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CUHTE3 1 AFOMUHECIHEHTHBIE CBOVICTBA AAIOMUHATOB
CTPOHIIVA, AKTUBUPOBAHHBIX NOHAMM BUCMYTA

I I1. LIEBYEHKO", I0. B. FOKIIIUI[", B. A. .KYPABKOB", I B. IIHIIIKO", E. A. KOBEJIb"

YHayuno-uccredosamenvcxuti uncmumym gusuxo-xumuyeckux npoénem BI'Y,
. Jlenunepaockas, 14, 220006, e. Munck, Berapyce

Metoznom TBepoha3HOro CHHTE3a 0Iy4YeHbl Bi-akTHBUpOBaHHbIE alFOMUHATHI cTpoHLMA cocTaBa StALO, u Sr,ALO,.
HccenenoBaHbl HX CTPYKTYpHO-(ha30BbIE M CHIEKTPATbHO-TIOMHHECIIEHTHBIE CBOMCTBA. [loka3aHa BO3MOXHOCTh YIPaBICHHS
CTIEKTPOM JTFOMHUHECLCHIIUH, €€ MHTCHCUBHOCTBIO U, CIIEOBATENILHO, [IBETOBBIMHI XapaKTEPUCTHKAMH 00Pa3LoB 3a CUET
M3MEHEHHUS COCTaBa MaTPHIIbI, IPUPOJIbI AKTUBATOPA M €r0 KOHLIEHTPALUH.

Knrwuesoie cnoea: anroMmuHaTh CTpOHI M, TBCpHO(I)a?)HI)Iﬁ CHUHTE3; OKCUIbI BUCMYTA, JIIOMUHCCIICHIIU .
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SYNTHESIS AND LUMINESCENT PROPERTIES
OF STRONTIUM ALUMINATES ACTIVATED WITH BISMUTH IONS
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G. V. SHISHKO', E. A. KOVEL'

*Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus

Corresponding author: V. A. Zhuravkov (zhuravkov@gmail.com)

The Bi-activated strontium aluminates SrAl,O, and Sr;Al,O are synthesised by the solid-phase method; their struc-
tural phase and spectral-luminescent properties are studied. The possibility of controlling the luminescence spectrum,
its intensity and, consequently, the colour characteristics of the samples by changing the composition of the matrix, the
nature of the activator and its concentration are shown.
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BBenenune

B nocrnennee BpeMst BozpactaeT HHTEpeC K Bi-aKTHBHPOBaHHBIM JIIOMUHECIIEHTHBIM Marepuaiam [1]. 31o
CBSI3aHO C TEM, YTO TAKHWE MaTepuajbl MOTYT JIIOMUHECIIMPOBAThH MPAKTHUECKN BO BCEM AHANa30He BUAMMO-
r'0 CBETa — OT CHHETO JI0 KPACHOTO U Jake HHPppakpacHoro [2—9]. BucmyT otHOCHTCS K 15-1 rpyrmie nepuoau-
4ecKoil TaGIHMIIBL, €ro AMeKTPoHHas KoH(uryparms umeeT Bu [Xe]4f'*5d'6s*6p’. Ha BHelIHeM 3JIEKTPOHHOM
YPOBHE aTOMa BHCMYTa HAXOAATCS 5 BaJICHTHBIX AJIEKTPOHOB, YTO 00YCIIOBIMBAET OOJBIIOE KOTHMYECTBO BO3-
MOYKHBIX €T0 COCTOSIHUI B AMana3oHe oT —3 10 +5 (Haubosee ctabuibHoe +3). BHemHue opOuTamy, oTBeT-
CTBEHHBIE 3a JIIOMUHECLICHINIO, HE SKPAaHUPOBAHBI, U UX YHEPTUS 3aBUCUT OT OKPY>KEHHMS, B YACTHOCTH OT Ma-
TpuLbl-X03suHa [ 1]. B nmuteparype onucaHbl pe3ynbTaTsl HCCIEA0BaHNS TIOMUHECLICHINHT Bi-akTHBUPOBaHHBIX
MaTepuajoB Ha OCHOBE MATpHIl, COJEpI)KAIIUX CaMbli IIMPOKUH KIACC HEOPTaHMUYECKHX COEIWHEHUH.
B oHMX cIlydasX MaTpHIBI HUMEIOT JOCTAaTOYHO CHOXKHEIH cocTaB (Hampumep, SrBaZn,Ga,0O, : Bi’* [7],
La,Mg, ,,Zr, 60, : Bi** [10], Ca,Y,Ge,0,, : Bi** [11], CsGaGe,O, : Bi** [12]). B apyrux ciyuasx uccnexyrores
MaTpHIibl 0oJiee MPOCTOro COCTaBa, HapUMep: B [8] mpuBoANTCS TabMuUIA, Te MepeYrCcIeHbl HEOPTaHHYECKUE
COeAMHEHHUsI (TaJIOTeHUIbI, OOPATHI, ATFOMUHATHI, CUIIMKATBI, aJTIIOMOCUIIMKATHI, ocdaTsl, BOIbPpamMarsl, rep-
MaHaThl U T. J1.), KOTOPbIE MOTYT CIIy’KHTb MaTpULAMH Ul NOITy4YeHUs! Bi-akTHBUPOBAHHBIX TIOMUHO(OPOB.

B Hacrosieii crathe MpecTaBIeHbl PE3YAbTAThl UCCIICIOBAHUS JIIOMUHECIICHITMH AIFOMUHATOB CTPOHITUS
B Ka4eCTBE MaTPHUIIbl, aKTHBUPOBAHHBIX PA3TUYHBIMU 110 XHMUYECKOW PUPOJIE COSAMHEHISIMU BHCMYyTa. Mc-
HOJIb30BaHNUE aJIFOMUHATOB CTPOHIIUS 00YCIIOBIEHO UX CIIOCOOHOCTBIO 00pa3oBbiBaTh B cucreMe SrO — Al O,
0oIBIIIOE KOJIMYECTBO PasHBIX MO cocTaBy (a3, a uMeHHo: Sr,AlO,, SrAl,O,, SrAl,O,, SrAl,0,,, Sr,Al,O,,,
Sr,Al,0,,, Sr,Al,O,,, Sr,,AlO,,, Sr,Al O, [13—15]. D10 NpeanonaraeT 1eaeHANpPaBICHHOE BIUSHHE CO-
CTaBa MaTpPUIbl HA ONTHYECKUE TTApaMEeTPBhI MOTy4aeMbIX Bi-aKTHBUPOBaHHBIX JTIOMUHECIICHTHBIX MATEPUAIIOB.

MarepuaJjbl 1 MeTOAbI HCCICAOBAHNUS

OO0pas3Lpl aMOMUHATOB CTPOHLHMS MOJMy4Yald METOJOM TBepAo]a3sHOro cuHTe3a B J1a0OpaTOpHOH meuu
Nabertherm LHT 08/18 (I'epmanust) pu temmeparype 1400 °C myTem WX HarpeBaHUs B BO3YIIHOW aTMo-
cdepe B Teuenue 4 4 co ckopocthio 10 °C/muH. B Tabnuiie npecTaBieHbl HCXOAHBINA COCTaB U 0003HAUCHUS
MOJTYYEHHBIX 00pa31oB.

B kauectBe ncxoqHbIX peareHToB ucnonb3oBain Al,O, (kBamudukamus «4. a. a.») u StCO; (> 99,99 %;
Fisher Scientific, CIIIA), B kauecTBe akTUBaToOpa JoMHHEcHeHmn — Bi,0, (xBamudukamms «x. 4.») u Bi,0,
(xBamudukamus «d. 1. a.»). OTMeTuM, 4To AaHHbIE 0 npuMeHeHuu Bi,0, Kak HCTOYHMKA HOHOB BHCMYTa
B JIUTEPATYpe OTCYTCTBYIOT. CMECH MCXOMHBIX PEAarcHTOB B COOTBETCTBHH C ONPENEICHHBIM COOTHOILICHUEM
(cM. Tabnuiy) TIIATEIBHO MEPETUPAIM B araroBOil CTyIKe, IOMEIIAIN B KOPYHAOBBIE TUIVIM U MOJABEPIajH
TepMo0oOpaboTKe, MoCiie Yero OIsTh TIIATeIbHO pacTupain. KomndecTBo akTuBaTopa B 000X CIy4asx Co-
cTaBisIo 3 Mac. % MO OTHOILIEHHUIO K Macce UCXO0HOM cMecH (2 T).

Cnextpsl itomunecueHun (CJI) u criektpbl Bo30yxaenus tomunecueHmy (CBJI) 3anucsiBanu npu TeM-
nieparype 298 K Ha cniektpodoromerpe Agilent Cary 60 (Agilent Technologies, CILIA), uctipaBisiinch ¢ y4eToM
CHEKTPAILHOW YYBCTBUTEIHHOCTH CHCTEMBI PETHCTPAIMU U PACTIPEACTICHUs CIIEKTPaIbHOM TNIOTHOCTH BO3-
Oy’K/IalolIero U3Iy4YeHUs] COOTBETCTBEHHO. Pentrenodasonsiii ananu3 (PDA) oOpasoB npoBoauiiv Ha Tud-
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paxromerpe JJPOH-2 (UL] «bypeBectruk», Poccust) ¢ ucnonssoBanuem CoK -usinyuenus. Pasmepsl u gpopmy
YacTUll U3y4aJyd METOJOM CKaHHUpPYIOIIeH 3eKTpoHHOH Mukpockonuu (COM) na npubope LEO-1420 (Carl
Zeiss, I'epmanns). JlnarpaMmbl IBETHOCTH MOJIy4YaId UCXOIS U3 CIEKTPOB JIOMHHECLEHIIMH HCCIIETyEeMbIX
obpasmos B mporpamme OriginPro (OriginLab).

O0o3HaueHHne nccaeIyeMbIX 00pa3loB
B 3aBHCHMOCTH OT X COCTaBa U MPUPOIbLI aKTUBATOPA

Designation of samples depending on their composition
and the nature of the activator

Homep ob6pasua MonbHOE COOTHOIICHHE NCXOIAHBIX PEareHTOB AKTHBATOp
1 SrCO, : ALO,=1:1 )
Bi,0,
2 SrCO, : ALO,=5:3
3 SrCO, : ALO,=1:1 .
B1,0,
4 SrCO, : ALLO,=5:3

Pe3yabrarsl M NX 00Cy:K1eHHE

[To narabIM PDA (puc.1), B pesynbraTe mpoBeeHus TBEpA0(hA3HOTO CHHTE3a B 3aBUCUIMOCTH OT COOTHOIIIE-
HUSI HCXOIHBIX PEarcHTOB (CM. TaONHITY) GOPMUPYIOTCS pa3IMIHBIC 110 COCTABY (ha3hl aTFOMHHATA CTPOHITHS.
Hob6asnenne aktuaropoB Bi,0; u Bi,0, He oka3bIBaeT BIUSHUS Ha UX (HAa30BbIi COCTAB U3-3a MaJION KOHIICH-
tpanuu. [Ipu cootHomeHnnn ucxoauelx komnoHeHToB SrCO, : AL,O, =1 : 1 obpa3yercs OecnpumecHas ¢asza
SrAl,O, MOHOKIMHHON CTPYKTYpbl, IIpu cootHomeHnuu SrCO, : ALO; =5 : 3 — dasa Sr;Al,O, ky6nueckoit
CTPYKTypHI ¢ mpuMeckio StALO,. OTMeTHM, 4TO peHTreHorpaMMbl 00pa3noB Ne 3 1 4 nAEHTHUYHBI PEHTTCHO-
rpammam 00pa3oB Ne 1 1 2 COOTBETCTBEHHO.

Ne 1
10 20 30 40 50 60 70 80 90
. Ne 2
)
i
S
g
= 10 20 30 40 50 60 70 80 90
Q
5 PDF#810506
=
2 1 o 2 2 ! - 1 2 l : I : 1 .
15 30 45 60 75 90
PDF#740794
15 30 45 60 75 90

26, rpan
Puc. 1. PentrenorpaMmsl 00pa3siios Ne 1 u 2. JInst cpaBHEHMs IPUBEEHBI CITPABOUHbIE PEHTIEHOTPaMMBI
dasbl SrAL,O, (PDF#740794) u dass Sr;AlL,O, (PDF#810506)

Fig. 1. XRD patterns for No. 1 u 2 samples. Reference XRD patterns of the phases SrAl,O, (PDF#740794)
and Sr;AL,O, (PDF#810506) are shown for comparison
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Ha COM-dororpadusx obpaszmos Ne 1 u 2 npu pasHOM yBelrueHHHU (pUC. 2) BUIHO, YTO IMOPOIIKH TIPeEi-
CTaBIISIIOT COOOM KPYITHBIE arioMepaTrhl OKPYIIIBIX YacTHI] IPOU3BOIBHON (opMbI ¢ pazmepamu 10—50 Mkm.
Pasmep wactur nexut B npenenax 2—10 mxMm, mpudem obpazer; Ne 1 (cM. prc. 2, @) COCTOUT U3 OOJBIINX T10
pa3Mepy 4acTHIl.

ala o/b

Puc. 2. COM-dotorpaduu odpaszuoB Ne 1 (a) u Ne 2 (6) nmpu pa3HOM yBETHYCHUN
Fig. 2. SEM image for No. 1 () u No. 2 (b) samples at different magnifications

CJI u CBJI uccnemyembix o0pa3ioB MpencTaBlIeHbl Ha puc. 3. AHanu3 naHHbIX mokaszan, uyto CBJI Bcex
CHUHTE3MPOBAHHBIX 00pa3IlOB HE3aBUCUMO OT (ha30BOI0 COCTaBA MATPHUILI U THUIIA aKTHBATOPA WICHTUYHEI
M XapaKTepHU3YIOTCsI OIHOM y3KOii monocoii ¢ A, B obmactu 314—320 HM, OJHAKO 3HAYMTEIBHO OTIIHYAIOTCSI
110 UHTEHCUBHOCTHU. bonbimas narencuBHoCTh (~B 1,3—2,0 pa3a) HaOmogaercs uis 00pa3ioB, aKTHBUPOBAH-
HBIX Bi1,0,.

ITpu A, = 320 um CJI 06pa3noB 3HAYUTENHHO PA3THYAIOTCS B 3aBHCHMOCTH OT COCTaBa M THIIA aKTH-
Baropa. Tak, B CJI o6pasuos cocraBa SrAl,O, (Ne 1 u 3) He3aBUCHMO OT THUIA aKTMBATOpa MPUCYTCTBYIOT
Tpu nonockl JroMunectieHIuu (394 uam (Ne 1), 385 am (Ne 3), 545 uM, 754 HM), pa3nTuyaronuecs M0 HHTCH-
cusHocTH (cM. puc. 3). CJI o6pa3moB cocraBa Sr;Al,O, npenCcTaBIAIOT OO0 MHTEHCHBHYIO Y3KYIO IOJIOCY
C Ay =400 HM (Ne2) m A, =392 am (Ne 4), a TaroKe MaJIOMHTEHCHBHBIC YIIMPEHHBIE TTOJOCHI C A, B 00NacTu
545 u 754 um. [ToguepkHeM TOT (HAKT, YTO HE3aBHCUMO OT COCTaBa MATPHIIBI HHTCHCUBHOCTD JTFOMUHECIICH-
111 00pa3IoB, aKTUBHPOBAaHHEIX Bi,0,, 3Ha4nTENbHO (B 2—3 pa3a) BbIIIE, YeM HHTCHCUBHOCTB JIIOMUHECIICHIINH
00pa31oB, akTuBHpoBaHHBIX Bi,0;, uTo Xopomo cornacyercst ¢ CBJL.

Hecmotpst Ha oT™MedeHHbIe Bolte pasmnuus, B CJI mpu A, = 320 Hm oOpatiaet Ha ce0st BHUMaHHE IPHCYT-
CTBHE BO BCEX 00pa3lax TPeX THIIOB U3JydaTeIbHBIX IICHTPOB — B o0nmactu 385—400, 545 u 754 HM, UHTCHCUB-
HOCTb KOTOPBIX 3HAUUTENRHO (10 15—20 pa3) paznuaaercs (cM. puc. 3). Hanmane 3TUX 1IEHTPOB INIABHBIM 00-
Pa3oM OnpeelieTCs COCTABOM MATPHIIBI i B MEHBIIICH CTETIEHH 3aBHCUT OT MIPUPOJIBI aKTHBHPYIOIEH I00aBKH.
C yueToM ONMUCAHHBIX B IUTEpaType AaHHBIX [1] 3TO yKa3pIBaeT HA TO, YTO AKTUBATOPAMU JTIOMUHECIICHITIH
B MCCIIEyeMBIX 00Opasuax aBiusarorcs nonsl Bi*". Ilpu BxoxkaeHun nonos Bi** B pemerky amoMuHara CTpoH-
1IMs OHM OY/LYT 3aHMMATh MPENOYTUTEIHHO O3HIIMH HOHOB SI°F, MOCKONbKY MX HOHHBIH paanyc (0,103 Hm;
KY = 6) 6mu3ok k paguycy Sr>* (0,112 um; KU = 6). Paguyc nona AI** (0,078 um; KU = 6) ciruikom Mai s
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ero 3amentenus noHoM Bi**. Takum 06pasom, koraa noHs! Bi** 1erupyiorcs B peleTKy alOMUHATA CTPOHIMS
(X031MHa) Pa3HOTO COCTABa U CTPYKTYPHOH OpraHu3aluy, OHH MOTYT 00pa30BbIBATH LIEHTPBI SMUCCUH Pa3Iny-
HOW KOHILIEHTPAIINH, CTIOCOOHBIC M3Ty4YaTh B LIMPOKOM JHATa30He JUTHH BOJH — OT YABTPadH0oIeTOBOH 001acTi
(400 BM) 10 3emeHoit (545 HM) 1 oparskeBoii (754 um) [8]. C yueTom auarpaMmbl ypoBHeit sHeprunm ats Bi* [1]
TPH TIOJIOCHI SMUCCHH, HabmronaeMbie B CJI 06pas31oB, MOKHO HHTEPIIPETUPOBATH KaK TOUKH MIEPEXOI0B B CO-
CTOSIHUSA, CBA3aHHbIE C YPOBHAMM ° P, 3P2 u 1P1 BO36Y:KIeHHOM KoHpurypamuu 6s'p' (mepexosnt lS0 . P, 3P2,
'P,). [Tpo6nema 0IHO3HAYHOTO ONpPEIEe/IeH sl TPUPOIBI LIEHTPOB U3JTydeHHs B Bi-akTHBHPOBAHHBIX 06pasIax
TpeOyeT AambHEHUIIEero UCCISJOBAHMS U SIBIISIETCS aKTyalbHOM Ui MX OyIyIIUX ONTHYECKUX MPUMEHEHUH.

Kak moka3zanu paccunTaHHbIe TUarpaMMBbl IBETHOCTH, HaOmogaeMble pasinnyus B CJ1 06pas31oB BAHSIOT Ha
[BETOBYIO TaMMY M3JIy4CHHS dTHUX 00pa3ios (puc. 4).

a’a 0/b
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Fig. 3. Excitation (/, 2) and emission (1”, 2”) spectra for No. 1 and 2 samples (a);
excitation (3, 4) and emission (3’, 4”) spectra for No. 3 and 4 samples (b); A, = 320 nm, A, = 400 nm
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Fig. 4. Chromaticity diagram (CIE 1931 colour space) for No. 1—4 samples
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Ha ocHoBaHMM JJaHHBIX, PEICTABICHHBIX HA PUC. 4, MOXKHO 3aKITFOYHUTH, YTO B 3aBUCUMOCTH OT COCTaBa JI0-
MHUHO(OPA [IBETOBBIC KOOPMHATHI MOTYT CYIIIECTBEHHO Pa3HyaThesl. Tak, IBET JTIOMHUHECIICHIIMH 00pa3iioB Ha
ocHoBe S1;Al,O, (Ne 2 1 4) HE3aBHCUMO OT IIPUPOJIBI AKTUBATOPA HAXOMUTCS B Y3KUX NPEZesIaX — OT CHHETO JI0
¢duonerosoro. LiseT momuHeceHIMN 00pa3noB Ha ocHoBe SrAl,O, H3MEeHseTCs 10 1a3ypHO-0e10ro (3TOT IBET
MOXKET OBITh MHTEPIIPETHPOBAH KaK IMPUOIMKAIONIMHCS K KBa3UOEIIOMY) ITPH MCIIOIb30BAHUH B Ka9eCTBE aKTH-
Baropa Bi,0; (Ne 1) nnu 10 cBeTII0T0 %KeNTO-3eJICHOT0 IIPH UCTIOIb30BaHUH B KadecTBe akTuBaTopa Bi,0, (Ne 3).
OtmeTHM Takxe, uTo 00pasibl Ha ocHOBe SrAl,O, XapaKkTepu3yIOTCsl MEHbIIICH HACBIIIIEHHOCTHIO IIBETA, KOTOpast
oTpeieNsieTcst OJM30CTHIO0 TOYKH C COOTBETCTBYIOIIMMH IIBETOBBIMU KOOPIMHATAMH K CIIEKTPaIBHOMY JIOKYCY.

Taxoxe nomyuena cepust 00pasioB Ha ocHOBe Sr;Al, O, ¢ pa3sHBIM KOJIMYECTBOM aKTHBATOPA U MIOCTPOEHBI
WX JUarpaMMBbI IIBETHOCTH (pHC. 5).
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Puc. 5. Junarpammsl nBeTHoCTH (11BeToBOE npocTpancTso CIE 1931) o6pasnos Sr;AlL O,
axtuBupoBaHHbIX Bi,0, (a) 1 Bi,0, (6), B 3aBUCUMOCTH OT KOHIIEHTPAIIUK aKTHBATOPA!
12,4 mac. %; 2 — 3 mac. %; 3 — 3,6 mac. %

Fig. 5. Chromaticity diagram (CIE 1931 colour space) for Bi,0O, (@) and Bi,0, (b)
activated Sr;Al,O, samples depending on the concentration of the activator:
1-24wt. %; 2-3wt. %; 3-3.6wt. %



OpurnHajJbHble CTATHH
Original Papers

Kaxk crnenyer u3 puc. 5, yBennueHue KOHIEHTpauu aktuearopa Bi,O, npuBoaut x 6osee 3aMETHBIM H3-
MEHEHHUSIM I[BETa IFOMHHECIICHITUHN C OMHOBPEMEHHBIM YMEHBIIICHUEM €T0 HACBIIIIEHHOCTH (CM. pHC. 5, a), 4eM
yBeIMYeHUE KOHIIeHTpanuu aktusaropa Bi,0O, (cM. puc. 5, 6).

3akaroueHne

Takum o0Opas3om, TpencTaBICHHBIE PE3YNbTAThl YKa3bIBAIOT HAa MEPCIEKTUBHOCTH HCIIOIb30BAHUS
Bi-akTHBUpPOBaHHBIX MaTepHalOB HA OCHOBE aJIOMHUHATOB CTPOHIMS B Ka4eCTBE MATPHILbI Ui TOTYy4ECHUS
HOBBIX JIIOMUHO()OPOB, U3/Iy4AIOLIUX B LIMPOKOH 00JIACTH CIIEKTPa B 3aBUCUMOCTH OT COCTABa, TUIIA aKTHBA-
TOpa U ero KoHIeHTparuu. OTMeTuM, 4To puc. 4 1 5 yKa3bIBalOT Ha BO3MOKHOCTh TOHKOTO PEryJIHPOBAaHUS
[[BETOBOI T'aMMbl JJIOMUHECIICHIIUN HCCIEAyeMbIX 00pa3uoB (Bi-akTHBUPOBaHHBIX MAaTEPHAIOB). DTO MOXKET
OKa3aThCs BAYKHBIM IS X UCIIOJIB30BAHUS B 9HEProcOEperaoniinX HCTOYHNKAX U3IIYUEeHUS C YIyqIIeHHBIMU
L[BETOBBIMU XapaKTEPUCTUKAMHU.
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CHUHTE3 1 CTPOEHUE HOBBIX TPUIIOAAABHBIX AUMTAHAOB
HA OCHOBE TETPA3OA-5-TUOAOB

C. B. BOUTEXOBHY", M. M. IET'TAPHK",|A. C. IIXOB"),

JI. C. HBAILIKEBHUY", IO. B. TPHT'OPBEB", 0. A. HBAIIIKEBHY "

YHayuno-uccnedosamenscruii uncmumym ¢usuxo-xumuueckux npotnem BI'Y,
yi. Jlenunepaockas, 14, 220006, e. Munck, bBerapyco

Hosble TpunoaanbHbIe JIUTAH/BI (R1N4CS)3CH, rae R' = Me, Ph, 6biti mostydens! ankuiupoBanieM 1-R-tetpaszon-
5-THONIOB MO0POPMOM B HICIOYHON cpejie. DTH JIMTaHbl WACHTH(OUIIMPOBAHBI HA OCHOBAaHHMHU JIAHHBIX JJIEMEHTHOTO
aHaJM3a, CIEKTPOCKOIUH AJIEPHOTO0 MArHUTHOTO PE30HAHCA, KOMIIJIEKCHOI'O TEPMUYECKOIO aHAJIN3a, a TAK)KE PEHTI€HO-

CTPYKTYPHOTO aHaJIN3a MOHOKPHUCTAIIJIOB.

Knwuegvie cnosa: MYJbTUIIOAAJIBHBIC JIMTaHAbI; TeTpa?)OJ'I-S—TI/IOJ'H)I; AJTKWIMPOBAHUE, peHTFeHOCprKTypHBIﬁ aHaJIu3.
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SYNTHESIS AND STRUCTURE OF NOVEL TRIPODAL LIGANDS
BASED ON TETRAZOL-5-THIOLES

S. V. VOITEKHOVICH*, M. M. DEGTYARIK",|A. S. LYAKHOV""|,
L. S. IVASHKEVICH®, Yu. V. GRIGORIEV", O. A. IVASHKEVICH"

*Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus

Corresponding author: S. V. Voitekhovich (voitekhovich@bsu.by)

Novel tripodal ligands (R'N,CS),CH, where R' = Me, Ph, were synthesised by alkylation of 1-R-tetrazol-5-thioles
with iodoform in alkaline media. These ligands were identified based on data of elemental analysis, nuclear magnetic
resonance spectroscopy, thermal analysis, and X-ray diffraction analysis of single crystals.

Keywords: multipodal ligands; tetrazol-5-thioles; alkylation; X-ray diffraction analysis.
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BBenenue

MynbTUTIOAANEHBIC JIUTAH bl K KX METaJIOTPOU3BOIHBIC BCE YaIlle CTAHOBSATCS 00bEKTAMU UCCIICIOBAHUT
B 00JaCTH XUMHUH KOOPJAMHALMOHHBIX COCAMHEHUN U OMOHEOPTaHUYECKOW XUMHH. DTO OOYCIIOBICHO CIIO-
COOHOCTBIO MYJIBTUIIOAANIBHBIX JIUTAHAOB BBICTYIIATh B KAUE€CTBE TPHU- MIIU TETPAJACHTATHBIX XEIaTUPYIOIINX
JIUTaHJIOB 110 OTHOIIEHUIO K IUPOKOMY KPYT'y KaTHOHOB d- U f~37IEeMEHTOB [ 1], 4TO 1MO3BOJIIET UCIIOIH30BATh
JIAaHHBIC JIUTAH/BI KaK XeMOCeHCOpHI [2]. Kpome Toro, KOMIIEKCHBIE COSAUHEHUSI MYAbTUIOAANbHBIX JTUTaH-
JIOB, SIBJIISICH MUMETUKaMH METAJNIONPOTEUHOB, MHTEPECHBI B KAUECTBE 00BEKTOB OHOJOTHYECKUX UCCIIEI0-
Bauuii [3; 4]. B cBs3U ¢ 3TUM B MOCJIEIHNUE TOABI JOCTATOYHO aKTUBHO M3yUYalUCh TPUIIOAAIbHbBIC JIUTAHIbI
Ha OCHOBE nupaszona [5], umuaazona [6], nupuauna [7; 8] u nupumuauna [9]. TeTpazonbHble TpUNOAAIbHBIC
JUTaHAbI uccaeaoBanbl HegocTarouHo [ 10]. K HacTosmemy BpeMeHU OMUCaH JUIIb OIUH KOMIUIEKC Ha OCHOBE
muranjoB nanHoro tuna [11]. OmxHako TeTpa3oibHbIC JTUTAHbI, OJarofaps HATMYHIO YE€ThIPEX aTOMOB a30Ta
B IeTEPOLIUKIIE, 001a/1at0T OOJIBIITMMHE MOTSHIIUATBHBIMU BO3MOKHOCTSIMH ITPH KOMILIEKCOOOPa30BaHUU C Ka-
THOHAMU METAJUIOB, UTO MTO3BOJIUT OCYIIECTBUTH LIEICHANPABICHHBIN NU3aiiH METAJUIOKOMILIEKCOB 3aIaHHOTO
CTPOCHUS HAa OCHOBE YKa3aHHBIX JIMTAHIOB. B HacTosIIeM ncciie[oBaHnu pa3padaThIBAETCs MOXO0]] K CHHTE3Y
TPUIOAAIBHBIX JIMTAHJIOB HA OCHOBE TETPA30JI-5-THOJIOB U BBISBIISIOTCS OCOOCHHOCTH UX CTPOCHHS.

MarepuaJjbl 1 MeTOIbI HCCJICOBAHNS

O0pa3ipbl, pacTBOPEHHBIEC B JEUTEPUPOBAHHOM JUMETHIICYIb(POKCHIE, HCCIECAOBAIN METOOM CIIEKTPOCKO-
[TUH sAepHOTro MaruHuTHoro pezonanca (AIMP). Cnekrpol AMP peructpuposanu na npudope Bruker Avance 500
(CIIA) npu paboueii uactore 500 MI'r (‘"H) 1 125 MI'y (°C). KoMIieKcHbIi TepMUYECKHi aHATN3 TPOBOIMIN
Ha repmoananuzarope Netzsch STA 429 (I'epmanust). O6pa3ipl HarpeBanu co ckopoctbio 10 K/muH B Toke azora.

PenTtrenoBckue nudpakuvoHHbIC JaHHbIE NModydanu Ha audpaxtomerpe Smart Apex Il (Bruker AXS
GmbH, T'epmanus) ¢ ucnonb3oBaHueM usinyueHuss MoK, (rpagurtoBsiit MoHOXpoMarop). Kpucrammueckyro
CTPYKTYPY COCIUMHEHUM pelIaiu OpsIMbIMH METOAAMHU C MOMOILIbI0 nporpamMmbl SIR2014 [12] u yTOUHSIN
TIOTHOMATPUYHBIM METOIOM HAUMEHBIINX KBAAPaToB 110 F> B nporpamme SHELXL-2014 [13]. [lonosxenus ato-
MOB BOJIOPO/Ia PACCYHMTBIBAIN F€OMETPHYECKH U YTOYHSIIM B paMKax Mozenu «Haesauuk» ¢ U (H)=1,5U, (C)
st MeTribHOM rpymmst U ¢ U, (H) = 1,2U, (C) st ocranbHeIX rpymi. MoeKyIsspHyo rpaduKy BBITOTHSIIN
B mporpammHoM nakete PLATON [14]. Kpucraminyeckne CTPyKTYpbl CHHTE3UPOBAaHHBIX COSIMHEHUH JIerno-
3uTupoBanbl B KemOpukckoit 6aze cTpykTypHbIX gaHHbIX (Cambridge Structural Database) niog HoMepaMu
CCDC, ykazanusIMH B Ta0. 1.

CuHTe3 TPUNOAAJBHBIX TeTPa30J0B. Boausiii pactBop (50 mi) ruapokcuaa Harpus (1,20 1, 30 MMorb)
Jo0aBysun K pactBopy 1-R-terpason-S-tuona (1) (25 mmons) u nogodopma (2,00 , 5 mmonb) B 250 Mt arte-
TOHUTpHIIA. PEakIIMOHHYIO CMECh KUIIATHIIM ¢ OOpaTHBIM OXJaKJIeHHeM B TeueHre 20 4, yrmapuBaiu 10cyxa,
OCTaTOK IKCTparupoBaiu AuxiopmeraHoM (200 mit). DKCTPaKT ynaprBajH, OCTaTOK MePeKPHUCTATITN30BBIBATIN
U3 alleTOHUTPWIIA U TTOJTyYaJIH IIeJIeBble COeTMHEHNS B BUIEe OECI[BETHBIX KpUCTaIIOB. KpucTamisl, mpurogHse
JUTSL PEHTT€HOCTPYKTYPHOTO aHaAJIHM3a, BEIPAIIMBAIN MEJIEHHBIM YIIapUBaHUEM alleTOHUTPUIILHBIX PACTBOPOB
Ha BO3JIyXe.
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mpuc((1-Metui-1H-terpa3on-5-un)Tuo)meran (2). Bexon Bemectsa 25 %. DIEeMEHTHBIN aHATU3 IS
C.H,,N,,S;, %: C 23,17 (paccuutano 23,46), H 2,69 (paccuurano 2,81), N 46,59 (paccuurano 46,90). Temme-
parypa riasieHus coctaBisier 143—144 °C. Cnekrp SAMP 'H, §, M. 1.: 6,95 (c, 1H, CH), 4,02 (c, 9H, 3Me);
ciextp SIMP C, 8, m. 1.: 150,6 (CN,), 58,5 (CH), 35,1 (Me).

mpuc((1-®enun-1H-rerpazon-S5-uia)ruo)meran (3). Boixon BemectBa 15 %. DneMeHTHBIN aHanu3 A
C,,H (N,,S;, %: C 48,60 (paccunrtano 48,52), H 2,88 (paccuurano 2,96), N 30,99 (paccuurano 30,86). Tem-
neparypa 1miaBieHus cocrasiser 178—179 °C. Cnexrp SAMP 'H, §, m. 1.: 7,65-7,66 (M, 9H, Ph), 7,59-7,62
(M, 6H, Ph), 7,48 (c, 1H, CH); cnextp AMP “°C, §, m. 1.: 151,1 (CN,), 132,5 (C},), 130,9 (Cy,), 129,9 (C,,),
124,6 (C,,), 57,4 (CH).

Pe3yabTaTrsl M UX 00Cy:K/1eHUE

brnaromapst koMmMepuecKoil TOCTYITHOCTH TETPA30II-5-THOIBI MIPEICTABISIIOT 0COOBI HHTEPEC KaK MpeKyp-
COPBI JI1 CUHTE3a NOTCHIUAJIBHBIX TPUIIOAAJIbHBIX JIMTaHTOB. B OCHOBY pa3pa60TaHHOro HaMHU 1moaxoga ObLI1a
MOJIOKEHA PEeaKInsl aTKUINPOBAHMUS 110 HYKIICO(DUITBHOMY aTOMY CEpPhI TETPa30JI-5-THOIATOB, 00Pa3yIOIIUXCS
IIpu ACTIPOTOHUPOBAHUUN COOTBETCTBYIOLIUX TUOJIOB B HICHOHHOP'I cpeae. B kauecTBe AJIKWJIMPYIOIHUX ar€eHTOB
n3yvyanuck xjaopopopM U nogodopm. OOHAPYKEHO, UTO B OAMHAKOBBIX YCIOBHSIX 0oJiee BHICOKHE BBIXOABI
LIEJIEBBIX MPOAYKTOB JOCTHUTAOTCS IIPU UCIIONIB30BaHNHU Honodopma. B ciydae ¢ xsopodopmom npouecc ai-
KUJIMPOBAHUs COIPOBOXKIACTCS. 00Pa30BaHUEM 3HAUUTEIBHOM 10U IOOOUHBIX POAYKTOB, YTO MOXKET OBITh
CBSI3aHO C BBICOKOHM peaKIMOHHOH criocoOHOCThI0 nuxiopkapoeHa (:CCl,), oOpa3syromierocs npu B3aumMoueii-
CTBHH XJIOpOOpMa ¢ BOAHOH mienoubto. B pesynbrare Obutn cuntesupoBanbl mpuc((1-R-1H-terpaszon-5-
un)Tuo)Meransl 2 u 3 (puc. 1).

R
NN
SH Ny - N
N s© N
N— HCX,, NaOH
| N—R » N8 > \NJ\S/< 2 (R=Me)
NQN/ EtOH, X =Cl, 1 R/ N 3 (R =Ph)
i A
| N—R
Nsy

Puc. 1. Cxema CHHTE3a TPHIIONAIBHBIX TETPA30JbHBIX JUTAHI0B
Fig. 1. Scheme for the synthesis of tripodal tetrazole ligands

[loyuennsle coequHeHns ObUIN UAESHTU(ULNPOBAHBI HA OCHOBAHUHU JAHHBIX 3JIEMEHTHOTO aHAIN3a U CIICK-
tpockonuu IMP Ha siapax 'H u °C. ITokasarenn TepMHYIECKOrO aHAIN3a YKA3bIBAIOT HA OTHOCUTENIBHO BHICO-
KYIO TepMHUeCcKyIo cTadmibHOCTh mpuc((1-R-1H-terpazon-5-um)tuo)meranos 2 u 3. Ha puc. 2 u 3 npencras-
JIeHbI KpUBBIE TepMoTpaBuMeTprueckoro ananusa (TIA) u nuddepennuaabHOM CKaHUPYIOIEH KaTOpUMETPUN
(JICK) st aTux coenuuenuii. MetuibHOE pou3BoiHoe 2 riaButces npu 142—144 °C u ocraercs CTaOUIbHBIM
B pacruiase 110 ~200 °C. @enunbpHOE MPOU3BOAHOE 3 HAUMHAET pa3jiaraThCs cpasy ke Mociie miaBieHus (Ipu
~180 °C). OOpartaeT Ha ceOst BHUMaHHE 3K30TEPMUYECKUAN XapaKTep Pa3IoKeHHs COSTUHEHHA, COIIPOBOXK 1A~
IOLIETOCs BBIAEICHUEM BEChbMa 3HAUUTEIbHOM 011 ra3000pa3HbIX NPOAYKTOB. B ciydae ¢ coenuHennem 3
Ha Ha49aJIbHOHM CTaJMH TEPMOJIN3a MOTEPs Macchl 0opasma cocrasiset ~50 %.

Crpykrypa cuaTe3upoBaHHbIX mpuc((1-R-1H-TeTpa3zon-5-mn)tuo)meranos 2 u 3 ompenencHa METOAOM
PEHTICHOCTPYKTYpHOTO aHainu3a. OTMETHM, YTO COeTUHEHHE 3 KPUCTAIUTU3YETCsI B BUJIE ABYX MOJU(DHUKALIUI —
3a u 3b. Vx MOHOKpHUCTAIIBI ISl PEHTTEHOCTPYKTYPHOTO aHajau3a ObLTM OTOOPAaHbI HEMOCPEACTBEHHO
13 peakMoHHOW cMmecH. CTpyKTypa cOeAMHEHHUs 2 M3ydyeHa MPH KOMHATHOH TeMIeparype, CTPYKTYpPbI
coenunennii 3a u 3b — mpu 100 K. Kpucramiorpadpudaeckne naHHbIe W mapamMeTpbl YTOYHEHUS CTPYKTYP
MIpUBEICHBI B Ta0I. 1.

CoenuHeHune 2 KpUCTAIIM3YETCS B MOHOKIMHHOM IPOCTPaHCTBEHHOH rpymme P2,/n, a 00e Moaupukanuu
NUMranaa 3 SBIAIOTCS TPUKIMHHBIME M KPHCTAIM3YIOTCS B MPOCTPAHCTBEHHO# rpymme P1. B kpucramiax
coeauHeHui 2, 3a u 3b acuMMeTpuUecKue sueiiKy BKITIOUatoT OAHY MoJieKyry. CTpoeHHe MOJIEKY U HyMepaLus
MX aTOMOB MOKa3aHbl Ha puc. 4—6. Ji1st HymMepauu aToMOB HCIIOIb30BaHbI 1BE HU(GPHI (KpoMe HEHTPaTBLHOTO
dparmenTa CS;), nepBas U3 KOTOPBIX COOTBETCTBYeT HoMepy BeTBH (1, 2, 3), a BTopas — HOMepy aroma
(cormacHo HOMeHKmatype MIOITAK miis TeTpa3oiabHBIX IUKIOB). XOTS TPUITOAATBHBIC TUTAHABl 4ACTO UMEIOT
cuMmMetputo C, nim OJIM3KYH0 K Hell, TeOMeTpHUsl MOJIEKyJl coeluHeHuil 2, 3a u 3b naneka ot 3T0il cUMMeTpuu.
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Tabnuna 1
Kpucrannorpadpuyeckne jaHHbIe H IapaMeTPbl
YTOYHEHHUSI CTPYKTYP coenHeHuii 2 u 3
Table 1
Crystal data and structure refinement details
for the compounds 2 and 3
Ioxasarenu 2 3a 3b
Dopmyna C,H,N,,S; C,,H,(N,,S; C,,H (N,,S;
DopMyIBHEI BEC 358,45 544,65 544,65
Temmeparypa, K 296(2) 100(2) 100(2)
CuHronus MoHoKInHHAA TpuknuHHas TpuknuHHas
[IpocTpancTBeHHas rpymmna P2,/n P1 P1
Pasmeps! kpucramia, MM 0,39 x 0,30 x 0,28 0,56 x 0,25 x 0,22 0,32 x 0,24 x 0,22
a, A 6,5031(2) 9,69758(10) 9,1035(2)
b, A 16,1222(4) 11,42780(12) 12,3104(3)
¢, A 14,3895(3) 12,09478(12) 12,4595(3)
o, Tpajn 90 66,0929(4) 66,3804(5)
B, rpan 93,6459(5) 76,3643(5) 72,7156(5)
Y, Tpan 90 78,2379(4) 69,4569(5)
v, A’ 1505,60(7) 1181,95(2) 1177,88(5)
zZ 4 2 2
Ay T M 1,581 1,530 1,536
u, mm ! 0,510 0,354 0,356
Konnuectso:
pediekcoB Bcero 70 758 27 040 68 032
HE3aBUCUMBIX pedIeKcoB 3778 7213 7214
YTOUHSAEMBIX TapaMeTPOB 202 334 334
Goof 1,077 1,033 1,041
R, wR, [I>206(])] R, =0,0324, R, =0,0274, R, =0,0271,
wR,=0,0913 wR, =0,0726 wR,=0,0728
R,, WR, [Bce naHHbIE] R, =0,0358, R, =0,0296, R, =0,0280,
wR, =0,0955 wR, =0,0745 wR, =0,0735
Howmep 8 CCDC 2182694 2182692 2182693
IIpumevanue. V'— 00beM 3MEMEHTAPHON AICHKH; Z — YMCIIO POPMYIIBHBIX CIMHULL B JIEMEHTAPHOMH S4eHKe; d,, ., — KPUCTAIIOo-

rpaduuecKas IOTHOCT; [l — JIMHEeHHbIH ko3 duIMeHT noromenus; R, wR, — Gpakropsl paccoracoBanus; Goof — KpuTepuii kauecTsa

YTOUHEHHS CTPYKTYPEL.
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Puc. 4. CrpoeHre MOJIEKYJIbl COCITUHEHUS 2
¢ HyMepanueil HeBOJOPOIHBIX aTOMOB

Fig. 4. The molecule structure of the compound 2
with the numbering of non-hydrogen atoms

Puc. 5. CtpoeHue MOJIEKyJIbl COCIUHEHMS 3a
C HyMepanueil HeBOJIOPOIHBIX aTOMOB

Fig. 5. The molecule structure of the compound 3a
with the numbering of non-hydrogen atoms
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Puc. 6. Crpoenue mosekyisl coenunenus 3b
¢ HyMepanuel HeBOJAOPOIHBIX aTOMOB

Fig. 6. The molecule structure of the compound 3b
with the numbering of non-hydrogen atoms

B Tabun. 2 s MONeKyN M3y4eHHBIX COSIMHCHUIN TPUBE/ICHBI JITHHBI HEKOTOPBIX CBSA3CH B BUJIC HHTEPBAJIA,
BKITIOUAIOIIEr0 3HAYCHUS JIJIsl TPeX BeTBeH Mouiekybl. Habnrogaemoe pachpesiesieHue AJHH CBA3EH B reTepo-
[UKJIAX COTNIACYeTCs C X KAHOHUYECKOM CTPYKTYPOM U SIBISCTCS TUITHYHBIM JUTs 1,5-113aMeleHHbIX TeTpa-
301108B. [Ipn 5TOM HanboNEEe KOPOTKUMH ABJISIOTCS CBA3H N°—N°, JUIMHBI KOTOPBIX JIEXKAT B y3KOM HHTEpBAJIe
1,285(2)-1,2917(11) A, BKiTtodaromieM Bce 3HaYSHUS B KpUCTauiax coequHeHuit 2, 3a u 3b. CpaBHeHHe 1ITHH
CBSI3CH HCCIICIOBAHHBIX KPUCTAIUIOB B TETPA30JILHOM ITUKJIC YKa3bIBACT HA HE3HAYUTEILHOE BIMSHHUE TPUPOJIBI
3amecTuTens y aroMa N' TeTpa3onsHOro MUKIA HA JUTHHBI 9THX CBA3EH.

