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K 85-IETIIO AKATEMUKA PAH BAJIEPVIA ITAB/IOBTYA MEHTAJTIKMTHA

Axapemuk PAH Banepuii [laBnosuy MemankuH -
BBIJAIOLIMIICA ~ YY€HbIV, KPYIHBbII  OPraHU3aTop
HayKM ¥ BBICIIETO  VMH)XE€HEPHO-TEXHUYECKOTO
o0pa3oBaHuA, OCHOBAaTeIb U IIPU3HAHHBIA JUJEP
HOBOTO HAyYHOIO HAIPaBJIE€HMA B XUMUYIECKON
TEXHOJIOT MU, CBA3AHHOTO C TEOPETUIECKMMI OCHOBaMU
UGPOBU3NPOBAHHOIO VIHXKUHVPUHTA M JIOTMCTYKY
3HEpropecypcocheperarommx sK0Morndecky 6e30macHbIX
XMMMKO-TEXHO/IOTMYECKUX cucreM. Ero MHOromernas
Hay4Has, neflarornyecKas n ob1ecTBeHHAA
IeATeNbHOCTh BHEC/IA 3HAYMTEIbHbIN BK/IaJ] B PasBUTIE
OTEYECTBEHHOM XMMMUYECKOVW HayKy, IOATOTOBKY
BBICOKOKBA/MM(UIMPOBAHHBIX KaJpOB M YKpeIUIeHMe
HAy4YHO-TEXHOJIOIMYECKOro norennuana Poccum.

Banepmit  IlaBmoBmd  Memankun — popuicA
31 aBrycra 1941 roga B ropope Illanke Pssanckoit ob6macty. Ero >kMsHeHHBIT IyTh C CaMOTO
Havyaja ObUI HEpaspbIBHO CBA3aH C TPArMYeCKMMU U TePOMYECKMMIY CTPAHUIIAMU MCTOPUU
Haruelt crpanbl. OTel; 6yayiero yueHoro, ITaBen AnekceeBnd Memankus, ¢ okTa6ps 1941 roma
ydacTBoBal B 0o0sx moj Bomokomamckom m Bssemoit um morm6 5 mas 1943 ropa.
OTn 06CTOATENBCTBA BO MHOTOM OIpefie/IM/IM BBICOKYIO TI'PaKHAaHCKYI0 OTBETCTBEHHOCTD,
BHYTPEHHIOI0 COOPAHHOCTb M IIPEJAHHOCTb JeNy, KOTOpble Ha HPOTSKEHMM BCeil >KU3HU
ormmyanu Banepus IlaBnosuya.

B 1958 rozy oH ¢ cepeOpsiHOV MeIanbio OKOHYMI cpefHIolo mKomy Ne 130 CoBeTckoro
paitoHa MOCKBBI 1 ITOCTYIIVT Ha MHXKEHEPHBII GU3NKO-XMMIYecKuil paKynbTeT MOCKOBCKOTO
XMIMUKO-TeXHONorm4eckoro mHcruryra nmenn I.JI. Menpeneesa. Ilocme mepsoro Kypca,
B 1959 ropy, mepeBesicsi Ha BHOBb CO3[aHHBIN (PaKy/lIbTeT aBTOMATUKIU U BBIYMCIUTETHHON
TEXHVKM MOCKOBCKOTO S3HEPreTUYECKOrO MHCTUTYTA, KOTOPbI OKOHYMII C OT/In4MeM B 1964 ropy.
Yxe B cTygeHYecKue Tofbl NPOABWINCH €r0 MHTEPEC K CIOXKHBIM TEXHUYECKUM CHCTEMaM
U CTpeM/IeHVe K HaydYHOMY IIOMCKy: ¢ 1961 roma oH Hadanm paboTaTh TEXHUKOM
B Tab0paTOpuy CaMOHACTPAVBAOIMXCS CUCTEM aBTOMATIYeCKOTO YIIPAB/IeHNA B XIMITIECKOI
IIPOMBILIEHHOCTM.

