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CUHTES, ®TYOPECIEHTHBIE I AHTUBAKTEPUAJTbHBIE
CBOVICTBA N-(2-AMUHOAPW/IT)3AMEN[EHHBIX
1,2,4-OKCATIMA30/1-5(4H)-OHOB

A.A. llletHeB!, A.C. Koncrantnnosa?, A.A. Pomansruesa’, C.B. Baiikos!,
AM. Cunun?, I1.H. Kamamuukos?, C.M. Banosckmit’>, M.K. Kopcakos!

IllerneB AHTOH AHApeeBMY, KaH/l. XMM. HayK, CT. HayuHbll coTpynHuK; KoncTranTnHoBa Anna CepreeBHa,
Hay4HbII1 COTPYyHHNK; PoMaHbIYeBa AHHa AjleKCaHIPOBHA, Hay4HbIl cOTPYAHNK; baiikos Cepreii Banentinosiry,
CT. Hay4uHbI coTpyAHMK; CunnH Anekcanap Mapkosnd, cryzienT; Kanamankos ITapen Hukomaesny, cTyneHT;
NBanosckmit Cepreiit AneKkcaHApOBUY, CTAPIINIT Hay4HBI COTPYAHNK; KopcakoB Muxamn KoHcTranTHOBIY,
BEJYLINII HAyYHBI COTPYHMK.

'®TBOY BO «Caukr Ilerepbyprckmit TOCyJapCTBEHHBIN yHUBepCUTET», VIHCTUTYT Xmmum, 198504,
Cankr-Ilerep6ypr, Ileteprod, YHuBepcuTeTCKuit IPOCIEKT, KoM 26, a.shetnev@spbu.ru

*PIbOY BO «pocmaBckuit TocyfapcTBeHHbI nefarorndeckuit yHuBepeurer uM. K.JI. Yimzckoro», 150066,
SpocnaBckas obmacts, r. Ipocnasib, yin. Pecriybmmkanckas, 1. 108/1

Kntouesvie cnosa: Annomauust. Cunme3suposan psio us 80CoMu HOBbIX 2 -amuHoapunoxcaouason-5(4H)-onos
oxcaouason-5(4H)-on, 1o peaxyuu 60CCINAHOBNIEHUS COOMBEINCMBYIOULUX HUMPONPOUIBOOHBIX XTOPUOOM
80CCMAaHOBTIEHUE, onosa (II). Msyuwenwi awmubaxkmepuanvrvie u @HryopecueHmuvie Cc60icmea
xnopud onosa (II), npouseoonvix. Haiideno  coedunenue ¢  ymepenHOU — aHmubaxmepuanvHoli
AHMUOAKMePUAnvHAs — aKMUBHOCINbI0 6 OMHOUEHUU 4YBCIBUMENbHO20 WIMAMMA 2PAMNOTIONUNENLHOLL
AKMUBHOCMb, 6axmepuu Staphylococcus aureus ATCC-25923 (3-amuno-4-(3-(3,4-0uxnopgerun)-5-
gnyopecueryus okco-1,2,4-oxcaduazon-4(5H)-un)-6enzonumpun, MUK 64 mxe/mn). CoedureHus

nPoO0eMOHCMPUPOBAnU crabvle PryopecueHmHble c60TicMea npu 00TyHeHUU C6enom
A =355 um.

Inga nuTupoBaHus:

IlletneB A.A., Koucrautmnosa A.C., PomanbpiueBa A.A., baiikoB C.B., Cwmna A.M., Kamamuukos II.H.,
MBanoBckmit CJ., KopcakoB M.K. Cunres, ¢nyopecuentHsle u aHTMOaKTepuaabHblE CBOJCTBA
N-(2’-amuHoapwi)3ameljeHHbIX 1,2,4-okcapnason-5(4H)-onoB // OT XMMUM K TEXHOTOTUY 1Iar 3a marom. 2026.
T. 7, Boim. 2. C. 8-15. URL: https://chemintech.ru/ru/nauka/issue/7273/view

BBenenue

1,2,4-Oxkcapnazon-5(4H)-0Hbl — OVH 13 Ba)XHBIX K/IACCOB OPTaHMYECKUX COEIMHEHNII,
Omaromapst cBOEl CTPYKTYPHOI CXOXKeCTM C aMUJHONM ¥ C/IOKHO(MPHOI Tpymnmamum u
MHOT000pa3nio 6MOIOrNYeCKUX CBOJVICTB OTHOCAT K INPUBWIETMPOBAHHBIM CTPYKTypaM B
MeguuyHcKon  xumuu  [1].  Ha  sapgpe  1,2,4-okcagumason-5(4H)-ona  6asmpyercs
AQaHTUTUIIEPTEH3MBHOE CPECTBO — Qa3WICApTaH, IPOTMBOAMAOETMYECKMII IpermapaT
AIEHUTIUIIPOH, HaXOALINIICS Ha 2 dase KIMHNIECKNX UCTIBITAaHUI [2].

© A.A. IlletHes, A.C. KoncrantunoBa, A.A. Pomausruena, C.B. baiikos, A.M. Cunumg, I[1.H. Kanamsankos,
C.W. MBanosckuit, M.K. Kopcakos, 2026
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AKTyanpHBIM ABJIAETCA JVCCIENOBaHME psAfa JaHHBIX COENUHEHUII B KadyecTBe
aHTMOAKTEPUATBHBIX [3], IPOTUBOBUPYCHBIX [4], IPOTMBOCHAINTEIBHBIX Y HEMIPOAKTUBHBIX [5]
areHTOB.

[TponssopHble 1,2,4-oxcapmason-5(4H)-oHa MOTYT OBITH ITOTyYeHBI pa3HOOOPA3HBIMU
MeTOZIaMI, Be[YIIYI0 POJIb CPefy KOTOPBIX UTPAIOT PeaKL[Uy IVKIN3ALM aMUJOKCUMOB C
Cl-anexrpopuwnpubiMy  pearentamu (KOV, xmopdopmmatel, kapbopmummmpbl) —[6-9].
Knaccuuecknit moaxon ¢ O-aumnMpoBaHMeM U IMKIOfETUpaTtaliyeil ocTaércs Hambosee
VHUBEPCA/IbHBIM, IIPIIEM COBPeMeHHbIe MOAMIKAIINY TI03BOJISIIOT IPOBOJUTH ST IIPeBpalljeHIis
o4eHb 3¢ (eKTNBHO (CyIIepOCHOBHBIE CUICTEeMbI, MIKPOBOJIHOBOE obrydenne) [10, 11].

[IprMeHUTENBHO K PpeaKUUAM q)yHKuI/IOHanmsauMM 1,2,4-oxcagmnason-5(4H)-oHoB
HaMM paHee OBUI NpeIJIOKeH KaTanutmieckuii meron N-apunuposanms NH-kucimor pspa
1,2,4-okcammnason-5(4H)-ovoB  u  1,3,4-okcagmason-2(3H)-0HOB ¢ MCIO/Ib30BaHUEM
CYMMETPUYHBIX ¥ HECUMMETPUYHBIX AMAPUIMOJOHMEBBIX coseit B mpucyrctBum Cul B
KayecTBe KaTanuaaTopa [12]. KpoMe Toro, 65111 1cciefoBaHbl BAPMAHTHI HEKATATUTIYECKOTO
N-apunupoBaHus 1,2,4-oxcagmason-5(4H)-oHoB B YCIOBUAX K/IaCCUYeCKOTO
aKTVBMPOBAHHOT'O apPOMATUYECKOTO HYK/Ieo(puIbHOTO 3aMelienns [13].

OH N-O N-O ENGe}
| o | =0 NN
Cr ) N
F5;C
CF;
) ) . NT -
Anti-HIV Anti-Vaccinia VIIUS =0 Guanylyl cyclase Inhibitor

(0]

HO_ _O O O F
O/ﬁ/
(¢}
G H
— Azilsartan N\
Antihypertensive Aleniglipron o
drug Antidiabetic Phase 2 pP=

Puc. 1. Ilpumepst 610m0rnIecKm-aKTUBHBIX COeMHeHMIT Kaacca 1,2,4-okcaguason-5(4H)-oHoB.

C 1e/bIo pacIMpeHysa XMMIYeCKOT0 IIPOCTPAHCTBA JOCTYIIHBIX OKcainas3on-5(4H)-oHoB
B HacTosllell paboTe IMpOBefieH CHMHTE3 apWIAMUHOIPOMSBOZHBIX M WCC/IEOBaHME WX
aHTHOAaKTepUATbHBIX U POTOPUINIECKUX CBOVICTB.

OcHOBHaA 4acTh

Beutu mMccenoBaHbl BO3MOXKHOCTM II0 BOCCTAHOB/IEHUIO CUHTE3MPOBAHHBIX paHee
HUTPOAPIIIPOU3BOAHBIX 1,2,4-okcagnaszon-5(4H)-onos 1 [13] (Puc.2).

CI10>)KHOCTD 3aK/TI0Ya/Iach B IIOMCKe ITyTell Ce/IEKTMBHOTO IIPeBpallleH)sI HUTPOTPYIIIILI B
aMMHONIPOM3BOAHbIE 0e3 paspylieHusi TaOMIbHOTO B BOCCTAHOBUTEIBHBIX YCIOBUSIX
OKCa/[a30/I0HOBOTO LIMK/IA. BHIIO IMOKAa3aHO, YTO MCIOIb30BaHMe KAaTATUTUYECKUX METOLOB

9
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ruppuposanusa H, Ha 5-10% Pd/C npuBoguT IpefIonoXuTeNnbHO K PAaCKpPBITHIO IMKIA U
ITO/Ty4EHUIO CMECHU IMHENHbBIX aMUVHOBBIX CTPYKTYP.

B TO Xe BpemA YCTaHOB/IEHO, YTO MCIO/Ib30BaHME B KadyeCTBE BOCCTAHOBUTENA
xnopupa onoBa(ll) B cMmecum conmAHasg KMCTOTa — 3TAaHON IO MeETOAY, OMM3KOMYy K
JUTEPAaTYpPHbIM MCTOYHMKaM [14, 15] OpUBOAMT K CENIEKTMBHOMY BOCCTAHOBJICHNIO
HUTPOTPYIIIBI HUTPOAPWINPOU3BOIHBIX 1,2,4-0kcaguason-5(4H)-oHoB 6e3 3aTparMBaHMs
reTepOLMKINYECKOro AMpa.

BosMoXHOCTM NIpMMEHEHNA JAaHHOTO IOJXO0Ja IPOIEMOHCTPUPOBAHbI B XO/le CMHTE3a
8-mMu ammnHOIpou3BogHbIX 2 (Puc. 2).

N-O N-O
P N}:o | =0
R NO, SnCl,"2H,0, RN \m
= HCIl, C,HOH, % ?
60-66 °C,
17-22 h
1a-h 2a-h

N W

— A 0/.
2q: R 74 Me59%; Zb@@ 4-MgO33%: 2¢. R — 4-Ph, 60%: 2% R = 4-F, 63%:
2e: R = 4-Cl, 48%; 2f: 7% 26 R = 4-di-Cl, 63%; 2h: R = 4-F, 3-MeO, 52%,

Puc. 2. Cxema cuHTe3a 1 Bbixofsl N-(2°-aMuHoapun)3aMeneHHbIx 1,2,4-okcanmason-5(4H)-0HOB.
[IpenmoxxeHHass MeTOAMKa obecrednBaia yMepeHHble 48-63%-Hble BBIXOBI IIPORYKTOB
BBICOKOJ! YMCTOTBI 63 TOIIOTHUTETbHOI OUYMCTKHA.

®otodusnyeckne cpoiictBa. [In1a ceMy mONyYeHHBIX coenyvHeHuyt 2b-2h 6w

3aIMCaHbl CIIEKTPBI (IyOpeCleHInN PacTBOPOB IMPK OONYYEHNN CBETOM [UIMHOM BOJIHBI
Aex =355 HM (Puc.3).

WHTEeHCUBHOCTb, eAWHUL,

ITE 3EE A5 405 4I5S 425 435 445 455 465 475 485 405 S05 515 5185 S35 R4S 855 565

75 58S

ONWHa BOMHDbI, HM

Puc. 3. Crekrpsl prryopeciieHIINY MeTaHO/IBHBIX PACTBOPOB coefuHenuit 2b-2h.

10



OT XHMHM K TEXHONOTHH TOM 7, BBINYCK 2, 2026

Tabmuuma 1. ®orodusnueckme cpoiictBa N-(2’-ammHoapmit)3ameleHHbIX 1,2,4-0kcangnason-5(4H)-oHOB mpu
0671ydeHnu CBeTOM Aex = 355 HM

ID R Xem™™ D, Tobs

2b 4-MeO 395 0.88% 0.155
2c H 394 1.43% 0.114
2d 4-F 394 0.32% 0.107
2d 4-F 460 0.32% 0.144
2e 4-Cl 395 0.11% 0.108
2f 4-iPr 395 0.41% 0.118
2g 3,4-di-Cl 395 0.56% 0.13
2h 3-F, 3-MeO 393 1.02% 0.165

YCTaHOB/IEHO, 4YTO BCe IPOTECTHPOBAHHBIC COEAVHEHVA IIPOSABWIN yMepeHHbIe
¢dnyopecuenTHble cBoiicTBa. KBanTOBBle BbIXOABI QryopecteHuyn (D) HAXOmATCA B
nuamazone 0.11-1.43%, 4YTO XapakTepHO [/IA COeAVHEHMII ¢  3(PQPEeKTUBHBIMU
0e3u3Ty4aTeIbHBIMU npoleccammn (Hanmpumep, BHYTPEHHAA KOHBeEpCS,
VMHTepKOMOVHALMOHHAsI KOHBEPCYS B TPUIUIETHOE COCTOsIHME). MaKCUMaIbHBIN KBaHTOBBIN
BbIxof, HaOmomaercs mua 2¢ (R = H, 1.43%) u 2h (R = 3-F, 3-OMe, 1.02%). ITokasano, 4to
HOJIOXKeHMe MakcuMyMa sMmuccum (Aem™) cmabo 3aBucut ot 3amectutens R. [Ina Bcex
COeVIHEeHNI, 3a MckmodeHreM 2d (BTopoit muk mpu 460 HM), SMMCCHS IEKNUT B Y3KOT 06/1aCTH
393-395 HM. OTO yKasblBaeT Ha TO, YTO 3MUCCHUA, BEPOATHO, MCXOAUT M3 OJHOTO U
TOoro e xpomodopHoro d¢parmenrta (1,2,4-okcapmason-5(4H)-oHa, CONPSDKEHHOTO C
apWIAMUHOTPYIIION. B OCHOBHOM COCTOAHMM ¥ B BO30YX/EHHOM CUHIJIETHOM COCTOSHUU
3aMeCTUTeNMN B Napa- VWIN Mema-ToJI0KeHNAX apWIbHOTO KOJIbIla He BBI3BIBAIOT 3HAYVMOTO
CO/IbBATOXPOMHOTO WM WHAYKTUBHOrO caBura. CoenvHeHue 2d [eMOHCTpuUpyeT [Ba
SMMCCUOHHBIX IIMKa C ONVHAKOBBIM KBaHTOBBIM BbIXOmoM (0.32%) ¥ mIMHON BOAHBI 394 HM,
XapaKTepHOI J/Is BCeX MCC/IeOBAaHHbBIX COEVHEHMI ¥ 6aTOXPOMHO-CABUHYTYIO II0/I0CY 460 HM.
Habmnrogaemble BpeMeHa KU3HM (Tobs) HAXOAATCSA B HAHOCEKYHIHOM nanasone (0.1-0.17 He) u
XapaKTepHbI A/ IIyopeclieHIny ¢ HeOOIbLION CTOKCOBOI ITOTepeil ¥ BLICOKO CKOPOCTBIO
6esbi3nyqyarenpHoit fesakTyBauyy (ky, >> k;). Croutb OTMeTHTH, YTO HaMOONbBIIEE Tobs
Habmonaercs y coepuHenus 2h (3-F, 4-OMe 0.165 Hc), KOTOpoe Tak>Ke VIMeeT IOBBILIIeHHBII
Dem, M OOBACHAETCS TOJABJCHMEM BpallleHVs aMUHOTPYIIBI MeTa-3aMeCTUTeJIEM.
Haumenbiee Tos HaOmomaerca y 2e (Cl, 0.108 Hc) ¢ MuHuUManbHbIM Ocm, YTO CBSA3AHO C
Ha/IM4yeM “TsDKEJIOro” aTOMa XJI0pa, YCUIMBAIOIIETO CIIMH-0pONTaIbHOE B3aIMOJIeVICTBIE.

AHTHOaKTepHanbHas AaKTMBHOCTb. [lonydyeHHass cepus ObUta IpOTeCTHMpOBAaHA Ha
Ha/IM4ye aHTUOAKTePUATbHOM aKTMBHOCTY METOJOM [BOVIHBIX CEPUITHBIX pa3BeJeHMIl C
VICIIOJIb30BAaHVIEM  TYPOMIVMMETPUYECKOTO KOHTPOJIS POCTa MUKPOOpraHm3MoB [16].
B xadecTBe TecT-00BEKTOB OBUT BBIOpaH peIEBAHTHBIN IITAaMM TPaMM-IIOJIOKUTETbHBIX
6akrepnit Staphylococcus aureus ATCC-25923 n Escherichia coli C1 B kauecTBe IIpefiCTaBUTENSA
TPaMM-OTPUIIATEIBHBIX MUKPOOPTraHM3MOB. Ha OCHOBaHMM IIOJTyYeHHBIX MAHHBIX II0
OIIpefie/IeHNI0 MUHUMAJAbHOV uHrubupyomeit koHueHTpanyyu (MUK) pna  cepun
N-(2’-amuHoapui)3aMeleHHbIx  1,2,4-okcagnazon-5(4H)-oHOB  MOXXHO  3adUKCUPOBAThH

OTCYTCTBYE IIVPOKOTO CIIEKTpa AeiiCTBYSA. BObIIMHCTBO MCCIeOBaHHBIX coeyHennit (2a-2f, 2h)
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He IpOSBWIM aHTMOAKTepUaIbHON AaKTMBHOCTY HYM B OTHOIIEHMMU TI'PAMIIOJIOKUTEIBHOTO
S. aureus ATCC-25923, HM B oTHomeHum rpamorpunarenporo E. coli Cl1 BIUIOTH [0
MaKCUMAJIbHOJ Te€CTVPOBAHHOI KOHIleHTpauuy 256 MKI/My. TO/IbKO OGHO coefiluHeHe — 2g
(¢ 3,4-pyxnopdeHNIbHBIM 3aMeCTUTe/IeM) — IT0Ka3a/I0 U3MEepUMYI0 aKTMBHOCTb B OTHOIIECHNN
S. aureus (MUMK = 64 Mxr/mi), 4To KIaccupuuupyerca Kak YMepeHHOe Wi craboe
uHrnbMpoBanme pocra. B orHomennn E. coli paHHOe coefMHeHMe TakXe OBIIO HEAKTMBHO
(MUK > 256 mkr/mn). Hu ogHo u3 coemvnHeHuit cepum He nopasysino poct E. coli C1 B
VICCTIE[JOBAHHOM [IMIalla30He KOHI[EHTPAlMil, YTO MO>KET CBUJETe/bCTBOBATb O HU3KON
IIPOHMIIAEMOCTY COeAMHEHNII Yepe3 BHEIIHIO MeMOpaHy IpaMOTpUIIaTe/IbHBIX OaKTepuiL.

IKCHepUMeHTAIbHAs YaCTh

B pab6ote ObUIM MCIIONIB30BaHBI KOMMeEpPYECK!M JOCTYNHbIe peakTuBbl ¢pupmbl Maclin,
Arcos T Xummep. ToHKocmoiiHas XxpoMaTorpadus OCyLecTB/sIach Ha IacTUHKaxX «Sorbfil
I[TTCX-II-B-Y ®», 3/m0eHT TOTYO: aljeTOH: IeTposIeltHbIi a¢up, 60:100:100.

Temmeparypbl IUIaB/eHMA WU3MEpSU/INCh C IIOMOLIbI0 Ipubopa IJIA OIpefeieHNs
TeMIepaTypsl IaBneHus Reach Devices RD-MP (nmpoussogutens Kwurait). Cnexkrpsr 'H u
BC SIMP saperucrpupoBanbl Ha criekTpoMerpe Varian 400 Unity Plus (mpoussoputens CIIIA),
pactBopurens: JMCO-ds. B xauecTBe 9TajmoHa g OTCYETa XVIMMUYECKVX CHOBUTOB OBUIN
BBIOpaHBI CUTHAJIBI OCTATOYHBIX NMPOTOHOB pacrBoputens B 'H SAMP (§ H 2.50 m.n.) win
BCAMP (6 C 39.5 m.i.), B KadeCTBe MapKepa MCIOIb30BAIM CUTHAIT TeTPaMeTU/ICUIAHA,
dbopMa CUTHAIOB C — CUHIJIET, [ — JyOJIeT, T — TPUIUIET, A — Ay6seT Ky6/neToB, TH — TPUILIET
IyOneToB, M — MYIbTMUIUIET. Macc-CIIeKTpbl BBICOKOTO paspelleHys 3alyCaHbl Ha Impubope
Bruker Daltonics MicrOTOF-II  (npomsBogutens CIIA), wMeron woHM3anum -—
anexrpopacubuienne (ESI), remneparypa ncrounnka nounsanuu — 180 °C, a/110€HT — METaHOJL.
Vcxopuble coepuuenns la-h 6 nonyyensr no meronuxe [13].

Meroguka nonyuennsa N-(2’-aMMHoOapwiI)3aMelleHHBIX 2a, c-g. B KoHMyeckoit koynbe
CMeIIVBAIM [PV KOMHATHOI TemirepaType N-(2'-Hutpoapwi)npoussogaoe 1 (300 mr, 1 9xB.)
u 9taHoN (3 Mim). 3aTeM IpU OXTaX[EHMM Ha BOASHON OaHe K CYCIIeH3UM IOPLJMOHHO
npubasmsmm pactBop SnClL-2H,O (3.5 sxB) B koHueHnTpuposannoit HCl (0.80 mi). ITocre
3TOTO IepeMeIlVBa/I PeaKLIMOHHYI0 MacCy IPY OXTaX[eHUN Ha BOJSHOI OaHe B TeueHMe
10-15 muH. Jlanee HarpeBanu peaKLMOHHYIO MaccCy [0 TeMieparypsl 60-66 °C, BbiepKUBanu
IpM 3aJaHHOI TeMIlepaType B TedeHue 17-22 4. Ilo mcTeuyeHMM yKa3aHHOTO BpeMeHU
OXJTaXX/Ja/IVl PeaKLMOHHYIO MacCy 0 KOMHATHOII TeMIeparypsbl. [lepemenyBany peakIioHHY0
Maccy B TedeHne 2.0-2.5 4 mpu Temnepatype 20-25 °C. BeimaBmmit ocaiok OTGUIbTPOBLIBAIIN,
IpOMBIBa/IN ero Ha ¢GunbTpe 3TaHosoM 3 pasa 1mo 0.5 mi. Ilocie aToro mpombIBany 0cajjox
BOJOJI (2 pasa o 2 MJI), KXIbII pa3 TIATe/IbHO IepeMeInnBas 0cafiok Ha ¢uibrpe. Cymmmm
ocaztok 1pu 50 °C B cymmipHOM Hikady mpu aTMocdepHoM faBieHun. B cryyae coepynens 2f,
IPOAYKT IePEeKPUCTA/UIN30BBIBA/IN M3 3TAHOIA.

3-AMuHO0-4-(5-0kc0-3-(n-rommn)-1,2,4-oxkcagnason-4(5H)-uwn)6ensonntpun  (2a).
Boixop 0.16 T (59 %), cBeT/10-6€XeBblil TOPOLIOK, T. . 225-227 °C. Cnektp IMP 'H, 6§, m.p.:
2.30 ¢ (3H, CHj3), 6.30 ¢ (2H, NH.>), 6.89 n (1H, Ar, J 8.1 I'ny), 7.10 ¢ (1H, Ar), 7.28 k8B (4H, Ar,
J7.9 Tn), 7.36 1 (1H, Ar, ] 8.1 T'u). Cnektp AMP °C, §, m.m.: 21.64, 114.15, 119.04, 119.30,
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120.02, 120.95, 128.16, 130.22, 132.16, 142.70, 147.71, 158.20, 158.44. Macc-cnexTp, m/z:
293.1031 [M + H]* (Bbruncieno mnsa CisHisN4O,*: 293.1033).
3-AmuHo-4-(3-(4-merokcudennn)-5-okco-1,2,4-okcaguason-4(5H)-
wn)6ensonutpun (2b). Beixox 0.14 t (52 %), 6/1eHO->KeNTHIN MOPOIIOK, T. 1. 155—-157 °C.
Cnextp SIMP 'H, §, m.z1.: 3.76 ¢ (3H, CH30), 6.26 ¢ (2H, NH,), 6.90 n (1H, Ar, J 7.9 T'1), 6.99 1
(2H, Ar, ] 8.2 Tw), 7.12 ¢ (1H, Ar), 7.35 1 (3H, Ar, ] 7.9 T'y). Criextp SAMP PC, §, m.1.: 56.06,
114.16, 115.18, 115.76, 119.10, 119.30, 120.12, 129.88, 132.19, 147.74, 158.12, 158.26, 162.49.
Macc-cnekrp, m/z: 309.0985 [M + H]* (Beruncneno s CiH1:N4Os*: 309.0982).
3-AMuH0-4-(5-0kc0-3-Ppennn-1,2,4-okcaguazon-4(5H)-mr) 6eH30HUTPUT (2¢).
Boixop 0.17 T (63 %), 6/1eIHO-XeNTHI MOPOIIOK, T. TI. 223—-225 °C. Cnextp SIMP 'H, §, m.z1.:
6.29 ¢ (2H,NH,), 6.89 n (1H, Ar, J8.1T'ry), 7.11 ¢ (1H, Ar), 7.37 n (1H, Ar, J 8.1 T11), 7.41-7.47 m
(4H, Ar), 7.52-7.55 m (1H, Ar). Crextp SAIMP *C, §, m.z1.: 114.19, 119.05, 119.32, 119.91, 123.82,
128.26, 129.66, 132.16, 132.56, 147.71, 158.18, 158.43. Macc-cuekTp, m/z: 279.0875 [M + H]*
(Bbrumcneno mna CisH;1N4O,*: 279.0877).
3-AMuno0-4-(3-(4-¢propdennn)-5-okco-1,2,4-okcagnazon-4(5H)-nn)6eH30HUTPIT
(2d). Berxop 0.17 r (63 %), 61eHO->KeNThIT MOPOMIOK, T. . 236—238 °C. Cnektp IMP 'H, §,
M.I.: 6.27 ¢ (2H, NH,), 6.91 1 (1H, Ar, J8.1 '), 7.11 ¢ (1H, Ar), 7.33 1 (2H, Ar, J8.9Tu), 7.39 1
(1H, Ar, J 8.1 '), 7.46-7.49 m (2H, Ar). Cunextp AMP PC, §, m.x.: 114.27, 116.92, 117.15,
119.08 1 (J 5.7 T'r), 119.39, 119.67, 120.35, 130.99 1 (J 9.2 I'y), 132.16, 147.66, 157.70, 158.11,
163.38, 165.87. Macc-cuektp, m/z: 297.0781 [M + H]* (Bbrumcneno g CisHioFN,O;*:
297.0782).
3-Amuno-4-(3-(4-xnopdennn)-5-okco-1,2,4-okcaguason-4(5H)-mr1) 6eH30HUTPUT
(2e). Boixon 0.13 1 (48 %), 671eqHO-KeNTHI TOPOLIOK, T. 1. 204—206 °C. Cnektp SIMP 'H,
0, m.1.: 6.27 (2H, NH.,), 6.91 1 (1H, Ar, J 8.1 T'ny), 7.10 ¢ (1H, Ar), 7.38-7.43 m (3H, Ar), 7.55 g
(2H, Ar, ] 8.2 T'y). Crextp SAMP 2C, §, m.z.: 114.29, 119.10 1 (J 7.6 I'nr), 119.41, 119.58, 122.67,
129.96, 130.10, 132.12, 137.57, 147.57 n (J 6.7 Ty), 157.65, 158.07. Macc-cuekTp, m/z:
313.0490 [M + H]* (Bbraucneno musa CisH;oCIN,O,*: 313.0487).
3-AmuHo-4-(3-(4-usonponunndennn)-5-okco-1,2,4-okcagnaszon-4(5H)-
wn)6ensonntpun (2f). Beixox 0.12 r (54 %), G1eHO->KeNTHIN MOPOIIOK, T. 1. 186—188 °C.
Cnextp SIMP 'H, §, m.1.: 1.15 ¢ (3H, CHs), 1.17 ¢ (3H, CHs), 2.89 1 (nentrer) (1H, CH, J 6.9 I'ny),
6.28 ¢ (2H, NH,), 6.90 an (1H, Ar, J 8.1, 1.4 Ty), 7.12 ¢ (1H, Ar), 7.31-7.38 M (5H, Ar). Criektp
AMP BC, §, m.1.: 24.06 1 (J 4.7 T'y), 33.99, 114.22, 119.09, 119.31, 120.08, 121.30, 127.68, 128.18,
132.20, 147.73, 153.24, 158.27. Macc-criektp, m/z: 321.1349 [M + H]* (BbrumcieHo pna
CisH17N4O,": 321.1346).
3-Amuno-4-(3-(3,4-guxnopdennn)-5-okco-1,2,4-okcaguason-4(5H)-
wi)6ensonuTpuna (2g). Beixox 0.17 r (63 %), 61emHO->KeNTHIIT TOPOLIOK, T. 1. 278—280 °C
(pasn.). Conextp IMP 'H, §, m.11.: 6.29 ¢ (2H, NH>), 6.95 (1H, Ar, /8.1 ), 7.12 ¢ (1H, Ar), 7.35 1
(1H, Ar, ] 8.5Tn), 7.44 i (1H, Ar, ] 8.0 '), 7.65 ¢ (1H, Ar), 7.77 g (1H, Ar, ] 8.4 I'). CrexTp
AMP BC, §, m.zi.: 114.45, 118.99, 119.26, 119.49, 124.23, 128.40, 130.14, 132.12, 132.25, 132.54,
135.74, 147.57, 156.70, 157.94. Macc-criextp, m/z: 347.0099 [M + H]* (Bbrumcieno mis
CisHoCLN,O,*: 347.0097).
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3-AmMuH0-4-(3-(3-¢prop-4-meTokcudennn)-5-okco-1,2,4-oxkcaguazon-4(5H)-
wi)6ensonutpuin (2h). Boixon 0.14 1 (52 %), 6/1eIHO->KEITHIN MOPOLIOK, T. 1. 223-225 °C.
Cnextp AMP 'H, §, m.zi.: 3.85 ¢ (3H, CH;0), 6.30 ¢ (2H, NH,), 6.93 1 (1H, Ar, J 8.1 '), 7.13 ¢
(1H, Ar), 7.17 g (1H, Ar, ] 8.8 T'y), 7.24-7.28 m (2H, Ar), 7.40 n (1H, Ar, J 8.1 I'y). CoexTp
AMP BC, §, m.m.: 56.91, 114.33, 115.01, 115.54, 115.83-115.90 M, 119.05, 119.29 1 (18.3 T'),
119.80, 125.52,132.20, 147.72,150.33, 150.68 11 ( 10.0 I'ry), 152.78, 157.24, 158.15. Macc-criextp,
m/z: 327.0886 [M + H]* (Bbruncneno mia CisHi1,FN,O5™: 327.0888).

3aknrouyenue

Paspaborana meropuka cunTe3a N-(2-ammuHOapwiI)3aMelieHHbIX 1,2,4-okcammason-5(4H)-
OHOB V13 COOTBETCTBYIOIIVX HUTPOIIPOM3BOIHbIX, obecrieunBaronas 48-63%-Hble BbIXO/IbI LI€/IEBBIX
nponykToB. [Tonydennsle N-(2’-aMmuHOapw)3aMeménnble 1,2,4-okcangnason-5(4H)-oHbl Ipu
BO30Y)KIEHUV CBETOM C JUIMHHOJM BOJHBI 355 HM JEeMOHCTPMPOBAIM CBOJCTBA CITabBIX
¢yopodpopoB (Pem < 1.5% 1 T < 0.2 HC) M MOTYT pacCMaTPUBATLCA KaK IIOTEHIVATbHbIE
nabunbHble  ¢nyopecreHTHble MeTku. CoepmuHeHue 2d  3acnmyXuBaeT — OTHENbHOTO
TEOPeTNYECKOTO pacyéra 1A OOBACHEHMs JBOVHON amuccuy B crekrpe. CoennHeHue 2g
II0Ka3a/I0 AaHTUMUKPOOHYIO aKTMBHOCTb IIPOTHB YyBCTBUTENbHOTO mramma S. aureus (MUK
64 MKT/MJI) ¥ MOXKeT OBITh PACCMOTPEHO KaK CTApPTOBOE COeiMHEeHMe JiIsl pa3paboTKy HOBOTO
aHTUOAKTEPUAIPHOTO XeMOTHIIa Ha OCHOBe Ipom3BOgHBbIX N-apun 1,2,4-okcapmason-5(4H)-
OHOBBIX.
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BBenenne

PaspaboTka MeTOHOB  HAaNpaBJIeHHOTO CUHTe3a M  MCCIEOBaHME  CBOJICTB
reTepOLMKINYECKNX COeIMHEHNII AABIAI0TCA OJHUM 13 K/II0UEBBIX HAIIPAB/IEHNII COBPEMEHHOI
OpraHMYecKOyl XMMMM. SpKMM TIpMMepOM TaKuX CHUCTE€M BBICTYNIAIOT IIPOM3BOJIHbBIE
TUONVPAHOB, KOTOpble O0/AflaloT LIMPOKUM CIIEKTPOM OMO/IOoTMYeckoil akTmBHOCTH [1].
[TomyuMo npuMeHeHnA B papMaleBTIKe, JaHHbIE COeAVHEHI BOCTPeOOBaHbI B IIPOM3BOJCTBE
VHHOBAI[MOHHBIX MaTepUasoB: 3JIEKTPOJOB, KpacuTeseil, (IyOpeclieHTHBIX H00aBOK U
OpTaHMYeCKNX IIONyIPOBOJHUKOB [2]. B cBOl0 ouepenp, IUKINYECKNe MMMABI MIMPOKO
BOCTpeOOBaHBI B MEAMIIMHCKON XMMUM, arpoXuMum 1 Katanmuse [3]. B aroit cBA3u paspaborka
3G EeKTUBHBIX METOOB CYUHTe3a UMNJOB psAfja BUIMHATBHBIX THOIMPAHAMKAPOOHOBBIX
KIC/IOT MIMEET BayKHOE TEOPETUYECKOe U NPUK/IAIHOE 3HAYEHME.

© M. B. Crapoctus, A. B. Mannuusa, [I. C. Kapnos, K. JI. Opununukos, A. C. Anpoumns, A. B. Komo6os, 2026
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B imrepaType ommcaHbl IBa OCHOBHBIX IIOAXOJAa K CHUHTE3y pPacCMaTpUBAEMbIX
TeTepOLMKINYECKNX CTPYKTyp [4]. IlepBbIil MeTopy OCHOBaH Ha IPUCOEAVHEHUN
MAJIEMHVIMUZIOB K CEpOCOfiepKalyM cydcTpaTaM 1o peakuyn Juibca-Anbaepa. Ilpu sTom B
KauyecTBe [JMEHOB B OCHOBHOM MCIIO/B3YIOTCS  «,-Helpene/nbHble TUOKAPOOHMIbHbIE
coenuHenns (cxema 1, A) [5-13] win 2H-tuonmpansl (cxema 1, B) [14]. Bropoit croco6
3aKJII0YaeTCs B TIOC/IEIOBATEIbHOM LIMK/IONPUCOeHEHUY TOGhEHOIOB MO0 TMO(EHONATOB
K MaJIEMHMMMZIAM, IPOTEKAIOLIEM KaK KacKafl peakuyit Myxasna 1 MaHHMXa WIN a/IbJ0/IBHON
koupmeHcauuu (cxema 1, C) [15-19].

Takum  o6pasoM, OONBUIMHCTBO  WM3BECTHBIX  METONOB  CUHTE3a  MMUJOB
2H-TronupaHAKKapOOHOBBIX KMC/IOT OCHOBAHO Ha LIMKIONPUCOETVHEHNN MAIEMHUMULOB K
Pas/IMYHBIM cepocofep KauM cyocTparam. [Ipy 3TOM OAXO/bI K OTYYeHNIO TeTePOLIVIKIIOB
THOIMPAHOBOIO psfia, 6asupyoNecs Ha KOHCTPYMPOBAaHMM CaMOTO IMMIHOTO (parMeHTa,
MPaKTUYeCK! HEM3BECTHBIL. B CBsI3M ¢ 3TUM HacTosmas paboTa MocBsiieHa pa3paboTke HOBOTO
MeTofia cuHTe3a N-apuauMuzioB 2H-THONMPaHAMKAPOOHOBBIX KMCIOT, OCHOBaHHOTO Ha
AIIMPOBAaHUYM  AQHWIMHOB  aHruapugoM  4,6-nudenun-3,4-gurugpo-2H-tnonupan-2,3-
IMKapOOHOBON KMUCIIOTHI C IIOC/IEAYIONIEN BHYTPUMOJIEKY/IAPHON LMK/IM3ALVIEN TO/TyYeHHbIX
MHTepMennaToB (cxeMma 1).
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R CUDURQIFGI I  LLIAT 3A LATOM

OcHoOBHasA 4YacTh

Ha nepBoM sTare paboTbI Hamy ObUIO MICCTIEJOBAHO AIVJIVPOBAaHNE CepYM aHWIVHOB 2a-f
(2R*,3R*)-2-
(apunkap6amonn)-4,6-gudennn-3,4-guruppo-2H-tuonupan-3-kapooHoBbix  kucnor  3a-f

aHrugpuzsoM 1, npuBojsmee K 00pa3soOBaHMIO  COOTBETCTBYIOLINX
(cxema 2). Auruzpupj 1 6bUT crHTe3suMpoBaH 1o rerepopeakuyu [unbca-Anppepa (2E)-1,3-

nudeHNIpon-2-eH-1-TMOHA U MaleMHOBOTO aHruapuaa [7].

Ph Ph 0}

7 l
\\\/< HZN 5 3..\‘\\J\
- BpeM:
o *+

JE— .

OH
Ph S ,\< R pacTB-nb, I.t.  pp~ 6 g2 ,[(
1 0 2a-f 3a-f O .

2, 3: R = Me (a), H (b), OMe (c), NO, (d), Br (e), COOH (f)

Cxema 2

Ha npumepe BsaumopeiictBus anrupgpujga 1 ¢ n-TonyuguHOM 2a HaMM II0OKa3aHO, YTO
IpY aLVIMPOBAaHMM JJOCTATOYHO HYKICO(UIBHBIX CyOCTpaTOB, IPUpPOJiA PACTBOPUTENS HE
OKa3bIBAaeT CYIIECTBEHHOTO BIMAHUA HAa BpPeMs peakUUyM U BBIXOJ LeJIEBOTO IPOAYKTa
(tabmuma 1, onpiTel 1-3). Tak, B HEMOMAPHBIX TOMyO/Ie U AUXIOPMETaHe, a TAKXKe B IOJIAPHO
YKCYCHOM KUC/IOTE IPOLECChI 3aBepIIaNNCh B TedeHre 30 MUH, IPUBOJA K aMUIOKICIOTE 3a C
BBIXOZIOM 73-79%. Peaxmus Takxe 3¢ ¢deKTBHO IpOTeKana Ipy NCIOTb30BAHN AHIINHA 2b,
N-MEeTOKCHMAaHWINHA 2¢ U n-OpOMaHMINHA 2e B JuxjopMeraHe: B TedeHue 10-40 MuH mpu
KOMHATHOJI TeMIlepaType ObUIN MOTy4YeHbl IiefieBble aMIOKICIOThI 3b,¢,e c Boixogamu 61-78%
(Tabmumna 1, onbiTsl 4, 5, 8).

Tabmuma 1. YcnoBus cunresa (2R*,3R*)-2-(apunxapbamonn)-4,6-gudenni-3,4-murnapo-2H-tuonupasn-3-
Kap6oHOBBIX KucoT 3a-f u3 anrnapupa 1

OnbIT Mup R PactBoputenn Bpewn peatanur, Brixop 3, %
IPOZIyKTOB MIH
1 PhMe 30 79
2 3a Me CH,Cl, 30 75
3 AcOH 20 73
4 3b H CH.CL 40 72
5 3¢ OMe CH.CL 10 61
6 3d NO, CH.CL 43200% 26
7 AcOH 1020° 57
8 3e Br CH,Cl, 30 78
9 3f COOH AcOH 7200 86

'BpeMsi IpOBeleHNsI peakuuy [0 IOMHOM KOHBepCuMy MCXOpHoro aHrmppupa 1 (kpome 3d) ompepensmoch
koHTporneM TCX. ITpo6sr ot6upamich kaxibie 10 MuH.
*Ocamok aMupoKucaoTst 3d 6501 OTQGUIBTPOBAH PV HENONHOI KOHBepcun 1.

C apyroit CTOpOHBI, Py Iepexofie K CIMabOHYKIeOPUIbHBIM 1-HUTPOAHWINHY 2d U
n-aMMHOOEH30JHO KucmoTe 2f CKOPOCTb AIVUIMPOBAHNA 3HAUMTE/IBHO CHIDKAETCH.
B wactHOCTH, IpM TpoBefeHMn peakuuy ¢ n-HUTpoaHwmHoM 2d B pacrBope CH,Cl, npu
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KOMHATHOJ1 TeMneparype B TedeHue 30 CyTOK IieneBas amupokuciaora 3d Oblia BbIfje/ieHa €
BBIXOJIOM JIMIIb 26% TPV HEIOTHON KOHBEPCUU MCXOHBIX peareHToB (Tabmiua 1, omsIT 6).
OpHako 3aMeHa AUX/IOPMETaHA Ha JIEASHYIO YKCYCHYIO KIC/IOTY IIO3BONIM/IA CYLIECTBEHHO
COKpaTUTb BpeMs peaknyy (6onee yeM B 90 pa3) ¥ NOBBICUTH BBIXOJ IPOAYKTa HO 57%
(rabmuua 1, oneiT 7). [IpuMeHeHMe aHAIOIMYHBIX YCIOBMIT B CIy4ae H-aMUHOOEH30IHO
KUCTIOTHI 2f MO3BONM/IO MOMYYUTh COOTBETCTBYIOIyI0 amupokucinory 3f ¢ Bbixomom 86%
(Tabmuiia 1, ompIT 8).

DU3UKO-XMMIYECKUEe XapaKTePUCTUKY MPOAYKTOB 3a 1 3b aHa/IOIMYHBI OTyYeHHBIM
panee [20]. Crpykrypa amupokucnor 3c-f moATBep)kfieHa COBOKYIIHOCTBIO METONOB
'H, “C IMP-cnexTpockonuu un Macc-crekTpoMerpun Boicokoro paspemenns (HRMS). ITpn
3TOM aHA/IN3 PeaKIVIOHHBIX cMecell MeTogoM BOJKX He BBIABMI HaMM4MA MHBIX IOOOYHBIX
npoayKToB. JJaHHBIN (aKT I03BONAET yTBEP)KAAaTh, YTO B M3YYEHHBIX YCIOBUAX PeaKIVsI
IIPOTEKaeT CTPOTO PErMOCe/IEKTUBHO ¢ 06pa3oBaHyeM UCKIIOYNTEIbHO OFHOTO PErMON30Mepa,
cofeprKallero KapbaMonnIbHyIo rpynmy B nonoxxernu C(2).

Hamu O6bUto OOHapy>keHO, YTO INpYM KUIAYEHUV B JIEASAHON YKCYCHOI KNCIOTe
aMMUIOKUCIOTHl 3 IOABEPraloTCA BHYTPUMOJIEKY/LAPHON LMKIM3aLuu ¢ 0oOpasoBaHNEM
N-apwmmMuzioB 2H-TronpaHanKapOoHoBbIX KUCTOT 4 (cxema 3). Tak, 13 aMugokuciors 3a
ObUT ONyYeH umup 4a ¢ BeIxogoM 77% (cxema 3, metop, A). Kpome Toro, npencraBisinoch
NEepCIeKTUBHBIM Peajn30BaTh CMHTE3 Ie/IeBbIX IMIIOB B BUIe OHOPEAKTOPHOro (one-pot)
npornecca 6e3 BbIJie/IeHNsT IPOMEXYTOYHbIX aMUokucnoT 3 (cxema 3, merop B). Tak, npu
KuIssyeHny aHrmapuza 1 ¢ anwmmHamu 2a-f B ykcycHolt kucnore B TedeHue 0,5-5 4 6bUIn
HOJTy4eHbl IieneBble nMuabl 4a—f ¢ Brixogamm 40-65% B pacdeTe Ha fiBe CTafuUN (Tabmumna 2).
CTONUT OTMETHTD, YTO OJHOPEAKTOPHBIT MeTOf], B 0becmieunst 60ee BBICOKMII BBIXOJ, IIPOYKTA
4a (65%) 110 CpaBHEHMIO C IBYXCTaAMITHBIM MeToRoM A (58% B IiepecyeTe Ha jBe CTA/[UN), IPU
3TOM YMCTOTA IIelIeBOTO COENVHEHNs, IOTy4eHHOro o0ouMMM cIocobamm, OKasamach
COTIOCTaBMIMOIJA.

Meton A o i’L
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Meton B 3a-

2,3, 4: R=Me (a), H (b), OMe (c), NO, (d), Br (e), COOH (f)

Cxema 3

Kak BMIHO 13 JaHHBIX TaO/MUIBI 2, BpeMsA NPOTEKAHNA PeaKIVM CYIeCTBEHHO 3aBUCUT
OT Ipupojbl 3amecturend R B apomarnyeckom sAfipe. DNEKTPOHONOHOPHBIE 3aMECTUTENN
OXIJJaeéMO IIOBBIIIAIOT HYK/IEO(PVIbHOCTb aTOMa a30Ta aMUJHON TPYIIBI, YTO YCKOpSeT
IpOLIeCC  BHYTPUMMOJIEKY/IAPHOTO  alM/IMPOBAHMA.  JJIEKTPOHOAKLENTOPHBIE  I'PYIIIBI,
HaIlpOTVB, CHIDKAIOT HYK/IeOPWIbHOCTD aMUJHOTO IL[eHTpa ¥, KaK CIe[CTBYE, IPUBOMAT K
MaIEHNI0 CKOPOCTY LVIK/IM3ALVINL.
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Tabmumma 2. YcmoBusi cuHTesa (4aR*7aR*)-2,4-gudennn-6-apui-4a,7a-gUrnfpoTuonmpano|2,3-c]uupporn-
5,7(4H,6H)-nnonos 4a-f u3 aurupgpraa 1 no merony B

Omnepir | Mudp npoaykros R Bpemsa peakuum, MuH Boixop 4, %
1 4a Me 60 65
2 4b H 120 62
3 4c OMe 30 61
4 4d NO, 300 45!
5 4e Br 120 61
6 4f COOH 300 40

'Ocagok nmunos 4d,f 6611 0OTGUIBTPOBAH IPY HEMIONMHOI KOHBepcuu 1.

Du3NKO-XMMIYECKIe XapaKTepPUCTUKU coefuHeHniT 4a—d aHA/IOTMYHBI ONVICAaHHBIM B
murepatype [7, 21]. B npuBengeHHbIX ncTouHMKax 4a—d ObUIM ITOSTyYeHBI IO TeTepPOpeaKIuu
Hunbca-Anppepa (2E)-1,3-gudennnmnpon-2-eH-1-THOHA I COOTBETCTBYOIINX MaIeTHVIMIJIOB.
Boixozbl 4a-d mpu atom cocraBmmm 34-69%, 4TO COMOCTaBMMO C HALIVMM pe3yabTaTaMML.
CTpyKTypa BIepBBle CUHTe3MpPOBaHHBIX wuMmupoB 4ef Obula TakKe IOATBEpP>KAEHA
coBoKynHocTbi0 MeromoB 'H, C AMP-cnekrpockommm, a Takke Macc-CIEKTPOMETpUN
BbIcOKOTO paspemtenus (HRMS).

['maBHOe mpenmyIecTBO pa3pabOTaHHOTO HAMM METOJa 3aK/TI0YaeTCsl B BO3MOXXHOCTH
JIETKOTO CTPYKTYPHOTO BapbMPOBAHNA POAYKTOB allMIPOBAHM, YTO BBITOJHO OT/INYAET €TI0
OT TPaAMLMOHHBIX IOAXOJOB Ha OCHOBE MAJIeMHUMMUAOB. J[aHHasg OCOOEHHOCTb MMeeT
K/II04eBOe 3HAa4YeHNe /I TeHepaIyy KOMOMHATOPHBIX OMOMMOTEK, IpefHa3sHaYeHHBIX LA
BBICOKOIIPOV3BOIUTEIBHOTO CKPVHMHIA IIPY IIOVICKE HOBBIX OMOJIOTMYECKM aKTMBHBIX
cyocrannuit. ITpy 3TOM BBIXOZ M YMCTOTA II€T€BBIX IeTEPOLMK/IOB CTAOMIBHO OCTAIOTCA Ha
BBICOKOM YPOBHe.

Takum o6pasom, paspaboTaH HOBBII HOAXOf K cuHTe3y (4aR*,7aR*)-2,4-nudennn-6-
apwi-4a,7a-gurupporronupano|2,3-c]nuppon-5,7(4H,6 H)-nroHoB 4a-f, OCHOBaHHBII Ha
PErnoceneKTMBHOM aIVIMPOBaHuy cepun aHWINMHOB 2a-f aHrmapupom 1 ¢ mocnenyromeit
BHYTPUMOJIEKY/LIPHON LVIK/IM3aIyeil o0pas3ylomyxcsd MHTepMeAMaToB. IIpemmoxKeHbl [Ba
IbTEPHATVMBHBIX METOJA peaTM3alyy JAHHOTO IIOfIXOfa: KIACCUYeCKMil IBYXCTafUIIHBIN
(¢ BBIfIETIEHNIeM ITPOMEXKYTOYHBIX aMUJOKIIC/IOT 3) U OJTHOPeaKTOPHBIN (one-pot mporecc) 6e3
UX BBIielIeHNUA. YCTaHOB/IEHO, YTO oOne-pot MeTOR sABnAeTca 6Oomnee 3((eKTUBHBIM U
obecrieunBaer 0ojiee BBICOKME CYMMapHbIe BBIXOIBI II€/I€BBIX TeTE€POLMK/IOB. BbIABIIEHO,
YTO 9/IEKTPOHHAsI TIPUPOZAA 3aMeCTUTeNss B apOMAaTMYeCKOM fAApe aHMWIMHA OKa3bIBaeT
olpefieNAlONlee BIMAHME Ha CKOPOCTb peaknyy Ha obeumx CTaguMAx Ipolecca:
3/1eKTPOHOJOHOPHBIE TPYIIIIbI 3HAYNTE/IbHO YCKOPSIOT KaK MEXMOJIEKY/LIPHOE allMIPOBaHIe
aHTUPUAA, TaK M IOCIEAYION[YI0 BHYTPUMOIEKY/IAPHYIO LMKIN3ALUI0, B TO BpeMsa Kak
3/IeKTPOHOAKLIENITOPHBIE 3aAMECTUTE/IN CYI[eCTBEHHO 3aMeI/ISIIOT STY IPOLIeCCHL.