Tabnuma 2
JIIMHBI HEKOTOPBIX CBs3el B MOJIeKY./1axX JIUraHaoB 2, 3a u 3b
Table 2
Some bond lengths in the molecules of ligands 2, 3a and 3b
JlnuHa cBA3U, A
Comsh 2 3a 3b
Cl—S 1,8093(16)—1,8199(14) 1,8104(9)-1,8219(9) 1,8112(9)—1,8258(9)
S—C’ 1,7376(13)—1,7412(14) 1,7380(9)-1,7391(9) 1,7389(9)-1,7476(9)
N'—C’ 1,3302(19)—1,3348(19) 1,3475(12)—1,3535(11) 1,3514(11)-1,3556(11)
N'—N* 1,3479(18)—1,3512(17) 1,3621(11)-1,3665(10) 1,3606(10)—1,3629(11)
N*—N° 1,285(2)-1,291(2) 1,2884(12)—1,2916(12) 1,2893(12)—1,2917(11)
N’ —N* 1,3590(18)—1,365(2) 1,3672(11)-1,3717(12) 1,3653(11)-1,3698(11)
N*—N° 1,3160(19)—1,3210(18) 1,3216(11)-1,3259(12) 1,3228(11)-1,3242(11)

B xaxmoit TpunoianbHON BETBU TETPA3OIbHBIN M (PEHIIIBHBIA IIUKIIBI B MOJIEKYJIax coequHennii 3a u 3b
CYIIIECTBEHHO Pa3BEpPHYTHI IPYT OTHOCUTENEHO Ipyra. B Monexyne coequHenns 3a TudapabHbIe YTIIbI MeXKITY
CpeIHEKBaIPATHIYHBIMH TUTOCKOCTSIMHE 3THX ITUKIIOB cocTaBiioT 58.00(3)°, 31.59(3)° u 33.06(5)° ms BeTsetii 1,
2,3 COOTBETCTBEHHO. AHAJIOTHYHBIE 3HAYSHHS TTOTYIEHBI 1Tl MOJIeKyJTbl coennHeHust 3b: 33.85(5)°, 43.02(4)°
n 47.18(4)°.
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B 1einom 0CHOBHBIM OTJIMYMEM CTPOSHHUS MOJIEKYJI B KpUCTAIIaX coeTuHeHui 3a u 3b sBnsieTcs CyecTBeHHO
pa3HOe pacroyioKeHne (HeHUITEeTPa30IbHBIX ()ParMEHTOB OTHOCHTENIFHO IIEHTpalbHOro pparmenrta S;CH.

B n3yueHHBIX COEMHEHNAX CYIIECTBYIOT HEKJIACCHYECKHIE BOIOPOJIHBIE CBSI3H, TIPE/ICTAaBICHHbIE B Ta0II. 3.
Tak, B KpHuCTaie COeAMHEHNS 2 3TO TOJIBKO BHYTpUMOIEKyspHble cBsiz3u C1—H1---N34 mexay atomom
BOJIOPO/JIA IIEHTPATBHOTO (pparMeHTa U aTOMOM a30Ta OJIM3JIEKAIIET0 TeTPa30IbHOTO UKIa. B kpucramie
coeinHeHus 3a OONBIIMHCTBO BOJIOPO/IHBIX CBSI3eH TAKKE BHYTPHUMOJIEKYIISIPHBIC C y4aCTHEM aTOMOB BOIOPO/Ia
nieHTpanbHoro ¢pparmenta S;CH n atoM0B Bos10posia eHMIBHBIX IMKIIOB, A €IMHCTBEHHAS MEXMOJICKYIIpHAst
cBs13b C24—H24---N24 [x + 1, y, z] popmupyeT noJTuMepHbIe e , TPOCTUPAIOIIUECS BJIOJIb OCH a (puc. 7).
OpnHako B KpUCTaIax COeAMHEHMs 3b CyIecTBYIOT 1BE BHY TPUMOJIEKYJIISIPHBIE CBSI3U U TPH MEKMOJIEKYIISIPHBIE
cBs3u. [locnennne GopMuUPYIOT B KPUCTAIUIMYECKOM CTPYKTYpE BOJOPOTHO-CBA3aHHBIN TPEXMEPHBII KapKac.

Tabnuua 3
I'eoMeTpHuecKHe XapaKTePHCTHKH BOJOPOIHBIX CBs3eii
B KPUCTAJLIMYECKOii cTpyKType coeqnHenmii 2, 3a u 3b
Table 3
Hydrogen bonds geometry in the crystal structure of the compounds 2, 3a and 3b
BoJoposiHas cBsi3b
Coenunenne . -
D—H:---A H--A A D---A A D—H:---A, rpax
2 Cl1—HI--"N34 2,37 2,952(2) 118
Cl—HI--"N14 2,33 2,8989(12) 114
Cl1—HI1---N34 2,37 2,8812(12) 111
3a C22—H22---S2 2,66 3,2171(10) 118
C24—H24---N24 [x+ 1, , 2] 2,55 3,4628(13) 162
C32—H32---S3 2,68 3,2259(10) 117
Cl—HI1---N14 2,38 2,8897(14) 111
Cl—HI1--N34[-x+1,-y+1,-z+1] 2,56 3,4692(12) 151
3b C17—HI17---S1 2,68 3,2174(10) 116
C37—H37--NI3 [-x+1,-y+1,-z+1] 2,62 3,2796(13) 127
Cl4—HI14---N24 [-x+ 1, -y, —z + 2] 2,46 3,3837(14) 164

I[Tpumeuanue. [Ipn o6o3HaueHNN BOTOPOAHBIX CBsI3eH B KBaPaTHBIX CKOOKAX yKa3aHbl MPeoOpa30BaHUs CUMMETPUH IS CO-
OTBETCTBYIOLIUX aTOMOB.
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Puc. 7. BonopoaHo-cBsizaHHas OJIMMEpHas Lelb
B KPHCTAJUIMYECKON CTPYKTYpE COCANHECHHUS 3a

Fig. 7. Hydrogen-bonded polymeric chain
in the crystal structure of the compound 3a
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3akjaoueHue

Pa3zpaboTan meTon cuHTe3a panee Hen3BecTHBIX mpuc((1-R-1H-TeTpa3omn-5-1uia)THo )MeTaHOB, IPEICTaBI-
IONUX WHTEPEC B KAY€CTBE TPHUITOAAIBHBIX TETEPOIMKINYECKIAX TUTaHI0B. MeTOo/I CHHTE3a BKIIIOYaeT B ceOs
ATKWIUPOBAHNE KOMMEPUYECKH NOCTYMHBIX 1-R-TeTpazon-5-tnonaroB nomodopmoM. [IpoBeaeHHBIN peHTTE-
HOCTPYKTYPHBIN aHAIN3 TIOJTBEP U ITOTYYCHHE IIEJICBBIX COSTUHEHHI 1 BBIABIII OCOOCHHOCTH CTPYKTYPHOU
OpTaHM3AINH WX KPUCTAIIIOB.
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VIIK 547.796.1+54.057+539.26

CHUHTE3 HOBBIX MYABTUTOIIHBIX
TETPABOACOAEPKAIIINX ANTAHAOB

E. IO. TPUTOPBEB", JI. C. HBAILIKEBHY",|A. C. JISIXOB"),

U. M. TPHTOPBEBA", IO. B. TPHTOPBEB", 0. A. HBAILIKEBHY "

Y Hayuno-ucciedosamenvcuii uncmumym Quzuxo-xumuueckux npoénem bI'Y,
. Jlenunepaockas, 14, 2200006, 2. Munck, Berapyco

Ha npumepe 5-¢peHnn- 1 S-nupuaniterpasolia Moka3aHo, YTO KIACCHYSCKHE METOIbI, TAKUE KaK HUTPOBaHHE H BOC-
CTAQHOBJICHHE, B COYETAHNUH C XapaKTEPHBIMHU I IPOU3BOAHBIX TETPa30Jia PeaKIUsIMHU aJKHINPOBAHUSI MOTYT HCIOJIb-
30BaThCS YIS MTOJYUYCHHS MYJIBTHTOIHBIX MOJHUSACPHBIX TETPA30JICOIEPIKAIINX JIMraH0B. PazpaboTaHbl METObI MOMY-
YeHUs psiJia paHee He ONMMCAHHBIX MO IEPHBIX ITPOU3BOIHBIX TETPa30ia, COYETAIOIINX B MOJIEKYJIE KaK TeTPa30JIbHbIMH,
TaK ¥ MAPUANHOBBIN UK. COCTaB M CTPOCHHE TOMYYCHHBIX COCAMHEHUH BBISIBICHBI METOJAMH JIEMEHTHOTO aHaJIHN3a,
SAMP- u UK-cniekrpockormu. J{ist (5-(mupuanH-2-wi) TeTpason-2-wmi )( S-(MupuInH-2-11) TeTpa3oi- | -1 )MeTaHa METOI0M
PEHTTEHOCTPYKTYPHOTO aHAIT3a ONpe/ielieHa KpUCTAIUTNYeCKas CTPYKTypa. YCTaHOBJICHO, YTO 9TO COSANHEHHE 00pa3yeT
NoJMMEpHBIH 3D-KapKac 3a c4eT HEeKJIaCCHYECKUX BOJOPOIHBIX CBSI3eH. B CTpyKType TaHHOTO COSNMHEHHS CYIIECTBYET
CeTh Tt — T-CTEKWHI-B3aMMOJCHCTBUIT MEX/Ty TETPa30JIbHBIMHU LIUKJIAMH COCEAHUX MOJICKYII, & TAKKE MEX/Y ITHPUIAMHO-
BBIMU LIUKJIAMH.

Knrwouegoie cnosa: S-3amenieHHbIE TETPa30iIbl; (QYHKIIMOHAIM3ALST; TIOJUSICPHBIC IPON3BOAHBIC; CHHTE3; PEHTI€HO-
CTpYKTypHBbIi aHanu3; AMP-cnexrpockonus; MK-cnekrpockonus.
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napych (3amanue 2.1.01.01 rocynapcTBeHHOI IPOrpaMMbl HAYYHBIX MCCIIEIOBAHUN «XMMUYECKUE MPOLECChI, PeareHThl

¥ TEXHOJIOTHH, OMOPETYIIATOPHI B OHOOPTXAMUSD).
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Drawing the experience of 5-phenyl- and 5-pyridyltetrazoles, it was shown that classical nitration-reduction methods
in combination with typical alkylation reactions of tetrazole derivatives can be used to obtain multitopic polynuclear
tetrazole-containing ligands. Methods for the preparation of a number of previously undescribed polynuclear tetrazole
derivatives, including those combining both tetrazole and pyridine rings in the molecule, have been developed. The com-
position and structure of the obtained compounds were determined by elemental analysis, single crystal X-ray diffraction,
NMR and IR spectroscopy. For (5-(pyridin-2-yl)tetrazol-2-yl)(5-(pyridin-2-yl)tetrazol-1-yl)methane the crystalline struc-
ture was determined and it was found that this compound forms a 3D polymer framework due to non-classical hydrogen
bonds. In its crystal structure there is a network of m — m stacking interactions between tetrazole rings of neighbouring
molecules, as well as between pyridine rings.

Keywords: 5-substituted tetrazoles; functionalisation; polynuclear derivatives; synthesis; single crystal X-ray diffrac-
tion; NMR spectroscopy; IR spectroscopy.
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BBenenune

CoBpeMEHHOE Pa3BUTHE KOOPAWHAIIMOHHON XWMHH BO MHOTOM CBSI3aHO C CHHTE30M HOBBIX JIUTAHIHBIX
CUCTEM, B KOTOPBIX MOTYT PEaTH30BBIBATHCS Pa3IMYHbIC THIIHI KOOPJIMHAIIMOHHBIX CBsizeld. OpraHuYecKue
COCJIMHEHUSI, COJIepIKAIME JIBa U 00JIee KOOPAUHAIIMOHHO-aKTUBHBIX ()parMeHTa, MPEACTABISIOT HAyYHBIN
Y IPaKTHYECKUN UHTEPEC, MOCKOIBKY Ha OCHOBE 3TUX COCAMHECHUH MOTYYaroT MOJIHSIIEPHBIC KOMIUIEKCHI M KO-
OpJMHALIMOHHBIC MTOJIUMEPBI. biaronapst HAJIMYMIO HECKOJIBKHUX IEKTPOHOIOHOPHBIX IIEHTPOB OPTaHUYCCKUE
COCTMHEHMSI MOTYT YUaCTBOBAaTh B ITPOIIECCaX CaMOCOOPKH CyIIpaMOJIEKYIIPHBIX aHCaMOJIe, CBOMCTBA KOTO-
PBIX B 3HAYUTEIHHON Mepe ONpEIeIAIoTC CTPYKTYpOl Iuranaa. Becbma nmepcreKTHBHBIMA 0OBbEKTaMH UC-
CJICZIOBAHUI B ATOM TIIIAHE SBISFOTCS MMPOU3BOIHBIEC TETPA30I1a, KOTOPBIC B TETPA30JIHHOM ITHKJIC UIMEIOT YEThIpe
KOOPIMHAIIMOHHO-aKTUBHBIX aTOMa a30Ta U, CJICIOBATEIILHO, TIO3BOJISIOT MOIYYaTh IIMPOKHIA KPYT KOMIUIEKCOB
METaJUIOB, 00IaIaloNIUX PSAIOM TAKUX CHEIU(PUUSCKUX CBOWCTB, KaK CIIMH-KPOCCOBEP, (heppOMarHETHU3M,
CIOCOOHOCTh CEJIGKTMBHO COpOUpOBaTh raszel u jp. [1—15]. baaromapst cBoeil peakiiMOHHOW CIIOCOOHOCTH
OWTOITHEIE U MYJIBTUTOITHBIC TETPA30JICOACPIKAIITNE JIUTAH/IBI MPEACTABIIIIOT TAKKEe HHTEPEC B KAUE€CTBE MOJTY-
MIPOAYKTOB /ISl CHHTE3a BEIECTB, MPOSBISIOMNX OMOIOTHYECKYIO U KaTATUTUYECKYI0 aKTUBHOCTh. OTHAKO
MYJBTUTOITHBIE TETPA30JICOICPIKAIINE JINTAH Bl U3yUeHBI HEJIOCTATOYHO, YTO CBSA3aHO B MIEPBYIO OUEPE/Ih C X
CUHTETUYCCKOU TPYAHOMOCTYITHOCThIO. TakuM 00pa3oM, MOUCK MOAXOI0B K CHHTE3Y HOBBIX MIPEICTaBUTEIICH
ATOTO KJIACCa a30TUCTHIX TETEPOIMKIIOB SIBJISIETCS BECbMa aKTyalbHOH 3a7aueii. Panee nmpoBeneHbl psI Ucclie-
JIOBaHMI B 00JTACTH CHHTETUYECKOM U KOOPIMHAITMOHHON XMMHH IPOU3BOIHEIX TeTpaszona [16—-23]. Hacrosias
paboTa mocBsIeHa pa3paboTKe METOIOB CHHTE3a HOBBIX MPEICTABUTEIICH MYIBTHTOITHBIX TETPA30JICOIEpIKa-
IIUX JINTAH/IOB C MCIIOJIb30BAHUEM MPEUMYIIECTBEHHO KIACCHUECKUX METOIOB OPTaHNYECKON XUMUH.

MarepuaJjbl 1 METOAbI HCCJIETOBAHMS

CreKTpsl siiepHOro MarHuTHOTO pezonanca (IMP) peructpuposanu Ha npudope Bruker Avance 500 (CILIA)
B JIeiiTepupOBaHHOM JTUMETHICYIb(hOKCHIE IpK padounx yactotax 500 MTI'm ('H) u 125 MI'n (°C). UK-
criekTpsl (06macth 4000-500 cM™') 3amuckiBamm Ha criekTpodoromerpe Thermo Avatar 330 (Nicolet, CIIA).
JuddepennmanpHplil TepMUYECKUi aHan3 poBoaAnian Ha aHanmzarope Netzsch STA 449 (I'epmanus) B at-
Mocdepe azota (turu Al,O,). Harpesanue B unrepsaie remneparyp 30-500 °C ocymecTBIsuIz CO CKOPOCTHIO
10 rpan/mMuH. PeHTreHOBCKME MOHOKpHCTaJIbHbIC TU(GPAKIMOHHBIC JaHHBIC MOJIydald Ha AU(PaKTOMETpe
Smart Apex Il (Bruker AXS GmbH, I'epmanus) ¢ ucnonab3zoBaHueM uziaydeHus MoK, (rpaduTtoBsiii MOHO-
xpoMmarop). Kpucrammdeckyto cTpyKTypy COCAMHEHHH peliain NpsIMbIMH METOJaMH ¢ IPUMEHEHHEM TPO-
rpammbl SIR2014 [24] v yTOYHSUIH TIOJIHOMATPUYHBIM METOJIOM HAMMEHBIIUX KBAPATOB 10 F* B porpamme
SHELXL-2014 [25]. MonekyisipHyto Tpa Ky BBITOTHSIIN B TporpaMMHoM nakere PLATON [26].
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5-Oenunterpazon u 2-(TeTpaszon-5-uil)TUPUANH MOTYyUYCeHBl B3aUMOICUCTBHEM OCH30HUTpHUIIA U 2-1IHa-
HOITMPUIMHA COOTBETCTBEHHO C a3UI0M aMMOHUs B tuMmeTwidopmamuse [27], ouc(5-pennnrerpazon-2-min)
MeTaH — aJKWIHpOBaHUEM S-(peHunTerpasona guroaMeranoM [28]. Mcmonb30Banuch peareHThl U PacTBOPH-
TeJIN KBANU(UKALUH HE HUKE «U4.).

Cunre3s 5-(3-auTpodenun)rerpazona (b). K pacrsopy 14,6 r (0,1 mons) 5-penunrerpasona (a) B 150 M
KOHLIEHTPHPOBAHHON CEPHON KHCIIOTHI IPH IepeMeIINBaHUY NOpHHOoHHO fo6asisuu 20,2 r (0,2 mons) KNO,
C TaKOH CKOPOCTBIO, YTOOBI TEMIIEpaTypa peakMoHHOH cmecH He npeBbimana 50 °C. [1o okoHuanuu nporuec-
ca peakIMOHHYIO CMECh TiepeMemuBaiy 3 1 nmpu temmeparype 70 °C, mocie 4ero oXJIakKaaad 10 KOMHATHON
TEMITepaTypbl ¥ BUTMBAIHX Ha | 11 1b1a. OOpa30BaBIIMIACS 0CaIOK OTQHUIBTPOBBIBAIIN, IPOMBIBAJIH Ha (DUITBTpE
BOJIOH M CYIIWJIM B BaKyyMe TIpH KoMHaTHoU Temneparype. [loxyuanu 12,93 1 (67,7 %) 5-(3-uutpodennn)re-
Tpasona B BUJIE CBETIO-XKENTOrO MOPOIIKa C TeMrepaTypoit miasnenus 140142 °C. Crextp IMP 'H, 8, m. 1.:
7,88-8,81 (M, 4H, Ph); cniexkrp SIMP °C, 3, m. n.: 121,4, 125,5, 128,1, 131,2, 133,0, 148,2, 154,9; C,H,N,O,
(191,15), %: C 44,09 (paccuutano 43,98), H 2,69 (paccuutano 2,64), N 36,01 (paccuntano 36,64).

Cunre3 ouc(5-(3-untpodenmn)rerpason-2-wi)merana (c). Pacteop 7,64 r (0,04 moinb) 5-(3-HuTpode-
Huw)rerpaszona (b), 5,36 r (0,02 monp) aumonmerana u 4,04 t (0,04 monp) TpudTHIIaMuHA B 40 MIT TUMETHII-
hopmammza nepemermmuBay ¢ oopaTasiM oxytaxaeHueM rmpu 100 °C B reuenue 20 4. [To okoHIaHUH TTpoIiecca
PEeaKIMOHHYIO0 CMECh OXJIXKAANN 10 KOMHATHON TeMIlepaTrypbl ¥ ME/UIEHHO BBUIMBAJIN MIPU MTEpEeMEITHBAaHUH
B 500 M1 Boxsl. K oOpasoBasiueiics cycnensun nodasnsuim 20 % pactBop NaOH no noctmxkenust pH 1012,
0caJIoK OT(GMIBTPOBBIBAIIM, IPOMBIBATIM HAa (PUIBTPE BOAOH M CYIIMINM B BaKyyMe IIpH KOMHATHOM TeMmepa-
type. [lomywanu 7,6 T (96,4 %) Ouc(5-(3-aurpodennn)rerpa3on-2-mwi)MeTana (€) B BUAE KeITOro aMmopgHO-
TO mopoIka ¢ Temreparypoit riasnenust 128—130 °C nmocie nepekprucTaiin3aluy U3 CMecH TuMeTHiIhop-
amun — Bona (3 : 1). Crexrp AMP 'H, 8, m. 1.: 8,68-9,57 (m, 8H, Ph), 8,80 (c, 2H, CH,); criektp IMP BC,
O, M. 1.: 64,8, 121,0, 125,6, 1274, 131,3, 132,7, 148,2, 163,5; C,;H,N,,0, (394,30), %: C 45,25 (paccuura-
HO 45,69), H 2,81 (paccunrtano 2,56), N 36,01 (paccuurtano 35,71).

Cunre3 ouc(5-(3-amunodenumia)rerpason-2-ui)merana (d). Cmecs 3,94 1 (0,01 monp) 6uc(5-(3-aut-
podenmn)rerpazon-2-mwin)merana (¢) u 20,2 r (0,17 monb) omosa B 100 mut 20 % COISTHON KUCIOTHI KUIISATHIH
¢ OoOpaTHBIM OXJIaXkKIeHUEeM B TeueHHue 5 4. [To okoHUaHMM Mporecca peakUOHHYI0 CMECh OXJaKAalu 110
KOMHATHOW TeMmmeparypsl, ¢huiasTpoBanv u noBogwmn pH ¢umsrpara no 10-12 ¢ momomero 20 % pacTBo-
pa NaOH. O6pazoBaBuuiicsi ocajok OTAeNsUTH QUIBTPOBAHUEM, POMBIBATN Ha (HIBTPE BOAOH, CYIIITN
npyu KOMHAaTHOW Temreparype u skctparupoBaiu ropsuum (80-90 °C) aumerundopmamunom (2 - 35 m).
OKCTpakT GUIbTpoBaIH, GUIIBTpaT BeUIMBAIN B SO0 MJ1 BOzIbI, 00pa30BaBILMIICS 0CaI0K OTACIAIN (QUIBTPO-
BaHWEM W CYIIWINA B BaKyyMme IpH KOMHaTHOW Ttemreparype. [lomydamu 2,1 r (62,9 %) 6uc(5-(3-amuHode-
HWI)TeTpazon-2-un)merana (d) B Buje OecIBETHOTO aMOpP(HOTO MOPOIIKA C TEMIEPaTypol TUIaBICHUS
200-203 °C (c pa3no>1<eHI/IeM3). Coexrp SAMP 'H, §, M. 1. 6,65-7,80 (M, 8H, Ph), 7,19 (c, 2H, CH,), 5,43
(c, 2H, NH,); cnekrp SAMP BC, 8, m. m.: 64,5, 111,4, 113,7, 116,3, 126,3, 127.8, 129,7, 165,7; C,H, N,
(334,34), %: C 53,46 (paccunrano 53,89), H 4,41 (paccunrano 4,22), N 41,12 (paccuurano 41,89).

CunTe3 ruapoxJopuaa 5-(3-amunodenuns)rerpasona (e). Cmech 1,11 1 (0,005 8 mons) 5-(3-aHuTpodenmn)
terpazona (b) u 7,1 r (0,059 monp) onosa B 70 mit 20 % consiHOM KUCIOTHI KUTISITHIIN C OOPAaTHBIM OXJIaXKIe-
HHeM B TeueHue 4 4. [To okoHYaHuM Tpoliecca peakMOHHYI0 CMECh OXJIaXKAalIH 10 KOMHATHON TeMIIepaTyphbl,
¢unprpoBanu u nosoaunau pH ¢unsrpara no 10-12 ¢ momomsto 20 % pactBopa NaOH. Ocaznok otaens-
71 (PUITBETPOBAHHUEM, TIPOMBIBAIHA HA (PHITETPE BOAON, (DUITBTpAT HEUTPATH30BaIN KOHIICHTPHUPOBAHHOM COISTHON
kucioroi 1o pH 3—4 u ynapusanu B Bakyyme. OcTarok skcTparuposain 40 mi kursimiero staHona. [locne
yIapuBaHUs 3TaHOJIBHOTO DKCTPAKTa A0 5S—6 MI1 00pa30BaBILIMIACs 0CaJOK THApoXIopuaa S-(3-amuHodenwn)
TeTpazoia (e) OTGUIBTPOBBIBAIM M CYILIHWIIN B BaKyyMe IPH KOMHATHOH Temneparype. [lomyuanu 0,86 T (75 %)
MOpOIIKa KPEMOBOTO I[BETA ¢ TeMIeparypoii miapienus 212-215 °C (c pasnoxennem). Crextp IMP 'H,
8, M. 11.: 7,2-8,0 (M, 4H, Ph), 8,0 (c, 3H, NH;); cniextp SIMP “C, &, m. 1.: 129,9, 134,2, 134,4, 135,3, 137,9,
140,4, 144,9; C,H,CIN; (197,62), %: C 43,06 (paccuutano 42,54), H 4,03 (paccuurano 4,22), N 35,16 (pac-
cuntano 35,44).

Cunre3 5-(3-(terpa3zou-1-uia)denunm)terpasoaa (f). K cmecn 7,0 T (0,0356 Moaw) rugpoxiopuaa
5-(3-amunodenun)rerpaszona (e), 3,1 r (0,048 monp) asuma varpus u 19,3 r (0,1302 Monb) TpUITUIOPTO-
¢dopmuara npu nepemermnBanuu go6asisu 20,8 r (0,347 Monb) nensHoN yKCycHOM KUCIOTHL. [lomydennyro
PEaKIHOHHYIO CMECh MepeMenBaty ¢ o0paTHbM oxiaxaeHueM rnpu 100 °C B teuenue 3 4. [lo okoHuanumn
TpoIIecca PeaKMOHHYI0 CMECh OXJIAXKIAJIH 10 KOMHATHOU TeMIieparypsl 1 BeutiBaiu B 350 mur 10 % pactBopa
COJISTHOW KHCITOTHL. OOpa30BaBIIUiics 0CaIOK OTQHUIBTPOBBIBAIH, IIPOMBIBAITN Ha (QUITBTpPE BOIOH 10 HEHTpaITb-
HOH peakLny 1 CYIIWIN B BaKyyMe ITpu KOMHaTHOH Temmieparype. [Tomyyanu 4,27 1 (55,7 %) 5-(3-(Terpazon-1-
w1)eHmII)TeTpa3oa B BUe OECIIBETHOIO MOPOLIKA ¢ Temreparypoi riasienus 195-198 °C (c paznoxenuem).
Cnekrp SIMP 'H, o, m. 1.: 7,88-8,60 (M, 4H, Ph), 10,22 (¢, 1H, CHTeTpam); criektp SIMP BC, §, m. m.: 128.9,
131,4, 133,0, 137,4, 138,2, 140,9, 144,1, 152,0; C{HN; (214,19), %: C 44,35 (paccuutano 44,86), H 2,53
(paccuurano 2,82), N 52,06 (paccuurano 52,32).
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Cunre3 ouc(5-(3-(rerpazoi-1-un)penna)rerpason-2-ua)merana (I). Memoo A. K cmecu 0,835 r
(0,002 5 momn) 6mc(5-(3-amunodenmn)reTpaszon-2-mwi)metana (d), 0,358 r (0,005 5 mons) azuna Hatpus u 2,22 T
(0,015 monb) TpudTHIOpTOhOpMHUATA TIPHU TIepeMelnuBannn 100apnsum 2,64 1 (0,044 Monb) nensHO yKCyc-
HOW KUCIOTHL. [lonydyeHHy0 peakMOHHYI0 CMECh MepEeMENInBain ¢ 00paTHbIM oxnaxaenuem npu 100 °C
B Teuenue 3 4. [To okoHYaHMU Mporiecca peakIMOHHYI0 CMeCh OXJIaXKIaJIH 10 KOMHATHOW TeMIIepaTyphl U BbI-
muBam B 100 M1 5 % pactBopa coistHON KucmoThl. O0pa30oBaBIIAKCS 0CaT0K OT(PUIBTPOBBIBAIIH, TIPOMBIBAITH
Ha QUIBTpE BOJOH 10 HEUTpaIIbHON peakLuy 1 CYIIWIN B BAKYyMe NPH KOMHaTHOU TeMneparype. [lomyyanu
1,065 1 (96,8 %) 6uc(5-(3-(TeTpazon-1-un)denun)reTpaszon-2-ni)MeTaHa B BUAE CBETIO-KOPUIHEBOTO TOPOIII-
Ka ¢ Temmeparypoit miasienus 137-140 °C. Cnexrp AMP 'H, §, m. 1. 7,84-8,58 (M, 8H, Ph), 7,98 (c, 2H, CH,),
10,25 (c, 2H, CH,,,,,,); ciekrp SIMP BC, 8, m. m.: 64,8, 118,8,123,5,127,5,128,3, 131,3, 134,5, 142,4, 164,0;
C,-H,N |, (440,38), %: C 46,18 (paccuurano 46,36), H 2,53 (paccunrano 2,65), N 52,06 (paccunrtano 51,59).

Memoo b. PactBop 2,14 r (0,01 moinb) 5-(3-(terpazon-1-un)dennn)rerpaszona (f), 1,34 r (0,005 monp) nu-
noamerana u 1,21 r (0,012 monp) TpusTHIaMuHa B 15 M1 tumeTniidopMamuia epeMenInBaii ¢ 00paTHbIM
oxnaxaenneM mpu 100 °C B teuenue 20 4. [To okoHIaHWH MpoIecca PEaKIMOHHYIO0 CMECh OXJIAXKTAIH 10
KOMHATHOW TeMIEepaTyphl U MEUIEHHO BhUTUBaANHM 1pHu niepeMernrBarann B 100 mi Boxbl. K oOpa3oBaBierics
cycnensun godasisin 20 % pactop NaOH no moctmwxkenust pH 10—12, ocanok oThMIBTpOBBIBAIH, TPO-
MBIBaJIM Ha (PMIIBTPE BOJAOHM M CYIIMJIM B BaKyyMe IpW KOMHaTHOH Temmeparype. [lomyuamu 1,6 T (72,7 %)
ouc(5-(3-(rerpazon-1-mr)dermn)reTpazon-2-wi)MeTaHa B BUIE CBETIO-KOPHUIHEBOTO aMOP(HOTO IMOPOIIKa
¢ Temneparypoi miasnenus 133—136 °C.

Cunre3s 1,4-0uc(2-(5-(mupuaun-2-un)-2 H-rerpasoi-2-uia)nponan-2-uwi)densoa (II). K nepememmnae-
Moii cmecu 4 1 (0,027 2 moib) 2-(Tetpazon-5S-wn)nupuanta u 30 mut 40 % XIopHOH KHCIOTHI 700aBsun 2,64 ©
(0,013 6 mop) 1,4-0nc(4-ruapOKCHITN3OIPOITIIT)0eH301a. PeakmmoHHy0 CMeCh IIepeMEeITUBAIIH B TCUSHHUE 2 I
MIpu KOMHATHOH TeMrieparype. [1o okoH9aHnu nporiecca peakmoHHy 0 cMech BbutnBaiu B 200 vt Boger. O6-
pasoBaBLIMiics ocanok nepxiopara 1,4-ouc(2-(5-(mupunun-2-ni)-2H-teTpason-2-uin)nponad-2-ui)0eH3ona
OT(GWIBTPOBBIBAIIN, TPOMBIBAJIN HA (DHUIBTPE BOAOH A0 HEHTPAIBHOW PEaKIUH U CYIIHIU B BAKYyME MPH KOM-
HaTHOH Temrieparype. [locie nepexkpucTanmuzanuu u3 dTaHoiasHoro pactBopa KOH momygamm 3,8 r (61,7 %)
1,4-0uc(2-(5-(mupuaun-2-mn)-2 H-Tetpason-2-un)nponan-2-un)oen3ona (II) B Buge OecBETHOTO MOpoIIKa
¢ Temneparypoi paznoxkenus 212-215 °C. Cnexrp SAMP 'H, §, M. 1.: 2,14 (c, 12H, 4 - CH,), 7,16 (c, 4H, Ph),
7,66-8,76 (v, 8H, Py); criextp IMP "C, §, m. 1.: 39,4, 1231, 125,2, 125.9, 139,7, 1433, 144,5, 148,7, 162,7;
C, H,,N,,(452,21), %: C 63,22 (paccuurano 63,70), H 5,51 (paccuurano 5,35), N 30,16 (paccuurano 30,95).

AakuaupoBanue 2-(TeTpaszoa-S-min)nupuanna. Pacteop 2,18 1 (0,014 8 moub) 2-(Terpa3on-5-wn)nupu-
muHa, 1,98 1 (0,007 4 monb) nunoamerana u 1,48 1 (0,014 8 mons) TpudTunamuna B S0 Mt iumMeTriihopMamMmuia
repeMenmBaii ¢ o0patHsM oxyaxaeHuem npu 110-120 °C B reuenne 20 4. [1o okoH9aHnu mporecca peakiu-
OHHYIO CMECh OXJIaXKJaJIU 710 KOMHATHOM TEeMIIEPaTypbl U MEJICHHO BBIIMBAJIM IIPpH IepemerinBanuu B 200 mi
BoIbl. OOpa3oBaBIINICS 0CaOK OT(GUIBTPOBBIBAIN, IPOMBIBAJIN HA (PUIBTPE BOLOW U CYLIMIIN B BAKyyMe IIPH
koMHaTHOH Temneparype. [lomyqanu 1,97 r (87 %) CBETI0-KOPUIHEBOTO TIOPOIITKA, TPECTABIISIONIETO COOOIH,
110 1aHHBIM SIMP-CIeKTpOCKOIINH, CMECH N30MEPHBIX MTPOAYKTOB JIKMIIMPOBAHUS 2-(TETPa30II-5-1i)THPUIN-
Ha — Onc(5-(mupuauH-2-un)rerpazon-2-mwi)merana (Il1a) u (5-(mupunun-2-wm)TeTpazon-2-wun)(S-(mupuanH-
2-mwn)rerpason-1-mwi)merana (I1Ib) — B coorHomennn npumepro 1 : 1. Cnexrp AMP 'H, 8, m. 1.: 8,0 (c, 2H,
CH,), 8,1 (¢, 2H, CH,), 7,5-8,8 (m, 16H, CH,,...); cuekrp SIMP “°C, 8, m. 1.0 59,5, 62,3, 122,6, 124,2,
124,3,125,5, 126,3, 126,6, 137,6, 138,4, 138,5, 143,0, 143,3, 145.,4, 149,3, 149,8, 150,2, 152,1, 152,2, 164,5;
C;H,N,, (306,29), %: C 50,29 (paccuutano 50,98), H 3,11 (paccuurano 3,29), N 45,06 (paccuurano 45,73).

Pe3yabrarsl U MX 00CyKIeHUE

W3BeCcTHO, YTO OJHUM M3 IUPOKO MPUMEHIEMBIX METOMOB MONYYEHHUS |-3aMEIIEHHBIX TETPA30JIOB SIB-
JIIETCSl PeaKIusl TeTePOLUKIIN3AIUN IEPBUYHBIX AMHHOB C TPUATHIOPTO(GOPMHUATOM U a3uIoM Harpus [29].
st monyuenust N-He3aMEIICHHBIX TETPa30JI0B TaK)KE MCIOJB3YIOT PEaKIMK aJKUIupoBaHUs. B kauect-
BE AJIKWJIMPYIONINX areHTOB TIPU MPOBEJACHUH MpoIiecca B IIEIOYHON CpeJie Yallle BCero MPUMEHSIOT TaoH/I-
HBIC AJIKUITBI M TUATTKUAJICYIb(ATHI, B CITydae KUCIOTHO-KATATU3UPYEMOTO aTKHITUPOBAHHUS — CIIUPTHI U Oyehu-
HBI, CTPYKTYpa KOTOPBIX CIIOCOOCTBYET CTa0MIIN3aIUU 00pa3yronuxcs 3 HuX kapookarroHos [30]. B pamkax
HACTOSIICH PabOThI UCTIOJIB3YFOTCS HMEHHO 3TH CHHTETUYECKUE MOAXO0/IbI JUIS [TOIYYCHUS HOBBIX, HE OIMCAHHbIX
B JINTEpAType MPENCTaBUTENCH MOTUAIESPHBIX TeTpa3oyioB: Ouc(5-(3-(TeTpason-1-mr)dernn)reTpazon-2-
wi)merana (I), 1,4-6uc(2-(5-(mupunun-2-mn)-2 H-Tetpason-2-ui)npomnas-2-min)oensona (1) u cmecn nzomep-
HbIX Ouc(S-(mupuanH-2-min)rerpason-2-un)merana (Ila) u (5-(mupunua-2-wn)rerpazon-2-un )(S-(mupuanH-2-
un)terpaszon-1-wi)merana (I1Ib).
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B nessix pa3paboTKy ONTHMaNIBHOTO MeTojia cuHTe3a ouc(S5-(3-(Terpason-1-un)deHunn)reTpa3on-2-mi)me-
taHa (I) Hamu u3ydeHsl Tpu croco0a MOTY4YEHUS HOIUAACPHOIO TETPA30ia, CXEMbl KOTOPBIX IPEICTaBICHbBI
Ha puc. 1.

[Tepesiii crtocob (MeTox A) mpenronarai UCIOIb30BaHNE S-PeHMITETpa3oa (a) B KaueCTBE UCXOIHOTO CO-
€IMHEHUSI, HUTPOBAHNE KOTOPOTO C MOCJIECAYIOINMH ANKHIMPOBAHUEM MIOITy4aeMOro HUTPOPEHUITETpa3o0a,
BOCCTaHOBJICHHEM HUTPOTPYIIIbI ¥ FeTEPOLMKIM3aLnei 00pa3yIomerocs aMiuHa JOIKHO ObITO MPUBECTH K TO-
Ty4eHuro 1eneBoro ouc(5-(3-(rerpazomn-1-um)denwn)rerpaszon-2-mn)merana (I). B pe3ynbrare mpoBeaeHHBIX
IKCTIIEPUMEHTAIIBHBIX HCCIIE0BAHUN YCTAaHOBICHO, YTO HUTPOBaHUE S-(heHUITETpa30a (a) IaJKo MPOTEKaeT
B HUTpyromei cucreme KNO, — H,SO,. Ilpu 3tom kak npu Hu3kux (0-5 °C), Tak U pU HOBBIMIEHHBIX TEM-
neparypax (70-80 °C) HuTpoBaHHe UAET B Mema-nonoxkeHne GeHmipHoro nukiia. HezaBucumo ot ycinoBuit
NPOBECHUSI HUTPOBAaHUS 00pa3oBaHNe AMHUTPONIPON3BOIHBIX He HabmonaeTcs. [lomyyaemsrii 5-(3-autpode-
HIT)TeTpaso (b) Ierko BCTynaeT B peakiyio alKHINPOBAHUS C AUUOIMETaHOM, CEIEKTUBHO 00pasys ouc(5-
(3-auTpodenmn)eTpaszon-2-nin)meran (¢). B pesynsrare BocctaHoBineHus: Ouc(S-(3-HUTpOodeHMIT)TeTpas3o-
2-ni)MeTaHa (¢) 0JI0BOM B KHCIIO# cpefie o0pasyeTcs ¢ Berxogom boree 60 % ouc(5-(3-amuHoGeHMT ) TeTpa3on-2-
wi)MeTtaH (d), reTepoIMKIN3aLHsI KOTOPOTO ¢ TPUATHIOPTOPOPMHUATOM U a3UI0M HATPUS B YKCYCHOH KHUCIIOTE
TIPUBOJINT K TenieBoMy Ouc(5-(3-(terpason-1-mm)denun)rerpazon-2-mn)merany (I) ¢ Berxomom 6onee 90 %. Boi-
XOJ L1eIeBoro coearHeHus I B pesynbrare peanu3alny ONMCAHHON LENOYKH NpeBpatieHuii cocrasisier 40 %.

Emte omamM rccnenoBaHHBIM BapraHTOM TomydeHust Ouc(5-(3-(terpaszon-1-wmm)denun)rerpason-2-mui)me-
taHa (I) sBnsercst meton b. Boccranosnenue 5-(3-aurpodenuni)rerpaszona (b) riaako mpoTekaeT B CHCTEMe
Sn — HCI, ognako BbleneHue u ouucTKa 5-(3-aMuHO(peHMT)TeTpasona (e) cBI3aHbl ¢ ONpeaeICHHBIMU TPY-
HOCTSIMH, ITOCKOJIBKY B MOJIEKYJIC 3TOTO COSAMHEHHSI COACPIKUTCS KaK OCHOBHAS, TaK M KHCIOTHAsA (QYHKLUS.
Hawm ynanoce BBIIEINTB 3TOT aMUH B BUAE THIpOXJIopuaa. B pesynbrare ero rerepouuKin3atuy ¢ TpPU3TUIOP-
TohopMHaTOM M a3uIOM HaTpus nonydeH 5-(3-(terpazon-1-um)denun)rerpason (f) ¢ Beixomom Gomnee 55 %,
IKWIMPOBAHNE KOTOPOTO INHOAMETAHOM CEJICKTHBHO MIPUBOAMT K 00pa30BaHuUIo 1eJeBoro mpoaykra I. Beixon
coeaunenus I B pesynbraTe peaausanuy OMUCaHHOTO Metona coctasisieT 21 %.

Tpetuii cnoco6 (Meron C) mpenmonarai UCIoNb30BaHne OUC(S-heHmnrerpazon-2-mi)meTana (g) B Ka-
YEeCTBE MCXOJHOTO COCAMHEHHsSI, HUTPOBAaHHE KOTOPOTO € MOCIEAYIOMIUMHU BOCCTAHOBICHHEM HUTPOTPYIIIIBI
U TeTePOIMKIN3aliel MOIy4aeMoro aMiHa MOTIIO MPHUBOJUTH K 1ieneBomy omc(5-(3-(terpazon-1-wmn)de-
Hu)terpazon-2-un)merany (I). B pesynbrare npoBeaeHHBIX HCCIIEAOBAHNN SKCIIEPUMEHTAIBHO YCTaHOBIIC-
HO, YTO HE3aBHCHMO OT TEMIEPaTYPHBIX PEKUMOB IIPH HUTPOBaHUH OUC(5-heHunTeTpa3on-2-ui)merana (g)
nutpyromieit cuctemoit KNO, —H,SO, oOpasyercs TpynHOpasaenumas oObIYHBIMU METOIaMU CMECh HUTPOCO-
€IMHEHMH, B KOTOPOH, 10 JaHHBIM SIMP-criekTpockomnmu, Hapsay ¢ neneBbiM 0uc(S-(3-HUTpoQeHHIT ) TeTpas3o-
2-nn)metanoM (h) npucyTcTByroT 0Kos0 15 % NpoayKTOB MOOOYHBIX pEaKIUi 10 METUICHOBOM IpyIIE HC-
XoHOTO OuC(5-peHunTeTpazon-2-un)merana (g). B cBsi3u ¢ 3TUM B JabHEHIIYIO PEAKIIMI0 BOCCTAHOBICHUS
BBOJIMJICS HeouHIeHHBIH poayKT h. B mpornecce Boccranosnenus B cucteme Sn — HCl Habnronanock momHoe
pacTBOpEHHUE MOCJIEAHETO, UTO MTOATBEPKIACT ITOTYUECHHE HA IPEeIbIYIIeH CTa i UMEHHO HUTPOIIPOU3BOIHO-
ro h. [1o manabpIM SIMP-crieKTpoCKOTINH, BBIZCIIEHHBINA POIYKT TAKKe SIBIISIETCS CMEChIO 1eneBoro omc(5-(3-
amuHO(eHnT)TeTpa3on-2-mi)Metana (i) ¥ MpoayKTOB OOOYHBIX peakinii. B pe3ynbrare reTeponnKiIn3anuu
MOJIYYEHHOTO «CBIPOr0» aMMHa i ¢ TPUITHIOPTOPOPMHUATOM U a3UJOM HATPUS B YKCYCHOW KHCIJIOTE BBIJCIICH
TBEPABII NPOIYKT, B KOTOPOM, M0 JaHHBIM SIMP-criekTpockonuu (XapakTepHCTHUHBIA CUTHA IIMKINYECKO-
ro CH rterpa3onbHoro nukmna B oomactu 9,5-10,3 m. 1.), Hapsay c ueneBbiM O0uc(5-(3-(terpaszon-1-um)de-
HUJI)TeTpa3oi-2-mi)MeraHoM (I) mprucyTCTBYIOT B 3HAYUTEIIBHBIX KOIMYECTBAX IPUMECH APYTHX TETPA30IICO-
JepiKalmx coeAnHeHNH. OUUCTUTD MIPOLYKT METOAaMH EPEKPUCTAIIM3ALIMI U KOJIOHOUHON XpoMarorpaduu
HE yAaJI0Ch.

Bce cunre3upoBaHHble, paHee HE ONMHMCaHHbIE coenuHeHus uccaeaoBanbl Mmetogamu UK- u AMP-cnexr-
pockonuu. B MK-criekTpax momydeHHbIX TeTPa30I0B HapsLy C MOJI0CaMH MTOMJIOLICHHUS 3aMeCTUTeNeH Halumo-
JTaeTCsl TIOTIIONICHUE CpelHel HHTeHCUBHOCTH ¢ 20—25 octpeiMu nukamu B obmactu 700—1400 CM’I, cpenu
KOTOPHIX BBIIENISETCA TPYMIa U3 3—5 WHTEHCHBHBIX mosoc npu 970—1180 cM ', XapakTepHas Ui BaTeHTHO-
neopMaIOHHBIX KONebaHuii TeTpa3onbHoro mukaa. B AMP-crexrpax (‘H) cHHTE3MpOBAHHEIX COEMHEHMI
(uKCHPYIOTCS MYJIBTUILIETH (PEHMTBHBIX TPy B uHTepBate 7,5-9,0 M. 1. u cunmierst CH TeTpazonbHOro nuk-
na B obmactu 10,0 m. 1. B SIMP-cniektpax (*C) XapakTeprCTHYHBIME SIBIISFOTCS CHTHAIIBI YIJIEPOIHOTO aToMa
TETPa30JILHOTO KA B HHTEpBatie 155—165 M. 1. (C-3amemennsi Terpazon) u 140—150 m. 1. (N-3aMerieHHbIi
TETPa3omn).