B 1964 - 1968 rogax B.I1. Memmankun pabotan na>xeHepoM B Oco60M KOHCTPYKTOPCKOM
6opo MO, rme yuyacTBOBalm B 00paboTKe TeneMeTpuyeckoit uHpopmaumu ¢ 6OPTOB
KOCMIYECKUX KOpabseil ¥ MeXIUIAaHeTHBIX CTaHIVIL. OTOT MepuOJ CTal BaXHBIM 3TAallOM
¢dbopMMpOBaHNA €ro KaK MHXKeHepa-MCCIefoBaTe/s, ClIOCOOHOTO pellaTh 3ajadyyl Ha CTBIKE
aBTOMATU3ALVM, BbIYMCIUTETbHOI TEXHUKY M XMMUYECKOI TEXHOIOTUIA.

B 1968 romy mo pexomenpaumu npodeccopa A.JI. PopmonoBa OH ObUT NPUHAT B
acnypaHTypy kadenpbl KMOEpHETUKM XUMMKO-TeXHomorndeckux mpoueccoB MXTH nmenn
V1. Menpeneesa, cosgannoi akagemukom AH CCCP B.B. Kadapossmm. C aToro Bpemenu
Hay4JHO-Ilefjarormyeckas peArenbHocts Bl Memankuaa HepaspplBHO CBA3aHa C
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MenpienieeBCKMM YHUBEPCUTETOM, IZi€ OH IIpOIIENT NYyThb OT acHMpaHTa M acCUCTEHTa [0
npodeccopa, 3aBemymomuiero kadenpoii 1 gupekropa MexXayHapofHOTO MHCTUTYTA JTOTUCTUKI
pecypcocOepesxeHNs Vi TEXHOIOTMYEeCKOI IHHOBATYIKI.

B Hos16pe 1971 ropa B.I1. MemankuH 3amuTiy KaHAUAATCKYI0 AXCCEPTALIMIO, @ B HOSI0pe
1983 roma - mokrtopckyrw muccepranuio. C 1985 mo 1995 rox oH paboran nmpodeccopom
Kadeappl KUOEPHETUKM XMMUKO-TEXHOJIOTMYECKMX IIpolLeccoB, a ¢ 2005 ropja IOTydmsn
aTrTecTaT mIpodeccopa IO CIENMATbHOCTM «DKOHOMMKA U OpraHM3aluA IIPOM3BOJCTBAY.
B 2006 roxy on n3bpan wieHoM-KoppecrnonzneHToM PAH, a B 2016 rogy — akagemunkom PAH
1o OT/ieNIeHNIo XMWY U HayK O MaTepuanax.

Hayunbie nnTtepecer B.I1. MemanknHa 0XBaThIBAIOT MMPOKUIL KPYT PyHZAMEHTATbHBIX
¥ IPUKJIATHBIX IP06IeM XMMIUYIECKOI TeXHOIOT MY, aBTOMATV3VPOBAaHHOTO IIPOEKTHPOBAHNA,
ONTVIMA/JIbHOTO VIIpaBJIeHMs, JIOTMCTMKM M pecypcocbepexxenusa. VIM ¥ ero HaydHOI
LIKOJION copmmpoBaHo HOBOE Hay4HOE HaIpaBJIeHNE, CBsI3aHHOE c
VPPOBUSNPOBAHHBIM VMHXVHVMPYHIOM M JIOTUCTUYECKMM VIIpaB/IeHUMEeM SKCIUTyaTallyei
9HEPropecypcocOeperaoiux  BbICOKOHAJEKHBIX  XMMMKO-TEXHOMTOTMYECKUX  CUCTEM.
B meHTpe ero mccrefoBaHMIT — IpMMEHEHNE Teopyuy rpadoB, METOHOB JICKYCCTBEHHOTO
VIHTEJIJIEKTA, KOMIIBIOTEPHOTO MOZENMPOBAaHMA WM  MHTENIEKTYaTbHO-BbIYMCINTEIbHBIX
TEXHOJIOTMII JI/I1 aHa/M3a, CMHTE3a ¥ ONTUMU3ALMY CIOXXHBIX XMMUKO-TEXHONIOTMYECKUX U
HeTerazoxXmMMm4ecKx Ipou3BOACTB.

