings promising for soldering.

Key words: electrochemical deposition; alloy; tin; silver; solder; additions to electrolyte.

CraBsl 0JI0Ba MIUPOKO MPUMEHSIOT B MHKPOAIEKTPOHUKE U IPUOOPOCTPOCHNH B KaY€CTBE MPHUIIOEB, aH-
THQPUKITMOHHBIX U JCKOPATUBHBIX MOKPHITHH [1]. OcoObIit MHTEpEC MPEACTABISIOT OSCCBUHIIOBHIE CTUIABHI
0JIOBA B CBSI3M C BHICOKOH TOKCHYHOCTRIO cBHHIA [1; 2]. CrutaBel oitoBa ¢ cepeObpoM IBTEKTHUECKOTO COCTaBa
BOCTPEOOBAHBI IJIsT TAHKN TIPH COOpPKE M3MEITHH AIEKTPOHHON TEXHUKH, TIOCKOIBKY XapaKTepU3YIOTCS HU3KOH
TeMIIepaTypoil IiaBieHus B cpaBHeHnu ¢ oj0BoM (7, (Sn) = 231,9 °C), a mo MexaHH4eCKUM CBONCTBAM HE
yCTyTarT emy [2].

CrmaB Sn—Ag mory4aroT METOJIOM CIUIABJICHUSI B HHEPTHOH aTMoc(epe MEeTaTHIeCKIX TTOPOIIKOB 0JI0Ba
u cepebpa B TpeOyeMOM COOTHONICHWH B (JOpME 3arOTOBOK (IIAPHKH, MPYTKH), I 9eT0 HEOOXOAMMa TOU-
Has JO3MPOBKA MOPOIIKOB, a MPOIIECC BRIMTyCKa 3aTOTOBOK SABJISETCS moporocrosimuM [2]. M3BecTeH criocod
MONTy4YeHHs CcIiaBa Sn—Ag MyTeM MOCIOWHOTO 3IEKTPOXMMHYECKOTO (TaThbBAHMYECKOTO) HAHECEHHUS 0JI0Ba
1 cepeOpa Ha MOMJIOKKY C IMOCIEAYIONEH TepMooOpadoTKolit B MHEpTHOH aTMocdepe. OmHAKO MTOCIOWHOE
OC@XJEHHE METAJUIOB HE TO3BOJISIET BOCIPOM3BOANMO MOJY4aTh COCTAB CILIaBa, TIOBEPXHOCTH OJOBA JIET-
KO OKHCJIIETCS, a 00pa3oBaHNe OKCUIOB 3aTPYIHSCT Mporecc (OpMHUPOBAHUS CIIABOB MIPH TEPMOOOpadbOTKe
MHOTOCJIOWHOH CHUCTEeMHI [3].

Bo3MokHO TONMydYeHHME cIiaBa METOAOM COBMECTHOTO JIIEKTPOXHMHUYECKOTo BoccTaHoBieHus Sn(ll)
u Ag(l). IIpoGiemoli omHOBpEMEHHOTO BBIIEICHUS Sn U Ag Ha Karone ¢ GopMHUPOBaHUEM CIUIaBa Sn—Ag
KOHTPOJIMPYEMOTO COCTaBa SBIAETCS OOJNbIIasi pa3HUIA B CTAHIAPTHBIX IEKTPOAHBIX MOTEHIHAIAX MeTal-
noB: E°(Sn*/Sn”) = —0,136 B, E°(Ag/Ag’) = 0,799 B [4]. IIpu TakoM COOTHOIIECHHH MOTEHIINAIOB
W3 pacTBOPOB MPOCTHIX COJIEH OJIOBa U cepedpa Ha KaTo/e MPEenMyIIeCTBEHHO BhIiemseTcs cepedbpo. s mo-
Jy4deHHs TOKPBITHIA, 000TaIEeHHBIX OJIOBOM, TPUMEHSIOT P MPUEMOB: BBOAST B PACTBOP BEHIECTBA, M3Me-
HSIOIINE TIepeHanpsHKeHre BBIIEJICHNS Ha KaTOE 0JI0Ba U cepedpa (Hampumep, CTOISIPHBINA KIIeH, JKeJIaTHHY,
JIByXaTOMHBIE CITUPTHI U JIP.); YBEIUINBAIOT KOHIIEHTparuto conu onoBa(ll) B cpaBHeHM™ ¢ conbio cepedpa(l)
Ha 1-2 mopsaka; 7006aBISIOT B PACTBOP JIMTaH b, 00pa3yromiue MpoYHble KOMIUIEKCHBIE COSTHHEHHS C HOHA-
Mu cepebpa [5]. Beicokas ckimorrocTh coenuaenuit Sn(I1) u Sn(I'V) k ruaponusy Takke CylmecTBEHHO Orpa-
HAYUBAET BOBMOYKHBIE COCTaBBI pacTBOPOB. K HCITONIB30BaHIIO TPUTOIHEI pacTBOphI ¢ pH < 2 wm pH > 10 [6].
Kpome toro, pacTBopsl HecTaOMIBHEI M3-3a okuciaeHus Sn(I1l) momamu Ag(l) ¢ oOpa3zoBaHHEM KOJUTOMIHOTO
cepebpa.

Llenpro HACTOSAIIETO MCCIETOBAHNS ABISAETCS pa3paboTKa COCTaBa AIEKTPOINUTA U YCIOBHIA AIEKTPOXHMH-
YECKOTO OCAXKACHHUS JIETKOIIIABKOTO CIiaBa Sn—Ag, OJTM3KOTO M0 COCTaBy K IBTEKTHKE; ONPEAEIICHIE Xapak-
Tepa BIUSHUS J00ABOK B IEKTPOIUTE U IIIOTHOCTH TOKA HA CKOPOCTh OCAKIEHHS TIOKPBHITHI, COOTHOIIIECHHE
B HUX OJIOBa M cepebpa, BHIXOM MeTawioB 1Mo ToKy (BT), MEUKPOCTPYKTYpPY HMOKDPBITHI M UX CIOCOOHOCTH
K TTaike.
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Jst ocaskIeHUs MTOKPBITHIA U3 CIUTaBa Sn—Ag 3a OCHOBY OBLIT B3SIT pacTBOP, ONMMCaHHEIH B [7]. ETo Moau-
(hunmpoBanm myTeM A00aBICHUS aHTHOKcHIaHTa (TuapoxwHoHa), [IAB (1,4-OytuHanona), a TakKe JTOMOJ-
HHUTETHLHOTO MCTOYHWKA JTUTAHIIOB — NUTpaTa Harpus (Tadn. 1). Beibop mo6aBok ObUT 00yCIIOBICH TEM, UTO
TUAPOXWHOH MOXKET IpeoTBpaTuTh okuciaeHue Sn(Il) Ha anome, a Takxke BocctanoBieHue HoHOB Ag(I) B 00b-
eMe arekTponuTa; 1,4-0yTHHINO MOXET U3MEHHUTH IepeHaANpsUKeHNE BOCCTAaHOBIICHN Ha Karoxae oyoBa(ll)
u cepe6pa(l); muTpar-uons! 06pasyior ¢ Ag(I) KommIekcHbe coenunenus coctasa [Ag,(C,H,0,) """, xa-
PaKTepU3YIOLIMECs 3HAYUTEIBHO OoubLIeii yeToituuBocTbio (K = 10'") B cpaBHEHNHM C LUTPATHBIMU KOMII-
nexcamu osoa(IT) cocrasa [Sn(C,H,0(CO0);),1* (K., = 1,9 10") [7-9].