B nessix mosmyueHust HOBBIX COSMHEHNH, COYETAIOIINX B MOJICKYJIE KAK HECKOJIBKO TETPA30JIbHBIX, TaK U JPY-
I'HX a30TCOZEPKALINX [IUKIIOB, B PAMKaX HACTOSIIEH padOThl M3yUYEHBI MPOLECCHI ATTKUIIMPOBAHUS 2-(TeTpas3o-
S-un)nupunuHa OuyHKIIMOHATHHBIMU ANKIIIMPYIONUME areHTaMu — 1,4-01c(4-TuapOoKCHITN30TPOTIHIT)OCH-
30JI0M U TUMOIMETaHOM.
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Puc. 1. Cxema cuntesa ouc(5-(3-(terpazon-1-mn)penun)rerpazon-2-mwi)merana (I):
a—b—c—d(metonA),a—b— e — f(meTon b),
g — h —i(merog C)
Fig. 1. Synthesis of bis(5-(3-(tetrazol-1-yl)phenyl)tetrazol-2-yl)methane (I):
a— b — c¢— d(methodA), a— b — e — f (method B),
g — h — i (method C)
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B xone uccnenoBaHHs yCTaHOBIEHO, YTO TNMPOBEACHHE AIKMUIUPOBAHMS 2-(TETpa3oi-S-wil)nupuanHa
1,4-6uc(4-THAPOKCUITH3OTIPOITHIT)OCH30JI0M B KOHIICHTPUPOBAHHON CEPHOHN KHUCIOTE HE TIPUBOIUT K OJKHIae-
MOMY PE3YyJbTaTy B CBSA3U C HEJOCTATOYHON yCTOMYMBOCTBIO AJIKWIMPYIOIIETO areHTa B 3THX YCIOBHAX. 3aMeHa
KOHLIEHTPHPOBAHHOU cepHOM kucnoTsl Ha 65 % HCIO, no3BossieT HCKIIOUUTD Pa3iokKeHHE aIKUINPYIOIEro
areHTa, ¥ MPOIeCC CEIEKTUBHO MPUBOAUT K oOpazoBanuio nepxiopara 1,4-6uc(2-(5-(mupunun-2-mn)-2H-
TETPa30JI-2-¥IT)IPOITaH-2-MT)0eH30J1a, KOTOPBIA TIEPEBOAAT B CBOOOTHOE OCHOBAHHUE ITyTEM MEPEKPUCTATIIH-
3alMy U3 CIIHPTOBOTO pacTBOpa mienodn. Beixoa koHeuHoro npoaykra — 1,4-0uc(2-(5-(mupuans-2-nm)-2H-
TeTpazon-2-ui)nponan-2-mi)oenzona (II) — cocrarnser okomno 62 %. Cxema peakunu NpUBeIeHA Ha pHC. 2.

N
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NH
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Z/ /Z
Z/ \
AN

N
OH

Puc. 2. Cxema cuntesa 1,4-6uc(2-(5-(mupuann-2-mn)-2H-tetpazon-2-un)npomnan-2-mwi)oensomna (1)
Fig. 2. Synthesis of 1,4-bis(2-(5-(pyridin-2-yl)-2H-tetrazol-2-yl)propan-2-yl)benzene (II)

CornacHo nanHbIM U} PepeHITIATEHOTO TEPMUYECKOT0 aHan3a coeanHenne 11 HaunHaeT 3K30TepMUIHO
pasnarathecsi 0e3 maBieHus npu temmeparype 215 °C. Ilpouecc pasznoKeHHs] MTPOTEKaeT B JBE CTaJIUU
¢ MakcuMyMaMmH k303 pexToB npu 245 u 319 °C.

AnkunupoBanue 2-(TeTpa3oi-5-ui)MUPUANHA TAHOIMETAHOM (pHUC. 3) TPOTEKACT HECEICKTUBHO
¢ o0pa3oBaHHMEM CMecH M30MEpHBIX Ouc(S-(mupuanH-2-mi)rerpason-2-mwin)metana (I1la) u (5-(mupunun-2-
W) TeTpazon-2-un)(5-(mupuaun-2-un)rerpaszon- 1 -un)merana (I1Ib) B coornomennn npumepno 1 : 1, pazne-
JICHHE KOTOPBIX METO/IaMH MEePEKPUCTATITU3AINH U KOJIOHOYHOH XpoMarorpaduu ocyiecTBUTh He YIaloCh.
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Puc. 3. Cxema aJIKWIIMpOBaHust 2-(TeTpa3oil-5-miI)IHPUANHA TUHOAMETaHOM
Fig. 3. Alkylation of 2-(tetrazol-5-yl)pyridine with diiodomethane

[To maHHBIM PEHTICHOCTPYKTYpHOTO aHanm3a, (S-(MupuauH-2-1i)TeTpa3on-2-wi)(S-(TupuanH-2-1i)TeT-
pazon-1-un)meran (I1Ib) kpuctannusyercs B TPUKIMHHON IPOCTPAHCTBEHHOU IpyIIIIe Plc JBYMsI MOJIEKYJIaMU
B DJIEMEHTapHOM stuelike. OCHOBHBIE KpUcTayuiorpaduiyeckie JaHHbIE COSAMHEHHS U TTapaMeTPbl YTOUHEHHUSI
CTPYKTYpBI IIPUBEIEHBI B TAOJIMLE, CTPOCHUE MOJIEKYJIbI IT0Ka3aHO Ha puc. 4. ['eomeTpuueckue xapakrepu-
CTHKH TETPA30JbHBIX U MUPHIMHOBBIX LIUKJIOB MOJIEKYJbl UMEIOT OObIYHBIEC 3HAUCHMA. JudapanbHblid yroi
MEX1y CPEIHEKBaAPATUIHBIMU TIOCKOCTAMU IUKIOB C11/N15 (mupuaunossiii) u N11/C15 (TeTpa3osbHbIii)
cocrasiser 7,03(9)°, a pns muknoB C21/N25 u N21/C25 — 16,06(8)°. B kpucrammuueckoii crpykrype Ib
cyuiecTBytoT Bonopoaubsie cBsi3u C—H---N mexay aromamu BO#opozia METUICHOBOW IPYIIIBI U aTOMaMH
a30Ta MUPUIMHOBOIO LIUKIIA, & TAKXKE MEX1Yy aTOMaMH BOAOPO/Ia MUPUANHOBOIO LIUKJIA U aTOMaMH a30Ta 000-
UX TETPa30JbHBIX LUKJIOB. DTH HEKJIACCHUYECKHE BOJOPOIHbIE CBsI3U (DOPMHUPYIOT momuMepHbiil 3D-kapkac.
[Ipoexmus kpuctammnyeckoit cTpykrypsl coenunenus IIIb Bnons ocu b mpencrasiena Ha puc. 5. Cienyer
OTMETHTh, YTO B CTPYKTYPE AAHHOI'O COEAMHEHMS CYIIECTBYET CETh T — T-CTEKMHI-B3aUMOJCHCTBUN MEX-
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Ay TETPAa30JIbHBIMU IUKIAMH COCCAHUX MOJICKYJ, a TAKKEC MCKAY NMUPUIUHOBBIMU IUKIAMU. JIJ'ISI HaI/I60-
JIe€ 3HAYMMBIX W3 HUX PACCTOSHUS MEXTy HEHTpamu TsokecTh mukios Cg---Cg BappupyIOTCS B HHTEPBANE
3,4573(9)-3,7314(1) A ipu AMAAPATBHBIX YIIaX MEKITY TIOCKOCTSIMH COOTBETCTBYIOIINX UKIIOB O = 0°. DTH
B3aMMOJICHCTBUS SIBIISTFOTCSI JIOMOJTHUTEILHBIMU B BOJIOPOJIHO-CBSI3aHHOM TPEXMEPHOM KapKace.

OcHOBHBIE KpHCTAJIOTpaduYecKue JaHHbIe
U MapaMeTPbl YTOYHEHUS CTPYKTYPbI
(S5-(mupuauH-2-W1)TeTPa3o-2-uwi)(S-(mupuauH-2-ui)Terpaszon-1-mw)merana (I11b)

Main crystallographic data
and structure refinement details for
(5-(pyridin-2-yl)tetrazol-2-yl)(5-(pyridin-2-yl)tetrazol-1-yl)methane (IIIb)

Iloxaszarenn I1Ib
Dopmyna C;H Ny,
DOopMyIbHBIH BeC 306,31
Temmneparypa, K 100(2)
A-Mznyuenue, A 0,71073
CuHrOHUsA TpuknuaHas
IIpocTpaHCTBEHHAS TPYTITIA P1
a, A 6,79900(10)
b, A 9,4459(2)
¢, A 11,1683(2)
o, Tpaj 110,6179(11)
B, rpan 94,4559(14)
Y, Tpan 91,4361(13)
v, A 668,23(2)
VA 2
iy T - CM 1,522
u, Mm ! 0,105
Pasmeps! kpucTamia, MM 0,31 x0,17 x 0,06
Konnyecrso:
peduiekcoB Bcero 14 223
HE3aBHCUMBIX pe(ICKCOB 3760 [R,, = 0,033 5]
YTOYHSIEMBIX TTapaMeTPOB 244
Goof 1,041
R, wR, [I>206(])] R, =0,0497, wR,=0,1311
R,, WwR, [Bce nanHbIE] R, =0,0771, wR,=0,1458

IMpumeuanue. V- o0beM aeMeHTapHON siueiiku; Z —4uciio GOPMYIIbHBIX SANHHUL B JIEMEH-
TapHOH stueiike; d,., — Kpuctaiorpadpuueckas I0THOCTS; L — IMHEHHbIH Koo duiment norio-
menwus; R,, wR, — ¢axrops! paccormacoBanus; Goof — KpuTepHii KauecTBa yTOUHEHHS CTPYKTYPEL.
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)
N22
N23
Puc. 4. CrpoeHue MOJICKYJIb
(5-(mupuanH-2-mn)rerpaszon-2-mi)(5-(mupunuH-2-un)rerpason- 1 -mn)merana (11Ib)

Fig. 4. The molecular structure
of (5-(pyridin-2-yl)tetrazol-2-yl)(5-(pyridin-2-yl)tetrazol-1-yl)methane (IIIb)

Puc. 5. IIpoekuinst KpUCTAIUIMYECKON CTPYKTYPBI
(5-(mupuann-2-mn)rerpaszon-2-ui)(5-(mupuaun-2-uwi)rerpason- 1 -wn)meran (11Ib) Broas ocu b.
[ITprxoBbIe JIMHUH TIOKAa3bIBAIOT BOJOPOIHEIE CBSI3U

Fig. 5. Projection of the crystal structure
of (5-(pyridin-2-yl)tetrazol-2-yl)(5-(pyridin-2-yl)tetrazol-1-yl)methane (I1lb) along the b axis.
Dashed lines show hydrogen bonds

3akJaroueHue

Ha nmpumepe 5-pennn- u S-mupuauirerpas3ona moka3aHo, 9To KJIaCCHYECKUE METOIbI, TAKAE KaK HUTPOBAHIE
Y BOCCTAHOBJICHUE, B COUCTAHUU C XapaKTEPHBIMH JUJIsI IPOU3BOHBIX TETPA30J1a PEaKIUIMHU AJIKHIIUPOBAHUS
MOTYT HUCIIOIB30BAThCS TSI TOMYUYSHUS MYJIBTHTOITHBIX TTOMUSACPHBIX TETPA30JICOAePKAIINX TUTaH0B. Pa3-
paboTaHbl METOIBI CHHTE3A Psi/ia paHee He ONMMCAHHBIX MOMUAIEPHBIX MPOU3BOIHBIX TETPA30I1a, COYETAIONTUX
B MOJICKYJI€ KaK TETPa30JIbHbBIN, TaK U MUPUIUHOBBIN UK. COCTaB U CTPOCHHUE IMOJYUYECHHBIX COCIMHEHUMN
OIpEJIeIICHbI METOJITAaMH 3JICMEHTHOTO aHAJIN3a, PEHTTCHOCTPYKTYpHOTO aHaiu3a, IMP- u UK-cnekrpockonuu.
Just (5-(mupunuH-2-ui)tetpaszon-2-mn)(S-(MupuauH-2 -1 ) TeTpa3od- | -ui)MeTaHa onpe/elieHa KpUCTaLTIeCKast
CTPYKTypa. YCTaHOBIIEHO, YTO 3TO COCNMHEHHE 00pa3yeT MoJuMepHBI 3D-Kkapkac 3a cdeT HEeKJIaCCHICCKUX
BOJIOPOJIHBIX CBsi3ei. [lonusiiepHbIe TPOU3BOIHBIC TETPA30JIa SIBIISIOTCS MEPCICKTUBHBIMU O0BEKTAMHU UCCIIC-
JIOBaHUH, TIOCKOJIBKY OHH TIO3BOJISIFOT MTOJTy4YaTh ITUPOKUI KPYT KOMILICKCOB METAJLIOB. TakKe 3TH COCTMHECHUS
MIPEJICTABIISIOT HHTEPEC B KaUeCTBE MOJTYIPOAYKTOB, UCIIOIB3yEeMbIX ISl CHHTE3a BEIIECTB C OMOIOTHYECKON
1 KaTAIUTHYECKON aKTHBHOCTBIO.
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®A30BBIN COCTAB U AOKAABHOE OKPY>KEHUE
NMOHOB JXEAE3A B HAHOYACTHUIAX OKCHUAA JXEAE3A,
AETUPOBAHHOI'O T'AAOAMHUEM

0. A. ®EJJOTOBA", B. 5. TYMEHHHK?, C. A. BOPOFbEBA®,
M. M. JETTAPHK®, A. A. XAPYEHKO", . IIIEBO3HHUK?, 4. KAIIYCTA”

YUncmumym sdepuvix npobnem BI'Y, yn. Bobpyiickas, 11, 220006, 2. Munck, Benapyce
Dlopno-memannypauueckas akademust um. Cmanucirasa Cmawuya,
np. A. Muykesuua, 30, 30-059, 2. Kpaxos, [lonvua
Y Hayuno-uccredosamenvcruii uncmumym gusuxo-xumuyveckux npoérem BIY,
. Jlenunepaockas, 14, 220006, 2. Munck, berapyce

XUMUIECKUM OCAXKIEHIEM U3 BOTHBIX PaCTBOPOB Moy4ensl mopomuku FeO - Fe, O, - nH,0, Fe, 4,Gd, (sO, n Fe, ,Gd, O,
MetogamMu peHTIEHOCTPYKTYPHOTO aHAIN3a U CIICKTPOCKOINH siZiepHOro ramma-pesonanca (SII'P) uccnenoBatsr ha3oBbiit
COCTaB U JIOKAJIbHOE OKPY)KEHHE HOHOB JKeJie3a B HAaHOUaCTUIaX OKCHJIA XKeJle3a, JIETMPOBAHHOTo rajoinuHuemM. MHrep-
npeTanus peHTreHorpamm U S1I'P-crieKTpoB cBUETENbCTBYET O HAIMUUK B 00pa3Lax cyneprno3uiuu marremura y-Fe,O,
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" Tuapokcuaa skene3a o-FeOOH. OO0Hapy)eHO, 9TO MPHU OCAKICHUH MOPOIITKOB B MPUCYTCTBUU HHUTPATa TaOTHHUS
HaOIoMaeTcsl yBeMYeHHE Co/lepkanus Tuapokena xene3a o.-FeOOH, kotoperit ncyesaet nocne omxura mpu 200 °C.

Kniouesvie cnosa: MarnuTHble HAHOYACTULIBL; THAPOKCUbL; XUMHUUECKOE OCAKIEHUE; PEHTI€HOCTPYKTYPHBIA aHa-
JIU3; JIOKAJIbHBIN aTOMHBIN TOPAJIOK.

bnazooapnuocms. Pabota BeImonHeHa TpHu (hHHAHCOBOH Monaepkke bemopycckoro pecmybnukanckoro ¢ponaa hyHaa-
MEHTaJIbHBIX UccienoBanuil (mpoekt X21BTHI-003).

PHASE COMPOSITION AND LOCAL ENVIRONMENT
OF IRON IONS IN GADOLINIUM-DOPED IRON OXIDE NANOPARTICLES

J. A. FEDOTOVA, U. E. GUMIENNIK", S. A. VOROBYOVA‘, M. M. DEGTYARIK®,
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FeO - Fe,0O, - nH,0, Fe, ,sGd, (5O, and Fe, ,Gd,,0, powders were obtained by chemical precipitation from aqueous
solutions. The phase composition and local environment of iron ions in gadolinium-doped iron oxide nanoparticles were
studied by X-ray diffraction analysis and nuclear gamma resonance (NGR) spectroscopy. Interpretation of radiographs
and NGR spectra of synthesised samples indicates the presence of a superposition of maghemite y-Fe,O, and iron hydroxi-
de a-FeOOH in the samples. It was found that under the deposition of powders in the presence of gadolinium nitrate, an
increase in the content of iron hydroxide a-FeOOH is observed, which disappears after annealing at 200 °C.

Keywords: magnetic nanoparticles; hydroxides; chemical precipitation; X-ray diffraction analysis; local atomic order.
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BBenenue

HanowacTtunp! okcnios xkenesa (maraetut Fe,O, u marremut y-Fe,O,) 00nanaror yHuKaaIbHbIM COYETAHUEM
CBOWCTB, K YHCIIY KOTOPBIX OTHOCSITCS JOCTaTOYHO BBICOKAsi HAMAarHWYEHHOCTh HachimeHus (10 80 3. M. e./r),
BapbHUpyeMasl KOIPLUUTUBHAS CHUJId, XUMUYECKas CTaOUIBHOCTb, OMOCOBMECTUMOCTD, @ TAKKE OTHOCUTEIHLHO
JIETKasi C TEXHOJIOTUYECKOM TOUKH 3pEHHS BO3ZMOKHOCTb I10JIy4aTh HEOOXOAUMBIE pa3Mep, PopMy, KpUCTAILIN-
YECKYIO PEIIETKY B cocTaB HaHo4acTHII [ 1-3]. MHOTO(YHKITMOHATBHOCT YKa3aHHBIX HAHOYACTHUI] OTKPHIBACT
NEepPCIeKTUBBI X MPUMEHEHHUS B HOBOH 0051acTh — Tepanoctuke (theranostics), kKoTopas coyeTaeT AMarHoCTUKY
pa3nuYHbIX 3a00JIeBaHU (HaprUMep, MarHUTOPE30HAHCHYIO TOMOTpaduio) ¢ Tepanuei, BKIo4as aApecHyIo
JOCTaBKY JIEKapCTB, THIEPTEPMHUIO U T. 1. [ 1; 2]. Pa3mepsl HaHOUACTHI] OKCHJIOB KeJle3a, IpUMeHseMbIe B OHO-
MEJUIMHE, KaK MPaBUIIO, JOJKHBI HAXOJJUTHCS B HAHOMAIIA30HE, T. €. UMETh MEHBIINE THO0 COTIOCTaBUMBIC
C KJIETKaMH, BUpyCaMu, OCJIKaMU WJIH TeHaMU pa3Mepsl [3].

B mupe Benercs akTUBHBIN MOMCK JIETUPYIOLIUX 3JIEMEHTOB, KOTOPbIC IO3BOJISIT YAYUIIUTh (DYHKIIUOHAIIb-
HbIE MapaMeTpbl HAHOYACTHUL] OKCUIOB JKelle3a JUIsl pa3IMuHbIX OMOMEIUIMHCKUX npuMeHeHud. K umciy
HEePCIIEKTUBHBIX 3JIEMEHTOB JUISl JISTUPOBAHMS, aKTHBHO BIIMSIONIMX Ha MarHUTHbIE Xapakrepuctuku Fe,O,,
OTHOCATCS PEIKO3eMEIIbHBIC AIEMEHTHI, TAKHE KaK rafonuHuil. [lockoabKy KOHIEHTpauus BHEAPSIEMOW TpH-
MECH TaZ0JIMHUS 3aMETHO MOIUGUIMPYET OTKJIMK MaTepHajioB HA BHEIIHEE MAarHUTHOE IOJIE, IPOBEICHBI
cHCTeMaTH4eCKIe HCCIe0BaHUsA CTPYKTYPHI U cBOicTB Hanouactun Fe,  Gd O,, neruposannoro Gd** B nua-
nazone kouneHtpanuii 0,5-10,0 mon. % [4—7]. HemaBaue uccienoBanus [4] mokazanu, 4TO JETHPOBAHUE
MarHeTuTa raJIoJIMHUEM C UCTIOJIb30BaHHEM METOJIOB COOCAKACHUS B BOAHOW CpE/ie BIMSET Ha MIPOILIECCHI POCTa
HAHOYACTHIL U MO3BOJIICT CHHTE3UPOBATh YaCTHUIIBI C KOHTPOIUPYEeMbIM pazmepoM (ot 18 1o 44 um). Crpyk-
TypHBIi anamm3 BEIABHI, uto Gd’* CiTydaitHEIM 06pa30M BCTPAMBAECTCA B OKTAYIPUUYECKUE y3Ibl MATHETHTA.
1o cpaBHEHMIO C HCXOIHBIMU CyII€plapaMarHUTHBIMY HAaHOYaCTULIAMU MarHeTuTa Hanouactuus! Fe, Gd O,
(x=0,085 % 0,002) nemOHCTpHUPYIOT PeppUMarHUTHBIE CBOMCTBA C HEOOIBIION KOIPIIUTHBHOHN CHITOH (~65 D)
U HE3HAYMTEIbHO MOHWKEHHOW HaMarHuueHHoCThIo npu 260 K.
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ITonTBep:xaeHO FKCIEPUMEHTANIBHO [5], 4To MO cpaBHEHUIo ¢ HaHodactunamu Fe,O, neruposannele Gd
HaHouactullsl Fe,0, xapakrepu3syorcst 6onee BHICOKUMH 3HAUCHUSMH YAEIbHOM MOIIHOCTU MOIIOLIEHUS.
3TO CBUIETENBCTBYET O MX IMOTEHIMAJIE JUIsl IPUMEHEHUS B TUIIEPTEPMUH TTOBPEXKICHHBIX KJIEeTOK. JlokazaHa
s dexruBHOCT HaHOUacTHL Fe,  Gd O, nns mpouecca runepTepMun Kak npH BeICOKHX (BbIe 45 °C), Tak
W IIpH yMepeHHbIX (B nuamazoHe ot 39 no 42 °C) remneparypax [5]. B pabote [6] TecThl OKa3bIBAIOT, YTO
pacTBop koonaa Hanouactun Fe,  Gd O, (1 u 2 mr/mn) nipu conepskannn Gd** B manazone 0,5-5,1 moi. %
MOXET IMOBBIIATh TeMneparypy Ha 3 °C B Teuenne 20—30 muH nukiia runeprepmMun. OgHaKo moxdop ajiex-
BaTHBIX JTETUPYIOMIX KoHIeHTpanuit Gd** mo3BosgeT moBsICHTH hyHKIMOHATBHOCTH HaHouacTHIl Fe,O, s
OJTHOBPEMEHHOTO HCIOJIBb30BaHMsI B KAY€CTBE KOHTPACTHBIX areéHTOB MarHUTHOW TOMOTpaduy U MEINATOPOB
B IIpoIIecce TUIIEPTEPMHUH.

OnHoii u3 Mpo6aeM, BOSHUKAIOMINX P XUMHUUECKOM CHHTE3€¢ HAHOYACTHL OKCHJIOB XKeJie3a U MOCIeayo-
1eM ux JJerupoBanu noHamu Gd’', sBIAETCA COMyTCTBYIONIEE STHM MpoleccaM (OPMHUPOBAHHE PA3IHY-
HBIX TOTMMOP(GHBIX MoAH(UKAIMA THAPOKCHAOB xkenesa (rérut o-FeOOH, nenunokpoxut y-FeOOH nubo
deppokcurut 8-FeOOH). Cornacuo uccrnenoBanusim [8—10] 06pa3oBaHue BKIIOUCHU THAPOKCHIIOB JKeje3a,
nanpumep 0.-FeOOH, npencrasisier co0oii MpoMeKyTOYHOE 3BEHO B LIEMOYKE CHHTE3a OKCHJIOB JKeJe3a Me-
TOIOM XHUMHYeCKoro coocaxaeHus [11]. Omaako hopMupoBaHre THAPOKCHUIOB XKelle3a, JEMOHCTPUPYIOIIHX
aHTHU(eppOMarHUTHBIC CBOWCTBA [ 12], siBIIsIeTCS KpaiiHe HeKeNaTeIbHBIM C TOUKH 3PSHUS TPEOYEMBIX BEICOKHX
3HAUCHUH HAMarHWYeHHOCTH HACBIIeHU A7 9()(hEeKTHBHOM rUIEpTEPMUH B aJpECHOM JOCTABKH JICKApCTBEH-
HBIX MIPenaparoB. AHAJIN3 JINTEPaTypHBIX JaHHBIX IOKA3bIBACT, YTO OMPEACICHHAS CIIOKHOCTh BOSHUKACT HE
TOJIBKO C ITOJy4Y€HHEM MOPOIIKOB HAHOYACTHILI, HE COACPXKAIIUX T'MIPOKCHUIBI XKeJe3a, HO U ¢ KOPPEKTHON
uaeHTudukanueit (a30Boro cocTara Nog00HBIX HAHOYACTHII. DTO 00YCIIOBICHO OYCHD OJIM3KUMU 3HAUCHUSIMHU
napaMeTpoB KPUCTATUIMIECKON PEHIETKH OKCHIOB M THIPOKCHIIOB JKeje3a, OOJBIIMM KOINYeCTBOM UX MOJHU-
¢ukanmii, a Taxke BO3MOKHBIMH HaHOpa3MepHBIMU 3 dekramu (yInpeHue CeKTpalIbHbIX JUHUN U JTMHUH
OTPAXKEHHUSI B PEHTTEHOCTPYKTYPHOM aHaJIM3€e, CyleprnapaMarHiuTHAs peslakcays u T. 1.).

B nHacrosmeit paboTe npencTaBlIeHbl pe3ybTaThl HCCIIe0BAHMS HAHOYACTHI] OKCHJIOB JKee3a, JIeTUpOBaH-
ubIx noHamu Gd**, MeTo1aMu peHTreHoCTpyKTypHOTo aHanu3a (PCA) i CIEKTPOCKOMMH SIEpPHOTO FraMMa-pe-
3onaHca (SI'P), coueTanne KOTOPBIX MO3BOMIAET MPOBOJUTH KOPPEKTHYIO HACHTU(HUKALNIO (ha30BOTO COCTaBa
MIOPOLIKOB, a TAK)KE ONTHUMU3HUPOBATh OAXO/Ab! K YCTPAHEHHIO B MOPOLIKAX (a3 HIPOKCHIOB XKeJe3a.

:‘)KCHepI/IMeHTaJIbHaﬂ qacTb

Iopomok FeO - Fe,O, - nH,O nony4any XUMHYEeCKHM OCa)KIE€HUEM U3 BOJHBIX PAaCTBOPOB COJIEH IBYX-
U TPEXBAJICHTHOTO Xkeje3a. [y atoro k 60 M1 KOHIEHTPUPOBAHHOIO PacTBOpa aMMMAKa IIPU NHTEHCUBHOM
nepeMelluBaHuu B TeueHue 25 MuH 1o6asisuin 40 Ml BOAHOIO pacTBopa, conepxariero 6,60 r FeSO, - 7H,0
u 11,63 r FeCl; - 6H,0. I1pu noyuenuu nopomikos, JeruposanHbix ragonunueM (Fe, ,Gd, ,,O, u Fe, ,Gd, ,0,),
K 60 MJI KOHIIEHTPHPOBAHHOTO PACTBOPA AMMHAKa MPH HHTEHCHBHOM TIEPEMEIIMBAHIH B TeUeHHE 25 MHH
nobasisinn 40 M BOZHOTO pacTBopa, coxepsxkamero 5,86 r FeSO, - 7H,0, 11,10 r FeCl, - 6H,0 u 0,47 r
Gd(NO,), - 6H,0 (cunres Fe, 4,Gd, (,0,); 5,11 r FeSO, - 7TH,0, 9,44 r FeCl, - 6H,0 u 0,83 r GA(NO;); - 6H,0
(cunres Fe, ,Gd,,0,). O6pa3oBaBiIMecs 0CaJKd YEPHOIO I[BETA IPOMBIBAIM AUCTULLIMPOBAHHON BOLOH 110
pH 8—9 MeTONI0M JleKaHTaIluH, TIOCITe Yero OTAeNsUTH IeHTPU(YTHPOBAHHEM H CYIIHIIM B 9KcuKaTope Haj P,

OTxur moponrkoB mpoBoauiIH mpu 200 °C B BaKyyMHOM IT€UH ¢ TTapaJIICTHHBIM CHATHEM PEHTTCHOTPAMM.

OHeproJucIepCUOHHBIN PEHTTEHOBCKUI aHaJIN3 MOPOIIKOB BHITIOIHUIN MIPH KOMHATHOM TeMIieparype Ha
CKaHUpyomieM 3J1eKTpoHHOM Mukpockorie (COM) LEO-1455VP (Carl Zeiss, I'epmanust) ¢ npucTaBkou st
Mukpoananusa Aztec Energy Advanced X-Max 80 (Oxford Instruments, BenukoOpuTaHus).

PeHTreHOCTpYKTYpHBINA aHAN3 IMOPOITKOB MpoBoAMIN Ha Audpakromerpe Empyrean (PANalytical, Hu-
JepiIaHbl) C UCTIOIb30BAaHUEM XapaKTEePUCTUUECKOTO peHTreHOBckoro Cuk -u3irydeHus, rpauTOBOro MOHO-
Xxpomaropa u juHeiHoro nerekropa X’ Celerator (PANalytical). PeHTreHOrpaMMBbl 3alIMCHIBAJIM B TEOMETPUHU
Bperra — bpeHTaHo 1pu CKaHUPOBAHUU B AMAIIa30HE YIIIOB oTpakeHus 10—120°.

Crextpsl SAI'P peructpupoBanu mpu KoMHaTHOUW Temneparype u npu 4 K Ha ciekrpomerpe MS4 (SeeCo,
CIIIA) ¢ ucrounnxom °'Co/Rh (12 mKu). Hu3koTeMIepaTypHble H3MEpPEHHs TIPOBOANIHN C UCTIOTb30BAHHEM
KprocucteMbl 3aMkHyTOoro 1ukia CCS-850 (Janis Research Company, CILIA). Temneparypy KOHTPOIHPOBAIN
Ha perynsarope Temneparypbl LS335 (Lake Shore Cryotronics, CIIIA) ¢ nByMst KanmuOpOBaHHBIMH JTaTYNKaMU
DT-670 ¢ Tounoctrro 0,005 K.

Pe3y.m>TaT1>1 IKCIICPUMEHTa

Nzo0paxkenns COM u pe3yiabTaTbl 3SHEProANCIEPCHOHHOTO PEHTIEHOBCKOTO aHAIN3a, IOIy4YeHHbIE Ha 10~
pouikax Fe, ,Gd, ,O,, npusenens! Ha puc. 1. Ha mukpodororpadusx BUIHB JOCTATOUHO KPYIIHbIE YaCTHULIBI
MHKPOHHOTO pa3Mepa. BBINONHEHHBI aHAIN3 XUMHUYECKOTO COCTaBA M €ro KapTHPOBaHUE TOATBEPIKIA0T
HaJM4re TOMOT€HHOTO paclpeaeeHus MPUMECH TaJOJIMHMSI ¢ KOHLEHTpauuen 10 2 aT. % B UCCIENyEeMBIX
oOpa3srax.
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Puc. 1. 300paxenue COM (a)
¥ KapTUPOBAHKE JIEMEHTHOTO cocTasa (6) nopouika Fe, ,Gd, 0,

Fig. 1. SEM image (a) and elemental composition mapping (b)
of Fe, ,Gd, ,0, powder

Kak cnenyer u3 puc. 2, penrrenorpammel nopomkos FeO - Fe,O; - nH,0, Fe, ,,Gd, (0, u Fe, ,Gd,,0,
UMEIOT BeCcbMa CXOkuil Buj. Da3oBbId aHaM3, MPOBEICHHBIN B nporpamme FullProf, mokasai, 4to B 00-
pasuax npucyTCTBYIOT (a3a Marremura y-Fe,O, u onna u3 momudukanuii ruapoxcuga FeOOH (a-, y- mubo
8-FeOOH). CootHomenne (B %) da3 oxcuaa xenesa y-Fe,O, u ruapokcuna xeneza FeOOH B mopomikax
FeO - Fe,O, - nH,0 cocrasnser 60 : 40. B 1o e Bpems mo cpaBHeHHIO ¢ quHUAME (a3sl FeOOH nunun
oTpakeHUs, cooTBercTByromMe Y-Fe,0,, OTINYatoTcsl 3HaYUTEIbHBIM YIIUPEHUEM (IIMPUHA Ha MOJIYBbICO-
te =0,56°). Pacuer no popmyne Jlebas — Llleppepa mo3BosiseT OLEHUTH pa3Mep 00JacTei KOTEPEHTHOTO pac-
cesHus s oKcupa xenesa (d =16 um).

3amerHoe Pas3iinure B UHTCPIIPETALIMN PCHTTCHOTPaMM IMOPOUIKOB, JICTUPOBAHHBIX I'aJIOJIMHUEM, U TTIOPOII-
KOB MCXOJHOTO OKCH/JIA JKelie3a HaOmroaeTcs B auamna3onax yrimoB 20-22° u 32—40°. BugHo, 9T0 B MOPOIITKax
Fe, 4sGd, (5O, u Fe, ,Gd, O, nponcxomur 3Ha4MTENbHBIA POCT MHTEHCUBHOCTH JIMHUA OTPAXKEHUS NIPH yIIIax
21,18° u 36,66°, xapakrepusytonux (asy FeOOH. Dto oTpaxkaeTcss B yBenIW4eHUH BKJIaaa JaHHOU (has3wl
B peHTreHorpamMmal 10 50 u 55 % mns nopouikos Fe, ,,Gd, (O, n Fe, Gd, O, cootseTcTBEHHO. Takke ciemy-
€T OTMETHTD, YTO BHEJPEHNE MAIIBIX KOHIIEHTPAINN TaJOJTUHIS HE OKa3bIBAE€T 3aMETHOTO BIMSIHHS HA JIMHUU
OTpakeHUs, XapaKTepHBIE AJIs OKCHIA JKeJIe3a.

B pesynbrare oTkura 3HAYUTENFHO CHUYKAIOTCS MHTEHCUBHOCTH JIMHHA, HAOIfOMaeMbIX mpu yriax 21,18°
1 36,66°, KOTOpBIE XapaKTEPU3YIOT THAPOKCUIBI JKENE3a, a TAKKE CYKAKOTCS TMHUU OTPAKEHUS, COOTBETCTBYIO-
mue marreMuty. Kpome Toro, nosiBisitoTCs IMHUK IpH yriiax orpaxkenus 24,19°, 40,9° u 49,5°, orBevaromux
¢aze remarura o-Fe,O; [12].

. % Fe O, _,
1’5 B T LTT) % 'Fez,vsGdo,nsoa
@) S 'FeZ,VGdﬂ_lO«'l
Q &l ——Fe0, (T=200°C)
12 i = a
o

=g
N

HOpMaJ’II/BOBaHHaﬂ UHTCHCUBHOCTH
o
w

=2
=

Puc. 2. PentreHocTpyKTypHBIH aHanus nopomkos FeO - Fe,O; - nH,0
1o u nocne orkura npu 200 °C u nopomkos Fe, ,,Gd, ,sO, u Fe, ,Gd, 0,

Fig. 2. X-ray diffraction analysis of FeO - Fe,O, - nH,0 iron oxide powder samples
before and after annealing at 200 °C and Fe, ,,Gd, ,sO, and Fe, ,Gd,,0, powders
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Cnexrpsl AI'P nopomkos FeO - Fe,O, - nH,0 no u nocne orxura npu 200 °C, a taxke crnexrpst SJI'P
nopowkos Fe, ;Gd, (,0, u Fe, ;Gd, ,0,, nusmepennsie npu 300 n 20 K, nokasansl Ha puc. 3. Hanty4qmas an-
npokcumarust SI'P-cnexrpos mpu 300 K myist Bcex uccinenoBaHHBIX TOPOIIKOB BEITIONHEHA B IPETIONOKEHUN
CYTIEPITO3UIINY OJJHOTO JTy0seTa M HECKOJIBKUX CeKCTeTOB. KonmndecTBo moACIIEKTPOB Beera OblI10 MUHIMAaIbHO
HEOOXOIMMEIM ISl OJTYYeHH s ONTHMANEHOH aIMpOKCHMAIIHH C TOUKH 3peHHs 3Hadenuii } . B Tabnume npu-
BE/ICHBI 3HAUCHHS CBEPXTOHKHX MAapaMETPOB, XapaKTEPH3YIOIINX JaHHbIC IOICIIEKTPHL.

B cnyuae nopowka FeO - Fe,O, - nH,O na AI'P-cnexrpe npu 300 K (puc. 3, @) Habiaronaercs nyGier
(6 = 0,38 Mmm/c, A = 0,73 mm/c), BKiag kotoporo cocrasiseT 14 %. Kpome Toro, B LEeHTpalbHON YacTH
CIIEKTpa MPUCYTCTBYET MarHUTHO-KOJUIANCHPOBaHHbIN mozctektp (H,,, = 15 Tn, §, = 0,30 mm/c, 4 = 39 %),
a TaKXkKe J1Ba MarHUTHO-PACIIEIUICHHbIX cekcTeTa (£, = 48,9 Tu, 8, =0,37 mm/c, A, =—0,09 mm/c, 4 =26 %;
H,,;=43,5Tn, 8,= 0,36 mm/c, A; = 0,05 Mmm/c, 4 =21 %).

ITapameTpbl cBEPXTOHKHMX B3aUMO/JeHCTBHI, oNpeaeieHHbIe U3 annpokcumanuu AI'P-cnexkTpos
nopouikos FeO - Fe,0; - nH,0, Fe, ,.;Gd, ;O u Fe, ,Gd,,0,

Parameters of hyperfine interactions determined from the approximation
of the Mossbauer spectra of FeO - Fe,O, - nH,0, Fe, ,,Gd,,;O,and Fe, ,Gd,,0,powders

Cocras Temmneparypa, K Daza [Moxcnextp S, Mmm/c A, mm/c H,, Tn A, %
y-Fe,0, H,, 0,30 0 ~15 39
FeOOH D 0,38 0,73 - 14
300 FeOOH H,, 0,37 0,09 48,9 26
FeO - Fe,0, - nH,0
v-Fe,0, H,, 0,36 0,05 8,5 21
" y-Fe,0, H,, 0,32 0,02 50,2 54
FeOOH H,, 0,34 0,14 49,0 46
v-Fe,0, H,, 0,29 0 ~15 48
300 0-Fe,0, H,, 0,37 0,10 49,1 31
FeO - Fe,0;  nHL,0 0-Fe,0, H,, 0,36 0,07 443 21
+Fe,0, H,, 0,37 0,07 51,0 57
20 0-Fe,0, H,, 0,29 0,01 49,5 8
+Fe,0, H,, 0,42 4,98 ~15 45
FeOOH D 0,38 0,74 _ 10
300 ¥Fe,0, H,, 0,35 0,01 45.4 6
Fe,5:Gd, 50, FeOOH H,, 0,36 0,11 35,9 15
FeOOH H,, 0,36 0,13 31,7 24
. ¥Fe,0, H,, 0,32 0,03 49,9 45
FeOOH H,, 0,34 0,14 49,0 55
¥Fe,0, H,, 0.45 - ~15 4
FeOOH D 0,36 0,67 N 15
300 ¥Fe,0, H,, 0,32 0,03 46,6 2
Fe,,Gd, 0, FeOOH H,, 0,36 0,12 34,9 15
FeOOH H,,, 0,34 0,13 29,9 25
¥Fe,0, H,, 0,37 0,14 49,8 4
20 FeOOH H,, 0,33 0,13 49,1 58

IlpumMeuyaHue. & — U3OMEPHBIH CIBHT; A — KBaAPYIIOJIbHOE PACIICILICHHE, H.,;, — 5pdexTHBHOE MArHUTHOE TOJIE HA SAPE TFe;
A — OTHOCHTENBHBIH BKITAJ] IOKanbHOH KoHduryparmn ° Fe; D — ny6ner.
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Puc. 3. Cnexrpsl AI'P nopouikos FeO - Fe,O, - nH,0 (a, 0) no n nocne omxura mpu 200 °C (e, 3)
u criektpsl SITP nopomkos Fe, ,,Gd, 45O, (6, €) u Fe, ,Gd, |0, (s, oc), usmepennsie npu 300 K (¢ —2) n 20 K (0 - 3)

Fig. 3. Mossbauer spectra of FeO - Fe,O, - nH,0 powders (a, e) before and after annealing
at 200°C (d, h) and Méssbauer spectra of Fe, ,,Gd, ,sO, powders (b, /) and Fe, Gd, ,0, powders (c, 2),
measured at 300 K (¢ — d) and 20 K (e — h)
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Cnexrpet SII'P nopomnkos Fe, ,Gd, (sO, 1 Fe, (Gd, ,O,, usmepennsie npu 300 K, npusesieHs! Ha puc. 3, 6, 6. Yka-
3aHHBIE CIIEKTPbI OBLIN alIPOKCUMHUPOBAHKI CyTiepriosuiieii xyoera (6 =0,36-0,38 mm/c, A=0,67-0,74 mm/c,
A=10-15 %), MarHMTHO-KOJLIATICUPOBAHHBIM MOACTIEKTPOM (H., = 15 T, 8,=0,42-0,45 mm/c, A =44-45 %)
U TpeMsI MarHUTHO-PACIICTUICHHBIMHA CEKCTETaAMMU (Haq)3 =45,4-46,6 Tn, 9, = 0,32-0,36 mm/c, 4 = 2—-6 %;
H,,, =34,9-359 Tn, 8, = 0,36 mm/c, 4 = 15 %; H,,s = 29,9-31,7 T, 85 = 0,34-0,36 mm/c, 4 = 24-25 %).
Takum 00pa3om, B mpoliecce JErUpOBaHNs HOHAMH T'aJIONIMHHS B TIOPOIIKAX BO3HUKAIOT JIOTIOJIHUTEIHHBIE
JIOKaJIbHbIC KOH(MUIYpaLUK HOHOB esle3a, Xapakrepusytowmuecs nonsimu H,, = 30-35 Tit 1 COBOKYIIHbBIM
BKJIQJIOM B CIIeKTPHI 110 40 %.

OueBuIHO, YTO HAOMIO/IaeMble 3HAYSHHSI CBEPXTOHKHX IIApaMETPOB IOJICIIEKTPOB C OJJMHAKOBOM BEPOSITHO-
CTBIO MOTYT XapaKTepH30BaTh Kak okcuaHbIe hassl (Y-Fe,0, [12]), Tak u a3l pa3TuIHbIX THAPOKCHIOB JKelle3a
(0t-, y- 6o 8-FeOOH [12]). BMecte ¢ TeM mosTydeHHBIE CIIEKTPhI BO BCEX CITyYasX HCKIIOYa0T (hOpMHUPOBa-
Hue ¢aspl marHerura Fe,0,, mockonbKy He HAOMIOAAIOTCS HapaMeTPhl, XapaKTepHbBIE IS Fe**, 3anumaromero
OKTa’IpUYECKUE MOPBI B COOTBETCTBYIOLIEH KpUcTamieckon pemerke. Mateprperanus SI'P-ciekTpos Mo-
KET YCIOKHATHCSI BO3MOXKHBIM TIPUCYTCTBHEM HAHOPA3MEPHBIX MATHUTHBIX YACTHII, POSBISIOMNX dYPPEKT
cylepriapaMarHiTHOM pejlakcaliy IpYU KOMHATHOM Temiieparype. B ¢Bsi3u ¢ atum j1st 60j1ee TOUHOMN UICHTH-
¢uxanum pazosoro cocrasa nopomkos FeO - Fe,0; - nH,0 u obpasuos Fe, ,;Gd, ;0,1 Fe, ,Gd, O, nposeens
n3mepenus AI'P-criextpos npu 20 K, a taxxe onpenenenst cnektpsl FeO - Fe,O, - nH,O nocne orxura.

W3 puc. 3, 0 — orc, BUAHO, UTO HU3KOTEMIIEPATYPHBIE CIIEKTPHI YCIIEITHO alMIPOKCUMHUPYIOTCS ABYMS Mar-
HUTHBIMU CEKCTETAMU (H3¢)1 = 49,8-49,9 Tn, §, = 0,32-0,37 mm/c, A, = 0,03-0,14 mm/c, A = 42-45 %;
H,,= 49,0-49,1 T, 9, = 0,33-0,34 mm/c, A, =—0,13...—-0,14 mm/c, 4 = 55-58 %) ¢ JOCTATOYHO Y3KUMH JIH-
HUSIMH. MarHUTHO-KOJUTAIICUPOBAHHBIN CEKCTET /1., 1 AyOJIeT NOTHOCTHIO OTCYTCTBYIOT. B 11e110M HU3KOTEM-
neparypHble CIIeKTpel 00pasuos Fe, ,,Gd, ;0,1 Fe, ;Gd, O, MOTryT OBITH anMPOKCUMHUPOBAHbI AHATIOTUYHBIM
obpazom (cM. Tabnwuiry).

Cremyer OTMETHTB, 4TO B noydeHHBIX TpHu 20 K cekrpax SI'P, koTopsie oTpakaroT (haKTHIECKYIO Mar-
HHATHYIO CTPYKTYPY MOPOIIKOB (T. €. 0€3 HaJ0KEHUS TIOTEHIINATBLHOTO d(eKTa cyrmeprnapaMarHuTHOH peslak-
CaIiy), COOTHOIIIEHHE IBYX HAOIOaeMbIX CEKCTETOB JOCTATOYHO XOPOIIO COBITAJAET C conepkanueM (as
¥-Fe,0; n FeOOH, onpenenennbiv Metogom PCA. 310 1aeT OCHOBaHME ISl MHTEPIPETALMHI CEKCTETOB
u H,, xak Bkianos a3 y-Fe,0, n FeOOH coorsercTBEHHO.

el

Bmecre ¢ Tem cymecTByeT HEONPEIEICHHOCTh B HHTEPIPETalny oACeKTpoB D, H,., H.,, u H,,, Ha-
omomgaemsbix mipu 300 K. s 6oiiee TOYHOTO OTIPESICHIS COOTBETCTBYIONUX (a3 Obutn m3mepens! mpu 300
n 20 K AI'P-cnexrpsl otoxxenoro obpaszua FeO - Fe,O, - nH,0. OTnnuutenbHbIMU 4€pTaMu U3MEPEHHOTIO
mpu 300 K cnekTpa oTOXKeHHOTO 0o0pasiia SBISIFOTCS COXpaHEHHe BKJIa/la MarHUTHO-KOJIJIAIICHPOBAHHOTO
nozcrexrpa H,,, u ncyesnosenue aybnera. C yyerom pesysnsraros PCA, nokasbiBarommx NpakTHYECKH MOJI-
HOE UCUS3HOBEHHE JIMHUH oTpakeHus 1i1s1 Gpaszel FeOOH, ciaemyeT mpeamnonokuTh, 4To Ty0JIeT COOTBETCTBYET
BKJIaAy AaHHOHU (ha3pl. OnpeneneHHoe U3 peHTreHorpaMm corocrasienne Bkiaanos y-Fe,O, u FeOOH B 00-
pasue FeO - Fe,O; - nH,0 110 omkura no3sosser HHTEpIpeTHpoBaTh MOACIEKTP F, ; KaK IONOIHATEIbHbIH
BKyaz (a3sl marremuta. Takum o6pazom, npu 300 K da3za y-Fe,O, na AI'P-cnexrpe npossisercs B Buae
MarHUTHO-KOJIIAIICHPOBAHHOTO MozcHeKkTpa H,,, u cexcrera H.,y;, a dhaza FeOOH — B Buzne cyneprnozuunn
nybiera u cexerera H,,.