Ocoboe MecTo B €ro HeATeNTbHOCTM 3aHMMAaeT pa3paboTKa HAyIHO-METOHOMIOIMYEeCKIX
OCHOB IM(POBMU3VPOBAHHOTO MH)XVHMPUHTA, METOJOB aBTOMATM3VMPOBAHHOTO aHA/NIN3a U
CMHTe3a pecypcocOeperarommx XUMUIeCKUX CHUCTeM, IIOAXONOB K O0ecCledeHMo ux
HaJIe)XHOCTY U 9KOJIOTMIECKOII 6€30II1aCHOCTH, A TaK>Ke METOIOB JIOTMCTIYECKOTO YIIPAaBIeHNA
LeMAMY IIOCTaBOK XMMMIYECKOI MpogyKuun. I1o ero pykoBogCTBOM CO3/IaHbl OpUTVIHA/IbHbBIE
METOAMYECKNE U IPOTPAaMMHbIE DPELIeHNUA /I aBTOMATU3MPOBAHHOIO IIPOEKTMPOBAHUA,
[AVIaTHOCTMKY, YIPaBAEHMA U 3IKOJOTO-S5KOHOMMYECKON ONTUMM3ALMM XMMMUYECKUX U
HedTenepepabaTHIBAIONIVIX TPOU3BOJCTB.

Pesynbratel mccmemoBanmii akafiemMuka B.II. MemankuHa ¥ €ro y4eHMKOB HAIllIM
IPaKTUYECKOE IIPUMMEHEHNEe IIpY PpEeUIeHUM BAKHENIIMX 3ajad IIOBBILIEHNUA SHEPro- U
pecypcoapekTMBHOCTY, HameXHOCTM M 9KOJOTMYECKOl 0e30IacHOCTM IPOU3BOJCTB
Kapbammja, MeTaHOIa, aMMI1aKa, CEPHOI ¥ a30THO KMCTIOT, aMMOdOca, aMMUAYHOI CeTUTPBI,
XJI0pa ¥ KayCTUYECKON COJbl, XJIOPMETAHOB, IIEPXIOPYTIEPOJOB, OPTaHMYECKMX KPacUTEIEN,
0eH3VHOB, MIHEPA/IbHBIX Mace/l M Psfa APYIUX IPOAYKTOB XMMIYECKOI U HeTeXMUIeCKOI
IPOMBIIIIEHHOCTN. Pa3paboTaHHbIe UM IIOAXOABI  VCIIONb30BAaHBI IIPM  CO3[AHUY
MaJIOOTXOJHBIX  TEXHOJNOTMYECKMX  CX€M, CHUCTeM  ONTMMAJbHOTO  YIIpaBJI€HUA,
SKCIIEPTHBIX CHUCTEM TEXHMYECKOM [AMArHOCTUKM M aBTOMATU3MPOBAHHBIX KOMIIJIEKCOB
9KOJIOTO-9KOHOMMYECKON ONTUMM3ALVN.

Bonbioe 3sHaueHne B HayyHoit 6uorpacdum B.I1. MemmankmuHa uMeeT ero MHOTOIETHA
paboTa B HayuHbIX yupexxpeHmsax Poccmiickoit akamemuu Hayk. C 2003 roma OH sIBIIAETCS
IJIaBHBIM HAyYHBIM COTPYAHMKOM JIHCTMTyTa 006IIeil M HeOpraHM4YecKOyl XMMMM VMEHU
H.C. Kypnakosa PAH, a ¢ 2022 roga - Tax)Xe IJTaBHBIM Hay4HbIM COTPYAHMKOM VIHcTHUTYyTa
¢dusnueckoyt xumym u anekrpoxumum umenun A.H. ®pymxuna PAH. 3pece oH Bemer

9
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UICCTIeIOBAaHNA O (U3MKO-XMMMYECKMM ¥ KOMIIBIOTEPHBIM METOJAaM aHaMn3a TeKCTYPhI
KOMITO3VIIIIOHHBIX ~ HAaHOMAaTepuajaoB, IM(PPOBU3NPOBAHHOMY  (PU3UKO-XUMIIECKOMY
VIH>XVHUPUHTY U KOMIIBPIOTEPHO XMMIYECKOI TEXHOIOTUI.