3KcnepumeHTaanaﬂ 4acThb

Cnexrpsl IMP 'H n PC 6pum 3anicans! Ha npubope Bruker Avance 400 mpu paboueir
gacrore 400 n 101 MI'm coorBercTBenHO. Xummudeckue casuru SIMP 'H n “C npusenensr
OTHOCHUTETIBHO OCTATOYHOTO curHasa pactBopuress (Ox = 2.50 u 8¢ = 39.52 M.Ji. /151 pacTBOPOB
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B DMSO-ds). Macc-ceKTpsl BBICOKOTO paspellleHNs] perucTpupoBaay Ha mpubope Orbitrap
QExactive Plus (Thermo Scientific) B ycnoBusAX 3/1eKTPOPacHbUIMTENIBHON VOHU3ALNNA.
[TapameTpBl MOHHOTO MCTOYHMKA: JJaB/IeHVE OCYIIAIONEro ra3a — 12, MOTOKM PacIblIAIONIEro
rasa 1 rasa saBechl — 4 1 1 yCTIOBHBIX eJUHNL], TeMIIEpAaTypa IMHUN feconbBaTauyy — 320 °C,
HanpspDKeHNe Ha urne 3.8 kB B pexuMme perucrpanuy IMOJIOXUTENbHBIX MOHOB, U 3.2 KB B
peXVMe OTPULATE/NbHBIX JIOHOB, PAaiiOYacTOTHOE HANpsDKeHue Ha S-mmH3e — 55 y.e.
Macc-cneKTphl 3ammuchbiBaiyu B AyuanasoHe m/z 100-2500 [la nmpu BennumHe CIEKTPAaTbHOIO
paspemtenus pasHoit 70000. Tonkocnoithylo xpomatorpaduio (TCX) ocymectsusimm Ha
mwiactuakax Sorbfil IITCX-II-B-Y® (amoent nerponeitubiii abup - stwaaumerat (1:1)).
Temnepatypy niaBieHus coefuHeHnit onpepensanu Ha npubope Electrothermal IA 9300 Series.
B3)KX ocymectsnsanu Ha xpomarorpade Shimadzu Prominence LC-20A ¢ poTromeTpudeckum
IIeTEKTOPOM, Amax 210 u 254 HM, komonka Phenomenex Luna C18(2) 5 MM 4.6 x 250 MM.
Pearentst n pactBoputenn («9KOC-1», «Aldrich», «Acros») sBAAIOTCA KOMMepYeCKU
JIOCTYIIHBIMU ¥ OBUIM JCIONB30BaHbI 0Oe3 mpenBapuTenbHON ouncTki. Crocob crmHTe3a u
bU3MKO-XMMIYECKIe XapaKTePUCTUKN COeVIHEHNs 1 onycaHbl B [7].
O6masa meropnka cunre3a amuaokucior 3a-f. K nepemenmmsaemomy pactsopy 1.00 r
(3.1 mmonb) aurmppupa 1 B 6 mn CH.ClL, (AcOH pna cmuresa 3d,f) mpm kxomHaTHOM
TeMIlepaType NpUOABIAIM PacTBOP 3.4 MMOIb COOTBETCTByIOLlero aHmnmHa 2a-f B 4 Mi
CH,Cl, (AcOH pmna cuntesa 3d.f). PeaknmoHHyI0o Maccy nepeMelIVBamy [0 3aBepIICHNS
peakunu (koHTponb MetogoM TCX). BeimaBimit ocafok oTGUIbTPOBBIBAIN, IPOMBIBAIN Ha
¢unprpe xonopusiM CH,Cl, u BbIcymmBamy B BakyyMe.
(2R*,3R*)-2-[(4-MeTtoxcudenmn)kapbamonn|-4,6-gudennn-3,4-gurugpo-2H-
THONMMpaH-3-kKapboHoBass kucnora (3c). Beixom 0,84 1 (61%), Oenblil MOPOILIOK,
T.10L = 166-168 °C. '"H NMR (IMCO-ds, §, m.11., J/T11): 3.72 (¢, 3H, OMe), 3.78 (m.1, 1H, C(3)H,
Ji=56,],=29),4.17 (n.m, 1H, C(4)H, ] = 5.7, 2.6), 4.87 (g, 1H, C(2)H, ] = 2.8), 6.26 (1, 1H,
C(5)H, J = 2.5), 6.86 — 6.95 (M, 2H, ArH), 7.23 (1, 1H, ] = 7.3, ArH), 7.30 - 7.38 (M, 3H, ArH),
7.38 — 7.44 (m, 4H, ArH), 7.46 — 7.51 (m, 2H, ArH), 7.56 — 7.62 (m, 2H, ArH), 10.20 (c, 1H, NH),
11.83 (c, 1H, COOH). *C NMR (IMCO-ds, §, m.11.): 44.30, 45.73, 50.58, 55.22, 113.96, 120.40,
121.11, 125.88, 126.60, 128.05, 128.25, 128.68, 131.90, 133.64, 139.35, 141.58, 155.51, 166.50,
169.38. Macc-cnektp (ESI), m/z (Iow (%)): Haiimeno 468.1244 [M+Na]* (93), BbruncieHo mis
[C:6H23sNNaO,S]+ 468.1240.
(2R*,3R*)-2-[(4-Hurpodennn)kapobamonin]-4,6-gudennn-3,4-gurugpo-2H-
THonupan-3-kapboHoBass kucmora (3d). Beixom 0,86 t (53 %), Oemblit MOPOILIOK,
Tl = 185-187 °C. 'H NMR (IMCO-ds, 6, m.n., J/Tu): 3.88 (n.m, 1H, C(3)H, J = 5.6, 2.9),
4.20 (m.m, 1H, C(4)H, J: = 5.5, , = 2.6), 5.02 (g, 1H, C(2)H, J = 2.8), 6.32 (m, 1H, C(5)H, ] = 2.5),
7.25(t, 1H,J=7.3),7.31 - 7.48 (m, 7 H), 7.57 - 7.64 (m, 2 H), 7.78 - 7.96 (M, 2 H), 8.19 - 8.36
(m, 2 H), 10.98 (c, 1 H, CONH), 11.98 (c, 1 H, COOH). *C NMR (JIMCO-d6, 8, m.11.): 44.16,
45.70, 50.92, 119.10, 120.56, 125.12, 126.61, 128.05, 128.33, 128.70, 133.20, 139.22, 141.44,
142.48, 144.97, 168.06, 169.20. Macc-cuextp (ESI), m/z (Lo (%)): Hatimeno 483,0989 [M+Na]*
(100), Beramcneno g [C,sHyoN,NaOsS] 483,0985.
(2R*,3R*)-2-[(4-bpomdennn)kapobamonin]-4,6-gudennn-3,4-gurugpo-2H-
THONMMpaH-3-kKapboHoBast kucnora (3e). Beixom 0,89 r (58 %), Oenblit MOPOILIOK,
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T.0L = 197-198 °C. '"H NMR (IMCO-ds, 6, m.11., J/T1): 3.81 (m.m, 1H, C(3)H, J = 5.6, | = 2.9),
4.18 (m.m, 1H, C(4)H, J, = 5.6, ], = 2.6), 4.92 (1, 1H, C(2)H, J = 2.9), 6.28 (1, 1H, C(5)H, ] = 2.5),
7.19 - 7.28 (m, 1H, ArH), 7.30 - 7.38 (M, 3H, ArH), 7.38- 7.46 (m, 4H, ArH), 7.47 — 7.54 (m, 2H,
ArH), 7.58 (m, 4H, ArH, i = 7.1, , = 6.1, J; = 1.6), 10.49 (¢, 1H, NH), 11.89 (s, 1H, COOH).
BC NMR (IMCO-ds, 8, m.11.): 44.22, 45.64, 50.72, 115.26, 120.45, 121.31, 121.41, 125.89, 126.62,
128.06, 128.29, 128.68, 131.70, 133.46, 138.12, 139.28, 141.49, 167.18, 169.26. Macc-cniekTp
(ESI), m/z (Ioms (%)): HaMmeno 516,0237 [M+Na]* (97), sBbraucineno mas [C,sHyBrNNaOsS]
516,0239.

(2R*,3R*)-2-[(4-Kap6okcudennn)kapbamonn]-4,6-gudennn-3,4-gurnapo-2H-
THONNpPaH-3-KapOoHoBass kucnora (3f). Beixom 1,23 r (86 %), Oenblil HOPOLIOK,
T.a0u1. = 207-208 °C. (IMCO-ds, §, m.n1., J/T1y): 3.83 (., 1H, C(3)H, J, = 5.6, , = 2.9), 4.18 (1.1,
1H, C(@H, Ji = 5.6, , = 2.6), 495 (1, 1H, C(2)H, J = 2.8), 6.29 (5, 1H, C(5)H, J = 2.5),
7.20 - 7.26 (M, 1H, ArH), 7.30 - 7.38 (™, 3H, ArH), 7.38- 7.45 (M, 4H, ArH), 7.54 — 7.63 (M, 2H,
ArH), 7.68 - 7.75 (m, 2H, ArH), 7.88 — 7.97 (m, 2H), 10.66 (c, 1H, NH), 12.32 (¢, 2H, 2COOH).
BCNMR (IMCO-ds, 6, m.11.): 44.20, 45.71, 50.87, 118.68, 120.50, 125.48, 125.90, 126.60, 128.05,
128.30, 128.69, 130.52, 133.36, 139.27, 141.50, 142.86, 166.93, 167.54, 169.26. Macc-cekTp
(ESI), m/z (Ioms (%)): nHatimeno 482.1034 [M+Na]* (100), Boruncinero mnsa [CyH,NNaOsS]
482.1033.

O6mras MeToguka cuHTe3a mMupoB 4a—-f (ogHopeakTopHsbIit MeTon). Cmech 0.50 T
(1.55 mMonb) auruppuaa 1 n 1.71 MMO/Ib COOTBETCTBYIOLIEro aHwIMHa 2a—-f B 5 MII /1efsaHOM
AcOH xunsatwm 1o 3aBepiuenys peakuyu (KoHTponb MerofoM TCX). 3aTeM peakIOHHYIO
MacCy OXMaX[anyu [0 KOMHATHONM TeMIlepaTyphl. BbIMaBImMil OCafoK OT(UIBTPOBBIBANIN,
npombiBany Ha ¢unbTpe xonmomuoit AcOH, 3aTeM HeO6OMbIIMM KOMUYECTBOM XOJIOJHOTO
i-PrOH u BbIcymmBany B BaKyyMme.

(4aR*,7aR*)-2,4-pudennn-6-(4-6pompennn)-4a,7a-gurugpornonupano(2,3-
c]Jmuppon-5,7(4H,6H)-guoHa 4e. Beixon 0,45 r (61%), 6eblit mOpOLIOK, T.IWI. = 226-228 °C.
'H NMR (IMCO-ds, §, m.1., J/Tw): 3.98 (1, 1H, C(4)H, J = 5.3), 4.15 (m.1, 1H, C(3)H, ], = 9.0,
J.=4.9),4.82 (n, 1H,C(2)H,]=8.9),6.91 - 7.09 (M, 3H,), 7.26 - 7.32 (M, 1H), 7.33 - 7.44 (M, 5H),
7.53 - 7.68 (M, 6H). *C NMR (IMCO-d6, 8, m.1.): 45.81, 45.86, 51.65, 121.49, 126.64, 126.85,
128.16, 128.42, 128.75, 128.80, 129.17, 131.18, 132.04, 137.81, 137.86, 138.92, 174.19, 174.41.
Macc-cnektp (ESI), m/z: Haiineno 498,0140 [M+Na]* (73), Bbruncneno st CosHisBrNNaO,S
498,0134.

4-[(4aR*,7aR*)-2,4-nudennn-5,7-1uokco-4a,5,7,7a-reTparupoTuonupaHo[2,3-
c]Jmuppon-6(4H)-un]6ensoitnas kucmora 4f. Boixom 0,55 r (40%), Oernmblit MOPOILIOK,
.. = 238-240 °C. 'H NMR (IMCO-d6, 6, m.a., J/Tm): 3.99 (r, 1H, C(4)H, ] = 5.3),
4.19 (m.m, 1H, C(3)H, J: = 9.0, ], = 5.0), 4.84 (1, 1H, C(2)H, J =8.9), 7.02 (g, 1H, C(5)H, ] = 5.5),
7.14 — 7.22 (v, 2H, ArH), 7.29 (t, 1H, J = 7.3, ArH), 7.33 - 7.47 (m, 5H, ArH), 7.61 (.1, 4H,
Ji = 12.7, J, = 8.0, ArH), 7.92 - 8.05(m, 2H, ArH), 13.13 (c, 1H, COOH). *C NMR (JIMCO-ds,
0, m.z1.): 45.86, 51.69, 126.66, 126.72, 126.86, 128.18, 128.43, 128.81, 129.17, 129.98, 130.65,
135.67, 137.81, 137.87, 138.93, 166.55, 174.20, 174.41. Macc-cuextp (ESI), m/z: HajifeHO
464,0931 [M+Na]* (100), Beruncineno mis CosHisNNaO,4S 464,0927.
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Annomauus. Ionyuen komnnekc cocmasa [La(GBP)s;]-3HCI-8H,0 (GBP - zabanenmun),
8 KOMopom KapOOKCUNAM-UOHbl NUeanda Koopounupyiomcs ¢ uoxHom La** no
6udenmamuomy mocmukosomy muny. Komnnexcoobpazosanue noomeepioero
bamoxpommvim cosuzom 8 YO-cnexmpe (Apax = 302 Hm), usmMeHeHUEM NOTIOC BATIEHINHLX
U OeopmMAayUOHHBIX VIK-cnexmpe.

necmotikocmu (Kueem = 1.16:107°) nonyuennozo coedurenust. Komnviomepwiii ananu3a

Konebauuii 6 Paccuumana  xoncmanma
8bIABUNL NPUHUUNUATIDHOE U3MeHeHUe PapMaKonozu4ecKozo NPOPUIL: KOMHIEKC C
KOOPOUHAUUOHHBIM HUCTIOM 3 0eMOHCHpPUPYerm Pe3ko YCUIeHHbIll AHANb2emu1ecKuti
(Ps = 0.904) u HoebLi NPOMUBOONYXOTEBVILL IPPeKkm NPomus MHOMECMBEHHO
muenomvt (P, = 0.837) no cpasnenuio c GBP. IlapannenvHo npoeHO3upyemcst ynyuuierue
npornuyaemocmu uepes I'95 (log BB > 0) u nosviuseHue aPpPunHocmu K MUmleHIM
(pK; = 5.06). Oonaxo ommeuaemcs pocm pucka

moxcuunocmu (P, = 0.798). ITonyuennvie 0anHble 060CHO8bIBAION NEPCHEKINUBHOCID

2aCMPOUHMECMUHANILHOLL

OanvHetiwiux OokauHuveckux uccrnedosanuti xomnnexca [La(GBP);]** e xauecmse
MHO20PYHKUUOHANILHO20 aceHma ONIA JieueHUs Heliponamudeckoti 60nu, goduuecKux
paccmpoiicme U OHKOMOUHeCKUX 3a00/1e6AHULI, Mpebyousez0, 00HAKO, pa3padomxu
CNeyuanvHvix — NeKapcmeeHHvlx — gopm  0ns

MUHUMU3AYUY  NPOZHOSUPYeMOT

JKKT-moxcuurocmu.

1A BMTUPOBaHUA:

[ITy6una A.A., Opnosa T.H. KoopanHaiuonHoe coegynenne nantaHa(Ill) ¢ rabameHTHHOM: Cr1ocob MOMydeHns u
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BBenenue

B IIociiengHNne OECATVIETNA KOOPAMHAIIMOHHAA XVMMUA PENKO3EME/IbHBIX JJI€EMEHTOB,

B YaCTHOCTM JIaHTaHa, IPEACTaB/IA€T UHTEPEC MCCHGI[OBaTe}IeIZ BCJIEICTBYIE HIMPOKOTO CIIEKTpa

YHUKa/IbHbIX OMONOTMYECKUX U CI)I/ISI/IKO-XI/IMI/I‘ICCKI/IX CBOJMICTB KOMIIJIEKCOB OAaHHDBIX

anemeHnToB [1]. JlanTaHommsl, BKMwO4as La**, 0067mafaroT BBICOKOV KOOPAMHAIMOHHOI

CIIOCOOHOCTBIO U MOTYT O6paSOBbIBaTb CTaOMIbHBIE XeNIaThl C OpTaHNYECKVIMU JINTaHAaMU

pasnquoﬂ IIpUpOabL [2] OHu gBIAIOTCA IIEPCIIEKTUBHBIMU B Ka4€CTBE ¢YHKHMOHaHbeIX

© A.A. lly6una, T.H. Opnosa, 2026
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MaTepuajoB st OMOMERNIVHBI, BKII0Yas IPOTMBOPAKOBYIO aKTVBHOCTD I BOSMOXXHOCTD MIX
Jla/IbHEIIIeT0 JMCII0/Ib30BaHMs B KadeCTBe areHTOB JyIs JJOCTaBKM JIEKAPCTB, BO3MOXXHOCTH
B/IMAAHUA Ha MOJIEKY/IBI OMOTOTYYECKM aKTUBHBIX COCIMHEHNII 11 IIPOLIECCHI, IPOVCXOAAIINE B
JKMUBBIX OpraHu3Max [3].

labanentun  (1-(aMMHOMETWI)IMKIIO- 0 OH
FeKCaHYKCyCHas KIUCTIOTA) SBJIACTCS NH
aMMHOKIIC/IOTOTIONOOHBIM ~ JIEKAPCTBEHHBIM
cpenctBoM (coemuHeHMe-aM(ONINT), KOTOpPOe
VICTIOTIb3YeTCA B KIVHMYECKON IpaKTHKe KaK
CPeACTBO I JIEYeHUA HeMPOIaTUIeCKON
00/IY, SMMIETICUN U XPOHUYECKUX O0sIeil Ipu
HNOPXEHUN  TPOVHUYHOIO,  CEeaIMIIHOTO
HepBa U oOmosChIBamomeM reprece [4, 5].  pyc. 1. CrpykrypHas popmyna rabamneHTHHA
B nocnenuee BpeMs B KJIVHUYECKON IIpaKTUKe (1-(aMMHOMETIIT) IUIK/IOT€KCAaHYKCYCHO KVIC/IOTBI)
JIaHHBIII TIperapaT IPUMEHseTCs, B TOM YICIIe,
Y1 /11 yMEHbIIEHN TsOKECTY CUMIITOMOB JIeTIPeCCH, TPEBOIH, O0IEBBIX CMHAPOMOB M C II€/IbIO
YIy4IIeHNs KOTHUTUBHBIX GyHKIWA [5]. Ero crpykrypa cofepXuT QpyHKIMOHAIbHBIE IPYIIIIbI,
CIIOCOOHBIE KOOPAVHMPOBATBHCS C IOHAMM METAJUIOB [6].

JIaHTaH TPagMILMOHHO 00pa3yeT KOMIUIEKCHI Yepe3 reTepoaTOMbl PasIN4HOl IPUPOLDI,
1 HanbosIee MpeAnoYTUTeNbHBIMY cormacHo KoHuemnyy YKMKO sB/Ss0TCS KUCTIOPOHbIE JOHOPB,
B YJCJIO KOTOPBIX BXOZAT KapOOKCMIbHbIE Tpynmsl [7]. VccmenoBaHys KOOPAMHAIVIOHHBIX
COeIVMHEeHMII TaHTaHAa C PasHbIMM OPTaHMYECKUMMM JIUTaHAaMM (HampyuMep, ¢ HUKOTUHOBOI
KJUCJIOTON) ITOKa3bIBAIOT pasHOOOpasyue CTPYKTYPHBIX (pOPM ¥ BO3MOXKHBIX IPVIMEHEHUII He
TO/IBKO B 00/IaCTM XVMMUY Y MeJVILIVMHBL, HO 1, K IIPUMEpY, MaTepuanoBefeHnn [8].

Kommiekcpl MeTa/UIoB MIMEIOT IIMPOKOe IPMMeHEeHe B IPOTMBOPAKOBOI Tepamuu [9].
Tak, KmaccuyeckuM IPUMEPOM SABJIAIOTCS COENVHEHNsA Ha OCHOBe IUIATUHBI (K IIpUMepY,
IVICIVIATVH), HO B HAcTosAllee BpeMsA HAOMIOaeTCA aKTVMBHBIM IIOMCK HOBBIX COeIVHEHMIL,
IIPeOI0JIEBAIOINX IPOO/IEMy Pe3UCTEHTHOCT TPAAUIIMIOHHBIX IPOTUBOPAKOBBIX IIPENapaToB
[10]. Kommiekchl /1aHTaHa pPacCMAaTPUBAIOTCA MCCIENOBATENAMM KaK IIepPCHeKTUBHBIE
IPOTMBOONIYXO/IeBble areHTBl: OHM CHOCOOHBI B3ammopericrBoBath ¢ [JIHK, BbI3BIBaThH
OKMC/IUTENbHBIN CTPeCC ¥ WMHAYLMPOBATh aIONTO3 PAaKOBBIX K/IETOK, YTO [OKAa3bIBaeT
NEepCIeKTVBHOCTh WX IPYMEHEHNUSA IpM OHKO03a0OJeBaHVAX pasIMYHOro reHesa [11].
TepameBTuyeckme CBOJICTBA IPOTUB MHOTMX BUIOB OINYXOJIeNl OOBSICHSIOTCA CIEAYHIOIINM
MEXaHM3MOM HeVCTBUA: La’* BimsAeT Ha KIeTOYHble CUTHA/JIbHBIE IIYTM U VHAYLMPYET
OKMC/IUTENIbHBIN CTPECC; MOXKET BCTPEeYaTbCsl MHIMOMPOBaHME HEKOTOPBIX (EepMEHTOB U
HOBBIIIEHNe KOHI[eHTpalyy HEKOTOPBIX aKTMBHBIX ¢opM kucmopopa [12]. Tpapmumonno
CTabM/IbHBIE KOMIUIEKCHI Pe[JKO3eMe/IbHbIX 3JIEMEHTOB BCTPEYAIOTCS Cpefy [-MKeTOHATOB,
¢denanTponnuoB, ocHoBaumit 1lIudda, IpUCyTCTBYIOT COOOIIEHU O MeTa/UIOPTaHNYeCKIX
KapKacax, COfiep)Xalll¥X YIOMsHyTble MOHBI [13]. TabameHTMH COfep)XUT aMUHHYI U
KapOOKCVU/IBHYIO TPYIIIBI, YTO 0OeCIIeynBaeT ero MOTEHIINMA KaK a30T- U KUCTIOPOJ-JOHOPHOTO
JINTaHJja, QHAJIOTVYHO Y)Ke VICC/IeNOBaHHBIM B jmreparype. [Ipenmomaraercsi BO3MO>KHOE
ycueHye 610/IOrMYecKoil aKTMBHOCTY rabaleHTIHa, 00YCTIOB/IeHHOE BIMsIHMEM MeTajia Ha
KJI€TOYHBIE IIPOIIeCCHI.
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ITenb pa6oThr

Ilenpro HaCTOALETO MCCHAENOBAHMUSA ABNAETCA CUHTE3 U MCCIENOBaHME CIEKTPATbHBIX
xapakTepucTuk komiiekca nantana(lll) ¢ rabanenturoM u in silico cpaBHUTENbHAs OLlEHKA
TepaneBTYECKOTO OTEHIaIa IIOTy4€HHOTO COeJTHEHNA M MCXOJHOTO JIMTaHA.

IJKcnepuMeHTalbHas 9acTh

[ paboTs! cnonb3oBany rabaneHTyH B popme Karcyn «Karsna» (BELUPO, XopsaTus);
TUJIPOKCUJ, KaIVsA, JIAHTAH XJIOPUCTBI 7-BOpHBIA. OfHa Kalcyna rabaleHTVHA COREpPIKUT:
rabaneHTH 300 Mr, BCIIOMOTaTe/lbHble KOMIIOHEHTBI: KpaxMala KyKYpPYy3HBIN, JIaKTO3BI
MOHOTUJIPAT, TlbK; KaIlCy/lIbHasi 000JI0YKa: >KeMaTVH, TUTaHA AMOKCUJ, KPacUTeNIN >Kemesa
OKCUJL KEJNITBIN, Ke/le3a OKCUJ, KpacHbl. [Ina perucrpaumm snekTpoHHbIX U VIK-cnextpos
ucronb3oBanu mpr6opst 113 5400-YD (OO0 «3KPOCXVM», Poccust) u Spectrum 65 (Perkin
Elmer, CIIA) ¢ HIIBO-npucraBkoi COOTBETCTBEHHO, 3/IeMEHTHOTO aHamms3a — EA 1112
mMopudukanyy CHN (Thermo Finnigan Italia S.p.A., Vtaimsa). Copep>kaHue naHTaHa B
KOMIUIEKCE OIIpele/ sl TPaBUMETPUYECKMM METOJOM IO OOIIeNPUHATON METOJVKe,
OcCafinTesIeM B KOTOPOI SAB/ISIETCA 11e/I0Yb [14], Xmop onpegensicsa apreHTroMmerpudeckn [15].

Mertopuka u3BlIeYeHNMs [ECTBYIOIIET0 Bel[eCTBA M3 J€KapCTBEHHON MaTpPUIBI.
[Topo1ok n3BeKanu 13 ABYX KaIICy/I, BBICBHIIIANN B XMMUYECKII CTaKaH, ITOCTIe YeTo 3a/IBalIu
20 MJI XOTOFHOV AUCTWUIMPOBAaHHOM Bopbl. OOpasoBaBLIYIOCS CMeCh IepeMellNBaayi B
Te4eHUe 5 MMHYT Ha MarHUTHOJ Mellajike ¥ OTGmIbTpoBbiBamyu. OcTaBuiecss Ha QuabTpe
BCIIOMOTaTe/IbHble KOMIIOHEHTBI OTOPAChIBA/IN, (PUIBTPAT OCTAB/ISUIN UCTIAPATHCS Ha BO3LyXe.
C menpro u3baB/eHNsI OT OCTaTKOB JIAKTO3bI MOHOTMJpAaTa ITOJMYYE€HHBIN CYXOJM OCTAaTOK
HepeKPUCTA/UIM30BbIBAIM U3 ITWIOBOTO CIIMPTa, IOC/e 4ero Habmoopanu obOpasoBaHMe
JINTaHJa B KPUCTAJUIMYECKOM BU/JI€, TOTOBOTO /IS JA/IbHEMIINX CUHTETUYECKUX MTPeBpaleHIIA.

Mertoauka cHTe3a KOMIUIEKCHOTo coeguuenn nanTaHa (IIT) c rabanenTunom (GBP).
BoipiennenHblit u3 nekapcTBeHHO MaTpuibl aurasf (0.52 r; 0.003 Monb) pacTBOpsIN B 5 M
IUCTWUIMPOBAHHO BOABL; Ipu HeobXommmocTy KoppektupoBamu pH (mo 6.5+0.5)
IIOCPEZICTBOM ITOKameabHoro nobasnenus 0,1 M pacTBopa ruapoKcuja Kanus Ijis IepeBofia
KapOOKCWIBHON Tpynmbel B KapbOokcminatHyio ¢opmy. K pacrBopy nmranma pmobaBwmim
PacTBOPEHHYIO B MIHMMA/IbHOM KOJIMYeCTBe AVUCTIIIMPOBaHHON Boabl HaBecky LaCls » 7H,O
(0.37 1; 0.001 MOnb) mHpM IIOCTOSSHHOM IlepeMellVBaHuy; Habmopam o6pasoBaHue
ogHOpo#HOro pactBopa. CMech Bbiiep>kmBamy 1 4 mpy HarpeBanunm 50+5 °C, He porryckas
neperpena, OC/Ie Yero IOMeCTV/IM B XOJIOJVIbHMK. BpInaBImii B Bufie 0cajika 1o MCTe4eHUN
24 9acoB IPOJYKT BBIAEMNIN LIeHTPUPYTMpPOBAaHEM, IPOMBIIV BOJIO M 9TAHOIOM ¥ CYLIVI/IN
B 9Kcmkarope Hap 6esBogHbiM CaCl, 0 MOCTOSHHON Macchl B TedeHue 5-6 mHeit (mpum
BBICYIIVMBAaHMM Ha BO3JyXe KOMIUIEKC TIupaparupyercs). Ilpm oOHapyKeHUM OCTaTKOB
HelpopearnpoBaBllero  juraHga  MeropoM  VIK-cmekTpockommm — peKOMeEHAYeTcs
HepeKpUCTA/IN3ALA U3 BOJHO-CIIMPTOBBIX CMecell mm MefieHHas [uddysnsa pacTBOpuTens
JUTS TIO/TydeHMsA Ka4eCTBEHHOTO MEeIKOKPYICTa/UINIEeCKOTO IIOPOLIKA, YTO ITO3BOJIUT BBIIE/UTD
KOMIUIEKC B MHAMBUya/IbHOM Bufie. CoefiHeHMe ITOCTIe MTepeKpUCTa/UIN3ALNY IIpeficTaB/IsgeT
€000J1 MENTKOKPUCTA/UTNYECKIIT TOPOIIOK OexkeBOro 1iBeTa. Boixop - 75% (Macca Bemectsa 0.68 T).
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Boruncneno, %: C 35.90; H 7.48; N 4.65; O 24.80; Cl 11.78; La 15.38. Haitneno, %: C 35.96; H 7.44;
N 4.66; O 24.86; Cl 11.65; La 15.42. MonspnHas macca: 903.10 r/monb. IK-cnektp, v, cm™:
2925 (Ve CHy), 2855 (vs CHy), 1550 (ves COO™), 1399 (v, COO"), 1306 (C-N), 1193 (C-0), 1113, 1038,
929 (8 CHa), 825, 795 (La**-0). Amax=302 HM. O6pasoBaHMe KOMIUIEKCa M300paXkeHO Ha cxeMe 1.

NH,
NH, 9
i =0

o - o}
pH=6,5-7,0 (0]
LaCls7H,0 + 3 +HO — \\La/ o 3HCIe8H,0

Cxema 1. O6pasoBanne kommiekca manTaHa(Ill) ¢ rabaneHTrHOM

ITonyyenHoe coefyHeHue JErKO PacTBOPMMO B BOje, CIMpTax, anerone, IMCO n
IM®A, m1oxo - B aleTOHUTpUIE, OMITUIOBOM 3(upe, TeKcaHe M JPYTMX HEIOJAPHBIX
pacTBopuTenax [16].

Jns onpenenensa KOHCTaHTBI HECTOMKOCTY HaBeCKy KoMIiekca B 100 Mr pactBopuin B
5 M/ [JUCTWIIMPOBAHHONM BOAbI M II€pEMEIINBAAM PacTBOp B TedyeHMe 3 U C Ie/Iblo
YCTQaHOBJIEHVS 3HAYeHMA KOHIIEHTPAlMM, MAaKCUMAJbHO OMM3KOl K PaBHOBECHOIL.
ITepecplieHHBIIT PacTBOP ObIT OTGUIBTPOBAH, IIOTY4eH HACBILIEHHBII paCTBOP KOMIUIEKCHOTO
COeJVIHEeHNs TIpY KOMHATHOI TeMIeparype (B yCIoBUAX akcrepuMenTa 21.6 °C - nokasaHue
TabOpaTOPHOTO TEPMOMETPA).

OcHOBHaA 4acTh

AHanmus 9/MEKTPOHHBIX CIIEKTPOB JIMTAHJA OTHOCUTENBHO KOMIUIEKCA IIOKasasl
6aTOXpOMHBIIT cABUT ¢ 204 HM y nuraHja o 302 HM y KoMIiekca (cM. puc. 2).

3

™~
o

[3%]

—

190 210 230 250 270 290 310 330 350 370 390
A, HM

Puc. 2. DneKTpoHHbIE CIIEKTPBI (PacTBOp CpaBHEHMS — JUCTWUIMPOBaHHaA Bopa): 1 — rabamentuHa (pH=6.50;

C=9.5-10* M), 2 — kommnekca La(III)-rabanentnn (€=344.97 m-monp -cml; C=9.5-10* M).
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['abameHTVH He ¥VIMeeT B CTPYKType apOMaTMYeCKMX KOJIell, COIPsDKEHHBIX CUCTEM
JIBOJHBIX CBsA3€l, B KOTOpble MOXXeT BXOAUTb KapOokcwiabHas rpymma. [Ipn pH=6.50, npu
KOTOPOM BeJIeTCs CMHTe3, aMUHOTPYIIA raballeHTHHA IPeVIMYIIeCTBEHHO IIPOTOHMPOBaHa
(-NHs*), 1 Henope/ieHHas Iapa 3/1eKTPOHOB Ha aTOMe a30Ta He y4acTBYeT B N>T* Iepexopax.
Takum o6pasom, npoucxognt > mepexon (Amwa=204 HM) B paMKax JelOKaIM30BaHHON
T-CUCTeMbl KapbokcmnaT-annoHa (pK,=3.68); Taxke ImpHUCYTCTBYeT BIMAHME CONbBATAIMU
KapOOKCWIaT-aHMOHA JIMTaHAA AVMCTIWUIMPOBaHHON Bomoll. Ha obpasoBaHme KoMIniekca ¢
MeTa/UIOM yKasbiBaeT 3/meKTpoHHbIl mepexopy LMCT (ligand-to-metal change transfer)
Amae=302 HM, YTO NIPMBOAUT K OOpa3OBAaHMIO HU3KOIHEPTETUYECKOro Xpomodopa -—
KOMII/IEKCA C IEPEHOCOM 3apsfa.

[Tony4yeHHBIVI KOMIUIEKC MMeeT BBICOKMII MOJIAPHBIN KO3(QOUIMEHT SKCTUHKIUN:
€=344.97 1+ Monp' * cM!, YTO TOATBEpXKHAaeT M3MepeHMe abCOpOLUYU IpU PasTUIHBIX
3HaYeHMSIX KOHIIeHTparuu (cM. puc. 3, Tabim. 1).

Ta6muua 1. Onpenenenne Mosapaoro koadduimenta sxkcruakyu (&) kommiekca La(IIl) ¢ rabamentnHOM.

C, Mmonb/n A
9.0 - 10” 0.031
1.5+ 10" 0.056
2.5-10* 0.083
3.5+ 10" 0.121
4.5-10* 0.148
6.0 + 10* 0.202
7.0 - 10* 0.247
8.0 - 10" 0.286
9.5+ 10" 0.331
1.0 - 107 0.352
1.5+ 107 0.507
0,6
0,5 .
0,4
o7
<03 o
e y=34497x
* R2 = 0,9994
01 e

P

0 0,0002  0,0004 0,0006 0,0008 0,001 0,0012  0,0014  0,0016

C, MoJIL/ 1

Puc. 3. Ompenenenne monsapHoro kosdpduiyenta sxcrumakumm (g) xommaekca La(Ill) ¢ rabameHTMHOM IO
YPaBHEHMIO JIMHEIHON PErPeCCUN.

KommnekcoobpaszoBanue rabanentnHa ¢ nmaHtanoM (III) Taxke mokasaHo MeTonom
VK-cnektpockonuu. Ha puc. 4 n 5 mpepcraBieHbl KojebaTenbHble CIEKTPHI NTUTAHAA U
KOOPZIMHAIIVIOHHOTO COeMHEHMSI.

29



OT XHMHM K TEXHONOTHH TOM 7, BBINYCK 2, 2026

%T

4000 3500 3000 2500 2000 1500 1000 600
cm-1

Puc. 4. VIK-cniexTp nuraHpga rabameHTHHa.

1004

%T

4 3500 3000 2500 2000 1500 1000 600
cm-1

Puc. 5. VIK-cnektp komiiekca La(III) ¢ rabaneHTHHOM.

B UK-cnekrpe MCXOZHOTO J/WIaHfa B TBEPAOM BJAE IPUCYTCTBYIOT IIOJIOCHL
COOTBETCTBYIOLIe KaK IPOTOHMPOBaHHON KapbokcmnpHoi rpymme (v(C=0)), Tak u
Kapbokcwnat-aunoHy (va.(COO"), vi(COO")). B crexrpe komriutekca ¢ La’** monmoca v(C=0)
OTCYTCTBYeT, COXpaHAITCA M cMemaoTcsa monocl COO", YTO CBUJIETENIBCTBYET O IOJTHOM
JeIIPOTOHMPOBAHNY KapOOKCHUIBHON IPYIIIBI U €€ YIaCTUU B KOOPAMHAIIVM C IOHOM JIAaHTaHa.
Ha6mionaercs ncuesHoBeHme nuka cBobopgHoit -OH rpynms! (3338 cm!). TTosiBeHne HOBBIX
nosoc (825,795 cm™') xapakTepHO JI/Isl MeTa/UT-KUCTIOPOAHBIX Konmebanmit La**-O. Hecmorps Ha
TO, 4TO BasmeHTHbIe Konebanua C-H u -CH,- rpynm B o6mactn 3000-2800 cM' He MeHAIOT
MOJIOXKEHMsI TpM KOMIIeKcobopazoBanuu, aebopMalMOHHbIE KOMEOAHMS METUIEHOBBIX
rpyni (HO>KHUYHBIE, BeepHble, MasATHMKOBBIE, KPYTWIbHbIE) B MHTepBane 1500-700 cm
COBUTAIOTCS U Ilepepaclpefie/IloTCs MO MHTEHCMBHOCTSM, YTO O3HAadyaeT yYMEHbIIeHIe
HOJBYDKHOCTH YITIEPOIHOTO CKeJleTa Py BBeleHNUM KaTMOHA MeTa/lIa B CTPYKTYPY MCXOLHOM
Monekynpl. Takum  obpasom, HabOmopmaercs OupenratHas (Av(COO)=150 cm™)
O,0-kooppanHanys 4epe3 KapbokcunaT-aHuoH. [lofgpobHas cpaBHUTeNbHas pacmmdpoBKa
MIKOB MpUBeJeHa B Tabmuie 2.
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Ta6nuua 2. CpaBHuTenbHas pacuudposka mukos VIK-crexTpos rabaneHTnHa u ero komiviekca ¢ La(I1T)

v, e (%T), muranp,

v, em! (%T), KoMImekc

Wurepnperanysa

3338.76 (83.45)

O-H, BaneHTHbIe KonebaHmuA

2924.92 (59.88)

2924.53 (80.08)

Vas(-CHa-), anndatmaeckne
KOJIe6aHNs YITIEPOFHOTO CKeleTa

2858.96 (59.88)

2854.59 (84.08)

vs(-CHa-), amndaTndeckie
KOJIEOAHUS YITIEPOJHOTO CKeJleTa

1640.91 (58.77)

C=0, BajleHTHBIE KOnebaHNA

1581.99 (59.03)

1549.76 (74.33)

vs(COO)

1507.26 (49.59); 1458.88 (60.43);
1445.25 (68.44)

HOXXHIYHbIE feOpMaLiOHHbIe
kosne6anus -CH,-

1397.47 (37.74) 1399.19 (62.99) v(COO")
1342.88 (72.42) 1306.23 (59.91) v(C-N)
1177.78 (75.23) 1192.53 (81.17) v(C-0)

1159.23 (66.44); 1146.49 (72.55)

MasgTHUKoOBbIe -CH,-

1115.02 (64.30); 1071.89 (69.89)

1113.20 (80.16); 1037.76 (73.78);
928.91 (85.79)

KpyTwibHble -CH,-

973.76 (65.55); 944.91 (84.83);
925.45 (72.67)

928.91 (85.79)

O(CH»)

825.09 (81.42); 795.40 (83.86)

La**-O

CrekTpopOTOMETPUYECKMM METOIOM 10 Tpadukam

HacChIIIa€MOCTU OIIpe€feI€eHa

KOHCTaHTa HecToiikocty Komiviekca La(IIl) ¢ rabamentuHoM. IIpu momomy sneMeHTHOTrO

aHa/IM3a YyCTaHOBJIEHO, 9YTO COOTHOLIEHNE «MECTAJI/I : IUTAH» = 1:3; u3BectHa 6PYTTO—C1)OpMy}Ia

MICCTIEyeMOro CoefiHeHNs. BHyTpeHHAA cdepa KoMIUIeKca, OyAydu TPYLFHOPACTBOPVUMBIM

JIEKTPOINTOM, ANCCOUUNPYET COTTIACHO YPaBHEHNIO:

X 3x
[La(GBP)s]** = La** + 3GBP°

Boipaxxenne s mpousseienuss pactBopumoctu (IIP) mmeer Bup 27x%, mo

KaHI/I6pOBO"IHOMy rpad)MKy Ha puc. 3 OoIlpene/ieHa KOHLOEHTpalusa HAaCbIIEHHOTO pacTBOpa,

KoTopas cocraBmia 1.44-10° monb/m.

Kuear=T1P=x-(3x)*=27x"'=27-(1.44-107)*=1.16-10"°

PaCCMOTpeHO BIUAHUE KOMHHGKCOO6P&3OB&HI/IH

rabarieHTHa C JIAHTAaHOM Ha

(dbapMaKOKVMHeTNYeCKIe XapaKTePUCTUKI IIOTy4eHHBIX COeJVIHEHNII, B TOM YUCTIe, C yIeTOM

AJIBTEPHATUBHBIX BO3MOJXKHDBIX KOOPAMHAIVMOHHBIX YN CEJT (1 n 2), BHYTpPEHHUE C(l)epbl KOTOPbIX

umeror cocraB [La(GBP)]** u [La(GBP),]**. Ananus in-silico mpoBefjeH ¢ UCIIONb30BaHNEM

OHJIAVH-CEPBICOB

ADMET

(http://gsar.chem.msu.ru/admet/) nu

(https://way2drug.com/PassOnline/predict.php).

PASS  Online

Kak nokasbiBatoT anHbIe Tabmumsl 3, log BB (cioco6HOCTD BeliecTBa IPOHMKATD Yepes

reMaTosHIepanMIecknii 6apbep) mIA rabaleHTVHA MMeeT OTPUIATENIbHOEe 3HAYeHMe,

B OT/IM4ye OT COOTBETCTBYIOIMX KOMIUIEKCOB, KOTOpPbI€ XOpOIIO IIPOHMKAKT B MO3I.

Komriekcor ¢ KOOpAVHAIIMOHHBIM Y1 C/IOM 2 U 3 OTIUYIHO NMOAXOAAT AJIA IIEPOPATTBHOTO IIyTN

npuMeHeHns (HIA - human intestinal absorption - mporeHT BcacbiBaHMs B KUIIEYHUKE),

31


http://qsar.chem.msu.ru/admet/
https://way2drug.com/PassOnline/predict.php

OT XHMHM K TEXHONOTHH TOM 7, BBINYCK 2, 2026

B OT/INYME OT COEAMHEHVSI C KOOPAVHALIVIOHHBIM YIC/IOM 1, U1 KOTOPOTO IPeAOYTUTENbHO
IapoHTepaIbHOE BBeeHMe. Bece Tpu KOMIIEKca IeMOHCTPUPYIOT 60jiee BBICOKOE CPOACTBO K
ouonormdeckoit mutenn (6onpue sHadeHns pK; n pICsy), 4eM rabaneHTVH — 9TO O3HAYAeT,
YTO OHM [O/DKHBI VIMETb BBICOKYIO adPMHHOCTD 1, TeOpeTHdecKy, HaBaTb OOJIBILIYIO
3¢ dexTUBHOCTD ITpU 60/Iee HUKMX 03U POBKaX.

Tabmuma 3. CpaBHUTeNbHBII aHamM3 (GapMaKOKVMHETMYeCKMX U (apMaKOfVMHAMIYECKUX IIOKasaTeseil ¢
UCIIO/Ib30BaHMeM oH/IaiH-pecypca ADMET

CoennHenne log BB HIA, % pKi pICso

GBP -0.63 81.15 3.87 3.72
[La(GBP)]** +0.33 30.84 4.47 4.25
[La(GBP),]** +0.44 83.05 4.82 3.63
[La(GBP);]** +0.41 74.03 5.06 3.33

['abameHTVH peannsyeT HECKOIBKO K/IIOYEBBIX BUJOB 0MOIOIMYECKOI aKTUBHOCTH, YTO
IMOKa3bIBAIOT JaHHbIE 13 TAOINIbI 4.

Ta6muua 4. BeposTHOCTD posiBIeHMsT papMaKoIoTMIecKoit aktuBHocTy rabamentuna (PASS Online)

BeposATHOCTD IPUCYTCTBUA BepoATHOCTD OTCYTCTBUA Sdodexr
6romorn4ecKoi akTuBHOCT! P, 6umonornueckoi akTuBHOCTH P;
0.894 0.005 cyberpar CYP2]
0.811 0.002 aronnct GABA-C penennitopos
0.745 0.008 IIPOTUBOCYIOPOXHOE CPENICTBO
0.708 0.009 06e3601MBaIee CPeCTBO
0.855 0.015 nedeHne GOOUIECKIK PACCTPOIICTB
0.799 0.012 MHTUOUTOP
NADPH-nepokcupgasst
0.744 0.010 MHIMOUTOP CYIepOKCUAUCMYTA3bI

Hanbonee usydeHHbIM ¥ (apMaKOMIOIMYECKV 3HAYMMBIM MEXaHMU3MOM SABJISETCA
aronusMm penentopoB GABA-C (P.=0.811) - BnamusHMe Ha CHUHTe3 U BBICBOOOXXIECHIE
Y-aMMHOMAC/IAHON KMUC/IOThI, YTO BO3MOJKHO JI/IA CTPYKTYpbl IIpelaparta, CXOXKeil C JaHHO
MOJIeKy/Ioil. IJTo obecrednBaeT INPOTUBOCYROpOXHBIN (P.=0.745) m o06e36ommBaromyit
(P,=0.708) addexr. [Ipyrmm BaKHBIM IIOKaszaTeleM sBAETCA JiedeHMe (HOOMIecKIX
paccrpoiicts (P,=0.855). Bxag kak B HePOIPOTEKTOpPHBbIE, TaK M B MOOOYHbIE 3P PeKTHI
BHOCUT CIOCOOHOCTD rabamneHTNHa ObITh MHIMOMTOpoM NADPH-niepoxcupassr (P.=0.799) u
cynepokcupancmytassl (P,=0.744), 4ro oTpaxkaeT BIMAHME HA OKVCIMTENBHBIN CTpecc.
['abaneHTUH TeopeTnyecKM TakXke CIocobeH ObITb cybcTpaToM ¢epmenta CYP2J2 cucrembr
nuToxpoMa P450, HO KIMHMYECKOTO 3HAYeHMs MaHHAas aKTUBHOCTb He MMeeT, TaK Kak
IpenapaT IpaKTUIeCK! He MeTabOoIM3UPYeTCs U SIMMIHIPYETCA Yepes3 MTOYKM B IPAKTUIeCK
HemsMeHHOM Bupe [17].

Ba)xHo, 4TO rabameHTMH MMeeT 8 TeOopeTMYecKu BO3MOXKHBIX MOOOYHBIX 3¢ deKToB
(mpu P.>0.7; cM. Tabmuiyy 5), HEKOTOpbIe U3 KOTOPBIX XapaKTePU3YIOTCsA BBICOKON Y CpelHel
CTeIeHbI0 TsDKeCTH: pBoTa ¢ KpoBbio (P.=0.801), ckpsiToe kpoBoTeuenne (P,=0.747), anemus
(P,=0.773), )xenyno4yHo-KkuieyHoe KpoBotreuyenue (P,=0.754) u np.
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Ta6nuua 5. BeposiTHOCTD HposiBIeHNs TOO0YHBIX 9 dexToB rabaneHTnHa (PASS Online)

BepoATHOCTD IPUCYTCTBUA BepoATHOCTD OTCYTCTBUA Addexr
n0604YHbIX 3 PexToB P, 110604HBIX 3¢ ekToB P;
0.801 0.013 PBOTa C KPOBBIO
0.733 0.005 aHeMus
0.798 0.038 03HO6
0.754 0.013 JKEyl0YHO-KUIIEYHOE
KPOBOTEYEHME

0.747 0.017 CKPBITOE KPOBOTEYEHME
0.736 0.013 TUIIEPXOJIECTEPUHEMUA
0.737 0.035 YJCTas SpUTPOLUTAPHAs aIlUIasus
0.710 0.040 adrosHast s13Ba

B ommume or nmranpa rabamentmHa, komiutekcbl La(IIl) ¢ paccmarpmBaeMbiMu
KOOP/IMHAIIVIOHHBIMY YnciamMu 2 U 3 (KOTOpble IIPe/ICTaB/IAI0T HaOOIbIINII MHTEPeC C TOYKY
3peHus1 KpuUTepueB OMOMNOCTYIHOCTM), HPOSBIAIOT HOBBIE BUABI  ITOTEHIMAIBHON
610/IOrMYecKoil aKTMBHOCTY — cM. Tabmuiy 6. Tak, Jyis KOMIUIeKca ¢ KOOPJAVHAIVIOHHBIM
gncnoM (KY) 2 xapakTepHO mposiBieHne aHTrcebopeitHbix cBoiicTB (P.=0.704), coxpaHsercs
anTaronn3smM GABA-C peuentopos (P,=0.741). Hanbosnee nepcreKTMBHBIM ISl BaTbHENIINX
6MOMEeNVIIMHCKIIX UCCIeNoBanmil aBserca coenmnuene ¢ KY 3, T.K. 0HO 06/mafaeT BBICOKOI
BEpOATHOCTBIO ITposiBIeHMs obe3bonmBaroero (P,=0.904) n mporusoonyxonesoro (P,=0.837)
addexTa IPOTUB MHO>KECTBEHHOI MIETOMBI.

Ta6nuua 6. BeposTHOCTD nposiBieHnst papMaKomIornyeckoi ak TMBHOCTY KOMIUIEKCOB JIAaHTaHa C rabarneHTHOM

(PASS Online)
BeposTHOCTD IPOSIBIEHNS BeposiTHOCTD MpOsiBNeHNs
Sbepexr (bapMaKoIornIecKot aKTMBHOCTHI (dbapMaKomornIecKoi akTMBHOCTI
y xommekca ¢ K4=2 cocrasa y xommyekca ¢ K4=3 cocraBa
[La(GBP),]**; P.(Py) [La(GBP);]*; P, (P;)
O6esbommBaroliee CpefCTBO 0.748 (0.007) 0.904 (0.004)
[TpoTuBOOIyXOIEBBII - 0.837 (0.002)
(MHO>XeCTBEHHas MII€TIOMa)
JleueHne pobugeckmx 0.835 (0.022) 0.812 (0.029)
PaccTpoCTB
3amura CIM3UCTHIX 060109eK 0.795 (0.020) 0.767 (0.028)
AnTrce60peitHbIit 0.704 (0.037) -
Aronnct GABA-C penentopos 0.741 (0.037) -
Vurn6utop youxmHoH- 0.749 (0.051) 0.714 (0.063)
uutoxpoM-C pegyKTasbl

[IposiB/ieHMe HOBBIX BUJJOB OMOTOTMYECKON aKTMBHOCTY CBSI3aHO C IPUHIVIINATBHBIM
u3MeHeHVeM (U3MKO-XMMMYECKMX ¥  KOOPAMHALMOHHBIX CBOVICTB MOJIEKY/Ibl IIpU
06pa3oBaHNY KOMIUIEKCHOTO COeIMHEeHNA.

Cpemy mo6ouHbBIX 3(ddeKTOB paccMaTpuBaeMbIX KOMIUIEKCOB META/IOB Ba)KHO
OTMETUTDb HEeBPOJIOTMYECKIIe U CUCTeMHble To60ouHbIe 3 dekTsI (9iidopus, moTeps Beca 1 Ap.),
3HaueHre P, KOTOpBIX MOHIMKaeTcsi mpu mepexofe k KU=3, 4To yKkaspiBaeT Ha yiIydlleHNe
npodua 6esonacHocty B cpaBHeHy ¢ KU=2 (cm. Tabmuiyy 7).
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Ta6muna 7. BeposTHOCTb posiBIeHNst TOOOYHBIX 3¢ (eKTOB KOMIIIEKCOB aHTaHa ¢ rabamentraoM (PASS Online)

BepoAaTHOCTD IpOABNEHNA BepoaTHocTb IpoABNEHNA
. no6ouHoro sddexra o6o4Horo addexra
[To60ouHbL 3 PexT
y komtekca ¢ K4 = 2 cocraBa y kommtekca ¢ K4 = 3 cocrasa

[La(GBP),J**; P4 (P) [La(GBP)s]**; P. (P)
Aitbopus 0.957 (0.004) 0.948 (0.004)
IToTepst Beca 0.913 (0.003) 0.875 (0.003)
I'mmeprunpos 0.890 (0.007) 0.861 (0.009)
['acTpOTOKCUIHOCTD 0.754 (0.034) 0.798 (0.026)
3aBUCUMOCTD 0.788 (0.007) 0.763 (0.009)

BoeiBoaml

Paspaboran cnoco6 cuHTe3a BOmOpacTBOpUMMOro Komivtekca saHtaHa (III) ¢
rabareHTNHOM, 3((eKTMBHOCTD KOTOPOTO IIOATBEP)KJAETCA BBICOKMM BBIXOAOM (75%);
VHJVBYAYQTbHOCTh coefyHeHVs mnoaTBepkpeHa VK- m YO-Buammoit crekTpockommeit.
CnexTpanbHble XapakTepucTnku: 2925 (vi, CH,), 2855 (v CH;), 1550 (vis COO7), 1399 (v,
COO7), 1306 (C-N), 1193 (C-0O), 1113, 1038, 929 (6 CH,), 825, 795 (La’*-O); Anux=302 HM.
YCTaHOB/IEHO, YTO KOMIUIEKCOOOpa3oBaHME COXpaHAET IepCIeKTVBBI  OMOIOrMIecKo
aKTVMBHOCTY, IIPYCYINEell MCXOJHOMY JIMTAHJY, @ TaKXe CO3aeT BO3MOXKHOCTb IIPUIAQHMVIA
IPUHIVUINAIBHO HOBBIX TepaleBTUYeCKUX CBOMCTB. IlomydeHHble HaHHBbIE 0OOOCHOBBIBAIOT
HEepPCIeKTUBHOCTD JJA/MIbHENIINX JOKIMHNYEeCKUX MccmenoBanmit komiiekca [La(GBP)s]** B
KayecTBe MHOTO(YHKIIOHA/IBHOTO areHTa I JledeHns Helipomarudeckoit 6omu (P.=0.904),
¢dbobuueckux paccrpoiicts  (P,=0.812) u onkomormueckux 3abomeBanuit (P.=0.837),
TpeOyIoIero, OfHAKO, Pa3pabOTKM CIEeLMaIbHbIX JIeKaPCTBEHHBIX GOPM J/IsI MUHVMM3ALUN
nporxosupyemoit JKKT-rokcnanocrn (P,=0.798).

Kondnukr narepecon

ABTOpBI 3asBIAIT 00 OTCYTCTBUM KOH(QIMKTa MHTEPecOB B (DMHAHCOBOI MM KaKOJI-
6o nHOoI cdepe.
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IIEPCIIEKTYBHBIN IIOTXO[ K CMUHTE3Y
2,5-TM3AMEIIEHHBIX 1,3,4-OKCAIVIA30J/IOB
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'OTBOY BO «fIpocimaBCKumil TOCYGapCTBEHHBIN TeXHMYeCKUit yHuBepcurer», 150023, Poccns, r. fpocnasns,
MockoBckuii Ip., f. 88; firstovaaa@ystu.ru

*®I'BOY BO «fIpocmaBckuit rocysapcrBenublit yuusepcuteT um. ILT. [Jemugosa», 150003, Poccns, r. SIpociasis,
yn. CoBerckas, fi. 14.

Kniouesvie cnosa: Annomauus. Paspaboman sdpexmusroili memoo cunmesa 2,5-0usameuseHHvix
1,3,4-okcaduazonvl; 1,3,4-0xcaduasonos, 8Kkn04AOUUL NOMyHeHUe UCXOOHVIX 2UOPA3UO08 APOMATMUUECKUX
YUKTUZAUUS, Kucrnom, ux npespaujerue 6 N-ayuneudpasoHvl U NOCIEOYIOULYI0 OKUCTIUMENLHYIO

meepoopasHbLii Mermod  UuKIU3aAUUIo ¢ ucnonviosaruem cucmemvt I/K;COs 6 cpede IMCO. Tokazano, umo
npeonoxeHHvIl n00x00 obechenusaem vicokue 8b1X00bL Uenesvix 1,3,4-okcaouaszonos
(00 78%).

T nuTHpoBaHMA:

KOcudosa 10.P., dupcroa A.A., Jlebenes A.C. IlepcreKTUBHBII IOAXOX K CHHTe3y 2,5-AM3aMelleHHBIX
1,3,4-okcagmasonoB // OT xumum K TexHojmormm 1mar 3a 1marom. 2026. T. 7, Bem. 2. C. 36-43.
URL: https://chemintech.ru/ru/nauka/issue/7273/view

BBenenne

[TponsBopmubie 1,3,4-0kcaiMa3ona 3aHMMAOT 0co60e MeCTO B COBPEMEHHOI
OpraHNYecKoil XuMMy Omarofjapss yHUKaIbHOMY COYETAaHMIO BBICOKON TEPMUYECKON U
XMMUYECKOI CTabMIbHOCTY, Pa3HOOOPA3NI0 METO[JOB CMHTEe3a U LIMPOKUM BO3MOKHOCTSIM
CTPYKTYpHOII Mopudukanuy. VIHTepec K O3TUM COeJVHEHUSM HEYKIOHHO pacTeT, 4TO
00YCIIOB/IEHO VX YHUBEPCATIBHOCTBIO U BOCTPEOOBAHHOCTBIO B CAMbIX Pa3HbBIX 00/IACTAX: OT
MEJVIIVTHCKOM XVMMUY [0 CO3[JaHMsI PYHKIVIOHA/IBHBIX MaTepUaIOB /I ONTO3/IEKTPOHVIKI.