MarauTHO-pacerIeHHbIe OACTIEKTPbI ., 1 H, 5, oOHapyxusaembie nipu 300 K na SII'P-cniekrpax obpas-
nos Fe, ,,Gd, ,;O,n Fe, (Gd, |0, COOTBETCTBYIOT IONONHUTENBHBIM BKJIa1aM ruapokcuos FeOOH, yeenuuenne
cofiep KaHnsl KOTOPHIX HAOMIOAaeTcs Ha PEeHTIeHOTpaMMax dTHX 00pasnoB. Kak ciemyer w3 anmmpoKCHMaIlnu
ST'P-criekTpoB AaHHBIX 00pa3LOB, CyMMapHblii BKiaj noacnekrpos D (1015 %), H,,, (15 %) u H, 5 (24-25 %)
COBITAJIaeT C OTHOCUTENBHBIM coaepykanneM ¢as3sl FeOOH (50-55 %) cormacHo manasiM PCA.

Huskoremneparypnsiii SII'P-ciektp o6pasua FeO - Fe,O, - nH,0 nocine orxura (7'=20 K) annpoxcumupo-
BaH B [IPS/IIONIOKEHUH CYTICPIIO3UIIMH IBYX CEKCTETOB H,\, U H, ¢, OTPaXKAIOMX PUCYTCTBHE (ha3 MarreMura
v-Fe, 0, (57 %) u remaruta o-Fe, O, (43 %) B coorBercTBuM ¢ pe3ynpraramu PCA. CnexTtp nanHoro odpasua,
MOJTyYeHHBIA TIPU KOMHATHOHM TeMIieparype, UMeeT 0oliee CIIOKHBIA BUJ U MOXET OBITh almpOKCHMHAPOBAH
CyHEepHO3ULNEel MarHUTHO-KOJIAIICHPOBaHHOTO noxcnexrpa /., (48 %) u IByX MarHUTHO-PACIIEIIEHHBIX
cekctetoB (H,,, = 49,1 Tx, 8, = 0,37 mm/c, A, = —0,10 mm/c, 4 = 31 %; H,; = 44,3 Tn, &, = 0,36 mm/c,
A; =-0,07 mm/c, 4 = 21 %). Tloxcnexrp H,,, coorBercTByeT hase y-Fe,0O,, B TO Bpems Kak cekcTeTsl H,
u H,; — dase a-Fe,0;.

3aka0ueHue

Metomamu PCA u SII'P-criekTpockonuu ucciieoBaHbl Ga30BEIi COCTAaB U JIOKATEHOE OKPY)KCHHE NOHOB
KeJe3a B IOJTYYCHHBIX XUMHUYIECKIM OCaKICHUEM U3 BOJHBIX PACTBOPOB HAHOYACTHUIIAX OKCH/IA JKeJe3a, JIETH-
pOBaHHOrO rajoJuHueM. MaTepnperanus peHrreHorpamm u Sl P-criekTpoB CBUAETEIBCTBYET O IPUCYTCTBUU
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B CUHTE3MPOBAHHBIX 0Opa3uax cyneprno3uuuu marremura y-Fe,O; u runpokcuna xenesa o-FeOOH. B no-
pomkax FeO - Fe,O, - nH,0O conep:xanune ¢asbl ruapokcusa xenesa o-FeOOH cocrasnser 40 %. Ipu no-
NUPOBaHUM rajonuHueM coaepxkanue o-FeOOH yBenmnuunsaercs no 55 %. Ilocne orxura (7= 200 K) o6pa-
zent FeO - Fe,O, - nH,0 conmepxut ¢assl marremuta y-Fe,O, u remaruta o-Fe,O,, dhaza ruapokcuia xenesa
a-FeOOH otcyrcTByerT.
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CUHTE3, CTPYKTYPA Y1 CBOMCTBA KOMIIAEKCOB ITO3AHUX
IMEPEXOAHBIX METAAAOB C 2-(TETPA30OA-1-UA)IITUPUAVUHOM

T. B. CEPEBEPAHCKAA", A. A. BEJIOYCOBA", I0. B. TPHTOPbEB",
C. B. BOUTEXOBHY", JI. C. HBAIIKEBHY", 0. A. UBAIIIKEBHY"

Y Hayuno-uccnedosamenvcxuii uncmumym guzuxo-xumuueckux npoonem BI'Y,
. Jlenunepaockas, 14, 220006, 2. Munck, berapyce

Kommiekcrl coctasa [M"(2-pytz)CL] (M(IT) = Pt, Pd; 2-pytz = 2-(TeTpa30m-1-1I)IHpHIMH) CHHTE3HPOBAHBI TIpSI-
MBIM B3aUMOJEHCTBHEM 2-pytZ ¢ XJIOPUAAMH COOTBETCTBYIOMNX MO3THUX mepexoansix Metamios (K,PtCl, nmm PACL).
RuCl, He BcTymaeT B peakuuio KOMILIEKCOOOpa30BaHUs ¢ 2-pytz B cpelie MPOTOHHBIX PACTBOPHUTENCH, a UX KHUILTUYCHUE
B N,N-mumernndopmamuze B npucyrctBuu LiCl conpoBokaaeTcs: pa3ioKeHneM TeTpa3oiIbHOTO IUKIJIA U 00pa3oBa-
HueM KoMmIuiekcHoro coemunenus Ru(Ill) ¢ npousBomusiM N, N-mumerwi-N’-(mupuus-2-1mw1)opMUMUIAMEUIA COCTa-
Ba Li[Ru" (Py—N=C-—NMe,),CL,]. B pesy:sTare peakuuu 2-pytz co CleNHaTbHO CHHTE3UPOBAHHEIM MPEKYpCO-
pom yuc-[Ru(AMCO),CL], rae IMCO — aumeTnicynab(poKcHu, B METAHOJIE BBIAEIECH KOMIUIEKC cocTaBa [Ru(2-pytz)
(AMCO),Cl,] - MeOH. Bzanmoneiicteuem yuc-[Ru(JIMCO),Cl,] ¢ 2-pytz B 3TaHONIE MTOTy4eH KOMIIIEKC cocTaBa [Ru(2-
pytz)(AMCO),CL,]. BoineneHHbIe IPOAYKTHI 0XapaKTEPU30BaHbI C IOMOIIBIO IEMEHTHOTO aHAJIN3a, MACC-CIIEKTPOMETPUH
C MOHHM3AIMEH JIEKTPOPACIBUICHHEM U IETEKINEH MONI0KHUTEBHBIX M OTPULIATENILHBIX HOHOB, NH(PaKpacHOW CIIEKTPO-
CKOTIHH, KOMILIEKCHOTO TEPMHYECKOTO aHANN3a, CIIEKTPOCKOUHU AAEPHOT0 MArHUTHOTO pesoHanca (IMP) na supax 'H
u "C. CTpykTypHble TapameTphl komruiekcos [Pd(2-pytz)Cl,] u [Ru(2-pytz)(JIMCO),Cl,] - MeOH ycTaHOBIEHBI MeTO-
JIOM PEHTTEHOCTPYKTYpPHOTO aHaIn3a MOHOKpHCTALIOB. B ctpykrype [Pd(2-pytz)Cl,] TeTpa3onbHbIil Turan BEICTYHaeT
B KauecTBe N, N-OHIECHTATHO-XEIATUPYIOIIETO 3a CYET aToMa a30Ta MUPUIMHOBOTO MUKIA U aroMa N? TeTpa3oibHOro
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KOJIBIIA, a B cTpykrype [Ru(2-pytz)(AMCO),CL,] - MeOH naHHBIif 1uran KOOpIUHUPOBAH MOHOIEHTATHO HOCPEICTBOM
atoma N* Terpaszonsroro nukta. CornacHo gaHbM SIMP-criexTpockonuy Ha spax 'H B cocrase kommiekca [Ru(2-pytz)
(AMCO),Cl,] 2-pytz Taxxke BoinonHseT N, N-OnAeHTaTHO-XENATHPYIONIYI0 (PYHKIUIO U KOOPAWHHUPYETCS MTOCPEICTBOM
aToMa a30Ta MUPHNHOBOTO IUKIA M aToMa N TeTpa3oIbHOTO KObIIA.

Knroueswie cnosa: terpazonsr; iatnaa(ll); mamnanuii(Il); pyrenuii(1l); metamionpoMoTupyeMble peakinu; KOOpIu-
HAIL[OHHBIE COSIMHEHNUS; PEHTICHOCTPYKTYPHBIH aHAJIN3 MOHOKPHUCTAJLIOB.

bnazooapruocms. Pabora BeinonHeHa npu (GUHAHCOBOM moaaepxke MuHucTepcTBa obdpazoBanus Pecryonuku be-
napych (3aganue 2.2.01.06 rocynapcTBEHHON MPOrpaMMbl HAyYHBIX UCCIENOBAaHUN « XUMUYECKHE MPOLIECCHI, peareHThl
Y TEXHOJIOTHH, OMOPETyJISITOPBI U OMOOPTXUMHUSI»).

SYNTHESIS, STRUCTURE AND CHARACTERISATION OF LATE
TRANSITION METAL COMPLEXES WITH 2-(TETRAZOL-1-YL)PYRIDINE

T. V. SEREBRYANSKAYA’, H. A. BELAVUSAVA", Y. V. GRIGORIEV ",
S. V. VOITEKHOVICH', L. S. IVASHKEVICH", O. A. IVASHKEVICH*

*Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus

Corresponding author: T. V. Serebryanskaya (serebryanskaya.t@gmail.com)

Complexes [M"(2-pytz)Cl,] (M(IT) = Pt, Pd; 2-pytz = 2(tetrazol-1-yl)pyridine) were synthesised via direct interaction of
the corresponding metal chlorides (K,PtCl, or PdCl,) with 2-pytz under ambient conditions. RuCl, does not react with 2-pytz
under reflux in the protic media, while under reflux in N, N-dimethylformamide in the presence of LiCl, decomposition of
the tetrazole cycle occurred leading to the formation of Ru(IIl)-coordinated N, N-dimethyl-N’-(pyridin-2-yl)formimidamide
derivative Li[Ru"(Py—N=C-—NMe,),CL,]. The complex [Ru(2-pytz)(DMSO),Cl,] - MeOH, where DMSO is dimethyl
sulfoxide, was synthesised by reacting a specially prepared precursor cis-[Ru(DMSO),Cl,] with 2-pytz in methanol under
reflux conditions. The complex [Ru(2-pytz)(DMSO),CL,] was synthesised by reacting cis-[Ru(DMSO),Cl,] with 2-pytz
in ethanol under reflux conditions. The resulting complexes were characterised by elemental analyses, electrospray ion-
isation mass-spectrometry with detection of positive and negative ions, infrared spectroscopy, 'H and "*C nuclear mag-
netic resonance (NMR) spectroscopy, and simultaneous thermal analysis. The structures of complexes [Pd(2-pytz)Cl,]
and [Ru(2-pytz)(DMSO),CL,] - MeOH were investigated by single-crystal X-ray analysis. In the former, 2-pytz shows
a N,N-chelating coordination via the pyridine ring N and the tetrazole ring N” atoms. In the latter, 2-pytz coordinates as
a monodentate ligand via the tetrazole ring N* atom. According to "H NMR spectroscopy data, in complex [Ru(2-pytz)
(DMSO0),CL,], 2-pytz coordinates as a N, N-chelating ligand via the pyridine ring N and the tetrazole ring N* atoms.

Keywords: tetrazoles; platinum(Il); palladium(Il); ruthenium(II); metal-assisted reactions; coordination compounds;
single crystal X-ray diffraction.

Acknowledgements. The research was supported by the Ministry of Education of the Republic of Belarus (assignment
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Introduction

Late transition metal complexes based on functionally substituted tetrazoles provide a promising avenue
for the design of novel catalysts, luminescent materials and therapeutic agents [1-6]. Pyridyltetrazoles are of
interest as potential ligands because their coordination to the metal can be effected by nitrogen atoms belonging
both to the tetrazole ring and to the pyridine one. Majority of the up to date reported species are derived from
S-substituted tetrazoles [7; 8]. Also, the interest in 1-substituted tetrazole derivatives is growing. Ligands of
this type can be N, N-chelating or coordinate monodentately via N atom of the tetrazole ring [9].

In the present study, we report on synthesis, structure and properties of Pt(Il), Pd(II) and Ru(II)-based
complexes with a representative N-tetrazolyl substituted pyridine, namely 2-(tetrazol-1-yl)pyridine (2-pytz).

Materials and methods

Elemental analyses for C, H, and N were performed with FLASH 2000 element analyser (Thermo Fi-
sher Scientific, USA). Electrospray ionisation mass-spectra (ESI(+/—)-MS) were registered with LCMS-2020
mass-spectrometer (Shimadzu, Japan) using acetonitrile as an eluent. "H and "’C nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance 500 spectrometer (USA). The observed chemical shifts were
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referenced to the solvent signals (hexadeuterodimethyl sulfoxide (DMSO-d°), 8, ppm: H 2.50, C 39.43; D,0, §,
ppm: H 4.78; CD,CN, 9§, ppm: H 1.94, C 1.32, 118.26). The thermogravimetric analysis (TG) and differential
scanning calorimetry (DSC) curves were obtained using a Netzsch STA 429 thermoanalyser (Germany) in
a dynamic nitrogen atmosphere (heating rate 10 °C/min, aluminum oxide, mass 1-3 mg). Infrared spectra were
recorded on a Thermo Avatar 330 FT — IR system (Nicolet, USA) over the 400—4000 cm ' range in SiC cavities.

X-ray structure determination. Single crystal X-ray data of complexes [Pd(2-pytz)Cl,] and [Ru(2-pytz)
(DMSO0),Cl,] - MeOH, where DMSO is dimethyl sulfoxide, were collected on a Smart Apex II diffracto-
meter (Bruker AXS GmbH, Germany) using graphite monochromated MoK, radiation (A = 0.71073 A). The
structures were solved by direct methods (SIR2014 [10]) and refined on F? by the full-matrix least squares
technique (SHELXL-2014 [11]). The intensities were corrected for absorption. For both compounds, non-hyd-
rogen atoms were refined anisotropically. Hydrogen atoms were found from difference Fourier map, placed
in calculated positions and refined in a «riding» model, with U (H) = 1.5U,(C) for the methyl H atoms and
U,,(H) = 1.2U,(C) for others. Molecular graphics was performed with the program PLATON [12].

Crystallographic data for the structures in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC). Copies of the data can be obtained free of charge on quoting the depository
number CCDC 2192259 for [Pd(2-pytz)Cl,] and 2192260 for [Ru(2-pytz)(DMSO),Cl,] - MeOH.

Synthetic procedures. 2-Pytz was prepared as reported earlier [6]. RuCl; - H,0O (38.9 % of Ru), PdCL, - 2H,0O
and K,PtCl, were received from commercial sources (Merck, USA; Sigma, USA) and used without further
purification. cis-[Ru(DMSO),Cl,] was prepared from RuCl, - H,O as reported elsewhere [13]. All the reactions
with cis-[Ru(DMSO),Cl,] were performed under nitrogen flow.

[Pd(2-pytz)CL]. A solution of 2-pytz (74 mg, 0.5 mmol) in EtOH was added to the solution of PdCl, - 2H,O
(107 mg, 0.5 mmol) in 1 mol/L aqueous HCI. The mixture was stirred at room temperature for 2 h, and the
resulting orange-yellow precipitate was filtered off, washed with cold EtOH, and dried in air. The yield of
the substance was 80 % (130 mg). Elemental analysis for [Pd(2-pytz)Cl,] (324.5), %: C. 21.39 (calculated
21.58), H 1.48 (calculated 1.55), N 22.18 (calculated 22.21). ESI(+/-)-MS, m/z, for [Pd(2-pytz)CI(CH,CN),]":
371.90 (calculated 371.98). IR, v, cm ': 3068.8 s (V(CH),,), 1614.0 s (V(CN),), 1489.5 vs (V(CN),), 778.5 s
(3,,), 718.3 m (3,).

[Pt(2-pytz)Cl,]. A solution of 2-pytz (74 mg, 0.5 mmol) in EtOH was added to the solution of K,PtCl,
(208 mg, 0.5 mmol) in 1 mol/L aqueous HCI. The mixture was stirred at room temperature for 4 h, and the
resulting yellow precipitate was filtered off, washed with cold EtOH, and recrystallised from acetonitrile to
give pale-yellow crystalline product. The yield of the substance was 54 % (90 mg). Elemental analysis for
[Pt(2-pytz)CL,] (413.1), %: C 17.63 (calculated 17.44); H 1.12 (calculated 1.22); N 17.11 (calculated 16.95).
'H NMR, DMSO-d*, §, ppm: 10.16 (s, C5H,, 1H), 9.51 (d, C6H_, 1H), 8.49 (t, C5H_, 1H), 8.15 (d, C3H,,
1H), 7.94 (t, C4H,,, 1H).

Li[Ru"' (Py—N=C—NMe,),CL,]. A mixture of RuCl, - H,0 (152 mg, 0.6 mmol), 2-pytz (166 mg,
1.2 mmol), LiCI (170 mg, 4 mmol) and dimethylformamide (DMF) (10 ml) was heated to reflux with stirring
for 6 h. After cooling the solution to room temperature, 40 ml of acetone was added and the mixture was cooled
to 0 °C. The resulting yellow crystalline precipitate was collected by filtration and washed with 25 ml of aceto-
ne. The yield of the substance was 19.9 % (56 mg). Elemental analysis for Li[Ru"'(Py—N=C-—NMe,),Cl,]
(475.3), %: C 40.28 (calculated 40.43), H 4.62 (calculated 4.24), N 17.75 (calculated 17.68). 'H NMR,
D,0, 6, ppm: 8.46 (d, C6H,, 1H), 7.80 (t-d, C5H,, 1H), 7.35 (d, C3H,, 1H), 7.11 (t-d, C4H , 1H), 3.23
(s, CHyne» 3H), 2.71 (s, CHy e, 3H). ESI(+)-MS, m/z: 440.09 (calculated 440.06 [M — CI']h), 481.09
(calculated 481.09 [M — CI” + CH,CNT"). ESI(-)-MS, m/z: 468.00 (calculated 468.02 [M — Li']"), 433.00
(calculated 433.05 [Ru"(Py—N=C-—NMe,),CI]"), 483.95 (calculated 484.01 [Ru"'(Py—N=C-—NMe,)
(Py—N=C(NMe,)0)Cl,]"), 500.95 (calculated 501.02 [Ru"(Py—N=C(NMe,)O)(Py—NH—C(NMe,)=0)
CL]). IR, v,cm: 3168.9 m (V(CH)¢yy ), 1613.9 (V(CN),,), 1525.0 vs (V(CN)ycy), 779.8 vs (3,,)-

[Ru(2-pytz)(DMSO),CL] - MeOH. A mixture of cis-[Ru(DMSO0),CL] (121 mg, 0.25 mmol), 2-pytz (36 mg,
0.25 mmol) and methanol (30 ml) was heated to reflux with stirring for 3 h under an argon atmosphere. The
resulting solution was concentrated to 5 ml. The resulting yellow precipitate was collected by filtration and
washed with methanol. The crystals suitable for X-ray analysis were obtained by cooling the filtrate to 0 °C
for 3—4 days. The yield of the substance was 24.6 % (36 mg). 'H NMR, CD,CN, §, ppm: 10.22 (s, C5H,,
1H), 8.62 (d-d, C6H,, 1H), 8.05-8.09 (m, C3,5H,, 2H), 7.58 (m, C4H , 1H), 3.44 (s, CH; g0, 6H), 3.35
(s, CH;.ppiso» 6H), 3.35 (s, CH;. 00 6H). "CNMR, CD,CN, §, ppm: 149.23 (C5,,), 145.8 (C1,), 140.52 (C3,)),
125.08 (C2,), 114.60 (C4,), 45.53, 46.52, 46.90 (DMSO). IR, v, em™': 3554.0 w br (V(OH),.0p)> 3010.8 w
(V(CH),,), 2925.8 w (V(CH)10p), 1599.1 m (V(CN), ), 1488.5 s (V(CN),), 786.4 5 (5,,), 718.4 m (3,,), 1083.4

V8 (V(SO)ppiso)-

z2 py’ py’
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[Ru(2-pytz)(DMSO),CL]. A mixture of cis-[Ru(DMSO),CL] (121 mg, 0.25 mmol), 2-pytz (129 mg,
0.875 mmol) and ethanol (30 ml) was heated to reflux with stirring for 3 h under an argon atmosphere. The
resulting solution was concentrated to 5 ml. The resulting yellow-orange precipitate was collected by filtration
and washed with methanol. The yield of the substance was 28.7 % (44 mg). 'H NMR, CD,CN, §, ppm: 10.43
(d, C6H,,, 1H), 10.09 (s, CSH,,, 1H), 8.29 (t-d, C5SH,, 1H), 8.20 (d, C3H,, 1H), 7.58 (m C4H,, 1H), 3.57
(s, CH;.pys0s 6H), 3.48 (s, CH;. g0, 6H). “C NMR, CD CN, 9, ppm: 154. 12 (CS5,)), 143.83 (Cl ., 141.15
(C3,)), 125.71 (C2,)),114.63 (C4 .)»45.84 (DMSO0), 43.13 (DMSO) IR, v,cm’ 13093.3 m (V(CH),,,, 1) '1597.8 m
(V(CN) > 1469.1's (V(CN),), 773.1s (3,,), 717.6 m (3,,), 1080.4 vs (V(SO)pys0)-

Results and discussion

Preparation of the complexes. 2-Pytz ligand was found to readily react with platinum and palladium chlo-
rides (namely, K,PtCl, and PdCl,) in water-ethanol mixtures to give [M(2-pytz)Cl,] complexes (M = Pt, Pd),
regardless of the metal to ligand ratio utilised (fig. 1). The products were isolated as light-yellow crystalline
powders and characterised by elemental analyses, ESI(+)-MS, IR spectroscopy, 'H and C NMR spectroscopy,
and simultaneous thermal analysis. The molecular and crystal structure of [Pd(2-pytz)Cl,] was established by
single crystal X-ray diffraction analysis (XRD).

In order to investigate coordination properties of 2-pytz toward Ru(Il) as an octahedral metal center, a se-
ries of the earlier reported synthetic approaches has been attempted. In this regard, interaction of 2-pytz with
the most popular Ru(II) precursors, such as Ru(III) chloride and cis-[Ru(DMSO),Cl,], was investigated under
various reaction conditions and at different metal to ligand ratios (from 1 : 1 to 1 : 3.5).

T
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Fig. 1. Synthesis of 2-pytz complexes with Pt(I), Pd(IT), and Ru(II/III) chlorides

Direct interaction of diimine heterocyclic ligands with RuCl, under reflux in ethanol, ethanol-water mix-
tures, and DMF has been widely reported as an efficient method of Ru(Il)-based chelates preparation [8].
This method is applicable to 2,2"-bipyridine, its derivatives, some bisthiazoles, bisimidazoles, etc. [14; 15].
Moreover, it has recently been utilised for the synthesis of Ru(Il)-based homoleptic complexes with 2-(2-
alkyltetrazol-5-yl)pyridines [6].
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In our study, it was shown that 2-pytz did not react with RuCl, under relatively mild conditions, i. e. under
reflux in methanol or ethanol solutions. This may be due to spatial inability of 2-pytz to form stable chelate
cycle with the central Ru ion via the most basic N* atom of the tetrazole ring [16] as it is possible for 2,5-func-
tionalised tetrazole derivatives (fig. 2).

N'= - R
| N N LN —
N N\ NN
\N\ /N Il\Ig \ /
M =N N
\M/

Fig. 2. The structure of the chelate cycle for 2-pytz (a)
and 2-(2-R-tetrazol-5-yl)pyridines (b)

Interaction of RuCl, with 2-pytz under harsher conditions, i. e. under reflux in DMF in the presence of LiCl,
led to formation of a bright-yellow crystalline powder insoluble in DMF, DMSO, acetonitrile and chlorinated
solvents, partially soluble in water and hot ethanol. The isolated product was characterised by elemental ana-
lysis, ESI(+/—)-MS, IR and 'H NMR spectroscopy, and thermal analysis. The results of "H NMR spectroscopy
point out to the decomposition of the tetrazole cycle and the presence of two non-equivalent methyl groups
in the structure of the product. Based on the overall data, the following molecular formula was proposed
Li[Ru"(Py—N=C-—NMe,),Cl,] for the obtained complex (see fig. 1), that is lithium salt of the anionic Ru(1II)
complex containing two C-deprotonated N, N-dimethyl-N’-(pyridin-2-yl)formimidamide moieties as bidentate
C,N-chelating ligands and two chlorido ligands in the ruthenium inner coordination sphere.

As depicted in fig. 3, the plausible mechanism of N, N-dimethyl-N’-(pyridin-2-yl)formimidamide formation
includes three steps. In the first step, thermal decomposition of the 1-substituted tetrazole with formation of
N-(pyridin-2-yl)cyanamide proceeds. Thermal decomposition of 1-substituted tetrazoles with formation
of cyanamides under reflux in DMF solution in the presence of metal salts and also in their absence have
been described earlier in the literature [17; 18]. At the second stage, cyanamide is hydrolysed with formation
of 2-aminopyridine. Hydrolysis of cyanamides usually proceeds in the presence of water in acidic media
[19; 20]. In our case, this process is possible due to the presence of trace amounts of water from RuCl, - H,O
and most probably is Ru-catalysed. The last step includes Ru-assisted condensation of 2-aminopyridine and
DMF molecule to give coordinated N’-(pyridin-2-yl)formimidamide. The similar transformation has recently
been reported for the 2-aminopyrazine derivative under heating in DMF in the sealed tube in the presence of
Cul as a catalyst [21].

X | X
X
N _N S |
A RuCl, - H,0 _N MeNCH=0 _N Me
. — NH
N//

|

~

N N,
N

NH, NvN\
N—N M

Fig. 3. The proposed mechanism of N, N-dimethyl-N"-(pyridin-2-yl)formimidamide formation

The attributed formula is consistent with the data of elemental analysis, 'H NMR spectroscopy and ESI-MS.
In the 'H spectrum of the compound, the two singlets were observed at 3.23 and 2.71 ppm and assigned to the
non-equivalent N-bound CH, groups, that appeared noticeably shifted in comparison with the spectrum of free
N, N-dimethyl-N’-(pyridin-2-yl)formimidamide in D,0 (3.02 and 2.91 ppm, respectively [22]). The absence in
the spectrum of the complex of any noticeable signal attributable to azomethine CH proton (observed in the
spectrum of the free formimidamide at 7.94 ppm [22]) testifies to the deprotonation of formimidamide moiety
upon coordination with formation of the anionic Ru(IIl) species.

The latter conclusion was also consistent with the ESI(+/—)-MS of the complex. Thus, the signal at m/z =468.00
was observed in the ESI(—)-MS and assigned to [M — Li']” anion (fig. 4, a), while the signals at m/z =440.09 and
481.09 detected in the ESI(+)-MS of the complex were attributed to [M — CI"]"and [M — CI” + CH,CN]" ions (cal-
culated m/z =440.06 and m/z =481.09, respectively). The signal at m/z =433.00 in the ESI(—)-MS was assigned
to the Ru(II) species [Ru"(Py—N=C-—NMe,),CI] (fig. 4, b) that can be explained either by the presence of
Ru(IT)-coordinated complex Li,[Ru"(Py—N=C-—NMe,),Cl,] as a minor impurity in the main Ru(IIT)-based
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product or by reduction of Ru(Ill) species in the mass-spectrometer due to lability of Ru(Il)/Ru(IIl) redox pair.
The presence of the signals at m/z =483.95 and m/z = 500.95 in the ESI(—)-MS of the complex was attributed to
the hydrolysis of the coordinated formimidamide moiety in the presence of water as a part of eluting mixture.
As shown in fig. 4, the above signals were assigned to ions[Ru"'(Py—N=C—NMe,)(Py—N=C(NMe,)O)
Cl,]” and [Ru"(Py—N=C(NMe,)O)(Py—NH=C(NMe,)=0)Cl,]” with the calculated m/z values of 484.01
and 501.02, respectively.

- e —©
[ [
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/> />
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Cl =N cl OYNH
/> {
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Fig. 4. The structural formulas of the ions detected in the ESI(—)-MS
of Li[Ru"(Py—N=C—NMe,),Cl,] with the calculated m/z values
of 468.02 (a), 433.05 (b), 484.01 (c), 501.02 (d)

Since preparation of Ru(Il) complexes with 2-pytz via its direct interaction with RuCl, was found unsuc-
cessful, we further attempted an alternative synthetic procedure that implied interaction of the nitrogenous
ligand with a specially prepared Ru(Il) precursor, i. e. cis-[Ru(DMSO),Cl,]. cis-[Ru(DMSO),Cl,] is known as
a well-behaved Ru(Il) precursor [23], and its behaviour in reactions with a variety of nitrogen-based ligands,
including heterocyclic derivatives, is well documented [24]. However, no information is present in the literature
on the reactivity of cis-[Ru(DMSO),Cl,] towards tetrazole derivatives.

2-Pytz was found to react with cis-[Ru(DMSO),Cl,] under reflux in methanol or ethanol solutions (see
fig. 1). In methanol, reaction leads to the exchange of the O-coordinated DMSO molecule with formation
of [Ru(2-pytz)(DMSO),CL] - MeOH as well defined light-yellow crystals suitable for single crystal XRD
analysis. This result is consistent with the previously published data on reactivity of cis-[Ru(DMSO),Cl,] and
explained by increased lability of O-coordinated DMSO molecule in the trans-position to S-bound DMSO [24].

In ethanol, substitution of the two adjacent DMSO molecules with 2-pytz acting as a bidentate chelating
ligand occurs leading to the formation of [Ru(2-pytz)(DMSO),Cl,] as an orange crystalline product. Formation
of this complex was observed irrespective of the metal to ligand ratio applied (from 1 : 1to 1 :3.5). However,
in the presence of excess of 2-pytz, the isolated product contained a significant admixture of the unreacted
ligand, and all attempts of its purification either through recrystallisation or via column chromatography failed.

The isolated tetrazole-containing Ru(Il) complexes were characterised by elemental analyses, IR and NMR
spectroscopy, simultaneous thermal analysis. Molecular and crystal structure of [Ru(2-pytz)(DMSO),Cl,] - MeOH
was established by single crystal XRD analysis.

43



ZKypnana Besopycckoro rocyiapcrBeHHOro ynusepeurera. Xumus. 2022;2:38-51
Journal of the Belarusian State University. Chemistry. 2022;2:38-51

Characterisation of the 2-pytz complexes. According to the data of X-ray diffraction analysis, Pt and
Pd complexes are isotypic and, therefore, display almost identical IR spectra. Notably, coordination leads
to a significant simplification of the vibrational spectra of 2-pytz in the complexes in comparison with the
spectrum of the free ligand. Despite the differences in the suggested coordination mode, all the studied com-
plexes demonstrate very similar spectra in the region of the stretching and deformational vibrations of the
tetrazole-containing ligand. Thus, strong or medium bands at 1599-1618 and 778 cm ™' were assigned to
the v(C=N) stretching and § , deformational vibrations of the pyridine cycle, respectively. The bands at
1488-1491 and 713-718 cm ' were associated with the v(C=N) stretching and 9§, deformational vibra-
tions of the tetrazole cycle, correspondingly. Importantly, the latter bands are lacking in the IR spectrum of
Li[Ru"(Py—N=C-—NMe,),Cl,] formed as a result of 2-pytz decomposition in boiling DMF (vide supra). In
the IR spectra of [Ru(2-pytz)(DMSO),Cl,] - MeOH and [Ru(2-pytz)(DMSO),Cl,], the strong bands of stretching
v(S=O0) vibrations are additionally observed at approximately 1080—1083 cm ', pointing out to the presence
of the S-coordinated DMSO molecules [13].

Pt(IT) and Ru(IT) complexes were additionally characterised by 'H and >C NMR spectroscopy. The 'H NMR
spectrum of [Pt(2-pytz)Cl,] displays the set of signals of 2-pytz that is noticeably shifted downfield in com-
parison with the spectrum of the free ligand, indicating participation of both rings in coordination. According
to the data of '"H NMR spectroscopy, the Pt complex was unstable in DMSO-d® solution releasing free 2-pytz
ligand upon dissolution. This fact is rather unusual for other cisplatin analogues, that commonly experience
substitution of chlorido ligands for DMSO, but retain N-coordinated ligands, including N-substituted tetrazole
derivatives [25].

Table 1
The chemical shifts of 2-pytz protons in the 'H NMR spectra
of free 2-pytz and its Pt(II) and Ru(II) complexes
3, ppm
Compound Solvent
C5H,, C3H,, C4H,, C5H,, CéH,,
2-Pytz DMSO-d® | 10.18 (s) 8.06 (d) 7.64 (t) 8.19 (1) 8.66 (d)
Pt(2-pytz)Cl, 10.16 (s) 8.15(d) 7.94 (t) 8.49 (1) 9.51 (d)
2-Pytz CD,CN 9.63 (s) 8.05 (d) 7.53 (m) 8.09 (m) 8.58 (d)
[Ru(2-pytz)(DMSO),Cl,] - MeOH 10.22 (s) 8.07 (d) 7.60 (m) 8.12 (m) 8.62 (d)
[Ru(2-pytz)(DMSO),ClL,] 10.08 (s) 8.18 (d) 7.78 (t) 8.28 (1) 10.42 (d)

The "H NMR spectrum of [Ru(2-pytz)(DMSO0),Cl,] reveals three singlets in the region 3.39-3.44 ppm in-
dicating the presence of three coordinated DMSO molecules. As follows from the data summarised in table 1,
a significant downfield shift of the tetrazole C5H proton signal is observed in the spectrum of this complex at
10.22 ppm as compared to the spectrum of the ligand (9.63 ppm), while the signals of the pyridine cycle pro-
tons were only marginally changed. This is in consistence with the suggested monodentate coordination mode
of the 2-pytz ligand via N*atom of the tetrazole ring. As demonstrated by the 'H NMR data, this complex is
unstable in the acetonitrile solution and undergoes decomposition with the release of free 2-pytz.

In accord with the assigned formula, the '"H NMR spectrum of [Ru(2-pytz)(DMSO),CL,] exhibits only
two singlets in the region of 3.47-3.56 ppm indicating the presence of two coordinated DMSO molecules in
its molecular structure. In this case, involvement of the pyridine N atom in coordination is evidenced by a
significant downfield shift of the doublet signal corresponding to the C6H proton of the pyridine ring from
8.58 to 10.42 ppm. Based on these data, a bidentate N, N-chelating mode of 2-pytz coordination was proposed
for this compound with N* atom of the tetrazole ring situated in the equatorial plane of the Ru(Il) distor-
ted octahedral coordination sphere and the pyridine N atom occupying the apical trans-position to S-coordi-
nated DMSO molecule.

According to the TG and DSC data, Pt and Pd complexes are thermally stable up to 200 °C and decompo-
se exothermally without melting at approximately 220280 °C (fig. 5), whereas the Ru(Il) complexes are less
stable and start to decompose at approximately 120—140 °C (fig. 6). Lower thermal stability of Ru(Il)-based
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compounds is probably due to the presence of coordinated DMSO molecules. For instance, decomposition
of [Ru(2-pytz)(DMSO),Cl,] - MeOH starts with a loss of MeOH molecule, which is followed by the endo-
thermal peak at approximately 140 °C with a weight loss of approximately 11 %. The latter was assigned
to the loss of one of the coordinated DMSO molecules (calculated weight loss is 13.3 %). Further two-step
exothermal decomposition proceeds at 180-350 °C and was assigned to the decomposition of 2-pytz as well
as coordinated DMSO molecules. Similar two-step exothermal decomposition of [Ru(2-pytz)(DMSO),Cl,]
occurs at 140-340 °C and is preceded by melting observed as an endothermal peak without weight loss at
127 °C. For both Ru(Il) complexes, formation of metal sulfide as the final product of thermal decomposition
was observed as evidenced by the decomposition residue weights and further confirmed by X-ray powder
analysis of the residues.
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Fig. 5. DSC and TG curves of [Pd(2-pytz)CL,] (@)
and [Pt(2-pytz)CL] (b)
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Fig. 6. DSC and TG curves of [Ru(2-pytz)(DMSO0),CL,] - MeOH (a)
and [Ru(2-pytz)(DMSO),CL,] (b)

X-ray structure determination of [Pd(2-pytz)CL] and [Ru(2-pytz)(DMSO),Cl,] - MeOH. Molecular and
crystal structures of [Pd(2-pytz)Cl,] and [Ru(2-pytz)(DMSO),CL,] - MeOH were established by single crystal
XRD analysis at the temperature of 100 K. Crystal data, data collection, and structure refinement details for
both compounds are summarised in table 2.
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Table 2

Main crystallographic data and structure refinement details
for complexes [Pd(2-pytz)Cl,] and [Ru(2-pytz)(DMSO),Cl,] - MeOH

Parameter [Pd(2-pytz)Cl,] [Ru(2-pytz)(DMSO0),CL,] - MeOH
Formula CH,CL,N,Pd C;H,,CLLN,O RuS;
Formula weight 324.45 585.54
Temperature, K 100(2) 100(2)
Wavelength, A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group C2/c P2,/c
a, A 16.5217(8) 9.05360(10)
b, A 7.3160(4) 15.9560(2)
e, A 16.9906(8) 16.5396(2)
a, deg 90 90
B, deg 103.5594(13) 104.1928(3)
Y, deg 90 90
v, A 1996.46(17) 2316.37(5)
Z 8 4
d,.g-cm’ 2.159 1.679
w, mm' 2.359 1.206

Crystal size, mm

0.22 x0.14 x 0.13

0.27 x0.25 x0.24

Number of
measured reflections 45179 147 256
independent reflections 4413 [R,,=0.0193] 8086 [R,,,=0.0180]
refined parameters 127 261
Goodness-of-fit on F> 1.103 1.118

R, wR, [I>20(1)]

R,=0.0144, wR,=0.0336

R,=0.0170, wR, = 0.0412

R,, wR, [all data]

R,=0.0149, wR,=0.0338

R,=0.0182, wR,=0.0418

CCDC

2192259

2192260

Note. Zis anumber of formula units in unit cell; d,
R, and wR, are discrepancy factors.

[Pd(2-pytz)CL,]. This complex is a molecular complex, crystallising in the monoclinic space group C2/c,
with eight complex molecules in the unit cell and one molecule in the asymmetric unit. All atoms are in general
positions. The molecule of the complex is presented in fig. 7. The palladium atom shows slightly distorted
square environment, formed by two chlorine atoms in cis-positions and one ligand molecule coordinated in
chelate mode at the expense of the tetrazole ring N2 and the pyridine ring N5 atoms. The coordination core
[PACL,N,] is very flat, being planar within 0.0058(4) A. Coordination bond lengths and angles in the complex
are given in table 3. As can be seen, coordination bond lengths take the expected values. Among adjacent co-
ordination angles, the angle N2—Pd1—NS5 is the smallest because of chelate coordination of 2-pytz ligand.
Least squares planes of the tetrazole and pyridine rings in the ligand molecule are inclined at a small angle of
3.56(5)°. The tetrazole ring bond lengths are typical of 1-substituted tetrazoles, with the shortest bond N2—N3

in the ring (see fig. 7).
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Fig. 7. Complex molecule of [Pd(2-pytz)CL,] with the
atom-numbering scheme. The tetrazole ring bond lengths, A:
N1—C5=1.3425(12), N1—N2 = 1.3508(11),
N2—N3 =1.2924(11), N3—N4 = 1.3561(12),
N4—C5=1.3268(13)

Table 3
Coordination bond lengths and angles
in complex [Pd(2-pytz)Cl,]

Bond Bond length, A
Pd1—N2 2.0016(8)
Pd1—NS5 2.0434(8)
Pd1—CI2 2.2699(2)
Pd1—Cl1 2.2798(2)

Bond Angles, deg

Cl1—Pd1—CI2 91.102(9)
Cll—PdI—N2 94.45(2)
CI2—Pdl—NS5 94.79(2)
N2—PdI1—NS5 79.66(3)
Cl1—Pd1—NS5 174.09(2)
CI2—Pd1—N2 174.44(2)

There are non-classic hydrogen bonds in the crystal structure of [Pd(2-pytz)Cl,], all hydrogen atoms of the
complex participating in them (table 4). The only intramolecular hydrogen bond is C6—H6---Cl2, whereas
all others are intermolecular ones forming hydrogen-bonded three-dimensional network. There are also weak
T — 7 stacking interactions in the complex (fig. 8). They occur between two pyridine rings of neighbouring
molecules at (x, y, z) and (1 — x, 1 —y, 1 —z), with inter-centroid distance Cg---Cg = 3.8320(6) A and the di-
hedral angle between the rings o0 = 0°.

Crystal packing of complex [Pd(2-pytz)CL,] is shown in fig. 9.
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Table 4
Hydrogen bonds geometry in the crystal structures of [Pd(2-pytz)Cl,]

D—H-A D—H, A H--A A D---A, A D—H-A, deg
C2—H2---CI2* 0.95 2.69 3.5850(10) 157
C3—H3---N3° 0.95 2.62 3.2467(13) 124
C4—H4---Cl1° 0.95 2.78 3.6741(10) 158
C5—Hs5---Cl1* 0.95 2.67 3.4593(10) 141
C5—HS5---Cl12* 0.95 2.83 3.6595(10) 147
C6—H6---CI2 0.95 2.69 3.2738(10) 120

Note. Symmetry codes: x, -y + 1,z — % ") x + %,y + %, z ().

Fig. 8. m— m Stacking interactions Fig. 9. Crystal structure of [Pd(2-pytz)CL,]
in the crystal structure of [Pd(2-pytz)CL,] viewed along b axis

[Ru(2-pytz)(DMSO),CL] - MeOH. According to X-ray data, this coordination compound includes complex
molecules [Ru(2-pytz)(DMSO),Cl,] together with co-crystallised methanol molecules. The complex crys-
tallises in the monoclinic space group P2,/c, with four formula units in the unit cell and one molecule in the
asymmetric unit. All atoms of the compound occupy general positions. Complex molecule is shown in fig. 10
together with MeOH molecule.

The Rul atom is surrounded by one ligand 2-pytz, coordinated
via the tetrazole ring N* atom, two chlorine atoms in cis-position, and
three DMSO molecules, coordinated through the sulfur atoms. Co-
ordination bond lengths are given in table 5. Their comparison with
the literature data indicates that the Rul—N4 bond of 2.1142(8) A
in complex [Ru(2-pytz)(DMSO),CL,] - MeOH is in the range with the
previously reported Ru-tetrazole complexes (2.044(4)-2.010(4) A [6]
and 2.104(3)-2.110(2) A [26]).

It should be noted that the tetrazole and pyridine rings in 2-pytz are
inclined at 3.71(5)°, being close to that in complex [Pd(2-pytz)Cl,]. The
tetrazole ring bond lengths are typical of 1-substituted tetrazoles, with
the shortest bond N2—N3 in the ring (see fig. 10).

There are various hydrogen bonds in the crystal structure of com-
plex [Ru(2-pytz)(DMSO),Cl,] - MeOH. They include classic and non-
classic, intra- and intermolecular H-bonds (table 6). All intramolecular
H-bonds are non-classic, formed by DMSO hydrogen atoms. These
are C—Hpy50--°N,, (No. 5), C—Hs0---Cl (No. 9, 13, 14), and
C—Hpyiso' " Opuso (No. 8, 10, 15). All other hydrogen bonds are inter-

Q3 cl2 molecular. Among them, there are those of pyridine H atoms C—H,,- -

Cl(No. 2) and C—H_-+-Opy50 (No. 3), and also the bonds of DMSO
[Ru(2-pytz)(DMSO),Cl,] - MeOH together ~ hydrogen atoms C—Hp,o---C1 (No. 4, 11), C—Hp50" - Opuso (NO. 12,
with co-crystallised methanol molecule. 15), and C—Hps0 O, eimanet (NO. 6, 7). The latter bonds of methanol

Fig. 10. Complex molecule in

The tetrazole ring bond lengths, A: . .
N1—C5 = 1.3365(11), NI—N2 = 1.3570(11), O atom, together with classic bond O—H_.;...o" - *Opmso (NO. 1) of the

N2—N3 =1.2869(11), N3—N4 =1.3709(11), methanol H atom held the methanol molecules in the crystal structure
N4—C =1.3196(11) of the compound.
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Table 5

Coordination bond lengths
in complex [Ru(2-pytz)(DMSO),CL] - MeOH

Bond Bond length, A
Rul—N4 2.1142(8)
Rul—S1 2.2599(2)
Rul—S2 2.2851(2)
Rul—S3 2.2909(2)
Rul—CI2 2.4111(2)
Rul—Cl1 2.4159(2)

There are also two types of weak ® — m stacking interactions in the crystal structure of [Ru(2-pytz)
(DMSO),CL,] - MeOH (fig. 11). One of them takes place between two pyridine rings of two neighbouring mo-
lecules at (x, y, z) and (2 — x, 1 —y, 2 —z), with inter-centroid distance Cg---Cg =4.0467(6) A and the dihedral
angle between the rings o0 = 0°. Other interaction occurs between the tetrazole ring at (x, y, z) and pyridine
ring at (2 —x, 1 —y, 2 — z), with inter-centroid distance Cg---Cg = 3.7603(5) A and the dihedral angle between
the rings o0 = 3.71(5)°.