B.II. MemankuH aKTMBHO pPasBMBAET MEXJYHAPOJHOE HAay4yHOE COTPYSHUYECTBO.
OH HEOJHOKpAaTHO paboTam ¥ CTAXMPOBAICA B YHMBEPCUTETaX M HAYYHBIX IIEHTpax
Benmukobpurauum, Wramuu, Iepmanuu, Vicmanum, Vpnanguu, Kurtas, Benrpuu, Yexum,
Ykpamnbl u pgpyrux crpaH. C 1973 ropma OH perylApHO BBICTYHaeT C JIOKIaJaMM Ha
MexxpyHaponHbix KoHepenunsax B CIIA, Kanage, ctpanax EBponsl n Asum, npepcrasisas
OTeYeCTBEHHYI0 HayYHYIO LIKO/Ty Ha BBICOKOM IIpO¢eCcCUOHAIBHOM YPOBHe.

Beicoknmit Bkmay BHeceH B.II. MemraikuHbIM B pasBUTHE HayYHO-00pa3oBaTe/NIbHBIX
nporpaMM. OH ABJIAETCA aBTOPOM M PYKOBOAMTEIEM OPUTMHAIBHBIX Y4eOHBIX KYpCOB,
HEOJHOKPATHBIM ITobeayTeneM KOHKypca «/Iyummmii tekrop» PXTY, Hay4HBIM pyKOBOANTEIEM
MAaryuCcTepCKuX MpOrpaMM M HaCTaBHMKOM MOJIOBIX MccremoBareneit. Ilon ero pykoBogcTBOoM
IIOATOTOB/IEHDI 17 MOKTOpPOB HayK M 110 KaHAMAATOB HayK. MHOIME €ro y4eHUKM CTaau
PYKOBOJUTEIAMM KPYIHBIX IIPOM3BOACTBEHHBIX KOJUIEKTMBOB, IPOMO/DKAsA M PpasBUBas
3a/10’)KEHHbIE VIM TPaIULIUINL.

Hayunoe wnacnegue akamemmka PAH Bl MemankmnHa 4Ype3BbIYAiHO IIMPOKO.
On sBnsercsa aBTOpoM 6Oojiee 1250 Hay4HBIX TPYHOB, BKIIOYas MOHorpaduy, y4eOHUKI,
CTaThM, ATEHTHI U CBUJIETE/IbCTBA O perucTpanyy nporpamm gt OBM. Ero paboTsl momyunmm
npusHaHyue B Poccum m 3a pybexxoMm, a caM OH BOIIEJ B YMCIO Hamboslee IMUTUPYEMBIX U
IPOAYKTMBHBIX POCCUIICKUX YYEHBIX B OO0JIACTYM XMMMUYECKOJ TEXHOTOTUM Y XMMUYECKON
IIPOMBILIIEHHOCTM.