yeT

Tabnuma 1
CocTaBbl PaCTBOPOB 2J1EKTPOXHMHYECKOT0 0CAKAEHHSI CIIaBa Sn—Ag
Table 1
Compositions of solutions for electrochemical deposition of Sn—Ag alloy
KOHHeHTpaHI/I}I KOMIIOHCHTOB, MOJIB/TI
Kowmoretr No 1 Ne 2 Ne 3 Ne 4 No 5
SnSO, (cynbdar onosa) 0,10 0,10 0,10 0,10 0,10
AgNO, (aurpar cepebdpa) 0,005 0,005 0,005 0,005 0,005
SC(NH,), (Tnomo4eBUHa) 0,053 0,053 0,053 0,053 0,053
CHO, (runpoxuHon) 0,005 0,005 0,005 0,005 0,005
H,SO, (cepnas kucnora) 0,005 0,005 0,005 0,005 0,005
C,H,(OH), (1,4-6yTunmon) - 7,5-107" 9,4-10" - 7,5-10°"
Na,CHO, (untpar narpust) - - - 0,10 0,10

IIpumeuanue. pH s komnonenroB Ne 1-3 cocrapinsier 0,5, nust Ne 4, 5 —2,0.

B kauecTBe aHOZOB MCIIONB30BAIH TUIATHHOBYIO (DOJIBIY, MOKPHITUS OCAXKIAIN B TOTEHIHOCTATHIECKOM
pexuMe npu Temmeparype 20 + 2 °C u miotHocTH Toka (/) 0,002-0,009 A/cm®. Katogom cinyskuia MeaHas
¢omnbra ¢ nokpsiTieM Ni—P TonmuHoi 3 MKM B KadecTBe OapbepHOTO CIIOS AJIS MPEJOTBpAIIeHUs TUPPy3un
0JIOBA B M€/lb.

Jlna onpeneneHys TONLIMHBI MOKPBITUI 1 pacyeTa BBIXOJA METAJUIOB 110 TOKY MPUMEHSUIN METO]] TPaBH-
MeTpuH (TOYHOCTH U3MepeHuii cocTasuma 10" ). HeoGxoaumylo ajist pacyeTa TOJNIIMHBI IIIOTHOCTD CIIaBa
BBIYHMCIISUTA UCXOJISl U3 SKCIEPUMEHTAILHO ONpeNeNeHHBIX J1ojel onoBa U cepedpa. CKOPOCTh OCaXKACHHS
pacCcUMTHIBAIN KaK OTHOLICHUE TOJNIMHBI TOKPBITHI KO BpEMEHH MX ocakaeHus (MKkM/4). CyMMapHBIi BBIXO.
METaJIJIOB 110 TOKY OIPEJIENsTH PaCU€THBIM ITyTEM UCXO/S U3 0 METAJJIOB B CIJIaBE U 3HAYEHUH 3J1eKTpo-
XMUMHYECKHUX SKBHBAJICHTOB OJIOBa U cepedpa.

Mopdonoruro NoBEpXHOCTH CIIJIaBa UCCIIEA0BAN C TOMOIIBIO CKAHUPYIOIIETO 3IEKTPOHHOTO MUKPOCKOTIA
LEO-1420 (I'epmanusi), s1eMEeHTHBIN aHaJIM3 COCTaBa TMOKPBITHH MPOBOAMIN METOAOM PEHTICHOBCKOTO JHC-
NIEpCHOHHOT0 MUKpOaHaJln3a ¢ HCIoJIb30BaHNeM IprcTaBki Rontec k mukpockory LEO-1420. Tepmuueckoe
MOBEJICHUE CIIaBa Sn—Ag W3y4alli ¢ IPUMEHEHUEM CHHXPOHHOT'O TEPMHUYECKOTO aHaIn3a (TepMOoaHaIu3aTop
NETZSCH STA 449C, I'epmanust) ipu ckopoct Harpesa 10 K/mun B atmocdepe azora.

st onpeneneHus: cnocoOHOCTH MOKPBITUH K MaiiKe TPUMEHSJIM METOJ] pacTeKaHus Karuid npunos [10].
J1514 3TOTO HA MOBEPXHOCTH MOAJIOAKKH C MOKPHITHEM M3 clijlaBa Sn—Ag HaHOCHIIN B3BELIEHHBIN OTPE30K Mpo-
Bonoku cmasa [I0C-61 (cocras cmnasa, Mac. %: onoBo — 61, ceunen — 37, mens — 2; 7, = 192 °C; nuamerp
MpoBOJIOKH — 1 MM; 1auHA — 2 MM). [ooXKy ¢ mpunoeM HarpeBaiu U BbiiepkuBaiu npu 260 °C B TeueHue
1 mun. Ilpu ruiaBneHUH NPUION pacTekaics Mo MOBEPXHOCTH obOpasuma. OOpa3oBaBIIeecs NpU TUIABICHUH
MIPUIIOS MATHO MOCIIE OCTBIBAHMS 00pa3la BeIpe3ai U Aejalli ero Komuio u3 Oymaru. bymaxHyro komuto B3Be-
IIMBANTH HA AHATUTHYECKUX BECAX ¢ TOYHOCTHIO 10 10 * . PacTeKkaHue Karau mpumos (CMauuBaeMOCTh) COTO-
CTaBJISUIM 110 Macce BhIpe3aHHbIX 00pa3ioB Oymari (1) B pacuere Ha 0,01 T npunos [IOC-61, HaneceHHOTO Ha
uccnenyeMsiii oopasen. O0pasuamu AJ1sl OTpeeSICHHsI CMauuBaEMOCTH CITY KM TTOJTyYSHHBIH crjiaB Sn—Ag,
MenHas ¢onbra, Gponbra c nokpseitueM Ni—P, a Taxoke donbra ¢ mokpeitiem Ni—P v ranbBaHHUECKUM OJIOBOM.
OMBITHI IO pacTEeKaHMIO PacIiaBa MPUITos Ha 00pa3lax MHOTOKPATHO BOCTIPOU3BOIUIIUCE.

[lepen TectupoBanueM Bce 00pa3ibl BELACPKUBAIHN B 5 % pacTBOpE CONSAHON KUCIOTHI B TeueHUE | MUH
JUTSL yAQJIEHUs TNIEHKH OKCHJIOB.