Crystal packing of complex [Ru(2-pytz)(DMSO),Cl,] - MeOH is shown in fig. 12.

Table 6
Hydrogen bonds geometry in the crystal structures
of [Ru(2-pytz)(DMSO),CL] - MeOH
Bond number D—H--4 D—H, A H-A, A DA, A D—H-A, deg
1 04—H4---01 0.84 2.02 2.8280(14) 160
2 C3—H3---C12° 0.95 2.78 3.4245(10) 126
3 C6—H6---02° 0.95 2.51 3.3586(13) 149
4 C7—H7C---CI2° 0.98 2.81 3.4358(12) 122
5 C8—HS8B---N3 0.98 2.56 3.1317(15) 117
6 C8—H8B---04° 0.98 2.53 3.3047(16) 136
7 C8—HB8C---04 0.98 2.56 3.3894(17) 143
8 C9—H9B---03 0.98 2.32 3.1186(15) 138
9 C9—H9C---CI2 0.98 2.73 3.2292(13) 112
10 C10—H10B---03 0.98 2.59 3.3210(15) 131
11 C10—HI10C---ClI1" 0.98 2.64 3.5426(12) 153
12 Cl1—HI11A---02¢ 0.98 2.30 3.2469(14) 162
13 Cl1—HI11B---Cl1 0.98 2.79 3.3714(12) 119
14 Cl1—HI11C---CI2 0.98 2.68 3.2734(12) 120
15 Cl2—HI2A---01 0.98 2.40 3.1336(15) 131
Note. Symmetry codes: 2—x,1-y,2-z(%); x,%—y, —% +z(M)1—x 1=y, 2-2(%); 1-x, % +y,%—z(d); 1=x, 1=y, 1=z (°);

-1+x,yz (f)
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Fig. 11. m—m Stacking interactions in the crystal structure Fig. 12. Crystal packing
of [Ru(2-pytz)(DMSO0),Cl,] - MeOH of [Ru(2-pytz)(DMSO),Cl,] - MeOH,
viewed along the a axis

Conclusion

In the present study, interaction of 2-(tetrazol-1-yl)pyridine with a series of late transition metal halides was
investigated. It was shown that Pt(Il) and Pd(II) chlorides react with 2-pytz with formation of chelated comple-
xes [M(2-pytz)CL,]. RuCl, does not react with 2-pytz under mild conditions, while under reflux in DMF solution
the reaction is accompanied by decomposition of the tetrazole cycle with formation of anionic Ru(IlI)-coordi-
nated N, N-dimethyl-N’~(pyridin-2-yl)formimidamide derivative Li[Ru"(Py—N=C-—NMe,),Cl,]. The propo-
sed mechanism of formation of the above product includes thermal decomposition of 2-(tetrazol-1-yl)pyridine
to give N-(pyridin-2-yl)cyanamide, its hydrolysis resulting in 2-aminopyridine and Ru-assisted condensation
of the latter with DMF molecule. Two octahedral tetrazole-containing Ru(Il) complexes, namely [Ru(2-pytz)
(DMSO0),CL,] - MeOH and [Ru(2-pytz)(DMSO),Cl,], were prepared by reacting cis-[Ru(DMSO),Cl,] with
2-pytz in methanol or ethanol. Molecular and crystal structures of [Ru(2-pytz)(DMSO),Cl,] - MeOH and
[Pd(2-pytz)CL,] were established by single crystal X-ray diffraction. In the former, 2-pytz coordinates as
a monodentate ligand via N* atom of the tetrazole ring, while in complex [Pd(2-pytz)CL,], 2-pytz coordinates
as a N,N-chelating ligand via the pyridine ring N and the tetrazole ring N* atoms. The N, N-chelating mode
of 2-pytz coordination was also proposed for [Ru(2-pytz)(DMSO),Cl,] based on the data of '"H NMR spect-
roscopy. Thus, we can conclude that coordination properties of this ligand depend both on metal ion and
reaction conditions.
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TEPMO3AININTHAS CITIOCOBHOCTbD
IAEKTPOXUMHUYECKHN OCAJKAEHHBIX
HUKEAEBBIX 1 HUKEAB-BOPHBIX ITOKPBITUN

C. C. IEPEBO3HHKOB", E. B. MAKOBCKAA?,
JI. C. I[BIBYJIbCKAA", B. C. IIEH/IOKOB"

YHayuno-uccneoosamenscruti uncmumym gusuxo-xumuueckux npoonem BI'Y,
. Jlenunepaockas, 14, 220006, 2. Munck, bBerapyce
?Benopycckuii 2ocydapcmeennviii yuusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, Berapyco

HccnenoBana TepMo3alinuTHast ClIOCOOHOCTh AIIEKTPOXUMHUYECKN OCaXICHHBIX MOKphITH Ni n Ni — B B nemsix ux
MOTEHIMAJIBHOTO TIPUMEHEHUsI B IPOU3BOJICTBE MOA(DMIBEPHBIX XOJOIMIFHUKOB JIAMEJILHOTO THIA. YCTaHOBJIEHO, YTO
BCC€ M3YYCHHBIC MMOKPLITUA HAa OCHOBC HUKEIIA COXPAHAIOT TEPMUIYCCKYIO CTaOUILHOCTH Ipy Oporpese B BO3Z[yIJ.IHOﬁ ar-
Mocdepe B auanazone temneparyp ot 500 mo 700 °C. Ilpu Gonee Bbicokoil Temreparype mporpesa (800 °C) mpowuc-
XONIUT OKHCIIEHUE MOKPHITHI (B HAMOOJNBIIEH CTETIEHH HHUKEIEBOT0) C 00pa30BaHUEM OKCHJIHOTO CJIOSI TOJIIMHON 10
7-8 MKM, OCHOBHBIM MPOTYKTOM OKHucneHus seisiercss NijCu,,0. [Tokazano, 4o Hambonee BBHICOKYIO TEPMUYECKYIO
cTaOMIBHOCTH MpOosiBIIsieT okpeiTHE Ni — B, comeprkamiee 4,5 at. % 0opa, n3-3a GopMHUPOBAHUS Ha €TO TOBEPXHOCTH IIPU
IIPOTpeBe TOHKOH CIUIOMHON TieHKH OopaTa Hukels (Niy(BO;),), KoTopas mpensTcTByeT KOHTAKTy KHCIOpO/a BO3AyXa
C TOBEPXHOCTBIO M, COOTBETCTBEHHO, 0OPa30BAHHMIO CMEIIAHHBIX OKCHIOB MEIH W HUKENS, SBISIOMIUXCS CICICTBHEM
TEPMUYCCKON HECTaOMIIBHOCTH HUKEIJICBBIX TOKPBITHH TPH IPOTPEBe.

Kniouegvie cnosa: 3MeKTPOXUMHUECKOE OCAXKICHUE; TIOKPBITHE HUKENb — 0OP; COCTAB; CTPYKTypa IOCIIE TPOrpeBa;
TEepPMHUYECKast CTOWKOCTb.
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THERMAL PROTECTIVE ABILITY OF ELECTROCHEMICALLY
DEPOSITED NICKEL AND NICKEL — BORON COATINGS
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The thermal protective ability of electrochemically deposited Ni and Ni — B coatings was investigated with the aim of
their potential application in the production of lamella-type under-die coolers. It has been established that all studied nickel-
based coatings retain thermal stability when heated in an air atmosphere in the temperature range from 500 to 700 °C.
At a higher annealing temperature (800 °C), the coatings are oxidised (to the greatest extent the nickel coating) with the
formation of an oxide layer up to 7-8 pum thick, the main product of oxidation is Ni, ;Cu,,O. It is shown that the Ni — B
coating with a boron content of 4.5 at. % exhibits the highest thermal stability due to the formation of a film of nickel
borate (Ni,(BO;),) on its surface during annealing. A thin continuous film of borate prevents the contact of atmospheric
oxygen with the surface and, accordingly, the formation of mixed oxides of copper and nickel, which are a consequence
of the thermal instability of nickel coatings during annealing.

Keywords: electrochemical deposition; nickel — boron coating; composition; structure after annealing; heat resistance.
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BBenenue

bnaropapst BBICOKOH TENIONPOBOAHOCTH, JIUILIbL HEMHOI'O yCTYIAIOIIEH TEeIUIONPOBOJHOCTH cepedpa, Mellb
HaXOJUT IIHMPOKOE MPUMEHEHUE B KaueCTBE MaTepuaja paguaTropoB AJs Pa3IMYHBIX CHUCTEM OXJIAKICHUS.
B wactHOCTH, METHBIE PaANATOPBI UCTIONB3YIOTCS B TPOM3BOICTBE CTEKJIOBOJIOKHA. PacruiaBienHas crekiaomac-
ca poJIaBIMBaeTcs yepes Guibepsl U I OBICTPOTO OXJIAKIACHHUS MTPOIYCKaeTCs Yepe3 MeIHbIe ToA(UIbepHBIE
XOJIOIMJIBHUKY JTaMeJIbHOTO THMa. [Ipy moidydeHnn BOJOKOH M3 3JIEKTPOU30JISAIMOHHOrO cTekna tumna E, co-
crasisitomiero 6osee 90 % Bcero Moay4aeMoro CTeKIOBOIOKHA, TEMIIEPATypa CTEKIOMACCHI B (PHIILEPHOM ITH-
tarene Bappupyetcst oT 1190 mo 1250 °C. OxnaxkaeHue BOJOKOH, BBIXOASIINX U3 (QHIIbEP, JOHKHO OCY-
MIECTBIATHCS cO ckopocThio He MeHee 1500°C/c. Termoas Harpy3ka Ha MeTHbIE TTOA(DUITBEPHBIE XOIOTMIEHUKH
TaK BBICOKA, YTO UX OKUCIICHHE U pa3pylleHHe MPOUCXOIAT B TeueHune 4—6 u. J{J1sl mpojsieHnst CpoKa CITy:KObI
paaraTopoB Ha HUX HAaHOCST TEPMOCTONKHNE 3allIUTHBIE MOKPBITHS. OTHAKO TEPMOCTOMKHE KPACKHU U SMaJIN HE
MOAXOAAT JUIsl 9TUX LieJiel, TaK KaK OHU 3HAUUTEIbHO YXYAIIAOT Terionepenady 1 3peKTUBHOCTb pabOThI
XOJIONMJIPHUKOB. B KauecTBe TEIIOMPOBOIHBIX 3AIIUTHBIX MOKPBITHHA IIHPOKO UCTIONH3YIOT METAJUTMYECKHE
CymepcIuiaBbl Ha OcHOBE HUKeNs [1]. X HaHOCST Ha MeIHbIC XOMOAMIBHUKHA METOAOM ITU(PPY3MOHHOTO Ha-
CBIIICHUSI TOBEPXHOCTHBIX CJIOEB MOPOIIKOBBIMH MaTepraiaMu. JlaHHbIi MeTo] TpeOyeT BBICOKHX TeMIIeparyp
(okos0 980 °C), mpu KOTOPBIX Ha MMOBEPXHOCTH 00pa3yroTcs cTolkue K okucieHuto ¢gassl Ni;Al n Ni,Al,.
Bo3MoxHO HaHECeHHME HUKETIEBOTO IMTOKPBITHS Ha OAPMIbEPHBIE XOIOIMIbHUKH TaIbBAHHYECKUM CITIOCOOO0M,
HO B 3TOM CJIy4ae HOKpPbITHE 001a1aeT ropasio MeHbIIeH TepMOCTONKOCThIO. [lonMpoBaHNEe HUKEIEBOTO TO-
KPBITHSI OOPOM MPUBOIUT K U3MEHEHHIO €r0 CTPYKTYPHI, TIOBBIIICHUIO MHUKPOTBEPIOCTH, H3HOCOCTOMKOCTH
1 KOPPO3HOHHOM CTOWKOCTOWKOCTH, a TAK)KE K CHHYKCHUIO OKHCIICHUSI Ha BO3AYXE MPH XPaHEHUU U SKCIUTya-
Taruu [2-8].

Lenb nanHO# pabOTHI COCTOSIA B UCCIEIOBAHUHN TEPMOCTORKOCTH MOKpBITHI Ni 11 Ni — B, monmyueHHbIX
METO/IOM 3JIEKTPOXUMHUYECKOTO OCaXAECHUS HA METHON MOJIOXKKE.

MeToauka IKCIIepUMEHTAa

s uccregoBanus B Ka4eCTBE MOUIOKKH UCTIOIB30BANI 00pa3nbl MeqHON oy pazmepoM 30 X 30 MM,
TONIUHOM 40 MKM, KOTOpBIE TIepe]] OCa)XIeHHEeM OKPBITHH TIIATEIbHO 00€3KUPHUBAIN B pACTBOPE COCTaBA:
Na,PO, - 12H,0 — 10 r/n, Na,CO, — 25 r/n, cuatanon OC-20 — 1 r/n. O6e3xuprBaHKe NPOBOAUIU C UCIONb-
30BaHUEM YIIBTpa3ByKoBoi BaHHEI Bandelin Sonorex (Bandelin Electronic, I'epmanns). Temneparypa pactBopa
cocrasisa (50 + 2) °C, nnurenbHOCTh 00paboTku — 5 MuH. Jlanee ¢ TOBEpXHOCTH (POITBIH yAATSIIA OKCHIHYIO
IUICHKY ¢ HOMOIIbI0 pacTBopa cocraBa: NH,NO; — 350 r/n, H,PO, — 1300 r/n. TpaBneHue BBITOTHSIN IPH
KOMHATHOH TeMneparype B TeueHre 1 MuH. OcakieHre HUKEeJIEBOTO IOKPHITHS OCYILECTBIISUTN U3 DIIEKTPOINTA
cocrasa: NiSO, - 7H,0 — 180 r/i1, NiCl, - 6H,0 — 36 r/n, Na,SO, - 10H,0 — 129 r/n, H;BO, — 30 1/, caxapunar
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Harpust — 1 /1 (pH 4,5 £ 0,2). J{nst nonmydenust nokpeituit Ni— B B pacTBOp HUKETUPOBAHMUST BBOIWIIN JICKaT U~
JpO-K1030-AeKadbopar HaTpHst uiu MoponuH-0opaH B konuenTpauusix 0,1 u 0,4 r/1. Karognas miotHocTs ToKa
cocrapisia 2 A/im’, Temnepatypa ocaxkaenns — (35 + 1) °C. IlepemeniuBanue 571eKTPOIUTA U MOAEPKAHKE
TTOCTOSTHHOW TEMIIEPATyPhI OCYIIECTRIISIIN C TTOMOIITLI0 MarHUTHOU Metmanku IKA C-MAG HS 7 (IKA-Werke,
I'epmanmst). TonmuHy TOKPBITUH ONIpeIeNsId TPaBUMETPUIECKUM MeToioM. 1 Bcex 00pa3IioB OHa COCTaB-
nsina (25 + 3) mxm. Coneprkanue 0opa B IOKPBITHH ONPEACIISITH METOAOM IMMOTEHIIMOMETPHUYECKOTO THTPOBAHUS
10 KOJIMYeCTBY 00pa3yeMoii B X0fie aHaIM3a MAaHHUTOOOPHOH KUCIOTHI [9]. TepMuueckuii aHATN3 TIPOBOIIIN
B quamnasone Temmeparyp 25-850 °C Ha OTIEICHHBIX OT MOJIOKKH MTOKPBITHSIX C UCTIOIB30BAaHUEM CHHXPOH-
HOTO TepMuueckoro anaiuzaropa STA 449 Jupiter (Netzsch, I'epmanus). CKopocTh HarpeBa o0OpasiioB Ha BO3-
nyxe coctasisuia 10 °C/MuH. PEHTTeHOCTPYKTYpHOE HCCIIEI0BAHKE BBITIONHSIIA C TOMOIIBIO PEHTIEHOBCKOTO
auppakromerpa Empyrean (PANalytical, Hunepnannel) ¢ ucnons3oBanueM usinydenus CukK, (Ni-¢uubtp).
[IporpeB 00pa3oB ¢ MOKPHITHEM OCYIIESCTBILIA Ha BO3MyXe ¢ MpuMeHeHueM atekTporearn SNOL 3000/600
(Umega, JIuta) B Teuenue 6—24 4. TounocTh moaaepx anus TeMIieparypsl redn coctasisiia £1 °C. Dnexkrpon-
HO-MHUKPOCKOITNYECKOE UCCIIEA0BAHUE MPOBOAMIN C MOMOIIBIO CKAHUPYIOLIETO IEKTPOHHOTO MHUKPOCKOTIA
LEO-1455 (Carl Zeiss, I'epmanust), CHAO)KEHHOTO MPUCTABKOH IS SIEMEHTHOTO MUKPOAHAIIN3a.

Pe3yJII)TaTI)I H UX 06cy>1<11e1me

Jliis ycTaHOBIIEHUS TIPOLIECCOB, TIPOTEKAOIINUX MTPH HaXOkIeHUU NMOKpbITH Ni 1 Ni — B ipu noBbIIIeH-
HBIX TeMIIepaTypax B BO3IYIIHOW cpene, ObUT MpOBeJeH TepMudeckuii aHanmms. U3 puc. 1 BugHO, 9TO MIIst
HHKEJIEBOTO MOKPBITHS DK30TEPMHUYCCKUH MUK Ha KPUBOU AU depeHITHATHHON CKaHUPYIOMIECH KaTOPUMETPHH
HaoOmonaercs npu Temreparype 530 °C (cM. puc. 1, kpusas /). OH coBIaaeT ¢ HAYAJIOM YBEIUYCHUS MACChI
oOpasna (cM. puc. 1, kpuBasi 2) U CBHIETEIBCTBYET O MPOTEKAHUN OKHCIUTEIBHBIX MPOIIECCOB C Y4aCTUEM
KHCIIOpO/Ia BO3TyXa.
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Puc. 1. Kpussle quddepeHmaibHoi ckaHupyomel katopuMerpuu (1)
1 TepMOTpaBUMETPHH (2), TIOIy4IEHHBIE JUIsl HUKEIEBOTO MOKPBITHS

Fig. 1. Curves of differential scanning calorimetry (/) and thermogravimetry (2),
obtained for nickel coating

[Ipu mporpeBe mokpeiTuid Ni — B, MOJXyYeHHBIX M3 DIEKTPOINATA HHUKEIUPOBAHUSA, COJEPIKAIIETO
0,1 v/nm moponmmu-6opana (KoHIEHTparus 60pa B MOKpeITHH 1,5 aT. %), Ha KpuBOU AudhepeHanTbHOI
CKaHUPYIOIICH KaJIOPUMETPHUH TAKKe HAOJIF01aeTCsl HEOOBIIIOHN AK30TepMUYCCKH UK 11pH 422 °C, KOTOpPbIi
HE COIPOBOXKJIAETCSI M3MEHEHUEM Macchl oOpasia (puc. 2). Panee Obuto mokaszano [2; 8], uTo mpu JaHHOU
TEeMIIepaType MPOUCXOANT Pa3pyIICeHHE METACTA0MILHOTO TBEPAOTO PacTBOpa OOpa B HUKEJIE C BBIICTICHHEM
(a3l 6opuna Huxens (Ni;B). Kak u B ciydyae HUKeI€BOTO MOKpPHITHS, Macca HOKpeITUS Ni — B HaunHaeT
YBEJIMUMBATKCS MPHU Temieparype 6oiee 500 °C, 4To TakKe COMPOBOXKIACTCS IK30TCPMUISCKUMU ITUKAMU Ha
KpuBOit muhepeHInanTbHON CKaHUPYIOLICH KaIOPUMETPHHU.

[oBwImenne KOHIIEHTpaIUU MophoIuH-00paHa B aiekTponute A0 0,4 1/11 u copeprkanus 00pa B IOKPHITHU
10 2,9 aT. % TpUBOIUT K POCTY MHTEHCHUBHOCTH 3K30TEPMHYECKOTO MHUKA, YTO CBA3AHO C yBEIMYCHHUEM
KOJIMUECTBA BBIJCIISIOIICHCS (ha3bl Oopuaa Hukess (puc. 3). Takke MPOUCXOIUT CMEIICHHUE MTOJIOKCHHUSI ITHKa
10 380 °C, uT0, MO-BUAMMOMY, 00YCIIOBICHO 00JIETYEHUEM TIPOIIeCCa PA3IIOKEHHSI METaCTaOMIIBHOTO TBEPAOTO
pacTBopa Oopa B HUKEJIe IPH TOBBIIIEHUHN COJIep)aHus 0opa. OKUCIUTENBHBIC ITPOIECCHI, COTIPOBOXKIAOIINECS
YBEJIMUYEHUEM MacChl 00pasiia, B JaHHOM Cllydae HauMHAIOTCS MPU MeHbIel Temiieparype (okomuo 475 °C).
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Puc. 2. Kpussie nuddepeHnuaabHoi ckaHupyIomel kaaopuMeTpud (1)
U TEPMOTPaBUMETPHH (2), TOMyUYCHHBIE IS TIOKPHITHS HUKEIb — 00p,
OCaXJICHHOTO M3 AJIeKTpoinTa, coaepxkatero 0,1 /i mopdonun-6opana

Fig. 2. Curves of differential scanning calorimetry (/) and thermogravimetry (2),

TemnaoBoii MoTok, MBT/Mr

obtained for nickel — boron coating deposited

from electrolyte containing 0.1 g/L of morpholine-borane

380 °C

_ L
0 100

200 300 400 500 600 700

Temneparypa, °C

L 1
800

108

106

104

102

98

96

94

Puc. 3. Kpussle nuddepeHnuanbHoi ckanupyomei kanopumerpuu (/)
U TepMOTpaBUMETpHH (2), TIOy4eHHBIE JUISl TOKPBITHSI HUKEIb — 00,
OCaKIEHHOTO U3 3JIEKTPONUTa, conepxamiero 0,4 r/m mopdonuH-6opana

Fig. 3. Curves of differential scanning calorimetry (/) and thermogravimetry (2),

obtained for nickel — boron coating deposited

from electrolyte containing 0.4 g/L of morpholine-borane

Tepmorpamma nokpeitus Ni— B, conepskarero 3,3 at. % 6opa 1 nmoxydeHHoro u3 anexkrponuta ¢ 0,1 r/1 me-
KaruJpo-K1030-1ekadopara HaTpus (puc. 4), MPakTUIeCKH HICHTUYHA TepMOTpaMMe, IPUBEICHHON Ha puc. 3,
OITHAKO TeMIIepaTypa Havajia OKUCICHUS MOKPBITH cocTaBisieT 502 °C (cM. puc. 4).

YBenuueHue KOHICHTPAIUH JeKarHIpo-K1030-1ekadopara Harpust 10 0,4 T/7 IPUBOJMT K CYIIIECTBEHHOMY
POCTY MHTEHCHBHOCTH DK30TEPMHUYECKOTO MMHUKA Pa3IOKEHHs TBEPOTr0 PacTBOpa M CIBUTY €r0 MaKCUMyMa
1o 360 °C, uto 0OBsSICHAETCS MOBBIIIEHHEM cofep kanns 0opa 1o 4,5 at. % (puc. 5). [Ipu aTom popma 3x30-
TEPMHUYECKOTO MTUKa, 00YCIIOBICHHOTO OKHCICHUEM MOKPBITHUS, IPUHUMACT CIOKHBINA XapakTep, 4TO MOXKET
CBUJICTEIILCTBOBATh O MHOTOCTYIICHYATOM MEXaHU3ME MPOIecca OKUCIICHHS.
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Puc. 4. Kpussle quddepeHimanpHoii ckaHupyromiei kanopumerpuu (1)

U TepMorpaBuMeTpru (2), HOIy4eHHbIC ISl HOKPBITHS HUKENb — 60p,
OCaKICHHOTO U3 JIEKTPONUTa, conepskariero 0,1 1/ nekaruapo-xio3o-aexkadbopara HaTpus
Fig. 4. Curves of differential scanning calorimetry (/) and thermogravimetry (2),

obtained for nickel — boron coating deposited
from electrolyte containing 0.1 g/L of sodium decahydro-closo-decaborate
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Puc. 5. Kpussle nuddepennnanpHoi ckanupyomeil kanopumerpud (1)
U TepMOTpaBUMETpHH (2), TOTYUECHHBIE IS TIOKPBITHS HUKEIb — 00p,
OCaXJCHHOTO U3 AIIEKTPOIINTa, coaepxkaiiero 0,4 I/ aexkaruapo-xio3o-nexadbopara HaTpHs

Fig. 5. Curves of differential scanning calorimetry (/) and thermogravimetry (2),

obtained for nickel — boron coating deposited
from electrolyte containing 0.4 g/L of sodium decahydro-closo-decaborate

CKJIIOHHOCTB K OKHCJIEHUIO TOKPBITHIA IPH pa3IMYHBIX TEMIIepaTypax Oblia HCClIeI0BaHa C UCTIOIB30BaHMU-
€M rpaBUMETpHUYECKOro Metoaa. OOpasibl CBEKEOCAKICHHBIX IIOKPBITHI MPOrpeBav Y BEIOPaHHOH TeMIle-
parype B TeueHHe 6 4 1 ONpeAessuTd M3MEHEHHE Macchl ocie nporpesa. s 3Toro o0pasisl moMeniany B Ke-
paMHYeCcKHe TUIJIM M B3BEIIUBAJIH JI0 U TIOCTIE MIPOTrpeBa BO M30eKaHNe OIIMOKH N3MEPEHHsI N3-3a OCHITaHuUs
MPOIYKTOB OKUCIIEHHS C TOBEPXHOCTH 00pa3uoB. Kak BUIHO U3 pUC. 6, MPUPOCT MaccChl OCIE MPOrpeBa Npu
temneparypax 500, 600 u 700 °C nns Bcex NOKPBITUIN KpaliHEe MaJl, YTO TOBOPHUT O HU3KOM CKOPOCTH PEeaKINU
okucnenust. [Ipu Temneparype nporpesa 800 °C npouecc okucieHuss ”HTeHCH(DUIUpYeTCs, IPUYeM B OOJbILEH
CTETEeHHU JUIsl HUKEJIEBOro MOKpbITHs. B ciyuae nporpesa npu 900 °C mpoucxoaut JanbHelIIee yBeInueHue
CKOPOCTH OKHUCJIUTEJIbHBIX IPOLIECCOB. bosblline 3HaUueHHs MPUPOCTA MACCHI TAKIKE UMEIOT MOKPbITUs Ni— B,
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OCaKJCHHBIC M3 JIEKTPOIINTA, cojepkaiiero MopponuH-6opan (cMm. puc. 6, kpusbie 2, 3), B TO BpeMs Kak
MIPUPOCT Macchl MOKPBITHI Ni — B, OTy4eHHBIX U3 3JIEKTPOJINTA, COJIEPIKAIIETO IeKaruapo-K1030-1eKadbopar
HATpPHsI, OCTASTCS Ha CTA0MIBHO HU3KOM ypoBHE maxke mpu 900 °C (cm. puc. 6, kpussle 4, 5). [Ipu 1000 °C
IMPOUCXOIUT pa3pylI€eHNUE BCEX 06pa3n013 C NOKPBITUAMM, YTO HC IMO3BOJISACT ONPCACIINTD UX IMTPUPOCT MACCHI.
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Puc. 6. 3aBUCEMOCTb IPHPOCTA MACCHI HUKEJIEBOTO MOKPHITHUS (/)
Y TIOKPBITHH HUKENb — 00p, 0CAXKIEHHBIX U3 IEKTPOINTA, coaepkamiero 0,1 /1 (2)
u 0,4 /1 (3) mopdonun-6opana, 0,1 r/n (4) u 0,4 r/1 (5) nexaruapo-xro3o-aekabopara HaTpws,
OT TeMIIepaTypbl Iporpesa (IIPOAOIKUTEIBHOCTD Iporpesa 6 4)

Fig. 6. Effect of annealing temperature on weight gain of nickel coating (/)
and nickel — boron coatings deposited from electrolyte containing 0.1 g/L (2)
and 0.4 g/L (3) of morpholine-borane, 0.1 g/L (4) and 0.4 g/L ()
of sodium decahydro-closo-decaborate (annealing time 6 h)

Jns vccnenoBaHusl KHHETHYECKUX 3aBHCHMOCTEH MpoIieccoB okuciaeHus mokpeiTuii Ni u Ni — B Opuia
BbIOpaHa Temmeparypa 800 °C. OOpa3ibl ToMeNIany B KepaMUIecKie THTITH, B3BEITUBAIH, ITPOTPEBaN pH
800 °C B Tedyenue 6 4, 3aTeM NOBTOPHO B3BewnBanu. [locie onpeaeneHus npupocTa WiM yObUIM Macchl 1o-
KPBITHI TPOU3BOAMIIN JATbHEHIINI porpeB 00pasuoB B TedeHue 6 4. Kak BuaHO U3 puc. 7, B Te4eHUE EPBBIX
6 4 TiporpeBa MPOUCXOAUT PE3KUH POCT MAcChl MOKPHITH, 3aT€M YBEITMYEHNE MACChl 3aMEIISETCS U UMEeT
JTUHEWHYIO 3aBUCUMOCTD OT BpeMeHH. C TTOMOIIBI0 JIMHEHHOW armpOKCUMAITUH MTOTyYeHHBIX JaHHBIX ObLTH
OIpeiesieHbl CPeHIUE CKOPOCTH MPUPOCTA MACChl MOKPHITHNA. M3 mpeacTaBiIeHHbIX B TaONHLE Pe3ysbTaToB
BUJTHO, YTO CKOPOCTH IIPUpOCTa Macchl B npouecce nporpesa npu 800 °C gBnseTcs MakCUMaIbHOMN I HU-
KEJIEBOTO TIOKPBITHS U JIajiee YMEHBINAETCS C YBEIMUEHUEM cofiepkaHus 6opa B mokpeITiH Ni — B. CrnoxHas
3aBUCHMOCTH U3MEHEHHS MacChl PU IporpeBe Habmronaercs it mokpeitus Ni — B, coneprkarmero 4,5 at. %
0opa U ocaxIeHHOTo U3 AMeKTponuta ¢ 0,4 r/1 gekaruapo-x1030-aekadopara HaTpus (CM. puc. 7, Kpusas 4).
[Tocne mepBbIxX 6 4 mporpeBa Macca oOpa3siia yBEeJIWYHIACh OOJIbIIE, YeM Macca JPYTUX MOKPBITHH, 3a HC-
KITIOYeHHEM yucToro Hukens. OJIHako Mpu JanbHEWIeM IporpeBe Macca oOpaslia HaunHajla CTPEMUTENBHO
YMEHBIIAThCSI, ¥ TIOA00HAS TEHISHITNS COXPaHsIach BIUIOTH A0 24 9 mporpeBa. DTo He MO3BOJIMIIO PACCUUTATh
CPEIHIOI0 CKOPOCTh YBEJIIMUEHHSI MACChl TOKPBITUS TIPU TIPOTPEBE.

Ha nosepxnoctu nokpsituss Ni — B ¢ comepxanunem Oopa 4,5 ar. % mocie nepBbix 6 4 mporpeBa Ha-
OJIIO/IAal0TCS KalleJIbKK IIPO3padyHol CTeKII000pa3Hoi Macchl. [lepBoHauaIbHbIN ObICTPBIN IPUPOCT MACCHI 00-
pasiia MOXKeT OBITh CBSI3aH C MHTEHCUBHBIM OKHCIIEHHEM Oopa, KoTopoe OypHO mpotekaer yxe mpu 630 °C
¢ oOpaszoBaHeM okcuza 6opa (B,0,), ucnonbzyemMoro B kauecTse (lIroca IpU BEICOKOTEMIIEPATYPHOM Halke.
JlaHHBIN OKCHJI IIpEeIOXPaHsET MOBEPXHOCTh METAJUIOB OT OKHUCIIEHHSI, pacTeKasiCh 110 HEW MpH Temreparype
ceeiie 580 °C [10]. OgHako yrnpyrocth mapoB okcHjia 0opa JTI0BOJIbHO BBICOKA, U OH HHTEHCUBHO UCTIAPSAETCS
ipu 800 °C [11, c. 56], 0cOOEHHO B IPUCYTCTBUU TTAPOB BOJBI, TaK KaK MPH ITOM MPOTEKAET PEAKITUS

B,0, ,, + H,0 ,, = 2HBO, .
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Puc. 7. 3aBECEMOCTB IPHPOCTA MACCHI HUKEJIEBOTO MOKPHITUS (/) M MOKPHITHI HUKEIb — 60p,
OCaKACHHBIX U3 MeKTponuTa, cogepskamero 0,1 r/1 (2) u 0,4 r/n (3) mopdonuu-O60pana,
0,1 r/n (4) u 0,4 r/n1 (5) nekaruapo-xi030-aeKadbopara HaTpus,

OT NPOJIOJDKUTEIFHOCTH ITporpesa (Temneparypa nporpesa 800 °C)

Fig. 7. Effect of annealing time on weight gain of nickel coating (/)
and nickel — boron coatings deposited from electrolyte containing 0.1 g/L (2)
and 0.4 g/L (3) of morpholine-borane, 0.1 g/L (4)
and 0.4 g/L (5) of sodium decahydro-closo-decaborate (annealing temperature 800 °C)

CkopocTh NPpUPOCTAa Macchl NOKPBITHI B mpouecce nporpesa npu 800 °C

Rate of weight gain of coatings during annealing at 800 °C

Coneprxanue 6opa Bup 6opcoaepxkarieit Konuentpaupus CKOpOCTh IIpUpocTa
CocTaB MOKpPHITUS P pa, P P Oopcoaepkarieit P pHp
ar. % JI00aBKH MAacChl, MI/4
J100aBKH
Ni — — — 0,45
Ni—-B 1,5 Mb 0,1 0,14
Ni—-B 2,9 Mb 0,4 0,06
Ni—-B 33 JAT'KJb 0,1 0,04
Ni—-B 4.5 JT'KJb 0,4 -

[Tpumeuanue. Mb — mopdonun-6opan; JII'’K/B — nexarunpo-xro30-1exkadopar HaTpusi.

HHTencuBHOE HcmapeHne okcuaa 6opa, 00pa3oBaBIIETOCS P OKUCICHUN OOpa Ha TIOBEPXHOCTH TIOKPHI-
THS, MOYKET SIBJISITHCS IPUIMHON YMEHBIIIEHUS MacChl 00pasiia Ipu MoCIeayomieM mporpese. [Ipu mocToSHHBIX
TIJTOTIA Y TTOBEPXHOCTH MIOKPHITHS, TEMITEPAType U COCTABE Ta30BOM CpeIbl CKOPOCTh UCTIAPSHHUS OKCHIa Oopa
OCTaeTCsI HEM3MEHHOH, B TO BpeMs KakK cojiepkaHue 00pa B TOKPBITUH TTOCTETICHHO YMEHBIITACTCS 3a CUET I10-
CTOSTHHO TMPOTEKAIOIIET0 MPOIECCa OKUCICHUS, U CKOPOCTH ero MU (y3un U3 IITyOOKUX CII0EB K TOBEPXHOCTH
CHIXAETCsl. B Kakoi-To MOMEHT 3TH CKOPOCTH CPABHSIOTCSI, a 3aTeM CKOPOCTh UCTIApPECHHSI OKCHIa Oopa CTaHEeT
BBIIIIE, M Macca o0pas3lia HauHeT YMEHbIIaThCs. [lo-BuamMoMy, iepepacipeelieHne CKOPOCTEH MpoIecCcoB
OKHCJICHUS ¥ UCTIapCHIS HAaOIIOmaeTcs B IepBBIe 6 U IPOTpeBa, 3aTeM Macca MOKPBITHS YMEHBIITACTCSI.

OTcyTCcTBHE TIOAOOHBIX 3aBUCUMOCTEH ISl MIOKPBITHI ¢ O60JIee HU3KUM COJEp>)KaHUEeM OOpa MOXKET OBITH
CBSI3aHO C TEM, UTO JIJIs1 00pa30BaHUs CIIONTHOM IUIEHKH OKCH/IA JIETKOOKHUCIISIFOIIIETOCST KOMITOHEHTA CIIaBa,
3 (PeKTUBHO 3amMUTIIAIONIEH TOBEPXHOCTh OT OKUCIICHHSI, HCOOXOUMO TPEBBIIICHUE TTOPOTOBOI KOHIICHTPA-
IIMA, TOJIBKO TOTZIa BO3MOXKHO MPOTEKAaHUE M30MPATEIHPHOTO OKHCICHUs. B poTHBHOM citydae obpasyeTcs
OCTPOBKOBAS TUICHKA, HE SBIIMIOMIASCS HAC)KHON 3alTUTON, M MPOUCXOIUT OKHUCICHUE 000MX KOMITOHEHTOB
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cruiaBa. Ha ocHOBe MOJTyueHHBIX TJAHHBIX MOKHO 3aKJIIOYHTh, YTO JIJIsl MOKPBITHI Ni— B Takast KoHIeHTpamust
Oopa HaxonuTcs B Auanasone 3,3—4,5 ar. %. Jlns moaTBep kAeHHs CIeTaHHBIX BEIBOIOB OBIJIO TIPOBEICHO HC-
CJIeZIOBaHKE TIPOAYKTOB OKHCIICHHUS TIOKPBITHH.

Pentrenoda3zosblii ananu3 nokpeituii nociue nporpesa npu 800 °C B Teuenue 24 4 BHIIBIII POPMUPOBAHNE
Ha HUKEJIEBOM IMOKPBHITUH HHU3KOTeMnepaTypHoi ¢azbl NiO, umeromiei kyonueckyto cTpykTypy trma NaCl
(puc. 8). OmHako MoI0XKEHUS TUGPAKITHOHHBIX MAKCUMYMOB CABUHYTHI B CTOPOHY MEHBIITNX YIJIOB TI0 CpaB-
HCHUIO C TAONIMYHBIMHU 3HAYCHUSIMH JIJIsI OKCUAA HUKES [12, p. 47] ¥ IpaKTUYECKU COOTBETCTBYIOT COCIMHE-
uuio Ni (Cu,,0, npencrasmsiomemMy co00H HACHIEHHBIA TBEPIBIH PACTBOP OKCH/IA MEIU B OKCHJIE HUKeNs ',
[Ipu aToM nonokeHns pedIekcoB rpaHeleHTPUPOBAHHON HUKEIEBOW PELIETKN TaK)Ke HU)KE TAONMYHBIX 3HA-
yeHwnit [12, p. 13], uro yka3siBaeT Ha pOpPMHPOBAHKE TBEPIOTO PACTBOPA MEIH B HUKeNe. TakuM 00pa3om, mpu
nporpese HuKeneBoro mokpbeITus pu 800 °C mpoucxonsart nuddy3us aToMOB MeIH U3 MOUIOKKH B TIOKPHITHE
1 OKHUCJIEHHE MEIU M HUKEJsl ¢ 00pa3oBaHUEM CMEIAaHHOTO okcuzaa. Peduiekcsl HUKess UMEIOT HU3KYIO MH-
TEHCUBHOCTb, YTO TOBOPHUT O 3HAYUTENLHOM TONIIIIHE 00pa3yIoIIerocs OKCHAHOTO CII0sI. DTO MOATBEPKAACTCS

JTAHHBIMHU CKaHUPYIOIIeH 31eKTpoHHON Mukpockonuu (COM), coriacHO KOTOPBIM TOJIIIIMHA CJI0S TIPOTyKTOB
OKHCJICHUS COCTaBIsIET 7—8 MKM (CM. puC. 8, BCTaBKa).
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Puc. 8. ®parmenT audpakrorpaMMbl HUKEJICBOTO MTOKPBITHs rocie nporpesa mpu 800 °C.
COM-u300paxkeHne nonepeyHoro nuruda nokpeITus (BcraBka)

Fig. 8 Fragment of the diffraction pattern of the nickel coating after annealing at 800 °C.
SEM image of the cross section of the coating (insert)

UccnenoBanue cTpyKTypbl HOKpbITHI Ni — B, OCaKJICHHBIX U3 AIIEKTPOJIUTA, COACPHKAIIETO MOP(OIHH-
OopaH, 1oKa3ao, 4To0 Ha HUX Takke popmupyercs (asa cmemannoro okeuaa NijCu,,0. Onnako Ha aud-
pakTorpamMmMe, IIOMUMO 9TOTO, HaOmonawTcs ciadbie peduekesl (assl CuO?, 4TO TOBOPUT 00 MHTEHCUBHOM
g dy3un MeI Yepe3 HUKEIICBOE MOKPHITHE U €€ OKUCIICHUHU Ha TIOBEPXHOCTH KHCIOPOIOM BO3ayxa. B To ke
BpEeMsi HHTEHCUBHOCTB Pe(DICKCOB HUKEIIS HECKOJIBKO BBIIIIE, YeM HHTEHCUBHOCTH PE(IICKCOB HUKEIICBOTO T10-
KPBITHS, 4TO MOXKET CBUJIETEIILCTBOBATH O 00JIee TOHKOM OKCHJIHOM CJIO€ Ha IoBepxHocTH (puc. 9, a). [1o nan-
HbIM COM TOJIIMHA OKUCIIEHHOTO CJIOSl COCTaBIISACT OKOJIO 3 MKM (CM. puc. 9, a, BctaBka). Takxke MOKHO OT-
METHUTh U3MEHEHHE TEKCTYPbI HUKEJIS MTOCIIE PEKPUCTAIIN3ALMN: HAUOOJIBITY0 HHTEHCUBHOCTh IPUOOPETAIOT
pednexcer 220 u 311.

C yBenuveHueM cojiepkanus 00opa B MOKPBITUH 110 2,9 aT. % nudpakiunoHHas KapTUHA MMOCIE MPOrpeBa
HE U3MEHSETCS, HO HHTCHCUBHOCTh PEe(ICKCOB HHUKEJISl BO3PACTACT, YTO TOBOPUT 00 YMEHBIIICHUU TOJIIUHBI
OKCHJTHOTO CJIOSI Ha OBEPXHOCTH (pHC. 9, 6). DTO Takxke MoATBepKAaeTCs aHHBIMU COM, COrTacHO KOTOPBIM
TOJIIIIMHA OKUCIIEHHOTO CJIOSl COCTaBIIsICT MeHee 2 MKM (CM. puc. 9, 6, BCTaBKa).

'Kaprouxa Ne 25-1078 B 6a3e manusix Powder Diffraction File.
*Kaprouxa Ne 00-041-110 B 6a3e nauubix Powder Diffraction File.
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Puc. 9. dparmenTsI TU(PAKTOrpaMM ITOKPHITHI HUKEIb — 00, OCaX/ICHHBIX U3 3JIEKTPOJINTA,
coneprkarero 0,1 r/i (a) u 0,4 r/n (6) mopdonuH-60pana, nocse nporpesa mpu 800 °C.
CDOM-u300paxeHHs MONEPEIHBIX UTU(OB MOKPHITHH (BCTABKN)

Fig. 9. Fragments of the diffraction patterns of nickel — boron coatings deposited from electrolytes
containing 0.1 g/L (a) and 0.4 g/L (b) of morpholine-borane after annealing at 800 °C.
SEM images of the cross sections of the coatings (inserts)

Ha mudpakrorpamme nporperoro mokpsitas Ni — B, monydeHHOro U3 2ekTponuta, coaepxaniero 0,1 r/m
JeKaruipo-k1030-nexadbopara narpus (puc. 10, a), Taxke pukcupyrorcs paspl cvemannoro okeuaa Nij ,Cu,,0
W HUKEJs,, COOTHOIICHHUE HHTCHCUBHOCTEH KOTOPHIX OJHM3KO K aHAIOTHYHOMY COOTHOIICHHIO JUTSI TOKPBITHS,
MOJYYSHHOTO U3 3JIEeKTPoJnTa, coaepskamiero 0,4 r/n mopdonun-0opana. CTOUT OTMETUTb, UTO B JAHHOM CITy4ae
nepepacnpeaeeHrss HHTEHCUBHOCTEH HUKENEBBIX pe(IeKCOB HE MPOU3OILIO, U JUIsl OKPBITHS COXpaHseT-
Csl TEKCTypa C MPEUMYIIECCTBEHHBIM PACTIONIOKECHHEM KPUCTALTMTOB MapajlieIbHO KpUCTaIorpaduyecKoi
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wiockocTH (111). Takxke oTcyTcTBYIOT peduiekcsl paszbl CuO, 94TO CBHIACTEIILCTBYET 0 3aMeyieHun nuddy3uu

Meu gepes mokpeitre Ni— B. Onnrako B o6mactr yriioB 20—40° HabmromaeTcst 00IbITOE KOTUIECTBO PehIICKCOB

MaJloii ”HTEHCUBHOCTH, COOTBETCTBYIOINX Oopary Hukens (Ni,(BO,),) [13]. JlanHoe coenunenne MoxeT 00-

Pa30BBIBATHLCSI TIPH B3aUMOJICHCTBUN (DOPMHUPYIOIINKCS B MPOIECCE OKUCIICHHS OKCH/Ia HUKETSl M OKCHa Oopa:
B,0; + 3NiO = Ni,(BO,),.
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Puc. 10. ®parmenTs! qudpakTorpaMm HOKPHITHH HUKEIb — 60D,
OCaXAECHHBIX U3 3IEKTponuTa, coaepxkamero 0,1 /1 (a)
u 0,4 1/71 (6) nekarunpo-xio3o-nexadbopara HaTpusi, mocie nporpesa mpu 800 °C.
COM-u300paxeHne MONepeTHOro mumda MOKPHITHS (BCTaBKa)
Fig. 10. Fragments of the diffraction patterns of nickel — boron coatings deposited
from electrolytes containing 0.1 g/L (a) and 0.4 g/L (b)
of sodium decahydro-closo-decaborate after annealing at 800 °C.
SEM image of the cross section of the coating (insert)
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Haunbonbime oTmuyust HaOIOAAI0TCS 151 TOKPBITHUS, 0CaXKICHHOTO U3 DIIEKTPOJIHTA, coaepskaiiero 0,4 r/n
JIeKaruipo-Ki030-aekadopara Harpus. Ha qudpakrorpamMmme nmogBeprayToro nporpeBy oopasia perucTpupy-
eTCsl MPaKTUYECKH eIMHCTBEHHBIN peduiekc (as3pl Hukens 111, 9To TOBOPHT 0 )KECTKOH TEKCTYPUPOBAHHOCTH
MOKPBITUS Tocie nporpesa (puc. 10, 6). HesnauutenbHoe ymupenue pediekca CBUACTEIBCTBYET O (op-
MHPOBAaHUHU KPYIHBIX KPUCTAIIIUTOB HUKENA B Tporiecce nporpesa. [lonoxenne pediaekcoB COOTBETCTBYET
TaONMYHBIM 3HAUEHHUSM, YTO yKa3bIBAaeT HA OTCYTCTBHE aTOMOB NPUMECHBIX AJIEMEHTOB (60opa WM MEeH)
B KPUCTAJUTMYECKOH CTPYKType. B TO e BpeMsi B MajoyrioBoi o0imacTi 3a)UKCHPOBaHO OOJIBIIIOE KOJTUYe-
CTBO pe(IeKCOB HU3KOW MHTEHCHBHOCTH, COOTBETCTBYIONMX Oopary Hukeis. OOpa3oBanue Oopara HUKES
Ha MOBCPXHOCTHU OGT)S[CH?ICT TCPMUYCCKYIO YCTOP'I‘II/IBOCTB IOKPBITUA, TaK KaK 3TO COCIUHCHUC ABJISACTCA Ty-
TOTUTABKUM M 00J1a/1aeT BBICOKOW IHEPrHeil KPUCTAITHIECKON PEeIIeTKH, YTO 00yCIOBIUBAET €r0 BHICOKYIO
TePMOANHAMUYECKYI0 cTabunbHOCTD [14; 15]. Takum 06pa3om, uciapeHue ¢ MOBEPXHOCTH MOKPBITUS KU~
KOTO OKcHJ1a Oopa He BJIEYET 3a CO00i pa3BUTHE OKUCIUTEIBHBIX ITPOIIECCOB HA ITOBEPXHOCTH MOKPHITHS, TaK
KaK OCHOBHYIO 3alIUTHYIO (PYHKIIMIO BBITIOJIHSICT OOpar HUKENs, a copepikaHue 0opa B MOKpeITHU ~4,5 at. %
SIBJIIETCS JIOCTATOUHBIM JJIsl 00pa30BaHUS CIIONIHOW 3al[UTHONH OOpaTHOW TICHKH.