Banepuii IIaBnoBuy MelankyH cerojjHA BefeT aKTMBHYI0 HayYHO-OPTaHN3aLVOHHYIO U
OOI[eCTBEHHYI0 JeATeNbHOCTb. OH 3aHMMaeT OTBETCTBEHHBIE IIOCTBI B HAyYHBIX U
JVICCEPTALIOHHBIX COBETAX, PEJAKLMOHHBIX KOJIETMAX BEAYLMX >XYPHA/IOB, Y4acTBYeT B
paboTe mpodeccuoHaNbHBIX ¥ OOIIEeCTBEHHBIX OpraHM3alMii, BHOCUT BKIaJ B PpasBUTHE
SKCIIEPTU3BI, aTTECTAlMM Ka/IpOB ¥ IONMY/IAPU3ALMI0 HAy4YHBIX 3HaHuUil. Ero Tpyn ormeden
BBICOKVIMY TOCYyZApPCTBEHHBIMU U IPOQeCcCHOHAIbHBIMY HarpajaMil, B TOM 4NC/Ie 3BaHUAMU
3acimy)KeHHOTO fesATeNsd HayKU U 3acly)XeHHOTO pabOTHMKA BBICIIEN IIKONIBI Poccuiickoi
Deneparuy, [Ipemueit Ilpesupenta Poccmitckoit ®emepaunn B obmactu obpasoBaHus,
ITpemueit ITpaBurenpctBa Poccuiickoit Pepepanyy B 0671aCTV HAyKM M TEXHMKY, @ TaKKe
PALOM OPYTUX Harpaf M OTIMYMIA.

Ceropna akagemmk PAH B.II. Memankun npopo/pKaeT IVIOJOTBOPHO TPYAUTHCH,
OCTaBasAChb 9TaJIOHOM HAYYHOM MHULMATUBBI UM  TPAXKJAHCKOM  OTBETCTBEHHOCTH.
Ero neATenbHOCTD CIYXXUT SPKUM IIPUMepPOM 0e33aBeTHOTO CITy)KeHMs OTeYeCTBEHHOI HayKe,
BBICIIIEII LIKOJIE U eIy MOATOTOBKY HOBBIX IIOKOJIEHUI MHXXEHEPOB U UCCIIEOBATEIEN.

Kornnery, y4eHVKY U eVHOMBILITIEHHVKY C ITyOOKMM yBa)KeHVEM Y IPU3HATEIbHOCTBIO
no3jpasAoT Bamepms IlaBmoBuuya MemmankuHa ¢ 85-7eTHUM IoOuieeM, JKETalOT €My
KPEIIKOTO 3/J0POBbsl, 0/IarONOMTy4Nisl, HEVICCIKAEMOI S9HEPTY, HOBBIX HaYYHBIX JOCTVDKEHUI U
Jla/IbHETIIINX YCIeX0B BO 0/1ar0 pOCCUIICKOI HayKy U 0Opa3soBaHMs.
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CUHTE3 YO-ABCOPBEPOB HA OCHOBE
N-(2-AMMHOAPUWI)ITPON3BOOHBIX BEH30TPUA30J/IA

AM. Xnonoruuuu', VI.M. UyBakosa', V1.B. Tuxonos',
JK.B. Ynpxkosa?, P.C. Berynos'

Anexcanpp Uropesuu X/TOMOTMHUH, KaHJ. XVMM. HayK, MH)KeHep-xuMuk; VMpuna Muxaiinosna UyBakosa,
cTyneHT; ViBan Bukropopuu THXOHOB, KaHJ. XUM. Hayk, foll.; JKanHa BsadecmaBoBHa UmMpKoBa, JOKT. XMM.
Hayk, pod.; Poman CepreeBuy BeryHoB, kaHz. XuM. HayK, HOLL.

' ®TBOY BO «sIpocnasckuii rocygapcTBenHsiit yuusepcuter uM. [1L.T. Jlemupgosar, 150003, Poccus, r. Ipocnasns,
yn. CoBetckas, 1. 14, begunov@bio.uniyar.ac.ru

>@IbOY BO «fpocmaBckmil TOCY[apCTBEHHBIN TeXHUYECKMil yHMBepcuTeT», 150023, Poccus, r. Spocnasib,
MockoBckuii p., fi. 88, chirkovazhv@ystu.ru.