85



Kypnaa Besopycckoro rocyrapcrseHHOro yuusepeurera. Xumus. 2018. Ne 1. C. 83-91
Journal of the Belarusian State University. Chemistry. 2018. No. 1. P. 83-91

Pe3y.]'ll)TaTl)I IKCIIEPUMEHTA

13 Bcex M3ydeHHBIX 3eKTpornToB Ne 1-5 mpu miotHocTH Toka B nipezenax 0,2—0,9 A/aM’ 0caiaroTes pap-
HOMEpHBIE CepbIe MOKPBITHS Sn—Ag ¢ XOpOIIeH afare3neil, He OTCIaNBAIOIINECS TIPH UCTIBITAHUH CKOTY-TECTOM.

Pe3ynbTaTs! 27IeMEHTHOTO aHaIn3a 00pasIoB, MOYICHHBIX U3 AICKTPOIUTOB No 1—5 mipu pa3HOH IIIOTHO-
CTH TOKa, IPUBENIeHBI Ha puc. 1, @ n 6. [Ipu ocaxaeHnu U3 BceX pacTBOPOB JOJIS 0JIOBA B CIUIaBE HETMHEIHO
yBenmumBaercs B quanasone ot 0,5 10 0,6 A/am’. TIpu nanbHeineM yBeIMYeHHH IIOTHOCTH TOKA JI0JIS 0JI0BA
B TOKPBITHSX, TTONy9aeMBIX U3 AJIEKTPOIUTOB Ne 1-3, MeIJIEHHO YMEHBIIAETCS, a B CIIy4ae DJIEKTPOJIUTOB
Ne 4, 5 mepecTaeT H3MEHATHCA. MakCHMaIbHOE COACPIKAHUE OJIOBA TIPU OCAXKIACHHUH U3 dJIEKTPoInuToB No 1-3
nocturaet 93,5-95,8 mac. %, a Ipu oCaxACHUH U3 dJIEKTPOIUTOB Ne 4, 5 0HO HEMHOTO HI)KE M COCTABIISAET
91,9-93,3 mac. %. Haubomnee BrIcOKOE cofepKaHIE 0JI0BA XapaKTepHO st pacTBopa Ne 2 ¢ mob6aBkoii 1,4-0y-
THHIWONA. BBeneHMEe B pacTBOp MUTPaT-HOHOB (pacTBop Ne 4) momaBiseT mporecc BocctanoBieHus oiosa(ll),
9TO 0COOCHHO 3aMETHO ITPH HU3KOH TIOTHOCTH Toka 0,2—0,4 A/nM?, Korza obecriednBaeTesi MUHIMAIBHOE CO-
nepxanue onoBa B ciuiase (73—77 mac. %). Beenenue B uutparHsiii pactBop 1,4-Oytunanona (pactsop Ne 5)
3aMETHO TOBBIIIAET JONIO OJIOBA B CIUIABE, OCAKJAEMOM IPH HHU3KOHM IUIOTHOCTH TOKA, HO MaJIO BIUSET Ha
cofiepKaHHe ITOTO MeTajia B 00JacT 6ojiee BHICOKOW TNIOTHOCTH TOKA.

a/a 6/b
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Puc. 1. ConepxaHue 0J10Ba B 3aBUCHMOCTH OT IUIOTHOCTH TOKA B TIOKPHITUSAX Sn—Ag,
MOJTyYEHHBIX MPHU OCAXAeHUU B TeueHue 10 MuH:
kpuBbie /, 2, 3 — anekrpomutbl Ne 1, 2, 3 (a); xpussie 1, 4, 5 — sanexrponutsl Ne 1, 4, 5 (6)

Fig. 1. The dependence of tin content on the current density in Sn—Ag coatings
obtained by deposition for 10 min: curves 1, 2, 3 — electrolytes No. 1, 2, 3 (a); curves 1, 4, 5 — electrolytes No. 1, 4, 5 (b)

Ha puc. 2 oTpakeHBI pa3Iudns B CKOPOCTH OCAKICHUS MMOKPHITHIA Sn—Ag 13 2MeKTpomuToB Ne 1-5 u Bius-
HUE IIOTHOCTH TOKa Ha Hee. CKOPOCTh OCAKICHUS IMTOKPBITHHA yBeTuIuBaeTcs ¢ 2,7 mo 13,2 MKkM/4 B ciydae
HeMonupUIMpPoBaHHOrO pacTBopa Ne 1 ¢ poctoM mioTHOCTH Toka ¢ 0,2 1o 0,9 A/mm’. Tpu j > 0,9 A/nm’
HaOIronaeTCsl 00pa3oBaHUE ICHIPUTOB, YXYAIIASTCS aAre3us MOKpeITHI. BBenenue B anekrponut 1,4-0yTHH-
nuonia (pactBopsl Ne 2, 3) BRI3BIBACT YMEHBIIIEHHE CKOPOCTH poCTa MOKpHITHH B 1,5-2,5 pa3a, Habmromaemoe
JIMIIb TIPY MaJIoi IIIOTHOCTH ToKa Hivke 0,5 A/M’, 1 He BJIHSAET Ha CKOPOCTH TIPH 0oJee BHICOKOH , HO MO/IaB-
nsieT o0pa3oBaHUe ACHIPUTOB.

Brenenne B 37EKTPOIUT ITUTPAT-HOHOB (pacTBOp Ne 4) WM MUTPaT-MOHOB OMHOBPEMEHHO ¢ 1,4-OyTHH-
nuosioM (pactBop Ne 5) MPUBOIUT K POCTY CKOPOCTH OCaKIeHWs MOKpeITHH B 1,8 wim 1,3 pasza mpu manoit
j ~0,2 A/aM® 1 He3HAYNTENBHO BIMSET HA CKOPOCTh Ipu cpenneit j = 0,4—0,7 A/nm’. TIpu Gornee BHICOKOI
IUIOTHOCTH TOKa (BILIOTH 710 0,9 A/aM) sipue TIPOSBISAIOTCS YCKOPEHHE OCAXKICHUS TIOKPHITHIT IIPH BBEICHUN
B DIIGKTPOJIUT MUTPAT-HOHOB (pacTBOp Ne 4) m 3aMemjicHUe OCaxAcHHs Npu mobdapmeHuu 1,4-OyTuHIanoma
(pactBOp Ne 5), HECMOTpSI Ha IPUCYTCTBHUE IIUTPAT-HOHOB.

OTmeTnM, 9TO BCE MCTIBITAHHBIE AMEKTPOIUTHI No 1—5 MOXKHO 3KCIITyaTHpOBAaTh MMPU MaKCHMAIBHOM IJIOT-
HocTH ToKa 0,9 A/1M’, IPH 3TOM HAaMGOJIBIIYI0 CKOPOCTh OCAXKICHHS 15,6 MKM/4 00eCIIeuHBaeT [IUTPATHBIH
pactBop Ne 4 ¢ pH 2. TIpu cpeueii riioTHocTH Toka 0,6 A/1M° CKOPOCTh POCTA IIOKPHITHIA M3 PAa3HBIX AIEKTPO-
JINTOB Pa3IMYaCTCsl HECYIMIECTBCHHO U COCTABIIIET ~ 9,6 MKM/4.