1,3,4-Okcafnasonpl  IIMPOKO MCIONb3YIOTCA B  ONTOITEKTPOHMKE B  KadecTBe
3¢ (eKTUBHBIX TIOMIHOPOPOB U MAaTEPUAJIOB /I OPTaHNYECKNX CBETOM3TYYAOIUX AVIOTOB
(OLED) [1]. braromaps BBICOKOV TepMIYECKON CTAOMIBHOCTH, YCTOMYNBOCTY K OKVC/IEHNIO 1
CIIOCOOHOCTY K 3JIEKTPOHHOMY TPaHCIOPTY, IIPOM3BOJIHbIE OKCA/IA30/I0B IPUMEHSIOTCS TIPYU
CO3/IaHMM SMMUCCUOHHBIX U 37IEKTPOH-TPAaHCIIOPTHBIX C/I0EB B JUCIUIesAX. VI3BecTHO, 4TO TaKue
KOMITaHuy, Kak Samsung n LG [2], aktuBHO mcnonbdyior OLED-TexHOMOTMM Ha OCHOBE
NOJOOHBIX MaTepuanoB B CBOMX cMapTdOHAaX M TeNeBM30paxX, UTO MOATBEPXKAAET WX

ITPAKTYECKYIO 3HAYVIMOCTD 1 BBICOKME SKCIITyaTalMIOHHbIE XapaKTEPUCTUKN

© 10.P. I0cudosa, A.A. dupcrosa, A.C. Jlebenes, 2026
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XUMMUYeCKMIT COCTaB OKCa[Ma30jIoB, B YacTHOCTU 1,3,4-0KCajguas3oos, IIpUBJIEKaeT
BHUMaHMe UCCIeioBaTenell 6arofaps pa3sHooOpasio METOIOB UX CUHTe3a U MePCIeKTUBaM
IpVYMEeHEeHVsI B MEAVULIMHCKO U ITOTMMepHOI XumMui [3].

Cnocob6s! cuHTesa 1,3,4-0Kcafua3ojioB OCHOBAaHbI Ha peaKUUAX KOHJeHCAIuu MU
HOCTIeAYIoIell IVKIN3aLUM IPOM3BOJAHBIX KAapOOHOBBIX KHCIOT C KapOOHM/IBHBIMU
coemuHeHuaAMu (4, 5].

Taxoke OTHMM 13 METO[IOB IOTy4eHNA 2,5- A13aMellleHHbIX 1,3,4-0KCcaia30/I0B ABIAeTCA
uuksanus nop geiticrsuemM areHtoB: POCL;, H,SO,4, P,Os [6-8, 9-11]. OgHako uconb3oBaHe
ynbTpasByka [12] mokaspiBaeT 3HaUNMTe/IbHOE COKpalljeHle BpeMeHU MPOTeKaHMs PeaKluy, a
TaK>Ke JOCTVDKEHVE BBICOKOTO BbIXO/IA LI€/IEBOTO IIPOJSYKTa.

Llenpio paboThl sBIsETCs pa3paboTKa MpocToro 1 3¢hGeKTUBHOIO MeTOfa CHHTe3a

2,5-nM3aMelleHHbIX 1,3,4-0KCca/inasosioB, CONEPIKAIINX pas/INyHble apOMaTIYeCcKie 3aMeCTUTEI.
OcHOBHasA 4acTh

B xauecTBe MCXOIHBIX COeMHEHMIT OBUII BBIOpAHBI 3aMellleHHble OeH3TUAPasuabl 1, 4To
00YCIIOB/IEHO VX JJOCTYITHOCTBIO ¥ BBICOKOJ PEaKI[MOHHOJ CIIocoOHOCThI0. bensruppasuas 1
BBOAWIN B PeAaKIMIO C ApOMAaTUYeCKMMMI a/lbJerngamMu 2 ¢ norydenreM N-alyiIruipasuHoB 3.
OOBIYHO TAaHHYIO peakIUIo IPOBOAAT B Cpefie YKCYCHOTO aHTMAPUIA WM CMeCU YKCYCHBIA
aHTUApNS / yKCycHas Kucnora [13-15]. VIsBecTeH OgHOCTaiUITHBIIT CUHTE3 2,5-A13aMeIleHHBIX
1,3,4-0Kcaia30/10B, KOTOPbIE IOTYYaloT HEIOCPEACTBEHHO 13 allV/ITUPA3Nia M ApOMAaTUIeCKUX
aIBJIETNIOB C MCHOoNb3oBaHMeM 1,4-6uc(Tpudennnpocdonnii)-2-6yreHnepokcoaucynbdara
(BTPBP) B xauecTBe OKMCINUTENS B HEBOJHBIX U allPOTOHHBIX pacTBOpuUTe/sax [16]. [JaHHbIE
MeTOAbl MMEIOT PAJ HEeLOCTAaTKOB: IIPMMEHEHNE arpecCUBHBIX PacTBOpPUTEIEN, CIIOXKHbIE U
JIOpOTYE peareHThl, HU3KUIL BbIXO/] 1ie/IeBbIX IIPOAYKTOB.

Hamu npepnoxen TBepmodasHblil MeTOJ, CMHTE3a, OTIMYAOIINIICA OT KJIACCUYEeCKOTO
TBeprodasHoro Merona [17-20] TeM, YTO JaHHAs peaklys He TpebyeT HaM4Ms TOIIMEPHOTO
NIVHKEPa, PEareHThl NOCTYIHbI, BBIXOJ, LIENEBbIX NMPOZYKTOB OT 79 po 100%. OtcyrcrBue
pacTBOpUTEIIA, HarpeBaHMA fieflaeT MeTOJ, IPMMEHVMbIM B KOHLEIIIUH «3€TIeHO» XUMMUMA.

BsanmopeiicTBue anbernsia ¢ TMApasuioM KapOOHOBOI KICTOTHI IIPOTEKAeT B TBEPAOI

¢dase n kaTammsupyetcs conAaHol kucnoron (Cxema 1). Berxop npogyxra ot 79 mo 100%.

o 0 solid phase
R1I_ | + R2|_
Z NH; =

1(a-c) 2(a-d) 3(a-d)

1: R, = H (a), R; = 4-Cl (b), R, = 2-OH (¢);

2: R, =H (a), R, =4-Cl (b), R, = 2,4-OMe (c), R, = 2-OH (d);

3:R; =H, R, =H (a); R; = 4-Cl, R, = 4-Cl (b); R, = 4-Cl, R, =2,4-OMe (c¢); R; =2-OH, R, = 2-OH (d)
Cxema 1
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Tabmmua 1. Berxons! mpopykTos 3(a-d)

Ne Coenunenne 3 R, R, Brixom, %
1 a Ri=H,R,=H 100
2 b R, =4-CL, R, =4-Cl 84
3 C R, =4-Cl, R, =2,4-OMe 79
4 d =2-OH, R, =4-OH 80

Hanee nomydenusie N-aryiruapasonsl 3(a-d) 6e3 JOIOMHNUTEIBHON OYMCTKY BBOJIVIN B
PeaKIIo IMKIV3ALNIA C L[eJIbI0 TI0/TyYeHMsI OKCa/[Ia30/IbHOTO KOJIbIIA.

N. cyclization
N7 y Rz
\_|R2

3(a-d) 4(a-d)

3,4:R, = H, R, = H (a); R, = 4-CL, R, = 4-Cl (b); R, = 4-C, R, = 2,4-OMe (c); R, = 2-OH, R, = 2-OH (d)
Cxema 2

[Ip ucnonb3oBaHMM METOAMK IMK/IM3ALVY, BKIIOYAOIIMX TaKue CUCTEMBI Kak
POCls/Tronyon, POCl;/IM®A, KOW/TT®, nabmoganuch NprMecy MCXOJHBIX COERVHEHUI.
Taxoit moaXox MMeeT psAf HeJOCTATKOB: HEOOXOAVIMOCTD JOIOTHUTE/IbHON OYMCTKY, HU3KUI
BBIXO/I, C/IOKHOCTD BBIfIe/IEHUA IIPOIYKTOB.

s cunHTe3a 2,5-gu3aMelieHHBIX 1,3,4-0KcafMa3onoB HaMy IIPUMEHEHA CHCTeMa
L/K,COs B cpeme JMCO. [lanHblf MeTOp sABAAeTcss Hambonee 5(PQeKTUBHBIM U
YHUBEPCA/IbHBIM, MTO3BOJIASA IIOJIYYaTh Lie/IeBble IMPOAYKTBI C BBIXOAOM [0 78% ¥ BBICOKOI
CTEIIeHbI0 YNUCTOTHL. Take ObUI OIMpOOOBaH TBepHO(da3HBII METOJ C VCIIOIb30BaHNMEM
cucremsl I,/K,COs, 4TO 103BOMMIO JOOUTHCA XOPOLIMX pe3y/nbTaToB. B manbHelimreit pabote
HaMI OIpoOOBaH one-pot CHUHTE3, KOTOPBIN IIO3BOMVM/I IIOYYUTHb IHPOAYKTHI C BBICOKUM
BBIXOJIOM, 6€3 JTOIIONHUTE/NIbHON OYMCTKY, 6e3 IpUMeHeH)s HarpeBaHMs, pacTBOPUTENIEH, a
TaK>Ke COKPATUTh BPeMs peaKIUIL.

Tabmmua 2. Beixoas! npopykTos 4(a-d)

Ne Coenunenne 4 R, Ry Brixom, %
1 a Ri=H,R,=H 61
2 b =4-CL R, =4-Cl 71
3 c R, =4-ClL, R, = 2,4-OMe 75
4 d =2-OH, R, =4-OH 78

CrpoeHne OMy4eHHbIX COEAVIHEHNI TOATBEPKIAEHO METOAMI CIIEKTPa/IbHOTO aHa/IN3a:
VIK-cnextpockonueii, AMP-cnexkrpockonmeii 1 Macc-ClIeKTpOMeTpUeI.

Tak, mna 2-(4-xnopdenwmn)-5-(3,5-gumerokcudennn)-1,3,4-okcannasona 4e B VK
CIIeKTpe Hab/II0AI0TCs XapaKTepucTideckue monocs 3089, 3066 cM™!, KOTOpbIe COOTBETCTBYET
konebanusam C-H apomarmyeckux Koser, Hoiochl 2989, 2942, 2838 cM!' COOTBETCTBYIOT
Konebanuam csobonnoit -CH; rpymne. [anee xapakrepuctudeckue mojaocsl 1553 cm™ u 1534
cM’!, KoTOopble COOTBETCTBYIOT CBA3M C=N OKCafj1a30/IbHOTO KOJIbI]A, XapaKTepPUCTUYECKIe
nosocel 1274 e m 1238 cm™! konebanmsa C-O-C B reTepoIukandeckom Konble, csasp C-Cl
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cooTBeTcTByeT monoce npm 1068, 968 m 858 cm'mokaspiBaoT 1,3,5-3ameleHne B

apoMaTM4eCcKOM KOJblle, a Takxke 1,4-3amentenne npu 835cm™.
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Puc. 1. VIK criextp 2-(4-xnopdennn)-5-(3,5-gumeroxcudennn)-1,3,4-okcagnason 4e

1000

B SIMP cnektpe 2-(4-xnopdennn)-5-(3,5-mumeroxcudennn)-1,3,4-okcagnasona 4e (Puc. 2)

HaO/TIOIAI0TCS XMMIYeCKIe CIBUTH /IS IPOTOHOB apOMATUYECKIX Kojtell B obacti 8.18 1 7.71 .1,

7.26 m.1. IIpoToH nipu atrome yriepoga C2 apoMaT4ecKoro Koyblja MMeeT XMMUYEeCKUI CIBUAT

6.79 M.JI., TPOTOHBI METOKCUTPYIII BBIXOJAT Ha CIIEKTpe B BUJie CUHIJIETa B o6macty 3.86 M.
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B Mmacc-crexTpax IOf HeiiCTBYEM 37IEKTPOHHOTO YAapa s BCeX CUHTEe3VPOBAHHBIX
coenvHenmit  4(a-d) HaOmomancsi MOJEKY/SIPHBIL MOH. Macc-CleKTp — COefjyIHEeHVs
2-(4-xmopdennn)-5-(3,5-gumerokcndennn)-1,3,4-okcagnasona 4e IpeCTaBIeH Ha PUCYHKE 3.

100 1%

316

%]
137

139 318

122
107111
7577 166 195
63 .. || 79 13 s || g 253 319
102
0 Ll 5“1\ " \‘ 6I9 |‘ I/ Ll 92' II\‘ \/ /\ T . (l / T " W\ Ll Il T T 2\1‘5 2\?5 T 1 \\2‘5‘7 T T T T T T I/ T rrllz
45 65 8 105 125 145 165 = 185 ~ 205 = 225 245 265 285 = 305 = 325

Puc. 3. Macc-cnextp 2-(4-xnopdennn)-5-(3,5-gumerokcudennn)-1,3,4-okcaguasona 4e
BriBoabl

B xope BbInoHeHNs1 paboThl paspabdoTaH 3¢peKTUBHBIN METOJ, CHHTe3a 2,5-AM3aMelleHHbIX
1,3,4-okcagna3onos, BKIOYAOLMI TBeppodasHoe monyueHre N-alVITMApPasoOHOB U3
apOMAaTHYeCKUX IUAPA3UIOB I aNbAernaoB (Bbxox 79-100%) ¢ mocmenyomieil OKMCINTETbHON
yuxmmsanueit B cucreMe I,/K,CO; B cpene IMCO. IlokasaHo, 4YTO NpeAIo>KeHHbI TOAX0],
obecrieynBaeT BBIXO[BI I[€/IEBBIX TETEPOLUKIOB [0 93%, OTIM4YaeTcs JOCTYITHOCTbIO
peareHToB, OTCYTCTBMEM arpeCcCUBHBIX CPefl ¥ COOTBETCTBYET NPMHLMIIAM «3€/IEHOV» XVMUML.

aKCHepI/IMeHTa}IbHa}I qacTh

KoHTponb mporekanms peakuuil U MAeHTU(UKALUA CUHTE3VPOBAHHBIX COERVHEHMNI
OCYIeCTB/ISUIUCH C MCIOIb30BaHMEM TOHKOCTONHOI xpoMmarorpadum (TCX) Ha mmactmHax
Kieselgel-G (MerckSi 254F). B xauecTBe 3/110eHTa IIPUMEHATACh CMeCh IIETPOJIETHOTO 3¢dupa,
TOJIyOJIa, alleTOHA U YKCYCHOU KMCIOTHL B cooTHOIeHM 50:30:50:1 (110 o6bemy).

Nndpakpacusie (MK) cnexktper peructpupoBamuch Ha Dypbe-crekTpomerpe
PerkinElmer «SpectrumTwo» ¢ wncnonp3oBaHMeM TPUCTaBKM HAPYLUIEHHOTO IIOJTHOTO
BHyTpeHHero orpaxenus (HIIBO). Crnextper 'H u *C SIMP 3anuceiBanu Ha npubope Varian
UNITY Plus 400 MI'n mpu 303 K. Bce coepuHeHns aHamM3upoBam B Buje 5% pacTBOPOB B
IMCO-ds c BHyTpeHHNM cTangapToM TerpamermiciwiadoM (TMC). Xummaeckne casuru AMP 'H
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IpUBeIeHbl OTHOCUTENTBHO ocTaTouHOTro curHana (SH2.5m.1.). Xumudeckue cauru IMP BC
IpVBeIEeHbl OTHOCUTENIBHO LieHTpanbHOro curHaia pactsopurens (8C 39.5 m.x.). Temmeparypa
IVIaB/IeHUsI COeVHeHuyl onpepensinace Ha upubope Electrothermal IA 9300 Series.
Macc-creKTpsl BBICOKOTO paspelleHus 3ammcaHbl Ha ycrpoiictBe «BrukermicrOTOF II» ¢
noHnsauyen anekrpopacusiieHueM (VI9P). Pearentsl u pactBopuremu («Aldrich», «Acros»)
ABJIAIOTCS. KOMMEPYECKM TOCTYITHBIMY ¥ OBLIN MICIIOTIb30BAHBI 0e3 IpeiBapUTe/TbHOI OUMCTKIL.

Cunrtes N-ammiruapasonos. O61mas MeTogmnka.

B dapdoposyro crynky nomemator rugpasuy 1 (0.7 MMonp), K HeMy HpuOaB/IAIOT
anmppernga 2 (0.7MMonb). B peakimonHyto cMech fo6aBiaoT 1-2 kamwm 10%-Horo pactBopa
CONIAHOJ KUC/IOTBL. PeakIMOHHYI0O CMeChb pacTUpalT B TedeHue 5 MuH. IlomyueHHble
N-aiyIrnzipasoHs! BbIJE/IAOT B BOAY, GUIBTPYIOT 1 cymat. [TomydeHHbIe IPOXYKTHI BBOJAT B
peakuMio IMKIM3anyy 6e3 JOIOTHUTEIbHON OUYMCTKIL.

3a N-(dennnmerunupeH)6oensruapasuy;: Beixoy 165 mr (100%), T.11..163-164 °C.

3b 4-xn0p-N"-[(4-xnopdennn)mernmser|6ensorunpasuy: Boixon 138 wmr  (84%),
T.101..186-187 °C.

3¢ 4-xnop-N"-[(2,4-gumerokcudennn) MeTnmae ] 6ensorngpasup;: Boixop 129 mr (79%),
T.11. 179-182°C.

3d 2-ruppokcu-N'-[(2-runpoxcudennn)Metunuge ] 6eHsornapasus: Beixoq 146 mr (89%),
T.1o1. 201-202°C.

Cunres2,5-nusaMeineHHbIx 1,3,4-okcagmasona. O01masa MeToaMKa.

B kxon0y, cHab>keHHYI0 MarHUTHOJ MeIIaIKOl, HoMernaroT N-arryuapas3oH 2 (0.45 MMorb)
B JIMCO (10 mi), 3aTeM npu6aBsioT nota (1.35 Mosb) u Kpucraummdeckuii 1of (0.9 MMoJIb).
PeakjMOHHYI0O CMeChb KMIIATAT, OKOHYaHMe peakumu ompepensaior meropoMm TCX. 3arem
PeaKIMOHHYI0 MacCy OX/IAKAI0T O KOMHATHOI TeMIlepaTypbl. IIpoyKT peakiuy ocaXiaoT
B BOZlY, QVJIBTPYIOT M CYLIAT Ha BO3JyXe.

4a 2,5-[Iludennn-1,3,4-okcapgnasomn: Borxop 605 mr (61%), T.11. 138-139 °C. VIK cnextp,
v/iem': 1548 (v C=N okcagmason), 1475 (v C=C Ar), 1439 (v C=C Ar), 1270 (v C-O-C
okcazmason), 1068 (v N-N), 963 (8§ C-H Ar), 712, 684 (8§ C-H Ar, moHo-3amernienne). CrekTp
AMP 'H (IMCO-d6, §, m.a., J/Tw): 7.56-7.68 (m, 5H, Ph), 8.09-8.15 (M, 5H, Ph). Cmextp
AMP BC (DMSO-d6, §, m.i.): 124.03, 124.16, 124.69, 124.74, 127.39, 127.68, 130.12, 130.36,
132.76, 133.04, 164.72, 164.86. Macc-criektp (Y, 70 aB), m/z (Iot (%)): 222 [M]* (100), 165
(98), 105 (89), 77 (65), 51 (35). Haitmeno (%): C, 75.71; H, 4.50; N, 12.56. C1sH1NO.
Boruncneno (%): C, 75.66; H, 4.54; N, 12.60.

4b 2,5-6uc(4-xnopdennn)-1,3,4-okcagnason: Borxox 704 mr (71%), 1.1 181-182°C. MIK
criektp, v/em ': 1603 (v C=C Ar), 1550 (v C=N okcaguason), 1471 (v C=C Ar), 1188 (v C-O-C
okcaguason), 1091 (v C-Cl), 839 (1,4-3amemienne), 739 (1,4-3amemenne). Crextp IMP 'H
(OIMCO-d6, §, m.zi., J/ITy): 7.71 (n, ] = 7.5 Ty, 4H, Ar), 8.15 (g, ] = 7.9 T'y, 4H, Ar). Crextp
AMP BC (DMSO-d6, §, m.u.): 122.93, 123.39, 129.24, 129.54, 130.24, 130.49, 136.83, 137.63,
137.99, 138.75, 164.08, 164.22. Macc-criektp (3Y, 70 3B), m/z (IotH (%)): 291 [M]* (55),
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199 (50), 139 (100), 111 (49), 75 (20). Haitgeno (%): C, 57.76; H, 2.77; N, 9.62. C1sH;CLN,O.
Boruncneno (%): C, 57.64; H, 2.80; N, 9.65.

4c 2-(4-xmopdennn)-5-(2,5-gumeroxcudennn)-1,3,4-okcaguason: Boixop 546 mr (55%),
1.1 135-136 °C. VK cnektp, v/em™: 3089, 3066 (v C-H Ar), 2989, 2942, 2838 (v C-H CHs,
0O-CH,), 1617, 1599 (v C=C Ar), 1553, 1534 (v C=N okcapmnason), 1485, 1452, 1425 (v C=C Ar,
6 C-H), 1402, 1365, 1287, 1274, 1238 (v C-O-C merokcu), 1206 (v C-O-C oxcaguason),
1068 (v C-Cl), 1045, 1013 (v C-O meToxcnu), 986, 958, 931, 858 (8§ C-H Ar, 1,3,5-3amelienne),
835 (8 C-H Ar, 1,4-3amemenne). Cuextp IMP 'H (IMCO-d6, 6, m.x., J/T1): 3.86 (c, 6H, OMe),
6.79 (m,] = 1.9 T, 1H, Ar), 7.26 (¢, 2H, Ar), 7.71 (g, ] = 7.2 T, 2H, Ar), 8.18 (zm, ] = 8.6 I'ry, 2H,
Ar). Cunextp AMP *C (DMSO-d6, 6, m.x.): 56.24, 56.59, 56.82, 104.79, 105.22, 105.66, 122.85,
125.51,129.57,129.71, 130.26, 130.44, 137.46, 137.53, 161.71, 162.27. Macc-criextp (Y, 70 3B),
m/z (TIoth (%)): 316 [M]* (85), 165 (100), 137 (55), 111 (30), 75 (10). Haitneno (%): C, 60.60; H,
4.11; N, 8.89. C;sH,;CIN,Os. Beruncieno (%):C, 60.67; H, 4.14; N, 8.84.

4d 2,2'-(1,3,4-okcagmason-2,5-gymn) gudeHon: Beixon 774 mr (78%), t.au. 277-278°C.
VIK cniektp, v/em™': 3181 (v OH), 1603 (v C=C Ar), 1551 (v C=N okcannason), 1485, 1447
(v C=C Ar), 1371 (8§ OH), 1295, 1266 (v C-O Ar), 1232 (v C-O-C), 1190, 1156 (v C-O-C),
755 (1,2-3amemenne). Cnexrp SIMP 'H (IMCO-d6, §, m.x., J/Tn): 6.93 (1, ] = 2.7 I'u, 1H, Ar)
6.96 (m, ] =3.2Tu, 1H, Ar), 6.99 (g, ] = 8.2 I'u, 1H, Ar), 7.34-7.29 (m, 1H, Ar), 7.48-7.42 (m, 1H,
Ar), 7.59-7.54 (m, 1H, Ar), 7.89 (mm, ] = 7.8, 1.1 T', 1H), 8.68 (¢, 1H, Ar), 11.22 (c, 1H, OH),
11.97 (¢, 1H, OH). Cnektp SIMP *C (DMSO-d6, §, m.z1.): 116.31, 117.10, 117.96, 119.30, 119.67,
120.07, 129.26, 130.11, 132.28, 134.63, 149.57,158.16, 159.66, 165.15. Haitneno (%): C, 66.16; H,
3.99; N, 11.10. C;4H;oN,Os. Boruncneno (%): C, 66.14; H, 3.96; N, 11.02.
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Kntouesvte cnosa: Annomauus.  Vsywaemcs — 803MONCHOCMb — UCNONMb30BAHUS  ONMUYECKOL]
Ouanexmpuueckuti IMUCCUOHHOLL CNEKIPOCKONUU, 8 KOMOPOLl 8 Kauecrmee UCOYHUKA 8030yHOeHUS
bapvepnoiii paspso, cyHum  OudneKmpudeckuti  OapvepHoiii  paspso,  peanusyemviii  HA

ONMUHeCKAss IMUCCUOHHASL  IKCHEPUMEHMANILHOT YCMAaHoBKe cO cro0sHotl naacmunoti «Partsko» (wacmoma
cnekmpockonus, 6o0oemvt  1-50 Iy, Hanpsxenue Ha dnekmpodax 3-5 kB) ona OuaeHOCMUKU U KOHMPOTS

Heanosckoil obnacmu, COOEPHAHUS 3AZPAZHAIOUSUX BEULECE U, 6 UACHOCHU, MEMAnos 6 8000eMax
UOEHMUPUKAUUS ecmecmeenH020 NPOUCXOHOeHUS. JJanHbLl PUSUKO-XUMUECKUT Mem00 A67IAemcs
3aepA3HeHull, KOHMPOsL UHHOBAUUOHHLIM U  NepcHeKmueHviM  Ond  uleHmuukayuu U  aHanusa
Memannos UCMOYHUKOB 302PSA3HEHUS MeMAnnamu CHOYHbIX 600 OWl  NPOMBIUTEHHDIX

npeonpusmuil, OpeAHU3AUULL CeNbCK020 XO03SLCMBA, ObiMosvix 00BeKmos U
MPAHCNOPMHOLL UHPPACPYKIMYPOL.

T EUTHPOBaHMA:

Curtanos JI.B., Pasrosopos ILB., brunos [J.J1., JlebeneB [.A. IlepcrieKTUBBI OUAMTEKTPUIECKOTO GAPbEPHOTO
paspsifa Ui AVarHOCTMKY U KOHTPOJISI METa/IOB B BofoeMax VIBaHoBcKoit ob6macty // OT XuMuu K TEXHOTIOTUN
mar 3a marom. 2026. T. 7, Boim. 2. C. 44-54. URL: https://chemintech.ru/ru/nauka/issue/7273/view

BBenmenue

DusnMko-XxuMMYecke MeTOAbl NCC/IeIOBaHMS, OCHOBAaHHBIE Ha B3aUMOJENCTBUN
3/IeKTPOMAarHUTHOTO V3/Ty4€HM C BEIleCTBOM, 3aHMMAIOT IIeHTPa/IbHOe MECTO B COBPEMEHHOI
HayKe M TeXHUKe, oOecIieuyBas BO3MOXXHOCTb I WJEHTU(UKALMY, KOMMYECTBEHHOTO
aHa/M3a U UCC/IENOBAaHMA COCTaBa BEIIECTB PA3IMYHOTO IPOVCXOXJEHUA. OTU MeETOJbI
MO3BOJIAIT MONTy4YaTb I[eHHYI MH(OPMALUI0 O CTpOeHuN, (GU3NYeCKMX M XMMUIECKUX
CBOJICTBAaX MCCIEYeMBIX MAaTepHUajoB, He Ipuberas K paspylIalolieMy BO3HENCTBMIO, YTO
flelaeT VX HAJeKHbIMU MHCTPYMEHTaMM B LIMPOKOM CIIeKTpe HAay4HBIX MCCIE[OBAaHUI U
IPOMBIIIIEHHBIX IpYMeHeHnmit [1].

© [1.B. Curanos, I1.B. Pasrosopos, [I./1. biuuos, [I.A. Jlebenes, 2026
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B wacTHOCTM, HajeKo 3a paMKM VACHTU(MKALUY BeIeCTB BBIIUIA CHEKTPATbHbIE
Meropbl. OHNM WUTPalOT BaXHYI PONTb B IpOBeleHUM (YHJAMEHTAIbHBIX MCCIELOBAHMUIA,
NO3BO/IAIOT OLIEHUTb QaTOMHYI0 M MOJIEKY/IAPHYIO CTPYKTYpy, W3YYUTh CHeIUPUKY
ME>KMOJIEKY/IAPHBIX B3aVIMOJIEICTBIA, KMHETVKY XMMIYECKVX PeaKIMil 11 IIPOLIecChl IIepeHoca
sHeprvm [2, 3]. B MmarepmanoBefieHUN CIIEKTPOCKONM II03BOJIAET aHAAM3MPOBATb COCTaB
CIUIaBOB U KAa4eCTBO HAHOCUMBIX U OTBEP>KHEHHBIX MOKPBITNII, KOHTPOIMPOBATh IMPOIECCHI
POCTa KPUCTA/UIOB, U 3TO €llle He MOJTHBIN ITepevyeHb ee IPAKTUIeCKOTro IpuMeHeHu [4, 5].

BocTpe60BaHHOCTD Pa3/IMYHbBIX CLIEKTPATBHBIX METOJOB /151 peLIeHVs] MHOTOYMC/IEHHBIX
IPOMBIIUICHHBIX (PU3NKO-XMMMYECKIX ¥ INOBCETHEBHBIX 3alad JIeMOHCTPUPYET BBICOKYIO
apdexTuBHOCTD. B yacTHOCTH, B 2020-X IT. IIMPOKOE PACIIPOCTPAHEHME [OTY4YaloT HeOpOorye
PEHTreHO(ITyOpeCIieHTHbIe CIEKTPOMETPBl IS MACHTU(UKAIMY OBE/IMPHBIX TOBApOB Ha
TaMOXKHe, IPOBEPKM VX Ka4eCTBa I CTEIIeHM YMCTOTHI [6]. B psAmy akTya/nbHBIX IPaKTUIECKIX
3aj1a4 MOXXHO OTMETUTb aHA/IN3 OCTATKOB JPEBHUX apTe(aKTOB C IIOMOIIBI0 PEHTT€HOBCKON
¢dnyopecuenTHoi ciekrpoMeTpun (PPIC). PaMaHOBCKYIO CLIEKTPOCKOINIO (CIIEKTPOCKOIINIO
KOMOMHAIIVIOHHOTO paccesHNsA) B HACTOsAlLlee BpeMs MCIIONb3YIOT JyIs BBLABJICHNA
O6MoMapkepoB paka B TKaHAX, paHHEN [VArHOCTUMKM 3a00/IeBaHMII ¥ IOBBIIICHNS
apdexTuBHOCTY NedeHusA. bokH:Asa nHpakpacHas crnekTpockonus (BVK-cnekmpockonust)
IPUMEeHAeTCA /IS aHa/IM3a COCTaBa IIPOAYKTOB MUTAHNA, 0OecriedrBast TPV 9TOM HaJ|IeKAI Ui
KOHTPOJIb MX KadecTBa U 6e3omacHOCTb. CIEKTPOCKONMYECKVE€ METOAbl AVICTAaHIIIOHHOTO
3oHAupoBaHus, Takoit kak DOAS (Differential Optical Absorption Spectroscopy), TO3BOJAIOT C
BBICOKOJI TOYHOCTBIO M YYBCTBUTEIBHOCTBIO OIPENEeNTh KOHIEHTPALVIO 3arps3HAIONINX
BellleCTB B aTMOcdepe.

B Hacrosameit paboTe IOCTaB/leHa Iellb — U3YYUTb BO3MOXXHOCTb JVICIIOTb30BaHMA
OTNITMYECKOV 3MUCCUOHHOI criekTpockommu (O3C), TeXHMYEeCKM peannusyeMoi IyTeM
BO30Y)XJIEHNA 3/IeKTPOHOB [IMSNIEKTPUUYECKUM OapbepHbIM paspAnoM (/[BP), nii KOHTPOJIA
COfiep>KaHNA MeTa/UIOB 11 MOHUTOPVMHTA KayecTBa BOJHBIX PacTBOPOB U Cpef C TIONYTHON
HEepCIIeKTVBOI BBIABICHNUA ITOTEHIMATbHBIX ICTOYHUKOB 3arpssHeHmil. IIocko/nbKy aHamm3y
IOJBEPraeTcsl HEMOCPEACTBEHHO >XMKas (asa, 3TOT IOXO0/], MOXKET YCIIEIIHO peann30BaThCs
TakOKe IIPU VCCIeNOBaHMA OMONTOTMYECKMX TKaHeN, pelleHVs HayYHO-IPaKTIIeCKIX
BOIIPOCOB, CBA3AHHBIX C OIIpefie/IeHNeM 3JIEMEHTHOTO COCTaBa KPOBM, MOYM, CJIIOHBI, IS
PaHHeN MarHOCTMKY Ipo6/IeM CO 3[JOPOBbEM U MOHUTOPUHTA (PaKTOB 3apakeHus U (V)
OTpaBJIEHUIA.

Onmcanme yCTaHOBKI M METOIMKM SKCIIEPIIMEHTOB

O39C, wucnonb3yemass coBMecTHO C [IBP, ABNAeTCA MOIIHBIM (U3VMKO-XMMIYECKUM
MHCTPYMEHTOM JiI aHa/lu3a cocTaBa o6pasios [7]. OgHaKo A/A MOMy4YeHU JOCTOBEPHBIX
pe3y/IbTaTOB HeOOXOAMMO COOMIOflaTh ONpefe/leHHble YCIOBMA U YYMTBIBATb (PAaKTOPBI,
BIMAIOLIVE HA BUJ, U XapaKTep SMUCCUOHHOTO crekTpa [8]. B mepsyio ouepenib, 3TO KacaeTcs
HO/ITOTOBKM 06pa31ioB. B HaleM cirydae sKCIIepMMEHTBI IIPOBOAMIN C XKUAKUMY 00pasIiamu,
CO6MpaeMbIMI HEMIOCPEJICTBEHHO KaK MaTepHasIbl OKPY KAIOIIeil CpefIbl.

ITpuponHble 06pasIbl YaCTO OKA3bIBAIOTCS 3arPsA3HEHHBIMM (Me/TKMe JaCTHUIIbI MIa VTN
TIeCKa, 0COOEHHO ec/i 06pasIbl 0TOOPaHbI U3 MPUOHHOI JacTy Bofoema). [loaTomy mepern
MCCTIeNOBaHMeM >XUAKOCTU GUIbTpOBaIN 4epe3 OYMakHbIN (IUIbTP, 3aTeM OTCTaMBaIN IIPH
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KOMHAaTHOJI TeMIlepaType B TedeHue 24 4. 3a KpUTepUil AONMYCTUMONM CTeNeHM OYMCTKU
00pa3lloB NPUHUMAIM OTCYTCTBME 3arps3HEHMII, BUAVMMBIX HEBOOPY>KEHHBIM IJIa30M Ha
¢uIbTpOBaNTBbHON OyMare Ipy IPOIyCKaHNM Yepe3 Hee aHAIM3MPYeMOro obpasIia.

CxeMa sKCIepMMEHTA/IbHON YCTAaHOBKY IIPeJCTaBIeHa Ha puc. 1.

IlepmeTnunasn kamepa

CnexktpomeTtp

AHoj,

m | ©

bapnep

Hoytbyx

Jatumnk
nanyvexmna §

Karton

Mony4eHHbI pe3ynsTaT Ha Bbixoge

Puc. 1. OxcnepuMeHTanbHasA YCTAHOBKA [/ IPOBEieHNA MCCIe0BAHMI

Jnsa sKcnepyuMeHTa MCIIO/Ib30BaIM ITePMETUYHYIO IPO3PAYHYI0 KaMepy, MU3/IydeHue U3
KOTOPOJT BBIBOAMIOCH Yepe3 60KoBoe oTBepcTye. Ha 3a3eM/IeHHbIN CTOMMK SYeIKY ITOMeIain
[M3IEKTPUYeCKMii Oapbep M Ha HEro YK/IafbIBalM TKaHb, CMOYEHHYIO XXU/IKOCTBIO, COCTaB
KOTOPO MCC/TeoBaM Ha Hamuume MeTauioB. CTONMMK (KaToj) M BTOPOI LMIMHIPUIECKUI
3/IEKTPOJ, Pa3psASHOI CUCTeMBI (aHOM) OBIIV BBIIIOTTHEHBI 3 HepyKaBeroeit ctanu. [Ipu atom
OIIBITHI IIPOBOAIVIIY C AHOJOM Pa3/IMYHOM KOHPUIypalyu — OT 3a0CTPEHHOTO JI0 MIMEIOIEro B
OCHOBAaHMM IUIOCKUII Cpe3 Pas3INyYHON IUTomasy. BelisgBimeHo, yTo Hambonee MOAXOMSAIINI
BapMaHT — aHOJ C IVIOCKMM KPYIJIBIM OCHOBaHMeM fauameTpom 4.0 mm. IIpu sToM paspsap ropen
YCTOYMBO, a TKaHb (puU3MYecKmili HOCUTENb OOBEKTa MCCIefOBAaHMUS — >KUJKOCTY) He
IIO/IBEpraaach I1a3MEHHO IeCTPYKIMMA.

I peanusanuu [J6P Heo6X0AMO O00PaTh MOAXOAIINIT JUIIEKTPUIeCKIil 6apbep.
IIpm sTOM aHaMM3MpPOBaNM pasIMYHbIE MaTepuaabl — CTEKIO, CIAy UM CUINKOHOBYIO
HOMIOXKY. JIyqmm o6pasoM mokasasna cebs cmofsHas wiactuna “Partsko”. s Hee HaiifeH
OIITYMA/IbHBIN KOMIIPOMICC MEXY BEIMYNHON 3/IEKTPUYECKOI IIPOYHOCTH U TONLMHOM, TaK
KaK C yBeJIMYEHMEM TOJIVHBI Oapbepa CHIDKAETCS VHTEHCUBHOCTb CBEYEHUs paspsja.
ITo HamMM oIleHKaM, CpefiHee BpeMs pabOThI OJHOI CITIOASHON IUIACTMHBI COCTAB/IAET 75 4
(BOCTATOYHO /I 9KCIIpecc-aHamm3a). B 3aBOICKOM MCIIOTHEHUY TaKMe NCTHI BBIAEP>KMBATIN
HanpspKeHne o 20 KB Ha 3/1eKTpojjax paspAAHOI CUCTEMBI NPV BapbMPOBAaHMUM 4acTOTHI B
M pPOKyX npegenax. C BBICOKMMMI YacTOTaMy He paboTay, YTO OBUIO CBSI3AHO C OTCYTCTBYEM
Ha JJaHHOM STalle 9KCIEPUMEHTA IOJXOMAIIET0 BBICOKOBOIBTHOIO reHeparopa. I'eneparop I'
JUISL OTIBITOB (CM. PUC. 6) M3TOTOBVI/IY CAMOCTOSTE/IBHO IO K/IACCUYECKOII IBYXTAaKTHOI CXeMe
ZVS-npaiiBepa ¢ GUKCUPOBAHHOI YaCTOTON; TAKOBAsi MOXKET BapbUPOBAThCs B AyarnasoHe 1-50 k'
(3a cyeT He3sHAYMTE/IbHBIX M3MEHEHUIT KOHCTPYKLuy). B manHOI pabore Ha vacrore 15 kI
HOJTyYamy CTaOVJIBHBIA paspsn 6e3 HMpU3HAKOB MCKPOBBIX IPOOOEB IpPY MCIIONTb30BAaHUY
LIVIMHAPUYECKOro aHofa. Hanpsykenne Ha 3/1eKTpoiaX COCTaB/IANO 3-5 KB, B 3aBMCHMOCTY OT
IIO/Iy4eHUsA BOCIPOM3BOAVIMOIO CIEKTpa C [OCTaTOYHOM WMHTEHCUBHOCTDIO W3Ty4eHU
XapaKTepUCTUYeCKMX  JMHMII ~ MeTajutoB.  OOs3aTeNbHBIM  ABIAETCA  TpebOoBaHMe
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IpefoTBpallleHNsA IUIa3MeHHOI  (TeMIepaTypHOI) MAeCTPYKLUMM TKaHEBOM  OCHOBBI,
BBITTO/THAIOIIEY], BBU/IY XOPOIIETO BIUTBIBAHVSA XKUAKOCTEN, PYHKIMIO HOCUTENI 0OBEKTOB
uccnegoanna. OTCYTCTBMe TpaBIeHUSA TKaHUM KOHTPOIMPOBANIM BU3yalbHBIM METOMIOM.
Pemenne 110 ncrnonb3oBaHNIO TKAHU B Ka4eCTBE HOCUTE/IA aHANIM3UPYEMO JKUAKOCTY IIPUILITIO
VMHTYUTUBHBIM ITyTeM. I1py BKIIOUeHNM paspsaa >KUAKOCTb 3 PEeKTUBHO MCIAPs/IaCh ¢ TKaHI,
06pasys B MeX3/IeKTPOJHOM IIPOCTPAHCTBE NapOBOe 00JIAKO aHATU3UPYEMON XMIKOCTIL.
Bricokne mond, peansyeMble B MeX3/IEKTPOZHOM IIPOCTPAHCTBE, CIIOCOOCTBOBA/IN IIEPEHOCY
MOHOB META/I/IOB B Ta30BYI0 (asy.

XapaKkTepHO, YTO IpejIaraeMblii MHHOBALMOHHBIN (PU3MKO-XVMUYIECKUI CIOCO0
KOHTPOJIA META/UINYECKUX COeIHEHNII B IIP06ax JOCTATOYHO IIPOCT B pean3alyi, HO IMeeT
HEJIOCTAaTOK, CBSI3aHHBINI C HEOOXOAVMMOCTBIO HE[ONYILIeHUs TPaBJIeHUs TKAaHU B IIpoIiecce
a”a/m3a Xupkocty. C ydeToM MajIoil IPOLO/DKNUTETBHOCTY 9KCIlepuMeHTa (He 6omee 20-30 ¢),
3TOT HEJJOCTATOK B TAHHOM C/Iy4ae He ABJIACA KPUTUYIHBIM.

17151 OLIBITOB MCIIO/Ib30BA/IM TIOPTATUBHBII MasIbIil AM(PAKIIVOHHBIN 55-MUIIMETPOBBDII
ciektpomerp CLMG-7206 ¢upmbl Gain Express (Kuraiickas Hapopnas Pecny6nuka).
CnexTpoMeTp He TpeOyeT OTHENTbHOTO MCTOYHMKA NUTAHNUSA, IMeeT Majible pasMephl, MOXKeT
JVICIIOJIb30BaTbCsA B IIOJIEBBIX YC/IOBVAX; CIIEKTPAIbHBIN paboumii amama3oH — 350-950 HM,
CIIeKTpa/libHOe paspemleHne — 1.2 HM. B kauecTBe meTekTOpa WCIIONb30BaIM BeO-KaMepy
Logitech HD Webcam C270 (1.3 Mnukc), 06ecreunBamIlyl0 aBTOMAaTUYECKYI0 KOPPEKINI0
OCBEILIIEHHOCTY M eCTeCTBEHHYIO ILiBeToIlepenady. Paspemraromas cliocOOHOCTb yKa3aHHON
KaMepbl MO3BOJIMIA aBTOPaM HACTOALIEN pabOTHI yCIIENIHO 3aUKCUPOBATb Pe3OHAHCHbIE
JIMHUY METAJUIOB B CIIEKTPaX U3Ty4YEHN.

OcHoOBHasA 4YacTh

B paMkax MaHHOTrO MCC/IeOBaHMs IOCTAaB/IEHBI JBe 3ajadl, VIMEIIue KaK Cyryoo
Hay4HbI, TaK U IPUKIAgHON XapakTep. IlepBasg 13 HUX BKIIOYaeT 1MogbOp OOBEKTOB I
PaspaboTKM IKCIpecc-MeTOAMKY KOHTPOJISI META//IOB B BOGHBIX Cpefjax U BojoeMax. Bropas
3ajiaya KacaeTcs MOJIy4eHUs IS IMOJZOOpPaHHBIX 0OBEKTOB CUCTEMATUYECKUX CIIEKTPATbHBIX
JIAHHBIX, KOTOpPble MOXXHO OBUIO OBbI 3a7I0)KUTh B Ka4eCTBe OCHOBBI JIsI KOMTUIECTBEHHOTO
aHa/mM3a. Taxke IpPeNCTaB/AETCA 11e/IeCOOOPA3HBIM OIIPefieINTbCA C OCHOBHBIM II€pPeYHEM
9JIEMEHTOB, KOTOpble OyfeM CYMTaTh HOTEHIMAbHO OIACHBIMM B COOTBETCTBYIOLIEN
CUTyaIUN.

Ecmu BBIOOp MUKpPOS/IEMEHTOB, HEOOXOAMMBIX IS (QYHKIVOHVPOBAHUA >KVBBIX
CYIIeCTB, SIB/IAETCS IPOCTBIM U IIOHATHBIM (3T0, B IIepBYI0 o4yepenb, Fe, K, Na v Mn) [9], To pns
META/I/IOB, OKa3bIBAIOLIVX BPESHOE BO3[EVCTBYE, HEOOXOMUMO MPOAHAMN3NPOBATh IIYTU UX
IPOHVMKHOBEHNMA B OPTaHU3M Ye/IOBEKa VU B CTeO/IN M KOPY PacTeHUI ¥ COOTBETCTBYIOLIVE
VICTOYHVIKY VIX TTIOBBIIIEHHOI KOHI[EHTPAI[UN.

Tax, ncrouHnkamm HaxkoreHus: cBuHIA (Pb) sSBIAIOTCS NMPOMBIIIIEHHBIE BHIOPOCHI (B
IIEPBYIO OYepelb, OT MeTa/UTYPIIYeCKVIX IPeIPUATII, CBA3aHHBIX C ITlepepabOTKOI CBUHIIOBBIX
PyA), TpaHCHOPT (aBTOMOOWMIbHBIE BBIOPOCH, OCOOEHHO B paliOHaX C MHTEHCUBHBIM
IIBVDKEHNEM), @ TaK)Ke CeTbCKOXO3SVICTBEHHbIe XVMUKATBI (HeCTULUABI U YHOOpEeHUA MOTYT
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cofiep>XaTh CBUHeI] B KadecTBe IpyMecy). CBMHeIl HAaKaIUIMBAeTCs B IIOYBE M MOXKET
HOITIOIAThCS KOPHAMU PacTeHNI, 0COOEHHO B KMCIIBIX Cpefiax.

Kapvmit (Cd) gacto mpucyrcTByeT B QochopuTax, UCIONb3yeMBbIX IS IPOM3BOACTBA
yEOOpeHWIT, ¥ IpM UX BHECEHMM MOXXKeT HAKAIUIMBATbcsA B Io4Be. llpegmpuaArus 1o
IPOM3BOACTBY (IepepaboTke) aKKyMyAATOPOB, TalbBaHMYECKIE I[eXa M MeTa/TyprudecKme
3aBOJBI MOTYT BBIOpAchIBaTh KafMMil B OKPY)KAIOLIyI0 cpeny. Kagmuii jierko morsomaercs
KOPHSIMU PacTeHMUI U3 TI0YBBI, MOXKET HAKAIUIMBAThCs B CheJOOHBIX YACTAX PACTEHMIT, TAKUX
KaK JIVICTBSI U IUTOJBL.

[Ipepnpusatus 1o mnepepaboOTKe pyA M CKWUTAHUA YIS ABJAIOTCS OCHOBHBIMU
JICTOYHMKaMy BBIOpOcOB pryty (Hg). JJOCTaTOYHO YacTO COeNVHEHMs PTYTU MCIOIb3YIOT
TaKoKe B KayecTBe (PYHTMINIOB, YTO NPVBOAUT K 3arpA3HEHUIO ITOYBBL PTyTb, Kak 1 MH06071
TSDKEJIBIi MeTaJll, HaKaIIMBAEeTCs B JIMCThAX PACTEHMIL ¥ MOXKET I10 IMIIeBOJI IIe IIPOHMKATD
B KVBBIe OpraHN3Mbl. [Toryommene pTyTyt KOpHAMM U3 TOYBBI MEHee 3HAUNTe/TbHO, HO BIIOTTHE
IOITyCKAaeTCsl B CUIBHO 3arpsI3HEHHBIX IIPOMBILIJIEHHBIX pajlOHaX.

[IpepnpuATisA 1O TIPOM3BOACTBY HEpPI)KABEIOIIEHl CTalIM, HUKENIEeBBIX CIUIABOB,
KO>KeBEHHBIE 3aBOJIbI ¥ TEKCTIIbHAS IPOMBIIIIEHHOCTDb BLIOPACHIBAIOT B OKPY)KAIOLIYIO CPefy
HyKenb (Ni) uxpom (Cr). Cxuranue yrist v HeQTy IPUBOAUT K BBIOPOCY HMUKeIS B aTMOChepy.
Huxkenb moromaercss KOpHAMM PAacTeHMII 13 MTOYBBL ¥ MOXKET HAKAIUIMBATLCA B JIMCTBAX U
ceMeHax. KoHIIeHTpalusA HUKe/IA B PaCTeHVAX YBe/IMUMBAETCA B KIMCIIBIX II0YBAX.

K OCHOBHBIM MCTOYHUKaM HakomleHuss B mouse Mexum (Cu) criegyeT OTHeCTH
CE/IbCKOXO3AJCTBeHHbIe XMMUKAThl. CoefuMHEHUA MeNM UCIONb3YIOTCA B KadecTBe
¢yHrnnynoB u nectununoB. Yacroe IpUMeHEHMe TaKUX IIPellapaToB MOXKET IPUBECTY K
HAaKOIUIEHMIO Mefyl B ITOYBe, YTO IPUBOJAUT K HApPYIIEHWIO Pa3BUTHS KOPHEBOI CUCTEMBI U
CHIVDKEHMIO YPOXKATHOCTM.

[IpepmpuATus MeTa/UTypruy, TrajbBaHWYeCKUe IIPOM3BOACTBA ¥ JIAKOKPACOYHAs
IPOMBIIIIEHHOCTb 3arPS3HAIOT OKPY)XAIOINYI0 Cpefy LMHKOM (Zn). ABTOMOOWIbHBIE
BBIXJIOIIBI, 0COOEHHO BO/IVI3Y JOPOT C MHTEHCYBHBIM JIBVDKEHJEM, MOTYT CITyXKUTb UCTOYHMKOM
IIVHKA, OCEJAIOIIEero Ha MOYBe M pacTeHUAX B Buje coneil. CTeleHb 3arpA3HEHNS IIVTHKOM
CWIBHO 3aBMCUT OT COREpP>KaHMs IIMHIUCTBIX MMHepanoB 1 ypoBHA pH noussl (¢ pocrom pH
CTelleHb 3arpsi3HeHus CHIDKaercss). CTOUT OTMETUTD, YTO KaK M30OBITOK, TaK ¥ HEJOCTaTOK
IIIHKAa MOTYT HEeraTVBHO CKa3bIBaTbCA HA POCTE VI PAa3BUTUM PACTEHUIL, BIMATD Ha IIPOL[ECCHI
dboTocuHTe3a U CMHTe3a XI0poduIIa.

Vicrounukn 3arpssHeHms cTpoHuueM (Sr) Takke OBONbHO OOmIMpPHBL B mepByio
oYepenb — 3TO aBapMITHbIe BBIOPOCH Ha IIPEANIPYUATIAX AaTOMHOI IIPOMBILIIIEHHOCTH. BO-BTOPBIX,
IpeANpUATHUA L[BETHON META/UTypruu MO mepepaboTKe pyf, CORep KAINX CTPOHIINIA, a TAKXKe
HEKOTOpbIe NPEeANpUATIA XMMWIECKO IMPOMBIIIEHHOCTY U IIPOM3BOJCTBA KepaMIIECKIX
u3fenuil n cTeKna. [leiicTBUTEeNbHO, CTPOHLIMII MOKET JMICIIONb30BaThCs B KayecTBe 00aBKN
JUISL yIydileHMsl CBOVICTB ¢apdopa ¥ OrHEYHOpPHBIX MaTepuaaoB, a TaKXe 9TOT BUJ
3arpsA3HEHUA CIIefyeT YYUThIBaThb IIPU Ipou3BoAcTBe (PocdaTHBIX ymoOpeHWUI, MOCKOIbKY
HeKOTopbIe BUABI PochopuToB oboraeHs! crpornyeM [10].

Takum o6pasom, ocylecTBIeHNe TEPUOANIECKOTO MOHUTOPIHIA TsDKEIIBIX METAIOB B
OKpY’KaloIlleil Cpele OKa3bIBaeTCsA BeCcbMa aKTya/nbHON 3amadeil. [logo6HbIe mMccrefoBaHNA
BegyTcsa [11], HO OHM, KaK NpaBUIO, HOCAT YaCTHBIN XapakTep. IIpoObl mpenBapuTenbHO
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COOMPAIOTCS, MOATOTABIMBAIOTCA U TONBKO IOTOM IOABEPraloTCA MCCIENOBAHVAM; IpUYeM
JUISL 9TUX LieJIell YacTO TPeOYIOTCS JOPOTOCTOSALINE PEAKTUBDI C BHICOKOJ CTENIEHbI0 OYMCTKIA.
Vcrionb3oBaHye HETPagWIMOHHBIX (U3MKO-XMMIYECKMX MeTofoB mccnefoBanusa — O9C ¢
IpVMeHEeH)eM MOOVIBHBIX YCTAHOBOK BO30OY)XJEeHNUA paspsfia py aTMOCGHEpHOM JaBIeHUN
(nanpumep, /[/GP) mNO3BOMUT NONy4YaTh [JaHHbIE O HAIMYMM MeTAVIOB B IIpobax
HEINOCPEeICTBEHHO Ha MECTHOCTIL.

JInsa ompepeneHnsa KOHLIEHTPALMM META/UIOB B BOJOEMax MCIIONb30BAM METOJUKY
BHYTPEHHEro cTaHmapTa [12], mma peammsanuy KOTOPOJl HEOOXOAVIMBI COOTBETCTBYIOIIVE
Ka/mOpoBouHble 3aBMCUMOCTY. C Lie/IbI0 MX IOTYy4YEeHUs HaMM MCCIeOBAHbl SMMCCUOHHBIE
CIIEKTPBl W3/Ty4eHUs pa30aBIeHHBIX pPAacTBOPOB COJIell META/UIOB, Haju4ye KOTOPBIX
HOTEHIIMaTbHO BO3MO>XKHO B COOMpaeMbIX IIpobax.

[l mocTpoeHnst KanuOpPOBOYHBIX KPUBBIX MCIIONIb30BAIN CIIEKTpPaIbHbIE JAHHBIE /I
pacTBOPOB XJIOPMLOB META/UIOB C KOHLEHTpauuAmu coorBerctBeHHo: 0.005; 0.010; 0.050;
0.100; 0.500 m 1.000 Mr/m gnA KaXXKAOro MeTaa. OMUCCUOHHBIE CIIEKTPBI, IIOTy4eHHbIE HAMU

JUISI METaJIJIOB, IPUBEJeHbI B Ta0. 1.

Ta6muma 1. XapakrepycTidecKye IIMHBI BOTH U3Ty4eHN UCC/IeJOBAHHBIX 3/IeMEHTOB

Neni/m AHansupyeMblil MeTasI Bri6paHHbIE [UIMHBI BOTTH M3Ty4eHNU, A, HM
1 Na 589
2 K 583
3 Fe 516; 432
4 Mn 403
5 Cu 589; 406
6 Zn 577
7 Pb 405
8 Cd 643
9 Ni 471
10 Sr 581; 472
11 Hg 546; 436

37ech TpefcTaB/IeH TaKXKe MepedyeHb BHIOPAHHBIX JJIMH BOTH U3Ty4YeHMs], OFHO3HAYHO
OTBEYANIUX BO3OYX/IEHNIO TOTO VIV MHOTO XMMMYECKOTO 3JIeMEeHTa, IPOABJIAIOLIErocsa B
CIIEKTpe.