Knrouesvie cnosa: Annomauus. B xole peakyuti  apomMamu4ecKoz0  HyKneopunvHozo
Y®-abcopbeput, 3aMeueHUuss U 60CCMAH08aeHUsT nonyuervl cmecu 1-(2-NHy-4-CFs-perun)-1H- u
N-(2-amunoapun)- 2-(2-NH,-4-CFs-¢perun)-2H-6enzompuasona, codepucauue 1- u 2-3ameujernole
benzompuasonvl, u3oMepvl 8 PAsUUHBLIX COOMHOuwleHUsx. JV3yuena unmencusHocmo YO
peakyus SNAr, abcopbuuu cmecamu 0aHHbIX AMUHOCOeOUHeHUil. Bee cmecu amunonpou3so0Hbix
80ccmanosete, bensompuasona obnadanu abcopbyueti 8 duanazorax 280-200 Hm, 315-280 Hm u
YO cnexmpol, ouanason 400-315 um. C ysenuueruem co0epHAHUT 6 CMeCU 2-3AMeUseHH020 u3omepa
onun ot 280-200 Hm, cnocobnocme  noenowgamv  UVA  u  UVB  usnydenue  ycunueandco.
315-280 Hm u 400-315 1m, IIpu npeobnadanuu 6 cmecu 1-3ameuseHH020 NPOU3BOOH020 607Iee UHIMEHCUBHO
K8aHMO080-XUMU1ECKoe abcopbuposanuco UVC nyuu. Haubonee nepcnekmuseHoili oKa3anaco CMeco,
Mmodenuposaue codepucawas 1- u 2-3ameujeHHole usomepol 8 coomuoutenuu 1 : 0.49, komopas

00n1a0ana CNAOWHOL U 3HAYUMENbHOU AbcopOyueli 60 6CeM U3YHAEMOM
ouanasorne YO cnexmpa. Ilo pesynomamam K6aHMOBOXUMUHECKUX PACHENIOB
NOKA3AHO, MO 2UNCOXPOMHDLI COBU2 MAKCUMYMOB noznouweHust 6 YP-cnekmpe
1-3ameuienHo20 usomepa 06ycno6eH cmeputecKUMU 3ampyoHeHUAMU, KOTMopble
0en1aiom MOneKyny Cyuw,eceeHHo Henlockoti U HAPYyuam conpsicerue mexoy
0eH30MPUA3ONLHOIM U AHUNUHOBLIM pasmenmamu. Omo NPUsooUm K
yeenuueHuo IHepeemuuecxkoti wienu mexoy B3MO u HBMO u so3pacmaruio
SHepeul INeKMPOHHbIX Nepexo0os.

Inga nuTupoBaHu:

Xnmonotvuun AL, Yysakosa V.M., Tuxonos /1.B., Unpkosa XK.B., berynos P.C. Cunres YP-ab6copbeHTOB Ha
ocHoBe N-(2-aMymHOApMI)IpON3BOAHBIX OensoTprasona // OT XMMuM K TeXHOIOIMN mmar 3a marom. 2026. T. 7,
BbIL 3. C. 11-21. URL: https://chemintech.ru/ru/nauka/issue/7500/view

© AWM. Xnonorunus, VI.M. YyBakosa, /1.B. Tuxonos, JK.B. Uupkosa, P.C. berynos, 2026
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BBenenue

[TonumepHble MaTepuasbl B XOfe SKCIUTyaTalMi MOTYT IIO[{BEPTaTbCsl PasITUIHBIM
HeO/MAronpuATHBIM (DU3UKO-XMMUIECKUM BO3JENCTBUAM, 0C000€ 3HAYEHME CPeU KOTOPHIX
umeer Y®-usnydeHne, npuBopsiiee K gerpagauyy moaumMepa [1-3]. s mpegoTBparieHus
doromerpaganuy MCIONB3YIOT pa3INYHble CBETOCTAOWIN3ATOpPbL. VI3 Hux Hambosbllee
pacnpocrpanenue nonyannm Y ®-abcopbepst [4-7].