YcranoBieHo, uTo no0aBka 1,4-0yTHHIMONA YBETUYHBACT CTAOMILHOCTH MCXOMHOTO PacTBOpa OT TPEX-
YeThIpeX He/IeIb JI0 ABYX MECSIIEB, TO3BOJIASA B TEUEHUE ITOTO CPOKA MOTydaTh paBHOMEPHBIE IOKPBITHS C XO-
porieii aare3uell K MojyIokKKe U HEM3MEHHOM CKOPOCTBhIO OCaK/eHUs. BBejeHue B pacTBOp IUTPAT-MOHOB
MIPUBOIUT K moBbITIeHHIO ero pH ¢ 0,5 1o 2,0 1 He MeHseT CTaOMIEHOCTH UCXOAHOTO JIeKTponuTa. Uepes Tpu
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Puc. 2. 3aBUCUMOCTb TONLIUHBI HOKPLITUI Sn—Ag, 0cax/IeHHbIX B TedueHue 10 MuH,
OT TUIOTHOCTH TOKa: KpuBble /, 2, 3 — anekrporuThl Ne 1, 2, 3 (a); xpusbie /, 4, 5 — snexrponutsl Ne 1, 4, 5 (0)

Fig. 2. The thickness dependence of Sn—Ag coatings deposited for 10 min on the current density:
curves 1, 2, 3 —electrolytes No. 1, 2, 3 (a); curves 1, 4, 5 — electrolytes No. 1, 4, 5 (b)

HEJICNIN [TOCIIe IPUTOTOBIICHHUS IEKTPOIUT MYTHEET, YTO 00YCIIOBIEHO 00pa30BaHUEM OKCOTHAPOKCOCOEIH-
HEHUH — nmpoaykToB ruAponnsa onosa(ll) u omosa(lV).

CYMMapHLIﬁ BBIXOJ MCTAJUIOB 1O TOKY B CJIy4a€ BCCX HUCIIbITAHHBIX 3JICKTPOJIHUTOB OCAXKACHUA HOKpI)ITI/Iﬁ
Sn—Ag e nocturaet 100 % npu mr000i ioTHOCTH ToKa (puc. 3). JlanHbiid GakT 00ycIoBiIeH MPOTEKaHUEM
BOCCTAHOBJICHHUS BOAOPO/IA HAPSIAY C KATOIHBIM BBIJICIICHUEM METAJIJIOB U3 3JICKTPOJIUTOB ¢ HU3KkUM pH B fua-
nazone 0,5-2,0 (cm. Tabm. 1).
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Puc. 3. 3aBHCUMOCTh CyMMapHOT'O BbIXOJ]a METAJLIA IT0 TOKY OT IUNIOTHOCTH TOKA IPH OCaXJICHUU MOKPHITHI Sn—Ag:
kpuBble /, 2, 3 —snexkrpomuTsl Ne 1, 2, 3 (a); xpussie 1, 4, 5 — snexrponutsl Ne 1, 4, 5 (0)

Fig. 3. The dependence of total current yield of metals on current density during the deposition of Sn—Ag coatings:
curves 1, 2, 3 —electrolytes No. 1, 2, 3 (a); curves 1, 4, 5 — electrolytes No. 1, 4, 5 (b)

BrIXoa MeTauioB 1o TOKY MEHSIETCSI ¢ YBEJIMYEHHEM IUIOTHOCTH TOKa U TIPOXOJHT Yepe3 MaKCUMYM, PaB-
uelii 80 %, B nuanasone j or 0,4 10 0,6 A/nm” B cityuae pactBopoB Ne 1-3 ¢ pH 0,5 (cM. puc. 3, a). Js
IUTpaTHBIX pacTBopoB Ne 4, 5 ¢ pH 2,0 BT camxkaercs ¢ 95-99 % mpu j = 0,2 A/am’ 10 55-78 % npu
j =0,9 A/nm® (cM. puc. 3, 6). Jlna pacteopoB Ne 1-3 BT MuHMManeH mpu moTHocTH Toka 0,2 A/nm’
u coctaBisieT 54; 53 u 58 % coorBercrBeHHo. [Ipu cpenneit motHoCcTH TOKA 0,6 A/nM® BBIXOJIBI TIO TOKY ISt
pactBopoB Ne 1-3, 5 nocturarot 70—75 % u Ha 10 % BoIme B cirydae pactBopa Ne 4.

Ha puc. 4 npuBenenst Mukpodotorpadui NOBEPXHOCTH CILIABOB, MOJYUYEHHBIX U3 MATH PACCMOTPEHHBIX
B paboTe pacTBOPOB NpH MIoTHOCTH ToKa 0,2 1 0,9 A/mv’.

Bce MoKphITHSL COCTOSIT U3 TUIACTHHYATHIX KPUCTAIUIOB HENPAaBUILHON (OpMBI pa3MepoM OT HECKOIBKHX
MHUKpPOH 710 ~20 MKM, a TaKk€ O4eHb MEJIKMX OKPYIJIbIX YacTHIl pazmepoM MeHee 0,5 MKM, pacroiIoKeHHBIX
B OCHOBHOM MEXK]y TJIACTUHYATBIMH KpUCTa/UIaMu. [10CKONBKY OJIOBO B MOKPBITUSAX JOMUHHUPYET, a OCHOB-
HYIO MAaccy BEIECTBA COCTABIISIFOT UMEHHO TUIACTUHKH, CIIEyeT TPEANOI0KUTh, YTO OHU COCTOSIT M3 0JI0Ba,
a MEJIKME YaCTHIIbI, MacCa KOTOPBIX TOpa3io MEHBIIIE, SBISIFOTCS cepeOpoM.
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ala 0/b

u/i K/j

Puc. 4. JlaHHbBIC CKaHUPYIOIICH JICKTPOHHON MUKPOCKONTHH (oTorpaduu MoBEpXHOCTH MOKPHITHI Sn—Ag, MOTyYeHHBIX U3 PACTBO-
poB: Ne 1 (a, 6); Ne 2 (8, 2); Ne 3 (0, e); Ne 4 (arc, 3); N 5 (u, &) mpu j = 0,2 A/nm’ (a, 6, 0, orc, u) u j = 0,9 A/mm® (6, 2, e, 3, K)
Fig. 4. Scanning electron microscopy photos of the surface of Sn—Ag coatings deposited from solutions:

No. 1 (a, b); No. 2 (¢, d); No. 3 (e, ); No. 4 (g, k); No. 5 (i,7) at j = 0.2 A/dm® (a, c, e, g, i) and at j = 0.9 A/dm’ (b, d, f, h, )
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Haubonee sspko pa3nnyust B MUKPOCTPYKTYPE MOKPBITHH U3 PA3HBIX JIEKTPOIUTOB MPOSBISIOTCS MPH Ma-
7ot moTHOCTH ToKa — 0,2 A/nv’. Beenenne 1,4-6ytunuona (pactop Ne 2) mofaBiseT pocT TIACTHH, TPU
3TOM PE3KO YMEHBIIAIOTCS CPEeIHUE Pa3Mephl U YHCIIO KPYMHBIX KpUcTasioB (puc. 4, a u ). C yBenndeHneM
koHIeHTpanuu 1,4-6yturnuona (pactBop Ne 3) 3aMeqIsieTcst poCT MOKPBITHH (CM. pHC. 2, a), OHU CTAaHOBSITCS
HETUIOTHBIMH H PRIXJIBIMHA (pHC. 4, 0).