[lanee nmpuBefeHbl pe3yIbTaThl aHa/IN3a MIPOO, COOPAHHBIX U3 €CTECTBEHHBIX BOJJOEMOB
BO/MM3M YBOABCKOrO BOfoXpaHwma B VIBaHoBckoit 0671 (Poccus) okomo HaceleHHBIX
nyHktoB Eropwit, XygslHMHO M MMKIIMHO. AHanu3 CIIEKTPOB M3JIyYeHMs OT 0OpasIoB,
COOpaHHBIX OKOJIO JAHHBIX HACEJE€HHBIX IYHKTOB, IIOKa3aJ, YTO OCHOBHBIMU 3JIeMEHTaMIL,
($UKCHpPyeMBIMU CIIEKTPAIbHO, SIBJISIOTCS CBUHELL, JKe/le30, LIMHK VM Me/[b. DJIeMeHTbI CTPOHIUI
U KagMuii He 3aUKCHpPOBaIM HaXke B C/IEOBBIX KOIMYECTBAX, II09TOMY B KadyecTBe
BHYTPEHHETO CTaHJapTa MICIIOIb30Ba/IN XJIOPUABI YKa3aHHBIX METa/IJIOB.

Hwoke Ha puc. 2-4 mpefcTaB/eHbl SMJUCCUOHHBIC CIEKTPBI [JIA ONBITHBIX 0OpasIioB,
COOpaHHBIX BO/M3Y Ha3BaHHbBIX HaCETIEHHBIX IYHKTOB.

49



I, oTH. efI.

15 |

10

20

OT XHMWUH K TEXHOJIOTUK [iiEAmergtIn Y

TOM 7, BbINYCK 2, 2026
472 581 M
Sr Sr
F 2L 589 HM
Zn i cu
516 HM \ /
Fe

405

- Ple\I 643 HM
cd

C — 1 b 1 L 1

400 500 600 700

2, HM

Puc. 2. CnexTp usnydeHus npo6sl, cobpaHHOI aBTopamMu BO/IU3K HaceneHHOro IyHKTa Eropwmit (VBaHOBCKast 0611.)

5' 20 - 472 M
A Sr 581
E | ] 577 HM S:m
= Zn /
589 HM
15 | 516 HM \ Cu
Fe /
10 40;,51 N (i4é ll-[M
d
5
Ot — 1 1 ) 1 )
400 500 600 700, ims

Puc. 3. Crexrp usnydenus mpobbl, COOpaHHOI aBTOpaMyt BOIM3M Hace/IeHHOTOo IyHKTa Xy/bIHIHO (V/IBaHOBCKast 0671.)

20

I oTH. e

15

10

B 472 Hm .
Sr 577 HM
or n 581 M
Sr
b \‘ / 580 HM
| Fe / Cu
405 HM
Pb
- 643 HM
Ccd
L
I I I ) I ,
400 500 600 700 5. 5

Puc. 4. Criextp usnydeHus npoOsl, COOpaHHOI BOIM3M HaceNleHHOro IMyHKTa MukmmuHo (VIBaHoBCKas 061.)

5

0
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Ha puc. 2-4 muaum crponnus (Sr) n kagmus (Cd) oTBeYaroT M3NyYEeHNIO BHYTPEHHETO
CTaHJapTa — CHELMaJbHO BBEJEHHOI B IpoO0y H00aBKM B BUJe XIOPUAOB META/UIOB C
KOHI[eHTpanuen 1 Mr/.

KambpoBouHble 3aBUCMMOCTH (CM. pUC. 5, 6) TIOTy4eHbI /1A 3HAUYeHMIT KOHI[EHTPaLii
1[e/IeBBIX (OIpenensieMbIx) MeTaioB B fuanaszoHe 0.005...1.000 Mr/; 1, COOTBETCTBEHHO, IS
KOHIIeHTpaluit BHyTpeHHero craHpapra (Sr m Cd), paBHbix 1.000 mr/n. CooTBeTcTBME
KOHLIEHTPaLMy BHYTPEHHErO CTaHIAPTa [y 9KCIEPVMEHTA/IbHBIX P00 U KalMOpOBOYHBIX
3aBMCUIMOCTENl SIBJISIETCSI OCHOBHBIM YC/IOBMEM IOJTYYeHMs [JOCTOBEPHBIX KOIMYECTBEHHBIX

Pesy/nbTaTOB.
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Puc. 5. Kanmn6poBouHast 3aBUCUMOCTDb; BHYTPEHHUIT CTAaHAAPT — CTpoHLui (Sr)
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Puc. 6. Kann6poBouHast 3aBUCHMOCTb; BHYTPeHHUIT cTaHAapT — Kapgmuit (Cd)
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Ha kanmm6poBoYHBIX 3aBUCUMOCTAX N, — KOHLIEHTPaLUA XIIOPUIOB COOTBETCTBYIONIX
CoJelt, MO3TOMY B Jja/ibHeNIeM IIPOM3BOAMIN IlepecyeT Ha KOHIICHTPALMI0 MeTajlla IIo
¢dopmyne xmmudueckoro coepvHeHus, monydass N,. VcrmonbpsoBaHue cojeil B KadecTBe
BHYTPEHHEIO CTaHfapTa HEOOXOAVMO I TIpOBEPKM BIMAHMA (AKTOpA Pa3TMIHBIX
BEPOSITHOCTEN BO3OY>KIEHVISI COCTOSTHUIL Ha MTHTEHCUBHOCTY M3/Ty4eH V. [leiiCTBUTEIbHO, eC/u
00paboTKa MaHHBIX, ITOJMYYEHHBIX C JCIIO/Nb30BaHMEM [BYX Pas3INYHBIX CTAH[JAPTOB, JACT
COM3MepVMbIe pe3y/IbTaThl KOHILIEHTPALMil META/UVIOB B OAVHAKOBBIX Ipo0ax, MOXKHO
Ho/araTh, 4TO HaHHBI (akT OyfeT aBTOMATMYECKM YYTEH IPU peannsaliyi MeTOLUKNI
BHYTPEHHETO CTaH/]apTa; OJHAKO 3TOT MOMEHT TpeOyeT OTHE/IbHOTO 00CYXIeHNA.

[leiicTBUTENIBHO, MHTEHCUBHOCTD M3TyYeHNs B 9MUCCUOHHOI CIEKTPOCKOIINY 3aBUCUT
He TOJIbKO OT KOHIIEHTPALMH, HO 11 OT K03 PuimeHTa CKOPOCTY BO3OY>KeHMS U3y YaIOIIero
COCTOSIHMSA, KOTOPBIII JI/IsI METa/UIOB MOXKET pas/InNyaTbcsl. ITO BaXKHBINM aclleKT B KOHTEKCTE
Ipe[IOKEHHON MEeTO[VIKY; C/IeAyIollue PacCy>KAeHMs IIOACHAIT, modeMy KoadduimeHT
ckopoctu Bo30OyxaeHuss (KCB) He OblI yuTeH sABHO. Peammsainyus MeTOAVKM BHYTPEHHErO
cTa”fapTa (MeTO[MKa aKTMHOMETPMM) IIpefycMaTpyuBaeT IOCTPOEHME 3aBUCUMOCTH
OTHOIIEHVSI MHTEHCUBHOCTEN 1Ie/IeBOr0 KOMIIOHEHTa (I,;) OT KOHIIEHTpAlMM IIeleBOTO
metamia (Cy,). KCB pns xaxporo meramna (Pb, Fe, Zn, Cu), pns crponuus (Sr) B ofHOM U3
BapuaHToB ¥ i1 (Cd) BO BTOpPOM, OKasbIBaeTCsi HESBHO YYTeH B KalnOPOBOYHOI
3aBucumoctu. [leiictBurennbHo, KCB  (BepOATHOCTb BO3OYXIEHUS C IOC/IEAYIOIIUM
U3JTy4eHVeM) OIpefie/isieT, HaCKONbKO 3¢ (eKTMBHO aTOM [JaHHOTO MeTa/Ula HEepPeXOAuUT B
BO30Y>X[IleHHOE COCTOsIHNE IO IefICTBYIEM SHEPIMM IUIa3MBl (B TaHHOM ciny4ae — [JBP) u 3aTeM
usny4yaer GOTOH (IIPYU ITOM II0/IaTaeM, YTO BO30OY>K[eHHbIe COCTOSIHUA I'MOHYT C U3Ty4eHVeM
¢doToHa). ITOT K03 PUIMEHT TECHO CBA3AH:

— C BEPOSITHOCTBIO TOTO, YTO IPU CTOJIKHOBEHMM C 3/IEKTPOHOM aTOM IiepeiifieT Ha
KOHKPETHBI BEPXHUII SHEPIeTUYECKNUI YPOBEHbD;

— C 9HEPreTUYEeCKUM pacIpefe/ieHieM 3TeKTPOHOB B Ima3Me ((akTOpbl TeMIlepaTypbl
9KCIIEPVMEHTA U KOHLIEHTPALIMY 3JIEKTPOHOB), TO €CTh YMC/IOM 3JIEKTPOHOB, 00eCIIeuNBaloI X
BO30Y)X/IeHle aTOMOB.

O3C nsmepsieT U3Iy4eHme, KOTOPOeE SIB/ISETCS Pe3y/IbTATOM BCeX MPOL[ECCOB, BKIHOYAs
JICTIapeHMe, aTOMM3AlMI0, MOHM3AIVIO, BO3OYKIeHNe U IOCIeayllee u3nydeHue. Takum
00pa3oM, MHTEHCUBHOCTD IMHUM — 9TO KOMIIIEKCHBIN [TOKa3aTe/lb.

Tenepp 0603Ha4MM pONIb BHYTPEHHETrO CTaHAapTa. B paMkax OfHOro sKcIepyMeHTa
(kak KanmMOpPOBOYHOTO, TAaK UM [l HEM3BECTHOI IPOOBI) BCe aHANM3MPYyeMble 3/1e€MEHTHI
HaXOJATCs B OMHAKOBBIX YCIOBYSIX 1pu JJBP. 9TO 03HaYaeT, YTO OHY HOABEPTAIOTCS OHOMY
U TOMY K€ HEPreTHYeCKOMY BO3ZIEVICTBUIO IIa3Mbl, TO eCTb GIyKTyaluu mnapamerpos Jb5P
(TeMneparypa, KOHLEHTpAlL[us 3/€KTPOHOB, T€OMETPUM IUIa3Mbl) I PacCMaTpUBAEMBIX
3/1eMeHTOB OyyT coroctaBuMbl. C pyroil CTOPOHBL, Korga 6epeM oTHOIEeHNE L./ s, IO CyTH,
Jle/IIM VIHTEHCUBHOCTD 11€/IeBOTO MeTajlIa, KoTopas BkawodaeT ero KCB u adekThl mma3Mmel,
Ha MHTEHCUBHOCTDb CTPOHINS, KoTopas BKIoyaeT ero KCB u Te sxe a¢p¢exTsl miasmbl. Ecu
IapaMeTphl IIa3Mbl HEIOCTOSHHBI (HaIlpyMep, TeMIleparypa), 5TO MOXXeT IPUBOANUTL K
M3MEHEHMIO VHTEHCUBHOCTM KaK I[eJIeBOTO MeTa/la, TaK ¥ CTPOHIMA. B pesynbraTe
COOTHOIIEHME MX OCTAeTCsI OTHOCUTETbHO IIOCTOSHHBIM, HECMOTps Ha W3MeHEeHMe
a0COMIOTHBIX MHTEHCUBHOCTEN. TakuM o6pasom, kannbpoBouHast Kpusas lye/Is = f(Cye,) 6ynet
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SMIIMPUYECKN OTpaXkaTb CyMMapHbIl 3¢ dekT ot koHueHTpanyy, KCB 1eneBoro Merasua,
KCB crponnus (cTaHpapt), a Takke oT BausHus JJbGP. OHa IOKasbIBaeT, KaK OTHOIIEHIVE
M3MepsIeMBIX CUTHA/IOB 3aBUCUT OT aHATUTUYECKO BeTMYMHBI (KOHIIEHTPAL[MN); TP 9TOM BCe
fpyrue $GaKkToOphl, BAUAIONE HA MHTEHCUBHOCTD, YCPETHSIIOTCS M KOMIIEHCUPYIOTCS 32 CYeT
JICTIOJIb30BaHYIsI BHYTPEHHETO CTAHAAPTA.

C y4eTOM BBIIIEN3/IOKEHHOTO, OIpefie/ieHbl KOHIL[EHTPALMV METAlIOB B Pa3MIHbIX
npobax 13 BogoeMoB VIBaHoBckoit 0671. (Poccuiickas @epepanus) (cm. tabm. 2). B kayectBe
MCXOMIHBIX 9KCIIEPUMEHTAIbHBIX JAHHBIX MCIIO/b30BAIN JAHHbIE, IPUBeIEeHHbIE HA puC. 1-5.

Tabnuuma 2. Pe3ynbraThl OIpefeieHysi KOHI[EHTPAL[MM META/UIOB B BOGHBIX Ipobax, COOPaHHBIX B BOZOEMaX

ViBanoBckoit 0671. (Poccust) B epecyere Ha KOHIIEHTpanuio yuctoro Metamia (N,,)

Hacenennsiit mynkt Eropmii

Mertann B N,, mr/n N,, mr/n Ycpennenne N, 11o iBym IIIK,
npobe (cTanpaprt Sr) (cranpapt Cd) CTaHfilapTaM, Mr/1 M/
CauHerj 0,08+0,01 0,05+0,01 0,07+0,01 0,03
JKemneso 0,23£0,01 0,12+0,01 0,18+0,01 0,30
Menb 0,56+0,04 0,28+0,02 0,42+0,03 1,00
wunk 0,46+0,03 0,15+0,01 0,31+0,02 1,00
Hacenennplit myHKT XyAbIHUHO
CauHerj 0,07£0,01 0,05+0,01 0,06+0,01 0,03
JKemneso 0,33+0,02 0,1240,01 0,23+0,02 0,30
Menb 0,64+0,05 0,20+0,02 0,42+0,03 1,00
wnk 0,62+0,04 0,19£0,01 0,41£0,03 1,00
Hacenennpiit nyHKT MUKIIVHO
CauHerj 0,18+0,01 0,08+0,01 0,13+£0,01 0,03
JKemneso 0,62+0,04 0,17£0,01 0,40+0,01 0,40
Menb 0,60+0,05 0,23+0,02 0,42+0,03 1,00
wnk 0,63+0,05 0,23£0,01 0,43+0,03 1,00

prvteua;—tue: ons nonyueHus 1<anu6p0301mwx 3asucumocmetl 80 8cex Cyuasax ucnoiv3osanu x/zopubbz memannos —
PbClz, FECls, CMClz, ZT’lClz.

KauecTBeHHBIT HAOOP MeTa/UIOB, 3aUKCUPOBAHHBIN B MP0OOaX, B3ATHIX B Pa3INYHBIX
HaceJIeHHBIX IIYHKTAX, OKa3aICsd UIEHTUYHBIM, YTO OOBACHIETCS O0ObefyHEHNEM BOJOEMOB
equHOI cucreMoit (YBopbcKoe Booxpanmmie). OfHaKO KOMYeCTBEHHBIN COCTaB META/IOB
B aHA/IM3MPYEMbIX NIPOOAX OKa3a/JCs pas/lMYHBIM. B 4acTHOCTHM, pe3y/bTaThl, IIOJTyYCHHbIE B
nyHkte MukummHo (VIBaHOBCckasg 0071.), YKasbIBaloT Ha 3HAYMTeJIbHOE IIPEBBbILICHME
ITOKa3aTesieM KOHLIEHTPal CBYHIA YPOBHA IIPeJeIbHO-NONYCTYMbIX 3HAYEHMI /1A JAHHOTO
TspKenmoro Metaia (ITJ1K). XapakrepHo, uto sHaveHus I1JIK npumeHsau Kak mjs TUTbeBOI
BOJIbl, TaK Y JIJI BOJOEMOB X0O3ICTBEHHOTO ¥ OBITOBOTO HasHaveHus [11].

BriBoabl

VcnonbsoBanme O39C B mpakTuyeckoM coderanunm c¢ JJBP, peannsyeMbIM IIpu
aTMochepHOM JaBIeHNUM, II03BOMIUT C JOCTATOYHOI CTEIIeHbI0 TOYHOCTH 3a(pPUKCUPOBATD PAN
3arpsA3HEHMII, KaKOBBIMU SBWINCH TsDKeJIble MeTa/UIbl B IPVPOJHBIX BOJHBIX Ipobax
ViBaHOBCKOM 06macTu. YyBCTBUTENBHOCTb IIpeflaraeMoro (uaMKO-XMMUYECKOTO MeToja
MICCTIeIOBAaHM HAXOUTCSA Ha YPOBHE IIPelebHO JOIYCTMMON KOHIIEHTPALIUN 3arPA3SHUTEA.
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Peannsanysi mogo6HOTO IMOAXO0/Ia OKa3bIBAETCs BeCbMa ITePCIIeKTYBHOI C TPAKTUYECKO TOUKI

3p€HNs, TaK KaK CIIY>KUT OCHOBOI1 A1 KOHCTPYMPOBAaHUA MOOMIbHBIX MNOPTaTUBHBIX

YCTaHOBOK, HEOOXOAMMBIX [JIA OCYILIECTBIEHVSI MOHMTOPVIHIA COCTOSHMUA OKPY’KaIoLIei
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Kniouesvie cnosa: Annomavus. B pabome Oemoncmpupyemcss IPPexmusHas 603MONHOCHb
AMIOMUHUTL, aMOPPUAUUST,  UCNONL30BAHUS 0MX0006 (bl OpobeMemHoil) NPOU3BOOCMEa NUamyp cUuctmembl
nwvine Opobememnas, V-Al 0ns1 co30anus OucnepcHo-ynpouHeHHbIX KOMNOUUUOHHDIX MAMEPUATIO8 HA
OuchepcHO-ynpouHeHHblil ocHose  amomunus.  IIpoeeden  awanus — xumudeckoeo,  (Haszoe0z0 U

KOMNo3um, peaxyuoHHas 2panynoMempu1ecko20 cocmasa noiiu om aueamyp mapox BuAn-65 u BrAn-1.
cnocobHocmb C yenvio nosvilleHUs PeaxyuoHHOT cnocobHocmu nuvite Opobememmuyro (I1])
nooeepeant MexaHoAKMUBAUUU 6 NIAHeMAPHOL MeNbHUUe C YCMAHOBEHUeM
ONMUMANILHOZ0 BPeMEHU 06PABOMKLU, UMO NO36ONIUTIO 3HAUUMENLHO YMEHLULUMD
CpeoHuUll pasmep uacmuy, 00 ~ 8 MKM C yéenuueHuem yOenvHol UX NOBEPXHOCU 8
Heckonvko pas u ewizeamv amoppusavuro ALOs. Memodamu PDA ananusa u
INEKMPOHHOL  MUKPOCKONUU NOKA3AHO, 4MO 8 npouecce CHEKAHUS cMecell
(AI+IT]uanss Al+I1[guas-1) 00pa3yemcs KOMNO3UUUOHHBLL MAMeEPUAr, 6 KOMopom
PABHOMEPHO pachpedeniervl 6 ATMIOMUHUEBOL MAMPULE, NPedCABAIoulel U3 ceds
meepovtii pacmeop V 6 Al, ynpounsowgue unmepmemannuov (AlsV, ALsVy u

Fe4Al13).
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BBenenue

Ha AO «Ypampenmer» o6pasyeTcs M HaKaIUIMBAeTCs IMCIEPCHAs IIbUIb IIOCTIE
¢burbTpany B BEHTWIALVIOHHON CHCTeMe APOOEeMETHBIX YCTaHOBOK IIPY IIPOV3BOJICTBE
JUTATyp A TUTAHOBBIX CIUIABOB, KOTOPBIE MCIIONb3YIOTCA IIPYU M3TOTOBJIEHUM [ieTajen
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aBMAKOCMIYECKOJ NIPOMBIIIEHHOCTY, 0O0OPOHHO TEXHUKM, CYJOCTPOCHMS U XVUMIYECKOTO
MamHocTpoeHus [1]. IIpogyKTel ;poOeMeTHO OYMCTKY IUTATYP B HalbHeIIeM He HaXO[AT
IpUMEHeHNMs ¥ He YTWIM3UPYITCA. JI3-3a OTCYTCTBUA KOMIUIEKCHBIX TEXHOJIOTUI WX
nepepabOTKY Ji/is Ja/IbHEVIIIEr0 BOBIEYeHNsI B IPOM3BOJICTBO ¥ BO3MO>KHOCTEN IIPeIPUSATIUI
ocBauBaTh Oojee IITyOOKue Iepefiesibl, IPOMIIPOAYKT He HaXOAUT IMIMPOKOTO IPUMEHEeHUs Ha
OTeYeCTBEHHBIX META/UTYPIUYeCKX IPefIpUATUAX [2].

C 0HOJI CTOPOHBI, ITepepabOTKa AVMCIEPCHBIX IPOMIIPOYKTOB, UX IIepeIlIaB — CTI0OXHbIE
TEXHOJIOTMYEeCKJe STAIlbl IIPY BOBJIEYEHUY OTXOOB B IPOLIECC IPOM3BOJCTBA Ka4yeCTBEHHBIX
JINTaTyp, CIVIABOB U CIIEIMATbHBIX JOOABOK. 3a7aya YCIOXKHACTCS IIePEMEHHBIM COCTaBOM I
METa/UTypIM4eCKVMM  CBOJMCTBaMM IIBUIM, a TaKXe B3PBIBO- ¥ IIOXKapOOIACHOCTBIO.
[TepeunceHHOe KacaeTcs WM IIpoliecca MepepabOTKM [MCIHEPCHOrO MaTepuana 13
GUIBTPOBAIBHON YCTAHOBKYM IIOCTE 3a4YVICTKM CIUTKOB JIMTATYp Pas/IMYHOIO COCTaBa B
npobemerax Ha AO «Ypanpenmer».

C ppyroit cTOpoHBI, IpOAYKTE 06paboTky cmutkos muratyp (V, Mo, Ti ¢ Al) moryr
HAaJITV NpYIMEHEHNe B VISTOTOB/ICHNY HOBBIX KOMIIO3MIIMOHHBIX CIUIaBOB )1 MaTepyUajIoB U3-3a
JIOCTAaTOYHO BBICOKOTO COIEP>KaHMs B HUX MHTepMeTaumpoB. Hampumep, B pabore [3]
HOMTy4eH KOMIIO3MIVIOHHBIN CIUIaB cucTeMbl Al-V, rie amOMMHUII BBICTYIIaeT B pOJU
MaTpuIsl, a uHTepMeTa/Ung AlsV — apMupyrommit KOMIIOHEHT.

VcxonHOoe COCTOsIHME IIOPOLIKOBOJ CMeCHM Ba)XXHO ISl VIPaBJIeHUs IIPOLiecCaMu
PEaKIMOHHOTO CIIeKaHNs KOMITOHEHTOB cucTeMbl Al-V. MexaHoaKTuBaLus 3a cyet 06paboTKu
IOPOLIKOB B BBICOKOIHEPTeTUYECKMX ATTPUTOPAX SBJSETCS METONOM MHTeHCUUKaLuu
TEXHOJIOTMYECKMX IIPOLIECCOB IIONMydeHMsi MarepuanoB [4, 5]. B xome Hee IpOMCXOAUT
yMeHbIIEHNe pa3Mepa YacTUIl ¥ yBe/IMYEHMEe VX YHE/NIbHOI IOBEPXHOCTM, CMELIVBaHUe I
HaKOIUIEHe CTPYKTYPHBIX Te(eKTOB B KPUCTAIINYECKOII peleTKe, 00pa3oBaHyie XUMIIECKIX
COeIIHEHMII, KaK ObUIO II0Ka3aHO paHee, HAIpMMepP, IpPU CUHTe3e KOMIO3UIIVIOHHOTO
MaTepuana Ha OCHOBe a/lIOMIHMEBO-BaHA/IMeBOro civlaBa [6]. B pabote [7] ormevaeTcs, 4yTo
3G GEeKTUBHOCTD MEXaHOAKTMBAL[MY 3aBUCUT OT THUIIA METbHUIIBI, SHEPrOHAIPSDKEHHOCTHI
npolecca ¥ BpeMeHy o6paboTku. Hanpumep, upesmepHoe M3MenbYeHMe MOXET IIPUBECTU K
CBapKe  4YacTuy ¥  OOpa3oBaHMIO  TPYRHOpAsfeMVMbIX  armoMepaToB  (a¢dexT
MexaHocnauBauus) [5]. [ToaToMy mouck ontumyma peXXnuMoB pasMorsa OymeT Crioco6CcTBOBaTh
3¢ PEeKTUBHOCTY IOCTIEAYIOLIETO CHHTe3a PYHKIMOHATBHOTO MaTepuara.

CoBpeMeHHbBIe TEHIEHIIY B MUPOBOJ METa/UTypPIUy IeMOHCTPUPYIOT CMelljeHre HoKyca
B CTOPOHY YCTONYMBOTO Pa3BUTMA U UMPKYIAPHON SKOHOMUKM, TIfe IepepaboTKa
TEXHOT€HHBIX OTXO/I0OB CTAHOBUTCS OJ{HOJ 113 BOXKHEIINX /11 COXPaHEHMUsI peCypCHO 6a3bl 1
CHIDKEHMA 9Kojorndeckoit Harpysku [8]. B Poccun, Ha npumepe TMK «Hopunbckuit HuKenb»,
yXKe peaM3yITCs YCIelIHble MPOEKTbl IO PELVKINHIY OTBalIbHBIX IPOAYKTOB
MeTaJUTypIU4ecKoro IIPOM3BOACTBA, MOATBEPKAaA 9P (PeKTBHOCTb BOB/ICYEHNA BTOPUYHOTO
CBIPBSI B X035/ICTBEHHBIIT 060poT [9].

ViccnemoBaHus, BBIIONHEHHble HaMy paHee B [10], mMOATBepAWIN IPUHIMINAIBHYIO
BO3MO>XHOCTb VCIIO/Ib30BAaHNUsA UM JPOOeMeTHOIT OT uratypsl V-Al B KauecTBe UCXOHOTO
CBIPbS IS ITOJTyYeHNS A/IIOMOMAaTPUYHOTO Komro3uTa. OHAKO IJI ONTHMMU3ALNY COCTaBa U
CTPYKTYpPBI KOHEUHBIX MaTepuajioB TpeOyeTcs [jeTa/lbHOe M3y4deHue BIVAHNA GPaKIMOHHOTO
coctasa eyt gpobdemernoit (I111), pe>XMMOB MeXaHOAKTUBALIMK Y TEPMMUYECKOIT 00pabOTKIL.
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Ilenb HacToAmel pabOTBI — ONTMMU3AIMA CHOCO0A JCIIONb30BaHMA MAUCIIEPCHBIX
0TX010B (IBUIM APOOEMETHOI), 0Opa3yoIUXCs IpU IPOU3BOACTBE JIUTATYp CUCTEMBI V-Al,
JUIL TOMy4eHVs KOMIIO3UTHBIX MAaTepyaloB Ha OCHOBE QIIOMUHMA C BBICOKUMMU
(YHKUIVMOHATBHBIMY CBOVICTBAMM. 3afauyl MCCIENOBAHNA: aHAIN3 XVUMIYECKOTo, (pa3oBOro 1
TPaHy/IOMEeTPUYECKOT0 COCTaBa IbUIN ApobeMeTHOIT OT muratyp BHAN-1 1 BHAN-65; nsyuenne
BIVMSAHNSA MeXaHOAKTMBAIVy (M3Me/b4eHNe B IUIAaHETAPHON MeJIbHUIIE) HAa MOPQOIOTHIo,
JIUCTIEPCHOCTD ¥ (Pa30BBINl COCTAaB YACTHUI] IBUIM; ONTMMU3AIMA METOJa CUHTEe3a HOBBIX
KOMITO3VIIIOHHBIX MaTepuajoB C JMCHONb30BaHMEM IbUIM JAPOOEMETHOI ¥ YCTaHOBJIEHME
3aKOHOMEPHOCTEI YIIPOYHEeHN A a/IFIOMIHIEBOI MATPUIIBI IIPY CTIEKaHNN.

MeTo[bI KCCIIETOBAHNS U IOATOTOBKY 00pas1oB

[l viccnemoBaHusA UCIIOIb30BANIACh NbIIb JpoOeMeTHas OT JIUraTyp Mapok BHAI-65 ¢
BBICOKVIM COfiep>kaHus BaHaaus (65 macc. %) u BHAn-1 (V - 70 macc. %).

VccnenoBanme ¢asoBoro cocraBa o6pasios (mcxopHoro Il u cuHTe3MpOBaHHBIX
KOMITO3VITOB) BBINIOJIHEHO C IIOMOINBI0 PEHTI€HOBCKOTO IIOPOLIKOBOTO AMdpaKToOMeTpa
STADI-P (STOE, Germany) B CuKal-usniydeHuy ¢ MKCIONb30BaHMEM OMOMMOTEKN
PEHTTeHOCTPYKTYpHBbIX fAaHHBIX POC-2 (Release 2009). KonmnyecTBeHHbINT (a3oBbIil aHAIN3
Ipou3BelieH MeToloM PurtBenbaa ¢ ucnonbpsosanueM nporpammbl MAUD (Material Analysis
Using Diffraction) [11]. dna n3ydeHnss Mop¢onorny IOBEPXHOCTM YacCTUL] IHOPOUIKOBBIX
cMecell M CIeYEeHHBIX MaTepuaaoB MCIO/Ib30BANICA aAHAUTUYECKNI CKAHUPYIOLUIA
anextpoHHbIN MUKpockorr TESCAN VEGA Compact LMH (s5121) ¢ sHeproaucrepcoHHbIM
peHTreHoBCKMM aHanusatopoM (EDX).

OmnpeneneHne IpaHYJIOMETPUYECKOTO COCTaBa  OCYIIECTB/IA/IOCh Ha  JIa3€PHOM
anaymmsatope «Horiba LA 950» (Horiba, Japan) meromom paccessHMs M [JeTeKTMPOBAHUSA
OTPa’KeHHOT'O/TIPe/IOM/IEHHOTO JIA3€PHOTO CBeTa. XMMMUYECKUII aHA/IN3 BBIIIOJIHEH METOLOM
aTOMHO SMMCCUM Ha CIIEKTpOaHa/IN3aTOPe C MTHAYKTUBHO CBA3aHHOI I1a3Moit | Y-48. Y nenbHas
IUIOIAJb IIOBEPXHOCTY YaCTUI] IIbUIV OLIeHVBaIaCh METOIOM HU3KOTeMIIePaTypPHOII lecopOumm
asota (Mmeroq bIOT) Ha aBToMaTyeckom ananmmusatope TriStar 3000 (Micromeritics, USA).

Ina ymeHnbilenns pasMmepa pucnepcHbix 9actul IIJ] m yBenmnuenusa mx peakIMOHHONM
CIIOCOOHOCTYM  OCYIIECTB/IANIOCH M3MeJIb4eHNe B IUIAHETAPHO-I[EHTPOOEKHO MeTbHMIe
[EQECT-2. B kavecrBe Marepuana ¢yrepoBku OapabGaHOB, a TaKkKe MeMIOIUX LIAPOB
IMaMeTpOM 5 MM, MCHONb30BAICSA OKcupj uypKoHms. Ilocnepyromee TabneTupoBaHe
OCYIIIECTB/ISIIOCh Ha PyYHOM rupipasmdeckoM mpecce [1I7]-400 ¢ yewnmem 7 TH (naBnenue 180 6ap)
B mpecc-popme guamerpoM 10 mm. ITocye gero o6pasibl criekanuch B 1abOPaTOPHOI eUM IO,
BakyymoM 3-10* Ila mpu m36pirouHom pasnmenuy Ar 151 xIla mpu Temnepatype 750 °C ¢
BbIIepKKOIT 30 MyH TBepmocTb OTOXOKEHHBIX 00pa3lloB M3ydamach IO Bukkepcy Ha
MukpoTBeppomMeTpe IIMT-3M ¢ npunoxenHoit Harpyskoit 0.1 Kr.

Matepuanbl ¥ X XapaKTepUCTUKI

[TpousBopcTBo nuratyp cucreMbl V-Al OCHOBaHO Ha 9K30TepPMUYECKON PpeaKIVM
AIIOMOTEPMIYECKOTO BOCCTAHOBJIEHNS OKCUJ0B META/UIOB BOCCTAHOBUTEJIEM IO CIIEAYIOIVIM
peaknyam [12, 13]:
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3V,0s + 10Al > 6V + 5AL0:;, (1)

3V + Al > VAL (2)

B pesynbrare, 13 IIMXTOBOTO MaTepuana B GyTepOBAaHHOM TUIJIE ITOJTYYAETCs IUIOTHBII
CIINTOK, B BepXHEM C/10e KOTOporo pacnosaraercs nrak (ALO:s).

ITo manubiM [14] nuratypa npencrassier coboit nuTepMeTamny VAl ¢ rekcaroHabHOIM
CTPYKTYpPOI1, KOTOPBIN IIPUCYTCTBYEeT Ha paBHOBECHOII AMarpaMMe COCTOSTHMA cuCTeMbl V-Al
[13]. ns ymameHMs C IOBEPXHOCTM C/IMTKA IUIAKOBBIX BK/IIOYEHNII ¥ OKCUHBIX IIEHOK
UICTIONIb3YeTCA aBTOMATM3MPOBAaHHAsA 3auyliCTKa B JIpoOeMeTHON ycTaHOBKe. B KkadecTBe
abpa3yMBHOrO MaTepyuaa BbICTyIaeT poOb CcTabHast KooTas KpynHocThio 0.5-0.7 Mm. Ha cragym
IpoOeCcTpyifHO 3aYMCTKM B IIbUIEY/IaBIMBaOIleM (UIbTpe HaKaIuMBaeTca Oo0JIbIIoe
KOJIMYECTBO JVCIIEPCHOrO Matepuana - I1]1.

Kak ormeuamocs Bo BBegeHmu, IIJl He ydacTByeT B [ajbHeilieM (BTOPUMYHOM)
IPOM3BOACTBEHHOM LIMKJIe, He IepepabaTblBaeTcs. B BBUAY HZOPOTOBM3HBI PELVIK/IVHTA
XpaHUTCA Ha CKIaJlaX NpefnpuATUA U cuuTaerca orxojoM. Ilo 3aBopckuM aHanmmsam
3JIEMEHTHOTO COCTaBa B IIBUIV IPOOEMETHOI! BBIAB/ICHO COfiepKaH)e KOMIIOHEHTOB Ha OCHOBE
BaHafusA, AIIOMUHMA 1 XKeye3a. KommuecTBo o6pasyrommxcs otxofoB focturaer 500-1000 kxr
eXeMeCAYHO.

Ha puc. 1 npogeMoHCcTprpoBaHa MOPOIOrs bUIN APOOeMeTHOIT OT raTyp BHAI-65 (a)
u BuAn-1 (6).

d

DOHIN o o

Puc. 1. Mukpodororpadun I1]] nuratyp: a) - BHA-65; 6) — BHAR-1.

BupHo, 4TO HapsAmy ¢ OONBUIMM KOJMMYECTBOM MENKMX (PpakUVil IIbUIM, MMEITCSI
JacTUIBI C pa3MepaMy 0ojiee HECKOTbKUX JIeCTKOB MUKPOMETPOB. B 060oux ciay4asx oHu
VIMEIOT HEIPABWIbHYIO, OCKOJIOYHYI0 (OpPMy C pPa3BUTOIl IIEPOXOBATON ITOBEPXHOCTBIO.
JI1 KpyTIHBIX 9acTUL XapaKT€PHO IVIACTMHYATOE CTPOEHME.

[l 6omnee moppo6HOTrO MOp(HOIOrNIECKOTo aHa/IN3a paclpeeeHys KOMIIOHeHTOB I1]]
B 3aBUCYMOCTH OT VX XMMIUYECKOTO COCTaBa U pasMepa OblI IPOM3BeLeH OTCEB IPOMIIPOAYKTA
yepes cuta (pasmep syeiiku: 0.063 MM, 0.04 MM) ¢ pasjeneHneM 4acTul Ha Gppakuum: 60blIe
63 MKM, oT 40 no 63 mkm n menbuie 40 MkM. Ha puc. 2 n 3 nmpeficTaBieHbl pe3ynbTaThl pacceBa
UK ipobeMeTHOIT oT obeux muratyp ¢ EDX ananuzom.
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O6nactu EDX anannsa (macc. %):
1)-42A1,470,19V, 89.3 Fe;
2)-49.8 Al,47.50, 0.8V, 2 Fe;
3)-21.7 Al,13.80,61.9V, 2.6 Fe;
4)-16.7 Al,10.3 0, 60.3 V, 12.7 Fe;
5)-13.7 A1,9.8 0,729V, 3.6 Fe;
6) - 18.2 A1, 18.7 0, 59.6 V, 3.5 Fe.

O6mactu EDX ananmsa (macc. %):
1) -459 Al,37.6 0,3.1V, 13.4 Fe;
2)-52A1,490,4.5V, 85.4 Fe;
3)-23A1,7.70, 65.8 V, 3.5 Fe;
4)-26.1A1,730,65.2V,14Fe;
5) - 23.3 Al,6.6 O, 65V, 5.2 Fe;

6) - 6.3 Al,5.50,3.7V, 84.5 Fe.

O6mactu EDX ananmsa (macc. %):
1) - 38.3 Al,46.2 0, 11.8 V, 3.7 Fe;
2)-1.1A1,0.70,1.4V,96.8 Fe;
3) -28.7 Al,4.9 O, 64.1 V, 2.3 Fe;
4)-2.6 Al,1.80,3.8V,91.8 Fe;
5)-17.8 Al,9.50, 68.4V, 4.2 Fe;
6)-18.4A1,9.20,70.9V, 1.5 Fe.

Puc. 2. Mopdonorusa u EDX aHanmus pacceBa 4acTuIy IbUIK [POOEMETHON OT MUTaTypbl BHAI-65 B 3aBUCHMOCTHI
ot dpaxumm: a) > 63 MKM; 6) 40 - 63 MKM; B) < 40 MKM.
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O6nactu EDX anannsa (macc. %):
1) - 2.7 AL, 2.7 O, 4.1 V, 90.5 Fe;
2)-49.4 Al,47 O,1.5V, 2.1 Fe;

3) -54.9 Al,33.20,1.6 V, 10.3 Fe;
4) - 15.5 Al, 16.3 0, 47.3 V, 20.9 Fe;
5) - 46.1 Al,47.6 0,2V, 4.4 Fe;

6) - 20.7 Al, 25.3 0, 32.4 V, 21.6 Fe.

O6mactu EDX anammsa (macc. %):
1) -26.2 AL, 5.8 0, 65.2V, 2.8 Fe;
2)-47.4A1,41.50,3.4V, 7.6 Fe;
3) -44.8 Al,44 O, 3.7 V, 7.5 Fe;
4)-3.7A1,50,3.1V,88.1 Fe;
5)-3.1A1,440,3.7V, 88.9 Fe;
6)-49.5Al,42.50,1.9V, 6.1 Fe.

O6mactu EDX anammsa (macc. %):
1) - 582 Al,36.7 0,2.2V, 2.9 Fe;
2) - 56.1 Al,42.50, 0.5V, 0.9 Fe;
3)-27.4A1,890,59.1V, 4.6 Fe;
4) -46.7 Al, 44.8 0,3.4V, 5.2 Fe;
5)-57AlL,60,4.2V,84.1 Fe;

6)-6.7Al,9.20,67.8V, 16.3 Fe.

Puc. 3. Mopdomnorus u EDX ananmms pacceBa 4acTHI] IbUIN FPoOEeMETHON OT muratypsl BHAN-1 B 3aBUCHMMOCTH
ot paxumm: a) > 63 MKM; 6) 40 - 63 MKM; B) < 40 MKM.
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Penrtrenodasossiit aHanus I1]] muratypsl mapku BHAN-65 (puc. 4a) mokasas, 4To OHa
IpeficTaB/sAeT coOOi MeXaHMYecKylo cMech cocraBa: 50 macc. % ALOs, 38 macc. % V;Al,
8 macc. % Fe n 4 macc. % Fe,Os;. B ciyyae BHA-1 oH mpefcraBieH B CleAyloLieM BUIeE:
47 macc. % AL O;, 42 macc. % VAl 8 macc. % Fe n 3 macc. % Fe,Os (puc. 46).
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Puc. 4. ludpaxrorpammel I1]] ot muraryp BuA.65 (a) u BHAN-1 (6).

Xummyeckuit anamus IIJI muratypsr BHA-65 nokasan cogepxanue V — 34.3 macc. %,
Fe - 10.7 macc. %, O - 22.3 macc. %, Al — 32.2 macc. % 1 COMyTCTBYyIOLIME IPYMeCH Ha YPOBHE
HECKOJIbKMX COTBIX IpoleHTa. B cirygae BuAn-1: V - 38.5 macc. %, Fe - 10.1 macc. %,
Al - 31.1 macc. %, O - 19.8 macc. % U mpoure IPUMecH B aHAJIOTUYHOM KOJIMYECTBe.

ITo ananornu ¢ u3y4eHneM MOpGOIOrNy JaCTHL] Py HOMOIIM 3/IEKTPOHHOTO MYKPOCKOIIA
B 3aBUCUMOCTH OT ppakumu vactuy (puc. 2, 3) npousseneH POA ananus pacnipenenenus ¢as
B coctase [1]] ot muratyp BHAn-65 u BuA-1 nocre ee paccepa (tabmmua 1).

Ta6muua 1. PpakIVIOHHBI M PEHTTEHOBCKIII COCTaB /10 ¥ IIOCTIe pacceBa.

Copeprxanne ppaximii VAl ALO;, Fe, macc. Fe,0;,
Pasmep dpaxnym I1]], Mxm . . . . o
ocjie paccesa, % Macc. % macc. % % Mmacc. %
BuAn-65
Vicxomubin 100 38 50 8 4
<40 71.4 32 63 3 2
40 - 63 10.2 28 66 4 2
>63 18.4 25 67 6 2
BuAn-1
M cxomuplin 100 42 47 8 3
<40 72.1 36 60 3 1
40 - 63 11.6 32 63 4 1
>63 16.3 29 64 6 1

Kax BupHO u3 Tabmuubl 1 u puc. 2 u 3, ocHoBHOe copiep>kanue B I1[lpaanes gacTury c
¢dpakuneir pasmepoM < 40 MKM cocTaBsteT 71.4%, IpUCYTCTBYIOT 60jee KpyIHble (> 63 MKM)
B KommyectBe 18.4%. PentrenodasoBbiii aHanm3 mokasanm poct coctasmswomein ALO; ¢
yBe/IM4YeHue KPYIHOCTM YacTul] IPUMEPHO Ha 25% Ipyu OJHOBPEMEHHOM YMEHbBIIECHUMN
KonmdecTsa MHTepMeTamaa VsAl B crydae I1/1p.a,1 HabmomaeTcs cxoxas 3aKOHOMEPHOCTb.
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ITpenmyIleCTBEHHO B 3TOV CMECK 4acTuIL ¢ pasMepoM < 40 MKM comepxurca okomno 72.1%,
6omee KpymHbIx (> 63 MkM) — 16.3%. KommyectBo ALOs Tak >ke Bo3pacTaer ¢ yBenMueHNeM
KPYIIHOCTY YaCTUI IPU CHYDKEHUM cofep>kaHms VAL

IKCNepuMeHTaIbHbIE Pe3y/IbTaThl

C 1enpo yMeHbIIEHNA pasMepa 4acTUL ¥ YBeIMYeHNA UX peaKIMOHHOI akTuBHOCTH I1]]
or yuraryp BHAn-1 u BHAN-65 mopgBepraiy M3MeNbY4eHMIO B IUIAaHETAPHO-IEHTPOOEKHOIN
MebHMIIe. Pa3Mon ocyljecTBIscss co cKopocTbio 1300 06/MMH B 4YeThIpeX BpEeMEHHBIX
pexumax: 10, 30, 60 1 120 My CpenHuil pa3Mep MCXORHBIX YaCTUIIBI IIBIIV APOOEMETHON OT
KXJI0Jl M3 JIMTaTyp COCTaB/IsUI OKO/Mo 16 MKM. B Tabmume 2 mpefcTaBlIeHBbI pe3ylIbTaThl
M3Y4YEHNA BIMAHNA NPOJSO/DKATENBHOCTY Pa3MO/Ia Ha CPESHUI pasMep 4YacTUI] Ha NpuUMepe
IBUIN [pOOEMETHOT OT uraTypsl BHA-1.

Ta6muua 2. BiusaHie BpeMeHN MeXaHOAKTUBALMM Ha cpenHuil pasMep dactuty [T gan1.

Bpemsa usmenbyenns, MuH Cpennnit pasmep 4acTHIl, MKM
0 16.0
10 10.0
30 9.5
60 7.8
120 10.0

Kak BupiHO 113 Tabmuiis! 2, 3¢ ek TMBHOCTD M3MenbueHms 00pas3nioB [1/1sax1 JOCcTHUTaCTCA
Ipy BpeMeHU MX 06paboTku B TedeHme 60 MUH B aToM cayuyae cpemHuMii pasmep 4acTuij
NOXOMUT O YPOBHA ~7.8 MKM IIpM BO3PACTAaHUM YAEIbHOV IOBEPXHOCTM IPAKTUYECKU B
6.5 pa3 (Syno — 0.2925; Syue0 — 1.9048). YBenmuueHnne >xe BpeMeHy o6pabotkm fo 120 MuH
IpUBOANUT K 0OpaTHOMY 3 deKTy — pocTy cpesHero pasMepa o ~10.0 MKM U3-3a CIMIaHmus
vacrui. B crydae I1]] ot muraryper BHAR-65 Habmogaercs cxoxkasa kapTuHa. OnTuManbHOe
BpeM: pa3MoJia COCTaBWIO 60 MUH, IPY KOTOPOM CPeJHUII pa3Mep YacTUL JOCTUT 3HAYEHUA
8 MKM IIpy I3MEeHEeHNN ye/NbHO noBepxHocty ot 0.3561 o 1.8834 M*/r.

PentreHodasoBblif aHamM3 IOKasaa, 4YTO IpPM MEXaHOXMMMYECKON aKTUBAaIVN
IPOVICXOIUT M3MEHEeHVEe COfiepXKaHVsl KOMITIOHEHTOB B cMecH [1/1pqan1. Ecyt fo namenbuyenns,
KaK ObIJIO OTMe4yeHO paHee Ha puc. 46: AL O; - 47 macc. %, V;Al - 42 macc. %, Fe - 8 macc. %,
Fe,Os - 3 macc. %, To nocne gpobnenns: ALOs- 32 macc. %, VAl - 52 macc. %, Fe - 10 macc. %,
Fe,Os - 6 macc. %. Bunno, uro copepxanme ALO; ymenbimnocs 6onee yeM Ha 30 %. 91O
OOBACHACTCA TeM, 4TO IPU BBICOKOIHEPTeTMYECKOM BO3ZEVICTBMM Ha ITOBEPXHOCTY YaCTUI]
obpasyeTcsi TOHKMII C10il aMOPQHOTO OKCYJAa ATIOMVHMSA, TO €CTb IPOUCXONUT IIPOIecC
amopdumzarym ALO:; [5; 15]. OgHOBpeMeHHO ¢ 3TUM Ha fiudpakTorpaMme GUKCUPYeTCs yBenudeHue
MHTeHCUBHOCTU IMKOB OT Fe,0s Fe n natepmerammpa VAL B cnydae I1/1s.anes HabmOgaeTcs
CXO)Kasi 3aKOHOMEPHOCTb. Ec/ii B HayabHBIN MOMEHT ([0 M3Menb4yeHns, puc. 4a) ¢pasoBblil
cocras 6bU1 BeIpaxkeH B Bupie: ALOs- 50 Macc. %, V;Al - 38 macc. %, Fe - 8 macc. %, Fe,Os - 4 macc. %,
T0 nocrne fpobnenus: ALOs - 35 macc. %, VsAl - 46 macc. %, Fe - 12 macc. %, Fe,Os - 7 macc. %.

CrepgyromuM 1mraroM OBUI CMHTe3 KOMIIO3MI[MOHHOTO MaTepuana. i arToro
HOJTOTOBJIEHBI cMecH, copepkaiue 5% [1puan1 (o u mocte usmenbuenus) u 95% Al B Buze
nopouika Mapku AIDK. Anmromunuessii mopomox Mmapku AIDK umeer cdepuyeckyto,
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KaIUIeBUIHYI0 GOPMY € ITafIKOJ OBEPXHOCTHIO, XaPAKTEPHYIO /LA IOPOLIKOB, IIOTy4eHHBIX
METOJOM paclbl/IeHNsA MHEPTHBIM razoM. CpelHMII pasMep ero 4acTUI, COCTaB/IAET MOpsAKa
52.5 MKM, IIpU y€/IbHON MOBEPXHOCT - 0.19 M?/T. DTU COCTaBBI CIPECCOBBIBAIVICD B TAOIETKN
pyameTpom 10 MM, TOMILIMHONM 6 MM M MAacCoOi 2 T, a 3aT€M CIIEKaIUCh B BAKYYMHOIJ I1e4Yy IIpU
750 °C B aproHe c Bbigepxkoit 30 MuH PeHTreHoQasoBbII aHaNMN3 CHEYEeHHBIX 00pasIjoB
II0KAa3aJl, YTO IOTyYeHHBII MaTepuas 13 Heu3Menb4eHHOTO [1]puaq1 cocTonT 13 88 macc. % Al,
9 macc. % Al;sVy, 2 Mace. % ALV u 1 Macc. % FesAlis. O6paser; ¢ paaMonoTsiM 11 puas1 TOBIMAT
Ha KO/M4ecTBO upeHTudnumpoBaHHbIX das: 85 macc. % Al, 10 macc. % ALV, 3 macc. % ALV
u 2 Macc. % FesAl;s. B 060ux cirydasx KpuCTa/UIMIECKMX OKCUHBIX (a3 He 0OHapY>KeHO.

B cnydae cuHTe3a KOMIO3UIIMOHHOTO MaTepuana B aHAJIOTUYHBIX YCIOBUAX U3 cMeceit
AIDK n BuAn-65 (mo m mocne pasmona) POA aHanms mokasanm cXokue pesynbTaTbl C
obopasuamu  Al+I1[lpuar1, /MIID HE3HAYUTENBHO OTIMYANOIINECS B KOIMYECTBEHHOM
aKBUBaseHTe: 6e3 npobnenus - 89 macc. % Al, 8 macc. % Al;3Va4, 1 macc. % ALV u 2 macc. %
Fe,Al;s; mocre gpo6nenns - 87 macc. % Al, 9 macc. % Al;sVy, 2 Mace. % ALV u 2 mace. % FesAlis.
Taxkum obpasom, BBemenue [1]] mocne pasmorna Bansiet Ha CHIDKeHMe cofiepxkanus Al, ALV, u
yBenmndyeHne KommdectBa Al;Vy m FesAl;s B koMmosuTe, YTO yKasbIBaeT Ha ITOBBILIEHNE
PEaKIVIOHHO CIIOCOOHOCTY TIBIIY APOOEMETHON 3a CUeT MeXaHOAKTUBALIVIL.

OTcyTcTBUE B CTPYKTYpe cliedeHHbIX 00pasnoB Fe,Os, 00bscHIETCSA TEM, YTO BO BpeMs
CMHTe3a IIPOUCXOANT TePMUTHAS PeaKIMs KUIKOTO ATIOMIHIA C OKCHUIOM Keresa [16]:

2A1 + F6203 > 2Fe + A1203, (3)

4Fe + 13Al > Fe,Al;s. (4)

Metammyeckoe Kene3o, IpPOpearMpoBaB C OSKUAKMM  alIIOMUHUEM, obpasyer
uHTepMeTa/UMy cocraBa FesAlis [17, 18]. DTo Takke XOpomlo coriacyercs ¢ oOIuMu
NPVMHOVIIAMY  TIepepabOTKM JKelTe30COAepKallX OTXOJOB I[BeTHO Mertauryprum. Kax
oTMe4eHO B 0630pe [18], KOMOMHMpOBaHHBIE NMPO-TUAPOMETA/UIYPIUUECKIE METOZIbI
NO3BONIAT 3PQPEKTUBHO W3B/IEKAThb >Ke/e30 M3 IIIAKOB U IIEPEeBOANUTb €r0 B I[€HHbIE
coenyHeHMs. B Hamem ciydae, TepmMuTHas peakums (3) u mociefyrollee B3auMOJEICTBIE
XKeJle3a ¢ aoMyHYeM (4) ZeMOHCTPUPYET peann3alyio CX0XKero MOAX0/a IIpyu TBepodasHOM
CMHTe3e, 4To U Y aBTOpoB [19]. Taxxe namenpuenne I1]] 3aMeTHO MOBIUATO U Ha IPOLIECCHI
dhaszoobpazoBaHMs KOMIIO3UTOB: Ilepexon mpu Temreparype 750 °C mHTepMerammpa VsAl
(mepurextnyeckas Tospasosanns 1360 °C) B Al3Vy (mepurextmueckas Tospasosanns 736 °C),
T.e. Ipollen npouecc pactBopenus: V;Al B Al. BsaumopeiicTBue Ha rpanniax pasgena ¢as
(VsAl/ Fe,0s/ AL,Os/Al) cioco6¢cTByeT pOpMUpPOBaHMIO FeTePOTEHHOI CTPYKTYPbI MaTepyaa.

Ha puc. 5 npencraBnensl Mukpogotorpadum moBepxHoctyt KoMno3uToB Al+I1suax-1 ()
U Al+I11guan-65 (6) OCTIE 06PAOOTKM.

BupHo, 4TO B a/lIOMMHIEBON MaTpulie MHTEPMETAIMAbI PABHOMEPHO pacIpefieieHbl B
none mmmda. EDX anamus pna obpasua Al+I1[p.as mokasam (puc. 5a), uto obmactp 1
COOTBETCTBYeT aTIOMMHIIO, B 06acTu 2 copepyxurcs 75.3 macc. % Al u 24.7 macc. % V, a B
obnmact 3 - 70.1 macc. % Al n 29.9 macc. % Fe. ITo Bceit mnockocTu numda KOMIIO3UTA
Al+T11puar-1 XMMMYECKII aHATM3 TTOKA3aJl CIeAyIolee Cofep kaHme 3/1eMeHTOB: 92.2 mMacc. %
Al, 5.9 macc. % V n 1.9 macc. % Fe.
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Puc. 5. MUKpOCTpyKTypa KOMIO3UTOB HOC/e ucnonb3oBanuA IIJI, moxseprayTeix pasmony: a) - Al+IT0guan1;
6) - A1+HHBHAII-65'

B cygae Al+IT0guares (pric. 56): 06/1acTb 1 sIB/IsIeTCs aMFOMMUHIEBOI MAaTpULelt, B 00/1acTy 2
HaxopaTcs 78.4 macc. % Al u 21.6 macc. % V, a B obmactu 3 — 73.5 macc. % Al u 26.5 macc. % Fe.
EDX anam3 Bcett nockoctyt mumga Al+T1Tsuaxes: 94.1 mace. % Al, 4.3 macc. % V u 1.6 macc. % Fe.
YcpenHeHHbII TOYEYHbII aHamM3 0060MX 00OpasloB IMOKa3am, YTO B 30HE ATFOMUHUEBOI
MaTpULbI, PACIONATAIOLWIENCA MEXJY BaHAJMEBBIMJ MHTEPMETA/UINAMY, COJep>KaHue V
cocrasjsiet ~0.9 at. %. 1o manubIM Juarpammsl coctosinust V-Al [13] pacTtBopuMoCTb BaHAIMs
B QIIOMMHMM Ipu Temmeparypax 735, 660 u 500 °C cocraBnsger 0.91, 0.2 n 0.11 at. %,
COOTBETCTBEHHO, YTO COITIACYETCS C IOTyYEHHBIM BbILIE PE3YTbTATOM.