[To nanabM COM NpOILyKTHI OKKCIICHHUS TOKPBITHS Ni— B, 0CaXXIEHHOTO U3 DIICKTPOJIUTA C COJIEPKAHUEM
JICKarupo-Kxi030-aekabopara Hatpus 0,4 /71, IPaKTUIECKH OTCYTCTBYIOT.

Ha ocHoBaHMH pe3ynbTaToOB MPOBEACHHOTO UCCIIEAOBAHMS ObLIA U3TOTOBJICHA OIBITHAS MAapTHs TOA(UIBED-
HBIX XOJIOAMWJIBHHUKOB JIAMCJIBHOT'O THUIIA, HA KOTOPBIC METOAOM BJICKTPOXUMHUYCCKOTO OCAXKIACHUS U3 BJICKTPO-
JUTa HAKEIUPOBaHus, cofepxkamiero 0,4 T/1 nekaruipo-xio3o-aexadopara HaTpusl, ObLI0O HAHECEHO MOKPHI-
tre Ni— B Tonmmnoii 20 Mxm. Pesynbrare! ucnsitanuii Ha npeanpustun «Ilononk-CTeKI0BOIOKHOY» MOKa3a-
JIY TIEPCTIEKTUBHOCTH M 9KOHOMUYECKYIO 11eJ1ecO00pa3HOCTh UCTIONB30BAHNS MOA(PUIBEPHBIX XOIOAMIEHUKOB
¢ nokpeiTieM Ni — B, conepxainum 4,5 at. % Gopa, a1 Ipou3BoACTBa crekioBosiokHa tuma E. [To paboro-
CHOCO6HOCTI/I, OJIUTCIIBHOCTU SKCILTyaTalluu, Ka4€CTBY HOJ'Iy‘-IeHHOfI IMPOAYKIUN 3TU XOJOAWJIIBHUKH I10JI-
HOCTBIO COOTBCTCTBYIOT JIYUIIMM MHUPOBBIM aHAJIOTaM.

3akjaoueHue

Ha MenHy0 MoIIoKKy METOIOM SJISKTPOXUMHUYESCKOTO OCaX ICHHsI HaHeCeHbI MOKPhITUs Ni u Ni— B Tosum-
HOI (25 £ 3) MKM, ¥ UCCIIE/IOBaHbBI MPOAYKThI OKUCIICHHS IIOBEPXHOCTH MOCIIE MMPOrpeBa 00pa3iioB B BO3AYIIHON
cpene B reuenue 6—24 4. [Toxpertus Ni— B conepxanu ot 1,5 no 4,5 ar. % 0opa B 3aBHCUMOCTH OT MPUPOJIBI
(nexaruapo-x1030-nexadopar HaTpusi Wi MopgoiarH-60opan) u korueHTpamuu (0,1 wmu 0,4 r/i1) BBOGUMOTO
B DIICKTPOJIUT HUKEITUPOBAHUSI OOPCOIEPIKAIIETO COSTUHEHUS. YCTaHOBIICHO, YTO OKUCIUTEIBHBIE TPOIECCH
nokpeituii Ni u Ni — B HaunHaroT HHTEeHCHBHO nipotekars rpu temneparype 800 °C u Boire. Hanbombias
TOJIIIIMHA OKCUIHOTO CJ0sl (7—8 MKM) OTMEUEeHA TSI HUKEJIEBOTO MOKPHITHS. OCHOBHBIM MPOTYKTOM OKHUCIIE-
HUs ABJsAeTCA cMemanHbii okenn Nij ;Cu, ,O — TBEpBIH pacTBOP OKCHIAa MENU B OKCHJIE HUKENS. BKitouenue
0opa B MOKPHITHE U YBETHYCHHE €T0 KOHIICHTPAI[MH PUBOJHUT K YMEHBUICHHUIO TOJIIIMHBI OKCUIHOTO CIIOS JI0
2-3 mxmM. s mokpeitas Ni — B, nomydeHHoro B npucyTcTBur MOpgoinH-00opaHa, OCHOBHBIM MPOIYKTOM
oxucienus ocraercs Nij,Cu, ,0, Tarke 3aUKCHPOBaHO Ha4re HeOONbIIOro KomuyecTsa (aser CuO, ons
KOTOPOH ¢ pocToM cozepskanust 6opa ot 1,5 1o 2,9 at. % ymenbmaercs. s mokpeitas Ni— B, momydeHHoro
B MPUCYTCTBUM JICKArupO-K1030-1ekabopara HaTpus U coxaepikaiiero 3,3 ar. % Oopa, HapsiAy ¢ OCHOBHOU
dasoit Nij,Cu,,0 obHapyxeHo Hamuuue (aspl Oopara HUKeNS. YBENUUEHHE cofepxkanus 6opa 10 4,5 at. %
MPUBOAMUT K (POPMHUPOBAHHMIO TOHKOM CIUIOIIHOMN IJICHKH OOpaTa HUKENsl, KOTopasi MPensITcTByeT Auddy3un
MU B HUKEJb IIPH ITPOTPEBE U 00eCIIeUNBACT HAJICHKHYIO 3aIIUTY OT OKHCIICHHS TOBEPXHOCTH. Pe3ynbrarhl mc-
MBITAHUH ONBITHON NapTHH MOAMUILEPHBIX XOJIOANIBHAKOB JIAMEITbHOTO THIIA ¢ TOKphiTHeM Ni— B (4,5 at. %
0opa) rmokasajau X BbICOKYIO 3()()eKTHBHOCTH B IIPOU3BOJICTBE CTEKIOBOJIOKHA U TIEPCIIEKTUBHOCTh MCIIONb-
30BaHMs B3aMEH UMIIOPTHBIX aHAJIOTOB, BBIITyCKaeMbIX B BenukoOpuranuu, crpanax EBpocoro3a u Kurae.
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IAEKTPOXUMHNYECKOE OCAJKAEHUE MEAU
HA IINMHK " ET'O CIIAABBI

B. B. KY3HEI[OB"

YBenopycckuii 2ocyoapemeennviii yuusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Berapyce

[TpensnokeH HOBBIN cocTaB 1eKTponuTa. [1o100paHbl ycnoBus 0CaXIeHNS Ka9eCTBEHHBIX (CBETIIBIX, IUIOTHOYIAKO-
BaHHBIX, OTHOPOAHBIX) METHBIX TOKPBITHH HA IIMHK M €T0 CIUIABBI. YCTAHOBJICHO, YTO MEKTPOXUMHUYECKOE OCAKICHNE
MeJIi BO3MOYKHO M3 IIEIOYHOTO PacTBOpa, COIEPIKAIIEro MPONICHIINKOIb. BBeIeHne B pacTBOp OKCHATHIMACHAN(DOC-
(hOHOBOI KHCIOTHI CTAOMIM3UPYET AEKTPOJIUT IPU XPAHEHUH 1 IKCIITyaTalny, a 1o0aBKka MOp(OoIIHHA O3BOJSET MOy~
4yaTh Ka4eCTBEHHbIC MEHBIC MTOKPHITHS HA LIMHKE U €ro CIUIaBaxX B IIMPOKOM JUara3oHe IIOTHOCTEN TOKa.

Kniouesvle cnosa: QJICKTPOXUMHUYECKOE OCAKACHUEC, DIICKTPOJINUT, MEAHBIC TOKPBITUA; IIUHK; CILJIaBbI IIMHKA; IIPOITHU-
JICHITIMKOJIb, OKCI/I3TI/IJ’II/I,HCHI[I/I(1)OC(1)OHOBEIH KucCJoTa.

ELECTROCHEMICAL DEPOSITION OF COPPER
ON ZINC AND ITS ALLOYS

B. V. KUZNETSOV*®

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus

A new electrolyte composition and deposition conditions of quality (light, densely packed, homogeneous) copper
coatings on zinc and its alloys were found. It was established that the electrochemical deposition of copper is possible
from an alkaline solution containing propylene glycol. It was shown that the adding of hydroxyethylidene diphosphonic
acid in the solution stabilises the electrolyte during operation and storage. The addition of morpholine provided deposition
of quality copper coatings on zinc and its alloys in a wide range of current densities.

Keywords: electrochemical deposition; electrolyte; copper coatings; zinc; zinc alloys; propylene glycol; hydroxy-
ethylidene diphosphonic acid.

BBenenune

DICKTPOXUMHUYECKOE OCAKICHNUE MEIHBIX MTOKPHITUH IITUPOKO UCIIONIB3YETCS B IPOU3BOJCTBE U3ACINIMA pa-
JTUOJIEKTPOHHUKH U OBITOBOM TEXHUKHU, PA3HOOOPA3HBIX OTPACISIX MPOMBINIICHHOCTH, TAKUX KaK aBTOMOOMIIe-
¥ CaMOJIETOCTpOCHHE. J|0CTOMHCTBAMH METHBIX TTOKPBITHH SBISIOTCS AP PEKTUBHOE CIIETIEHNE TPAKTUYECKN
CO BCEMH METaJlJIaMH, BBICOKHUE y/IeTIbHAas AIEKTPOIIPOBOITHOCTH U TETNIONPOBOAHOCTE. Me/b 4acToO NCIIOB3Y-
€TCSL ISl HAHECCHUS TPOMEXKYTOUHOTO MOJICTIOS O MOKPBITUS U3 HUKEIIS, XpoMa U T. 1. [ ocaxaeHuss Meau
0OBIYHO IPUMEHSFOTCSI KUCJIBIE AIIEKTPOIHTHI [ 1—4]. OHaKO HENMOCPEJICTBEHHOE OCAXK/ICHUE ME/IA M3 KHCITBIX
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PaCTBOPOB HAa TAKME AKTUBHBIC MCTAJIJIbl, KaK IIUHK, MPAKTUYCCKU HEBO3MOXKXHO, ITOCKOJIBKY OH UMECT OTpUlla-
TEJIBHBIN 3JCKTPOAHBIN MOTEHIKAN. B 9THX yCIOBUSIX HA TOBEPXHOCTH IIMHKA ITPOTEKACT IIPOLECC LIEMEHTALUN
MeJ/Ii ¢ 00pa30BaHUEM PHIXIIOTO HEKaY€CTBEHHOTO TIOKPBITHSI, UIMEIOIIETO TUIOXYIO a[Ire31i0 K OCHOBE. B cBsi3n
C 3THM OCaXX/ICHUE BEICTCS U3 IIEIOYHBIX AIEKTPOINUTOB, T/IE IPOIIECCHI IIEMEHTAIINN IPOTEKAIOT 3HAYUTEITHHO
MeJUICHHEE, 0COOCHHO B CIydae oOpa30BaHUs MPOYHBIX KOMIUICKCHBIX coequHeHuit menu [5—13]. Apyrumu
MPEUMYIIIECTBAMU IIEIOYHBIX IEKTPOIUTOB SBJISIFOTCS UX BBICOKASI PACCEHBAFOIAsl CIOCOOHOCTh U BO3MOXK-
HOCTb MOJYYEHUSI MENKOKPUCTAIUIMUECKOU CTpyKTypbl Meau [14]. Ceroans yaiie BCTPEUarOTCsl LIMAHUIHBIC
AMeKTPOIUTEI. OMHAKO ATH PAaCTBOPHI KpaifHe TOKCHIHBI. AKTYalbHOH 3a1adeii sBIsIeTCs MMOUCK HOBBIX 0€3-
MUAaHUIHBIX 3JICKTPOJIMTOB, ITO3BOJJIAIOIINX MTOJIYyYaTh KAYECTBCHHBIC MC/IHBIC ITOKPBITHSA C BBICOKOM a;[re31/1e171
K OCHOBHOMY METAJLTY.

Lenp HacTOAIIETO MCCITEAOBAHUS 3aKITIOUASTCS B Pa3paO0TKe HOBOTO OE3ITMAHHTHOTO AIIEKTPOIINTA OCAKIC-
HUS MEJM Ha IIMHK 1 €T0 CIUIaBbl, N3yYEeHUH MPOIECCa AIEKTPOXUMHYECKOTO OCAKICHUS MEH, YCTAaHOBICHHH
MHUKPOCTPYKTYPBI ITOJIy4aEMbIX MEJHBIX TOKPBITH.

Marepuajbl 1 MeTOIbI HCCJICOBAHNS

B kauecTBe MOANOKKH TSI HAHECSHHSI METHBIX IMOKPBITHH MCIOIB30BANIN HUHK, ctuiaB [[AM 4-1 (uuHK,
amromuaAA — 4 %, Menb — 1 %) u crmaB LIAM 4-3. [lepen ocaxaeHreM MOIOKKH 00e3KUPUBAIH CITUPTOM,
NPOMBIBAJIM JTUCTUILIMPOBAHHON BO/IOH, TpaBwid B 0,1 MONb/1 pacTBOpe cepHOi KUCIOTH B Tedenue 30 c,
CHOBA [TPOMBIBAJIN JUCTUILIMPOBAHHON BOIOM ¥ BeICyMBaiy. Mcrounnk nuranus b5-78/6 (OAO «MuHnckuit
HAyYHO-HMCCIIEIOBATEIhCKUH TPUOOPOCTPOUTEIBHBIA HHCTUTYT», benapych) MpuMeHsIH It TIOIa4H ITOCTO-
STHHOTO TOKa. [ITOTHOCTH TOKa BapbupoBaiau B nuama3one 0,2—2,0 A/aM’, B KauecTBe aHOOB MCIOIb30BAIH
AMEKTPOTUTHUECKYTO Meb (99,99 %). Hanocunu Menubie mOKphITUS TOMIUHON 10 MKkM. Brixoa Meau o Toky
ompeiessuin rpaBuMeTpudeckuM MeTonoM (Beckl Ohaus PA214C, CIIA) ¢ npumeHnenuem 3akoHa Dapajes
JUTSL QJIEKTPOIN3a. ANITe3UI0 MeIu K IIMHKY Win crutaBaM [IAM mpoBepsuin METO0M HaHECEHUs CETKH Ifa-
pamua (COCT 9.302-88). Anresusi cauTaiach XOpOIIeH, €CITM ITPU HAHECCHUH CETKH IapalliH OTCIanBaHUC
MOKPBITHS HE TTPOUCXOIMIIO.

B pabote ucnonp3oBaiy cuenyonme peakTHBBl MapKH «4. 1. a.»: CEPHYIO KUCIIOTY, CylbdaT Meau, TH-
POKCHJI HATpHs, TIIUIEPHH, dTUICHIIIUKOIb, TPONIICHTIIHKOIb, STUICHIUAMIH, dTHJICHIHaMAHTETpaaleTar
Hatpus (OATA), TpusTaHOTAMIH, TIUIIMH, JJAMOHHYIO KHCJIOTY, CYTb(aMUHOBYIO KHUCJIOTY, OKCUITHIIHICH-
mudochonoByto kuciory (OAD), mopdonuH. J{j1st MPUTOTOBIEHUS pACTBOPOB HCIIOIH30BAIH JUCTUILTHPO-
BaHHYIO Boay. VIHAMBHIyalbHBIE BEIIECTBA PACTBOPSUIA B OTAEIBHBIX MOPIMAX BOJBI, a 3aTE€M CMEIIUBAIN
TIOJTyYeHHBIE PACTBOPHI.

DIEKTPOXUMHUYIECKIE H3MEPEHUS ITPOBOIMIH B TPEXAIIEKTPOIHOH sSTUeiiKe, BKITIOUAOIIEH pabounii AIeKTpo,
TUTATUHOBBIN BCIIOMOTATENIbHBIHN AIEKTPO U XJIOpcepeOpsaHbIil 21eKTpo cpaBHeHH. B kaduectBe pabouero
MEKTPOIA UCIOJIB30BATN MeIHbII 3ekTpos. Il1omas moBepXHOCTH paboyuero 1eKTpoaa cocTapisna 1 ey’
[uknrdeckre nonspu3aluoOHHbIE KPUBBIE 3aIMCHIBAIIN B TOTEHIIMOCTATUIECKOM PEXKUME C IIOMOIIHIO TIOTEHITHO-
crata Autolab PGSTAT204 (Metrohm, Hunepmanmaer). CKOpoCTh pa3BepTKH IMOTEHITHAIA paBHsu1achk 50 MB/c.

MHUKpPOCTPYKTYpY HOKPBITUI M3ydYajaud METOJOM CKaHHUPYIOIIEH AIEKTPOHHON MUKPOCKOIIMH € MCIOIb30-
BanueM mukpockorna LEO-1420 (Carl Zeiss, l'epmanus).

®Da30BBIN COCTAB OMPEAEISIIH C TIOMOIIBI0 peHTreHOBCKoro nudpaktomerpa JJPOH-3.0 (U1 «bypeect-
HUK», Poccust). PeHTreHorpaMMBbI 3aIrChIBajIi CO CKOPOCThIO 1 rpaa/mMuH. CheMKy peHTTe€HOT paMM ITPOBOIMIIH
c ucnonb3oBanueM Cuk  -n3myuenus. JINHUY Ha peHTreHOrpaMMax HIESHTU(HUIINPOBAIM HA OCHOBAHUY IAaHHBIX
kaproreku JCPDS (Joint Committee on Powder Diffraction Standards).

Bce skcnieprMeHTHI TPOBOAMIIH MTPU KOMHATHOM Temnepatype (20 £ 2) °C.

Pe3yabTarsl M HX 00Cy:KIeHHE

B kauecTBe MpOTOTHIIA BEIOPAITH IEIIOYHOM 3JIEKTPOIIUT, MPEATI0KEHHBIH [T 0CaXKICHUSI MEIH aBTOPaMU
pabot [15-17]. B cocras pactBopa Bxoammu cyiabdar meau (0,1 monb/n), ruapokcn Hatpus (1,5 Mob/i),
rmmnepud (0,6 Moib/im). Beibop aToro snekrponuTa 00ycIoBIeH MPOCTOTON IPUTOTOBICHHS U SKOJIOTHUECKOI
0e301MacHOCThIO €T0 KOMITIOHEHTOB. PaccMoTpuM oOpazoBanne komruiekca meau(1l) ¢ rmunepunom (puc. 1).

CH,0H H
CH,OH
I CH—O._ , O—CH,
2CHOH + Cu(OH), —— | et |+ 2H0
CH—O ~SO0—CH
CH,OH
H HOCH,

Puc. 1. O6pa3zoBaHye KOMIIJIEKCAa MEAN C ITTMLEPUHOM
Fig. 1. Formation of a copper complex with glycerol
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[TockobKY TONBKO JIBE U3 TPEX THAPOKCOTPYIIT IIUIIEPHHA YIACTBYIOT B 00pa3oBanuu komruiekca Menu(1l),
MOYXHO MPEATOIOKHTE, YTO CBOHCTBA ATOT0 KOMILIIEKCa OYJIyT MMOX0KH Ha CBOHCTBA KOMILIEKCOB MEJTH C JBYX-
ATOMHBIMH CITUPTAMH — STHUIICHITIMKOJIEM WIIH MPOTHIeHIIInKoeM. [list uccneoBanust ObUT BEIOPAH MPOTHIICH-
[JIMKOJIb, KOTOPBIN IUPOKO MPUMEHSETCS! B IPOMBIIIUIEHHOCTH ¥ OBITOBOM XUMHHU. B omiinume oT mmiepruHa
MPOTNIJICHIITUKOJb 3HAYUTENHLHO OoJiee JeeBbId M JOCTYIHBIA PEaKTUB, a TI0 CPABHEHHIO C STHUIJICHIIINKO-
JIeM TIPOITMIICHTIIMKOJIb HETOKCHUEH. AHAJIN3 TIOKa3aJl, YTO TIIMKOJIeBbie KoMIuteKehl Mean(1) ycToiunBeI B MH-
tepBasie pH 814 u Hanbosee kauecTBEHHBIE MEIHBIE MOKPBITUS ocaxkaatoTcs npu pH 12—13. Yeranosneno,
YTO BCE TPH DIMKOJISI 00ECTIEUMBAIOT JJOCTATOUHO BBICOKHH (Oomee 80 %) BBIXOJ MEIH 1O TOKY B HIMPOKOM
muanasone (ot 0,2 10 2,0 A/IM’) HCTIOMb3yeMBIX TLIOTHOCTEH TOKOB.

OOHapy»XeHo, 4TO TPH JUTUTEILHOM (00J1ee 0JJHOTO MecsIIa) XpaHEHUH JIEKTPOIUTHI Ha OCHOBE TIIUIICPHHA,
MPOTHIICHIIIMKOIISL M ATUJICHTIIMKOIIS PAa3JIararoTcsi C BhIJICTICHHEM YePHOTO ocajka. MeToom peHTrenodazoBo-
r'0 aHaJli3a yCTAHOBJICHO, YTO YePHBINA 0caoK mpeacTariser coboit okcua meau(ll). C renpro crabuin3upo-
BaTh AJICKTPOJIUT HA OCHOBE MPOIMIICHIIMKOIS, KOTOPBI OBUT BHIOpaH Kak HanOoJee MepcreKTUBHbBIN, B HETO
noGapsiy BenecTsa (2 T Ha 1 J1), 00pa3yroline yCTOHYUBBIC KOMIUICKCHI C ME/IbIO. Pe3yiibTarhl 3KCIIepuMeHTa
Mpe/icTaBIeHbI B TAOIHUIIE.

Bpemsi Haua/1a BBINAEHUSI 0CA/IKA
U3 PacTBOpPa HA OCHOBE NPONUJIEHIVINKOJIS

Precipitation start time for propylene glycol based solution

Jlo6aeka Bpewmsi, mec.
Her 1
Jlumonnas kucnora [9] 2
Cynbhamunosas kuciora [10] 3
Imunmn [10] 4
Tpustanomamus [11] 4
Orunenanamut [10] 8
OATA [12] 9
ODJ1d [13] Oonee 12

Kak BuTHO U3 MpejicTaBICHHBIX JaHHBIX, HAN0OJIee IEPCIIeKTUBHOM no0aBkoii sBisiercs ODd, cradunu-
3upyromas pactBop Ooee roga. Okazanock, 4To 3Ta J00aBKa O3BOJISIET MPEIOTBPATHTD TACCUBAIMEO METHBIX
AHOJIOB, TIPOUCXOJISINYIO TIPU UCIIOIb30BAHUK 3HAYUTEIBHBIX (Oonee 1 A/ILMz) IUIOTHOCTEH TOKa. DTO IOJI-
TBEPKIAIOT JaHHBIC, TIOTYyUYEHHBIE MTPU UCCIEIOBAHUN aHOAHOTO MOBeAeHUs Menu B pacTtBopax ODID [18].
Jnist ynydiieHust KauecTBa MEIHBIX MOKpbITHi no6asinsuin mopdonud (0,2 T Ha 1 1) , peKOMEHAYyeMBblIid st
KCIIOJIH30BAHUS B IIEIOUYHBIX pACTBOPAX DICKTPOXUMUUYECKOTO OCAKACHUS MeaH [8]. YCTaHOBIEHO, YTO OHO-
POIHOCTH (OTCYTCTBUE MSTEH M PABHOMEPHOCTH 1[BETA) MOBEPXHOCTU MEIHBIX MOKPHITHH, TOTYy4YaeMbIX B TPH-
CyTcTBUU MOP(OIUHA, yIydlnaeTcs. BaxkHO, 4TO MeJIHbIC TOKPBITHS, OCAXIaeMbIe Ha IIMHK U CIuiaBbl [[AM,
HMMEIOT XOPOIIIYIO aJre3uI0 K OCHOBE, T. €. He OTCIIAUBAIOTCS IIPU HAHECEHUU CETKU LaparuH, a TAKKe yCTOU-
YUBHI IIPU JUTUTEILHOM XPaHEHUHU.

Takum 00pa3oM, MPEUIOKEH HOBBIN AIEKTPOIUT OCAKJICHUS KAaueCTBEHHBIX ME/IHBIX ITOKPBITUI Ha IIUHK
U €ro CIUIaBbl clexymomniero cocrasa: cyibdar menu (CuSO,) — 0,1 mons/i; ruapokcun Hatpust (NaOH) —
1,5; mponunenrukons (C;HO,) — 0,6; oxcuatununenaudocdonosas kucnora (C,H,O,P,) — 0,01; mopdo-
auH (C,HyNO) — 0,002 monb/m.

C 1enpo0 U3yYuTh MPOIECCHI AMEKTPOXUMUUIECKOTO OCAKICHUS MEIU U3 HOBOTO JIEKTPOJINTA MIPOBOIMIN
BOJIBT-aMIIEPHBIC UCCIIEAOBAHUS MOBEACHUS METHOTO SJICKTPOA B PACTBOPaX Pa3IUIHOIO COCTaBa. Pe3ynsraTsl
MIpeJICTaBIeHbI Ha puc. 2—5.

OcaxJieHue MeIu U3 pacTBopa cyiabdara Meu HaduHaeTcs npu noreniuane 155 MB. Karonusiii Tok Ha-
pacraeT 710 3HadeHns —15 MA/cM’ npu noternuaie —1000 MB (cm. puc. 2).

Bonpr-amnepHas kpuBasi HOJISIPU3ALUA METHOTO DJIEKTPO/IA B MICIOYHOM PACTBOPE Ha OCHOBE KOMILIEKCA
MeE/IM C TIPOIMUICHIIIMKOIEM UMeeT Ooliee CIIOKHYI0 Gopmy. OcaxkieHue MeId HaYMHACTCS NP MMOTCHIIUA-
ne —660 mB. Karonublit TOK TUIaBHO HapacTaeT, JOCTUTACT 3HAYCHUS —/ MA/cM® npu norennuane —1000 mB
(cwm. puc. 3).
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Puc. 2. Bonpr-aMnepHast KpHBask OJSIPU3ALIUI Puc. 3. BonbT-amnepHas KpuBasi MOJIIpU3ALHU
MEJIHOTO JICKTPOJIa B PACTBOPE, MOJIB/JI: MEJTHOTO 3JEKTPOJIa B PACTBOPE, MOJIB/I:
CuSO, - 0,1 CuSO, - 0,1; NaOH - 1,5; C;H,0, - 0,6
Fig. 2. Volt-ampere curve of polarisation Fig. 3. Volt-ampere curve of polarisation
of copper electrode in solution, mol/L: of copper electrode in solution, mol/L:
CuSO, - 0.1 CuSO, - 0.1; NaOH - 1.5; C;H,0, - 0.6

JlaHHbBIe, IpeicTaBICHHBIE HAa PUC. 2 U 3, MTOKA3bIBAIOT, YTO OCAXKISHUE MEIU U3 MIETOYHOI0 PacTBOpa Ha
OCHOBE MTPONHIICHTIINKOJISI COMTPOBOXK/IAETCS 3HAYUTEIFHBIM ITPOIECCOM MOJSAPU3AINH (CMEIICHUEM MTOTEHITHA-
Jla Havasla BOCCTAHOBJICHHSI MEIH B OTPUIATEIIbHYIO 00JIACTh 3HAYEHUH C OJTHOBPEMEHHBIM YMEHBIIICHUEM
MOTYJISI KATOTHOM TTOTHOCTH TOKa). Cle1oBaTebHO, IPOIIECC OCAKISHHUS ME/IN 3aTPYIHSACTCS, YTO TPHUBOIUAT
K (hopMHpOBaHUIO OOJIe€ MIIOTHOTO MEIKOKPHCTAIUTMYECKOTO TTOKPBITHSL.

W3 puc. 4 BUAHO, 9TO BONBT-aMIIEpHAsT KPUBAs IMOJISIPU3AIMU METHOTO 3JIEKTPO/Ia B IIEJIOYHOM PAcTBOPE Ha
OCHOBE MPOIUJICHIIINKOS, copepxkamem OD/1D, Takke nmeeT cioxkHyo dhopmy. [Iporiecc BoccTaHOBIEHUS
MeJ/IM M3 PacTBOpa HAYMHAET MPOTEKaTh MPH MOTeHIHaNax orpunarenbaee —930 MB. Ha kpuBoit HabmronaeTcs
XapaKTePHBIH KaToHBIN MUK B o0nacTu moteHnuanos —1 100 mB. [1pu norennmanax orpunarensaee —1500 MmB
HAYMHACT BBIJCIATHCS Bomopo. CpaBHEHHE TaHHBIX, TIPE/ICTABICHHBIX HA PUC. 3 U 4, TIOKA3aJ10, YTO BBE/ICHUE
B pactBop ODJI® compoBokaaeTcs emre Oonbplei monsipusamnueld BoccTaHoBIeHUs Meau. CieoBarenbHo,
OCaXJIEHUE MEIU 3aTPYIHSIETCS, YTO CIIOCOOCTBYET IOIYYCHHUIO 0OJIee MIIOTHOTO MOKPHITHSL.

Ha puc. 5 npuBenena BonbT-aMIepHas KpUBas MOISIPU3ANNAN METHOTO AJIEKTPO/a B IIEIOYHOM PacTBOpE
Ha OCHOBE NPONMWICHIHKOIS, coaepskamieM O3J1® u mopdonun.
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Puc. 4. Bonbr-amnepHast KpuBast MoJisipu3aluu Puc 5. BonbT-amnepHas KpuBast oJisipu3aliu
MEJIHOTO 3JIEKTPO/Ia B PACTBOPE, MOJIb/JI: MEJIHOT'0 3JIEKTPO/Ia B PacTBOPE, MOJIB/II:
CuSO, - 0,1; NaOH - 1,5; C;H,0, - 0,6; CuSO, - 0,1; NaOH - 1,5; C;H,0, - 0,6;
C,H,O,P,—-0,01 C,H,0,P,-0,01; C,H,NO — 0,002
Fig. 4. Volt-ampere curve of polarisation Fig. 5. Volt-ampere curve of polarisation
of copper electrode in solution, mol/L: of copper electrode in solution, mol/L:
CuSO, - 0.1; NaOH - 1.5; C;H,0, — 0.6; CuSO, - 0.1; NaOH — 1.5; C;H,0, - 0.6;
C,H;O,P,-0.01 C,H,0,P,-0.01; C,H,NO — 0.002
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CpaBHeHI/Ie JaHHBIX, MPCACTAaBJICHHBIX Ha PUC. 4n 5, TIO3BOJIACT 3aKJIIIOYUTHh, YTO BBCACHUC MOp(i)OHI/IHa
B PacTBOp IMPAKTUUECKH HE BIMSICT Ha JOPMY BOJIBT-aMIIepHON 3aBUCUMOCTH. ClieioBaTebHo, 3Ta JoOaBKa
HE OKa3bIBACT CYNIECTBCHHOTO BIMSHUS Ha MPOIECC OCAKICHHUS METH.

CHUMKY MMOBEPXHOCTH MEJTHOTO MOKPBITHS, 0CAXICHHOTO U3 MIEJTOYHOTO PACTBOPA HA OCHOBE TPOIUIICH-
muKoJIs, comepikamiero O3], mpencTaBiaeHs! Ha puc. 6.

Puc. 6. MEKpOCTPYKTypa MOBEPXHOCTH MEJIH, OCAXKICHHOW U3 IIEIOYHOTO PACTBOPa
Ha OCHOBE IMPONIJICHTIINKOIIA, conepxkariero O3 d
Fig. 6. Microstructure of the surface of copper deposited

from an alkaline solution based on propylene glycol
with hydroxyethylidene diphosphonic acid

Puc. 7. MuUKpOCTpyKTypa MOBEPXHOCTH MEJIU, OCAKIEHHOHN U3 IIEJIOUHOT0 pacTBOpa
Ha OCHOBE IPOIMICHIIINKOIIS, coepxkainero Od u mopdonunn

Fig. 7. Microstructure of the surface of copper deposited
from an alkaline solution based on propylene glycol
with hydroxyethylidene diphosphonic acid and morpholine

U3 puc. 6 BunHO, 4T0 MOP(OIIOTHs TOBEPXHOCTH TOCTATOYHO HEOAHOPOAHA, YACTULBI UMEIOT HEIPaBUIIb-
Hy10 (hopMy, HEKOTOpbIe M3 HUX 00pa3ytoT aromeparsl. [loBepXHOCT (POPMHUPYIOT KaK MENIKHE, TaK U KPYITHBIE
gactunpl. CperHui pazmep HanOojee 4acTO MOBTOPSIIOIINXCS 3€peH cocTaBisieT 2—3 MKM. [IpucyTcTByIOT
Oonbiroe konmudecTBo mop pazmepoM ot 0,1 1o 0,4 MKM.

BBenenne B pacTBop MOpQosnHa CyIIECTBEHHO CKa3bIBAETCS Ha MOPQOIOTuu noBepxHocTu menu. Kak
BUJHO U3 PUC. 7, IOBEPXHOCTb CTAHOBUTCS OQHOPOJHEE, a OTAEJbHbIE YAaCTHUIIBI UMEIOT 0ojiee OKPYIIYIO
¢dopmy. Cpeanuii pasmep 3epeH ymensaetcs u cocraniseT 0,5—1,5 mxm. KonmnuecTBo mop cokpamiaercsi, 4To
CBHUJICTENILCTBYET O MOIy4YECHUH 00Jee TIIOTHOYAaKOBAHHOTO METHOTO TIOKPBITHSL.

3aKj0ueHue

yCTaHOBJ'ICHO, YTO U3 HICJTIOYHOTO IJICKTPOJJIUTA, COACPIKAIICTO NPOMUIICHITIUKOJIb, BO3MOKHO OCAXKICHUC
MEIHU Ha IWHK U €10 CIIJIaBbI. HonyqaeMbIe IMOKPBITHUA UMCIOT BBICOKYIO aAI€3UI0 K OCHOBEC, HC OTCJIaUBAOTCA
IIPpU HAHCCCHUM CCTKU LapalrivH, YCTOI\/'I"II/IBBI npu JJIUTCIbHOM XPaHCHUU. O}_'[HEIKO IICI0YHOM pacTBOp HA OC-
HOBC MMPOMUJICHITIUKOJIA HCyCTOI\/'I‘lI/IB Ipyu JJIMTSIIbHOM XpaHCHUU. KpOMe TOTO, ITPU SKCIUTyaTallu MPOUCXOAUT
naccuBanysa MCIAHBIX aHOAOB, YTO MPCIATCTBYCT CTaOMIILHOM pa60Te SJICKTPOJIUTA.
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[TokasaHo, 4TO BBE/ICHUE B PACTBOP OKCUATHINACHIU(POCHOHOBOM KHCIIOThI B KOJMYECTBE 2 T/J1 CTa0UIIH-
3UPYET IACKTPOIUT IIPHU XPAHECHUH U MPLEIIATCTBYET MACCUBAIIMN MEIHBIX aHOJIOB TIPH IKCILTyaTaIlUH.

Hatineno, uto BBe/icHHE B pacTBOP 00aBku MopdosuHa B KonmuuecTBe 0,2 /1 TO3BOJISET 0CaXKAaTh CBET-
JbIe, TUIOTHOYTIAaKOBAHHBIC, OMHOPOIHBIC MEIHBIC TTOKPBITUS IIPH TUIOTHOCTH Toka oT 0,2 mo 2,0 A/}Z[MZ, npu
9TOM BBIXOJ MEIU TI0 TOKY cocTaBisieT 6onee 80 %.
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[pemioxxeHbl HOBBIE TEPMOCTOMKHE TEIIOM30JIUPYIOLINE KOMIIO3UIMOHHbBIC MaTepualibl Ha OCHOBE TBEPIbIX Mar-
Huii-pochaTHEIX U KanbIuii-PpochaTHBIX CBA3YIONINX, 30JbHBIX U CTEKITHHBIX MOJBIX MUKpocdep. M3ydeHsr TepMude-
ckue 1 (ha3oBble NPEBPALICHHUS, ONPENIENICHBl IPOYHOCTHBIE XapaKTePHUCTUKU HCXOIHBIX KOMIO3UTOB M MPOAYKTOB HX
TepMooOpabotku npu temneparype go 1000 °C. [Tokazano, 4to nonyueHHbie GocharHble KOMIIO3UTHI SIBISIOTCS TEp-
MHYECKH CTaGMIBbHBIME B HHTepBane Temmeparyp 20—1000 °C, umeror miotHocTh 0,4—0,6 T/cM’, TEMIONPOBOTHOCTh
0,11-0,19 Br/(m - K), a Taroke 001a1at0T JOCTaTOYHO BEICOKUMHU IIPOYHOCTHBIMU CBOMcTBamu (G, = 1,4-3,2 MIla).
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Bnazooaprnocms. Pabota BeIMoNHEHA TpH (PUHAHCOBOI Moanepkke MuHmCcTepcTBa 00pasoBanus Pecryommku benapych
(3amanue 2.1.07.02 rocynapCTBEHHON MPOrpaMMbl HayYHbIX MCCIEOBAHUH « XUMUYECKUE MPOLIECChI, pEareHThl U TEXHOJO-
'K, OUOPETYIISITOPBI U OMOOPTXUMHES»). ABTOPBI BBIPAXKAIOT OJIAr0IapHOCTD 3aBENYIOLIEMY JIabopaTopueil paanaoHHO-
KOHBEKTUBHOTO TersiooOMeHa MHCTUTyTa Terno- 1 MaccooOmeHa nmenn A. B. JIsikoBa HAH benapycu nokropy ¢usnko-mare-
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THERMOSTABLE HEAT-INSULATING COMPOSITE MATERIALS BASED
ON HOLLOW MICROSPHERES AND SOLID PHOSPHATE BINDERS:
DEVELOPMENT AND RESEARCH
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Thermostable heat-insulating composite materials based on solid magnesium phosphate and calcium phosphate bin-
ders, fly-ash and glass hollow microspheres have been developed and proposed. Thermal and phase transformations have
been studied as well as strength characteristics of the initial composites and products of their thermal treatment up to
1000 °C have been determined. It is shown that the prepared phosphate composites are thermally stable in the temperature
range of 20—1000 °C, have a density 0.4—0.6 g/cm’®, thermal conductivity 0.11-0.19 W/(m - K) and show sufficiently high
strength properties (compressive strength 1.4-3.2 MPa).

Keywords: thermostable composites; heat-insulating materials; solid phosphate binders; magnesium phosphate bin-
der; calcium phosphate binder; hollow ash microspheres; hollow glass microspheres.

Acknowledgements. The research was supported by the Ministry of Education of the Republic of Belarus (assignment
2.1.07.02 of the state program of scientific research «Chemical processes, reagents and technologies, bioregulators and
bioorgchemistry»). The authors are grateful to doctor of science (physics and mathematics) P. S. Grinchuk, head of the
laboratory of radiation-convection heat transfer of A. V. Luikov Heat and Mass Transfer Institute of the National Academy
of Sciences of Belarus, for help in research on measuring the thermal conductivity of prepared materials.

BBenenue

CHmKeHHe YHepronoTpeOIeHus SIBISAETCS BAXKHOW 3a1a4eid, pelIeHrue KOTOPOi Mpe/roaaraet pa3paboTky Ho-
BBIX TETUION30JIUPYIONINX MAaTePHaJIOB U yCOBEPIICHCTBOBAHNE TEXHOIOTHH U METOJIOB X monrydeHns. K remo-
M30JIUPYIOIINM MaTepuasam, Kak U K APYTUM CTPOUTENbHO-KOHCTPYKIIMOHHBIM MaTrepHaiiam, MpeabsBIsSIOTCS
0cobble TpeGoBaHUs MO (HU3MUECKOH, XMMHUECKOH, GHOTOrMYecKo i moxkapHoit 6e3onacHoctu’ [1]. Onuumu
u3 Hanbollee MePCIeKTHBHBIX MaTEPHANIOB SBISFOTCS HEOPTaHWYECKHUE KOMITO3HUTHI, TaK KaK OHH HETOKCHY-
HbIE, HETOPIOYHe, TEPMOCTONKHE, XUMIUYECKH YCTOHYNBEIE, MEXaHNYIECKHU ITPOodHbIe. OOBIYHO HEOPTaHUIECKHE
TEPMOCTONKHE TETIOM30IUPYIOLIHE KOMIIO3UTHI COCTOAT U3 MATPUILIBI U TETIOM30JIUPYIOLIETO HATOTHUTES.
B xauecTBe MaTpuI] MOTYT OBITh HCIIOJIB30BaHbI CUITMKATHBIC [2; 3], pocdarHbie [4—6], ieMeHTHbIe [ 7] ¥ TuHH-
cThle KoMITo3uIwH [8]. s momydeHust TEpMOCTOMKUX TETTION30JIMPYIOIIUX MarepraioB (hocarHas MaTpuia
ABIISIETCS HanOoJee MOAXOAAIIeH. B kauecTBe TeION30IUpyOINX HATOIHUTENEH TPUMEHSIOT MOJIbIe MUKPO-
coepsl (IIMC) [2—11], BcryueHHBIH BepMUKYIHT [ 12], BCIy4eHHBIH MEpIInT, Tpere, kKepaM3uT u ap. [13].

J171s1 U3roTOBIICHHSI TEPMOCTOMKHUX KOMIO3UIIMOHHBIX MaTepranoB (KM) TpaguinoHHO HCTIONB3YIOT KHUIKUE
(hochaTHbIe BOKYIIUE CUCTEMBI, Cpe KOTOPBIX Hanboliee 4acTo MPUMEHSIOT allfoMO(OCc(aTHbIE CBI3YOIINE
u Maranii-pocdarasie casyronme (MDC) [14-21]. OmHako IPH ATOM HMPUXOTUTCS CTAKUBATHCS C IICITBIM
psAaoM mpobIeM: )KUIKKE CBA3YIOIINE, KaK MPaBUiI0, HEYCTONYMBBI IPU XPAHEHUH, CO BpEMEHEM B HUX TIPO-
HCXOJAT MPOLIECCHl KPUCTAIUIU3AMH, IPUBOAIINE K YCIOKHEHUIO TEXHOJIOTHYECKUX ONepaluil, CBI3aHHbBIX
C UX MOCJEIYIONUM UcTob30BaHueM [9; 22; 23]. [IpumeHeHne TBepAbIX CB3yoNnmX, Takux kak MOC u kanb-
uuit-pocdarnoe cpszyromee (KOC), mo3posseT UCmoabp30BaTh Ha IPAKTHKE 00JIee COBEPIICHHYIO TEXHOIOTHIO
CYXHX CTPOUTENBHBIX cMeceid. Tounoe cobmonenne TpeOoBaHMi, KaCaOIINXCsl TOATOTOBKH HCXOAHOTO CHIPbS,
€ro JO3UPOBaHUS U TepEMENINBaHUs, 00ECIIeYNBAET NOJTYUYSHHE CYXHUX CMECeil U BRICOKOKa4eCTBEHHOU KO-
HEYHOW MPOTYKIINU HA UX OCHOBE [23-25].

'TP 2009/013/BY. 311aHus 1 COOPYKEHHs, CTPOUTETbHbIE MaTepHalbl 1 n3ienus. besomacHocts. Texuuueckuii pernament Pecry-
6mmku benapycs. Been. 1 aBr. 2010. Munck : ['occranmapt, 2015. 28 c.
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K nepcrneKTHUBHBIM HAMOMHUTENIAM 11 TEPMOCTOMKUX TEIIOU30IUPYIOUIUX MaTEPHaIOB OTHOCSTCS He-
opraanyeckre [IMC, KoTopble MPenCTaBISIFOT CO00M MEKOAMCIIEPCHBIE CHITYYHe TIOPOIIKH, COCTOSIINE U3
TOHKOCTEHHBIX Ta30HAMOJHEHHBIX 000JI0YEK AUAMETPOM B HECKOJBKO JECSITKOB MHUKPOMETPOB, PEKE COTCH
MUKpoMeTpoB. [Tosbie Mukpocgepsl 001a1at0T TAKMMH LIEHHBIMHU CBOMCTBAMH, KaK Majias IJIOTHOCTh, BBICOKAs
MIPOYHOCTH B YCJIOBUSAX OOBEMHOTO CXKATHSI, XOPOIasl TeIIOM30IUPYIOIIasi CliocOOHOCTh [26—28]. OcoObIi
HUHTEpeC BbI3bIBAIOT T€ BUJIbI [IMC, KOTOpbIe MOKHO IPUMEHUTH JIJI TTOJIyUYE€HUS] TEPMOCTOMKUX TETIONU30-
JUPYIOIINX MaTepHaIOB ¢ pabounmu temreparypamu Boie 1000 °C u co3manus Ha UX OCHOBE OTHE3AIHT-
HBIX MarepuasoB. [[ist aToil nenu nenomnb3yroTest Hekotopble BUbI cTekasHHbIX [IMC (CIIMC) [10; 11; 28],
sonbHbIe [IMC (3IIMC) [3; 5-8] u kopyHossie [IMC [4; 6; 29].