IIpu BBenenun nuTpar-uoHoB (pactBop Ne 4) Bo3pacTaeT YMCIIO M YMEHBIIAIOTCS pa3Mephl 4acTHUI] ceped-
pa. IImacTHHKY 0J10Ba CTAHOBATCS TIPU 3TOM OoJiee MeKUMHU (puc. 4, o). DTO COTIIaCyeTCs C pe3KUM YMEHb-
IIICHUEM JIOJIH 0JIOBA B CIUTaBe (CM. puc. 1, ).

B ciryuae oqHOBpeMeHHOTO BBeIeHHS 1,4-0yTHHIIMONA 1 IUTPAT-HOHOB (pHuc. 4, u, pactBop Ne 5) monassi-
I0TCsI 00pa30BaHUE U POCT YACTHIL cepeOpa, IPH 3TOM pa3Mephl IUIACTHHOK 0JI0BA YBETHUUBAIOTCS. [IOKpBITHS
CTaHOBATCS HEOJHOPOIHBIMHU, HEBBIPOBHEHHBIMH, HEIUIOTHBIMH. YBEJIMUYEHHBIE pa3Mephl TUIACTHHOK OJI0Ba
00BSICHAIOTCS TTOBBIIIIEHHBIM COACPKAHUEM ITOTO METaJlIa B MOKPBITUSAX, OCAXKIEHHBIX U3 deKTposnTa Ne 5
pu j = 0,2 A/nv’.

[Ipu MOBBIIIEHHOW MJIOTHOCTH TOKa (POPMHPYIOTCS OoJiee MEIKO3EPHUCTBIE MOKPBITHS, YTO OTUETIHBO
NPOCIICKUBACTCS TIPU CpaBHEHUH (oTOrpaduii JIEBOTO ¥ MPABOTO CTOIOIOB Ha pHc. 4. Paznmuus B CTpyKType
TOKPBITUH, OCAXKJIEHHBIX U3 Pa3HBIX AEKTPOINUTOB, CIIIAXKHUBaIOTCA. Bee momydeHHble MOKPBITHS COCTOSIT U3
TUIOTHO CPOCIHIMXCS arperaroB HEMPaBUIIbHOM (GOPMBI, MEXKy HUMU UMEIOTCs Topbl pazmepoM 0,1-0,5 MxM,
HaJIM4Me KOTOPBIX O0YCIIOBJICHO BBIJEICHHEM BOJIOPO/IAa B MPOIIECcCe IEKTPONIN3a OJTHOBPEMEHHO C BOCCTa-
nosiennem onoBa(ll) u cepedbpa(l). Ctout OTMETUTH, UTO B CEPUU TIOKPBITHH, OCAXKIACHHBIX MPH TIIOTHOCTH
Toka 0,9 A/aM’°, HanGoMbIIEE pa3Meph IACTUHYATEIX KPUCTAJLIOB 0OJI0BA XapaKTEPHBI JUTA CIUIABA, TIOTydae-
Moro u3 pactBopa Ne 2 ¢ MakCHMaJbHBIM Cofiep kKaHneM ojioBa (puc. 4, 2). [IpocnexxnBaeTcss TEHASHIMS: YeM
0oJIbIIIe 0J10Ba, TEM KPYITHEE MIACTHHBI.

JlaHHBIC TEPMUYECKOTO aHAIH3a CIlaBa Sn—Ag ¢ MaKCUMaJIbHBIM coZlepskaHueM ojioBa 95,8 mac. %, mo-
JTydeHHOTo M3 pactBopa Ne 2 mpu miotHocTH Toka 0,6 A/mM°, HauGoree GIIM3KOTO MO COCTAaBY K ABTEKTHKE
(96,2 mac. % Sn), npuBeIeHBI Ha pUC. 5, coleprKalieM KpUBble TepMorpaBuMerpudeckoro ananusa (TT), nud-
(hepentmanbHol ckanupytomiei kanopumerpuu (IACK) u nuddepentmansHoii repmorpasumerpuu (ATD). Du-
norepmudeckuii muk Ha JJCK-kpuBoii CBHIETENLCTBYET O HavaJIe TUTaBIICHHS cIiaBa ipu Temmeparype 220,3 °C.
MaxkcuMyM HIOTEpMUYECKOIo Nuka npuxoaurcs Ha 223,5 °C, uto 6iusko k 7, 3Tektku (221 °C). Tepmu-
YECKUN aHaIM3 TOKPHITUA Sn—Ag ¢ MEHBIINM COAEp KaHHEM OJioBa B mpenenax 73-91 mac. % (mampumep,

JCK, JTT,
MB1/Mr % /MuH
10,5
120 ¢ 10,4
115+ TTux 310,6 uk 40\6,9 los 1 0,4
110 {! 103
| 10,2
10,2
N 0,1
10,1
10,0
I
il \\i—/—"\ ————— —\-/\F// \-\-V ~~_ i ) 1 o1 1 0,0
ITuk 200,2 IMuk 313,1 ITuk 379,2 >
1-0,1
85 >
1 k2235 1702
80 1-0,2
: : : : : : : : : -0,3
50 100 150 200 250 300 350 400 450
T, °C

Puc. 5. JlaHHBIC TEPMUYECKOTO aHAN3a CIuIaBa Sn—Ag, 0CaKICHHOTO
u3 pactBopa Ne 2 ipu mioTHOCTH ToKa 0,6 A/iM’, coneprkaiiero 95,8 Mac. % ojoBa

Fig. 5. Thermal analysis data on Sn—Ag alloy deposited from solution No. 2
at a current density of 0.6 A/dm?, containing 95.8 wt. % of tin
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OCaXJICHHBIX U3 3JIeKTposinTa Ne 4 Tpu pa3HbIX TNIOTHOCTSIX TOKA) MMOKA3bIBAET, YTO BO BCEX CIIydasx UMEETCS
SHIOTEPMHUUCCKUH TTHK, COOTBETCTBYIOIINI TeMIIepaType TUIaBIICHUS dBTEKTHKH. Pa3inuaroTcs JTUIIbh BBICOTA
1 TUIOMIAAb TTHKa, KOTOPBIE TeM OOJIbIIIe, YeM BBIIIE COAEPIKaHNe OJIOBa.