B Tabmume 3  mpeacTaBIeHbl  pe3ylIbTaThl  M3MEPEHUIl  MUKPOTBEPHOCTU
CMHTE3VMpOBaHHBIX KoMmosuToB Al+IIJl B 3aBMCMMOCTM OT BUAQ JIATATypBl, BpeMeHU
MEeXaHOAKTMBAlMM B CPAaBHEHUN C MaTepUaoM U3 UCXOJHOro anoMyHusa mapku AIDK.

Ta6numa 3. MUKpOTBEPHOCTD CIIeYeHHBIX 0OPasIIOB.

O6pasers CpepnHee 3HaYeHMe MUKpoTBepmocTy, HV
AIDK 48.3
Al+TT0pan1 6€3 pasmona 65.3
Al+IT[Tpa1 TIOCTIE Pa3MoOTIa 67.2
Al+T1 14565 6€3 pasmoria 58.7
Al+IT[Tyan-65 TIOCTIE Pa3MoOTIa 60.2

M3 tabmuupl 2 M puc. 5 BUAHO, YTO BBefeHUe 5% MAUCIIEPCHOTO IIPOMIIPOAYKTA B
QJIIOMVHMEBBII TOPOILOK MIPUBOAUT K 3HAYUTE/TBHOMY YIIPOYHEHVIO MAaTPULbI IPY CIIEKAHUM
32 CYET OTCYTCTBMSA KPUCTA/VIMYECKMX OKCHUJHBIX COCTAB/IAKIIMX B KOHEYHOM IPOJYKTE,
HOSIBJIEHNSI MHTEPMETA/UIN[0B B Xofe TepMmutHoit peakumit Al-Fe;O; m ob6pasoBaHus
TYTOIUIaBKVX BaHaAyeBbIX coenyHenmit (VsAl + Al > ALV, ALV + Al > AlsV.,). Ilonrydennbre
KOMIIO3MIIVIOHHbIE ~ MaTepuaabl JIEMOHCTPUPYIOT OJHOPOJHYI0  MUKPOCTPYKTYpPy €
PaBHOMEPHBIM pacIpefie/ieHIeM YIPOUHAIMX (a3, IIe 3Ha4eHMs II0Kas3aTe/ld TBEPHAOCTH
3aBUCAT OT MCXOAHOTO cocTaBa I1]] 1 BpeMeHM MeXxaHOAKTUBAL[UML.
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BoeiBoabl

1. [TpoBeena aTTecTanus mbUTeNl ApoOeMeTHBIX OT nuratyp BuAn-1 m BrA-65,
KOTOpBle IPEACTAB/IAT COOOJ  C/IOKHYI0 MEXaHUYeCKYl0 CMeChb, COCTOALIYI0 U3
nHTepMetanpa VsAl, oxcupa amomuansa (ALOs), a Takke MeTa/UIMYECKOTO yKelesa U ero
okcnpa (Fe;Os). OcHoBHas macca yacTui (~70%) nMeer pasmep MeHee 40 MKM. Y CTaHOBJIEHO,
4TO C yBe/mmueHyeM pasMepa yactull I1]1 pacret copepxanne AL,Os 1 cHMKaeTCA KOMMYECTBO
V;AL

2.06paboTka B IUIaHETapHOI MeJbHNIIE MO3BOIAET 3(Q(EeKTNBHO BIMATH Ha
JVICTIEPCHOCTD YaCTUI] IIbIIN. Y CTAHOBJIEHO ONITMMAJIbHOE BpeMs u3MenbueHns (60 MuH), Ipyu
KOTOPOM IPOUCXOAUT YacTuyHas amopdusaums ALOs 1 cHIDKaeTCs: CpeHIIT pasMep YacTuly
¢ 16 10 ~8 MKM C yBe/MYeH)eM yAe/NIbHOI IOBEPXHOCTY B HECKOIBKO Pas, YTO CIIOCOOCTBYeET
YIYYIIEHVIO PEeaKIIOHHO aKTUBHOCTY CMECH TIPU CUHTe3e KOMITO3UI[MIOHHBIX MaTepHaos.

3. B mpouecce cnekaHys MpoTeKaeT TEPMUTHAA PeaKLVsl ATIOMUHIA C OKCUIOM JKeyle3a
U YacTM4HOe pacTBopeHne Al;V B amoMmHMeBoit MaTpulie. Hamdne B cTpyKType KOHEYHOTO
Mmatepuana uHTepMmeranpos AlsV, AL;Vy, m FesAl;s 6e3 Kpucrammyeckmx OKCUITHBIX
COCTABJIAIOILINX CIIOCOOCTBYET 3HAUNTETBHOMY YIIPOYHEHNIO CHTE3VPOBAHHBIX KOMIIO3UTOB.

4. [Tonmy4yeHHBIe KOMIIO3UTHI 110 TBEPAOCTY O/IM3KY K MI3BECTHBIM IIVPOKO IIPYMEHAEMBIM
amoMyHMeBbIM crytaBaM: aBuam AJ135 (HV(,=68.5), cumymmust An4, An9 (HV,.(An4) = 53-73.7,
HV,.1(An9) = 47-53).

duHaHCHpOBaHNe:
Pabora BBINONHEHa B COOTBETCTBMU C IUTAHOM HAy4HO-MCCIEOBATENIbCKUX PaboT
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Kondnukt naTepecos:
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Kniwouesvie cnosa: Annomauus. B cmamve paccmompervt cnoco0vl onpedeneHuss dHepeermu4eckoeo u
pexynepamuéHbvie aKcepeemuUecko20 KOIPPUUUEHN06 N07e3H020 DetiCBUS Menno00MeHHbIX ANNAPAOs.
mMennoooMeHHUKY, Hns mennoobmennuka «mpyba 6 mpybe» U KOIYXOmpyoHO2O mMenioooMeHHUKA
mennoma, IKcepeus,  NONYYEHbl IKCNEPUMEHMATIHDIE 3ABUCUMOCHIUL IHEPIEMUHECKO20 U IKCeP2ermu1ecko2o
IHepeemu1ecKuil u KoapPuyuenmos nonesrnozo Oeiicmeus om eenuuunvs KS/W. Iloxasano, umo 0ns
akcepeemuveckuii NpOMUBOMOUHOL CXeMbL OBUNEHUS MeNTOHOCUMeNell SHAUEHU 000UX K03 PulueHmMos
Koagppuyuermot no71e3H020 Oelicmeust eviue, yeM 07 NPAMOMOUHOL. YCMAHO6/IEHO, YO NPU MATbIX

nonesHozo deticmeust  3HaueHusx eenuuunv KS/W (menvuse 0,22 - 0,24) 3HaueHus sHepzemuueckozo u
aKCcepeemuuecko20 KodPduyuenmos none3Hozo Oeticmeus 0N  KOXYXOmpy6Hoz0
mennoobmenHuKa Oonvile, yem 071 mMmennooomenHuka «mpyba 6 mpybe». Ipu 6onvuiux
snauenusix KS/W agpgpexmuenocmov mennoobmeHnuxa «mpyba 6 mpybe» 8viude, Hem
KOICYXOMPYOHO20 Mensi000MeHHUKA.

Inga muTupoBaHu:

Jleontbes B.K., Kopabmesa O.H., JleonTeB A.B. OmpefeneHue SHEPreTMUECKOTO M 9KCEPreTUYECKOTO
K09((PUIVIEHTOB II0JIE3HOTO JIeVICTBUA PEKYNepPaTUBHBIX TEIVIOOOMEHHNKOB // OT XUMMM K TEXHOTIOTMY IIar 3a
marom. 2026. T. 7, Beim. 2. C. 67-73. URL: https://chemintech.ru/ru/nauka/issue/7273/view

BBenenue

Panee, Ha OCHOBe 9KCIIEpMMEHTA/IbHBIX [AaHHBIX, ONpefie/leHa TepPMOAMHAMMYEeCKas
3GGEeKTUBHOCTD  PpEeKYNEpaTMBHBIX  TelZIo0OMeHHMKOB.  IIpoBefjleHO  cpaBHeHMe
TepMOAVHAMIYECKOI 9(P(PeKTMBHOCTY peKylepaTUBHBIX TEIUIOOOMEHHUKOB I [IBYX CXeM
IIBVOKEHNUA TEeIVIOHOCHTeNIeil: MpAMOTOKa ¥ HPOTMBOTOKA. IIOATBEpKIE€HO IpenMyIecTBO
IIPOTUBOTOYHOV CXE€MbI JBVDKEHMsA TEIJIOHOCUTENEN IIPU KOTOPOM TepMOJMHaAMMUYeCKas
3¢ dexTUBHOCTD Ha 5-10% BBIlIe 4eM Ipu MpsAMOTOKe. Takke MOKa3aHo, YTO MPY BHIOPAHHBIX
pacxojax TeIUIOHOCKTeIell TepMogyHaMmdecKas 3 HeKTUBHOCTD TeII00OMEHHNKA «Tpyda B
TpyOe» BBIIIIE, YeM /1A KOXKYXOTPyOHOTO TermooOMeHHuKa [1].

© B.K. JTeontpes, O.H. Kopabnesa, A.B. Jleoutnes, 2026
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OcHOBHaA 4acTh

ITenpio JaHHON pabOTHI ABIAETCA: HA OCHOBE SHEPreTMYECKOTO M 3KCEpPreTHMYecKOro
KO9(PUIVIEHTOB IOJIE3HOTO [IeICTBUA IIPOBECTM CpaBHeHMe 3(P(GeKTUBHOCTY pPabOTHI
PeKYIepaTUBHBIX TEIIIOOOMEHHUKOB.

OHepretnyecknit KIIJl Termmoo6MeHHMKOB — 3TO OAVH M3 Ba)KHENIIMX IOKa3aTesneln
a¢ddexTUBHOCTY PabOTHI TEI/IOOOMEHHMKA [2-6].

HarnapgHoe — mpepcraBieHMe — SHepreTMYeCcKMX M MaTepUaabHBIX  IIOTOKOB
TEIUIOOOMEHHOTO IPoliecca MOXKHO IIPEACTaBUTD Ha juarpamme (puc. 1).

Q Hom

Qxf

Q.

=>

Qz2

sz

Puc. 1. ,HmarpaMMa 711 IIpoLecca TEIIoepenain 6€e3 u3MeHeH s arperaTHOroO COCTOAHMSA CpeN.

Onepreruyeckuil KIIJI xapakTepusyeT COOTHOIIEHME MeXAY TeIUIOTOI, MOTy4eHHO
XOJIOZHBIM TEIUIOHOCUTENIEM, ¥ MaKCUMaJIbHO BO3MO>KHBIM (pacHojaraeMbIM) KOMMYeCTBOM
TEIUIOTBI, KOTOpOe MOXKeT OBITh IepeflaHO XOJOZHOMY TelToHocuTenl. OH IOKa3bIBaer,
KaKYIO JIO/II0 MaKCYMa/IbHO BO3MO>KHOJ TEIUIOTHI PeaibHO Mepefany Yepes anrapar:

_ 02— 0u
T =70,

rme Qy, — KOMMYECTBO TEIUIOTHI, BBIXOJsINE€e W3 TEIVIOOOMEHHUKAa C  XOJIOHBIM
TeIVIOHOCUTeNeM, BT;

Qy1 - KOINYECTBO TEIUIOTHI, BXOJsAlllee U3 TEIIOOOMEHHMKA C XOJOMHBIM
TeIJIOHOCUTeJIEM, BT;

Q.1 - KOMMYECTBO TEIUIOTHI, BXOJslllee U3 TEIUVIOOOMEHHUKAa C TOPSYUM
TeIIOHOCUTENSIMHU, BT.

sz = GCth, Qxl = GCtxl’ er = GCtrl-

rae G — MacCOBBIN pacXof TeIJIOHOCUTES, KI/C;
C — yJieNbHasl TeITIOeMKOCTh TermoHocuTens, I/ (kr-K);
ty, — TEMIIepaTypa XOMIOLHOTO TEIVIOHOCUTE/IA Ha BBIXOJIe U3 TeITIO0OMeHHMKa, °C;
ty1 — TeMIepaTypa X0JIOZHOTO TEIVIOHOCUTeE/IA Ha BXOJie B TEIUIOOOMEHHUK, °C;
tr1 — TeMIIepaTypa rops4ero TeIVIOHOCUTEIS Ha BXOJe B TEIVIOOOMEHHUK, °C.

KonuuecTBo TerioTsl, nepeganHoe XO/I0AHOMY TEIVIOHOCUTEIO OIIPENENAETCA KaK

Qxz — Qx1 = Qx-
Ha sneproacddexktuBHOCTD TeITIO0OMEHHNKOB BIMAIOT MHOTME (AaKTOPBI, B TOM YUCIIE
CKOPOCTb JIBVKEHVSI TEIUIOHOCUTEIEN, KOTOPBIe CIIOCOOCTBYIOT YBeIMYEHNIO K03 DUIIMEeHTOB
TeIUIonepeayy; 3arpsA3HeHe IOBEPXHOCTel TeI/I00OMEeHHIKA; KOHCTPYKTUBHBIE ITapaMeTphl

TeIVIOOOMEHHNKOB (BMHTOBBIE Hape3sKu B Tpybax, CIMpabHble KaHAa/Ibl, IIOIEpPEeYHbIE
HIEPETOPONIKN).
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Il noBbiiieHNs: 9HEProdaPpPeKTUBHOCTH TEITIOOOMEHHNMKOB MCIIONb3YIOTCS METOZbI
MHTeHCHUKaLMY TeII000MeHa U YMEHbIIEHsI 3arpsi3HeHNs TOBEPXHOCTEN TeII000MEHHIKA.
OpHako cefyeT y4UTBHIBATh, YTO MHTEHCU(UKALVS TEIUIOOOMEeHa IPUBOANT K yBE/IMYCHIIO
3aTpaT 9Hepruy, HEOOXOAUMBIX JUIsi IPEONONIEHMsI PACTYLIEr0  TUPABINIECKOTO
conporusieHns. CrefoBaTe/IbHO, yBelINIeH) e MHTEHCUBHOCTH TEIUIONIepefady HO/DKHO ObITh
COTIACOBAHO C yBe/IMYEHNEM TU/[PAaBINYeCKOTO CONPOTUBIeHNA [3].

OKCIlepYIMeHTaIbHble  JICCTIEIOBAaHMsI ~ IPOBOAWINCH  JUI  PeKyIlepaTMBHBIX
TeIZIOOOMEHHNKOB ~ Tuma «Tpyba B Tpybe» M  OFHOXOHOBOTO  KOXXYXOTPYOHOTO
TeriooOMeHHNKa. OCHOBHBIE ITapaMeTPhl TeIVIO0OMEHHVKOB IIPVBeeHbl B Tabuie 1.

Ta6nuua 1. OcHOBHBIE TapaMeTpbl TEMIO0OMEHHIKOB

TemmoobmeHHMK «Tpyba B Tpybe» KoxXyxoTpy6HBbI TEII00OMEHHUK
InameTp BHyTpeHHell TpyObl d X8, = 27X3 MM; Iuamerp BHyTpeHHel TpyObl d X0, = 14X2 MM;
JuamMerp Hapy>xHOI Tpy6bl Dy xS, = 48x4 MM; Inamerp koxxyxa D, = 200 Mm;

O6wuas iMHa TeroooMedHnKa L = 6 M; O6was pmmHa Terooomennnka L = 0,5 m;
[ToBepxHOCTH Temwtonepenaun S = 0,452 Mm% [ToBepxHOCTh Temwnonepenauu S = 1,34 Mm%
Koaddurument teronposogHocTy MaTepuana creHkr | KoadduipmeHT TerionpoBogHOCTH MaTepuaa CTeHKI
Aer = 46,5 Br/(M K). Aer = 17,5 Br/(m K).

g u3MepeHMsA Ha4yaJbHbIX M KOHEYHBIX 3HA4YEHMII TeMIIEpaTyp TEeIJIOHOCUTEIEN
VICTIOJIB3YIOTCSI  TepMOIIAphl, IIO[KII0YEHHble K TepMOIPeoOpasoBaTeNT0 COIPOTUBICHNS.
CurHan ot TepMoIipeoOpasoBaresis IOCTyIIaeT B IaHHbIE IIPOTPaMMBbl KOMIIbIoTepa. Pacxompl
TEIVIOHOCUTEJIEN U3MEPS/INCh pOTaMeTpaMy U MOALEPKUBAIACh OAVIHAKOBBIMU JJI TOPAYEN
11 XOJIOJTHOM BOJIBI.

PesynbTaThl ONBITHBIX M pacYeTHBIX JaHHBIX IO ompefeneHnio sHeprermdeckoro KIIJJ
HpuBeieHbl B Tabuie 2.

Tabmuma 2. PesynbraTel HCCIefOBaHMA N0 oIpefeneHUIo sHeprermukeckoro KIIJ| pekynepaTMBHBIX

TEII00OMEHHIKOB.
Pacxo
Tun Cxema on trts | txts | Exas KS
TEIZIOHOCUTEJIA, Qy, Bt Q., Br Mo —
TEIVIOOOMEHHMKA | JBVDKEHUA °C °C °C w
G, xr/c

0,16 66,7 | 8,9 | 29,6 |13877,28 |44715,68 | 0,310 | 0,434

IPsIMOTOK 0,32 66,7 | 8,9 |27,3 |24670,72 |89431,36 | 0,276 | 0,35
0,47 66,7 | 8,9 | 25,6 |32887,31 |131352,3 | 0,250 | 0,302

Tpy6a B Tpybe

0,16 66,7 | 8,9 | 31,8 |15352,16 |44715,68 | 0,343 | 0,434

IIPOTUBOTOK 0,32 66,7 | 8,9 | 28,9 |26816,00 |89431,36 | 0,300 | 0,35
0,47 66,7 | 8,9 | 26,3 |34265,82 |131352,3 | 0,261 | 0,302
0,16 66,7 | 8,9 | 23,5 | 9787,84 |44715,68 | 0,219 | 0,478
TIPSAMOTOK 0,32 66,7 | 8,9 | 22 |17564,48 |89431,36 | 0,196 | 0,296
0,47 66,7 | 8,9 |20,2 |22253,09 |131352,3 | 0,169 | 0,227

KOXXYXOTPYOHBII

0,16 66,7 | 8,9 | 252 |10927,52 |44715,68 | 0,244 | 0,478
IIPOTUBOTOK 0,32 66,7 | 8,9 | 23,1 |19039,36 |89431,36 | 0,213 | 0,296
0,47 66,7 | 8,9 | 21,5 |24813,18 |131352,3 | 0,189 | 0,227
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H}IH CpaBHEHUA 3(1)(b€KTI/IBHOCTI/I pa6OTbI PEKYIIEPATUBHBIX TEIIO0OMEHHNKOB

KS
BesmuuHe 110 sHepreTndeckoro KI1JI 66ut1 mocTpoeHbl 3aBUCUMOCTH 1), = f W) B xauecTBe

apryMeHTa B 9TOJl 3aBMCUMOCTY ObUIa BbIOpaHa BelINYMHA (%), rge K - xoaddunment
tertonepenayy, Br/(M’K); S - moBepxHocTh Temnonepemaun, Mm% W = G- c - BOmSAHON
9KBMBaIeHT, BT/K.

Ha puc. 2 u 3 npepcraBiieHbl IO/Ty4eHHbIE 3aBCMMOCTY /IS TEIUDIOOOMEHHMKA «Tpy6a B
TpyOe» ¥ KOXYXOTPyOHOTO TeIUIOOOMEHHMKA TPV PAa3IM4YHBIX CXeMaX [BVDKEHVA
TEIZIOHOCUTETIEN.

— 035 ¢ 040

= =
2o | / = 035 f
= =
S 025 | ) : 0,30 }
& —e 2 025
202 .7 = i
§ 4,/0’7 E 020 F
a.0,15 F o, s |
2 l 2 01> oy
0,10 b S o0 L
005 | ! 005 |
0)00 1 1 1 ) 0)00 1 1 1 )
0,2 0,3 0,4 0,5 0,2 0,3 0,4 0,5
KS/W KS/W
® — TeII000MeHHNK «Tpy6a B TpyOe; ¢ — OHOXOHOBOI ~ ® — TEIVIOOOMEHHUK «Tpyba B TpyOe; ¢ — OZHOXONOBOI!
KOXXYXOTPYOHBIII TeITIO0OMEHHUK; KOXXYXOTPYOHBII TEIIOOOMEHHMK;
Puc. 2. 3aBucumoctun 1, = f (%S) It psiMoTo4HOit  Puc. 3. 3aBucumoctn 1, = f (%) IJ1A IPOTYBOTOYHOI
CXeMBI IBUKEHUS TEIUTOHOCUTETIEN CXeMBI [IBUDKEHUS TETUTOHOCUTETIEN.

B nccnemoBanHoM inanasone sHeprerudeckuit KI1JI Boime g1 TerrooOMeHHMKa «Tpyba
B TpyOe», HO MCCIeAysl XapaKTep 3aBUCUMOCTE}I MOXKHO OTMETWUTb, YTO IIpU 3HAYEHMSX

(KWS) MmeHee 0,22 - 0,24 muHny nepecekarorcs. IloaTromy npy sHayeHMAX (KWS) Menbie 0,22 - 0,24

sHeprerudeckoro KIIJI 7,,, BbIllle U KOXXYXOTPYOHOTO TEIVIOOOMEHHUKA. DTO O3HAYAET, YTO
npy OONBUIMX pacxofax TertoHocuTeneyl (G) M Manplx pasMepax TemmooOMeHHMKa (S)
a¢ddexTUBHEE KOXKYXOTPYOHBIIT TEIIIO0OMEHHYIK.

Oxkcepreruueckuit KIIJ] - 370 oTHOmIeHMe (aKTUYECKU BBIIOTHEHHON paboThl K ee
MaKC/Ma/IbHO BO3MOXXHOMY 3HAaU€eHIIO, TO €CThb K 9KCePTUY pacCMaTpyBaeMoro mpotecca [7-12].
OH yuuTBIBaeT IIOTepM OSHEPIMM B TEIUIOOOMEHHMKe: IOTepU U3-3a HeoOPaTMMOCTU
TeI1006MeHa 13-3a PasHMUIIbI TEMIIEPATYP TEIUIOHOCUTEIEN; IIOTepy SHEPTUN 13-32 Ilepefadn
TeIUIa B OKPY>KAIOLIYIO CPe/y; TOTePY SHEPTHM U3-3a TUAPABINIECKNX TOTePh IPY ITepeKauKe
TEIVIOHOCKTeNelt (OZHAKO 3Ta COCTABIIAIONIAS MOXKET He YYUTBIBATHCS IPU OIpefeneHnn
sHepretnyeckoro KITIT).

3HauNTeNbHOE OTK/IOHEHVIE SHEPreTNIecKoil 9 PeKTUBHOCTH OT eAMHUIIBI YKa3bIBaeT Ha
HaJIM4ye IOTePb SKCepruy, KOTOpble MOTYT OBITb CBeJleHbl K MUHMMYMY 3a c4eT Oosee
pPAaLMOHANIBHBIX IIPOLECCOB M JCHONb30BaHMsA 0Oojiee COBEPLUIEHHOTO O00OPYZOBaHMA.
Hexoropsle ¢akTophl, CHIDKAOLIMe TepMOAMHAMUYECKYI0 3((eKTMBHOCTh IPOIECCOB
TeIUIonepefauy B TeI/I00OMEeHHIKe:

a) HOTepyM M3-3a KOHEYHOJ pPasHMIBl TEMIEPATyp MeXAY TEIUVIOHOCUTENIMU MU
TUJIPABINYECKOTO COIIPOTUBIIEHIS,
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0) moTepu M3-3a HEIIOTHOV TEIION3OJIALN;
B) HU3Kasl TEIUIOIIPOBOIHOCTb MaTepuasa Telo0OMeHHMKA.

IToTepu, BbI3BaHHBIE M3MEHEHMEM XapaKTepa IOBVDKEHMSA TEIUVIOHOCKUTEIEN, HallpuMep,
KIIJI ycrpoiicTBa CHMXKaeTca IpU OTHOCUTE/IbHOM YMEHBUIEHMM IIOJAYM TOPAYEro
TEIJIOHOCUTE/IA OTHOCUTEIBHO XO/IOJHOTO U BO3PACTAET IIPY €0 YBETMYEHUI.

Pa60oTOCIIOCOOHOCTD MM KCEPTUS TEIUIOTHI (. MOTy4aeMOro OT MCTOYHMKA TeIIa C
Temneparypoit Ty, AB/IAETCSA MaKCYMa/IbHOI II0/Ie3HON paboTOil, KOTOPYIO MOXKHO ITOTY4UTh
OT 3TOV TEIUIOTBI IIPYU YCIOBUY, YTO MCTOYHMKOM XOJIO[a ABJAETCA OKpYXKalollas cpefa ¢
temnepatypoii To. 3gech Q. = Q1 — Qra.

[/ pekyTnepaTMBHBIX TeIVIOOOMEHHBIX allIApaTOB I ONIpefeeHNA 9KCePreTNIecKoro
KIIJI MOXXHO UCTIONIb30BaTh ypaBHeHMe [2, 3]

T
1-%
X
TIBKC_ T ’
1-78
T

rge Ty =237 °K.

C . TCP _ Tx2—Tx1

pe):[HHH TeMHepaTypa XOJIOOHOTO TECIVIOHOCUTEIA: x — —TLz .

Tx1
Trl_Tr2
Trp -
Tr2
9KCHePI/IMeHTaHbeIe NCCIEq0BaHNA HpOBOIH/UH/ICb LA peKYHepaTI/IBHbIX

In;

C
CpenHss TeMIlepaTypa ropsdero remionocurens: T, = -

TeIIOOOMEHHIKOB THUIIA «Tpyba B Tpybe» M OFHOXOHOBOI KOKYXOTPYOHDIN TEIIIOOOMEHHNK.
OcHOBHbIE TapaMeTpPbl TEIZIO0OMEHHVKOB IIPMBe/eHbI B Tabmuie 1.

Pe3ynbTaThl SKCIIepMMEHTA/TbHBIX MCCIEOBAHNUI TI0 ONpeNe/IeHNI0 SKCePreTYeCcKOro
KII[I npuBezneHs! B Tabnuie 3.

Ta6muma 3. Pe3y/IbTaThl ONBITHBIX U PACYETHBIX JAHHBIX II0 ONPERENICHUIO 1y ¢

P
T TO Cxema acxon T, | Top | Teps | Tans KS K,
I TEIIOHOCUTETA, —
IBVKEHMSA . . K K K K Moxe w | Br/(M’K)
G, kr/c
0,16 339,7 | 322,3 | 281,9 | 302,6 | 0,374 | 0,434 643,7
NIPAAMOTOK 0,32 339,7 | 323,4 | 281,9 | 300,3 | 0,351 | 0,35 1037,1
0,47 339,7 | 324,5 | 281,9 | 298,6 | 0,333 | 0,302 1315,2
Tpyba B Tpyde
0,16 339,7 | 323,2 | 281,9 | 304,8 | 0,391 | 0,434 643,7
NIPOTUBOTOK 0,32 339,7 | 324,0 | 281,9 | 301,9 | 0,363 | 0,35 1037,1
0,47 339,7 | 324,8 | 281,9 | 299,3 | 0,338 | 0,302 1315,2
0,16 339,7 | 328,8 | 281,9 | 296,5 | 0,305 | 0,478 239,2
NIPAAMOTOK 0,32 339,7 | 330,0 | 281,9 | 295,0 | 0,289 | 0,296 296,3
. 0,47 339,7 | 331,2 | 281,9 | 293,2 | 0,271 | 0,227 331,1
KOXYXOTPyOHBII
0,16 339,7 | 329,0 | 281,9 | 298,2 | 0,319 | 0,478 239,2
NIPOTUBOTOK 0,32 339,7 | 330,6 | 281,9 | 296,1 | 0,298 | 0,296 296,3
0,47 339,7 | 332,2 | 281,9 | 294,5 | 0,281 | 0,227 331,1

KS
ITo ONIBITHBIM U paCUeTHBIM JAHHBIM IOCTPOEHBI 3aBUCUMOCTH 1,y = f (W) (pycyHOK 5 1 6).
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® — TeIJIO0OMEHHUK «Tpy0a B TpyOe; ¢ — OZHOXOLOBOV @ — TEITIOOOMEHHUK «Tpyba B TpyOe; ¢ — OZHOXOIOBOI!
KOXXYXOTPYOHBII TEIUTOOOMEHHNK; KOXKyXOTPYOHBIT TENNMOOOMEHHUK;
Puc. 4. 3aBUcUMOCTI Nyye = f (%) I npssMoTo4yHOM  Pumc. 5. 3aBucumoctu 1, = f (%) IJLA IPOTUBOTOYHO
CXeMBI IBVDKEHNS TEIUIOHOCUTEIEN CXeMBI ABVKEHIS TEIUVIOHOCUTEIEIL.
KS
Taxoke mHpy 3HaUYEHUAX (W) menbme 0,22 - 0,24 HabmofaeTcss IepecedeHue

. KS KS
3ABUCUMOCTEN Ny, = f (W) " IIpU 3TUX 3HAYECHUAX (W) 3(1)CI)CKTI/IBHOCTb KO)KYXOTPY6HOI‘O

TEIUIOOOMEHHVKa BBIILIE, YeM JI/IsI TeIVIO0OMEHHMKa «Tpyba B Tpybe».
BoeiBoaml

1. Ha ocHOBe 3KCIIepMMEHTA/IbHBIX UCCIEOBAHMII OIpeeseHbl SHepPreTUYecKuil u
9KCepreTryecKuii K0aQUIVEHTHI I0JIE3HOTO AEVICTBYA TeIVIOOOMEHHNKA «Tpyba B TpyOe» U
KO>KyXOTPYOHBII1 TEIIOOOMEHHUIK.

2. [Ina TIpOTMBOTOYHON CXeMBbl [BIDKEHMs TEIUIOHOCUTENIell 3HadyeHMs O000MX
K09 PUIMEHTOB OTE3HOTO JEeVICTBUA BBILIE, YeM /I IPSAMOTOYHON. ITO OOBACHAETCS TeM,
9YTO IpPU MCHONb30BAHUM IIPOTMBOTOYHONM CX€Mbl IBVOKEHMSA TEIUIOHOCUTENEN yaeTcs
obecrieunTh 6GONEe paBHOMEPHOE pacIpefie/ieHNe ABIDKYIIe!l CUIbl BHOMb ITOBEPXHOCTH
TeIIoNepeayn.

3. ITomy4eHsl 9KCIIepUMeEHTaIbHbIE 3aBYICMMOCTY 9HEPTETUYECKOTO M 9KCEPreTIYeCKOro
. KS
K09 PUIIVIEHTOB MOJIE3HOTO AEVICTBUS OT BEIMYMHBI ) B TEI/IOOOMEHHMKA «Tpyba B
TpyOe» ¥ KO>XKyXOTPYOHBII TEIIOOOMEHHUIK.
KS
4. Ilpm wManbIX 3HAYEHMAX BEINYNMHDI (W) (menpme 0,22...0,24) 3HadeHUS

9HEPreTUYeCKOr0 M IKCepreTMYecKoro Kod((UINEHTOB IO/Ne3HOTO [eiCTBUA I
KO>KYXOTPYOHBIII TeIUDTOOOMEHHMK BBIIIle, YeM JUIS TeIZIOOOMEHHMKA «TpyOa B Tpybe». Ilpu

KS
OO0/MBIINX 3HAYEHVAX (W) 3¢ deKTUBHOCTh TEITIOOOMEHHMKA «Tpyba B Tpybe» BbIlle, YeM

KOXKYXOTPYOHOTO TeIIO0OMEHHNKA.
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Annomayus. Ha nusosapennvix 3as00ax Poccuu exezo0no obpasyemcs 6Gonmvuioe
KOZU4eCctneo nuusesbix omxo006 6 ude Kusenveypa u nueHoil OpoOUHbl, NPUMEHAEMbIX 6
cocmage KOMOUKOPMOB 8 2panynuposarHom éude. ITusHas 0poOuHa s6nsemcs UeHHbIM
NPOOYKIMOM NUB0BAPEHUS C 02PAHUUEHHBIM CPOKOM Xparenusi (00 3x OHeli écnedcmeue
Opeanuteckoz0 cocmasa) u 8vicoxoi endaxcnocmoio (80-85%). Ilocne ucmeuenus cpoxa
XpaHeHUsI NUBHAS OPOOUHA CKUCAEI C 8blOeNIeHUEM AMMUAKA U YeNeKUcnoz2o0 2a3a. B pabome
npueedeHvl Pe3ynbMamvL UCCIE008AHULL N0 2PAHYIUPOBAHUI0 NUBHOU OpOOUHDL U
KU3enveypa memoooM NPeccoBAHUS 8 POMOPHOM ZPAHYNIAMOpe ¢ NAOCKOL Mampuueil u
Kananamu nepemenHoeo cevenus. Ilpedcmasnena paspabomanHas Pusuueckas u
mamemamuyeckas mooenv npoyecca npokamxu. ITonyuervl ypasHeHust Onisg onpedeneHus
cur, Oeticmeyouux 6 KaHazne nepemenHo20 ceveHus naockoi mampuybl. s npeccyemvix
cmeceil nocmpoervl an0Pol pacnpedeneHust Cuz no OnuHe KaHana 6 NI0CKOL Mampue, 4mo
N0380NIUNI0  NPOSHOZUPOBAMb U3MeHUmMe OAB/IeHUS 6 KaHdie 6 3a8UCUMOCINU Om
MOpPonoeUY  NOPOUKOS.
npou3s00cMea NUMamenvHoLl KOPMOB0il 000A6KU € UCHONL30BAHUEM MOOEPHUSUPOBAHHO

Hpusebeﬂa ycnosHas  cxema MexXHON0ZUHecKol AUHUU

KOHCMPYKUUU  POMOPHO20 2PAHYNIAMOpPA ¢ MNAocKoli mampuueil. Paspabomannas
MexHOIo2UsL  NO3607IAE  NePeBOOUMb  Colpyl0 NUBHYIO OPOOUMHY 6 2PAHYIbL, 4o
CHOCOOCMNBYem CHUMEHUIO IKON02UHECKO20 3a2PAZHEHUS OKPYHAouseli cpedbl.
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BBenenue

Ha mpepnpuaTusax NMBOBAapeHHON NPOMBIINUIEHHOCTY Poccum exxerofHo obpasyercs
00/IbIIOe KOMYECTBO CHIPBIX BJIAKHBIX OTXOJOB, TaKMX Kak ImBHas papobmHa (II]]) u
ku3enpryp. CylecTByoLIie METO/bI 3aXOPOHEHMsI IMBHOM APOOMHBI TPeOYIOT TIaTe/TbHON
HOATOTOBKM ¥ CIELVTbHOTO obopymoBaHusA. ORHAKO 3T METOAbl He TapaHTUPYIOT
0e30IIaCHOCTb OKpY’KaIoIlell cpefpl OT Omoyormyeckmx 3sarpssHenuit. [lepepaborka IT]1
IPUBOJNT K 3HAYNTEIbHBIM 3aTpaTaM KaK Ha TPAHCIIOPTMPOBKY, TaK U Ha ee IIpeobpasoBaHIie
B TOBapHBIN IPOAYKT [1].

II. - 3T0 mOGOYHBINA NPORYKT IMBOBAPEHNA, OCTAaTKM SYMEHHOTO (KyKypy3HOTO,
PMCOBOTO WM OBCSHOTO) CBIPbSl IIOC/Ee BBIPAOOTKM M3 Hero cyciaa. Yaimie Bcero oHa
IpeJiCTaBIIAeT COOOII CYCIIeH3VIO M3 YaCTUL] CeMAH ¥ 000/I04eK 3epHa, O0raTyI0 pacCTUTE/IbHON
ki1erdaTkoil. OOBIYHO ee MCIONb3yeT B KauyecTBe KOPMOBOJ J0OaBKM K KOMOMKOpMam B
pauMoHax mmMraHuMA ckora M nrunsl [2, 3]. II]I comep>XMT BOCTATOYHO OOJBIIYIO [IOTIO
nepeBapyBaeMoro nporenHa (4% B cBe>xell 1 17% B BBICYLIEHHOI!), IPEBBIIIAIONIYIO TIOYTY B
3 pasa ero copiep>xaHue B sTYMEHe, a TAK)Ke BaKHelIIe MUKposeMeHTHI (pocdop, KanpLni,
MarHumii, MeJib, >Ke/e30), )KMpHble KMCIOThl 1 BUTaMMUHBL E u F. Pe3ynbraThl 9KCIIepyMeHTOB
IIOKa3bIBAIOT, YTO IIPY CKAPM/IMBAHNM ee ObIYKaM Ha OTKOPM, VX IIPUPOCT B Bece yBe/INYMBAJICH
Ha 14%. YnoTpebieHre peKOMeHAYeMbIX /103 He IPUBOAUT K KAKMM-TMO0 OTKIOHEHVSIM B
3gopoBbe >XUBOTHBIX [4]. IIJl mO3BO/sIeT 3KOHOMUTH Ha MOTPeOIsIEMBIX KOMOMKOpMaAX,
T.K. BUTIOUEHNEe B PpaIiOH CKOTa JPOOVHBI CHIDKAeT Ce0eCTOMMOCTb KOpMa, a IIpUBeEC
IIOTO/IOBbsI yBeMM4MBaeTcsi Ha 9%. B >KupkoM Bujie OHa [ONTO He XPAaHUTCA U OBICTPO
npokucaer 3a 48 — 72 yaca. Cpok XpaHeHMsI CYXOJl ZPOOVHBI B BYJie IIOPOIIKA YBE/INYMBACTCS
o 2 Mec., a CyX0§l rpaHymnpoBaHHo — 1o 18 mec. [5]. Ina nepesopa I1] B mopomku mim
TPaHY/Ibl YaCTO MCIIOIb3YIOT CYIIKY C IIOMOIIBI0 PACIBUIMTENIbHBIX CYLIMIOK VMM CYLIVIOK B
KUIAIEM C10e. OTM IIPOLeCCHl HEProeMKMe, VMMEIOT BBICOKYI0 CTOMMOCTb ¥ TpeOyIoT
OonbIINX IUIOWAfiell [yiA pasMelleHUss obopymoBaHMsA. JI3BecTHa TakKe TEXHOIOTVIA
HONTy4eHVs] TPaHYIMPOBAHHBIX KOMOMKOPMOB Ha BAaJKOBBIX IIpeccaXx WIM POTOPHBIX
IPaHy/IATOPaX C KOJbLIEBON WJIN IJIOCKO MaTpULIEN.

Bo Bcem Mmpe ob6pasyercsi OIpOMHOe KOIMYECTBO OTPAOOTAaHHOTO KU3EJIbIYpa,
CofiepIKalllero B CBOEM COCTaBe OpraHMYecKMe BellecTBa, OCEeBIINe Ha YacTUIAX B Ipolecce
¢unbTpanyy myBa. Kusempryp MOXKHO WCIIONIb30BAaTh B IIPOMBIIUIEHHOCTV B KadyecTBe
ajgcopbeHTa MM fOOaBKY IIPY IPOV3BOACTBE LeMEHTa, OOBIYHBIX VM CUIMKATHBIX KMPIINYeil, a
TaK>Ke B CEIbCKOM XO03sJICTBE B KauecTBe yRoOpeHMs mmm fob6aBkyu K KoMbukopmam. Hacto
VICTIONIb3YIOT KU3ENbIYp /I YAYYIIEHMS CTPYKTYpbl IIOYBBI [6]. DTO HpMBOAUT K ee
PaspBIX/ICHMIO, YBelIMYeHMI0 obbeMa TIOp. B pesyiabrare MOBBIMIAETCA KOTMYECTBO
yHep>KuBaeMoOJl BJary, IUTATeNbHBIX BemecTB. IIpym o6paboTKe KM3elbrypoM pacTeHMil
obnerdaercsi ImomajaHue B HuX MerakpemHueBoit kucnoTol (H.SiOs), xoTopas sBnsercs
JICTOYHMKOM [JOCTYIIHOTO KPEeMHMs, VKpPEIULAIOLIEr0 KIeTOYHble CTEHKM, ¥ IIOBBIIIAET
UMMYHUTeT pacTeHuil. Kusenbryp mucnonb3yerca B KOMOMKOpPMax [yId CBUHEN Kak
HaTypalbHas MuHepajbHas JoOaBKa, Ooratas KpeMHUeM, Ka/lblyieM M MUKPO3I/TeMEHTaMIL.
ITpu sToM ynydinaercs MuileBapeHue U YCBOSIEMOCTb IMNUTATENTbHBIX BEILeCTB 3a CYET POCTa
Ko/muecTBa 6Mdumo- u nmakrob6aKkTepuii, 4YTO IOBBIMIAET NPORXYKTUBHOCTb M COXPAaHHOCTDb
1orosoBbs. OTpabOTaHHBI KM3e/NbIyp, BIIMTAaB B ce0s1 Oe/oK, caxapa, poyne BellecTBa I
MMKPOOPTaHM3MBI U3 NMBA, KaK 1 LPOOVHA, He MOXKeT O/Iro XpaHuthbcs [7]. Takum obpasom,
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JUIsL Ja/IbHEIIero JCIONb30BaHUA B KOMOMKOpPMAax, KM3elIbIyp HEOOXOAVMO CYIINUTb,
TPaHy/IMPOBATh U Ae3NHPULIMPOBATE.

OcHoOBHasA 4YacTh

[Ipoananmaupyem ocHOBHBIe cBOicTBa U XapakTepuctuky [1]1. B Tabn. 1 n 2 npepcrasien
XuMM4decKuii cocrtas obpasyromteiics I1]1 u BricymenHoit I1]], coorBeTcTBeHHO [8].

Ta6nuua 1. Xummdecknuit cocraB 06pasyIoLeiicst I1BHOI fpobuHsI (B 1 Kr)

IToxasaTens Kupgkaa Cyxasa

Cyxoe BellecTBo, T 232 887

CbIpoii IpOTenH, T 58 217

CelIpas K/eT4aTka, T 39 140

Be3asoTncTble akcTpakTuBHBIE BemjectBa (BIB), 107 406
CeIpoit >xnp, T 17 60
Buramus E (Toxogeporn), Mr 14 23

Buramuu B 1 (tmamus), Mr 0,2 0,6

Butamuu B 2 (pubodnasun), mr 0,3 0,9

Burtamus B 4 (xonu#), Mr 510 1300
HukotunoBast kucmora (Buramus PP, Huains, Butamuu B3), mr 13 36

V3 tabmuy BupHO, yto B I1]] comepskaTcs HepacTBOpUMBIE BellleCTBA C BUTAMMHAMI,
OeKy, OCaX[ieHHbIe B pe3y/IbTaTe KUILAYEHVS 3aTOPa, U IPOAYKTHI B3aMMOJEVICTBS OeKa ¢
nyOmnbHBIMU BemectBamMu. B oxupxoit ¢pakuuu II]] mMeroTcs nuMIumpHBIE BeleCTBa,
IIpe/ICTaB/IeHHble B OCHOBHOM TPUITIMIIEPUZIAMV, CBOOOJHBIMU >KUPHBIMM KUCIOTAaMU U
dbochomunupamu. bonmpmiasg 4YacTb BUTAMMHOB, COMIEPXKALIUXCSI B SYMEHHOM COJIOfE,
HepexoauT B ipobuHy: BuTamuHsl E, B1, B2, B4, HukotnHOBas Kncora.

Ta6muma 2. CocTaB cyxoit IMBHOI TPOOMHEL (B %)

ITokasarenn | % ITokasarenn %
OO6LMiT XUMUYECKUIT COCTAaB MuKkpoaneMeHTb
Bara 8,67 Kanpimit 0,37
ChIpoii IpOoTenH 23,44 Docdop 0,5
CoIpoit xup 7,75 Maprasery, MI/Kr 52
Cblpas 3011a 2,5 LInHK, MI/Kr 105
Cblpas KneTyaTKa 14,3 JKeneso, mr/kr 205
be3asoTncTble 9KCTPaKTUBHBIE 43,44 Megs, Mr/kr 15
Bemectsa (69B)
AMUHOKICTIOTBI
JInsun 0,86 [Tponun 2,05
Tuctupnn 0,66 |1 078887851 0,79
ApruHua 1,07 AmnanuH 0,94
AcrmaparuHoBas KMCIOTa 1,35 HOuctun 0,46
Tpeonun 0,77 Baymu 1,06
Cepur 0,89 MetroHuH 0,5
I'myrammHoOBas Kucnora 4,56 Jlenuu 0,57
VIsoneiiymua 0,79 DeHnmanmaHnH 1,23
Tuposun 0,61 Bcero ammHoKucnor 19,17

B ToMm wuciie He3aMeHMMBIX 751
>

AMMHOKIUCIIOT
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YacTuipl KM3enprypa — 3T0 IMOPUCThIe KPEMHUCThIE ([aTOMOBbIE) YaCTUI[BI pa3MepOM
ot 0,001 5o 0,01 mm. Oprannyeckas coCTaB/A0IAsA OTPAOOTAHHOTO KM3€e/IbIypa MpefcTaBIeHa
KIeTKaMM MVBHBIX [JPOXOKel, OelkaMy M APYTMMM OpPraHMYeCKUMMIY —BelleCTBaMIL,
OT(UIBTPOBAHHBIMM OT NMBA.

OtpaboTaHHBIl KM3eTIbIyp comepXuT okomo 70-80% Bombl u okono 20-30% cyxoro
ocTaTKa. XMMMYECKUII COCTaB CyXOrO OCTaTkKa OTpaboTaHHOro Kusenmbprypa (% Macc.):
§i0O; - (80,0-99,0); ALO:s - (0,1-6,0); Fe,Os <3,0; CaO - (0,5-2,0); Na,O - (0,5-3,0); K>O - (0,5-3,0);
P,0s - (0,1-0,2); TiO, - (0,5-3,0); MgO - (0,5-3,0); cprpoit 6enox — 11,7; asor — 1,5; rrokosa — 0,43.
IIIOTHOCTD  BI@XHOTO OTPaOOTAaHHOTO KU3ENIbIypa W3MEHAETCA B COOTBETCTBUM C
copiep>kaHueM B HeM Bojbl. HarpyuMep, IIIOTHOCTD OTpabOTaHHOTO KM3eIbIypa BIa>KHOCTBIO
71% coctasnser 1160 xr/m® [7].

Hamnbosee ncrnonp3yeMbIM IpaHyINPYIOIUM 000pyZOBaHMEM TaKUX OTXOHOB ABJISAETCA
POTOPHBII TPAaHYIATOP C KOJIbLIEBOV MaTpuIieli, IPUMEHSAEMBbII IpU IIPOU3BOACTBE
KOMOMKOpMOB. OJHAKO TaKoil TPAaHYIATOpP MMeEeT CIOKHYI0 KOHCTPYKIMIO, a HalIndiye
obpasyrolleiicst IPOCHINY IIPY TPAHYIMPOBAHMM YC/IOXKHsSET KOHTPO/Ib 3a ero paboroit [9].
Borne mepcneKTMBHBIM SIBJISETCS VICIIONIb30BaHME TPaHY/ATOpa € IUIOCKON Martpuueit [10].
I paspaboTku mpomecca rpanymposanus I1]] n kn3enbprypa B pOTOPHOM TpaHY/IATOpE C
IUIOCKOJ MaTpullell M OIpefe/ieHNs PeXUMHBIX IIapaMeTpOB IPOBEJEHbl MCCIeOBaHNUA
Ipol1iecca MPeCcCOBAHMA B 3aKPbITOJ MaTpHIle C IOTy4eHMEM IIPECCOBOK.

B pabore nmpuBOAATCA pe3y/nbTaThl KOMIPECCUOHHBIX VCIBITAHNIT B 3aKPBITO MaTpule
C pasJIMYHBIMY CBA3yIOIMMU U fob6aBKaMu (Tabm. 3). B kauecTBe CBA3YONIVX MICIOTb30BAIN
OTXOJBl I[e/UII0I0O3HO-OYMa)XKHOI HPOMBIIIIEHHOCTY (JIUTHOCY/Ib(hAHAT), BONHBIA PacTBOP
caxapa.

Ta6muma 3. CocTaB cMeceil TPy MPeCCOBAaHMY B 3aKPBITOI MaTpHLie

KoMnoneHntT cmecu, macc. % Hlomep cuecu
? ) 1 2 3 4 5
Cyxas gpobmHa 100 75 75 75 70
Kusenbryp — 25 — — 20
Caxap — — 25 12,5 10
25% pacteop JICT — — — 12,5 —
BnaxxnocTb 8 9 6 11 6

B TexHOMOTMYECKON cXeMe MOTy4eHMs TPaHy/IMPOBAHHOM KOPMOBOI BOOABKM BMECTO
caxapa MOXXHO JCIIOTTb30BaTh CBEKOIbHYIO ITATOKY (Me/Iaccy), YTO MO3BOMUT YTUIN3NPOBATDH
OTXOJIbI IIPOU3BOJCTBA CBEK/IOBMYHOTO CaXapa I yMEHbIINTb CTOMMOCTb KOHEYHOTO IIPOAYKTA.

B pesynbraTte NnpoBefeHHBIX KOMIIPECCMOHHBIX MCIBITAHMII HOTY4eHbl 3aBMCUMOCTHU
M3MEHeHNA IUIOTHOCTYM TPaHy/l1 U IPOYHOCTM Ha pacKajiblBaHMe OT Y/€/bHOTO HaBIeHNA
IIpeccoBaHMs M BaaXHOCTU. VM3 puc. 1 BUAHO, YTO IUVIOTHOCTb IIOTYYEHHBIX IIPECCOBOK
u3MeHsylacb B pmamasoHe oT 800 mo 1200 xr/m’. YCTaHOB/IEHO, YTO IUIOTHO-IIPOYHBIE
IIPECCOBKM HAYMHAIOT OOpa3OBBIBATbCS IPU Y/e/IbHOM [aBjeHMM B fAmamasoHe oT 40 1o
100 MIIa. [JanpHeriliee yBelIW4YeHME YAEAbHOTO [aBJI€HNUA IPECCOBAHMA INMPAKTUYECKM He
HIPUBOANT K POCTY IVIOTHOCTY IpaHy/. [Ipo4HOCTD MpeccoBok Kosebanach B guamnasone ot 0,1
no 1,5 MIla (puc. 2).

77



O XHMHM K TEXHOJIOTHH TOM 7, BBINYCK 2, 2026

1400

1200

1000 -

800 |

600

II10THOCTH MTPECCOBOK, KI/M?

0 10 20 30 40 50 60 70 80 S0 100 110 120 130

VYnensHoe naBneHNe mpeccopanns, Mlla

Puc. 1. 3aBUCHMMOCTb IIOTHOCTM IIPECCOBOK OT YHENbHOTO [aBIEHUs IIpeccoBaHMs (HOMepa KpPMBBIX
COOTBETCTBYIOT HOMepaM CMecell, TPUBEAeHHBIX B TAO. 3)

1,6

IIpenen npouHocTH Ha packansiBanne, Mlla

o 10 0 £l 40 50 B0 70 B0 ap 100 110 120 130

VaensHoe naprenne npeccopannsa, Mlla

Puc. 2. 3aBucumocTb npefena IPOYHOCTY HAa PacKajbiBaHMe IMPECCOBOK OT Y/IENbHOTO JIaB/IEHNs ITPeCCOBaHMA
(HOMepa KpMBBIX COOTBETCTBYIOT HOMepaM CMecell, IPUBeIeHHBIX JaHHBIM TabJ1. 3)

YcraHOB/IEHO, YTO ONTMMAIbHBIM ABIAETCA 3Ha4YeHMe IUIOTHOCTU pn, = 1000 Kr/m3,
KOTOpO€ COOTBETCTBYET M3MEHEHMIO IIpefiefla IMPOYHOCTM Ha pacKajlblBaHMe B Jyalla3oHe
0,2-0,8 Mlla, pocturaemom npu ypenbHoM pmaaeHuu 80 MIla.  IlomydenHbIn
TPaHy/IVPOBAHHBIN MPOAYKT 00/1ajjaeT OMOIOIMYECKON YCTOMYMBOCTBIO, HE 3aTHUBAET IIpYU
XpaHEHMM, a €ro IIPOYHOCTHBIE XapaKTepUCTVKM O0eCleyyBalT TPAHCIOPTUPOBKY,
Ileperpy3o4Hble OIepaluy U XpaHeH1e 6e3 paspyLieHus.
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BbisAB/IEHO, 9YTO TIpeccoBKa u3 cmecu 4 (cM. pmc.2) TpM NPEeCCOBAaHUM WMMeNa
MaKCUMAJIbHYIO TIPOYHOCTD TIPU M3MEHEHNY KOHEYHOI BIAKHOCTH B TIpefenax 9-11% mocre
cymku. Takum 06pa3oM, KOMIIOSUIMS CBA3YIOLIETO U3 TMTHOCYMbdaHaTa 1 PacTBOpa caxapa
(wm Menmaccpl) 06ecTeunBaeT BHICOKME TPOYHOCTHBIE XAPAKTEPUCTUKY TIPECCOBOK.

Panee aBTopamm paspa6oTaHa KOMOMHNPOBAHHAs MATPULA, COCTOAILAS U3 ABYX JUCKOB,
C HarpeBaTe/IbHBIMU TUOKMMH 37IEMEHTAMU, KOTOPbIE TO3BOIAIOT PETYTUPOBATD TEMIIEPATYPY
CMecH B KaHa/IaxX IIPOXOIHOTO mpeccoBanus [11]. KaHabl B MaTpuIIax MOTYT BBIIIOTTHATHCA KaK
UVIMHAPUYECKAMH, TaK U IVIMHAPOKOHUIECKUMU. TaKoe KOHCTPYKTUBHOE OpOpMIIeHNEe
Jie/IaeT JAHHYI0 KOHCTPYKIMIO TEXHOIOTUYHOI B USTOTOBJIEHUL.