B npouecce npurotoBieHus TEMIOU30IUPYOMNX KOMIIO3ULIUN ITyTEM TPaJULUUOHHOIO NEPEMEINBaHUS
KHUJIKAX CBA3YIONINX C APYTUMH KOMIIOHEHTaMHU-HATIOJHUTEISIME, 00JIalaloMMK a0pa3uBHBIMI CBOHCTBaMHU
(KOpyHJI, IaMOT, OTXO/IbI POMBIIIUIEHHOTO TPOU3BOICTBA U TIP.), TPOUCXOIUT YaCTUYHOE Pa3pyLICHUE CaMHX
[IMC. M3BecTeH criocod MOKPOTo HITH MOYCYyXOTO ITPECCOBAHMUS MACChI, BKIFOUAIOIINH 3aMEITMBAHUE MUKPO-
cdep ¢ BOAHBIM PACTBOPOM CBS3KH U IPUBOAAIINN K X pa3pyIIeHHUIO, 9TO yMeHbIaeT Y3 PeKTHBHOCTH TpUMEHe-
HUSI MUKpOCdep JUTs IOTyUYeHUs TeIon3oupyonmx Marepuaios [30]. UToObl MUHIMHU3UPOBATh TIOBPEIKACHHS
[IMC, aBTopbI HacTOsIIEH PAOOTHI IPEIATAIOT METOANKY PUTOTOBIICHHUS TBEPABIX CMECE IyTeM MepeMelIt-
BaHUs1 KOMIIOHEHTOB B BO3YLIHO-B3BELLIEHHOM COCTOSIHUU.

B nacTosmieli cratee pa3pabaThIBalOTCS M UCCIEAYIOTCS TEPMOCTOMKHe Teruton3onupytomme KM Ha oc-
HoBe TBepabIX MDC u KOC ¢ ncronp3oBaHueM 300bHBIX U cTeKITHHBIX [IMC B kagecTBe (GYHKITHOHAITBHOTO
HaTOJIHUTETIS.

MarepuaJjbl 1 MeTObI HCCJIETOBAHMS

B pabore ucnonp3oBanu cienymoume peakTuBbl: kopyH[ (0-AlOs; anexkrpoxopysn, ¢ppaxuus F1000,
ooy = 210 MrM) (AO «PYCAJI BokcuToropekuii munozem», Poccus); nutpua amomunus (AIN) Grade A
aerms = 0,01-0,10 Mxm) (OOO «Ilnasma, kepamuKa, TEXHOJIOTHsY, JIaTBusA); TeTparuapar auruapodocpara
maruus (Mg(H,PO,), - 4H,0) mapku «x. 4.» (AO «baza Ne 1 xumpeaxktuBoB», Poccust); MoHOTMApar n1uru-
apodocdara xkaneuus (Ca(H,PO,), - H,O) mapku «u. a. a.» (Sigma Aldrich, Vicnanus); 30/1bHbIE aIlOMOCH-
mukataele [IMC mapku SG (OOO «Omera Munepansy, Ykpanna); crexistaasie [IMC Vioterm mapku V-01
(00O CII «Bepuuue aexop», Poccus).

O6pasuel TepmocToiikux KM na ocHoBe TBepapix M®C u KOC u neoprannueckux [IMC (puc. 1) uzroros-
JICHBI ITyTeM TILATEJIbHOTO EPETUPAHNS B CTYIIKE OCHOBHOTO HAIIOJHUTEIS U CBA3YIOLIETO B CyXOM BUjIE (OCHOB-
HOM HaNoJHUTENb NOMy4ald CMEINBaHuEM NOPOIIKoB O-Al,O, 1 AIN, B34ThIX B MACCOBOM COOTHOIIEHHH 9 : 1
[22; 23]). B nonmyuennyto onHopoaHyto cMech BHocuM [IMC u epeMeniBany Bce KOMIOHEHTBI B BO3YIITHO-
B3BEIIICHHOM COCTOSIHMH. 3aTeM ITPpY OMOILN a3PO30JIbHOTO PACTIBIIUTENSI T00ABIISIIN BOAY H ITPOJOIIKAIHN IIepe-
MEIIMBaHNE KOMIIOHEHTOB. [locie 3Toro KOMIo3uIHOHHYIO CMECh IPECCOBAIN B (hOpME HMITMHAPOB JUAMETPOM
30 MM u BBICOTOH 9—10 MM i B hopme Termmon3ommpyomux mwimT pazmepom 100 X 100 X 15 mm. YaensHoe
naBiieHne npeccoBanus coctasisuio 1,1 Mlla. ITocine oTBepskaeHus MOMTyYeHHBIX MaTePHAJIOB Ha BO3IyXE B TeUe-
HUe cyToK npu Temneparype (20 £ 2) °C u oTHOcuTeNbHOU BakHOCTH 65—80 % pOBOAMIN UX TEPMOOOPAOOTKY
B Bo3nymHoM arMocdepe B meun SNOL (Umega, Jlutsa) npu temneparype 10 200 °C (ckopocTh HarpeBaHus
1 °C/mun), B Temneparypubix naTepBanax 200—300 °C (ckopocts HarpeBanus 2 °C/mun) 1 300—600 °C (cko-
pocTth HarpeBanus 3 °C/muH) u ipu Temmneparype cBeie 600 °C (ckopocTh HarpeBanus 5 °C/MuH).

a/a o/b

Puc. 1. Muxpodotorpadus 301bHBIX (a) ¥ cTeksHHBIX (0) [IMC,
HCTIONB30BAHHBIX IS OJyYEHHST TEPMOCTOHKIX (POCHATHBIX KOMIIO3UTOB

Fig. 1. SEM images of fly-ash (@) and glass (b) hollow microspheres
used for the preparation of phosphate composites
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Jna Be1Oopa ontuManbsHoOro coctaBa KM, conepskarero IIMC, mpoBoauin TepMooOpabOTKy MOTydeHHBIX
dhochararix kommo3uToB npu 200 °C (ckopocTs HarpeBanus 1 °C/MUH) ¢ MOCIEAYIONTNM U3MEpPEHUEM HUX
IUIOTHOCTHU ¥ TPOYHOCTHBIX XapaKTEPUCTHUK.

Duzuko-xumudeckoe uceaeropanue KIM. O0pasiis! U1 TEPMUYECKOTO aHaIM3a ObLUTH OTBEPIKACHBI IPH
KOMHATHOHM TeMIlepaType M pacTepThl 0 MOPOIIKO0Opa3HOro cocTosiHus. VccnenoBanrs BBIMONHSIN C HC-
ronp3oBanneM Tepmoananm3aTopa Netzsch STA 449C (I'epmanwmsi) mpu HarpeBaHUW KOMITO3UTOB OT 20 10
1000 °C B BozaymHO# atMocdepe co ckopoctbio 10 °C/mun. HaBecka o6pasna cocrasisiia oT 5 10 10 mMr

HcnblTanys Ha IPOYHOCTD NIPU CXKATHUH (G, ) TEPMOCTOMKUX (OchHaTHBIX KOMIO3UTOB IPOBOIMIN HA YHH-
BepcasibHOM ucnbiTatenbHoi Mammae MTS Criterion 43 (MTS Systems Corporation, CIIIA) co ckOpoCTbIO
TpaBepChl 5 MM/MHH.

PentrenorpamMmMel 00pa3noB 3anuceIBajId Ha peHTreHoBckoM angpaxkromerpe JPOH-3.0 (UL «bypesect-
HUK», Poccnst) ¢ ucnonb3oBanneM CoK -m3myuenus (A= 1,7889 A) B MHTEpBae yrioB 20, paBaom 5—80°, co
CKOPOCTBIO pa3BepTKH 1° B MuHyTy. [IpeaBapuTenbHO 00pasibl I peHTIeHO(a30BOTO aHAIN3a 00padaThIBATH
IpY ONpPEAETICHHBIX TeMIeparypax. MaeHTndukanno KpucTauiniyeckux (a3 KOMIIO3UTOB IPOBOJIMIIN B ITPO-
rpamme PCPDFWIN.

MukpocTpyKTypbl hocaTHBIX KOMIO3UTOB H3y4Yalld Ha CKAHHPYIOLIEM IEKTPOHHOM MUKpockone (COM)
LEO-1420 (Carl Zeiss, I'epmanns) npu yBenmdaerand B 20—50 ThIC. pa3 TOBEPXHOCTH B OOKOBOTO CKOJIa 00Pa3IioB.

Omnpenenenue TEMIONPOBOJHOCTH U TEPMUUECKOTO COIPOTUBIICHHSI TETNION30JUPYIOLINX IIUT HA OCHOBE
¢docharubix komnozutoB U [IMC npoBonunu npu temneparype (20 = 1) °C 1 OTHOCHTENBHON BIaXHOCTH
Bo3ayxa (40 * 2) %, ucnonb3ys n3meputens remonposogHoctd UTII-MI'4 «100» (CKb «Crpoitnpubopy,
Poccus) mpu crarmmonapuom pexume o I'OCT 7076.

Pe3yabTarsl M NX 00Cy:K1eHHE

Pe3ynbraThl 3J1IeKTPOHHO-MHUKPOCKOITMYECKUX HccienoBanui ¢ochatHbix kommno3utos ¢ [IMC (puc. 2)
TTOKa3ajy, YTO TMPUMEHEHHUE MPETIOKSHHON HaMH METOANKH (BO3AYITHO-B3BemeHHoro cmemmBanns [IMC
C IPyTUMH KOMIIOHEHTaMH) JUIS IPUTOTOBIICHHUS TETION30IUPYIOIINX KOMIIO3UIINH MTPAKTUIECKU HE TIPUBOTUT
K pa3pylICHUI0 MUKpPOCHEp, O YeM CBUICTEILCTBYIOT H300PaKEHHS KaK MIOBEPXHOCTH, TaK M OOKOBOTO CKOJIA
MOJIyYEHHBIX KOMITO3UTOB Ha OCHOBE TBEpIbIX (PocdarHbix cBssyronux. Ha Mukpodororpadguu BUAHO, YTO
MHUKpOC(EpPHI B COCTAaBE KOMITO3UTA OCTAIOTCS TIPEUMYIIIECTBEHHO B HEPA3PYIIICHHOM COCTOSTHAH, YTO OTIpe/ie-
nsiet 3 peKTHBHOCTh MPUMEHEHHOW METOAMKH JIJISl TOTYYESHUS TEIUIOM30IHPYomuX GpochaTHRIX KOMITO3UTOB.

6/b

Puc. 2. COM-u300paxkeHne MOBEpXHOCTH (@) 1 OOKOBOIo cKoJa (6) KOMIIO3HTa,
noTy4eHHoro Ha ocHoBe TBeproro MAOC c 3ompHEIME () U cTekisHHBIME (6) [IMC

Fig. 2. SEM images of the surface (a) and side split (b) of the prepared composite based on
solid magnesium phosphate binder with fly-ash (@) and glass (b) hollow microspheres

TepmocToiikne KM Ha ocHoBe TBepabIx (pochaTHbIx cBazyomux u 30abHbIX IIMC. Ha ocHoBe TBep-
161X MOC u KOC u 301pHb1x [IMC pa3pabotansl 1 nccieoBaHbl cocTaBsl TepMocToiikux KM. OnTuManbHbie
COOTHOILICHHSI KOMIIOHEHTOB TEPMOCTOWKHX KOMITIO3UTOB OAOOPaHbI IMyTeM M3y4eHHs 3aBUCUMOCTEN Mpoy-
HOCTH Ha C)KaTHE M IUIOTHOCTH 00pa3uoB TepMocToiikux KM oT mpuponbl TBEpAbIX CBS3YIOIIMX (MarHuii-
U Kanbliuii-(hochaTHpIX), OT copepkanus 30ibHbIX [IMC u BozbI.
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st momyuenus repmoctoiikux KM Ha ocHoBe 3016HBIX [IMC cofiepkanne TBEpABIX CBA3YIONINX BAPHUPO-
Banu B uHTepBajne 10—40 mac. %, 107151 OCHOBHOTO HAMTOJIHUTES B 00pasmax cocrapisina 5, 10, 15 u 20 mac. %.
DKCIEpUMEHTAIBHO YCTAaHOBJICHO, YTO ONTUMAIILHOE COJICpKaHUe BOJBI B JAHHBIX KOMIIO3UTaX COCTABIISIET
15-20 mac. % (H,O Oepetrcs cBepx Macchl CyXUX KOMIIOHEHTOB). McIlo/Ib30BaHME MEHBIIEIO KOJIMYECTBA
BOJIbI HE MO3BOJISET IOJIyYaTh 00pa3Ibl ¢ JIOCTATOYHOM MPOYHOCTHIO, B TO BPeMs KakK MPU BBEICHUH BOJIBI
B KosinyecTBe Oonee 20 Mac. % KOMITO3HUIIMSI CTAHOBUTCS IJIACTHYHOM, YTO 3aTpyHsIET (hOpMOBaHUE 00pa3lioB
OIMCAHHBIM B METOJIUKE CIIOCOOOM.

Kak mokasanu pe3ynpTarhl HCCIeIOBAaHHUS TPOYHOCTHBIX CBOUCTB (puc. 3, a; puc. 4, a), moTyuyeHHbIE Mar-
HUI- 1 Kanbiuit-pocdarapie Tepmocroiikne KM o0nanaroT BRICOKMME 3HAYEHUSIMU ITPOYHOCTH Ha C)KATHE, Xa-
PaKTEPHBIMH JIJTSI TETIIOU30JIMPYIONIMX MaTePHUAIOB. YCTAaHOBJICHO, YTO B M3y4aeMbIX CHCTEMAaX ONTHMAaIbHOE
cozeprkanue TBeproro ¢pocdaraoro cszyromiero cocrasiusier 20 Mac. %, ocHOBHOTO HaronHuTes — 20 mac. %,
301pHBIX [IMC — 60 mac. % (Ha puc. 3 1 4 u mganee Mo TeKCTy ONTUMATbHBIE COCTABhI BHIICICHEI B PAMKY).
YBenuueHune coaepKaHus CBA3YIOIIEro 1 OCHOBHOTO HATIOJIHUTENS IPUBOANT K 3HAYUTEIHLHOMY BO3PACTaHUIO
TJIOTHOCTH KOMITO3UTOB (pHC. 3, 6; puc. 4, 0), 4TO OTPHUIIATEIHHO BIMSIET Ha UX TETUIOM30JIMPYIOIIHE CBOICTBA.
CrenyeT OTMETUTh, YTO KOMITO3UTHI Ha 0cHOBE TBeporo M®C npeBoCXOsT MO MPOYHOCTH KOMITO3UTHI Ha
ocHoBe TBepaoro KOC. Tak, npounocts Ha cxarne KM Ha ocHoBe MDC cocrasinser 3,2-5,8 Mlla, a npou-
HOCTB Ha ckarue komrno3uToB Ha ocHoBe KOC ne mpesbimaer 1,8-2,5 Mlla.
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Puc. 3. 3aBuCHMOCTB IPOYHOCTH (@) ¥ TWIOTHOCTH (6) KOMIO3HUTOB ¢ 30ibHbIME [IMC oT coneprkanus
TBeproro MOC u ocHoBHOTrO HanonHuTens: / — 5 mac. %; 2 — 10 mac. %; 3 — 15 mac. %; 4 — 20 mac. %

Fig. 3. Dependence of compressive strength (@) and density (b) of the composites containing fly-ash
hollow microspheres on the content of solid magnesium phosphate binder and main filler:
1-5wt. %; 2—10wt. %; 3— 15 wt. %; 4 —20 wt. %

Tepmuueckue npeppaiieaus GpochaTHOro KoMo3uta Ha ocHoBe TBepaoro M®C u 3ompHbIX [IMC onu-
CBIBAIOTCS TEPMOTPaMMOH, TIPUBEACHHON Ha pHUC. 5. AHAJIN3 TOJIYUYEHHBIX PE3yIbTaTOB MOKA3bIBAET, UTO MPHU
HarpeBanuu kommno3suta 10 200 °C nabmromaeTcs 3H103(B(EKT, CBA3aHHBIN C yIaJICHUEM aJIcOPOUPOBAHHON
Y KpHCTa/UIM3allMOHHON Bojibl. B Temneparypaom untepsaie 200—1000 °C dpukcupyercs TonbKo 3k303¢h(eKT
¢ MakcuMyMoM 11pu ~650 °C, oOycnosiennsiil kpucrammusanueit AIPO, [23]. Ha TepmorpaBuMeTpudeckoit
KPUBOW B 9TOM MHTEpBaJe TeMIIEpaTyp HaOIromaeTcs miaBHOE YMEHBIICHHE Macchl 00pasiia, 00yCciIoBIeH-
HOE yJaJIeHUEeM BOJIbI, 00pa30BaBIIeHCs KaK B pe3yNbTare MOJMKOHJICHCAIIMN IPOTOHCoAepKamx (ocdar-
HBIX TPYIII, TaK U B pe3yJIbTaTe KUCIOTHO-OCHOBHOTO B3aUMOICHCTBHSI HATIOJIHUTENS U CBsi3ytomiero. Oommas
moTepsi Macchl o0pasiia cocTaBisieT MeHee 8 %, mpuueM HauboJee CyIIeCTBeHHAs TOTePsI MPOUCXOANUT TpHU
Tepmoobdpadotke 10 200 °C. IMeHHO 3TOT (akT MO3BOIHI ONPE/ICTUTh YKa3aHHYIO TEMIIEPATypy B Ka4eCTBE
KpUTEpHsI, HEOOXOAUMOTO JJIsl TONYYCHHUST TEPMOCTOMKHX (HOCHATHBIX KOMITO3UTOB U JTAITBHEHIIIETO H3YYeHUS
VX (PyHKIIMOHAIBHBIX XapaKTEPUCTHK (MPOYHOCTH Ha CXKaTHE, TUIOTHOCTH, TETIJIONPOBOJAHOCTH).

Uccnenosanue ¢azossix npespameHnii KM Ha ocHoBe TBeproro M®C B mporecce TepMooOpaboTKH
npu temnepatype 10 1000 °C (puc. 6) mokasano, 4To MpuU KOMHATHOW TeMIieparype OCHOBHBIMH 3a(pUKCH-
POBaHHBIMH KPHCTAIIMYECKUMHE (a3aMH KOMITO3UTA ABISAIOTCA KOpYyHT O-AlL O, (KOMIIOHEHT HaNOJIHUTEN),
amomocuiukarsl Al,O, - SiO, (Bxoxat B cocra 301bHbIX [IMC) u TBepaoe maruuii-ocharnoe crssyromee
Mg(H,PO,), - 4H,0. ITocne TepmoobpadoTku kommnosuta mpu 200 °C pediekcsl, COOTBETCTBYIOIINE TBEPAOMY
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CBSI3YIOIIEMY, HCUE3AI0T, YTO CBSI3aHO C y/IaIeHHEM KpUCTaNTU3AIIMOHHOM BOJIBL. B TemmiepaTtypHoM nHTEpBae
200-600 °C xpucrammudeckue ¢as3bl KOMIO3UTa MpeAcTaBieHsl Tobko 0-Al,O; u AL O, - SiO,, ca3yromee
¥ TIPOJIYKThI €T0 B3aUMOJICHCTBHUS C KOMITOHEHTAMHU HATIOJIHUTEIISI HAXOIATCS B PEHTTEHOAMOP()HOM COCTOSTHUH.
TepmooOpaboTka koMIT03uTa IpU Temieparype Bbitie 600 °C IpUBOIUT K MOSIBICHUIO KPUCTAITHYSCKON (Da3bl
oproocdara amomunust AIPO,, KoTopslit 00pasyeTcs B pe3y/abTaTe XUMHUECKOTO B3aNMOICHCTBUSI HUTPUIA
amomuans 1 MOC, yTO coracyeTcsi ¢ JaHHBIMU KOMIUIEKCHOTO TEPMUYECKOro aHanmza [23].

ala o/b
A A
} 3,0 - 0,70 /(v4
l: [ [ //,
= 25F T 0,65 -
L - = - . PP
g 2,0 B 0,60 //, = ~
Q + = + P - /,.2
< . al 3) e P
= 1,5rF A o s TA3 g 0,55 P ./
) e = Jtae
=} s - _.-m v - - -
z 1,0 .7 T T = 0,50 - T o I
g | v T /.,_—— | A/__//_/———*" T
o PP o PP
Eo05F e 045
T’ L 1 L 1 L 1 L 1 L 1 L 1 L 1 > 040 1 L 1 L 1 L 1 L 1 L 1 1 T
0.0 10 15 20 25 30 35 40 45 ’ 10 15 20 25 30 35 40

Conepxanne TBepaoro KOC, mac. % Conepaxxanue tBeproro KOC, mac. %

Puc. 4. 3aBECIMOCTb NIPOYHOCTH (@) ¥ TTIOTHOCTH (6) KOMIO3UTOB ¢ 301bHBIMU [IMC oT comepkanmst
1Bepaoro KOC u ocHoBHOTO HanonHutens: / — 5 mac. %; 2 — 10 mac. %; 3 — 15 mac. %; 4 — 20 mac. %

Fig. 4. Dependence of compressive strength () and density (b) of the composites containing fly-ash hollow
microspheres on the content of solid calcium phosphate binder and main filler:
1—=5wt. %; 2—10wt. %; 3 — 15 wt. %; 4—20 wt. %
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Puc. 5. Tepmorpamma komrnosuta Ha ocHoBe TBepaoro M®OC u 3onbHbix [IMC
(Wyae =20 %, w =20 %, Waypye = 60 %)
Fig. 5. Thermogravimetric analysis and differential scanning calorimetry curves
of composite material based solid magnesium phosphate binder
and fly-ash hollow microspheres
Whinger = 20 %0, Weyr = 20 Yo, w =60 %)

HaIOITHUTENs

microspheres

Kak nokaszanu pe3ynbrarbl U3y4eHHUsl 3aBUCUMOCTH MTPOYHOCTHBIX CBOMCTB KM, M0JlydeHHOTO Ha OCHOBE
tBepaoro M®OC u 3ompHbIX [IMC, OT Temmneparypsl (puc. 7), pa3paboTaHHBIE TETUIOU30IHPYIONTHE KOMITO3H-
TBI B HCCJICJIOBAHHOM MHTEPBAJIE TEMIIeparyp o0laJaloT JOCTAaTOYHO BHICOKMMHU 3HAYECHHUSIMU ITPOYHOCTH Ha
CXKaTHhe. YCTaHOBIICHO, YTO TePMOOOpPabOTKa KOMITO3UTOB Tipu TeMmiieparype m10 600 °C mpuBOAUT K mocie-
JIOBaTeJIbHOMY YBEJIUUEHHUIO UX IIPOYHOCTU IIPUMEPHO B 3 pa3a (3HaueHus O, Aocturaror 3,6 Mlla), nanee
B uHTepBase Temneparyp 600—1000 °C npoucxonuT He3HaYUTENbHOE yMeHbIIeHne (He 6onee 15 %) npouno-
ctr 00pasnoB. M3 puc. 7 BUIHO, 4TO ONTUMAIBHYIO IPOYHOCTH (hocdaTHbIE KOMIIO3UTHI TPUOOPETAIOT MOCTE
ux tepmooopadorku rmpu 200 °C.

75



ZKypnaa Besopycckoro rocyiapcTBeHHOro yuusepcurera. Xumus. 2022;2:70-82
Journal of the Belarusian State University. Chemistry. 2022;2:70-82

* 9 800-1000 °C

20 200-600 °C

WNHTEHCHMBHOCTD, OTH. €]1.

10 20 30 40 50 60 70 80
20, rpan
0ALO; OMg(H,PO,), 4H,0 *ALO,-SiO, 4AAIPO,
Puc. 6. PentrenorpammMel 06pa3nos

TepMOCTOHKOro MarHuii-pocdarnoro komnosura ¢ 30mpH6IMH [IMC,
00pabOTaHHBIX MIPU PA3TUYHBIX TEMIIEPATYPax

Fig. 6. XRD patterns of thermostable magnesium phosphate composite
containing fly-ash hollow microspheres
at various treating temperatures
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Puc. 7. 3aBUCUMOCTb IPOYHOCTH TEPMOCTOMKOTO KOMIIO3UTA
Ha ocHoBe TBepAoro MAC u 3ompHbIX [IMC oT Temmepatypbl 00padoTKH
Wytoe = 20 %, w, =20 %, Wype = 60 %)
Fig. 7. Dependence of compressive strength of thermostable composite
based on solid magnesium phosphate binder and fly-ash hollow microspheres
on treating temperature (W, .. = 20 %, Wy, = 20 %, w, =60 %)

HallOJIHUTEJIs

microspheres

TepmocToiikne KM Ha ocHoBe TBepAbIX (hochaTHBIX cBA3YIOIMX U cTekIAHHBIX [IMC. C ncnosns3o-
BanueM TBepAsIXx MPC u KOC u crexnsanpix [IMC nonydeHnsl TepMOCTOMKHIE TETIION30IUPYIONTHE KOMIIO3H-
TbI, U3y4EHbI UX IPOYHOCTHBIE CBOMCTBA (pHC. 8, @; pUC. 9, @). YCTaHOBIIEHO, YTO ONTUMAIBHOE COACPKAHIE
TBepaoro GochaTHOTO CBA3YIOMIETO B paccMaTpuBacMbIX cuctemax cocrasiser 30 mac. %, a MacCOBbIE JIOJTU
OCHOBHOTO HamoiHHUTENS U cTekigHHbIX [IMC MoryT BapbupoBarbesa B nntepBanax 40—50 % u 20-30 %
coOTBeTCTBeHHO. [loka3zano, 4yTo 1pu 60siee BEHICOKOM COAEPIKAHUH CBSI3YIOIIET0 U OCHOBHOTO HAITOJIHUTENS
IJIOTHOCTh 00pa3lloB 3HAYMTEIBHO yBeauuuBaetcs (puc. 8, 0; puc. 9, 6), 4TO HEraTUBHO CKa3bIBACTCS Ha
TETJIOU30IMPYIOIINX CBOWCTBAX KOMIO3UTOB. CIienyeT OTMETHTD, YTO 10 aHAJIOTHH C KOMIIO3UTaMH, COJIEp-
JKaIMH 30JIbHbIE MUKpOChepbl, 00pasiibl TEPMOCTONKUX TEITOM30JIMPYIOIINX MaTepraioB Ha ocHoBe MOC
o0aaroT OOJbIIEH MPOYHOCTHIO IO CPaBHEHHUIO ¢ 0Opasinamu Ha ocHoBe KDC. Tak, mpo4HOCTh Ha CHKaTHE
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MarHui-gpochaTHbIXx KOMIO3UTOB co CTeKITHHBIMU [IMC coctasmser 2,4—5,0 Mlla, a mpogHOCTE Ha C)KATHE
kom1103uToB Ha ocHOBe KOC He mpesbimaet 1,7 MIla. DxkcnepuMeHTaIbHO YCTAHOBICHO, YTO ONTUMATIBLHOE
conep>kanme BoAbl B (pocdarabix KoMmozuTax co crexistHabiME [IMC cocraBmser 15-20 mac. % (cBepx
MaccChl CyXHUX KOMIOHEHTOB). Kak 1 B paHee omrcaHHOM ciydae 00pasioB Ha OCHOBE 30JIbHBIX MUKpOChep,
WCIIOJIb30BaHNE MEHBIIIETO KOJMYECTBA BOJIBI HE TIO3BOJISET MOIY4aTh 00PAa3Ilbl C JOCTATOYHOW MTPOYHOCTHIO,
B TO BpeMsl KaK IMPHU BBEJICHUH BOIBI B KomuecTBe Oonee 20 mac. % mepeTupaemas Macca CTAHOBHUTCS TLIa-
CTUYHOM, 9TO YCIOXKHSCT (DOPMOBAHIE 00Pa3IIOB ONMMCAHHBIM B METOIUKE CTIOCOOOM.
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Puc. 8. 3aBHCUMOCTB MPOYHOCTH (@) U TWIOTHOCTH (6) KOMIIO3UTOB cO cTekIsHHBIMU [IMC oT conepkaHus
tBeproro M®C u ocHoBHoro Hanonuutens: [ — 20 mac. %; 2 — 30 mac. %; 3 — 40 mac. %; 4 — 50 mac. %

Fig. 8. Dependence of compressive strength («) and density (b) of the composites containing glass hollow
microspheres on the content of solid magnesium phosphate binder
and main filler: 7 — 20 wt. %; 2 — 30 wt. %; 3 — 40 wt. %; 4 — 50 wt. %
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Puc. 9. 3aBUCUMOCTB NPOYHOCTH () U IUIOTHOCTH (6) TEPMOCTOMKHUX KOMIIO3UTOB CO CTEKISTHHBIMU [IMC
ot conepxanus TBepaoro KOC u ocnoBuoro Hanonnutenst: 1 — 20 mac. %; 2 — 30 mac. %; 3 — 40 mac. %

Fig. 9. Dependence of compressive strength (@) and density () of the composites containing
glass hollow microspheres on the content of solid calcium phosphate binder and main filler:
1-20wt. %; 2—30 wt. %; 3 —40 wt. %

Pesynbrarel TepMuueckoro anaau3a odpasia kommo3ura Ha ocHoBe TBepaoro M®C u crexisiaabix [IMC
(puc. 10) moka3pIBaroOT, 4TO XapakTep TEPMUUECKHX MPEBPALICHUH N3y4YE€HHOTO KOMITO31Ta B 00IIIeM aHaJIOTH-
YeH MOBE/ICHUIO OTMMCAHHOTO BHIIIE KOMIIO3UTa, cofepxaiero 3oiasHbe [IMC. B TemneparypHom uHTEpBae
20-200 °C nabmronatorcs 1Ba dHI0dPQeKTa, CBsI3aHHBIE ¢ MPOIleccaMi yAaleHus aAcopONPOBaHHON U KpH-
CTAJUTM3alIMOHHON BOJIBI, YTO COOTBETCTBYET MOTEepe Macchl okoio 6 %. [Ipu nanpHelemM HarpeBaHUU JIO
1000 °C mpoucxoauT IJIaBHOE YMEHbIIIEHHE Macchl 00pasia. OO1iast moTepss MacChl KOMIIO3UTa COCTABIISET
MmeHee 9 %. Hamnuue sx3oaddexra npu 675 °C obycrnosneHo npoueccamu kpucrammuzanuu AIPO, [23].
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Puc. 10. Tepmorpamma ocdaTrHOro KOMIIO3uTa Ha OCHOBE TBeproro MOC
u ctekJAHHBIX [IMC (g, = 30 %, w, =40 %, werpye = 30 %)

Fig. 10. Thermogravimetric analysis and differential scanning calorimetry curves
of composite material based on solid magnesium phosphate binder and glass hollow microspheres
(Whinger = 30 Yo, Wy, = 40 %, Wnicrospheres — 30 %)

PenTrenodasoBelii aHAIN3 KOMIIO3UTOB, TIOTYY€HHBIX HAa 0CHOBE TBepioro M®PC u crexnsaubX [IMC, pu
KOMHATHOM TeMIIepaType u rnocie ux Tepmoodpadorku mpu 200, 400, 600, 800 1 1000 °C noxkazan (puc. 11), uto
B MCXOJIHBIX 00pa3iiaXx B KPUCTAJUTMYECKOM COCTOSTHUM 3a()MKCUPOBAHBI CBSI3YIOIIEE U KOMIIOHEHT HATIOHH-
tens 0-AlO;. B Temneparypraom nnrepsane 200—600 °C kpuctamnnyeckas gas3a KOMIO3UTA [IPEACTAaBICHA
Tonbko 0-Al O, cBA3yrOlIEe U MPOAYKTHI €T0 B3aUMOAEHCTBUS HAXOAATCA B PEHTTCHOAMOP(HOM COCTOSHUH.
[Tocne TepmooOpaboTku npu Temmneparype Boiie 600 °C B KOMIO3UTax MOSIBIISETCS KpUCTaTH4ecKas ¢daza
AlPO,, xoTopas 3a(uKcupoBaHa Ha peHTreHOorpaMMax 00pasLos rnocie ux oopadorku npu 800 u 1000 °C.

A
L A
\
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HHTCHCI/IBHOCTB, OTH. €.
T
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20, rpan
0ALO, OMgH,PO,), 4H,O AAIPO,
Puc. 11. PeHTreHorpaMMbl 00pa3IioB TEPMOCTONKOr0 Marauii-ocgarHoro KOMIo3uTa
CO CTCKIIIHHBIMU HMC, 06pa60TaHHI>IX IIpU pa3siIMIHbIX TEMIIEpATypax
Fig. 11. XRD patterns of thermostable magnesium phosphate composites containing
glass hollow microspheres at various treating temperatures

Pe3ynbrarel u3ydyeHus: 3aBUCUMOCTH IPOYHOCTHBIX CBOMCTB KOMIIO3UTOB Ha OCHOBE CTEKISIHHBIX [IMC
u tBepaoro M®C nokazanu (puc. 12), uto B remneparypaom unrepsaie 20—1000 °C nonyuennsiii KM o0bna-
JaeT BBICOKOM MPOYHOCTHIO ISl TEIUION30IUPYIOIIUX MAaTepUaIoB. 3Ha4eHUs G, I 00pa3LloB CO CTEKIISIH-
ueiMu [IMC BapwupyroTcs B npenenax 2,5—-4,5 Mlla u B oTiiudne oT KOMITIO3UTOB € 30JIbHBIMH MUKpOChepa-
MU UX IMPOYHOCTHBIC [TOKA3aTeNIN MOCIEA0BATeILHO BO3PACTAIOT IPU YBEIUYCHUN TEMIIEpaTypbl 00paOOTKH.
U3 puc. 12 Buano, uto TepmoodpadoTka pu 200 °C 103BOIISIET MOBBICHTH MPOYHOCTH KOMITO3UTOB HA OCHOBE

crexssiHabIX [IMC B ~2,5 pasza 1o CpaBHEHHUIO ¢ UCXOJIHBIM 3HAUCHHUEM.
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(Wyae = 30 %, w, =40 %, Were = 30 %)

Fig. 12. Dependence of compressive strength of thermostable composite
based on solid magnesium phosphate binder and glass hollow microspheres
on treating temperature (Wy;, 4., = 30 %, Wy = 40 %, w =30 %)

HAIOIHUTENIs

Iler microspheres

W3mepenne k0d3hPUIMEHTOB TEIUIONPOBOAHOCTH (A) Uil M3rOTOBJICHHBIX J1aOOPATOPHBIX 00Pa3LOB Te-
IUTOM30IMPYIOLIMX TUTUT MOKa3ayIo (CM. TabmuIly), 4yTo pazpaboraHHble GochaTHbIe KOMIIO3UTHI C 30JIbHBIMU
u crexkisiHEbIME [IMC npencraBnsior co0oii Marepualbl, XapaKTepU3yIOIIUecss HEBBICOKON Terionepeaaueii
1 umeronire 3HaueHus A B uarepsaie ot 0,107 mo 0,193 Br/(m - K), 9T0 103BOJISICT OTHECTH MX K TEPMOCTOM-
KHMM TEIUIOM30JINPYIOLINM MaTepuanam kiacca B [31].

Pesyabrarsl onpeesieHus1 TeNJI0ONPOBOAHOCTH (pochaTHBIX KOMIIO3UTOB
¢ [IMC cranuoHapHbIM MeTO0M IIPH KOMHATHOIi TeMInepaType

The results of determining the thermal conductivity of phosphate composites
with hollow microspheres by a stationary method at ambient temperature

" Koadppunment Tepmuueckoe
entuduranus obpasua | 3 TII0THOCTH TEIUIOBOTO
JIOTHOCTb, I/CM TETIONPOBOJHOCTH, COIPOTHBIICHHUE, B/
¢docdaTHOro KOMIO3MUTA Br/(m - K) W - K/Br MOTOKa,
MO®C + 3IIMC 0,58 0,165 0,068 292,0
Ko®C + 31IMC 0,60 0,193 0,057 347,6
M®C + CIIMC 0,43 0,127 0,118 169,2
K®C + CIIMC 0,40 0,107 0,145 137,2

Kak cnemyer u3 aHanmza pe3ylbTaToB, IPEACTABICHHBIX B TAOIHIIC, HANMEHBITIAS TETUIONPOBOTHOCTH 1 HAH-
0oJee BEICOKOE TEPMHUIECKOE COMTPOTUBICHUE HAOTIOAAOTCS JIsI TEPMOCTOMKOTO KOMITO3HUTA, TIOTYyUYEHHOTO Ha
ocHoBe KOC u creknsanapix [IMC. Kommosutsl, conepskamue 30i1pHb1e [IMC, HE3aBUCUMO OT THUIIA UCTIONb-
30BAHHOTO CBS3YIOIIETO, XapaKTEPU3YIOTCS OOJIBIIEH TETUIOMPOBOJHOCTHIO IO CPABHEHHIO C KOMITO3UTAMH Ha
ocHOBe cTeKITHHBIX [IMC.

3akjaoueHne

Pa3zpaboTansl 1 BcclIeIOBaHBI COCTaBBI TEPMOCTOHKHX TETUTOM30MpyIomux KM Ha ocHOBE TBEpIBIX (oc-
(haTHBIX CBSA3YIOUIUX, 30JbHBIX U CTEKISHHBIX [IMC.

[IpeanoxeHsl SKCIEPUMEHTAIBHO 000CHOBAaHHBIE ONTHMAJIbHBIE COOTHOIICHHUS] KOMITOHEHTOB JJIS1 H3TOTOB-
JIEHUs TEPMOCTONKHUX TEIUIOM30IMpYoNuX MaTepranoB Ha ocHoBe TBepAbXx MDC u KOC u nByx Bunos [IMC:
cesymomee (TBeproe MOC unu tBepnoe KOC) — 20 mac. %, ocHOBHOM HanoHUTeNh — 20 Mac. %, 30JbHbBIE
IIMC — 60 mac. %; cBs3yromee (TBepaoe MPC numu tBepaoe KOC) — 30 mac. %, OCHOBHOW HAITOJTHUTEIb —
40 mac. %, crexisinabie IIMC — 30 mac. %.
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[pemnoxkena >¢pdeKTUBHAST METOAMKA W3TOTOBJICHUSI TEPMOCTOMKHMX TETJIOU30JIMPYIONINX MaTepHAJIOB,
BKJIIOYAIOIIAsl BO3YIIHO-B3BEIIEHHOE CMELIMBaHUE MUKPOC]Ep ¢ TBEPABIMH CBSA3YIOIIUMH U OCHOBHBIM Ha-
TTOJTHUTEIIEM, KOTOpast TIO3BOJISIET COXpaHATh nesocTHOcTh [IMC u momy4ats GocdarHpie KOMIO3UTHI, UMEIO-
mue TerionpoBoaHocTh 0,11-0,19 B1/(M - K) n npounocts Ha cxkatue 1,4—3,2 MIla B 3aBUCUMOCTH OT THIIA
rcnonb3zoBaHHbIX [IMC.

[ony4ennsie pocdaTHbie KOMIO3UTHI yCTOWYHMBEI B HHTEepBalie Temmneparyp 20—1000 °C, npudem Tepmo-
00paboTKa KOMITO3UTOB MPUBOJUT K YBEITHUEHUIO UX MPOYHOCTHBIX XapaKTEPUCTHUK B TPU-YETHIPE pasa.
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The disciplines curricula on green chemistry and sustainable chemistry available in various universities of the world
were analysed. Trends in education development and science in this particular area were described as well as actual green
chemistry teaching problems that need to be solved. Analysing the data obtained three approaches defining a trajectory for
teaching the basic foundations of green chemistry were identified: British, European, and American. The first one involves
in-depth study and the formation of competencies in the field of green chemistry. The second approach implies the inclu-
sion of green chemistry in traditional chemical disciplines (organic, analytical chemistry, etc.). The third approach implies
the inclusion of green chemistry as a module in such practice-oriented disciplines as biotechnology, food safety, ecology,
etc. The content of the laboratory classes in green chemistry curricula and the usage of a green chemistry metric «green
star» for assessment of their safety are discussed. It is proposed to join efforts of different countries for green chemistry
ideas promotion and transfer the green chemistry ideas through creation of green chemistry centers of excellence for the
use of its principles and methods in scientific research and the educational process.
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Introduction

Formed in the late 1990s green chemistry (GC) [1-4] has become today one of the leading scientific para-
digms underlying the development of modern industrial production not only in the chemical industry, but also
in other industries that use chemicals, for example, in the textile and food industries. However, the results of
the survey allow us to state that the implementation of the principles of GC in a number of enterprises took
place regardless of awareness of the leadership about this new scientific direction [S—7]. In their turn, many
researchers including younger ones have no detailed information and deep understanding of GC concept
[8, p. 16420]. This status quo needs to enhance the quality of high education in chemistry by the development
of GC component. Numerous articles mirror the state of the art in GC education [9—10]. The most fundamental of
them give the analysis on the difference between meaning of GC and sustainable chemistry (SC) and stress
that it is needed «to mainstream GCE and SCE into chemistry and other education curricula and teaching,
including gathering and disseminating best practice and forging new and strengthened partnerships at the na-
tional, regional and global level» [8, p. 16420]. There is the identification of suitable pedagogical approaches
to teaching and learning GC [11, p. 7] to foster and improve scientific literacy in sustainability and to develop
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the corresponding skills among the present and future generations. However, most authors provide analysis
only for individual countries or make the comparative analysis for several countries [10, p. 288]. This study
was guided by the analysis of the programs of higher education institutions around the world, to reveal some
trends in the development of GC in the field of education and identified advantages of some curricula that can
be implemented in the educational system of the new-comer countries which are at the intention level or at the
early beginning on the way to GC education.

Materials and methods

The most data analysed were obtained using the Internet resources. In particular, official web-sites of the
universities, faculties, scientific departments. The well-known resources such as American Chemical Society
(ACS) and Royal Society of Chemistry were used to search the curricula of the universities. These web-sites
are connected with many scientific databases of the American and the British higher education institutions.
The web-sites of the following universities were considered in the review (table 1).

Table 1

The list of considered universities

Country University

Australia University of Sydney

University of Vienna
Austria TU Wien
University of Natural Resources and Life Sciences

Belarus Belarusian State University
Brazil University of Sao Paulo
Canada Queen’s University
McGill University
China Lanzhou Institute of Chemical Physics
Czechia University of Chemistry and Technology Prague
Denmark University of Copenhagen
Finland Lappeenranta — Lahti University of Technology
Germany Leuphana University Liineburg
Ireland University College Dublin
Japan Shizuoka University
New Zeland Aukland University
Norway Western Norway University of Applied Sciences
I
Portugal University of Aveiro
NOVA University Lisbon
University of Porto
Russia Lomonosov Moscow State University
ITMO University
Mendeleev University of Chemical Technology
Singapore National University of Singapore
Slovenia University of Nova Gorica
Spain University of Zaragoza
Sweden Lund University
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Ending table 1

Country University

United Kingdom University of York
University of Nottingham

USA University of Michigan — Flint
George Washington University
South Dakota School of Mines and Technology
University of Massachusetts Boston
Washington College

Yale University

Colorado School of Mines

Hendrix College

University of Florida

St. Olaf College

University of Scranton

University of Wisconsin — Parkside

Vietnam Hanoi University of Industry

We take into consideration the fact that some information cannot be up to date if some web-sites are not
updated. According to the ACS, at least in the USA green chemistry programs are present in various formats
in the universities of more than a half of the states. Thus, the main principle of universities selection was to
encompass different geographical regions.

The authors used the following criteria for the comparative analysis: what higher education level includes
a GC course or program in the curriculum, availability of GC laboratory classes, separation of GC into a spe-
cial discipline or teaching the related disciplines along with it, and green research activity at the university.

Results and discussion

A number of programs of higher education institutions around the world has been analysed, some trends
in the development of GC in the field of education and identified advantages of some curricula that can be
implemented in the educational system of the Republic of Belarus have been revealed. The analysed countries
are presented in the world map constructed by the authors (fig. 1).

Figure 1 represents the countries where GC is included in the universities curricula. The designed by authors
map on fig. 2 reflects the spreading of GC courses in geographical manner.

Fig. 1. Countries selected for the analysis according to the availability
of data about GC education
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Fig. 2. American states, where GC presents
at the universities’ curricula (according ACS)

Tables 2—4 illustrate the criteria for curricula analysing: the higher education levels (bachelor, master, PhD)
where GC courses are taught (see table 2), the programs content (see table 3) and presence/absence of the la-
boratory classes (see table 4). It is pertinent to note that even the associate of science degree in GC is proposed.
An associate degree is an undergraduate degree awarded after a course of post-secondary study lasting two
or three years. It is a level of qualification above a high school diploma but below a bachelor’s degree. The
associate of science degree mainly applies in the United Kingdom and the USA.

As the data of table 2 illustrate, GC and related courses introduction into the curricula at all education levels
is an exception not a rule.

The analysis revealed that both specialists and people who are far from chemistry often use the terms «green
chemistry» and «sustainable chemistry» interchangeably, although these terms are not the same. The terms
«green chemistry» and «sustainable chemistry» are similar in meaning, because they both focus on protecting
our planet and its natural resources, but this is the only similarity.

Nowadays the blurring borders of the GC concept are an acute problem. The authors [12, p. 69] offer to
attach to GC only those chemical processes, which fulfill all the twelve principles, but not one or two of them.
This proposition can be expanded on educational programs.

Sustainable chemistry comes out for ensuring environmentally friendly development while GC focuses on
the development, production and use of chemicals and chemical processes that minimise potential pollution or
environmental risks and are economically and technologically feasible. Table 3 shows how various universities
tackle this issue.

For example, the jointly hosted program of the University of Aveiro, the NOVA University Lisbon and the
University of Porto «PhD in sustainable chemistry» includes such disciplines as new synthesis strategies, new
catalysts design that belong to the field of GC. In addition, within the framework of the program, students study
food safety, which is not related directly to GC, but clearly corresponds to the concept of sustainable develop-
ment. They also study analytical transfer methods (hyphenated analytical techniques) and chemical biology.
These two disciplines can be considered as tools of green chemistry (GC-tools) actively used by green chemists.