Pesynbrathl comocTaBieHHs CIOCOOHOCTH K TaiKe IMONyYeHHBIX MOKPBITHH 0 PacTEKaHUIO KaIuld pac-
wiaBa npunosi [10C-61 mpusenensl B Tabn. 2. B mensx cpaBHEHHs SKCIIEPHUMEHT MPOBOJWIN, WUCIBITHI-
Basl MOJIJIOKKH U3 METHOU (osibru, 3To# (osibru ¢ nokpeitTreM Ni—P, a Takxke 3Toi (oJIbIU ¢ rajbBaHUYECKUM
MOKPBITHEM U3 0JIOBA TOJIIIUHON 3,2 MKM, HAHECEHHBIM TIOBEpX Ci10st Ni—P.

Tabnuma 2

CormnocraBjieHue CIIOCOOHOCTH K maiike 06pa3uoB MeaHOii Goabru, MeaHoi ¢poybru ¢ mokpoiTusiMu Ni—P,
rajibBaHH4Y€ECKOT0 0J10Ba U CIIaBa Sn—Ag ¢ pa3JIMYHBIM COIepP:KaAHHEM 0J10BA

Table 2
Comparison of the ability to solder of the samples of copper foil, copper foil with Ni—P coatings,
galvanic tin, Sn—Ag alloy with different tin content
[MokpeiTHe, [ToTHOCTH TOKA, Jloinst onoBa B cIuiase, Pacrexanue Karuti npuIos

Ne pactBopa Aler’ Mmac. % (o macce 6ymaxuoi xormnu £ 0,0005 1)
Sn—Ag, No 1 0,0090 92,7 0,0017
Sn—Ag, Ne 2 0,002 88,4 0,0007
Sn—Ag, Ne 2 0,004 91,9 0,0013
Sn—Ag, Ne 3 0,005 93,8 0,0017
Sn—Ag, Ne 3 0,007 94,5 0,0020
Sn—Ag, Ne 4 0,002 72,5 0,0012
Sn—Ag, Ne 4 0,004 76,8 0,0012
Sn—Ag, Ne 5 0,005 90,7 0,0006
Sn—Ag, Ne 5 0,008 91,3 0,0008
Sn—Ag, Ne 5 0,009 93,3 0,0009
Mennast posbra - - 0,0011
Ni—P - - 0,0001
TanpBaHMYECKOE OJIOBO — 100,0 0,0016

Hauxynimee pactexanne Kariy MpuIost Habarogaercs B cirydae mokpbeitus Ni—P. Mennas ¢onbra cmagunsa-
ercst mpumoeM [10C-61 3raunTenpHO JTydIe. Xopolee pacTeKaHwe IIPHUITOS HAOII0AAeTCs B CITydae OJIOBSTHHO-
TO MOKPBITHS: YCpeAHEeHHas Macca OyMakHBIX oTriedatkoB coctanisier 0,0016 r. [Tokpeitus Sn—Ag ¢ conepxa-
HueM ojioBa 92,7-94.5 mac. %, ocaxneHHbie U3 pacTBopoB Ne 1, 3, oOecreunBaroT ele Jydilee pacTeKaHue:
MPUBENICHHBIE MacChl OyMakHBIX ornedaTkoB coctaisiioT 0,0017-0,0020 r. MakcuManpHas cCMauuBaeMOCTh
XapakTepHa JJisi o0pasia ¢ couepanuemM onoBa 94,5 mac. %, HanboIiee GIM3KOro 10 COCTaBY K IBTEKTHKE.

OO0pa31el, TOTyYEHHBIC U3 PACTBOPOB C UTpar-uoHamu (Ne 4, 5), BHE 3aBUCUMOCTH OT COIEP KaHIS 0JI0BA
B CIIJIABE XapaKTEPU3YIOTCs HAMXyALIEH CMaunBaeMOCTbBIO IpUnoeM. Bo3MoxkHO, naHHbIN (akT 00ycioBieH
TEM, 4TO HOBEPXHOCTb O0PA3LOB YaCTUYHO 3arpsi3HEHA THAPOKCOCOCTUHEHUSIMH OJI0Ba, 00pa3yIOLUIMMUCS
B pPE3yJIbTaTe YaCTUYHOTO MMIPOJIN3a, HE MOJIHOCThIO NoAaBiIeHHoro npu pH 2.

3aKIroueHue

[IpeanoxkeHbl MEKTPOIUT U YCIOBUS JIEKTPOXUMHUECKOTO OCAXKJCHHUS JIETKOIUIAaBKOTO cIiaBa Sn—Ag,
OJIM3KOTO IO COCTaBY K DBTEKTHKE, OTIMYAIOIIMECS OT M3BECTHOTO CHIBLHOKUCIOTO CYIb(aTHO-THOMOYE-
BHHHOTO pacTBoOpa, comepxariero cyiabdar omosa(ll) m HuTpar cepebpa, HaTu4IreM T00ABOK THAPOXHHOHA,
1,4-0yTuHanona ¥ UUTpaT-uoHOB. [loka3aHo, YTO OO OJIOBA B CIJIaBE MOJKHO BapbUpOBaTh B Mpeaesiax OT
73 mo 96 mac. %, yBenuuuBas IIOTHOCTh TOKa B nuana3zone ot 0,002 xo 0,009 A/cMm® 1 BBOZISL TOOABKH JIHO0
LUTPaT-MOHOB (HU3KOE COZIepKaHKe 010Ba), 100 1,4-0yTunanona (Hanboiee BHICOKOE COIEPKaHKE OJI0Ba).

Ipu cpeaneit maotHOCTH Toka 0,006 A/cM” CKOPOCTH POCTA MOKPBITHH U3 BCEX HCHBITAHHBIX HIEKTPOTHTOB
pa3nvaeTcsi HeCYIeCTBEHHO U COCTaBIsieT ~9,6 MkM/4. CKOPOCTh BO3pACTaeT ¢ YBEJIMYEHUEM TUIOTHOCTH
TOKa M IPU BBEAECHUM LIUTPAT-UOHOB 10 15,6 MKM/4, OHAKO IPU 3TOM BO3MOXKHO 0Opa3oBaHME JICHIPUTOB,
a DIIEKTPOJIUT He 0COOCHHO cTabmieH. Benenne 1,4-0yTrHamona 3aMeuisieT OcaXk/IeHNe CIiaBa U CTaOuIH-
3UPYET HICKTPOJIUT.
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CyMMapHBIi BBIXO/I METAJJIOB 110 TOKY B MCCIIEIOBAaHHBIX pacTBOpax paBeH 55-99 %, oH pacTeT ¢ yMeHb-
IIEHWEM IIOTHOCTH TOKa M BBEJCHHEM B pacTBOP LUTpPAT-MOHOB. lIpu cpenneit (onTUMaibHOMN) TIOTHOCTH
ToKa ~0,6 A/IM” BBIXOJI IO TOKY Pa3IMYaeTcsl IS Pa3HbIX AMEKTPOIUTOB HE3HAYHTEIHHO U COCTABIISET OKOJIO
70—-80 %.