['panynsaTop pa6oraer crnemyrommm o6pasom. [Ipy IBM>KEHUM BPAIAIOIIUXCS POTUKOB
HaJ| TIOBEPXHOCTHIO MATPUIIBI IPOMCXOAUT MOCTIOMHASA U TIOPIIMOHHAS 3aI[PECCOBKA CHIPS B
KaHa/bL. B pesynbTaTe Ha BHIXOJle M3 KAHAIOB 00PasylOTCs UVIMHAPUIECKIE TIEUIEThI B BUIIE
TBEPAOTO OPYUCTOTrO TeIa.

PaccMOTpUM [BWOKeHMe Marepuana B IJUIMHAPOKOHUYECKOM KaHAle U YCIOBUA
PaBHOBECUSA CUI B IIMIMHAPUIECKOM KaHasle IIMHON Hyy (cM. puc. 3).

o b et

Puc. 3. Cxema cul, IefiCTBYIOIIMX Ha MaTepuas B KaHajle IIPOXOIHOTO IPeCCOBaHMsA

[TpunHMMas 3a MONIOXXUTENbHOE HANIPAB/IEHME JEICTBASA CUI IPECCOBAHMA /I 3IEMEHTa
IUIMHOM dh Ha Pa3INYHBIX Y9aCTKAX, HOMTY4MM CIefyIolle YpaBHEeHNA 1A pacyeTa y/ieTbHBIX
[laBJIEHNI B IVUIMHPUYECKOM KaHasle:

D3, nDZ, (1)
= T=(p—dp) 7
4
P1 = Po €Xp (—D—ffhsx), )
4
P3 = P2 €xXp (_D_0f§h3)' (3)
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I7ie D, Po, P1, P2, P3 — BABIEHUS HA CIOJ MCXOLHONM CMeCH, Ha BXOJe M BBIXOJE C KaXZOTO
y4acTKa COOTBETCTBEHHO; & — Koo duimeHT 60KOBOTO faB/IeHNs; f — K09 PULIMEHT BHEIIHETO

Tpenust; T — cyta TpeHus; OCTa/lbHble 0003HaYeHMsI COOTBETCTBYIOT pUC. 3.

Y,t[eanoe OAaBJICHNEC Ha BbIXOOE M3 KOHUYECKOI YacTU Y4acTKa OIIpeAenAeTCA COT/IaCHO
BbIpa’K€HUIO
Di

—p 4
D2 Pn DOI ( )

TZie Py, — AaBJIeHNeE Ha BBIXOJIe TIOC/IeHero (n-ro) aeMenTa; D, — fyuaMeTp MOC/IefHero y4acTkKa.

[Ipu pacdere smIOpbl M3MEHEHMs HABJIEHMS IO JUIMHE KaHajla IMPVHATBH CIefyIoLIye
3HAYEHV JI1 FeOMETPUYECKIX pa3MepoB KaHama: Dy = 8 MM; Dy = 6 MM; My = 19 MM; hy = 19,5 My
h, = 7,5 mM; hs = 4 Mm; i1 koadduimenTa BHelHero Tpeuus — f = 0,1. [laHHble 3HaUYeHNS
OIIpefie/IAI0TCS TEXHOJIOTMEl MISTOTOBJIEHN MaTpUIIbL. B KauecTBe mccefyeMoro Marepuana
JUIS TIOJTy9eHVs TTe/IeT BeiOpaHa cMech 4 (cM. Tab1.3).

Ha BbIXOzie MaTepuana U3 UWIVMHAPOKOHNYECKOTO KaHana (JyIMHOM hs) mpeccoBKa IOJK
JleJICTBIIEM YIIPYTUX JedopManil paciInpseTcs, yBeIMIMBaeT CBOV pasMepbl, a JaB/IeHNe Py
nagaer 1o Hy/s. [Ipu peuieHuu cucreMbl ypaBHeHUIT n3MeHeHus fasnens (1)-(4) mo paune
KaHaJIa JICIIO/Ib30BaH SA3bIK IporpammupoBanus Python [12], cpena paspab6orku IDE PyCharm
[13]. B xadyecTBe MCXOZHBIX JAHHBIX BBEJIEHbI ITapaMeTpbl TPaHYIATOPA, TeOMeTpUYecKie
pasMepbl KaHa/Ia, XapaKTePUCTUKI CPefbl ¥ pe>KMMHBIE ITapaMeTpbl IpoIiecca IPecCOBaHMA.
MeH10 BBOJja JAHHBIX IPUBEIEHO Ha puc. 4.

f Mogent aasneHus rpaHynatopa — a X
MapameTpbl rpaHynaTopa

leomerpua kaHana
Dex (mm): 160
Debnx (mm):  14.0
hex (mm):  19.0
ha (bama): 19.5
haz (pama): 75
hz (mm): 4.0

DUINHECKNE NAPIMETPLI

Kos¢. rperma f: 0.25

MnotHocts (kr/m’): 1200

KosppuumenTe Gokosoro pasnerHns

& npw Po=40 MMa: 0.63
£ npu Po=70 MMa: 0.72

CBPOC K 3HAYEHUAM MO YMONHIHWIO Beixog

Texyuwme napamerpsi

TeOMETPMA KaHafma:
Dex = 16.0 »4, DBmx = 14.0 mmM
hex = 19.0 ¢, hy = 19.5 M
he = 7.5 4, h, = 4.0 M
OBmaa mmuua: 50.0 MM

$MSMHECKMe NapaMeTpH:
£ = 0.25, p = 1200.0 xr/mM*

Puc. 4. MeHIo BBOfia JaHHBIX B cpefie paspaborku IDE PyCharm
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Vcnonb3ysa nonmydenHbsle ypaBHeHUA (2), (3), (4) ¢ COOTBETCTBYIOIIMMY 3HAYEHUAMMU
k03 uimenta 60KOBOTO HaBIeHNs & ISl ONpefenenst JaBeHNs 0 InHe KaHamoB (po, pi,
D2 P3), @ TaKXKe IpOrpaMMHOe obecriedeHye, HOCTPOEHBI SIIOPBI pacipefieieH sl TaBIeHNil 110
JIMHe KaHama. [Ipy 3TOM y4YUTBIBalOCh BIMSHME yIZIa KOHYCHOCTY M VICXOJHOE JaBJIeHVe
IIpeccoBaHy. VI3 IpUBeNeHHBIX Ha PUC. 5 9IIOP C/IEAYeT, YTO B LIVIMHAPUYECKOI YacTy KaHaia
laB/IeHVe OT BXOfia K BBIXOAY IafiaeT, @ B KOHMYECKOI YacTU — pacTeT 3a CUYET yBeTNYeHNs
3HayeHus Koadduimenrta 60koBoro fasnenns. Ha yuactkax h, u h; faBieHne najaer 3a c4et
BBIXOla MaTepuaza B CBOOOJHOE IPOCTPAHCTBO. YCTAHOB/ICHO, YTO IIPY YBETMYEHUM YI/IA
KOHyCHOCTH Oosbuie 3° Ha JMHe hi JaB/IeHMe pacTeT M MOTYT 0Opa3oBBIBATbCA NMPOOKY B
KaHasle, YTO IpUBeJeT K OCTAHOBKE TeXHOIOTMYECKOTO IIpoIiecca.

[IpennoskeHHast METOIMKA PacdeTa CUIOBBIX IIApAaMeTPOB B KaHa/IaX IIOCKOI MaTPUI[bI
H03BOJISIET PACCYUTATh HPOLECC TPAHY/IMPOBAHMs HMBOBAPEHHBIX OTXO[OB C Pas3/IMYHON

Mopdornorueri.

80 140 4

! BxogHON KOHWYECKMA | | LMAMHAPWYECKA BX0AHOM KOHUYeckWi| | WNAMHApHYEcKIin
70 4 19 mm 19.5 mm 7.5 MM | 19 mm 19,5 mm 7.5 MM Y
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a) 6)

Puc. 5. Onopsl pacupeseneHns JaBIeHNs B IVJIMHAPOKOHMYECKOM KaHaje INIOCKOJ MaTPUIIBI B 3aBUCUMOCTH OT
yI/Ia KOHYCHOCTM 20 ¥ MICXOJJHOTO Y/I€IbHOTO JaBJIEHNA IIPECCOBAHNA /I CMecH 4 ITpu £=0,1: (a - p =40 MITa;
6-p=70MIMa): 1 -a=1%2-a=2%3-a=3°

Ha ocHOBaHMM NpOBEJEHHBIX MUCCIENOBAHUII MOJEPHU3MPOBAHA TEXHOTIOTMYECKas
NVHVS TIPOU3BOJICTBA MUTATE/IbHOV KOPMOBOII J0OaBKY, KOTOpasi MOXKeT OBITh IIPYMEHEHa B
JKMBOTHOBOJZICTBE. 32 OCHOBY IIPMHATA TeXHONOINA rpanympoBanns 111, ocymecrsidemas Ha
OAO «IIK bantuka». HemocTaTkoM cylecTByIoIell cxeMbl AB/IA€TCA MCIOIb30BaHe HOPUM
(a;meBaTopa) mIA IepeMeleHMS MCXOZHBIX KOMIIOHEHTOB 13 KOHTAaKTHOM CYIIMIKY B
IIIHEKOBBIN cMecuTenb. [Ipy 3TOM MPOUCXOAUT 0Opa3oBaHMe MPOCHINN U, COOTBETCTBEHHO,
IOTepsA NPOAYKTA. [JaHHBIN 3Tall CONPOBOXK/AETCA NONAJaHVEM ITbUIN B IJeX IPEJIPUATIA, 9TO
HEraTUBHO B/IMsET Ha 3[0POBbe OOCTy)XMBawllero nepcoxana. Kpome Toro, kak IokasaHo
BbIIIE, JCIIO/Ib3OBAaHNME POTOPHOTO TPaHYIATOPAa C KOJbLEBOM MaTpUIEell IPUBOIUT K
IBUICHVIO ¥ 00pa30BaHMIO MEJIKOVl HeTOBapHOiT dpakumu. B mpemraraemoit cxeme BMeCTO
HOpUM YCTaHAB/IMBAETCS 3aKPBITBI/I JICHTOYHBINI TPAHCIIOPTEpP, CHA0)XEHHBII MECTHBIM
OTCOCOM [I/I1 YMEHbLIEHMA 3aNbI/IEHHOCTY 1[€Xa U MCIIONb3YeTCA POTOPHBIN TPaHYyIATOp C

IIJIOCKOJ MaTPpULIEN.

81



OT XHMHH K TEXHOTOTHH TOM 7, BBINYCK 2, 2026

Ycnosnaa cxema mpouecca yruwamsauyu IIJI ¢ KusenbrypoM ¢ UCIONb30OBaHMEM
POTOPHOTIO IpaHyAATOPa C IVIOCKOJ MaTpulLieil IpefcTaBaeHa Ha puc. 6. JKupkas I1]1 nomaercsa
B HaKOIVTE/IbHBIN OYHKep C MEIIaJIKOJ-TOMOT€HI3aTOPOM, 113 KOTOPOTO 3aTeM IiepeTeKaeT B
nexanrep. Ilocme paspeneHusa cycneH3uu, OTAeNMBIIAasCA CBOOOJHAsA Bjara IOAAaeTcA B
HeHTpuQyTy, a oTXKaras [poOyHa TPAHCIIOPTEPOM IiepeMelllaeTcs B CYIWIKY. B BoIxopAmem
U3 JeKaHTepa (UIbTpaTe MHOTO B3Beceil ¥ OpPraHMYeCKuX BellecTB (0Oenkm, KaeTdarka,
6e3a30THCTBIE BELIECTBA), I09TOMY OOpasyromascs CyCHeH3Us IPOIyCKaeTcs dvepes
nenTpudyry. OcerneHHas OTOMIBTPOBAHHASA XIAKOCTb CIMBAETCA B KAaHATMU3AINIO.

Ha BXope B CyIIMIKY CMeIIMBAIOTCA KM3eIbryp, omxkaras [1]] u ocraTok ¢ neHTpudyru.
Cy1Ka ocyIecTBIAETCA KOHTAKTHBIM METO/IOM. BbICyllleHHas cMecCh IOCTYNIAeT B CMECUTEb,
B KOTOPOM K HIMXTe JOOABJAIOTCA CBA3YIOIINE: MelTacca U JUTHOCYTb(aHAT TeXHMYECKUI
(BO3MOXXHO MCIIO/Ib30BaH)ME AHAJOTMYHBIX 3aMeHUTesneir). CMech TpPaHCIIOPTUPYETCS B
POTOPHBINI TPAHYIATOpP C IUIOCKONM Marpuieil, paspaborannsii B HUII «KypuaToBckmit
MHCTUTYT» [14]. B Hem Bpamjarommecs pONMKM IPOTAIKMBAIOT IIMXTY 4Yepe3 MAaTpUILY.
CMech, TpOXOfiA Yepe3 KaHa/lIbl B MaTpHIle, IIPeccyeTcsA ¥ BBIXOAUT B BUAE I'paHyN (TIe/eT).
OTU TpaHy/Ibl JIEHTOYHBIM TPAHCIOPTEPOM IOJHUMAIOTCA B OX/IAJUTENb, B KOTOPOM
obayBaloTCcsA BO3AyXOM. [lAd OTeNeHMA TOBapHON (pakuyy HpPOAYKT HAIpPaBIAT Ha
K1accudukanyio. ['paHybl, pa3Mepbl KOTOPBIX He COOTBETCTBYIOT 3asABI€HHBIM TPEOOBaHIIAM,
BO3BPAIIAIOTCA 0OPATHO B IIHEKOBBII CMECUTEIb, 2 TOBApHast IPOAYKIUA — Ha YIIaKOBKY.

ITaBHAd JpobHHA

CMecHTeIb ¢ MeIlaaKofi -
TOMOTeHH3aTOpOM

l ITpoMBIBOYHAA BOJA
3 JexaHTep
=
=]
[=]
= v
= Bona nocie QHIbTpaIHHE
@ Lentpudyra
£ >
g
l
@]
IIIHeXOBEIH HacenmeHHBIHR
Kmsempryp TpaHCIOPTep nap
» J
OTpaboTaHHELl l
BO3IYX Ha OUHCTKY KoHTakTHAS [Taposoii katopupep |Bo3ayx
— | l—
CVIIHIKA
| Tpancroprep | Konmercar
Cpa3y ee l
IITHeKOBbIHA CMeCHTeIb ‘
=
= l
= _
A | PoTOpHBIH IpaHyIATOP |
a2
g
=
g ‘ JleHTOUHAd CYIIHIKA ‘
(=]
5 !
a

—{ Kraccuduxarop ‘

lﬂpom‘r Ha YIAKOBKY

Puc. 6. YcnoBHass cxema mpouecca yrwmsamyn 1IJl ¢ kmsemprypom ¢ ucmonpsoBanumeM pOTOpPHOTO

TPaHyIATOpPA C IVIOCKOJ MaTpuLiei
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OCo00EHHOCTBIO KOHCTPYKLMYU Pa3pabOTaHHOTO POTOPHOTO TIPaHY/IATOpa C IUIOCKON
MaTpulIeil AB/IAETCS VICIOTb30BaHME IIVJIMH/IPOKOHIYECKIX KaHAIOB, KOTOpPbIe 00eCIIeYBa0T
npolecc 06pasoBaHNsA LVIMHAPWYECKUX IpaHy (memwtet). Ha puc. 7 npepcraier o6mmit Bup
paspaboOTaHHOTO TPaHY/IATOPA, B COCTaB KOTOPOTO BXOAAT BHEUIHNIT KOPIIYC, HAaTPYOKM s
3arpysKyu IOPOLIKA, IIOCKasA MaTpULA ¥ MIPECCYIOLE POTIUKNA.

[ToproroBnennplit Matepuan (cmecy IIJI, km3enbrypa m [00aBOK) IOfaeTcs duepes
3arpy304Hble IMAaTPyOKM B KOPIYC ammapaTa. Bpamramolgyecs poNMKM CO3JAIOT KOHTAKTHOE
HaIpsDKEHME CMATHA ChIpbsA Ha MaTpUIlE, IPOABINBAIOT €T0 Y€Pe3 OTBEPCTHA C IOTy4YeHNEM
Ha BBIXOJIe 3 MaTpUIIbI Ie/uteT. Matepuar, ocTynaeT Ha MaTPUILy, pacipesensaeTcs 1o Beeil
ee MOBEpXHOCTM BpamamoimuMuca ponukamu. Illuxra, momagas mop npeccyrouye poanKuy,
3aIpeCcCOBBIBAETCSA B KaHA/Ibl MAaTpuIibl. B KaHa/max IpouCXOANT yIJIOTHEHNE MaTepHasa U €ro
IIOCTeTIEHHOE ITPOJIAB/IMBAHME 110 [/IVHE KaHaja.

B maHHOJ KOHCTPYKIIMM POTOPHOIO IPaHy/IATOpa C IUIOCKONM MaTpULEN peannsyrTcs
IPYHIVIIBI IPOXOJHOTO NPeccOBaHMA. TOT BUJ, IPECCOBAHMA ChIITy4ero MaTepuaa sABIsgeTcs
OJJHOCTOPOHHUM, T.K. II€peMeleHNe ITyaHCOHA COBEPIIAETCA TOIBKO OTHOCUTEIbHO MaTPUIIBL.
ITpeccoBKM BBIXOAAT CHM3Y MAaTpUIibl. YIUIOTHEHME MaTepyasna MPOMCXOAUT U3-3a CYKEHUA

B

KaHajia MaTpUIIbL.

I

a) 8)
Puc. 7. CxeMa pOTOPHOTO IPaHy/IATOPa C IVIOCKOI MaTpHLell: a) 061l BUJ, TPaHy/IATOPa; 6) y3el pasMelleHus
IIPOKATBIBAIOIINX POIMKOB HaJl MaTpULel; B) KOHCTPYKIVA KpeIUIeHN s IVIOCKOI MaTpMIBL B KOpIIyce
[lMHa 1o/Ty4aeMoil TpaHy/Ibl OIpefe/aeTcs AMMHON BBIXOZHONM 4YacTy (OPMYIOLIEro
KaHasa. IlomydyeHHbIe T'paHY/Ibl BBIXOAAT C BHEIIHEN CTOPOHBI MATPUIbI, CCBIMAIOTCA II0
HAK/IOHHOMY JIOTKY B OyHKep JIEeHTOYHOTO TPAaHCIIOPTePa, NOAAIOIETO VX Ha YIAKOBKY.
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BoeiBoabl

ITpepnoxxeno ommcanme MexaHumsma rpa"yimpoBanua IIJJ ¢  kmsemprypom B
UVIVMHAPOKOHMYECKOM KaHajle IUIOCKOM MAaTpulbl IIpY BO3JEHCTBUMM Ha MaTepuan
IIPECCYIOIIETO BajIKa.

Jna TIOCKOM MaTpuMIbl IIOCTPOEHBI SIIOPBI pacHpefe/leHNs [AaBIeHUA B KaHaje
IIEPEMEHHOTO CEYEHMA.

YcTaHOBIIEHO, YTO ITpeccoBKa U3 cMecy 4 (cM. Tab71.3) MMeeT MaKCMMaIbHYIO IIPOYHOCTD
IpY M3MEHEHV) KOHEYHOJ BJIIQXKHOCTM B Ipefenax 9-11% mocne cymku. Takum obpasow,
KOMIIO3MLIMsI CBSI3YIOIIETO W3 JIMTHOCY/Ib(paHAaTa M pacTBopa caxapa (WIM Meacchl)
obecriednBaeT BHICOKIE IPOYHOCTHBIE XaPAKTEPUCTUKI IIPECCOBOK.

BbIAB/I€HO, YTO ONTHMA/IbHBIM ABJIAETCA 3HAUYeHe ITIOTHOCTH Py = 1000 kr/M°, KOTOpOE
COOTBETCTBYET M3MEHEHMIO IIpefieia IPOYHOCTY Ha pacKaibiBaHKe B auamnasone 0,2-0,8 MI]a,
JoCTUraeMoMm Inpu yzenbHoM pasnennn 80 MIIa u Braxknoctn 7-10%.

Ha ocHOBe pe3yIbTaTOB  SKCIEPUMMEHTANIbHBIX  JICCHIeOBaHMII  padpaboTaHa
KOHCTPYKLIMA POTOPHOTO TPAHY/IATOpPa C IUIOCKOW MaTpuuen C UUIVHIPOKOHMYECKUMMU
KaHa/JlaMMU.

[TIpenmoxxeHa sxoorndecky 6esonacHas cxeMa nepepaboTku coipoit I1]] u kusenbrypa ¢
VICIIONIb30BaHMEeM IPAHYIATOPA € IVIOCKOV MaTpUIiel ¥ HOBBIMY TUIIAMM TPAaHCIIOPTUPYIOLINX
ycTpoiicTB. PaspaboTaHHasA cxeMa yTWIM3aLMM OTXOJOB NMBOBAPEHNUA IIO3BOJIAET CHU3UTD
9KOJIOTMYECKYIO HATPY3KY Ha OKPY>KaIOIIYIO Cpefly.

duHaHCHUpOBaHNE

Paboma  evinonHena ¢ UCNONb30BAHUEM — HAY4HO20 — obopydosanus  LJKII
«Mccnedosamenvekuil xumuko-ananumuyeckuii yenmp HUIL] «Kypuamosckuti uHcmumymy.
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chloride, antibacterial ~We obtain the compound with moderate antibacterial activity against

activity, fluorescence  a sensitive strain of the Gram-positive bacterium Staphylococcus aureus ATCC-25923
(3-amino-4-(3-(3,4-dichlorophenyl)-5-oxo-1,2,4-oxadiazol-4(5H)-yl)benzonitrile, MIC
64 ug/mL. It demonstrates weak fluorescent properties upon irradiation with light at
A =355 nm.
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Introduction

1,2,4-Oxadiazol-5(4H)-ones are an important class of organic compounds. Due to their
structural similarity to amide and ester groups and the diversity of their biological properties,
they are considered the privileged structures in medicinal chemistry [1]. The antihypertensive
agent azilsartan and the antidiabetic drug aleniglipron, currently in Phase 2 clinical trials, are
based on the 1,2,4-oxadiazol-5(4H)-one core [2].

The investigation of these compounds as antibacterial [3], antiviral [4], anti-inflammatory,
and neuroactive [5] agents is of current interest.

© A.A. Shetnev, A.S. Konstantinova, A.A. Romanycheva, S.V. Baykov, A.M. Silin, P.N. Kalashnikov,
S.I. Ivanovskiy, M.K. Korsakov, 2026
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1,2,4-Oxadiazol-5(4H)-one derivatives can be obtained by a variety of methods. Indeed,
the cyclization reactions of amidoximes with Cl-electrophilic reagents (CDI, chloroformates,
carbodiimides) play a leading role [6-9]. The classical approach involving O-acylation followed
by cyclodehydration remains the most versatile one. The modern modifications allow those
efficient transformations to be made (superbasic systems, microwave irradiation) [10, 11].

In the context of the functionalization reactions of 1,2,4-oxadiazol-5(4H)-ones, we have
previously proposed a catalytic method for the N-arylation of NH-acids of the 1,2,4-oxadiazol-
5(4H)-one and 1,3,4-oxadiazol-2(3H)-one series via symmetrical and unsymmetrical
diaryliodonium salts in the presence of Cul as a catalyst [12]. Furthermore, variants of non-
catalytic N-arylation of 1,2,4-oxadiazol-5(4H)-ones under classical activated aromatic
nucleophilic substitution conditions were also investigated [13].

N —O (0) O\
%‘/ p
N g
@ QrN
(0]
"
Anti-HIV Anti-Vaccinia virus /N\O Guanylyl cyclase Inhibitor

O

& o:< Ly :Q

Azilsartan o N
Antihypertensive Aleniglipron
Antidiabetic Phase 2 =0

drug

Fig. 1. Examples of biologically active compounds of the 1,2,4-oxadiazol-5(4H)-one class.

With the purpose of expanding the chemical space of available oxadiazol-5(4H)-ones, the
present work presents the synthesis of arylamino derivatives and the investigation of their
antibacterial and photophysical properties.

Main body

The reduction of the previously synthesized nitroaryl derivatives of 1,2,4-oxadiazol-
5(4H)-ones 1 [13] was investigated (Fig. 2). The difficulty is in finding routes for the selective
transformation of the nitro group into amino derivatives without destruction of the
oxadiazolone ring, which is labile under reductive conditions. The use of catalytic
hydrogenation methods with H, over 5-10% Pd/C presumably leads to ring opening and the
formation of a mixture of linear amidine structures.

At the same time, the use of tin(II) chloride as a reducing agent in a hydrochloric
acid—ethanol mixture, according to a method close to that reported in the literature [14, 15],
leads to the selective reduction of the nitro group of nitroaryl derivatives of 1,2,4-oxadiazol-
5(4H)-ones without affecting the heterocyclic core.
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The applicability of this approach was demonstrated during the synthesis of eight amino
derivatives 2 (Fig. 2).

N-O N-O
! O | \FO
X N . X N
= HCI, C,H;OH, N
60-66 °C,
tah G 17-22 h 2a-h o
N N

2a: R =4-Me,59%; 2b:R = 4-MeO, 52%; 2¢: R = 4-Ph, 60%; 2d: R = 4-F, 63%;
2e: R =4-Cl, 48%; 2f: R = 4-i-Pr, 54%; 2g: R = 4-di-Cl, 63%; 2h: R = 4-F, 3-MeO, 52%.

Fig. 2. Synthesis scheme and yields of N-(2'-aminoaryl)-substituted 1,2,4-oxadiazol-5(4H)-ones.
The proposed method provided moderate 48-63% yields of high-purity products without
additional purification.

Photophysical properties. Fluorescence spectra of seven obtained compounds solutions
2b-2h were recorded upon irradiation with light at a wavelength of Ax = 355 nm (Fig. 3).

Intensity, units

375 O3S 395 405 415 425 435 445 455 465 475 485 495 S05 SIS 528 535 845 8555 565 575 SMS

Wavelength, nm
Fig. 3. Fluorescence spectra of methanol solutions of compounds 2b-2h.

Table 1. Photophysical properties of N-(2'-aminoaryl)-substituted 1,2,4-oxadiazol-5(4H)-ones upon irradiation at

Aex = 355 nm

ID R Nem™ QYem Tobs

2b 4-MeO 395 0.88% 0.155
2c H 394 1.43% 0.114
2d 4-F 394 0.32% 0.107
2d 4-F 460 0.32% 0.144
2e 4-Cl 395 0.11% 0.108
2f 4-iPr 395 0.41% 0.118
2g 3,4-di-Cl 395 0.56% 0.13
2h 3-F, 3-MeO 393 1.02% 0.165
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As a result, all tested compounds exhibited moderate fluorescent properties.
The fluorescence quantum yields (QYen) are in the range of 0.11-1.43%. It is typical for
compounds with efficient non-radiative processes (e.g., internal conversion, intersystem
crossing to the triplet state). The maximum quantum yield is observed for 2¢ (R = H, 1.43%)
and 2h (R = 3-F, 3-OMe, 1.02%). The position of the emission maximum (Aen™) is weakly
dependent on the substituent R. For all compounds, except 2d (second peak at 460 nm), the
emission lies in a narrow region of 393-395 nm. This indicates that the emission likely
originates from the same chromophore fragment (1,2,4-oxadiazol-5(4H)-one conjugated with
the arylamino group). In the ground state and in the excited singlet state, substituents in the
para- or meta positions of the aryl ring do not cause a significant solvatochromic or inductive
shift. Compound 2d exhibits two emission peaks with the same quantum yield (0.32%) and a
wavelength of 394 nm characteristic of all studied compounds, as well as a bathochromically
shifted band at 460 nm. The observed lifetimes (o) are in the nanosecond range (0.1-0.17 ns)
and are characteristic of fluorescence with a small Stokes shift and a high rate of non-radiative
deactivation (ki >> k:). The longest To, is observed for compound 2h (3-F, 4-OMe 0.165 ns),
which also has an increased QYem it is explained by suppression of amino group rotation by the
meta substituent. The shortest Tobs is observed for 2e (Cl, 0.108 ns) with a minimum ®.; it is
associated with the presence of a heavy chlorine atom that enhances spin-orbit coupling.
Antibacterial activity. The obtained series was tested for antibacterial activity by the
double serial dilution method using turbidimetric monitoring of microbial growth [16]. As test
organisms, a relevant strain of Gram-positive bacteria Staphylococcus aureus ATCC-25923 and
Escherichia coli C1 as a representative of Gram-negative microorganisms were selected. Based
on the obtained data on the determination of the minimum inhibitory concentration (MIC) for
the series of N-(2'-aminoaryl)-substituted 1,2,4-oxadiazol-5(4H)-ones, there is an absence of a
broad spectrum of action. Most of the tested compounds (2a-2f, 2h) did not show antibacterial
activity either against Gram-positive S. aureus ATCC-25923 or against Gram-negative E. coli
C1 up to the maximum tested concentration of 256 pug/mL. Only one compound - 2g (with a
3,4-dichlorophenyl substituent) — showed measurable activity against S. aureus (MIC = 64 pug/mL);
it is classified as moderate or weak growth inhibition. Against E. coli, this compound was also
inactive (MIC > 256 pg/mL). All the compounds in the series did not inhibited the growth of
E. coli C1 in the tested concentration range. It may indicate low permeability of the compounds
through the outer membrane of Gram-negative bacteria.

Experimental part

Commercially available reagents from Maclin, Arcos, and Khimmed were used in this
work. Thin-layer chromatography was performed on Sorbfil PTSKh-P-V-UV plates, eluent:
toluene : acetone : petroleum ether, 60:100:100.

Melting points were measured using a Reach Devices RD-MP melting point apparatus
(manufacturer: China). 'H and C NMR spectra were recorded on a Varian 400 Unity Plus
spectrometer (manufacturer: USA), solvent: DMSO-ds. The signals of residual solvent protons
were used as a reference for chemical shifts in "H NMR (§H 2.50 ppm) or *C NMR (6C 39.5 ppm);
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tetramethylsilane was used as a marker. Signal multiplicities: s - singlet, d — doublet, t - triplet,
dd - doublet of doublets, td - triplet of doublets, m — multiplet. High-resolution mass spectra
were recorded on a Bruker Daltonics MicrOTOEF-II instrument (manufacturer: USA),
ionization method - electrospray ionization (ESI), ionization source temperature — 180 °C,
eluent — methanol. The starting compounds 1a-h were obtained according to the procedure
described in [13].
Procedure for the preparation of N-(2'-aminoaryl)-substituted derivatives 2a, c-g.
In a conical flask, N-(2'-nitroaryl) derivative 1 (300 mg, 1 equiv.) and ethanol (3 mL) were mixed
at room temperature. Then, a solution of SnCL-2H,O (3.5 equiv.) in concentrated HCI (0.80 mL)
was added portionwise to the suspension under cooling in a water bath. After that, the reaction
mixture was stirred under cooling in a water bath for 10-15 min. The reaction mixture was then
heated to 60-66 °C and maintained at this temperature for 17-22 h. Further, the reaction mixture
was cooled to room temperature. The reaction mixture was stirred for 2.0-2.5 h at 20-25 °C.
The precipitated solid was filtered off and washed on the filter with ethanol three times with 0.5 mL
each. After that, the precipitate was washed with water (2 x 2 mL), each time thoroughly stirring
the precipitate on the filter. The precipitate was dried at 50 °C in a drying oven at atmospheric
pressure. In the case of compound 2f, the product was recrystallized from ethanol.
3-Amino-4-(5-oxo0-3-(p-tolyl)-1,2,4-oxadiazol-4(5H)-yl)benzonitrile (2a). Yield is
0.16 g (59 %), light-beige powder, Tmelt. 225-227 °C. NMR spectrum 'H, §, ppm: 2.30 s (3H,
CHs), 6.30 s (2H, NH>), 6.89 d (1H, Ar,J 8.1 T'ny), 7.10 s (1H, Ar), 7.28 qv (4H, Ar, ] 7.9 Hz), 7.36
d (1H, Ar, ] 8.1 Hz). NMR spectrum “C, §, ppm: 21.64, 114.15, 119.04, 119.30, 120.02, 120.95,
128.16, 130.22, 132.16, 142.70, 147.71, 158.20, 158.44. Mass-spectrum, m/z: 293.1031 [M + H]*
(calculated for CisH15N4O,*: 293.1033).
3-Amino-4-(3-(4-methoxyphenyl)-5-0xo0-1,2,4-oxadiazol-4(5H)-yl)benzonitrile. Yield
is 0.14 g (52 %), pale yellow powder, Tmelt 155157 °C. NMR spectrum 'H, J, ppm: 3.76 s (3H,
CH;0), 6.26 s (2H, NH,), 6.90 d (1H, Ar, ] 7.9 Hz), 6.99 d (2H, Ar, ] 8.2 Hz), 7.12 s (1H, Ar),
7.35 d (3H, Ar, ] 7.9 Hz). NMR spectrum “*C, §, ppm: 56.06, 114.16, 115.18, 115.76, 119.10,
119.30, 120.12, 129.88, 132.19, 147.74, 158.12, 158.26, 162.49. Mass-spectrum, m/z: 309.0985
[M + H]* (calculated for CisH13N1Os*: 309.0982).
3-Amino-4-(5-oxo-3-phenyl-1,2,4-oxadiazol-4(5H)-yl)benzonitrile (2c). Yield is 0.17 g
(63 %), pale yellow powder, Tmelt. 223—225 °C. NMR spectrum 'H, §, ppm: 6.29 s (2H, NH,),
6.89 d (1H, Ar, J 8.1 Hz), 7.11 s (1H, Ar), 7.37 d (1H, Ar, J 8.1 Hz), 7.41-7.47 m (4H, Ar),
7.52-7.55 m (1H, Ar). NMR spectrum “C, §, ppm: 114.19, 119.05, 119.32, 119.91, 123.82,
128.26, 129.66, 132.16, 132.56, 147.71, 158.18, 158.43. Mass spectrum, m/z: 279.0875 [M + H]*
(calculated for CisH11N4O,*: 279.0877).
3-Amino-4-(3-(4-fluorophenyl)-5-0x0-1,2,4-oxadiazol-4(5H)-yl)benzonitrile (2d).
Yield is 0.17 g (63 %), pale yellow powder, Tmelt. 236-238 °C. NMR spectrum 'H, §, ppm:
6.27 s (2H, NH,), 6.91 d (1H, Ar, ] 8.1 Hz), 7.11 s (1H, Ar), 7.33 t (2H, Ar, ] 8.9 Hz), 7.39 d (1H,
Ar, ] 8.1 Hz), 7.46-7.49 m (2H, Ar). NMR spectrum “C, §, ppm: 114.27, 116.92, 117.15, 119.08
d (J 5.7 Hz), 119.39, 119.67, 120.35, 130.99 d (] 9.2 Hz), 132.16, 147.66, 157.70, 158.11, 163.38,
165.87. Mass-spectrum, m/z: 297.0781 [M + H]* (calculated for CisH10FN4O,*: 297.0782).
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3-Amino-4-(3-(4-chlorophenyl)-5-0x0-1,2,4-oxadiazol-4(5H)-yl)benzonitrile (2e).
Yield is 0.13 g (48 %), pale yellow powder, Tmelt. 204-206 °C. NMR spectrum 'H, §, ppm:
6.27 (2H,NH,), 6.91 d (1H, Ar, ] 8.1 Hz), 7.10 s (1H, Ar), 7.38-7.43 m (3H, Ar), 7.55d (2H, Ar,
] 8.2 Hz). NMR spectrum “C, §, ppm: 114.29, 119.10d (J 7.6 Hz), 119.41, 119.58, 122.67, 129.96,
130.10, 132.12, 137.57, 147.57 d (J 6.7 Hz), 157.65, 158.07. Mass-spectrum, m/z: 313.0490 [M +
H]* (calculated for CisHoCIN,O,*: 313.0487).

3-Amino-4-(3-(4-isopropylphenyl)-5-oxo0-1,2,4-oxadiazol-4(5H)-yl)benzonitrile
(2f). Yield is 0.12 g (54 %), pale yellow powder, Tmelt. 186—188 °C. NMR spectrum 'H, ¢, ppm:
1.15 s (3H, CHs), 1.17 s (3H, CH3), 2.89 p (pentet) (1H, CH, ] 6.9 Hz), 6.28 s (2H, NH,), 6.90 dd
(1H, Ar,J8.1,1.4 Hz), 7.12 s (1H, Ar), 7.31-7.38 m (5H, Ar). NMR spectrum "*C, §, ppm: 24.06
d (J4.7 Hz), 33.99, 114.22,119.09, 119.31, 120.08, 121.30, 127.68, 128.18, 132.20, 147.73, 153.24,
158.27. Mass-spectrum, m/z: 321.1349 [M + H]* (calculated for CisHi7N4O,*: 321.1346).

3-Amino-4-(3-(4-dichlorophenyl)-5-0x0-1,2,4-oxadiazol-4(5H)-yl)benzonitrile
(2g). Yield is 0.17 g (63 %), pale yellow powder, Tmelt. 278-280 °C (decomp.). NMR spectrum
'H, §, ppm: 6.29 s (2H, NH»), 6.95 (1H, Ar, ] 8.1 Hz), 7.12 s (1H, Ar), 7.35d (1H, Ar, ] 8.5 Hz),
7.44d (1H, Ar, ] 8.0 Hz), 7.65 s (1H, Ar), 7.77 d (1H, Ar, ] 8.4 Hz). NMR spectrum "*C, §, ppm:
114.45, 118.99, 119.26, 119.49, 124.23, 128.40, 130.14, 132.12, 132.25, 132.54, 135.74, 147.57,
156.70, 157.94. Mass-spectrum, m/z: 347.0099 [M + H]* (calculated for Ci;sHsCLN,O,":
347.0097).

3-Amino-4-(3-(3-fluoro-4-methoxyphenyl)-5-oxo-1,2,4-oxadiazol-4(5H)-yl)benzonitrile
(2h). Yield is 0.14 g (52 %), pale yellow powder, Tmelt. 223—-225 °C. NMR spectrum 'H, §, ppm:
3.85 s (3H, CH;0), 6.30 s (2H, NH.), 6.93 d (1H, Ar, ] 8.1 Hz), 7.13 s (1H, Ar), 7.17 d (1H, Ar,
J 8.8 Hz), 7.24-7.28 m (2H, Ar), 7.40 d (1H, Ar, ] 8.1 Hz). NMR-spectrum "*C, §, ppm:
56.91, 114.33, 115.01, 115.54, 115.83-115.90 M, 119.05, 119.29 d (18.3 Hz), 119.80, 125.52,
132.20, 147.72, 150.33, 150.68 d (J 10.0 Hz), 152.78, 157.24, 158.15. Mass-spectrum, m/z:
327.0886 [M + H]* (calculated for Ci;sH1,FN4O5*: 327.0888).

Conclusion

A procedure has been developed for the synthesis of N-(2'-aminoaryl)-substituted
1,2,4-oxadiazol-5(4H)-ones from the corresponding nitro derivatives, providing 48-63% yields
of the target products. The obtained N-(2'-aminoaryl)-substituted 1,2,4-oxadiazol-5(4H)-ones,
upon excitation with light at a wavelength of 355 nm, exhibited properties of weak fluorophores
(QYem < 1.5% u T < 0.2 ns) and may be considered as potential labile fluorescent labels.
Compound 2d warrants separate theoretical calculations to explain the dual emission in its
spectrum. Compound 2g showed antimicrobial activity against a sensitive strain of S. aureus
(MIC 64 pg/mL) and may be considered as a starting compound for the development of a new
antibacterial chemotype based on N-aryl 1,2,4-oxadiazol-5(4H)-one derivatives.
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Introduction

The development of methods for the targeted synthesis and the study of the properties of
heterocyclic compounds are the key directions of modern organic chemistry. Thiopyran
derivatives serve as a striking example of such systems, as they possess a wide range of biological
activities [1]. In addition to pharmaceutical applications, these compounds are in demand in
the production of innovative materials: electrodes, dyes, fluorescent additives, and organic
semiconductors [2]. Indeed, cyclic imides are widely sought after in medicinal chemistry,
agrochemistry, and catalysis [3]. In this context, the development of efficient methods for the
synthesis of imides of vicinal thiopyrandicarboxylic acids is of significant theoretical and
applied importance.

Two main approaches to the synthesis of the heterocyclic structures under consideration
are described in the literature [4]. The first method is based on the addition of maleimides to
sulfur-containing substrates via the Diels—Alder reaction. In this approach, a,-unsaturated
thiocarbonyl compounds (Scheme 1, A) [5-13] or 2H-thiopyrans (Scheme 1, B) [14] are mainly
used as dienes. The second method involves the sequential cycloaddition of thiophenols or
thiophenolates to maleimides, proceeding as a cascade of Michael and Mannich reactions or
aldol condensation (Scheme 1, C) [15-19].

© M.V. Starostin, A.V. Malinina, D.S. Karpov, K.L. Ovchinnikov, A.S. Aldoshin, A.V. Kolobov, 2026
93


https://chemintech.ru/en/nauka/issue/7273/view

A&ROM CHEMISTRY TOWARDS TECHNOLOGY VOL.7, ISSUE 2, 2026

Thus, the most known methods for the synthesis of imides of 2H-thiopyrandicarboxylic
acids are based on the cycloaddition of maleimides to various sulfur-containing substrates.
At the same time, approaches to the preparation of thiopyran ring heterocycles based on the
construction of the imide fragment itself are practically unknown. In this regard, the present
work is devoted to the development of a new method for the synthesis of N-arylimides of
2H-thiopyrandicarboxylic acids based on the acylation of anilines with 4,6-diphenyl-3,4-
dihydro-2H-thiopyran-2,3-dicarboxylic acid anhydride followed by intramolecular cyclization
of the obtained intermediates (Scheme 1).
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Main body

At the first stage of the work, we studied the acylation of a series of anilines 2a-f with
anhydride 1, leading to the formation of the corresponding (2R*,3R*)-2-(arylcarbamoyl)-4,6-
diphenyl-3,4-dihydro-2H-thiopyran-3-carboxylic acids 3a-f (Scheme 2). Anhydride 1 was
synthesized via the hetero-Diels-Alder reaction of (2E)-1,3-diphenylprop-2-ene-1-thione with
maleic anhydride [7].
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Scheme 2
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Using the reaction of anhydride 1 with p-toluidine 2a as an example, we showed that for
acylation of sufficiently nucleophilic substrates, the nature of the solvent does not significantly
affect the reaction time or the yield of the target product (Table 1, experiments 1-3). Thus, in
nonpolar toluene and dichloromethane, as well as in polar acetic acid, the processes were
completed within 30 minutes, affording amic acid 3a in 73-79% yield. The reaction also
proceeded efficiently using aniline 2b, p-methoxyaniline 2¢, and p-bromoaniline 2e
in dichloromethane: the target amic acids 3b,c.e were obtained in 61-78% yield within
10-40 minutes at room temperature (Table 1, experiments 4, 5, 8).

On the other hand, upon switching to weakly nucleophilic p-nitroaniline 2d and
p-aminobenzoic acid 2f, the acylation rate decreased significantly. In particular, when the
reaction with p-nitroaniline 2d was conducted in CH,Cl, solution at room temperature for
30 days, the target amic acid 3d was isolated in only 26% yield with incomplete conversion of
the starting reagents (Table 1, experiment 6). However, replacing dichloromethane with glacial
acetic acid made it possible to substantially reduce the reaction time (by more than 90 times)
and increase the product yield to 57% (Table 1, experiment 7). Using analogous conditions for
p-aminobenzoic acid 2f afforded the corresponding amic acid 3f in 86% yield (Table 1,
experiment 8).

Table 1. Synthesis conditions for (2R*,3R*)-2-(arylcarbamoyl)-4,6-diphenyl-3,4-dihydro-2H-thiopyran-3-
carboxylic acids 3a—f from anhydride 1

Experiment Product code R Solvent Reactlr(;rilntlme E Yield is 3, %.
1 PhMe 30 79
2 3a Me CH,Cl, 30 75
3 AcOH 20 73
4 3b H CH,Cl, 40 72
5 3¢ OMe CH,Cl, 10 61
6 CH,Cl, 432007 26
7 3d NO. AcOH 10202 57
8 3e Br CH,Cl, 30 78
9 3f COOH AcOH 7200 86

'The reaction time until complete conversion of the starting anhydride 1 (except for 3d) was determined by TLC
monitoring. Samples were taken every 10 min.
*The precipitate of amic acid 3d was filtered off at incomplete conversion of 1.

The physicochemical characteristics of products 3a and 3b are similar to those obtained
previously [20]. The structure of amic acids 3c—f was confirmed by a combination of "H and *C NMR
spectroscopy and high-resolution mass spectrometry (HRMS). Moreover, HPLC analysis of the
reaction mixtures did not reveal the presence of any other by-products. This fact allows us to
assert that, under the conditions studied, the reaction proceeds strictly regioselectively to form
exclusively one regioisomer containing the carbamoyl group at the C(2) position.

When amic acids 3 are heated to reflux in glacial acetic acid, they undergo intramolecular
cyclization to form N-arylimides of 2H-thiopyrandicarboxylic acids 4 (Scheme 3). Thus, imide
4a was obtained from amic acid 3a in 77% yield (Scheme 3, Method A). Furthermore, it seemed
promising to synthesize the target imides as a omne-pot process without isolation of the
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intermediate amic acids 3 (Scheme 3, Method B). Therefore, by heating anhydride 1 with
anilines 2a—f in acetic acid for 0.5-5 h, the target imides 4a—f were obtained in 40-65% yield
over two steps (Table 2). The one-pot Method B provided a higher yield of product 4a (65%)
compared to two-step Method A (58% over two steps), while the purity of the target compound
obtained by both methods proved to be comparable.

Method A lk
0 Short 05h, A
CH Cl, Ph ﬂ/ AcOH
Ph 3n: 75% 4a: 77% Ph

Ph Q

é k da-f °
A AcOH

r Q

Method B 3 a-f

2,3,4:R=Me (a), H (b), OMe (c), NO, (d), Br (¢), COOH ()

According to Table 2, the reaction time depends significantly on the nature of the
substituent R in the aromatic ring. Electron-donating substituents, as expected, increase the
nucleophilicity of the nitrogen atom of the amide group, thereby accelerating the
intramolecular acylation process. Electron-withdrawing groups, in contrast, reduce the
nucleophilicity of the amide center and, as a consequence, lead to a decrease in the cyclization
rate.

Table 2. Synthesis conditions for (4aR*7aR*)-2,4-diphenyl-6-aryl-4a,7a-dihydrothiopyrano[2,3-c]pyrrole-
5,7(4H,6H)-diones 4a-f from anhydride 1 according to method B

. Product Reaction o
Experiment R , : Yield is 4, %.
code time, min
1 4a Me 60 65
2 4b H 120 62
3 4c OMe 30 61
4 4d NO, 300 45!
5 4e Br 120 61
6 af COOH 300 40!

'The precipitate of imides 4d,f was filtered off at incomplete conversion of 1.

The physicochemical characteristics of compounds 4a-d are similar to those described in

the literature [7, 21]. In the cited sources, 4a-d were obtained via the hetero-Diels—Alder
reaction of (2E)-1,3-diphenylprop-2-ene-1-thione with the corresponding maleimides.
The yields of 4a-d under those conditions were 34-69%, which is comparable to our results.
The structure of the newly synthesized imides 4e,f was also confirmed by a combination of
'H and *C NMR spectroscopy and high-resolution mass spectrometry (HRMS).

The main advantage of the developed method is the possibility of facile structural
variation of the acylation products. This distinguishes it favorably from traditional approaches
based on maleimides. This feature is of key importance for generating combinatorial libraries
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intended for high-throughput screening in the search for new biologically active substances.
At the same time, the yield and purity of the target heterocycles remain consistently high.

Thus, a new approach has been developed for the synthesis of (4aR*,7aR*)-2,4-diphenyl-
6-aryl-4a,7a-dihydrothiopyrano[2,3-c]pyrrole-5,7(4H,6H)-diones  4a-f, based on the
regioselective acylation of a series of anilines 2a-f with anhydride 1 followed by intramolecular
cyclization of the resulting intermediates. Two alternative methods for implementing this
approach are proposed: a classical two-step method (with isolation of the intermediate amic
acids 3) and a one-pot process without their isolation. As a result, one-pot method is more
efficient and provides higher overall yields of the target heterocycles. The electronic nature of
the substituent in the aromatic ring of the aniline has a decisive influence on the reaction rate
at both stages of the process: electron-donating groups significantly accelerate both the
intermolecular acylation of the anhydride and the subsequent intramolecular cyclization,
whereas electron-withdrawing substituents substantially slow down these processes.

Experimental part

'H and "C NMR spectra were recorded on a Bruker Avance 400 instrument at operating
frequencies of 400 and 101 MHz, respectively. 'H and C chemical shifts are given relative to
the residual solvent signal (6u = 2.50 and 8¢ = 39.52 ppm for solutions in DMSO-ds).
High-resolution mass spectra were recorded on an Orbitrap QExactive Plus instrument
(Thermo Scientific) under electrospray ionization conditions. lon source parameters: drying
gas pressure is 12, nebulizing gas and curtain gas flow rates are 4 and 1 arbitrary units,
desolvation line temperature is 320 °C, needle voltage is 3.8 kV in positive ion detection mode
and 3.2 kV in negative ion detection mode, S-lens RF voltage is 55 arb. units. Mass spectra were
recorded in the m/z range of 100-2500 Da at a spectral resolution of 70,000. Thin-layer
chromatography (TLC) was performed on Sorbfil PTSKh-P-V-UV plates (eluent: petroleum
ether — ethyl acetate (1:1)). Melting points were determined on an Electrothermal IA 9300 Series
apparatus. HPLC was performed on a Shimadzu Prominence LC-20A chromatograph with a
photometric detector, Amax 210 and 254 nm, Phenomenex Luna C18(2) column, 5 um, 4.6 x 250 mm.
Reagents and solvents (ECOS-1, Aldrich, Acros) are commercially available and were used
without further purification. The synthesis method and physicochemical characteristics of
compound 1 are described in [7].

General procedure for the synthesis of amic acids 3a-f. To a stirred solution of 1.00 g
(3.1 mmol) of anhydride 1 in 6 mL of CH,Cl, (AcOH for the synthesis of 3d,f) at room
temperature was added a solution of 3.4 mmol of the corresponding aniline 2a-f in 4 mL of
CH.CL, (AcOH for the synthesis of 3d,f). The reaction mixture was stirred until the reaction
was complete (monitored by TLC). The precipitated solid was filtered off, washed on the filter
with cold CH,Cl, and dried in vacuo.

(2R*,3R*)-2-[(4-Methoxyphenyl)carbamoyl]-4,6-diphenyl-3,4-dihydro-2 H-thiopyran-
3-carboxylic acid (3¢). Yield is 0.84 g (61%), white powder, Tmelt. = 166-168 °C. 'H NMR
(DMSO-ds, §, ppm., J/Hz): 3.72 (s, 3H, OMe), 3.78 (dd, 1H, C(3)H, ]| = 5.6, ] = 2.9), 4.17
(dd, 1H, C(4)H, ] = 5.7, 2.6), 4.87 (d, 1H, C(2)H, ] = 2.8), 6.26 (d, 1H, C(5)H, ] = 2.5),
6.86 — 6.95 (m, 2H, ArH), 7.23 (t, 1H, ] = 7.3, ArH), 7.30 - 7.38 (m, 3H, ArH), 7.38 — 7.44 (m,
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4H, ArH), 7.46 — 7.51 (m, 2H, ArH), 7.56 — 7.62 (m, 2H, ArH), 10.20 (s, 1H, NH), 11.83 (s, 1H,
COOH). "C NMR (DMSO-ds, §, ppm.): 44.30, 45.73, 50.58, 55.22, 113.96, 120.40, 121.11,
125.88, 126.60, 128.05, 128.25, 128.68, 131.90, 133.64, 139.35, 141.58, 155.51, 166.50, 169.38.
Mass-spectrum  (ESI), m/z (L.a (%)): found 468.1244 [M+Na]* (93), calculated for
[CasH2sNNaO,S]* 468.1240.
(2R*,3R*)-2-[(4-Nitrophenyl)carbamoyl]-4,6-diphenyl-3,4-dihydro-2H-thiopyran-3-
carboxylic acid (3d). Yield is 0.86 g (53 %), white powder, Tmelt. = 185-187 °C. '"H NMR
(DMSO-ds, 8, ppm., J/Hz): 3.88 (dd, 1H, C(3)H, ] = 5.6, 2.9), 4.20 (dd, 1H, C(4)H, ], = 5.5,
. = 2.6), 5.02 (d, 1H, C(2)H, J = 2.8), 6.32 (d, 1H, C(5)H, ] = 2.5), 7.25 (t, 1H, | = 7.3),
7.31 — 7.48 (m, 7 H), 7.57 - 7.64 (m, 2 H), 7.78 - 7.96 (m, 2 H), 8.19 — 8.36 (m, 2 H), 10.98
(s, 1 H, CONH), 11.98 (s, 1 H, COOH). *C NMR (DMSO-d6, 8, ppm): 44.16, 45.70, 50.92,
119.10, 120.56, 125.12, 126.61, 128.05, 128.33, 128.70, 133.20, 139.22, 141.44, 142.48, 144.97,
168.06, 169.20. Mass-spectrum (ESI), m/z (L. (%)): found 483.0989 [M+Na]* (100), calculated
for [CysH20N>NaOsS] 483.0985.
(2R*,3R*)-2-[(4-Bromphenyl)carbamoyl]-4,6-diphenyl-3,4-dihydro-2 H-thiopyran-3-
carboxylic acid (3e). Yield is 0.89 g (58 %), white powder, Tmelt. = 197-198 °C. 'H NMR
(DMSO-ds, 8, ppm, J/Hz): 3.81 (dd, 1H, C(3)H, J, = 5.6, J» = 2.9), 4.18 (dd, 1H, C(4)H, ], = 5.6,
I, = 2.6), 4.92 (d, 1H, C(Q)H, ] = 2.9), 6.28 (d, 1H, C(5)H, J = 2.5), 7.19 - 7.28 (m, 1H, ArH),
7.30 — 7.38 (m, 3H, ArH), 7.38- 7.46 (m, 4H, ArH), 7.47 - 7.54 (m, 2H, ArH), 7.58 (m, 4H, ArH,
Ji=7.1, = 6.1, Js = 1.6), 10.49 (s, 1H, NH), 11.89 (s, 1H, COOH). *C NMR (DMSO-ds, 5,
ppm): 44.22, 45.64, 50.72, 115.26, 120.45, 121.31, 121.41, 125.89, 126.62, 128.06, 128.29, 128.68,
131.70, 133.46, 138.12, 139.28, 141.49, 167.18, 169.26. Mass-spectrum (ESI), m/z (L (%)):
found 516.0237 [M+Na]* (97), calculated for [C,sH20BrNNaQsS] 516.0239.
(2R*,3R*)-2-[(4-Carboxyphenyl)carbamoyl]-4,6-diphenyl-3,4-dihydro-2H-
thiopyran-3-carboxylic acid (3f). Yield is 1.23 g (86 %), white powder, Tmelt. = 207-208 °C.
(DMSO-ds, 8, ppm., J/Hz): 3.83 (dd, 1H, C(3)H, ], = 5.6, J» = 2.9), 4.18 (dd, 1H, C(4)H, ] = 5.6,
J» = 2.6), 4.95 (d, 1H, C(2)H, ] = 2.8), 6.29 (d, 1H, C(5)H, J = 2.5), 7.20 - 7.26 (m, 1H, ArH),
7.30 — 7.38 (m, 3H, ArH), 7.38— 7.45 (m, 4H, ArH), 7.54 - 7.63 (m, 2H, ArH), 7.68 - 7.75 (m,
2H, ArH), 7.88 - 7.97 (m, 2H), 10.66 (s, 1H, NH), 12.32 (s, 2H, 2COOH). 3C NMR (DMSO-ds,
S, ppm): 44.20, 45.71, 50.87, 118.68, 120.50, 125.48, 125.90, 126.60, 128.05, 128.30, 128.69,
130.52, 133.36, 139.27, 141.50, 142.86, 166.93, 167.54, 169.26. Mass-spectrum (ESI), m/z
(Ire (%)): found 482.1034 [M+Na]* (100), calculated for [C:sH21NNaQOsS] 482.1033.
General procedure for the synthesis of imides 4a-f (one-pot method). A mixture of
0.50 g (1.55 mmol) of anhydride 1 and 1.71 mmol of the corresponding aniline 2a-f in 5 mL of
glacial AcOH was heated to reflux until the reaction was complete (monitored by TLC).
The reaction mixture was then cooled to room temperature. The precipitated solid was filtered
off, washed on the filter with cold AcOH, then with a small amount of cold i-PrOH, and dried
in vacuo.
(4aR*,7aR*)-2,4-diphenyl-6-(4-bromophenyl)-4a,7a-dihydrothiopyrano[2,3-c]pyrrole-
5,7(4H,6H)-dione 4e. Yield is 0.45 g (61%), white powder, Tmelt. = 226-228 °C. 'H NMR
(DMSO-ds, 8, ppm, J/Hz): 3.98 (t, 1H, C(4)H, ] = 5.3), 4.15 (dd, 1H, C(3)H, J, = 9.0, ], = 4.9),
4.82 (d, 1H, C()H, J = 8.9), 6.91 — 7.09 (m, 3H,), 7.26 - 7.32 (m, 1H), 7.33 — 7.44 (m, 5H),
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7.53 - 7.68 (m, 6H). "C NMR (DMSO-d6, §, ppm): 45.81, 45.86, 51.65, 121.49, 126.64, 126.85,
128.16, 128.42, 128.75, 128.80, 129.17, 131.18, 132.04, 137.81, 137.86, 138.92, 174.19, 174.41.
Mass-spectrum (ESI), m/z: found 498.0140 [M+Na]* (73), calculated for CsHisBrNNaO,S
498.0134.