It should be noted that both SC and GC pursue sustainable development goals. At the same time, SC includes
such areas as human health, environmental monitoring and food safety. In addition, SC strives for resource
efficiency. The Organisation for Economic Cooperation and Development gives the following definition to
SC: sustainable chemistry is a scientific concept aimed at improving the resource use efficiency to meet human
needs for chemical products and services.

It is significant that in July 2019 even US congressional panel examined two concepts for differentiating
between GC and SC: one well-defined with history and the other never and less distinct. It was told that the
term «sustainable chemistry» has been introduced more recently and possesses countless definitions put forth by
individuals, companies, trade associations, not-for-profit organisations, and governmental entities. In addition,
there is no consensus on how to measure the sustainability of chemical processes and products. But the par-
ticipants of the discussion emphasised that GC is an essential component of SC. Sustainable chemistry cannot
be conducted in the absence of GC. Green chemistry according to [IUPAC definition is the invention, design
and application of chemical products and processes to reduce or to eliminate the use of hazardous substances
for workers and consumers.
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Table 3

Program content at various universities in the world

University

Level of degree program

GC

University of Nova Gorica

2" 3" year of bachelor courses as an elective subject

Aukland University Master course: introduction to green chemistry
PhD course: contemporary green chemistry
Postgraduate course: advanced green chemistry

University of Sydney Green chemistry and renewable energy

Belarusian State University

Bachelor course: introduction to green chemistry

Master course: green technologies in chemical
industry

Hanoi University of Industry

Bachelor course: green chemistry

University of Wisconsin — Parkside

Associate of science degree: green chemistry

University of Massachusetts Boston

Center for Green Chemistry

University of Michigan — Flint

Bachelor course: green chemistry

Yale University

Center for Green Chemistry and Green Engineering

Jointly hosted program of the University
of Vienna, the TU Wien, the University of Natural
Resources and Life Sciences

Master course: green chemistry

Western Norway University of Applied Sciences

Bachelor course: green chemistry

University of Wroctaw

Bachelor course: green chemistry
Master course: catalysis and green chemistry

University of Chemistry and Technology Prague

1* year of master courses as a mandatory subject

N

Jointly hosted program of the University of Aveiro,
the NOVA University Lisbon, the University of Porto

PhD program: sustainable chemistry

Lomonosov Moscow State University

Chemistry for sustainable development

Leuphana University Liineburg

Master course: sustainable chemistry

Jagiellonian University

Bachelor and master courses: sustainable chemistry

GC+SC

University of Nottingham

Master course: green and sustainable chemistry

University of Copenhagen

Master course: green and sustainable chemistry

National University of Singapore

Bachelor and master courses: sustainable and green
chemistry

Washington College

Undergraduate course: green and sustainable chemistry

Mendeleev University of Chemical Technology

Department: green chemistry for sustainable
development

University College Dublin

Undergraduate course: chemistry with environmental
and sustainable chemistry

GC+N,SC+N
Lund University Bachelor course: green chemisrty and biotechnology
University of York Bachelor and master courses, PhD program: green

chemisrty and sustainable industrial technology

Queen’s University

Bachelor course: environmental and green chemistry

George Washington University

Master course: interdisciplinary program

ITMO University

PhD program: chemistry of applied materials,

sustainable chemical technologies

Note. Nis a number of some disciplines, added to GC
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This uncertainty was reflected in the content of the curriculum. For example, such disciplines as air pol-
lution and health, atmospheric chemistry of the environment, protein structure and functions, reactions and
synthesis in medical chemistry are included in the program «GC and SC» of the University of Copenhagen.
These disciplines are more related to chemical ecology, environmental chemistry and human health in gene-
ral, while the GC and SC program at the University of Nottingham aims at providing students with classical
competencies in the field of GC.

In general, analysis of the curricula shows that the boundary line between the notions of GC and SC is still
uncertain. Moreover, there is a tendency to include in GC programs the disciplines that complement GC and are
aimed at achieving sustainable development. This trend can be represented by the GC + N formula, when some
disciplines (/ is their number) are added to GC. For example, the program «Green chemistry and biotechnolo-
gy» of the Lund University presupposes that students also acquire knowledge in the field of biotechnology. This
combination is understandable, since today biotechnologies play an important role in the mineral processing
industry, for example, in isolation of chemicals from plant materials by enzymatic methods. It is also important
that biocatalysis has many attractive features in the context of GC: mild reaction conditions (physiological pH
and temperature), environmentally compatible catalysts and solvent (often water) combined with high activi-
ties, and chemo-, regio- and stereoselectivities in multifunctional molecules [13, p. 1]. It will certainly upgrade
the professional competencies of Lund University graduates. However, the question is whether or not to use
this combination in the name of the program. The program «Sustainable and green chemistry»of the National
University of Singapore also includes biotechnology. In addition to biotechnology, chemical technology is yet
another popular component of N in the GC + N formula. In the United Kingdom, which can be considered as
the founder of GC, the University of York program is called «GC and sustainable industrial technology». In our
opinion, introduction of both biotechnology and chemical technology into GC courses as separate subjects is
discussable because it is difficult to imagine GC itself without these technologies. Queen’s University offers the
program «Environmental and green chemistry», while George Washington University focuses on the program
that includes not only GC, but also environmental chemistry, public health, politics and business. Thus, there
is a tendency to replace green chemistry by GC + N or, at least, GC + SC.

At the same time, some additional disciplines such as photochemistry, toxicology, in-process analysis and
others not directly related to the field of GC are not always indicated in the title of the program though quite
often they form a part of it. A good command of these disciplines certainly plays an important role in GC
application and therefore they should be part of GC-tools.

Sometimes GC programs are not highly specialised and include general chemical disciplines: organic,
inorganic, physical, analytical chemistry. Presence of general and special chemical disciplines, together with
GC, makes it possible to train generalists who are able to work in various branches of chemistry and put the
acquired knowledge into practice. Extending the concept of GC to other fields of chemical sciences enhances
the interdisciplinary character of GC programs.

Special attention should be paid to the development of GC in Germany, namely its sustainable initiatives
such as DECHEMA (Society for Chemical Engineering and Biotechnology) presupposing close cooperation of
industry, institutes, universities and government agencies. It is aimed at developing green metrics for chemical
and biotechnological processes and green solvents for catalysis. Abiding by this interdisciplinary approach
the German Chemical Society established a subject division on environmental chemistry and ecotoxicology.
Federal Environmental Agency, Federal Ministry of Education and Research exercise strong support for GC
initiatives in Germany. Besides, German Federal Environmental Foundation (the largest environmental foun-
dation in Europe) encourages environmental protection projects of young researchers by personal scholarships.
The network of six universities developing a new organic chemistry curriculum to teach students to apply GC
in their research is another important project of this organisation.

As aresult, we extracted three approaches to the construction of GC programs. Despite of the fact that GC
programs are implemented all around the world the teaching technologies are differ. The article [10, p. 288]
aims at comparing the programs by the following criteria: logic, objective and content. We would like to con-
sider the criteria of content more profound.

The principles of programs elaboration were also identified in the course of analysis. It is our opinion
that there are three approaches to GC programs design: separative, integrative and inclusive. We informally
call them British, European and American approaches to stress their wide-spreading in the universities of
these geographical areas. The British approach is a classic, conservative one. Within the framework of this
approach, elaborated programs do not overstep GC boundaries and suggest its in-depth study. The programs
of the University of Nottingham and the University of York testify to this fact. The program «Introduction to
green chemistry» of the Belarusian State University also reflects the British approach. One of the advantages
of the British approach is its focus on the economic aspect. Future specialists study to develop green chemical
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processes and promote economic benefits of safer processes. Students also undergo practical training based
on the demands of private companies. Some American institutions of higher education pursue the same goals.

The European approach fits well with the GC + N formula. This approach is to some extent opposite to the
British one. It presupposes introduction of additional disciplines related to GC and SC and considered as GC-
tools. A similar approach is being implemented at the Lund University, where biotechnology is included in the
program. The University of Copenhagen and the Portuguese program «PhD in sustainable chemistry» can also
be included in this group, since the students of these universities study the disciplines related to sustainable
development as a whole. At the same time, the program of the University of York, called «GC and sus-
tainable industrial technology» formally corresponds to the GC + N formula but adheres to «pure» GC and
doesn’t contain such optional disciplines as food safety or air pollution and health which can be found in the
program of the University of Copenhagen and in the Portuguese program «PhD in sustainable chemistry».

The American approach does not run counter to the British and European ones, it compliments them. This
approach provides both elaboration of a separate GC program and integration of this discipline into other
programs. There are many universities in the USA that have separate high-quality GC programs, but there are
also other programs where GC is an important integral part of the curriculum. Hendrix College in Arkansas,
Colorado School of Mines, University of Florida in Gainesville, St. Olaf College in Minnesota, and University
of Scranton in Pennsylvania have such programs. The recent example of GC incorporation is the general che-
mistry course redesign at the University of Berkley [14, p. 2410]. One may notice that GC is often introduced
directly into organic synthesis programs. It is logical enough taking into account the specifics of this area.
To some extent, the American approach is correlated with the European one, where additional disciplines are
included in the GC program. Under the American approach, GC is introduced into other programs.

The question whether it is better to design a brand-new, stand-alone course, or try and add greener modules
to existing courses in the curriculum has been discussed many times. The pedagogical literature shows that
these two approaches can be successful, but there are obvious «pros and cons». In both cases, this strategy
allows young specialists to enhance their competence [15, p. 1].

It can be assumed that in the near future the identified approaches will be combined into the general one.
Integration of the approaches will upgrade interdisciplinary communication and promote synergies in learning.
In its turn, this will help to enhance the competence of specialists making them clearly understand the whole
picture of the chemical world and developing their ability to apply knowledge from various fields of chemistry
for sustainable development.

Table 4 reflects the laboratory classes in the GC programs. Currently the issue of teaching laboratories safety
is one of the main priorities of GC development.

However, the fact is that the concept of safety is quite broad. In this regard, it’s very important to create green
metrics to evaluate the greenness of chemical processes and to compare them. The elaboration of green metrics
is one of the main fields of GC development. They range from classical and simple ones such as atom-economy
and E-factor to modern and complex metrics [16, p. 18]. For example, carbon efficiency, effective mass yield,
mass intensity, process mass intensity, reaction mass efficiency are used in organic chemistry. NEMI labeling
is taken into service in green analytical chemistry [17, p. 10928]. Green aspiration level, green hazop analysis,
green motion et cetera quantify the environmental impact of producing the specific pharmaceutical agents in
pharmaceutical industry [18, p. 752]. The stay of the art in GC metrics usage is the only beginning of the way
but we will move from metrics for the assessment of the efficiency of chemical reactions in organic synthesis
to metrics for the assessment of the sustainability of different processes for the production of basic chemicals
in the biorefinery.

But now when facing the metrics for evaluation of teaching laboratory experiments it makes sense to use a
holistic GC metric as described in the educational letter «Green star» [13, p. 1]: «The basic idea of green star
is to construct a star with a number of corners equal to the number of principles used for the evaluation of the
synthesis reaction, all 12 or only some if the remaining are not applicable, each corner with length propor-
tional to the degree of accomplishment of the corresponding principle — a semi-quantitative view of the global
greenness of the reaction can then be obtained by looking at the star and appreciating its area: the larger the
area, the greener is the reaction».

It may be premature to talk about criteria of greenness while the very existence of laboratory classes is
a problem in GC programs that focus not on general chemical disciplines but on GC itself.

The problem of GC-curriculum content was in detail described by E. Jarvis in her research letter «Green
chemistry in United States science policy». She noted that general and organic chemistry courses are often
«fairly narrowly defined in scope of creative content» and they often assign a modest role to GC by attaching
it to elective courses. Therefore, not all the students acquire relevant knowledge in the field of this discipline.
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Special attention has to be paid to the lack financial investment to GC innovations. It happens due to the fact
that GC importance is often underestimated (the results of these innovations are not seen right away, but in long-
term perspective the costs fully pay off and insure stable income). One of the main ways to solve the problem is
to raise awareness among business persons and policymakers in order to foster the fastest law adoption and to
attract investments. It can be reached via drawing up legislation, holding hearings or interacting with executive
agencies and highlighting the role that lobbyists can serve to set the stage for suggesting a GC student project
in a lecture or lab course. According to the author, namely the students have a good potential as this «lobbying
forcex». This idea can be applied to solve the issue of GC specific labs absence in the curricula [19, p. 161].

Table 4

GC programs with laboratory classes at the universities in the world

GC programs are present GC programs are absent or not mentioned _

* Jointly hosted program of the * University of Zaragoza * Lund University (biotechnology

University of Aveiro, the NOVA . . practicum)
Universitv Li A * University of Sydney
niversity Lisbon, the University Lo .
. . * Lappeenranta — Lahti University of
of Porto * Lanzhou Institute of Chemical hnol ol .

) ) . Physics Technology (fechnology practicum
¢ University of Nottingham using cleaner and more energy
Uiy ok * Shizuoka University efficient method)

* National University of Singapore * Mendeleev University of Chemical

 George Washington University
* Queen’s University Technology

* McGill University

Oifslitnon Coliggs « Jagiellonian University

* University of Michigan — Flint I
* Lomonosov Moscow State University of Wroctaw

* Center for Green Chemistry of the Ufstiersty

University of Massachusetts Boston

- ITMO University (chemistry of * Belarusian State University

applied materials) * Hanoi University of Industry
* Leuphana University Liineburg ¢ University College Dublin
(cosierionie ez * Colorado School of Mines
) ér;;\;irzl;t}ejniixi consin —Parkside 8 University of Sao Paulo

* Yale University (Center for Green shicndricColicee

Chemistry and Green Engineering)  «University of Florida

* Jointly hosted program of the « St. Olaf College
University of Vienna, the TU Wien,
the University of Natural Resources
and Life Sciences * University of Chemistry and

Technology Prague

* University of Scranton

» Western Norway University of
Applied Sciences

A good tool to introduce GC into the laboratory practice is to use the visualisation procedure. Visualisation
of chemistry climate change (VC3) approach is described in details in the article [20, p. 1027]. It gives the
possibility to apply «inert» knowledge into rich context using case studies and context-based learning methods.
Thus, it fosters better understanding of GC practical importance.

Table 4 shows that not all university programs contain such laboratory classes, even though they ensure
high-level theoretical training and university based research.

For example, at the Belarusian State University a theoretical course is being taught only. In 2012 it received
an international status because of established cooperation with lecturers from Slovakia, Poland, Czechia and
Hungary within the framework of the International Visegrad Fund project, but laboratory classes are still
being elaborated. One of the problems is the high cost of the equipment used by green chemists for synthesis
and it takes time to create well-equipped laboratories. An additional point to emphasise is that Belarusian
State University is a leader in Belarus in developing of innovative green technologies [21, p. 1]. For example,
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a green process for hydrated cellulose fibers production has been developed. Nowadays in most countries these
fibers are produced using viscose technology, which is hazardous for the environment. As an alternative to
non-biodegradable synthetic plastic, the Belarusian State University has developed edible films for packaging
foodstuffs. At present the joint project of the Belarusian State University and the Institute for Tropical Tech-
nology of Vietnham Academy of Science and Technology aimed at the production of nanocomposite films and
coatings with biocidal properties based on natural polymers is going. Both these technologies will be the basis
for the creation on new methodologically unique laboratory experiments for developing students’ research
skills. However, if we take into account the university’s 4G strategy, it is necessary sharing experiences on GC
at enterprises and integrating it into lectures for students at the universities. The program jointly organised by
the Vietnam Chemicals Agency (Ministry of Industry and Trade), the United Nations Development Program
and Hanoi University of Industry demonstrates the example of such an activity.

We also hope to create the Belarusian National Center for GC Experience Exchange (Belarus Green Che-
mistry Excellence Center, GCEC-Belarus) at the Belarusian State University, for strengthening the Belaru-
sian State University image in the international arena as a national leader in the field of green technologies.
This center will facilitate exchange of best practices between specialists in the field of green innovations in the
chemical industry and ensure GC education development. It will result in improving the quality of chemical
education and in training highly qualified specialists.

However, GC curriculum should not limit itself only to laboratory classes. It can also include other prac-
tice oriented activities, for example, to fulfill various projects in the form of cooperative learning, to consider
particular chemical reactions and technologies, to analyse them from the GC standpoint and to suggest their
improvement. Students need to design part or all of the procedure in the form of inquiry. Teacher chooses
archetypal experiment and then requires students to design the special procedure for it [22, p. 2845]. One can
find the descriptions of a case study in GC course design, mini-research projects experiment and others in the
article [23, p. 29].

Conclusion

As a result of the comparative analysis of GC programs at the universities around the world, a number of
trends in teaching this discipline can be identified.

1. At present, the most common approach is not to focus directly on GC teaching, but on the formula GC + N
or GC + SC.

2. Quite often programs contain the term SC in their title sand include the ecological aspects and sustainable
development goals that go beyond the scope of GC.

3. As for the programs content, three main approaches to their elaboration can be identified: separative
(British), integrative (European) and inclusive (American) which attach different role and place to GC in the
programs.

4. GC programs are often accompanied by general chemical disciplines and other subjects that can act as
discipline-tools (GC-tools).

5. One of the main problems of GC introduction into the university curriculum is lack of laboratory classes
even though the educational institutions ensure high-level theoretical training and high level university-based
research. We propose to join the efforts of different countries for promoting GC ideas by introducing manda-
tory laboratory classes into the GC courses. Taking into account that young generation is the generation of the
Internet it will be a sound strategy to use simulators of chemical laboratory based on augmented and virtual
reality in addition to traditional practical labs. Augmented and virtual reality chemistry laboratories are a tool
for carrying out chemical experiments in a safe, simulated environment. It enables users to observe and study
various chemical reactions created by him or her as well as other users. This software provides an ability to run
everything from simple chemical experiments for students to complex experiments involving new substances
creation with dozens of interconnected stages utilising varying reactants and equipment. Such laboratories
allow us to take care of natural resources, to save reagents in the learning process, to reduce the environmental
burden and to make chemistry education safe.
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HAM}ITI/I YYEHOTI'O

TO THE MEMORY OF SCIENTIST

BPAHUILIKUN

BRANITSKII

I'ennapnn AAeKkceeBU4

Gennadii Alekseevich

8 aBrycra 2022 r. Ha 84-M rony JKU3HU CKOHYAJICS
3aciIyKEHHBIH AesTens Hayku Pecyonuku benapyces,
JOKTOp XMUMHUYECKHX Hayk, npodeccop [enHanuii
AnexkceeBnu bpaHUIKUIT — OTMH U3 cTapelux pa-
o6otHukoB BI'Y.

I'. A. bpanuukwuii poanics 7 Hosiopst 1938 . B Dep-
rane (Y30ekucran). B 1955 r. on moctynun Ha Xu-
muuecknit pakynsreT BI'Y u yke Ha mepBoM Kypce
yBIIEKCsI HAy4YHOH paboToii. [IepBbie caMmocTOATETHEHO
BBITNIOJIHEHHBIC MCCIICNOBAHUS B OONACTH U3y4YCHUS
KaTaJIUTUYECKUX CBOMCTB YJIBTPAJAUCIIEPCHOTO cepe-
Opa, oOpa3yromierocs B pe3yibrare (POTOXUMHUIECKO-
0, pPAANOXUMUYECKOT0, TEPMUYECKOTO U TPUOOXUMH-
YECKOTO Pa3sIoKeHHs OKcalara cepedpa, Ha MHOTHE
TOJIbI OTIPENIENININ KPYT HAYYHBIX HHTEpecoB [ eHHaus
ArnexceeBnua kak yueHoro. [locne okoH4aHus yHuBep-
cutera B 1960 r. I A. bpanunkuii noctynui B acu-
paHTypy npu Kadeape HeopraHudeckoil xumun bI'Y
u B 1965 1. 3amUTHI KAaHAUAATCKYIO AUCCEPTALHIO,
KOTOPYIO BBIMIOJHUII TOJ] PYKOBOJCTBOM OyayIIero
akajJieMHuKa, a Torna eme aounenra B. B. CBupunosa.

B 1967 . I. A. bpanuukwuii ObU1 Ha3HAYEH 3aMe-
CTUTEJIeM JleKaHa XuMuueckoro ¢akynsreta BI'Y,
a ¢ 1973 1. BO3m1aBisul aKyJabTET, YCIEIIHO COBME-

5

il

mas aAMUHUCTPATUBHYIO JIESITENBHOCTh C HAyYHOH
paboToii Ha Kadenpe HeopraHuuecKoi xuMun. Bmecte
c akagemukamu @. H. Kanynkum u B. B. CBupuoBsiM
I'. A. bpanunkuit BHEC 3HAUUTENbHBIN BKJIa B CO3/1a-
HUe Ha 0a3e Hay4yHBIX MOApa3JeIeHUH U UCCIenoBa-
TENBbCKHUX TPYMIl XUMHUYEcKoro Qakynsreta Hayuno-
HCCIIEJOBATENbCKOTO HHCTUTYTa (PU3UKO-XUMHUYECKHX
npotiiem BI'Y (HUU ®XITBI'Y), rie ¢ 1978 1. sBnsiics
3aMeCTUTEIeM AUPEKTOpa Mo HayyHOH paboTe (BILIOTh
10 1989 ) u omHOBpEeMEHHO 3aBeayOLUIMM Jaboparo-
pueil xumun GororpaduuecKux MpoIeccoB, a mocie
co3ganus B 1988 1. oTaena XUMHUHU IIIEHOYHBIX CUCTEM —
3aBEAYIOMINM JT1a00paTOpHEH XUMUH TOHKHX TJICHOK.
B 1987 r. 'ennaauii AnexceeBuY yCHEIIHO 3aIUTHII
JIOKTOPCKYIO TUCCEPTALHIO.

B 19952005 rr. I. A. Bpanurxuii BHOBb 3aHUMA
JIOJDKHOCTH JIeKaHa XUMHU4eckoro ¢akynsrera BI'Y.
B ot roael oH MHOrOE crenan Juisi COBEPIIEHCTBO-
BaHMS MPEToJaBaHusl XMMUH, pa3padoTall aBTOPCKUe
Kypchl «BBenenue B cienuanbHOCTh» U «30panHbIe
I71aBbl HEOPTaHUYECKON XUMHUM».

Opranu3alMOHHYIO M MEAarorndeckyio padory
I'ennaguit AnexceeBUd rapMOHHYHO COYETal C aK-
THBHOI Hay4HO-HCCIIEJ0BATENLCKON JIEATENBHOCTBIO.
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I A. Bpaauukum ¢ cOTpyIHUKaMHU BBITIOJTHEHBI UC-
CJIeZIOBaHUSI, TIO3BOJIMBIITNE YCTAHOBUTH HEU3BECTHBIE
paHee 3aKOHOMEPHOCTH (POPMHUPOBAHUS U300 paKeHHH
B raJIOTeHH/ICEPEOPSIHBIX 1 OeccepeOpsiHbIX (hoTorpa-
(pryeckux cucreMax, B YaCTHOCTH OOHapy»XeH M HC-
cienoBan 3G ekt POTOXMMHUYECKOTO AKTHBUPOBAHUS
TUIEHOYHBIX CHCTEM METaJl — IMOIYTIPOBOAHUK, OTKPHI-
BAIOIINH BO3MOXKHOCTh CEJIEKTUBHOTO XMMHUYECKOTO
OCa@XJIEHUSI METAJIJIOB U3 PACTBOPOB HA HKCIIOHHUPO-
BaHHBIX yYacTKax (POTOCIOS; JCTATBHO UCCIEI0BaH
3P EKT «pacTeKaHHsD» CKPHITOTO U300paKEHHS B TOH-
KOTUICHOYHBIX MOJYIPOBOAHUKOBBIX (DOTOCIOSNX HA
OCHOBE JIMOKCHJa THUTAaHA; YCTAaHOBJIEHBI OCHOBHBIE
3aKOHOMEPHOCTH XMMHUYECKOTO OCAKACHHS Pa3InIHBIX
METaJIOB, KaTaJIM3UPyeMOro cepeOpsHBIMA HAaHOYACTH-
1aMu; pa3paboTaHbl IPUHILUIIBI IeJICHAPABICHHOTO
PETYIHPOBaHUS pa3MepOB U MOP(OTOTHH KOJITOUTHBIX
4acTuIl cepedpa B rajoreHucepeOpsiHbIX (POTOCIIONX.
IIpakTHuecKUM UTOrOM 3THX UCCIIEI0BAHUN SIBUIIOCH
CO3/1aHH€ HOBBIX PETHUCTPUPYIOIINX CUCTEM I 3a-
MACH ONITHYECKON MH(OpPMAINH, HETPAAUIIMOHHOTO
(ororpaduueckoro npoiecca, MO3BOJSIONIETO MOITY-
94aTh MHOTOIIBETHBIE (TIOJIMXPOMHBIE) U300paKeHUs Ha
YepHO-0eIbIX TaJoreHuIcepeOpsIHBIX oToMaTepHaax
0e3 HCIoIb30BaHMs TUTMEHTOB U KpacuTeNei, a Takxke
HOBBIX METOJIOB MOJYYEHHS METAJNIOOKCHUTHBIX KaTa-
JIU3aTOPOB, B TOM YHUCIIE JJISI CEHCOPHBIX TIPUIIOKEHHH.
3a Hay4HBIE HCCIIEIOBAHMS B 00IACTH MOTUXPOMHOM
tdotorpaduu I. A. bpanunikomy B 1990 . AMepukan-
ckuM (ororpaduyeckrM 00IIECTBOM BpydeHa MeAab
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Kocapa, a B 1998 1. eMy pHUCBOEHO MOYETHOE 3BAHNE
«3aciy)eHHbIH JesTelb Hayku Pecriyomuku benapychy.

B mocnennue romaer (2010-2017), 3anumast 10mxK-
HOCTH TJIABHOTO HAyYHOTO COTPYIHHUKA JTab0paTopuu
xuMuu ToHKUX meHok HUM OXITBI'Y u onupasice Ha
MHOTOJICTHUH OTIBIT H3Y9ICHUS CBOMCTB YIIBTPAAUCTICPC-
HOTO cepedpa, . A. Bpanuikuii mpoBOIMI yCIIEIIHbIE
MCCIIeTOBAaHMS IPOLIECCOB CAMOOPTaHU3aIUU cepedpsi-
HBbIX HaHO(a3, 00pa3yrOIIUXCs B X0JI¢ KOHTAKTHOTO
ocakJIeHus cepebpa, U pa3padaTbiBall METOMIBI AIICK-
TPOXMMHUYECKOTO CHHTE3a HaHOJUCIIEPCHOTO cepedpa
C BBICOKOU MATO(U3UOJOTHIESCKON aKTUBHOCTBIO IS
CO3IaHUS HOBBIX OUOITUIHBIX CHCTEM.

I'. A. Bpanunxwuii — aBrop okono 400 Hay9HBIX paboT
u 6onee 80 nzobpereHuii. OH moaroToBu 13 KaH -
natoB Hayk. O MHOTOTpaHHOCTH MHTepecoB | eHHa-
Just AJIeKCeeBUYA CBUJICTEIBCTBYET TOT (DAKT, UTO UM
pa3paboTaH psiJT HOBBIX HAMIPABJICHUNA B MHTEPhEPHOM
JU3aifHe W OMyONMKOBaHbI 3 KHUTH T10 3TOH mpooie-
MaTHKe.

[Inpora kpyrozopa, OT3LIBYMBOCTE, TTPUPOTHBII
OTNITUMM3M, TaJlAaHT MCCJIEAOBATENSI U OpraHu3aTopa
cuuckamu I. A. bpanunkomy 3acityXKeHHBIH aBTOPH-
TET y COTPYJAHHUKOB XUMHYECKOTO (akynbrera BI'Y
u HUM OXII BI'Y, a Takxe nonyisipHOCTh B CTYJI€H-
4eCcKou cpere.

Caemias nmamsth o [ ennaauu AnekceeBuue bpanuir-
KOM — HACTOSIIIIEM YICHOM U TIearore, 3aMeuareIbHOM
YeJI0BEKe — HaBCErjaa COXpaHUTCS B CEpJllaxX KOJIJIET,
YUICHHUKOB U BCEX, KTO €r0 3HaJ.
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23 ampens 2022 1. e crano Onera Mocudosuua
[aapIpo — BEIAAIOIIETOCs OETOPYCCKOTO YUEHOTO-XH-
MHKa, OCHOBOIIOJIOKHHKA H&y‘-IHOﬁ IIKOJIBI paaguanu-
OHHOW Y CBOOOTHOPATUKAITLHON XUMHH OPTaHUYECKUX
coenuHeHM B Pecrryonmke bemapych, JOKTOpa XUMH-
YECKUX Hayk, nmpodeccopa, 3aBeayromiero kadeapoi
paaMalnOHHON XUMUU U XUMUKO-(DapMaIieBTHUECKUX
TeXHOJIOTHI XuMudeckoro (axymnsreta bI'Y, 3aBenyro-
miero jgadbopaTtopueii XUMUU CBOOOTHOPAAMKAIBHBIX
nponeccoB HayuHo-uccaeq0BaTeIbCKOro HHCTUTYTA
(hm3uKo-xuMHIecKuX mpodiem bI'Y.

O. U. llaneipo pommics 31 mapra 1948 1. B 1. [lon-
ruHOBO MuHCKoH obnactu. B 1966 r. on moctynui
Ha xuMudecknil pakymereT BI'Y, KOTOpBI OKOHYMIT
B 1971 . [locie okoH4YaHUs YHUBEPCUTETA paboTal Ha
kadeape paIuauoOHHON XUMHUH U XUMUYECKOU TeX-
Hosorn# (¢ 1971 . B OMMKHOCTH MITaIIIIETO HAYIHOTO
COTPYIHHKA, a ¢ 1974 I. B TOMKHOCTH CTapIIero Hayd-
HOTO COTPYAHMKA) M OAHOBPEMEHHO 32049HO 00yUancs
B acnupaHTtype. B 1975 r. 3amuTui KaHIUIATCKYIO
JccepTanuio Ha TeMy «PaguannoHHO-XUMHUYECKHE
MIPEBpAILCHUS allbJICTHIOB B pacTBopax» (Hay4YHbIC
pykoBomutenu — E. I1. IlerpsieB u E. 1. Kanssun).
B 1988 r. O. U. laneipo mpuUCyXKIAeHA yueHas CTe-
IIEHb JJOKTOPa XUMHUYECKHIX HayK 110 CIICIIUATBHOCTIM
«panuanioOHHas] XUMU», «OpTaHWYecKas XUMHUS»
(Tema mucceprannu «Peakuu pparMeHTauu CBO-
OOHBIX PaJIMKAIIOB THIPOKCUIICOAEPKAIIUX OU(yHK-
IIHOHAIBHBIX OPTAaHUYECKUX COeTUHEHN»). B 1991 1.
Omner Uocudorud coznan 1 Bo3riaBui 1a00paTopHio
XMMHUH CBOOOAHOPaINKaIBHBIX IpolieccoB. OCHOBHOE
BHHUMaHHUE COTPYTHUKOB JIA0OpATOPHH OBLIO CKOHIICH-
TPHUPOBAHO Ha MCCIIEOBAHHN CBOOOIHOPANKATBHBIX
peakuuii ¢parMeHTallUd OPTraHUYSCKUX BEIISCTB,
UTPAOIINX BOXXHYIO POJIb NpH (PyHKIIMOHUPOBAHUU
OmocucTeMm, a TakKe Ha pazpaboTke METOIOB MOUCKA

[ Q2

(apMaKoIornuecKn aKTUBHBIX PETYISTOPOB CBOOOI-
HOpamuKambHEIX mporeccoB. C 1994 1. O. U. llaxpipo
BO3IVIABISUT Kadepy paaualioOHHON XMMUH U XUMHKO-
¢dapmaneBTrueckux Texnonorui. B 1994-1995 rr. on
WICTIOJTHSIT O0SI3aHHOCTH JIEKaHa XUMHYECKOTO (PaKyITb-
teta BI'Y. B atoT nepron Ha akyiasreTe OBUIN OTKPbI-
THI CIICIIUATBHOCTH «XUMUYECKast IKOIOTHS U «XHUMUS
JIEKapCTBEHHBIX COSAMHEHUIN, BBIITYCKHUKH KOTOPBIX
ceifuac paboTalOT Ha Pa3IMYHBIX (papMaleBTUIECKIX
MIPEATIPUATHSX ¥ B OTPACIEBBIX TA00PATOPHUSIX HE TOJb-
ko B Pecrybnmke bemapych, HO U 3a ee mpenenamu.
B 1997 . O. U. lllaapipo mprUCBOCHO YUYEHOE 3BAHUE
npocgeccopa.

Bonpmryro wacte cBoeit xuzan Oner Mocudosud
MOCBATHII N3yUCHHIO KHHETHKH 1 MEXaHI3MOB pajiia-
IUOHHO-UHAYIIMPOBAHHBIX CBOOOIHOPAAMKATLHBIX
MpeBpallleHUH MPUPOAHBIX COCAMHEHUN U CO3IaHUIO
Ha 3TOW OCHOBE HOBBIX JICKAPCTBEHHBIX MPENapaToB.
PaGoras B naHHOM HampaBJIeHUHU, OH CTaJl MPU3HAH-
HBIM B MHUpE CIEIHATNUCTOM B O0JIACTH PaHalliOHHOM
U CBOOOIHOPAIUKAIBHOW OHOOPraHMYECKONH XUMHUH.
[Ton pyxoBoactBom O. U. lllanbipo ObUTH OTKPBITHI
HOBBIE PeaKInH (hparMeHTAI[H OPTAaHIYECKUX COC/TH-
HEHHI, pean3anns KOTOPbIX B OM00OBEKTaX TIPUBO-
JIUT K JECTPYKINU (PU3NOTOTMUYESCKU BAKHBIX BEIISCTB
Y CIIOCOOCTBYET BO3HUKHOBEHHIO U PA3BUTHIO MHOTHX
3a00eBaHMM.

Omner Mocugosuu pa3pabarsiBai HOBBIM MOIX0M
K MTOMCKY 3¢ (EeKTUBHBIX WHHOBAIIMOHHBIX MMPOTHUBO-
BUPYCHBIX CPEICTB, OCHOBAHHBIN HA UCIIOJIb30BAHUN
MPUPOHBIX U CUHTETUYECKHUX BEIIECTB, CIIOCOOHBIX
OCYIIECTBIISATh PETYIAINI0 CBOOOTHOPATUKATHHBIX
MPOIIECCOB B MH(PUIIUPOBAHHBIX U 3I0POBBIX KIIETKaX
TakUM 00pa3oM, 4ToObl 0OeCTIeYnBaTh HaNOOJIEE BBI-
pakeHHOe (hOpMUPOBAHUE AaHTHBUPYCHOTO A deKTa.
Oroit 3aiaueil Bo3raBisieMble UM Kadeapa u j1abo-
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paropus 3aHMMaJINCh COBMECTHO ¢ PecryOirKkaHCcKum
HAy4YHO-IIPAKTUUYECKUM ILIEHTPOM SIUIEMHOIOTHI
1 MHUKpPOOHOJIOTHH, belopyCccKuM rocy1apcTBEeHHBIM
MEIUIMHCKUM YHHMBEPCUTETOM, MeXTyHapOAHBIM
TOCY/IapCTBEHHBIM JKOJIOTUYECKIM MHCTUTYTOM HMe-
uu A. J1. Caxaposa BI'Y, Uncturytom ¢pmsuku HAH be-
napycu, npeanpustuem «benmennpenapars». B pe-
3yJAbTaTe MHOTOJIETHUX KOMILJIEKCHBIX MCCIIETOBaHUM
pa3paboTaHbl U BHEJPEHBI B IPOMBIIIUIEHHOE TIPOU3-
BOJICTBO OPUI'MHAJIBHBIN IPOTUBOBUPYCHBIN Ipenapar
«byramunoden», 3 pexTHBHBII IpH JIeUSHUH TepIIe-
TUYECKHX 3a00JIeBaHHI KOKH U CIIU3UCTHIX 000I0UEK
(marentsr PecnyOnuku bemapycs Ne 6503 u 6594),
U TIPOTUBOIEPIETUYECKUN Ipenapar «AKTOBHP», OC-
HOBaHHBIH Ha KOMOMHALMH ABYX CYOCTaHIIMH C pa3iand-
HBIM MEXaHU3MOM JericTBus (nmaTent PecyOnuku be-
napych Ne 11923); oTKpBIT HOBBIH KlTacC aHTUBHPYCHBIX
BEILECTB, IEPCIIEKTUBHBIX ISl CO3/1aHUsI HA X OCHOBE
JIEKapCTBEHHBIX MPENapaToB; B OMBITAX HA KICTOYHBIX
KyJBTYpax v J1a00paTopHbBIX KUBOTHBIX HalJICHbI Be-
IeCTBa, 00JaJaroIie BHIPAKEHHOM MPOTHBOTEpIIe-
TUYECKOU, MPOTUBOTPHUIIIIO3HON, AHTUPETPOBUPYCHOU
aKTUBHOCTHIO (ceMb aTeHToB PecnyOnuku benapycn);
BBISIBIICHBI COCAMHEHHS, KOTOPBIE CIIOCOOHBI MHIYIIH-
pOBaTh OKHUCIUTENBHBIN B3pPHIB (harorfuToB U MOTYT
OBITH HCIIOIB30BaHbI IS Pa3paOOTKH JIEKAPCTBEHHBIX
CPEICTB HUMMYHOCTHMYJIHPYIOLIETO AeHCTBHS (TTaTeHTHI
Pecnyonuku Benapyck Ne 16609 u Ne 16612).

B Bosmmasisiemori O. U. angsipo naboparopuu
OBLTH CO3TaHbI XPPEKTHBHBIC CTAOUITH3ATOPHI JIGHIHO-
r0 MacJja Ha OCHOBE MIPUPOJHOTO CHIPbsI, pa3paboTaHbl
TEXHOJIOTUHU IPOU3BOJICTBA YCTOMYMBOIO K OKHCIIEHUIO
JIBHSHOTO Macya U OMOJIOTMYeCKH aKTUBHBIX JOOaBOK
Ha ero ocHoBe (Tpu mareHTa Pecmyonmuku bemapycs).
Ha 6aze OO0 «Kny6 “®apm-Dxo”» ([dporuunt) Ha-
JIAKEHO CEpUITHOE MPOM3BOJICTBO OTEUECTBEHHOTO
CTaOMIIM3UPOBAHHOTO MHUIIEBOTO JILHIHOTO Macia
M 11eCTH OMOJIOTMYECKH aKTUBHBIX 100aBOK, 00J1a/1a10-
X 3 (HEeKTUBHBIME JIe4e0HO-TTPO(DUITAKTHIESCKIMHE
CBOMCTBaMU.

PesynbraTsl Hay4HO-UCCIIEI0BATEIBCKOW PabOTHI
O. U. llagpipo MOTYyYHIIA BBICOKYIO OIIEHKY 3a PY-
6exxoM. B 1992—-1993 rT. oH sABJISIICS PUTIIAIEHHBIM
npogeccopom bazennckoro ynusepcurera (LLBeiina-
pus), B 1995 r. pabotan B UmuinHoicckoM yHUBEpCH-
tere (CILIA), B 19962008 rT. BBICTYITaN KaK IMpHUTIa-
LICHHBIN JIGKTOP HA MEXAYHApOAHBIX CHMIIO3MyMax
u cemunapax B ['epmanuu, CIIA, Utanuu, [lonsiue,
Snonun n gpyrux crpanax. C 2001 r. mo pykoBOJICTBOM
O. N. lllagsipo BEITIOTHSITACH TPH MTpoekTa MexTyHa-
POIHOTO HAyYHO-TEXHUYECKOTO LeHTpa (001t 00beM
¢unancupoBanus okono 1 min gomnapos CILIA), oc-
HOBHOH 11€JTbI0 KOTOPBIX OBLIO CO3/ITaHNE HOBBIX aHTH-
BUPYCHBIX CPE/ICTB.

O. 1. lageipo Hanaaua B3auMOACHCTBUE C KPYTI-
HBbIMM Hay4HbIMU IleHTpaMu EBponsl, CIIIA, Kananst
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1 SlnoHnu, B 4acTHOCTHU ¢ JISHNIIUICKUM YHUBEPCUTE-
ToM (I'epmanmst), Hemenknm OHKOOTMYECKUM HayUHbIM
neHTpoM B Xaiinennsoepre (I'epmanust), MHCTUTYTOM
¢dusndeckoii n Teopernueckoid xumuu B bonne (I'ep-
Manus), Horp-Jamckum ynusepcuterom (CIHIA);
Lentpom mmenu ['enmpmronbma (I'epmanms), Harwmo-
HaJIbHBIM MEJULIIMHCKUM HCCIIEI0BATENBCKUM LIEHTPOM
kapauonoruu nmeHt akagemuka E. 1. Yazosa (Poccns),
TomckuM rocymapcTBeHHbIM YHIBEpcuTeToM (Poccns),
OO01IeeBpOIeHCKIM COOOIIECTBOM TIO JIMITHAOMHIKE
U STHINITUIOMUKE.

Oner MocudoBnd ObUT 4IICHOM 3KCIIEPTHOTO COBETA
BAK u HarmonanpHOM KOMUCCUU TIO0 pPaTUAaIldOHHON
3ammute Pecyonmku benmapych, HayIHO-TEXHIUECKUX
coBeToB benopycckoro pecryonukanckoro ¢ponaa GpyH-
JTaMEHTAJIBHBIX MCCIIEIOBAaHUHN U psJla HAyYHO-TEX-
Huueckux nporpamm. O. U. Hlaasipo — aBTop Gosee
250 maygHbIX padoT, B ToM umciie 150 crareii B Be-
OYLUIMX MEXIYHapOIHbBIX KXypHaiax, 4 MoHOrpaduii,
a TaKke 32 aBTOPCKUX CBUIETEIBCTB HA N300pETEHUS
1 nateHToB. [oz1 ero pykoBoCcTBOM OBIITH 3aIUIIIEHBI
14 xanUaATCKUX JUCccepTaIui U 2 TOKTOPCKUE JTUC-
cepTaluu.

B 2010t O. W. lllansipo mprcBOEHO MOYETHOE 3Ba-
HUe «3acyKeHHbIH AesTens bI'Y». B ToM e rogy ox
0BT HarpakaeH nmpemuelt uvenn A. H. CeBuenko BI'Y
B 00JIaCTH €CTECTBEHHBIX M TEXHMUYECKHUX HAYK 3 LUK
pabot «Pa3paboTka HHHOBAIIMOHHBIX AHTHBHUPYCHBIX
CPENCTB U OpraHU3alMs MPOU3BOICTBA MPOTHBOBH-
pycHoro npenapara “Byramunopen”», B 2011 1. — ITo-
yeTHOH rpamoroii CoBera Munuctpos PecryOnukn
Benapycek 3a Gonplne 1oCTHXEeHUS B 00JIacTH Hay4-
HBIX UCCIICIOBAaHUN U IMYHBIN BKJIAJ] B TPAKTUYECKYIO
peanu3anyio uX pe3yabTaToB B HAPOAHOM XO3SNUCTBE
Pecry6nuku benapycs, a Taxke [logeTHO# rpaMoToit
HAH benapycu 3a MHOTOJIETHIOIO IJIOJIOTBOPHYIO
JIeATEeIbHOCTh B OOJACTH pPaJAMAIlMOHHON XHWMHH,
pa3paboOTKy HOBBIX JICKAPCTBEHHBIX CPEICTB, MOJ-
TOTOBKY Hay4YHBIX KaJpOB BBICLICH KBanu(UKannu,
B 2013 . — [TouerHoli rpamoToli MuHHCTEpCTBa 00-
pazoBanus Pecnybinku bemapych 3a MHOTOJIETHIOIO
Hay4YHO-TIEIaTOTUYECKYIO IESTENBHOCTD, JOCTUTHYTHIE
YCIEXH B MOATOTOBKE BBICOKOKBAJIM(UIIMPOBAHHBIX
cnernmanuctos. B 2014 . O. U. laxkipo ormeueH Oia-
ronapHocthio [Ipesunenta Pecniyonuku Bemapycs 3a
MHOTOJIETHIOIO TUIOZOTBOPHYIO HAYYHO-IIEAAroruye-
CKYIO JI€ATEIbHOCTb U JINYHBIN BKJaJ B MOATOTOBKY
BBICOKOKBaM(PUIIMPOBAHHBIX crierranucTos. B 2021 1.
oH HarpaxzaeH Mmenanbio @pannncka CKOpHUHBI 32
MHOTOJIETHIOIO TUIOZOTBOPHYIO HAYyYHO-IIEAAroruye-
CKYIO JIeSITEIbHOCTD, BBICOKMH MPO(ecCHOoHaIN3M,
3HAYUTENbHBIN JTMUHBIN BKJIaJ B MOATOTOBKY BBICO-
KOKBTH(DUIIMPOBAHHBIX CIICIIUAINCTOB, BHEJIPEHHUE
PE3YNIBTaTOB HAyYHBIX UCCIIEAOBaHUI B IPOU3BOJCTBO.

O. W. Hlaneipo ganm UMIYJIbC OTEYECTBEHHBIM
WCCIIEIOBAHMUSM B OOJIACTH paJUallMOHHON XUMUH,
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PaAMOXUMUU, JIUITUIOMUKHY, PETYITHPOBAHUS CBOOOI-
HOpaJMKAJIBLHBIX TIPOIIecCcOB B OnocucreMax. Komrern
u yuyenuku nenuwu Onera Mocudosuua 3a ero npo-
(heccroHaNM3M, IMUPOYANUTIINI KPyro30p, OpraHUu3aTop-
CKHUI TallaHT, SHTY3Ha3M, YMEHHUE CO37aTh TBOPYECKYIO
armocdepy Ha paboTe, 4yBCTBO FOMOpa, 100poXKea-

TEJIBHOCTh, IPOHUIATEIBHOCTh. OH BIOXHOBIISICS HE
TOJBKO HAyKOH, HO U MO33UEH, MY3bIKOH, CIOPTOM.
Ocranach cBeTiasg naMsTh 00 3TOM 3aMedaTeIbHOM
MHOTOTPAHHOM YEJIOBEKE M YYCHOM.

Konnezu, opy3va, yuenuku
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