Ilo JaHHBbIM CKaHI/IpyIOIIIeﬁ 3J'IeKTpOHHOI7[ MHKPOCKOIINHU, UCCICTOBAHHBIC MMOKPBITHUA COCTOAT U3 KPYITHBIX
TJTACTHHYATBIX KPUCTAJIIOB OJI0Ba pazMepoM 3—20 MKM M MENKHX 3epeH cepedpa pazmepoM mernee 0,5 MKMm.
[Ipu Masoi IoTHOCTH ToKa BBeAeHHE 1,4-OyTHHANOMA M IUTPAT-UOHOB BHI3BIBAET YMEHBIIEHHE pPa3MEpOB
yactull. PazMepsl TIIacCTHHYATHIX KPHCTAIOB OJIOBA PACTYT C YBEIMYEHHEM COJIEPYKAHUSI 3TOTO MeTajia
B cruiaBe. [Ipu MOBBIIIEHHON TNIOTHOCTH TOKa (POPMHUPYIOTCS O0JIee MEITKO3EPHUCTBIC MOKPBITHS, & Pa3THUHsI
B MUKPOCTPYKTYPE IMOKPBITHI, OCAXACHHBIX U3 PA3HBIX 3JIEKTPOJIUTOB, CIVIAXKUBAKOTCSI.

B cooTBeTcTBUU C JaHHBIMHU TCPMHUYCCKOT'0 aHaJIn3a MAKCUMYM SHAOTCPMHUYCCKOI'O ITMKa Ha ,Z[CK-KPI/IBBIX
criaBoB Sn—Ag ¢ cojepikanueM ooBa 73 mMac. % u Bblle npuxoanTcs Ha 223,5 °C, yro 6mnusko k T, 3BTEK-
tuky. [Tnomaap nrka pacTer ¢ yBeIMUEHHEM JIONH OJIOBa B CILIABE.

[MokpeiTust Sn—Ag, conepxkaiiue 6omnee 93 mac. % onoBa, 4TO OIHM3KO K COCTABY IBTCKTHUKH, XapaKTepU3y-
IOTCSI ITOBBIIIEHHBIM JIa’Ke 110 CPABHEHHIO C OJIOBOM PACcTEKaHHEM pacIliaBa MPHIIOs, YTO JICTAET UX MEePCIeK-
TUBHBIMU JJI51 ManKu.
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[locne TsDKENOH MPOOOIKUTENBHOW OONEe3HH Ha
88-M rony xu3nu, 24 nexadps 2017 r., ckonuasncs De-
nop HuxomaeBnmu Kamynkuii — n3BecTHbId Oenopyc-
CKHUH yuYeHBII-XUMUK, 3aCIyKEHHBIH paOOTHUK BBIC-
L€ MIKOJIBI, JOKTOP XMMHUYECKHUX HAyK, aKaJeMHUK
HAH benapycu, maBHBI HayudHBIM COTPYOHHUK
YO BI'Y «HayuHo-uccrnenoBareabCKUid HHCTUTYT
(PUBUKO-XUMHUYECKUX MPOOIIEM.

®enop Hukonaesnu Kamynkuii poauics 10 suBa-
ps 1930 1. B 1. CenuBoHoBKa MonogeuyHEeHCKOTO paiio-
Ha MuHckoil obnactu. Ilocie okoH4YaHus XHUMHUYe-
cKoro Qakynsrera benopycckoro rocyaapcTBEHHOTO
YHHMBEPCUTETA U O0OyUYCHHMSI B aCIUPAHTYPE 3aILUTHI
B 1962 1. KaHIUIATCKYIO JAUCCEPTaLnIo, paboTal J10-
LEHTOM Kadeapbl pU3nIecKoi U KOJUIOUIHONW XUMUH
U OAHOBPEMEHHO — 3aMECTUTEJIEM JIEKaHa XHMHUYe-
ckoro daxynerera. B 1964 1. ObLT Ha3HAYSH 3aMECTH-
TejaeM Ipeacenarens [ ocynapcTBEHHOIO KOMHUTETa
Cosera Munuctpos bCCP no koopauHanum Hay4HO-
HCCIIeI0BaTENIbLCKUX PadoT, a B HOsA0pe 1965 1. — neka-
HOoM xumuyeckoro ¢axynsrera BI'Y. IMeHHO B 3TOT
nepuoxa GaxkyIbTeT AOCTHT OYEHb MHOTOIO B CBOEM
pa3BUTHHU: OBUIO TOCTPOCHO HOBOE 3/1aHHUE, OTKPBITHI
Kagenpsl U J1abopaToOpuH, OCHAILLCHHBIE COBPEMEH-
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HBIM 000PYJOBaHUEM, ITOJITOTOBICHO OOJBIIOE KOJIH-
YECTBO BBICOKONPO(ECCHOHANBHBIX CHEIHATUCTOB
s BI'Y, AkanemMun HayK U XUMUYECKUX OPEAIPHUSI-
THIA, KOTOPbIC BHECIIM 3HAUYUTEIBHBIA BKJIAJ B Pa3BU-
THE HAyKH U XUMUYECKOTO Mpou3BoacTBa benapycu.

B 1973 r. ®@. H. Kamyukuii Obl1 Ha3HaYeH 3aMECTH-
TeaeM, a B 1977 1. — nepBbIM 3aMECTUTENIEM MUHUCT-
Pa BBICILIETO U CPEIHETO CHEUUAIBHOTO 00pa30BaHuUs
BCCP. AgmunucTpaTuBHYIO pa0dOTy OH COBMEILAI
¢ 3aBefioBaHHEM Kadeapoll XMMUU BBICOKOMOJICKY-
JIIPHBIX COEIUHEHUN W KououaHoH xumuu BI'Y,
KOTOpY!o Bo3miaBui B 1970 .