4-[(4aR*,7aR*)-2,4-diphenyl-5,7-diox0-4a,5,7,7a-tetrahydrothiopyrano[2,3-c]pyrrol-
6(4H)-yl]benzoic acid 4f. Yield is 0.55 g (40%), white powder, T.melt. = 238-240 °C. '"H NMR
(DMSO-d6, 8, ppm, J/Hz): 3.99 (t, 1H, C(4)H, ] = 5.3), 4.19 (dd, 1H, C(3)H, ], = 9.0, ], = 5.0),
4.84 (d, 1H, CQ)H, J = 8.9), 7.02 (d, 1H, C(5)H, J = 5.5), 7.14 — 7.22 (m, 2H, ArH), 7.29 (t, 1H,
J=7.3, ArH),7.33 - 7.47 (m, 5H, ArH), 7.61 (dd, 4H, J, = 12.7, J, = 8.0, ArH), 7.92 — 8.05 (m, 2H,
ArH), 13.13 (s, 1H, COOH). "C NMR (DMSO -d6, §, ppm): 45.86, 51.69, 126.66, 126.72, 126.86,
128.18, 128.43, 128.81, 129.17, 129.98, 130.65, 135.67, 137.81, 137.87, 138.93, 166.55, 174.20,
174.41. Mass-spectrum (ESI), m/z: found 464.0931 [M+Na]® (100), calculated for
CasH1sNNaO,S 464.0927.
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Keywords: Abstract. The research examines the coordination of lanthanum(IlI) compound with
gabapentin, 8-oxyquinoline. The article analyses the synthesis method resulted in the formation of a
IR spectroscopy, yellow fine-crystalline precipitate. The structure and nature of ligand coordination with
electronic the metal ion were confirmed by physicochemical methods (electron and vibrational
spectroscopy, spectroscopy) and semi-empirical quantum chemical calculations (MOPAC//PM?7).
lanthanum, Electronic spectroscopy records a significant bathochromic shift (AA=72 nm). It indicates
coordination number,  the formation of a stable complex. The research reveals the dependence of the complex
complex stability, stability on the pH of the medium, and identifies the its optimal pH range of 7.0-8.0. The
PASS-online, theoretical part of the research includes quantum chemical modeling to evaluate the
antitumor activity. redistribution of electron density, and visualise the optimised geometry of the molecule.

Moreover, computer analysis of biological activity and pharmacokinetic parameters
(ADME-Tox) indicates the potential value of the synthesized complex as a compound
with a modified and improved biological activity profile.
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Introduction

In recent decades, the coordination chemistry of rare earth elements, in particular
lanthanum, has attracted the interest of researchers due to the wide range of unique biological
and physicochemical properties of these elements complexes [1]. Lanthanides, including La**,
possess high coordination ability and can form stable chelates with organic ligands of various
natures [2]. They are promising as functional materials for biomedicine, including anticancer
activity, and the potential for their further use as drug delivery agents, the ability to influence
biologically active compounds, and processes occurring in living organisms [3].

Gabapentin (1-(aminomethyl)cyclohexaneacetic acid) is an amino acid-like drug
(ampholytic compound) that is used in clinical practice as an agent for the treatment of
neuropathic pain, epilepsy, and chronic pain associated with trigeminal and sciatic nerve lesions
as well as herpes zoster [4, 5]. Recently, in clinical practice, this drug has also been used to reduce
the severity of symptoms of depression, anxiety, pain syndromes, and for cognitive functions
improving [5]. Its structure contains functional groups capable to coordinate with metal ions [6].

© A.A. Shubina, T.N. Orlova, 2026
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Lanthanum traditionally forms complexes through O OH
heteroatoms of various natures. According to the HSAB
concept, oxygen donors, including carboxyl groups, are
the most preferable ones [7]. Studies of lanthanum
coordination compounds with various organic ligands
(e.g., with nicotinic acid) show a diversity of structural
forms and possible applications in chemistry, medicine,
materials science, etc. [8].

Metal complexes are widely used in anticancer

therapy [9]. The classic example is platinum-based
compounds (e.g., cisplatin). Indeed, currently there is Fig. 1. Structural formula of gabapentin
active search for new compounds to overcome the (1f(aminomethYDCYdOhexaneacetic
problem of resistance to traditional anticancer drugs [10]. acid)
Lanthanum complexes are considered by researchers as promising antitumor agents: they are
capable of interacting with DNA, inducing oxidative stress, and triggering apoptosis of cancer
cells. It demonstrates the potential for their application in oncological diseases of various
origins [11]. The therapeutic properties against many types of tumors are explained by the
following mechanism of action: La** affects cellular signaling pathways and induces oxidative
stress; inhibition of certain enzymes and an increase in the concentration of certain reactive
oxygen species may occur [12]. Traditionally, stable rare earth complexes are found among
B-diketonates, phenanthrolines, Schiff bases, and there are reports of metal-organic frameworks
containing the aforementioned ions [13]. Gabapentin contains both amine and carboxyl
groups, which provides its potential as a nitrogen- and oxygen-donor ligand, analogous to those
already studied in the literature. A possible enhancement of the biological activity of
gabapentin, due to the influence of the metal on cellular processes, is hypothesized.

Purpose of the paper

The purpose of this study is the synthesis and investigation of the spectral characteristics
of the lanthanum(III) complex with gabapentin and an in silico comparative assessment of
obtained compound and the original ligand therapeutic potential.

Experimental part

We used gabapentin in the form of capsules ‘Katena’ (BELUPO, Croatia); potassium
hydroxide, lanthanum chloride heptahydrate. One gabapentin capsule contains: gabapentin
300 mg and auxiliary components: corn starch, lactose monohydrate, talc; capsule shell: gelatin,
titanium dioxide, yellow iron oxide, red iron oxide. To record the electronic and IR spectra, a
PE 5400-UV instrument (ECROSKHIM LLC, Russia) and a Spectrum 65 instrument (Perkin
Elmer, USA) with an ATR attachment were used, respectively; for elemental analysis, an
EA 1112 CHN modification instrument (Thermo Finnigan Italia S.p.A., Italy) was used.
The lanthanum content in the complex was determined gravimetrically according to a standard
procedure using alkali as the precipitant [14]; chlorine was determined argentometrically [15].

Procedure for extracting the active substance from the drug matrix. The powder was
extracted from two capsules, poured into a beaker; 20 mL of cold distilled water was added.
The resulting mixture was stirred for 5 minutes on a magnetic stirrer and filtered. The auxiliary
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components remaining on the filter were discarded; the filtrate was left to evaporate in air.
To remove residues of lactose monohydrate, the resulting dry residue was recrystallized from
ethyl alcohol, after which the ligand was observed to form in crystalline form, ready for further
synthetic transformations.

Procedure for the synthesis of the lanthanum(III) complex with gabapentin (GBP).
The ligand isolated from the drug matrix (0.52 g; 0.003 mol) was dissolved in 5 mL of distilled
water; if necessary, the pH was adjusted (to 6.5+0.5) by dropwise addition of 0.1 M potassium
hydroxide solution to convert the carboxyl group to the carboxylate form. A weighed amount
of LaCls-7H,O (0.37 g; 0.001 mol) dissolved in a minimal amount of distilled water was added
to the ligand solution with constant stirring; the formation of a homogeneous solution was
observed. The mixture was kept for 1 hour at 50+5 °C, avoiding overheating, and then placed
in a refrigerator. The product that precipitated after 24 hours was isolated by centrifugation,
washed with water and ethanol, and dried in a desiccator over anhydrous CaCl, to constant
weight for 5-6 days (the complex becomes hydrated when dried in air). If residues of unreacted
ligand are detected by IR spectroscopy, recrystallization from water—alcohol mixtures or slow
solvent diffusion is recommended to obtain a high-quality fine crystalline powder, which will
allow the complex to be isolated in pure form. After recrystallization, the compound is a fine
crystalline powder of beige color. Yield is 75% (substance mass is 0.68 g). Calculated, %: C 35.90;
H 7.48; N 4.65; O 24.80; C1 11.78; La 15.38. Found, %: C 35.96; H 7.44; N 4.66; O 24.86; Cl 11.65;
La 15.42. Molar weight: 903.10 g/mol IR-spectrum, v, cm™: 2925 (v.s CHa), 2855 (vi CHo),
1550 (ves COO7), 1399 (vs COO7), 1306 (C-N), 1193 (C-0), 1113, 1038, 929 (5 CH.), 825, 795
(La**-0). Amax=302 nm. Scheme 1 shows the formation of the complex.

NH,
NH, 9
i <0

0 - 0
pH=6,5-7,0 0
LaCle7H,0 + 3 +HO — \\La/ ) e BHCI*8H,0
HoN
O N

Scheme 1. Formation of the lanthanum(III) complex with gabapentin

The obtained compound is readily soluble in water, alcohols, acetone, DMSO, and DMF,
and poorly soluble in acetonitrile, diethyl ether, hexane, and other nonpolar solvents [16].

To determine the instability constant, a 100 mg sample of the complex was dissolved in
5 mL of distilled water; the solution was stirred for 3 hours to establish a concentration value as
close to equilibrium as possible. The supersaturated solution was filtered, yielding a saturated
solution of the complex compound at room temperature (under the experimental conditions,
21.6 °C - reading of the laboratory thermometer).

Main body

Analysis of the electronic spectra of the ligand relative to the complex showed a
bathochromic shift from 204 nm for the ligand to 302 nm for the complex (see Fig. 2).
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Fig. 2. Electronic spectra (reference solution - distilled water): 1 — gabapentin (pH = 6.50; C = 9.5:10* M),

2 - La(IlI)-gabapentin complex (¢ = 344.97 L-mol™*.cm™; C = 9.5-10* M).

Gabapentin does not contain aromatic rings or conjugated double bond systems in its
structure that could involve the carboxyl group. The synthesis is conducted at pH = 6.50; the

amino group of gabapentin is predominantly protonated (-NH3"); the lone pair of electrons on
the nitrogen atom does not participate in n>n* transitions. Thus, a n->7* transition (Amaa =204 nm)
occurs within the delocalized m-system of the carboxylate anion (pK. = 3.68); there is an

influence of solvation of the ligand's carboxylate anion by distilled water. Complex formation
with the metal is indicated by the LMCT (ligand-to-metal charge transfer) electronic transition

at Ama = 302 nm; it leads to the formation of a low-energy chromophore - a charge-transfer

complex.

The obtained complex has a high molar extinction coefficient: € = 344.97 L-mol*-.cm™,

which is confirmed by absorption measurements at different concentration values (see Fig. 3,

Table 1).

Table 1. Determination of the molar extinction coefficient () of the La(III) complex with gabapentin.
C, mol/L A
9.0-10° 0.031
1.5-10* 0.056
2.5-10* 0.083
3.5-10* 0.121
4.5-10* 0.148
6.0-10* 0.202
7.0-10* 0.247
8.0-10* 0.286
9.5-10* 0.331
1.0-10° 0.352
1.5-103 0.507
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Fig. 3. Determination of the molar extinction coefficient () of the La(III) complex with gabapentin using the linear
regression equation.

The complexation of gabapentin with lanthanum(III) has also been proven by IR
spectroscopy. Figs. 4 and 5 present the vibrational spectra of the ligand and the coordination
compound.

%T

4000 3500 3000 2500 2000 1500 1000 600
cm-1

Fig. 4. IR spectrum of the ligand gabapentin.

The IR spectrum of the initial ligand in the solid state presents the bands corresponding
to both the protonated carboxyl group (v(C=0)) and the carboxylate anion (v.(COO),
v(COQ)). In the spectrum of the complex with La**, the v(C=0) band is absent, while the COO
bands persist and shift, indicating complete deprotonation of the carboxyl group and its
participation in coordination with the lanthanum ion.
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Fig. 5. IR spectrum of La(III) complex with gabapentin.
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The disappearance of the free ~-OH group peak (3338 cm™) is observed. The appearance
of new bands (825, 795 cm™) is characteristic of metal-oxygen vibrations of La’**~O. Despite the
fact that the stretching vibrations of C-H and -CHa,- groups in the region of 3000-2800 cm™ do
not change their position upon complexation, the deformation vibrations of methylene groups
(scissoring, wagging, rocking, twisting) in the range of 1500-700 cm™ shift and undergo
intensity redistributions. It indicates a decrease in the mobility of the carbon skeleton upon
introduction of the metal cation into the structure of the original molecule. Thus, bidentate
(Av(COO") =150 cm™) O,0-coordination through the carboxylate anion is observed. Table 2
provides a detailed comparative interpretation of the peaks.

Table 2. Comparative interpretation of the peaks in the IR spectra of gabapentin and its complex with La(III)

v, cm™ (%T), ligand v, cm™ (%T), complex Interpretation
3338.76 (83.45) - O-H, stretching vibrations
2924.92 (59.88) 2924.53 (80.08) Vas(-CH,-), aliphatic vibrations of
the carbon skeleton
2858.96 (59.88) 2854.59 (84.08) vs(-CH>-), aliphatic vibrations of
the carbon skeleton
1640.91 (58.77) - C=0, stretching vibrations
1581.99 (59.03) 1549.76 (74.33) Vas(COO")
1507.26 (49.59); 1458.88 (60.43); - scissoring deformation vibrations
1445.25 (68.44) of -CHa-
1397.47 (37.74) 1399.19 (62.99) vs(COO)
1342.88 (72.42) 1306.23 (59.91) v(C-N)
1177.78 (75.23) 1192.53 (81.17) v(C-0)
1159.23 (66.44); 1146.49 (72.55) - rocking vibrations of -CH,-
1115.02 (64.30); 1071.89 (69.89) 1113.20 (80.16); 1037.76 (73.78); twisting vibrations of -CH,-
928.91 (85.79)
973.76 (65.55); 944.91 (84.83); 928.91 (85.79) 6(CH,)

925.45 (72.67)
- 825.09 (81.42); 795.40 (83.86) La**-O
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The instability constant of the La(III) complex with gabapentin was determined by the
spectrophotometric method using saturation curves. Using elemental analysis, it was
established that the metal-to-ligand ratio is 1:3; the gross formula of the studied compound is
known. The inner sphere of the complex, being a sparingly soluble electrolyte, dissociates
according to the equation:

[La(GBP);] - 3HCI- 8H,0 - [La(GBP)s]** + 3HCI + 8H,0

X 3x
[La(GBP);]* = La* + 3GBP°

The equation for the solubility product (SP) has the form of 27x*. From the calibration
graph in Fig. 3, the concentration of the saturated solution was determined to be 1.44-10 mol/L.

Kine=SP=x" (3x)*=27x*=27"(1.44-107)*=1.16-10"°

The effect of complexation of gabapentin with lanthanum on the pharmacokinetic
properties of the obtained compounds was examined. It considers an alternative possible
coordination numbers (1 and 2) with inner spheres compositions [La(GBP)]** and [La(GBP)]*".
The in-silico analysis was performed wusing the online services ADMET
(http://qsar.chem.msu.ru/admet/) and PASS Online (https://way2drug.com/PassOnline/predict.php).

According to Table 3, log BB (the ability of a substance to cross the blood-brain barrier)
for gabapentin has a negative value - in contrast to the corresponding complexes readily
penetrating into the brain. The complexes with coordination numbers 2 and 3 are effective for
oral administration (HIA - human intestinal absorption — percentage of absorption in the
intestine) — in contrast to the compound with coordination number 1, for which parenteral
administration is preferable. All three complexes demonstrate higher affinity for the biological
target (higher pKi and pICs values) than gabapentin. Therefore, they should have high affinity
and, theoretically, provide greater efficacy at lower dosages.

Table 3. Comparative analysis of pharmacokinetic and pharmacodynamic parameters using the ADMET online
resource

Compound log BB HIA, % pKi pICso

GBP -0.63 81.15 3.87 3.72
[La(GBP)]** +0.33 30.84 4.47 425
[La(GBP),]*" +0.44 83.05 4.82 3.63
[La(GBP),]*" +0.41 74.03 5.06 333

Gabapentin demonstrates several key types of biological activity, as shown in Table 4.

Table 4. Probability of pharmacological activity manifestation of gabapentin (PASS Online)

Probability of presence of Probability of absence of Effect
biological activity P, biological activity P;

0.894 0.005 CYP2J substrate
0.811 0.002 GABA-C receptor agonist
0.745 0.008 anticonvulsant agent
0.708 0.009 analgesic
0.855 0.015 treatment of phobic disorders
0.799 0.012 NADPH oxidase inhibitor
0.744 0.010 superoxide dismutase inhibitor
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The most studied and pharmacologically significant mechanism is agonism of GABA-C
receptors (P, = 0.811) - an effect on the synthesis and release of y-aminobutyric acid, which is
possible for the drug structure similar to this molecule. This provides both anticonvulsant
(P. = 0.745) and analgesic (P. = 0.708) effects. Another important indicator is the treatment of
phobic disorders (P, = 0.855). The ability of gabapentin to act as an inhibitor of NADPH oxidase
(Pa = 0.799) and superoxide dismutase (P, = 0.744) contributes to both neuroprotective and
adverse effects, reflecting an influence on oxidative stress. Theoretically, gabapentin may also
act as a substrate for the CYP2J2 enzyme of the cytochrome P450 system. However, its activity
has no clinical significance, since the drug is practically not metabolized and is excreted via the
kidneys in an essentially unchanged form [17].

Importantly, gabapentin has 8 theoretically possible adverse effects (with P, > 0.7; see
Table 5). Those are characterized by high and moderate severity: vomiting with blood
(P.=0.801), occult bleeding (P, = 0.747), anemia (P, = 0.773), gastrointestinal bleeding
(P, =0.754), and others.

Table 5. Probability of adverse effects of gabapentin (PASS Online)

Probability of presence of adverse | Probability of absence of adverse Effect
effects P, effects P;

0.801 0.013 vomiting with blood
0.733 0.005 anemia
0.798 0.038 chills
0.754 0.013 gastrointestinal bleeding
0.747 0.017 occult bleeding
0.736 0.013 hypercholesterolemia
0.737 0.035 pure red cell aplasia
0.710 0.040 aphthous ulcer

In contrast to the ligand gabapentin, the La(IlI) complexes with the coordination
numbers 2 and 3 (which are of greatest interest from the standpoint of bioavailability criteria)
exhibit new types of potential biological activity — see Table 6.

Table 6. Probability of pharmacological activity manifestation of lanthanum complexes with gabapentin (PASS
Online)

Probability of pharmacological
activity manifestation for the

Probability of pharmacological
activity manifestation for the

Effect ) . ) .
complex with CN = 2 composition complex with CN = 3 composition
[La(GBP),]**; Pa(Py) [La(GBP)s]**; P (P)
Analgesic 0.748 (0.007) 0.904 (0.004)
Antitumor (multiple myeloma) - 0.837 (0.002)

Treatment of phobic disorders

0.835 (0.022)

0.812 (0.029)

Protection of mucous

0.795 (0.020) 0.767 (0.028)
membranes
Antiseborrheic 0.704 (0.037) -
GABA-C receptor agonist 0.741 (0.037) -
Inhibitor of ubiquinol-
0.749 (0.051) 0.714 (0.063)

cytochrome C reductase
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Thus, the complex with coordination number (CN) 2 is characterized by the
manifestation of antiseborrheic properties (P, = 0.704) and retains GABA-C receptor
antagonism (P, = 0.741). The most promising compound for further biomedical research is the
one with CN = 3, as it has a high probability of manifesting analgesic (P. = 0.904) and antitumor
(P. = 0.837) effects against multiple myeloma.

The manifestation of new types of biological activity is associated with a fundamental
change in the physicochemical and coordination properties of the molecule upon formation of
the complex compound.

Among the adverse effects of the considered metal complexes, it is important to note
neurological and systemic adverse effects (euphoria, weight loss, etc.) - as their P, values
decrease upon transition to CN = 3, indicating an improvement in the safety profile compared
to CN = 2 (see Table 7).

Table 7. Probability of adverse effects of lanthanum complexes with gabapentin (PASS Online)

Probability of an adverse Probability of an adverse
effect for the complex effect for the complex
Adverse effect . . . .
with CN = 2 composition with CN = 3 composition
[La(GBP),]**; P, (Py) [La(GBP);]**; Py (Py)
Euphoria 0.957 (0.004) 0.948 (0.004)
Weight loss 0.913 (0.003) 0.875 (0.003)
Hyperhidrosis 0.890 (0.007) 0.861 (0.009)
Gastrotoxicity 0.754 (0.034) 0.798 (0.026)
Dependence 0.788 (0.007) 0.763 (0.009)

Conclusions

A method has been developed for the synthesis of a water-soluble complex of
lanthanum(III) with gabapentin. The efficiency is confirmed by a high yield (75%); the identity
of the compound has been confirmed by IR and UV-Vis spectroscopy. The spectral
characteristics are as follows: 2925 (v, CH,), 2855 (vs CH,), 1550 (v.s COO7), 1399 (v COO7),
1306 (C-N), 1193 (C-0O), 1113, 1038, 929 (8§ CH,), 825, 795 (La**-0); Amux=302 nm. This
complexation preserves the prospects of biological activity inherent in the original ligand and
provides the possibility of imparting fundamentally new therapeutic properties. The data
obtained justify the potential of further preclinical studies of the complex [La(GBP);]** as a
multifunctional agent for the treatment of neuropathic pain (P. = 0.904), phobic disorders (P,
= 0.812), and cancer (P. = 0.837). The complex, however, requires the development of special
dosage forms to minimize the predicted gastrointestinal toxicity (P, = 0.798).
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Introduction

1,3,4-Oxadiazole derivatives have a special place in modern organic chemistry due to the
unique combination of high thermal and chemical stability, diverse synthetic methods, and
broad possibilities for structural modification. Interest in these compounds is steadily growing,
driven by their versatility and demand in a wide range of fields, from medicinal chemistry to
the development of functional materials for optoelectronics.

1,3,4-Oxadiazoles are widely used in optoelectronics as efficient luminophores and
materials for organic light-emitting diodes (OLEDs) [1]. Owing to their high thermal stability,
oxidation resistance, and electron-transport capability, oxadiazole derivatives are involved into
the fabrication of emission and electron-transport layers in displays. Many companies such as
Samsung and LG [2] actively utilize OLED technologies based on such materials in their
smartphones and televisions. Indeed, it confirms their practical significance and high-
performance characteristics.

The chemical structure of oxadiazoles, particularly 1,3,4-oxadiazoles, attracts the
attention of researchers due to the diversity of their synthetic methods and the prospects for
their application in medicinal and polymer chemistry [3].

Methods for the synthesis of 1,3,4-oxadiazoles are based on condensation reactions
followed by cyclization of carboxylic acid derivatives with carbonyl compounds [4, 5].

Another method for the preparation of 2,5-disubstituted 1,3,4-oxadiazoles is cyclization
using agents such as POCls, H,SOs, P,Os [6-8, 9-11]. However, the use of ultrasound [12] shows
a significant reduction in reaction time and a high yield of the target product.

© Yu.R. Yusifova, A.A. Firstova, A.S. Lebedev, 2026
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The purpose of this work is to develop a simple and efficient method for the synthesis of
2,5-disubstituted 1,3,4-oxadiazoles containing various aromatic substituents.

Main body

Substituted benzhydrazides 1 were chosen as starting compounds due to their availability
and high reactivity. Benzhydrazides 1 were reacted with aromatic aldehydes 2 to obtain
N-acylhydrazines 3. Typically, this reaction is conducted in acetic anhydride or a mixture of acetic
anhydride / acetic acid [13-15]. It is a one-step synthesis of 2,5-disubstituted 1,3,4-oxadiazoles
known. According to it, they are obtained directly from acylhydrazide and aromatic aldehydes
using 1,4-bis(triphenylphosphonium)-2-butene peroxodisulfate (BTPBP) as an oxidant in non-
aqueous and aprotic solvents [16]. These methods have several disadvantages: the use of
aggressive solvents, complex and expensive reagents, and low yields of target products.

We have proposed a solid-phase synthesis method that differs from the classical
solid-phase method [17-20].This reaction does not require a polymer linker, the reagents are
readily available, and the yields of target products range from 79% to 100%. The absence of
solvent and heating makes this method applicable in the context of green chemistry.

The reaction of an aldehyde with a carboxylic acid hydrazide proceeds in the solid phase
and is catalyzed by hydrochloric acid (Scheme 1). The product yield ranges from 79% to 100%.

(o]
* solid phase
N NH X HCI kat —Ry H N
Ri— ot R
% NH, L~

1(a-c) 2(a-d) 3(a-d)

1: R, = H (), R, = 4-Cl (b), R, = 2-OH (c);

2: R, = H (a), R, = 4-Cl (b), R, = 2,4-OMe (c), R, = 2-OH (d);

3:R,=H, R, =H (a); R, =4-Cl, R, =4-Cl (b); R, = 4-Cl, R, =2,4-OMe (c); R; = 2-OH, R, =2-OH (d)
Scheme 1

Table 1. Yield of products 3(a-d)

Ne Coupling 3 RL R, Yield, %
1 a Ri=H,R;=H 100
2 b R =4-Cl, R, =4-Cl 84
3 C R, =4-Cl, R, =2,4-OMe 79
4 d R;=2-OH, R, =4-OH 80

The obtained N-acylhydrazones 3(a-d) were subjected to a cyclization reaction without
additional purification in order to obtain the oxadiazole ring.

=
R1_\ | “ cycllzatlon
NN Rz
o \_|R2

3(a-d) 4(a-d)

3, 4: R1 = H, Rz =H (a); R1 = 4-Cl, Rz = 4-C1 (b), Rl = 4-Cl, Rz = 2,4-OMe (C); R1 = Z-OH, Rz =2-OH (d)
Scheme 2
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When using cyclization procedures involving systems such as POCls/toluene,
POCI;/DMF, and CDI/THEF, impurities of the starting compounds were observed. This
approach has several disadvantages: the need for additional purification, low yield, and
difficulty in isolating the products.

For the synthesis of 2,5-disubstituted 1,3,4-oxadiazoles, we used the [,/K;COs system in
DMSO. This method is the most efficient and versatile one. It allows the target products to be
obtained in yields of up to 78% with a high degree of purity. A solid-phase method using the
L,/K,COs system was also tested. Further, we tested a one-pot synthesis to obtain the high yield
without additional purification without the use of heating or solvents, and with a reduction in
reaction time.

Table 2. Yield of products 4(a-d)

Ne Coupling 4 R, R, Yield, %
1 a Ri=H,R,=H 61
2 b R; =4-CL R, =4-Cl 71
3 C R, =4-Cl, R, =2,4-OMe 75
4 d R;=2-OH, R, =4-OH 78

The structure of the obtained compounds was confirmed by spectral analysis methods:
IR spectroscopy, NMR spectroscopy, and mass spectrometry.

120

™
@
3

4000 3500 3000 2500 2000 1500 1000
WN

Fig. 1. IR spectrum of 2-(4-chlorophenyl)-5-(3,5-dimethoxyphenyl)-1,3,4-oxadiazole 4e

Thus, for 2-(4-chlorophenyl)-5-(3,5-dimethoxyphenyl)-1,3,4-oxadiazole 4e, the IR
spectrum shows characteristic bands at 3089 and 3066 cm™, which correspond to C-H
vibrations of the aromatic rings; bands at 2989, 2942, and 2838 cm™ correspond to vibrations
of free ~CHj; groups. Furthermore, characteristic bands at 1553 cm™ and 1534 cm™ correspond
to the C=N bond of the oxadiazole ring; characteristic bands at 1274 cm™ and 1238 cm'
correspond to C-O-C vibrations in the heterocyclic ring; the C—Cl bond corresponds to a band
at 1068; and bands at 968 and 858 cm™ indicate 1,3,5-substitution in the aromatic ring, as well
as 1,4-substitution at 835 cm™.

In the NMR spectrum of 2-(4-chlorophenyl)-5-(3,5-dimethoxyphenyl)-1,3,4-oxadiazole
4e (Fig. 2), chemical shifts for the protons of the aromatic rings are observed in the region of
8.18 and 7.71 ppm, and at 7.26 ppm. The proton at the C2 carbon of the aromatic ring has a
chemical shift of 6.79 ppm. The protons of the methoxy groups appear as a singlet in the region
of 3.86 ppm.
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Fig. 2. '"H NMR spectrum of 2-(4-chlorophenyl)-5-(3,5-dimethoxyphenyl)-1,3,4-oxadiazole 4e

In the "C NMR spectra of the obtained compounds, signals from all carbon atoms are
observed.

In the electron ionization mass spectra of all synthesized compounds 4(a-d), the
molecular ion was observed. The mass spectrum of compound 2-(4-chlorophenyl)-5-(3,5-
dimethoxyphenyl)-1,3,4-oxadiazole 4e is shown in Figure 3.
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Fig. 3. Mass-spectrum of 2-(4-chlorophenyl)-5-(3,5-dimethoxyphenyl)-1,3,4-oxadiazole 4e
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Conclusions

The efficient method for the synthesis of 2,5-disubstituted 1,3,4-oxadiazoles has been
developed. It involves the solid-phase preparation of N-acylhydrazones from aromatic
hydrazides and aldehydes (yield 79-100%) followed by oxidative cyclization using the I,/K,CO;
system in DMSO. The proposed approach provides yields of the target heterocycles of up to
93%. Moreover, it is characterized by the availability of reagents, the absence of aggressive

media, and complies with the principles of green chemistry.
Experimental part

Reaction monitoring and identification of synthesized compounds were performed using
thin-layer chromatography (TLC) on Kieselgel-G plates (MerckSi 254F). A mixture of
petroleum ether, toluene, acetone, and acetic acid in a ratio of 50:30:50:1 (by volume) was used
as the eluent.

Infrared (IR) spectra were recorded on a PerkinElmer Spectrum Two Fourier-transform
spectrometer using an attenuated total reflection (ATR) accessory. 'H and C NMR spectra
were recorded on a Varian UNITY plus 400 MHz instrument at 303 K. All compounds were
analyzed as 5% solutions in DMSO-ds with tetramethylsilane (TMS) as the internal standard.
"H NMR chemical shifts are given relative to the residual solvent signal (6H 2.5 ppm). "C NMR
chemical shifts are given relative to the central solvent signal (§C 39.5 ppm). Melting points
(m.p.) were determined on an Electrothermal IA 9300 Series apparatus. High-resolution mass
spectra were recorded on a Bruker microTOF II instrument with electrospray ionization (ESI).
Reagents and solvents (Aldrich, Acros) are commercially available and were used without

further purification.

Synthesis of N-acylhydrazones. General methodology.

Hydrazide 1 (0.7 mmol) is placed in a porcelain mortar, and aldehyde 2 (0.7 mmol) is
added to it. 1-2 drops of a 10% solution of hydrochloric acid are added to the reaction mixture.
The reaction mixture is triturated for 5 minutes. The resulting N-acylhydrazones are
precipitated into water, filtered, and dried. The obtained products are subjected to the
cyclization reaction without additional purification.

3a N-(phenylmethylene)benzhydrazide: yield 165 mg (100%), m.p. 163-164 °C.

3b 4-chloro-N"-[(4-chlorophenyl)methylene]benzohydrazide: yield 138 mg (84%),
m.p 186-187 °C.

3¢ 4-chloro-N"-[(2,4-dimethoxyphenyl)methylene]benzohydrazide: yield 129 mg (79%),
m.p. 179-182 °C.

3d 2-hydroxy-N"-[(2-hydroxyphenyl)methylene|benzohydrazide: yield 146 mg (89%),
m.p. 201-202 °C.
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Synthesis of 2,5-disubstituted 1,3,4-oxadiazoles. General methodology.

N-Acylhydrazone 2 (0.45 mmol) in DMSO (10 mL) is placed into a flask equipped with a
magnetic stirrer, then potassium carbonate (1.35 mmol) and crystalline iodine (0.9 mmol) are
added. The reaction mixture is heated to reflux, and the completion of the reaction is
determined by TLC. The reaction mixture was then cooled to room temperature. The reaction
product is precipitated into water, filtered, and dried in air.

4a 2,5-Diphenyl-1,3,4-oxadiazole: yield is 605 mg (61%), Tmelt. 138-139 °C. IR spectrum,
vicm: 1548 (v C=N oxadiazole), 1475 (v C=C Ar), 1439 (v C=C Ar), 1270 (v C-0O-C
oxadiazole), 1068 (v N-N), 963 (8§ C-H Ar), 712, 684 (§ C-H Ar, mono-substitution).
NMR-spectrum 'H (DMSO-d6, §, ppm., J/Hz): 7.56-7.68 (m, 5H, Ph), 8.09-8.15 (m, 5H, Ph).
NMR-spectrum “C (DMSO-d6, §, ppm): 124.03, 124.16, 124.69, 124.74, 127.39, 127.68, 130.12,
130.36, 132.76, 133.04, 164.72, 164.86. Mass-spectrum (EI, 70 eV), m/z (Irel (%)): 222 [M]*
(100), 165 (98), 105 (89), 77 (65), 51 (35). Found (%):C, 75.71; H, 4.50; N, 12.56. C;H1N;O.
Calculated (%):C, 75.66; H, 4.54; N, 12.60.

4b 2,5-bis(4-chlorophenyl)-1,3,4-oxadiazole: yield is 704 mg (71%), Tmelt. 181-182 °C.
IR spectrum, v/em™: 1603 (v C=C Ar), 1550 (v C=N oxadiazole), 1471 (v C=C Ar),
1188 (v C-O-C oxadiazole), 1091 (v C-Cl), 839 (1,4-substitution), 739 (1,4-substitution).
'"H NMR spectrum (DMSO-ds, §, ppm, J/Hz): 7.71 (d, ] = 7.5 Hz, 4H, Ar), 8.15(d, ] = 7.9 Hz,
4H, Ar). NMR spectrum “C (DMSO-d6, §, ppm.): 122.93, 123.39, 129.24, 129.54, 130.24,
130.49, 136.83, 137.63, 137.99, 138.75, 164.08, 164.22. Mass-spectrum (EI, 70 eV), m/z
(Irel (%)): 291 [M]* (55), 199 (50), 139 (100), 111 (49), 75 (20). Found (%):C, 57.76; H, 2.77;
N, 9.62. C1sHsCLN,O. Calculated (%):C, 57.64; H, 2.80; N, 9.65.

4c 2-(4-chlorophenyl)-5-(2,5-dimethoxyphenyl)-1,3,4-oxadiazole: yield is 546 mg (55%),
Tmelt. 135-136 °C. IR spectrum, v/cm™": 3089, 3066 (v C-H Ar), 2989, 2942, 2838 (v C-H CHs,
O-CHa,), 1617, 1599 (v C=C Ar), 1553, 1534 (v C=N oxadiazole), 1485, 1452, 1425 (v C=C Ar,
§ C-H), 1402, 1365, 1287, 1274, 1238 (v C-O-C methoxy), 1206 (v C-O-C oxadiazole),
1068 (v C-Cl), 1045, 1013 (v C-O methoxy), 986, 958, 931, 858 (6 C-H Ar, 1,3,5-substitution),
835 (8 C-H Ar, 1,4-substitution). NMR-spectrum 'H (DMSO-d6, §, ppm, J/Hz):3.86
(s, 6H, OMe), 6.79 (d, ] = 1.9 Hz, 1H, Ar), 7.26 (s, 2H, Ar), 7.71 (d, ] = 7.2 Hz, 2H, Ar), 8.18
(d, ] = 8.6 Hz, 2H, Ar). NMR-spectrum “C (DMSO-d6, §, ppm): 56.24, 56.59, 56.82, 104.79,
105.22, 105.66, 122.85, 125.51, 129.57, 129.71, 130.26, 130.44, 137.46, 137.53, 161.71, 162.27.
Mass-spectrum (EI, 70 eV), m/z (Irel (%)): 316 [M]* (85), 165 (100), 137 (55), 111 (30), 75 (10).
Found (%):C, 60.60; H, 4.11; N, 8.89. C,sH3CIN,Os. Calculated (%):C, 60.67; H, 4.14; N, 8.84.

4d 2,2'-(1,3,4-oxadiazole-2,5-diyl)diphenol: yield is 774 mg (78%), Tmelt. 277-278 °C.
IR spectrum, v/cm™: 3181 (v OH), 1603 (v C=C Ar), 1551 (v C=N oxadiazole), 1485,
1447 (v C=C Ar), 1371 (8 OH), 1295, 1266 (v C-O Ar), 1232 (v C-O-C), 1190,
1156 (v C-0O-C), 755 (1,2-substitution). NMR-spectrum 'H (DMSO-d6, d, ppm, J/Hz):
6.93 (d, ] = 2.7 Hz, 1H, Ar) 6.96 (d, ] = 3.2 Hz, 1H, Ar), 6.99 (d, ] = 8.2 Hz, 1H, Ar), 7.34-7.29
(m, 1H, Ar), 7.48-7.42 (m, 1H, Ar), 7.59-7.54 (m, 1H, Ar), 7.89 (dd, J = 7.8, 1.1 Hz, 1H),
8.68 (s, 1H, Ar), 11.22 (s, 1H, OH), 11.97 (s, 1H, OH). NMR-spectrum “C (DMSO-d6, §, ppm):
116.31, 117.10, 117.96, 119.30, 119.67, 120.07, 129.26, 130.11, 132.28, 134.63, 149.57,158.16,
159.66, 165.15. Found (%):C, 66.16; H, 3.99; N, 11.10. C14H;0N,Os. Calculated (%):C, 66.14; H,
3.96; N, 11.02.
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Introduction

Physico-chemical analytical methods, which based on the interaction of electromagnetic
radiation with a substance, play a central role in modern science and technology. They enable
the identification and quantitative analysis different substances composition. These methods
provide valuable information about the structure and the physical and chemical properties of
the materials under investigation without causing any damage. It makes them the reliable tools
for a wide range of scientific research and industrial applications [1].

In particular, spectral methods are now used for much more than simply identifying

substances. They play a vital role in fundamental research, enabling the assessment of atomic
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and molecular structures, the study of the nature of intermolecular interactions, the kinetics of
chemical reactions, and energy transfer processes [2, 3]. In materials science, spectroscopy
ensures the analysis of alloy compositions and the quality of applied and cured coatings, as well
as the monitoring of crystal growth processes. However, in is not an entire list of its practical
applications [4, 5].

The widespread use of various spectral methods in solving a wide range of industrial,
physicochemical, and everyday problems demonstrates their high effectiveness. In particular,
during the 2020s, cost-effective X-ray fluorescence spectrometers became widely used for
identifying jewellery at customs and verifying its quality and purity [6]. Among the current
practical tasks, there is the analysis of residues of ancient artifacts by X-ray fluorescence
spectrometry (XRF). Raman spectroscopy (spectroscopy of Raman scattering) is currently used
to detect cancer biomarkers in tissues, for early diagnosis of diseases, and for improving
treatment efficacy. Near-infrared spectroscopy (NIR spectroscopy) is used for the analysis of
food composition and provides proper quality control and safety. Spectroscopic remote sensing
techniques, such as DOAS (Differential Optical Absorption Spectroscopy), allow the
concentration of pollutants in the atmosphere to be determined with high accuracy and
sensitivity.

The purpose of this research is to study the feasibility of using optical emission
spectroscopy (OES), technically implemented by exciting electrons with a dielectric barrier
discharge (DBD), for monitoring metal content to assess the quality of aqueous solutions and
media, with the additional prospect of identifying potential sources of pollution. Since the liquid
phase is directly subjected to analysis, this approach can also be successfully applied in the study
of biological tissues, addressing scientific and practical problems related to the determination
of the elemental composition of blood, urine, saliva, early diagnosis of health issues, and

monitoring infection and/or poisoning.

Description of the experimental setup and procedures

OES used in conjunction with DBD is a powerful physicochemical tool for analysing the
composition of samples [7]. However, to obtain reliable results, certain conditions should be
observed and factors affecting the type and nature of the emission spectrum should be taken
into account [8]. First of all, this concerns sample preparation. In our case, the experiments
were conducted with liquid samples collected directly as environmental materials.

Natural samples are often contaminated (with fine particles of silt or sand, especially if
the samples are taken from the bottom part of a water body). Therefore, before analysis, the
liquids were filtered through paper filters and then allowed to stand at room temperature for
24 hours. The criterion for the acceptable degree of sample purification was the absence of
visible contaminants on the filter paper when the analysed sample was passed through it.

Fig. 1 shows a diagram of the experimental apparatus.
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Fig. 1. Experimental setup for conducting research

A sealed transparent chamber with radiation extracted from it through a side opening was
used for the experiment. A dielectric barrier was placed on the grounded stage of the cell; a
fabric wetted with the liquid was placed on top of it; the liquid composition was being analysed
for the presence of metals. The stage (cathode) and the second cylindrical electrode of the
discharge system (anode) were made of stainless steel. Experiments were performed with
anodes of various configurations, ranging from a sharpened tip to a flat-ended design with a
base of varying surface area. The most effective option was an anode with a flat round base
4.0 mm in diameter. Under this condition, the discharge burned stably, and the fabric (the
physical carrier of the object of study - the liquid) was not subjected to plasma destruction.

To implement a DBD, it is necessary to select a suitable dielectric barrier. Various
materials were analysed for this purpose — glass, mica, and a silicone substrate. The best
performance was demonstrated by a "Partsko” mica plate. For this plate, an optimal
compromise was found between the electric strength and thickness, since an increase in barrier
thickness reduces the intensity of the discharge emission. According to our estimates, the
average operating time of one mica plate is 75 hours (sufficient for express analysis). In factory
condition, such sheets withstood voltages of up to 20 kV across the discharge system electrodes
while varying the frequency over a wide range. High frequencies were not used, which was due
to the absence of a suitable high-voltage generator at this stage of the experiment. The generator
G for the experiments (see Fig. 6) was constructed using a classic push-pull ZVS driver circuit
with a fixed frequency; the frequency can be varied within the range of 1-50 kHz (by means of
minor design modifications). In this work, a stable discharge without signs of spark breakdown
was obtained at a frequency of 15 kHz using a cylindrical anode. The voltage across the
electrodes was 3-5 kV, depending on the acquisition of a reproducible spectrum with sufficient
emission intensity of characteristic metal lines. A mandatory requirement is the prevention of
plasma (thermal) destruction of the fabric substrate. Due to its good liquid absorption, it serves
as a carrier for the objects of study. The absence of fabric etching was monitored visually.
The decision to use fabric as a carrier for the analysed liquid was intuitive. When the discharge
was ignited, the liquid efficiently evaporated from the fabric, forming a vapor cloud of the
analysed liquid in the interelectrode space. The strong electric fields in the interelectrode space
facilitated the transfer of metal ions into the gas phase.
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The proposed innovative physicochemical method for monitoring metal compounds in
samples is fairly simple to implement. However, it has a drawback associated with the need to
prevent etching of the fabric during the liquid analysis process. The short duration of the
experiment (no more than 20-30 s) makes this drawback not critical ones in this case.

A portable small diffraction 55-mm spectrometer, model CLMG-7206, manufactured by
Gain Express (People's Republic of China), was used for the experiments. The spectrometer does
not require a separate power supply; it has small dimensions, and can be used in field
conditions; its spectral operating range is 350-950 nm; the spectral resolution is 1.2 nm.
A Logitech HD Webcam C270 (1.3 MP) was used as a detector, providing automatic
illumination correction and natural color reproduction. The resolving power of this camera
allowed the authors to successfully record the resonance lines of metals in the emission spectra.

Main body

Within the framework of this study, two tasks of both purely scientific and applied nature
have been set. The first of these involves the selection of objects for the development of an
express method for monitoring metals in aqueous media and water bodies. The second task
concerns with the acquisition of systematic spectral data that could be used as a basis for
quantitative analysis. It also seems appropriate to determine the main list of elements that we
shall consider potentially hazardous.

If the selection of trace elements necessary for the functioning of living beings is
straightforward and clear (these are, primarily, Fe, K, Na, and Mn) [9], then for metals that have
harmful effects, it is necessary to analyse the pathways of their entry into the human body or
into plant stems and bark, as well as the corresponding sources of their elevated concentration.

Thus, the sources of lead (Pb) accumulation are industrial emissions (primarily from
metallurgical enterprises involved in the processing of lead ores), transportation (vehicle
emissions, especially in areas with heavy traffic), and agricultural chemicals (pesticides and
fertilizers may contain lead as an impurity). Lead accumulates in the soil and can be absorbed
by plant roots, particularly in acidic environments.

Cadmium (Cd) is often present in phosphorites used for fertilizer production, and when
those are applied, it can be accumulated in the soil. Enterprises involved in the production
(processing) of batteries, electroplating shops, and metallurgical plants can release cadmium
into the environment. Cadmium is readily absorbed by plant roots from the soil and can
accumulate in edible parts of plants, such as leaves and fruits.

Ore processing plants and coal-fired power plants are the main sources of mercury (Hg)
emissions. Mercury compounds are also used as fungicides, which leads to soil contamination.
Mercury, like any heavy metal, accumulates in plant leaves and can enter living organisms
through the food chain. The uptake of mercury by roots from the soil is less significant but is
entirely possible in heavily polluted industrial areas.

Enterprises producing stainless steel and nickel alloys, tanneries, and the textile industry
release nickel (Ni) and chromium (Cr) into the environment. Coal and oil combustion leads to
the release of nickel into the atmosphere. Nickel is absorbed by plant roots from the soil and
can accumulate in leaves and seeds. The concentration of nickel in plants increases in acidic
soils.
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The main sources of copper (Cu) accumulation in soil include agricultural chemicals.
Copper compounds are used as fungicides and pesticides. Frequent application of such
products can lead to copper accumulation in the soil. It results in impaired root system
development and reduced crop yields.

Metallurgical enterprises, electroplating industries, and the paint and coatings industry
contaminate the environment with zinc (Zn). Vehicle exhaust, especially near roads with heavy
traffic, can serve as a source of zinc, which settles onto soil and plants in the form of salts.
The degree of zinc contamination strongly depends on the clay mineral content and the soil pH
level (as pH increases, the degree of contamination decreases). Both excess and deficiency of
zinc can negatively affect plant growth and development, as well as influence photosynthesis
and chlorophyll synthesis.

The sources of strontium (Sr) contamination are also quite extensive. Those are accidental
releases from nuclear industry facilities. Secondly, non-ferrous metallurgy enterprises
processing strontium-containing ores, as well as some chemical industry enterprises and
manufacturers of ceramic products and glass. Indeed, strontium can be used as an additive to
improve the properties of porcelain and refractory materials. This type of contamination should
also be taken into account in the production of phosphate fertilizers, since some types of
phosphorites are enriched in strontium [10].

Thus, conducting periodic monitoring of heavy metals in the environment proves to be a
highly relevant task. Such studies are being conducted [11], but they are generally of a particular
nature. Samples are preliminarily collected, prepared, and only then subjected to analysis.
Moreover, these purposes often require expensive reagents of high purity. The use of
unconventional physicochemical research methods — OES using mobile discharge excitation
setups at atmospheric pressure (e.g., DBD) will allow data on the presence of metals in samples
to be obtained directly in the field.

To determine the concentration of metals in water bodies, the internal standard method
was used [12]. Its implementation requires the appropriate calibration curves. To obtain these
curves, we studied the emission spectra of dilute solutions of metal salts potentially presented
in the collected samples.

To construct the calibration curves, spectral data were used for solutions of metal
chlorides with concentrations of: 0.005; 0.010; 0.050; 0.100; 0.500; and 1.000 mg/L for each
metal. The emission spectra obtained for the metals are presented in Table 1.

Table 1. Characteristic emission wavelengths of the studied elements

Item n/a Analyzed metal Selected emission wavelengths, A, nm
1 Na 589
2 K 583
3 Fe 516; 432
4 Mn 403
5 Cu 589; 406
6 n 577
7 Pb 405
8 Cd 643
9 Ni 471
10 Sr 581; 472
11 Hg 546; 436
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There is a list of selected emission wavelengths that unambiguously correspond to the
excitation of a particular chemical element appearing in the spectrum.

Below there are the results of the analysis of samples collected from natural water bodies
near the Uvod Reservoir in the vicinity of the localities of Yegoriy, Khudynino, and Mikshino,
the Ivanovo region (Russia). Analysis of the emission spectra from samples collected near these
localities showed that the main elements spectrally detected are lead, iron, zinc, and copper. The
elements strontium and cadmium were not detected, even in trace amounts; therefore, chlorides
of these metals were used as the internal standard.

Figs. 2-4 show the emission spectra for the test samples collected near the aforementioned

localities.
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Fig. 2. Emission spectrum from a sample collected by the authors near the settlement of Yegoriy (the Ivanovo

region, Russia).
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Fig. 3. Emission spectrum from a sample collected by the authors near the settlement of Khudynino (the Ivanovo

region, Russia).
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Fig. 4. Emission spectrum from a sample collected by the authors near the settlement of Mikshino (the Ivanovo
region, Russia).

Figs. 2-4 show the lines of strontium (Sr) and cadmium (Cd) correspond to the emission
of the internal standard - an additive specially introduced into the sample in the form of metal
chlorides at a concentration of 1 mg/L.

The calibration curves (see Figs. 5, 6) were obtained for concentration values of the target
metals in the range of 0.005...1.000 mg/L and, accordingly, for concentrations of the internal
standard (Sr and Cd) equal to 1.000 mg/L. Matching the internal standard concentration for the
experimental samples to that used for the calibration curves is the main condition for obtaining

reliable quantitative results.
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Fig. 5. Calibration curve; internal standard - strontium (Sr)
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Fig. 6. Calibration curve; internal standard - cadmium (Cd)

In the calibration curves, N; is the concentration of the chlorides of the corresponding
salts. Therefore, a subsequent conversion to the metal concentration was performed using the
chemical compound formula to obtain N,.. The use of salts as the internal standard is necessary
to check the influence of the factor of different excitation probabilities of states on the emission
intensities. Indeed, if processing data obtained using two different standards yields comparable
results for metal concentrations in identical samples, it can be assumed that this factor will be
automatically accounted for when implementing the internal standard method. However, it
requires separate discussion.

Indeed, the emission intensity in emission spectroscopy depends on concentration and
the excitation rate coefficient of the emitting state, which may be different for metals. This is an
important aspect in the context of the proposed method; the following reasoning explains why
the excitation rate coefficient (ERC) was not explicitly taken into account. The implementation
of the internal standard method (actinometry method) involves constructing a dependence of
the intensity ratio of the target component (Ii:) on the concentration of the target metal
(Ctarger). The ERC for each metal (Pb, Fe, Zn, Cu), for strontium (Sr) in one variant, and for
cadmium (Cd) in the second, is implicitly accounted for in the calibration curve. Indeed, the
ERC (the probability of excitation followed by emission) determines how efficiently an atom of
a given metal transitions to an excited state under the action of plasma energy (in this case,
DBD) and then emits a photon (here we assume that excited states decay via photon emission).
This coefficient is closely related:

— to the probability that, upon collision with an electron, an atom will transition to a
specific upper energy level;

- to the energy distribution of electrons in the plasma (factors of experimental
temperature and electron concentration), i.e., the number of electrons responsible for exciting
the atoms.
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OES measures the emission, which is the result of all processes, including evaporation,
atomization, ionization, excitation, and subsequent emission. Thus, the line intensity is a
complex indicator.

Now we define the role of the internal standard. Within a single experiment (whether
calibration or for an unknown sample), all analytes are subjected to the same conditions during
DBD. This means that they experience the same energy input from the plasma; i.e., fluctuations
in the DBD parameters (temperature, electron concentration, plasma geometry) for the
elements under consideration will be comparable. On the other hand, in the ratio Liage/isr, we
are essentially dividing the intensity of the target metal included its ERC and plasma effects, by
the intensity of strontium included its ERC and the same plasma effects. If the plasma
parameters are not constant (e.g., temperature), this can lead to changes in the intensity of both
the target metal and strontium. As a result, their ratio remains relatively constant despite
changes in absolute intensities. Thus, the calibration curve Lie/Isr = f(Crarger) Will empirically
reflect the combined effect of concentration, the ERC of the target metal, the ERC of strontium
(the standard), and the influence of the DBD. It shows how the ratio of measured signals
depends on the analytical quantity (concentration). The other factors affecting intensity are
averaged out and compensated for through the use of the internal standard.

Based on the above, the concentrations of metals in various samples from water bodies of
the Ivanovo region (Russia) were determined (see Table 2). The experimental data shown in
Figs. 1-5 were used as the initial ones.