®enop HukonaeBuu ObUT aKTUBHBIM OpraHHU3aTO-
pom co3aanus nipu BI'Y Hayuno-uccnenoBarenbckoro
WHCTUTYTa (PU3MKO-XMMHUYECKUX MpobieM (nanee —
HUN ®XII BI'Y) u ero nepsbiM aupexropom. llpu
¢opmupoBannn HUM OXIT BI'Y B 1978 . B Hero
nepennia OoJbias TPyIIa HAyYHbIX COTPYIHUKOB Ka-
(benppl, a XUuMHS MOJTUCAXAPHUIOB CTajla OIHUM M3 OC-
HOBHBIX Hay4yHbIX HanpasieHuid nHcrutyTta. C 1985
MOCJIE YCHEIIHON 3alUThl JOKTOPCKON AHcCepTalun
®. H. Kanyukuii padoran 8 HUM ®XII BI'Y, r1e 3aBe-
JIOBAJI JJa0OpaTOpHeii, a 3aTeM — OTJIENIOM IIeJUTFONIO3HBIX
MarepuasioB, COBMeIas 3Ty padoTy ¢ 3aBeJOBAaHHEM



ITamsiTH y4eHoro
To the Memory of Scientist

Kadeapoi XUMUU BEICOKOMOJICKYIISIPHBIX COCAMHEHUI
1 KojutouiHON xumun. B 1989 1. ObuT Ha3HAuUCH Iep-
BBIM TTPOpeKTopoM, a B 1990—1996 rr. sBisiics pekro-
poMm BI'Y. B 1989 1. ®enop Hukonaesnu 6b11 u30pan
wieH-koppecnionienToM AH BCCP, B 1994 1. — akane-
mukoM HAH benapycu. B 1994-2014 rr. pykoBoauin
OTJICJIOM XMUMUH TOJIMCaxapHIoB | Taboparopueii hu-
3MUYECKOW XUMHUHM U MoJU(UKauu 1esuroino3sl HUU
OXIT BI'Y.

Pabotas Ha 1100011 BBICOKOM JIOJDKHOCTH, aKaJeMHUK
®. H. Kamyrkuit Bcerma yaensi O0JIbIII0e BHUMAHUE
HAay4YHBIM HCCJIEIOBAaHMSM, IJIAaBHBIM HAalpaBlIeHUEM
KOTOPBIX CTaJIa XUMHYECKasi U CTPYKTypHast Moaudu-
KaI[¥st LEJITIONI03b] M €€ POM3BOIHBIX. BhIMoHABIIIE-
Cs1 TIOJT €r0 PYKOBOJICTBOM MacCIITaOHbIC NCCIICIOBAHUS
MO3BOJIMIIM  pa3paboTars MPOIECcChl M30UPATEIbHOTO
OKHCJICHUS LIEJIJTIONIO3bI OKCHIAMH a30Ta U €€ TIPSMOT0
pacTBOpeHHs B CMECSX OKCHIOB a30Ta C JJIEKTPOHO-
JIOHOPHBIMH PACTBOPHUTENSAMH, YTO OTKPBIJIO HOBBIE
BO3MOKHOCTH ISl TIOy4EHHUsI MEMOpaHHbBIX U IIe-
HOYHBIX MaTepHasioB, a TaKKe CO3JaHUS Ha OCHOBE
MPOU3BOHBIX TIEIUTIONO3BI Psijia dYPPEKTHBHBIX UMII-
JIAHTAIIMOHHBIX OHMOJETrPaUPYEMBIX JIeKaPCTBEHHBIX
MpenaparoB s JIEYeHUS THONHO-BOCTIATUTEIBHBIX
MPOLIECCOB, OHKOJIOTMYECKUX, O(TAILMOIOTHYECKHUX
U CepJICUHO-COCYTUCTHIX 3a00I€BaHHA.

®enop HuxonaeBud 0CHOBAJI U pa3BUIl KpyIHEH-
HIyI0 HAYYHYIO IIKOJIY B 00JaCTH XUMHHU TOJIHCAXa-
punoB. UM moaroToBneHs! 23 KaHaUAAaTa HAyK, TPOE
€ro Y4YeHHKOB CTalM JIOKTOPAaMU HayK. AKaJeMHK
®. H. Kanyukwii — aBrop 6onee 600 HayqHBIX padoT,
uMeeT okojio 200 aBTOPCKUX CBUICTEIBCTB U IMATEH-
ToB. TpynHo nepeouenuts Bkaaa denopa Huxonae-

BUYa B Pa3BUTHE XUMHUYECKOTO 00pa3oBanus. MHOTHE
MOKOJICHUS] XUMHUKOB HAYMHAJIM CBOW MyTh B Mpodec-
CHH C TOMOIIBIO MTOJTOTOBIEHHOTO UM YHUKAJIHHOTO
yueOHuKa «[locoOue Mo XUMHUM I TOCTYIAIONX
B BY3bI», BBIJIEPIKABIIETO JECATh MEpEeU3TaHUi 00-
MM THPaXXoM OoJiee 1 MITH 3K3eMIUISIPOB.

Brigaromuecs opraHn3aTopckue U HaydHbIE JJOC-
tkenust @. H. Kamyrikoro Obutn oTMEUEHBI opjie-
HoMm «3Hak Ilodera», memamsmu Dpanmucka Cko-
PHUHBI U «3a TPYIOBBIE 3aCIIyTH», ABYMS MTOYETHBIMH
rpamotamu BepxoBnoro Cosera BCCP, rpamoramu
HammonansHoro coOpanust Pecmybnuku bemapycs,
Coseta MunuctpoB Pecrybnuku benapycs, Harmo-
HaJbHOW akajgemMuu Hayk benapycu, eMy IpHCBOEHBI
MOYETHBIE 3BaHUS 3aCITY’)KEHHOTO Pa0OTHUKA BBICIIICH
IIKOJIBI M 3aciry’keHHoro padornHuka BI'Y. B 1996 .
®enop HukonaeBnu ObLT yOCTOCH NMPEMUU MMEHH
A. H. CeBueHko 3a co3JaHue HOBBIX 3(PEKTUBHBIX
JIEKapCTBEHHBIX IPENapaToB HA OCHOBE MOIUQHIIN-
POBAaHHBIX MOJHCAXapUOB U OPTaHM3AIMIO UX TPO-
MBIIIUIEHHOTO TIPOM3BO/ICTBA.

TpynHO CMHUPHUTBCA C MBICIBIO, YTO YIIEN U3 KHU3-
HU HEOPJIMHAPHBIN Y€JI0BEK, TAIAHTIIMBBIA OpraHu3a-
TOp, BBLIAIONIUIICS y4eHBIH, 00IaaBIINi TTyOOKOH
IPYAUIUCH U 3HAHUSIMH, TIOJTH30BABIIUICS OOIBITUM
ABTOPUTETOM M YBaXXCHHEM KOJUIET M YYEHHKOB, KO-
TOpble C TropaocThio HasbiBarOT denopa Huxomae-
BHYa CBOMM YuuTenem. Ero yBaxanm u qro0mim 3a
MCKPOMETHBIN yM, BPOXKJACHHOE YyBCTBO IOMOpa, HE-
OOBIKHOBEHHOE 00asiHUE, TPYOTI00HE, OT3BIBUMBOCTh
U 100porkenarenbHOe OTHOIIeHHE K JosaM. CBerias
namatb 0 Penope Hukonaesnue Kamyikom HaBcerna
COXPaHHUTCS B CEp/ILIaxX €ro KOJUIET, Apy3el U yUeHHUKOB.
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