Table 2. The results of determining the concentration of metals in water samples collected from water bodies of

the Ivanovo region (Russia) recalculated as the concentration of the pure metal (N,,)

The village of Yegoriy
Maximum
Metal in N, mg/l N, mg/l Average N, value obtained using perm1ss:1b‘le
the sample (Sr Standard) (Cd Standard) the two standards, mg/L con(cl\zrggtlon
mg/L
Lead 0.08+0.01 0.05+0.01 0.07+0.01 0.03
Iron 0.23+0.01 0.12+0.01 0.18+0.01 0.30
Copper 0.56+0.04 0.28+0.02 0.42+0.03 1.00
Zinc 0.46+0.03 0.15+0.01 0.31+£0.02 1.00
The village of Khudynino
Lead 0.07+0.01 0.05+0.01 0.06+0.01 0.03
Iron 0.33+0.02 0.12+0.01 0.23+£0.02 0.30
Copper 0.64+0.05 0.20+0.02 0.42+0.03 1.00
Zinc 0.62+0.04 0.19+0.01 0.41+0.03 1.00
The village of Mikshino
Lead 0.18+0.01 0.08+0.01 0.13+£0.01 0.03
Iron 0.62+0.04 0.17+0.01 0.40+0.01 0.40
Copper 0.60+0.05 0.23+0.02 0.42+0.03 1.00
Zinc 0.63+0.05 0.23+£0.01 0.43+0.03 1.00

Note: in all cases, metal chlorides were used to obtain calibration curves - PbCl,, FeCls, CuCl,, ZnCl..
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The qualitative set of metals detected in samples taken from different localities turned out
to be identical. It is explained by the fact that the water bodies are connected by a single system
(the Uvod Reservoir, the Ivanovo region, Russia). However, the quantitative composition of metals
in the analyzed samples proved to be different. In particular, the results obtained at Mikshino
(the Ivanovo region, Russia) indicate a significant exceedance of the maximum permissible
concentration (MPC) for lead. It is characteristic that the MPC values applied were those for
drinking water as well as for water bodies used for domestic and economic purposes [11].

Conclusions

The use of OES in practical combination with DBD implemented at atmospheric pressure
will allow a range of pollutants, such as heavy metals in natural water samples from the Ivanovo
region, Russia, to be detected with a sufficient degree of accuracy. The sensitivity of the
proposed physicochemical analytical method is at the level of the maximum permissible
concentration of the pollutant. The implementation of this approach proves to be highly
promising from a practical standpoint. Moreover, it serves as a basis for designing mobile

portable devices necessary for environmental monitoring.
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Keywords: Abstract. The paper demonstrates an effective possibility of using waste (shot-blasting
aluminum, dust) from the production of V-Al master alloys for obtaining the dispersion-
amorphization, strengthened composite materials based on aluminum. An analysis of the chemical,
shot-blasting dust, phase, and granulometric composition of dust from VnAl-65 and VnAl-1 master alloys

dispersion-strengthened  has been conducted. To increase the reactivity, the shot-blasting dust (SBD) was

composite, reactivity subjected to mechanical activation in a planetary mill with the establishment of the
optimal processing time. It significantly reduces the average particle size up to 8 ym
with an increase in specific surface area by several times and induces amorphization of
ALO;s. According to XRD analysis and electron microscopy, during the sintering of
mixtures (Al + SBDvyares, Al + SBDvyar1), a composite material is formed. Moreover,
strengthening intermetallic compounds (AlV, AlsVy and FesAl;s) are uniformly
distributed in the aluminum matrix — a solid solution of V in AL
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Introduction

During the production of master alloys for titanium alloys at JSC "Uralredmet" (the
Sverdlovsk region, Verhnyaya Pishma, The Russian Federation) there is generation and
accumulation of disperse dust after filtration in the ventilation system of shot-blasting units.
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Those are in use in the manufacture of components for the aerospace industry, defense
equipment, shipbuilding, and chemical engineering [1]. The products of shot-blasting cleaning
of master alloys are not further utilized and recycled. Due to the absence of comprehensive
technologies for their processing for subsequent reintroduction into production and the lack of
capabilities for enterprises to master more advanced reprocessing stages, this industrial
by-product does not find wide application at domestic metallurgical enterprises [2].

On the one hand, the processing of disperse industrial by-products and their remelting
are complex technological stages in the involvement of waste in the production of high-quality
master alloys, alloys, and special additives. It is complicated by the variable composition and
metallurgical properties of the dust, its explosion, and fire hazard. It also applies to the
processing of disperse material from the filter unit after cleaning master alloy ingots of various
compositions in shot-blasting machines at JSC "Uralredmet".

On the other hand, the products of processing master alloy ingots (V, Mo, Ti with Al)
could be applied in the manufacture of new composite alloys and materials due to the rather
high content of intermetallic compounds. For example, in [3], a composite alloy of the Al-V
system was obtained; aluminum acts as the matrix and the intermetallic compound ALV acts
as the reinforcing component.

The initial state of the powder mixture is important for controlling the processes of
reactive sintering of the components of the Al-V system. Mechanical activation through the
processing of powders in high-energy attritors is a method of intensifying technological
processes for obtaining materials [4, 5]. During this process, a reduction in particle size and an
increase in their specific surface area occur, along with mixing and accumulation of structural
defects in the crystal lattice, and the formation of chemical compounds. For example, it occurs
in the synthesis of a composite material based on an aluminum-vanadium alloy [6]. In [7],
the efficiency of mechanical activation depends on the type of mill, the energy intensity of the
process, and the processing time. For example, excessive grinding can lead to welding of
particles and the formation of difficult-to-separate agglomerates (the mechanic-welding effect)
[5]. Therefore, the search for optimal grinding conditions will contribute to the efficiency of the
subsequent synthesis of the functional material.

Current trends in the global metallurgical industry demonstrate a shift toward sustainable
development and the circular economy. Indeed, the processing of technogenic waste is
becoming one of the most important tasks for preserving the resource base and reducing
environmental impact [8]. For example, PJSC MMC Norilsk Nickel (The Russian Federation),
successfully implemented the projects for the recycling of tailings from metallurgical
production. It confirms the effectiveness of incorporating secondary raw materials into
economic circulation [9].

Our previous studies [10] confirmed the fundamental feasibility of using shot-blasting
dust from the V-Al master alloy as a feedstock for obtaining an aluminum-matrix composite.
However, to optimize the composition and structure of the final materials, a detailed
investigation of fractional composition of shot-blasting dust influence (SBD), mechanical
activation conditions, and heat treatment is required.
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The purpose of this study is to optimize the method of using disperse waste (shot-blasting
dust) generated during the production of V-Al master alloys for obtaining aluminum-based
composite materials with high functional properties. The objectives of the study are: analysis of
the chemical, phase, and granulometric composition of shot-blasting dust from VnAl-1 and
VnAl-65 master alloys; investigation of the effect of mechanical activation (grinding in a
planetary mill) on the morphology, dispersity, and phase composition of dust particles;
optimization of the synthesis method for new composite materials using shot-blasting dust, and
elucidation of the strengthening mechanisms of the aluminum matrix during sintering.

Methods of investigation and sample preparation

For the study, shot-blasting dust from master alloys of grades VnAl-65 with a high
vanadium content (65 wt. %) and VnAIl-1 (V — 70 wt. %) was used.

The phase composition of the samples (initial SBD and synthesized composites) was
investigated using a STADI-P powder X-ray diffractometer (STOE, Germany) with CuKa,
radiation, using the PDF-2 X-ray diffraction data library (Release 2009). Quantitative phase
analysis was performed by the Rietveld method using the MAUD (Material Analysis Using
Diffraction) software [11]. To study the surface morphology of powder mixture particles and
sintered materials, an analytical scanning electron microscope TESCAN VEGA Compact LMH
(s5121) with an energy-dispersive X-ray (EDX) analyzer was used.

The granulometric composition was determined using a Horiba LA 950 laser particle size
analyzer (Horiba, Japan) by the method of scattering and detection of reflected/refracted laser
light. Chemical analysis was performed by atomic emission spectroscopy on a JY-48 inductively
coupled plasma spectroanalyzer. The specific surface area of dust particles was estimated by the
low-temperature nitrogen adsorption method (BET method) on a TriStar 3000 automatic
analyzer (Micromeritics, USA).

To reduce the particle size of SBD and increase its reactivity, we grind it in a GEFEST-2
planetary-centrifugal mill. Zirconium oxide was used as the material for the drum lining and
for the grinding balls with a diameter of 5 mm. Subsequent tableting was performed on a
PGD-400 manual hydraulic press with a force of 7 tons (pressure 180 bar) in a mold with a
diameter of 10 mm. Thereafter, the samples were sintered in a laboratory furnace under a
vacuum of 3-10* Pa with an overpressure of Ar of 151 kPa at a temperature of 750 °C with a
holding time of 30 min. The hardness of the annealed samples was studied by the Vickers
method on a PMT-3M microhardness tester with an applied load of 0.1 kg.

Materials and their characteristics

The production of V-Al master alloys is based on the exothermic reaction of aluminothermic

reduction of metal oxides with a reductant according to the following reactions [12, 13]:

3V,0s + 10Al > 6V + 5AL,0;, (1)

3V + Al > V5AL (2)
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As a result, a dense ingot is obtained from the charge material in a lined crucible, with
slag (ALOs) located in the upper layer.

According to [14], the master alloy is the intermetallic compound VAl with a hexagonal
structure. It is presented in the equilibrium phase diagram of the V-Al system [13]. To remove
slag inclusions and oxide films from the ingot surface, automated cleaning is made in a shot-blasting
unit. The abrasive material used is chilled cast steel shot with a particle size of 0.5-0.7 mm.
At the shot-blasting cleaning stage, a large amount of disperse material accumulates in the dust
collection filter - SBD.

Indeed, SBD is not involved in the subsequent (secondary) production cycle and is not
processed. Due to the high cost of recycling, it is stored in the enterprise warehouses and
considered as waste. According to plant analyses of elemental composition, the shot-blasting
dust contains components based on vanadium, aluminum, and iron. The amount of waste

generated reaches 500-1000 kg monthly.
Fig. 1 shows the morphology of shot-blasting dust from VnAl-65 (a) and VnAl-1 (b)
master alloys.

Fig. 1. Micrographs of SBD from master alloys: a) VnAl-65; b) VnAl-1.

However, there are a lot of fine dust fractions and particles with sizes greater than several
tens of micrometers. They have an irregular, fragmental shape with a developed rough surface.
The large particles have a lamellar structure.

For a more detailed morphological analysis of the distribution of SBD components
depending on their chemical composition and size, the industrial by-product was sieved
through sieves (mesh size: 0.063 mm, 0.04 mm) with separation of particles into fractions:
greater than 63 um, from 40 to 63 pm, and less than 40 um. Figs. 2 and 3 present the results of
the sieve analysis of shot-blasting dust from both master alloys with EDX analysis.
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EDX analysis regions (mass %):
1)-4.2A1,470,19V,89.3 Fe;
2)-49.8 A1,47.50,0.8V, 2 Fe;
3)-21.7 A, 13.80,61.9V, 2.6 Fe;
4) -16.7 Al,10.3 0, 60.3 V, 12.7 Fe;
5)-13.7A1,9.80,72.9V, 3.6 Fe;
6)-18.2 Al,18.70,59.6 V, 3.5 Fe.

EDX analysis regions (mass %):

1) - 459 Al,37.6 O, 3.1V, 13.4 Fe;
2)-52A1,490,4.5V, 85.4 Fe;
3)-23A1,7.70,65.8V, 3.5 Fe;
4)-26.1A1,730,652V,1.4Fe;
5)-23.3 AL, 6.6 0,65V, 5.2 Fe;

6) - 6.3 Al,5.50,3.7V, 84.5 Fe.

EDX analysis regions (mass %):

1) - 38.3 Al,46.2 0, 11.8V, 3.7 Fe;
2)-1.1A1,0.70,1.4V,96.8 Fe;
3)-28.7A1,4.9 0, 64.1V,2.3 Fe;
4)-2.6A1,1.80,3.8V,91.8 Fe;
5)-17.8 A1,9.50, 684V, 4.2 Fe;
6) - 18.4 A1,9.2 0,709V, 1.5 Fe.

Fig. 2. Morphology and EDX analysis of shot-blasting dust particle fractions from VnAl-65 master alloy depending
on the fraction: a) > 63 pm; b) 40-63 pm; c) < 40 um.
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EDX analysis regions (mass %):
1)-2.7Al,2.70,4.1V,90.5 Fe;
2)-49.4 Al,470,1.5V, 2.1 Fe;

3) - 549 Al,3320,1.6V, 10.3 Fe;
4) -15.5Al,16.3 0,47.3V,20.9 Fe;
5) - 46.1 A,47.6 O,2.0V, 4.4 Fe;
6) - 20.7 Al,25.3 0,324V, 21.6 Fe.

EDX analysis regions (mass %):
1) -26.2 Al,5.80,65.2V,2.8 Fe;
2)-47.4A1,41.50,3.4V, 7.6 Fe;
3)-44.8 Al,44 O, 3.7V, 7.5 Fe;
4)-3.7A1,50,3.1V,88.1 Fe;
5)-3.1A1,440,3.7V, 889 Fe;
6) -49.5 A, 42.50,1.9V, 6.1 Fe.

EDX analysis regions (mass %):

1) -58.2 Al,36.70,2.2V,2.9 Fe;
2) -56.1 Al,42.50,0.5V, 0.9 Fe;
3)-27.4A1,890,59.1V, 4.6 Fe;
4) - 46.7 Al,44.8 0,34V, 5.2 Fe;
5)-5.7 AL, 6.00,4.2V, 84.1 Fe;

6) - 6.7 A,9.2 O, 67.8V, 16.3 Fe.

Fig. 3. Morphology and EDX analysis of shot-blasting dust particle fractions from VnAl-1 master alloy depending
on the fraction: a) > 63 pm; b) 40-63 pm; c) < 40 um.
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According to X-ray phase analysis of SBD from VnAl-65 master alloy (Fig. 4a), it is a
mechanical mixture of the composition: 50 wt. % ALOs, 38 wt. % V3Al, 8 wt. % Fe and 4 wt. %
Fe;0s. VnAl-1 is in the following form: 47 wt. % ALOs, 42 wt. % V3Al 8 wt.% Fe, and 3 wt.%
Fe,Os (Fig. 4b).
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Fig. 4. X-ray diffraction patterns of SBD from VnAl-65 (a) and VnAl-1 (b) master alloys.

Chemical analysis of SBD from VnAl-65 master alloy showed a content of V - 34.3 wt.%,
Fe - 10.7 wt.%, O - 22.3 wt.%, Al - 32.2 wt.%, and accompanying impurities at the level of a few
hundredths of a percent. In the case of VnAl-1: V - 38.5 wt.%, Fe — 10.1 wt.%, Al — 31.1 wt.%,
O - 19.8 wt.%, and other impurities are in similar amounts.

By analogy with the study of particle morphology using an electron microscope
depending on the particle fraction (Figs. 2, 3), X-ray phase analysis of the phase distribution in
the composition of SBD from VnAl-65 and VnAl-1 master alloys after sieving was performed
(Table 1).

Table 1. Fractional and X-ray phase composition before and after sieving.

SBD fraction size, ym Content of fractions after V;Al, ALO;, Fe, Fe,0;5,
sieving, % wt.% wt.% wt.% wt.%
VnAl-65
Initial 100 38 50 8 4
<40 71.4 32 63 3 2
40 - 63 10.2 28 66 4 2
>63 18.4 25 67 6 2
VnAl-1
Initial 100 42 47 8 3
<40 72.1 36 60 3 1
40 - 63 11.6 32 63 4 1
>63 16.3 29 64 6 1

According to Table 1 and Figs. 2 and 3, the main content in SBDvuai6s consists of particles
with a fraction size of < 40 um, accounting for 71.4%, with larger particles (> 63 um) present in
an amount of 18.4%. X-ray phase analysis showed an increase in the ALOs; component with
increasing particle size by approximately 25%. It is accompanied by a simultaneous decrease in
the amount of the intermetallic compound V;AL In the case of SBDyaai1, a similar trend is
observed. Predominantly, this mixture contains about 72.1% of particles with a size < 40 pm,
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and 16.3% of larger particles (> 63 pm). The amount of ALOs also increases with increasing
particle size while the V;Al content decreases.

Experimental results

To reduce the particle size and increase their reactivity, SBD from VnAl-1 and VnAI-65
master alloys was subjected to grinding in a planetary-centrifugal mill. The grinding was at a
speed of 1300 rpm in four time modes: 10, 30, 60, and 120 min. The average particle size of the
initial shot-blasting dust from each of the master alloys was about 16 pm. Table 2 presents the
results of studying the effect of grinding duration on the average particle size using the example
of shot-blasting dust from VnAl-1 master alloy.

Table 2. Effect of mechanical activation time on the average particle size of SBDyyal.1.

Grinding time, min. Average particle size, pm
0 16.0
10 10.0
30 9.5
60 7.8
120 10.0

According to Table 2, the grinding efficiency of SBDvnar samples is achieved at a
processing time of 60 min. In this case, the average particle size reaches a level of about 7.8 pum,
with an increase in specific surface area by almost 6.5 times (Sgpo — 0.2925; S0 — 1.9048).
Increasing the processing time to 120 min leads to the opposite effect — an increase in the
average size to about 10.0 pum due to particle agglomeration. In the case of SBD from VnAl-65
master alloy, a similar pattern is observed. The optimal grinding time was 60 min; the average
particle size reached 8 um with a change in specific surface area from 0.3561 to 1.8834 m?/g.

According to X-ray phase analysis, during the mechanochemical activation, a change in
the content of components in the SBDvnar1 mixture occurs. However, before grinding, as noted
in Fig. 4b they were as follows: ALLOs - 47 wt.%, V3Al - 42 wt.%, Fe - 8 wt.%, Fe,Os - 3 wt.%; after
grinding they were as follows: ALO; - 32 wt.%, VsAl - 52 wt.%, Fe - 10 wt.%, Fe;Os - 6 wt.%.
As a result, ALOs content decreased by more than 30%. This is explained by the fact that under
high-energy impact, a thin layer of amorphous aluminum oxide is formed on the particle
surface, i.e., a process of ALOs amorphization occurs [5; 15]. Simultaneously, the diffraction
pattern shows an increase in the intensity of peaks from Fe;O;, Fe, and the intermetallic
compound VAL For SBDvnaies a similar trend is observed. Indeed, before grinding (Fig. 4a) the
phase composition was as follows: ALOs- 50 wt.%, VAl - 38 wt.%, Fe - 8 wt.%, Fe;Os - 4 wt.%;
after grinding: ALOs - 35 wt.%, VsAl - 46 wt.%, Fe - 12 wt.%, Fe;Os - 7 wt.%.

The next step was the synthesis of the composite material. For this purpose, mixtures were
prepared containing 5% SBDvaai1 (before and after grinding) and 95% Al in the form of APZh
grade powder. Aluminum powder of the APZh grade has a spherical and tear-drop shape with
a smooth surface, characteristic of powders obtained by inert gas atomization. The average
particle size of the powder is about 52.5 um; a specific surface area of 0.19 m?*/g. These
compositions were pressed into tablets with a diameter of 10 mm, a thickness is 6 mm, and a
mass is 2 g; sintered in a vacuum furnace at 750 °C in argon with a holding time of 30 min.
X-ray phase analysis of the sintered samples showed that the material obtained from unmilled

138



A&ROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 7, ISSUE 2, 2026

SBDvnar1 consists of 88 wt.% Al 9 wt.% AlsVsi, 2 wt.% ALV and 1 wt.% FesAlis. The sample with
milled SBDvnar1 affected the amount of identified phases: 85 wt.% Al, 10 wt.% ALV, 3 wt.%
ALV and 2 wt.% FesAl;s. In both cases, no crystalline oxide phases were detected.

The synthesis of the composite material is under similar conditions from mixtures of
APZh and VnAl-65 (before and after grinding). XRD analysis showed results similar to those
for the Al + SBDvnar1 samples, differing only slightly in quantitative terms: without grinding -
89 wt.% Al, 8 wt.% ALsVs, 1 wt.% ALV and 2 wt.% FesAlys; after grinding - 87 wt.% Al 9 wt.%
AlsVy, 2 wt.% ALV and 2 wt.% FesAlis. Thus, the introduction of SBD after grinding affects the
reduction of Al and ALV content and the increase in the amounts of Al,;V,and FesAly; in the
composite. It indicates an increase in the reactivity of the shot-blasting dust due to mechanical
activation.

The absence of Fe,O:s in the structure of the sintered samples is explained by the fact that
during synthesis, a thermite reaction occurs between liquid aluminum and iron oxide [16]:

2Al + Fe;O3 > 2Fe + ALO;, (3)

4Fe + 13Al > Fe Al (4)

Metallic iron, having reacted with liquid aluminum, forms an intermetallic compound of
composition Fe,Al;s [17, 18]. It is in good agreement with the general principles of processing
iron-containing waste from non-ferrous metallurgy. As noted in the review [18], combined
pyro-hydrometallurgical methods allow efficient extraction of iron from slags and its
conversion into valuable compounds. In our study, the thermite reaction (3) and the subsequent
interaction of iron with aluminum (4) demonstrate the implementation of a similar approach
in solid-phase synthesis. It agrees with the work of [19]. Also, the grinding of SBD noticeably
affected the phase formation processes of the composites: the transition at 750 °C of
the intermetallic compound V;Al (peritectic Tiomation 1360 °C) into ALV (Thperitectic formation 736 °C),
i.e., a dissolution process of VsAl in Al took place. The interaction at the phase boundaries
(V3Al/ Fe;Os / ALOs /Al) contributes to the formation of a heterogeneous structure of the material.

Fig. 5 shows micrographs of the surface of the composites Al + SBDvnar1 (a) and Al +
SBDvnares (b) after processing.

Fig. 5. Microstructure of composites after using SBD subjected to grinding: a) Al + SBDyuar1; b) Al + SBDyaaies.
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In the aluminum matrix, the intermetallic compounds are uniformly distributed in the
field of the polished section. EDX analysis for the Al + SBDvnar1 sample showed (Fig. 5a) that
area 1 corresponds to aluminum, area 2 contains 75.3 wt.% Al and 24.7 wt.% V, and area 3
contains 70.1 wt.% Al and 29.9 wt.% Fe. Over the entire plane of the polished section of
the Al + SBDvnaL1 composite, chemical analysis showed the following elemental content:
92.2 wt.% Al, 5.9 wt.% V, and 1.9 wt.% Fe. For Al + SBDvnares (Fig. 5b): area 1 is the aluminum
matrix, area 2 contains 78.4 wt.% Al and 21.6 wt.% V, and area 3 contains 73.5 wt.% Al and
26.5 wt.% Fe. According to EDX analysis of the entire plane of the polished section
of Al + SBDvnares: 94.1 wt.% Al, 4.3 wt.% V, and 1.6 wt.% Fe. Averaged point analysis of both
samples showed that in the zone of the aluminum matrix located between vanadium
intermetallics, the V content is about 0.9 at.%. According to the V-Al phase diagram [13], the
solubility of vanadium in aluminum at temperatures of 735, 660, and 500 °C is 0.91, 0.2, and
0.11 at.%, respectively. It is consistent with the result obtained above.

Table 3 presents the results of microhardness measurements of the synthesized Al + SBD
composites depending on the type of master alloy and mechanical activation time, in
comparison with the material from the original APZh grade aluminum.

Table 3. Microhardness of sintered samples.

Sample Average microhardness value, HV,
APZh 48.3
Al+SBDvnar; without grinding 65.3
Al+SBDvnar after grinding 67.2
Al+SBDvpares without grinding 58.7
Al+SBDvnares after grinding 60.2

According to Table 2 and Fig. 5, the introduction of 5% disperse industrial by-product
into the aluminum powder leads to significant strengthening of the matrix during sintering due
to the absence of crystalline oxide components in the final product, the appearance of
intermetallic compounds during the thermite reaction of Al-Fe,Os, and the formation of
refractory vanadium compounds (V;Al + Al > ALV, ALV + Al > AlLsV4). The obtained
composite materials demonstrate a homogeneous microstructure with a uniform distribution
of strengthening phases. Indeed, the hardness values depend on the initial composition of the
SBD and the mechanical activation time.

Conclusions

1. The certification of shot-blasting dusts from VnAl-1 and VnAl-65 master alloys has
been conducted. These dusts represent a complex mechanical mixture consisting of the
intermetallic compound V;Al, aluminum oxide (ALOs), metallic iron, and its oxide (Fe,Os).
The bulk of the particles (~70%) has a size of less than 40 um. Indeed, with increasing particle
size of SBD, the ALLOs content increases and the V;Al content decreases.

2. Treatment in a planetary mill effectively influences the dispersity of dust particles. The
optimal grinding time (60 min) has been established. During this time the partial
amorphization of ALLOs occurs and the average particle size decreases from 16 to about 8 pum
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with an increase in specific surface area by several times. It contributes to an improvement in
the reactivity of the mixture during the synthesis of composite materials.

3. During sintering, a thermite reaction between aluminum and iron oxide proceeds,
along with partial dissolution of ALV in the aluminum matrix. The presence in the structure of
the final material of the intermetallic compounds ALV, AL:;V, and FesAl;s without crystalline
oxide components contributes to significant strengthening of the synthesized composites.

4. The obtained composites are close in hardness to well-known widely used aluminum
alloys: avial AD35 (HV,. = 68.5), silumins Al4, Al9 (HV,.1(Al4) = 53-73.7, HV,.1(Al9) = 47-53).
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Introduction

Previously, based on experimental data, the thermodynamic efficiency of recuperative
heat exchangers was determined. A comparison of the thermodynamic efficiency of
recuperative heat exchangers for two flow arrangements of heat transfer fluids, parallel flow,
and counterflow was provided. The advantage of the counterflow arrangement was confirmed,
resulting in the thermodynamic efficiency 5-10% higher than under parallel flow. At the
selected flow rates of the heat transfer fluids, the thermodynamic efficiency of the pipe-in-pipe
heat exchanger is higher than that of the shell-and-tube heat exchanger [1].

Main body

The purpose of this study is to compare the efficiency of recuperative heat exchangers
based on the energy and exergy efficiency coefficients.
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The energy efficiency of heat exchangers is one of the most important indicators of heat
exchanger performance [2-6].

A visual representation of the energy and material flows of the heat exchange process is
presented in the diagram (Fig. 1).

Q Hom

Qxl

Q.

Q 21
Qe.?

Fig. 1. Diagram for the heat transfer process without a change in the aggregate state of the media.

The energy efficiency characterises the ratio between the heat received by the cold heat
transfer fluid and the maximum possible (available) amount of heat that can be transferred to
the cold heat transfer fluid. It shows the fraction of the maximum possible heat is actually
transferred through the apparatus:

QCZ - ch

r’en - th

where Q.,is an amount of heat leaving the heat exchanger with the cold heat transfer fluid, W;
Q.1 is an amount of heat entering the heat exchanger with the cold heat transfer fluid, W;
Qp, is an amount of heat entering the heat exchanger with the hot heat transfer fluid, W.

Q2 = Getey, Q1 = Getey, Qn1 = Gctpy.

where Gis mass flow rate of the heat transfer fluid, kg/s;
c is specific heat capacity of the heat transfer fluid, J/(kg-K);

tc2 is temperature of the cold heat transfer fluid at the outlet of the heat exchanger, °C;
tc1 is temperature of the cold heat transfer fluid at the inlet of the heat exchanger, °C;
tnq is temperature of the hot heat transfer fluid at the inlet of the heat exchanger, °C;

The amount of heat transferred to the cold heat transfer fluid is determined as

Qc2 — Qc1 = Q.

The energy efficiency of heat exchangers is influenced by many factors, including the flow
velocity of the heat transfer fluids, which contributes to an increase in heat transfer coefficients;
fouling of heat exchanger surfaces; and design parameters of the heat exchangers (helical ridges
in tubes, spiral channels, transverse baffles).

To improve the energy efficiency of heat exchangers, methods of heat transfer
intensification and reduction of heat exchanger surface fouling are used. However, heat transfer
intensification leads to an increase in the energy consumption required to overcome the
growing hydraulic resistance. Consequently, the increase in heat transfer intensity should be
balanced against the increase in hydraulic resistance [3].
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Experimental studies were conducted for recuperative heat exchangers of the pipe-in-pipe
type and a single-pass shell-and-tube heat exchanger. Table 1 shows the main parameters of the
heat exchangers.

Table 1. Main parameters of the heat exchangers

Pipe-in-pipe heat exchanger Shell-and-tube heat exchanger
Inner pipe diameter d, X6, = 27x3 mm; Inner pipe diameter d,x8., = 14x2 mm;
Outer pipe diameter D,;xd., = 48x4 mm; Housing diameter Dy, = 200 mm;
Total length of the heat exchanger L = 6 m; Total length of the heat exchanger L = 0.5 m;
Heat transfer surface S = 0.452 m? Heat transfer surface S = 1.34 m?
Thermal conductivity coefficient 4., = 46.5, W/(m-K) | Thermal conductivity coefficient 4., = 17.5, W/(m-K)

Thermocouples, connected to a resistance temperature transducer, are used to measure
the initial and final temperatures of the heat transfer fluids. The signal from the temperature
transducer is fed into the computer programme. The flow rates of the heat transfer fluids were
measured with rotameters and were kept the same for hot and cold water.

Table 2 presents the results of experimental and calculated data for determining the
energy efficiency.

Table 2. Results of the study on determining the energy efficiency of recuperative heat exchangers.

Heat
g | gfn e w88
type
0.16 66.7 | 89 | 29.6 |13877.28 |44715.68 |0.310 |0.434
direct flow 0.32 66.7 | 89 | 27.3 |24670.72 | 89431.36 | 0.276 | 0.35
o 0.47 66.7 | 89 | 25.6 |32887.31 |131352.3 |0.250 | 0.302
pipe-in-pipe
0.16 66.7 | 89 | 31.8 |15352.16 |44715.68 |0.343 | 0.434
counterflow 0.32 66.7 | 89 | 28.9 |26816.00 |89431.36 |0.300 | 0.35
0.47 66.7 | 89 | 263 |34265.82 |131352.3 |0.261 | 0.302
0.16 66.7 | 89 | 23.5 | 9787.84 |44715.68 |0.219 | 0.478
direct flow 0.32 66.7 | 8.9 22 | 17564.48 | 89431.36 | 0.196 | 0.296
shell-and- 0.47 66.7 | 89 | 20.2 |22253.09 |131352.3 [0.169 |0.227
tube 0.16 66.7 | 89 | 252 |10927.52 |44715.68 |0.244 | 0.478
counterflow 0.32 66.7 | 89 | 23.1 |19039.36 |89431.36 | 0.213 | 0.296
0.47 66.7 | 89 | 21.5 |24813.18 |131352.3 [ 0.189 |0.227

To compare the efficiency of recuperative heat exchangers in terms of energy efficiency,
the dependences n,, = f (%) were plotted. As the argument in this dependence, the quantity
(%) was chosen, where K is the heat transfer coefficient, W s/m2; S is the heat transfer surface
area, m* W = G - ¢ is the water equivalent, W/K.

Figures 2 and 3 show the obtained dependences for the pipe-in-pipe heat exchanger and

the shell-and-tube heat exchanger for different flow arrangements of the heat transfer fluids.
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Fig. 2. Dependences 1o, = f (k—mf)for the parallel-flow arrangement of the heat transfer fluids
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Fig. 3. Dependences 1o, = f (%S)for the counterflow arrangement of the heat transfer fluids

In the studied range, the energy efficiency is higher for the pipe-in-pipe heat exchanger,

but examining the nature of the dependences, it can be noted that at (%) values of less than

K

0.22-0.24, the lines intersect. Therefore, at (Ws) values of less than 0.22-0.24, the energy

efficiency 1,,, is higher for the shell-and-tube heat exchanger. This means that at high flow rates
of heat transfer fluids (G) and small heat exchanger dimensions (S), the shell-and-tube heat
exchanger is more efficient one.

Energy efficiency is the ratio of the actually performed work to its maximum possible
value, that is, to the exergy of the process under consideration [7-12]. It takes into account
energy losses in the heat exchanger: losses due to the irreversibility of heat exchange caused by
the temperature difference between the heat transfer fluids; energy losses due to heat transfer
to the environment; energy losses due to hydraulic losses during pumping of the heat transfer
fluids (however, this component may be neglected when determining energy efficiency).

A significant deviation of energy efficiency from unity indicates the presence of exergy
losses. It can be minimized through more rational processes and the use of more advanced
equipment. Some factors reducing the thermodynamic efficiency of heat transfer processes in a
heat exchanger are as follows:
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a) losses due to the finite temperature difference between the heat transfer fluids and
hydraulic resistance;

b) losses due to incomplete thermal insulation;

c) low thermal conductivity of the heat exchanger material.

There are losses caused by a change in the flow pattern of the heat transfer fluids. For
example, the efficiency of the device decreases with a relative decrease in the hot heat transfer
fluid flow rate relative to the cold one and increases with an increase in the former.

The work capacity or exergy of heat Q; obtained from a heat source with temperature T,
is the maximum useful work that can be obtained from this heat under the condition that the
cold source is the environment with temperature To. Here, Q. = Qny — Qpa-

For recuperative heat exchange apparatuses, the following equation can be used to
determine the exergy efficiency [2, 3]

T
1- TC?U
C
Nex = T’
1- c?v
rh
where T, = 237 °K.
. Tea=T
Average temperature of the cold heat transfer fluid: T¢V = %
nicz
Teq
: Thi=T
Average temperature of the hot heat transfer fluid: TR” = %
nihi
Tha

Experimental studies were conducted for recuperative heat exchangers of the pipe-in-pipe
type and a single-pass shell-and-tube heat exchanger. Table 1 gives the main parameters of the
heat exchangers.

Table 3 gives the results of experimental studies on determining the exergy efficiency.

Table 3. Results of experimental and calculated data for determining 7,

excillzitger Flow agHe(ztf;:)ax:Sriz, Trio | Thze | T | Tea n ks K,
diagram K K K K ex w | W/(m2K)
type G, kg/s
0.16 339.7 | 322.3 | 281.9 | 302.6 | 0.374 | 0.434 643.7
direct flow 0.32 339.7 | 323.4 | 281.9 | 300.3 | 0.351 | 0.35 1037.1
L . 0.47 339.7 | 324.5 | 281.9 | 298.6 | 0.333 | 0.302 1315.2
pipe-in-pipe
0.16 339.7 | 323.2 | 281.9 | 304.8 | 0.391 | 0.434 643.7
counterflow 0.32 339.7 | 324.0 | 281.9 | 301.9 [ 0.363 | 0.35 1037.1
0.47 339.7 | 324.8 | 281.9 | 299.3 | 0.338 | 0.302 1315.2
0.16 339.7 | 328.8 | 281.9 | 296.5 | 0.305 | 0.478 239.2
direct flow 0.32 339.7 | 330.0 | 281.9 | 295.0 | 0.289 | 0.296 296.3
shell-and- 0.47 339.7 | 331.2 | 281.9 | 293.2 | 0.271 | 0.227 331.1
tube 0.16 339.7 | 329.0 | 281.9 | 298.2 | 0.319 | 0.478 239.2
counterflow 0.32 339.7 | 330.6 | 281.9 | 296.1 | 0.298 | 0.296 296.3
0.47 339.7 | 332.2 | 281.9 | 294.5 | 0.281 | 0.227 331.1
Based on the experimental and calculated data, dependences n,, = f (%) were plotted

(Figures 5 and 6).
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Fig. 4. Dependences g, = f (%)for the parallel-flow arrangement of the heat transfer fluids

|
g 0)350 i ,/‘/‘
ags 0300 | ‘r'_,a"—: —
S 0250 7
= 0200 } :
0,150 |
0,100 | !
0,050 F :
0,000 L : : : : ;
0,2 0,25 0,3 0,35 0,4 0,45 0,5

KS/W

® — pipe-in-pipe heat exchanger; ¢ - single-pass shell-and-tube heat exchanger;

Fig. 5. Dependences g, = f (%)for the counterflow arrangement of the heat transfer fluids

Also, at (%) values of less than 0.22-0.24, an intersection of the dependences n,, = f (%)
KS

is observed. At these values, the efficiency (W) of the shell-and-tube heat exchanger is higher
than that of the pipe-in-pipe heat exchanger.

Conclusions

1. Based on experimental studies, the energy and exergy efficiency coefficients of the
pipe-in-pipe heat exchanger and the shell-and-tube heat exchanger have been determined.

2. For the counterflow arrangement of heat transfer fluids, the values of both efficiency
coefficients are higher than those for the parallel-flow arrangement. As a result, the
counterflow arrangement makes it possible to achieve a more uniform distribution of the
driving force along the heat transfer surface.

3. Experimental dependences of the energy and exergy efficiency coefficients on the value
of (%) have been obtained both for the pipe-in-pipe heat exchanger and the shell-and-tube

heat exchanger.
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4. At small values of (KWS) (less than 0.22-0.24), the values of the energy and exergy efficiency

coefficients for the shell-and-tube heat exchanger are higher than those for the pipe-in-pipe

heat exchanger. At large values of ( ), the efficiency of the pipe-in-pipe heat exchanger is
higher than that of the shell-and-tube heat exchanger.

10.

11.

12.

13.

14.

15.

KS
w
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Introduction

Annually, the large amounts of raw wet waste such as brewers' spent grain (BSG) and
kieselguhr are generated at breweries in Russia. Existing methods for the disposal of brewers'
spent grain require thorough preparation and special equipment. However, these methods do
not guarantee environmental safety from biological contamination. The processing of BSG leads
to significant costs both for transportation and for its conversion into a market product [1].

BSG is a by-product of brewing - the residue of barley (corn, rice, or oat) raw material
after the production of wort. Most often, it is a suspension of seed particles and grain husks,
rich in vegetable fiber. It is usually used as a feed additive to compound feeds in the diets of
livestock and poultry [2, 3]. BSG contains a fairly large proportion of digestible protein (4% in
fresh and 17% in dried form), which is almost 3 times higher than its content in barley.
They also include the essential trace elements (phosphorus, calcium, magnesium, copper, iron),
fatty acids, and vitamins E and F. Experimental results show that when fed to fattening bull
calves, their weight gain increased by 14%. Consumption of recommended doses does not lead
to any deviations in animal health [4]. BSG allows savings on consumed compound feeds.
Indeed, the inclusion of spent grain in livestock diets reduces the cost of feed, while the weight
gain of livestock increases by 9%. In liquid form, it does not store well and quickly turns sour
within 48-72 hours. The shelf life of dry spent grain in powder form increases to 2 months, and
of dry granulated spent grain — up to 18 months [5]. To convert BSG into powders or granules,
drying using spray dryers or fluidized bed dryers is often used. These processes are
energy-intensive, have high costs, and require large areas for equipment placement. A known
technology also exists for the production of granulated compound feeds on roller presses or
rotary granulators with ring or flat dies.

Worldwide, a huge amount of spent kieselguhr is generated. It contains organic substances
that have settled on the particles during the beer filtration process. Kieselguhr can be used in
industry as an adsorbent or an additive in the production of cement, ordinary and silicate bricks,
as well as in agriculture as a fertilizer or additive to compound feeds. Kieselguhr is often used to
improve soil structure [6]. This leads to its loosening and an increase in pore volume. As a result,
the amount of retained moisture and nutrients increases. When plants are treated with
kieselguhr, the uptake of metasilicic acid (H,SiOs), which is a source of available silicon that
strengthens cell walls and enhances plant immunity, is facilitated. Kieselguhr is used in
compound feeds for pigs as a natural mineral additive rich in silicon, calcium, and trace
elements. This improves digestion and nutrient assimilation by increasing the number of
bifidobacteria and lactobacilli. It enhances productivity and livestock survival. Spent kieselguhr,
having absorbed proteins, sugars, other substances, and microorganisms from beer, like spent
grain, cannot be stored for a long time [7]. Thus, for further use in compound feeds, kieselguhr
must be dried, granulated, and disinfected.

Main body

We analyze the main properties and characteristics of BSG. Tables 1 and 2 present the
chemical composition of fresh BSG and dried BSG, respectively [8].
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®
Table 1. Chemical composition of fresh brewers' spent grain (per 1 kg)
Indicator Liquid Dry
Dry solids, g 232 887
Crude protein, g 58 217
Crude fiber, g 39 140
Nitrogen-free extractives (NFE), g 107 406
Crude fat, g 17 60
Vitamin E (tocopherol), mg 14 23
Vitamin B1 (thiamine), mg 0.2 0.6
Vitamin B2(riboflavin), mg 0.3 0.9
Vitamin B4 (choline), mg 510 1,300
Nicotinic acid (vitamin PP, niacin, vitamin B3), mg 13 36

As a result, BSG contains insoluble substances with vitamins; proteins precipitated as a

result of boiling the mash, and products of the interaction of proteins with tannins. The liquid

fraction of BSG contains lipid substances - triglycerides, free fatty acids, and phospholipids.

Most of the vitamins contained in barley malt pass into the spent grain: vitamins E, B1, B2, B4,

and nicotinic acid.

Table 2. Composition of dried brewers' spent grain (%)

Indicator % Indicator %
Chemical composition, % Microelements
Moisture 8.67 Calcium 0.37
Crude protein 23.44 Phosphorus 0.5
Crude fat 7.75 Manganese, mg/kg 52
Crude ash 2.5 Zinc, mg/kg 105
Crude fiber 14.3 Ferrum, mg/kg 205
Nitrogen-free extractives (NFE) 43.44 Copper, mg/kg 15
Amino acids
Lysine 0.86 Proline 2.05
Histidine 0.66 Glycine 0.79
Arginine 1.07 Alanine 0.94
Aspartic acid 1.35 Cystine 0.46
Threonine 0.77 Valine 1.06
Serine 0.89 Methionine 0.5
Glutamic acid 4.56 Leucine 0.57
Isoleucine 0.79 Phenylalanine 1.23
Tyrosine 0.61 Total amino acids 19.17
Including essential amino acids 7.51

Kieselguhr particles are porous siliceous (diatomaceous) particles with sizes ranging from
0.001 to 0.01 mm. The organic component of spent kieselguhr is represented by brewer's yeast

cells, proteins, and other organic substances filtered from beer.

Spent kieselguhr contains about 70-80% water and about 20-30% dry residue. Chemical
composition of the dry residue of spent kieselguhr (wt. %): SiO- - (80.0-99.0); ALO; - (0.1-6.0);
Fe,0s <3,0; CaO — (0.5-2.0); Na,O — (0.5-3.0); KO — (0.5-3.0); P05 - (0.1-0.2); TiO; - (0.5-3.0);
MgO - (0.5-3.0); crude protein — 11.7; nitrogen — 1.5; glucosea — 0.43. The density of wet spent
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kieselguhr varies in accordance with its water content. For example, the density of spent
kieselguhr with a moisture content of 71% is 1,160 kg/m? [7].

The most commonly used granulating equipment for such waste is a rotary granulator
with a ring die, used in the production of compound feeds. However, such a granulator has a
complex design, and the presence of generated fines during granulation complicates the control
of its operation [9]. More promising is the use of a granulator with a flat die [10]. To develop the
process of granulation of BSG and kieselguhr in a rotary granulator with a flat die and to
determine the operating parameters, studies of the pressing process in a closed die with the
production of compacts were conducted.

The paper presents the results of compression tests in a closed die with various binders
and additives (Table 3). As binders, waste from the pulp and paper industry (lignosulfonate) and
an aqueous sugar solution were used.

Table 3. Composition of mixtures for pressing in a closed die

. Number of mixture
Mixture component, wt %

1 2 3 4 5
Dry spent grain 100 75 75 75 70
Kieselguhr — 25 — — 20
Sugar — — 25 12.5 10
25% LSS solution — — — 12.5 —
Moisture 8 9 6 11 6

In the technological scheme for producing granulated feed additive, sugar can be replaced
with beet molasses. It allows ones to utilize waste from beet sugar production and reduce the
cost of the final product.

As a result of the compression tests, dependences of the changes in granule density and
crushing strength on the specific pressing pressure and moisture content were obtained.
According to Fig. 1, the density of the obtained compacts ranged from 800 to 1,200 kg/m°.
The dense and strong compacts begin to form at specific pressures in the range of 40 to 100 MPa.
A further increase in the specific pressing pressure practically does not increase in granule
density. The strength of the compacts varied from 0.1 to 1.5 MPa (Fig. 2).

1400
1200
1000

800

600 eyt

Compact density, kg/m®

0 0 20 30 40 50 60 70 80 9 100 110 120 130

Specific pressing pressure, MPa

Fig. 1. Dependence of compact density on specific pressing pressure (curve numbers correspond to the mixture
numbers given in Table 3)
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Splitting tensile strength, MPa
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Specific pressing pressure, MPa

Fig. 2. Dependence of the splitting tensile strength of compacts on specific pressing pressure (curve numbers
correspond to the mixture numbers given in Table 3)

The optimal value is a density of p,r = 1,000 kg/m’. It corresponds to a change in the
splitting tensile strength in the range of 0.2-0.8 MPa, achieved at a specific pressure of 80 MPa.
The obtained granulated product exhibits biological stability, does not rot during storage, and
its strength characteristics ensure transportation, handling operations, and storage without
destruction.

The compact from mixture 4 (see Fig. 2) during pressing had maximum strength with a
change in final moisture content within 9-11% after drying. Thus, the binder composition of
lignosulfonate and sugar (or molasses) solution provides high strength characteristics of the
compacts.

Earlier, the authors developed a combined die consisting of two disks with flexible heating
elements to regulate the mixture temperature in the channels of through-flow pressing [11].
The channels in the dies can be made either cylindrical or cylindrical-conical. Such a design
makes this construction technologically feasible to manufacture.

The granulator operates as follows: as the rotating rollers move over the surface of the die,
layer-by-layer and portion-wise pressing of the raw material into the channels occurs. As a
result, at the outlet of the channels, cylindrical pellets are formed in the form of a solid porous
body.

We consider the movement of the material in the cylindrical-conical channel and the
equilibrium conditions of forces in the cylindrical channel of length h;, (see Fig. 3).

hoﬁm

Fig. 3. Diagram of forces acting on the material in a through-flow pressing channel
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Using the positive direction of the pressing forces for an element of length dh in different
sections, we obtain the following equations for calculating the specific pressures in the
cylindrical channel:

T[Dizn T[Dizn (1)
. T =(p—dp) 7
4
P1 = Po exp (—D—_fs‘hin), 2)
4
P3 = P2 €Xp (_D_ffh3>: 3)
0

where p, po, P1, D2, P3 are the pressure on the layer of the initial mixture, and at the inlet and
outlet of each section, respectively; £ is the coefficient of lateral pressure; fis the coefficient of
external friction; T is the friction force; the remaining notations correspond to Fig. 3.

The specific pressure at the outlet of the conical part of the section is determined according

to the expression

DZ
=, (4)
Dg

where p,, is the pressure at the outlet of the last (n-th) element; D, is the diameter of the last

P2 = Pn

section.

When calculating the pressure distribution diagram along the channel length, the
following values were adopted for the geometric dimensions of the channel: Di, = 8 mm;
Dy = 6 mm; hin = 19 mm; hy = 19.5 mm; b, = 7.5 mm; hs = 4 mm; for the coefficient of external
friction - f = 0.1. These values are determined by the die manufacturing technology. As the
material under study for obtaining pellets, mixture 4 was selected (see Table 3).

At the exit of the material from the
cylindrical-conical channel (length /3), the compact

§ Mogens nasnenus rparyastopa = o X

. . . MapameTpbl rpaHynaTopa
expands under the action of elastic deformations,

leometpua kaHana

increases in size, and the pressure p; drops to zero. DexCum: 160
The Python programming language [12] was used et (30
to solve the system of pressure change equations R
(1)-(4) along the channel length, with the IDE :(Jaim
PyCharm [13] as the development environment. Kos.tpenafe 025

MnotHocts (kr/m%): 1200

The initial data entered included the granulator

KoadpduumenTsl 6okoeoro aaeneqna

parameters, the geometric dimensions of the T

Enpu Pe=T0MMa: 0.72
channel, the characteristics of the medium, and the

MoctpouTs sce rpadukn;  CHPOC K 3HAYEHMAM MO YMONHZHMIO Beixog

operating parameters of the pressing process. The

Tekywwe napamerpel

data entry menu is shown in Fig. 4.
Using the obtained equations (2), (3), (4) with
the corresponding values of the lateral pressure

coefficient & for determining the pressure along the

channel length (po, p1, p2, p3), as well as the software,

pressure distribution diagrams along the channel Fig 4. Data entry menu in the PyCharm IDE

. environment
length were constructed. The influence of the cone
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angle and the initial pressing pressure were considered. According to Fig. 5, in the cylindrical
part of the channel the pressure decreases from inlet to outlet; in the conical part it increases
due to the rise in the lateral pressure coefficient. In sections h, and hs, the pressure decreases due
to the material exiting into the free space. Indeed, when the cone angle exceeds 3° over length
hi, the pressure increases, and plugs may form in the channel. It leads to a shutdown of the
technological process.

'The proposed method for calculating the force parameters in the channels of a flat die
makes it possible to simulate the granulation process of brewing waste with different
morphologies.

80 1 140
" Entrance Conical Cylindrical Entrance Conical Cylindrical
70 4 19 mm 19.5 mm 7.5 mm 19 mm 19.5 mm 7.5 mm
120, Outet
— 4mm
60 4
100 4
© 50 - § '
S 0
* ¢ e
= 40 E
2 & %9 ~
A4 30 A
40
20 1
104 20
0 - - - : - 0 . ) —
10 20 30 40 50 10 20 30 40 50
Channel length, mm Channel length, mm
a) b)

Fig. 5. Pressure distribution diagrams in the cylindrical-conical channel of a flat die as a function of the cone angle
2a and the initial specific pressing pressure for mixture 4 at § = 0.1: (a - p =40 MPa; b - p =70 MPa): 1 - a = 1%
2-a=2%3-a=3°

Based on the conducted studies, the technological line for the production of a nutritive
feed additive has been modernized, which can be used in animal husbandry. The granulation
technology for BSG, implemented at Baltika Breweries LLC (Russia) was taken as a basis.
A drawback of the existing scheme is the use of a bucket elevator for transferring the initial
components from the contact dryer to the screw mixer. This results in the formation of spillage
and product loss. This stage is accompanied by dust ingress into the workshop. It negatively
affects the health of the personnel. Furthermore, the use of a rotary granulator with a ring die
leads to dust formation and the generation of a fine off-spec fraction. In the proposed scheme,
the bucket elevator is replaced by an enclosed belt conveyor equipped with local exhaust
ventilation and a rotary granulator with a flat die used to reduce dust levels in the workshop.

A schematic diagram of the process for the utilization of BSG with kieselguhr using a
rotary granulator with a flat die is shown in Fig. 6. Liquid BSG is fed into a storage hopper with
a stirrer-homogenizer, from which it then flows into a decanter. After separation of the
suspension, the separated free moisture is fed to a centrifuge, while the pressed spent grain is
conveyed to a dryer. The filtrate leaving the decanter contains many suspended solids and
organic substances (proteins, fiber, nitrogen-free extractives), so the resulting suspension is
passed through a centrifuge. The clarified filtered liquid is discharged to the sewer.
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At the inlet of the dryer, kieselguhr, pressed BSG, and the residue from the centrifuge are
mixed. Drying is conducted by a contact method. The dried mixture enters a mixer; binders —
molasses and technical lignosulfonate (the use of similar substitutes is possible) — are added to
the charge. The mixture is transported to a rotary granulator with a flat die, developed at the
NRC "Kurchatov Institute” (Moscow, Russia) [14]. In this granulator, rotating rollers force the
charge through the die. The mixture, passing through the channels in the die, is pressed and
emerges in the form of granules (pellets). These granules are conveyed by a belt conveyor to a
cooler, where they are blown with air. To separate the commercial fraction, the product is
separated. Granules with the sizes do not meet the specified requirements are returned to the
screw mixer, while the commercial product is for packaging.

¥

Brewers' spent grain

Mixer with stirrer-
homogenizer

l

1. Washing water
4‘ Decanter |
Eh
—EE Centrifuge Filtration water
b
i I
Saturated
Kieselguhr Screw conveyor s
_ Jeselgulr ‘
Spent air to l
A
treatment Contact dryer o Steam air heater ir
)
C -
| = | Condensat
Binder I
Screw mixer |
g 1
g | Rotary granulator ‘
48 l
g
% - ‘ Belt drver ‘
- I
Classifier
l Product on packaginge

Fig. 6. Schematic diagram of the BSG utilization process with kieselguhr using a rotary granulator with a flat die

A distinctive feature of the developed rotary granulator with a flat die is the use of
cylindrical-conical channels. It ensures the formation of cylindrical granules (pellets). Fig. 7
shows a general view of the developed granulator, which consists of an outer housing, powder
feed nozzles, a flat die, and pressing rollers.

The prepared material (mixture of BSG, kieselguhr, and additives) is fed through the feed
nozzles into the apparatus housing. The rotating rollers provide contact compressive stress on
the material on the die, forcing it through the openings to obtain pellets at the die outlet.
The material is supplied to the die and distributed over its entire surface by the rotating rollers.
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The charge, entering under the pressing rollers, is pressed into the die channels. In the channels,
the material is compacted and gradually forced through along the channel length.

In this design of a rotary granulator with a flat die, the principles of through-flow pressing
are implemented. This type of pressing of bulk material is one-sided, since the movement of the
punch occurs only relative to the die. The compacts exit from the bottom of the die. Compaction
of the material occurs due to the narrowing of the die channel.

s A
[
\ /
\ /
Al \ / ; A
) B
(i kx N
SN\ 1 /
a) | c)

Fig. 7. Diagram of a rotary granulator with a flat die: a) general view of the granulator; b) arrangement
of the rolling rollers above the die; c¢) design of the flat die mounting in the housing

The length of the obtained granule is determined by the length of the outlet part of the
forming channel. The resulting granules emerge from the outer side of the die, fall down an
inclined chute into the hopper of a belt conveyor for packaging.

Conclusions

A description of the mechanism of granulation of BSG with kieselguhr in a
cylindrical-conical channel of a flat die under the action of a pressing roller is proposed.

For the flat die, pressure distribution diagrams in the channel of variable cross-section
have been constructed.

The compact from mixture 4 (see Table 3) has maximum strength when the final moisture
content after drying is within 9-11%. Thus, the binder composition of lignosulfonate and sugar
(or molasses) solution provides high strength characteristics of the compacts.

The optimal value is a density of p,r = 1,000 kg/m’. It corresponds to a change in the
splitting tensile strength in the range of 0.2-0.8 MPa, achieved at a specific pressure of 80 MPa
and moisture content of 7-10%.

Based on the results of experimental studies, a design of a rotary granulator with a flat die
with cylindrical-conical channels has been developed.
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An environmentally safe scheme for processing raw BSG and kieselguhr using a

granulator with a flat die and new types of conveying devices has been proposed. The developed

scheme for the utilization of brewing waste reduces the environmental burden on the

environment.
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