B kayecTBe TaKuX JOOABOK Yallle BCETO IPUMEHSIOT Pa3/InyHble aIKV/IbHbIE IPOM3BO/HbIE

2-(2H-6en3oTrpuason-2-un)penona [8-13] wiu opmo-ruppoxcnbensoderonsr [14, 15] (puc. 1).

HO o] OH
/N\N _//>R1 X X
<7 \ A R P | P

a) 0)

Puc. 1. Haubonee pacnpocrpanennsie Y®-abcopbepor: a) mpousBopable 2-(2H-6eHsorpuason-2-min)deHona
(TunyBuHBI), 6) IPOU3BOJHBIE 2-TUPOKCUOeH30(peHOHA

Mexanusm pevictBusa Y P-abcopbepoB OCHOBaH Ha BO3MOXKHOCTM IIepeXofia MOJIEKYI 13
OCHOBHOTO 3JIEKTPOHHOTO cocTtossHMsA (A) B Bo36yxnéHHoe (B) [16], uTo XapakTepHO A
2-(2H-6ensorpuason-2-mi)denonos (cxema 1). Bo3byxaéHHoe cuHrinerHoe cocrossuue (B)
pen1akCcupyeTr B TE€YE€HUE -~ 100 (I)C 3a CYET aﬂMa6aTI/I‘{€CKOI‘O IepeHoca IIpOTOHAa Ha a30T
TpMa30/IbHOI'O KOJ/IbLia, B PE3YyIbTAaTE€ Y€TO 06pa3yeTc;~1 TayTOMEp C IMEPEHOCOM IIPOTOHA (C),

KOTOPDIil 3aTeM BO3BpaIljaeTCA B OCHOBHOE COCTOsIHVE (A) C BBIfleJIeHIEM TeIUIOBOI SHEPTUIL.

H—Q
oW Q
N
\N/
_ AH/ ) A \hv
H O A=
+/ /N'
/N \N - CE >N
\N/ N
C B

CregyeT OTMETUTDH, YTO (POTOCTAOMINM3ATOPHI, copep)kaiiye (heHONbHBIN (parMeHT,

*

Cxema 1

VIMEIOT Psifi HEIOCTATKOB, TAKMX KaK HM3Kasl 3P PeKTUBHOCTD B IPeAOTBPALLEHNH [UIUTE/IBHOTO
OKJC/TUTENbHOTO Pa3/IOXKEeHNs 1 BBIIIe/Ia4iBa€MOCTb.

CxoXXmil MeXaHU3M HOI/oLleHNs U npeobpasoBannsa Y D-usmTydeHns HO/DKHBI MMETb
IPOU3BOJHbIE 0p10-OeH30TPUA30/IbHbIe IPOU3BOAHbIE aHWIVHA. Hamdme B 0pmo-1onoxeHnn
K  0eH30TpMasoNbHOMY  IMKIy  aMUHOTPYHIBI  CIIOCOOCTByeT  0Opa3soBaHMIO
BHYTPVMOJIEKY/ISIPHOI BOJOPOJHOI CBA3M MEX[y aMUHHBIM IIPOTOHOM M aTOMOM a30Ta
6ensorpuasona [17]. OcHoBHOM 3¢ (deKT TaKoil BHYTPUMOJIEKY/SIPHON BOZOPORHON CBSA3YU
3aK/TI0YaeTCsI B MHOTOKPAaTHOM YBeTMYEeHNY CKOPOCTU BHYTPEHHEN KOHBEPCHUH B CHHITIETHOM
cocrossHyu (mpu 300 K). B pesynbTate 60/bInast 4acTb 9Heprim GOTOBO3OYKIEHNUS PacceNBaeTCs

TEPMMYECKM B CUHIJIETHONM cucTteMe. PesynbTupyromiee COKpallleHMe BPEMEHM >KU3HU
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BO30Y>K/IEHHOTO CHHIJIETHOTO COCTOSIHVISI yMEHbIIAeT BBIXOZ (oTopeakuyy 1 GryopeclieHIUI.
KoHcraHTa cKOpocTyt HOTOXMMIYECKON peaKlny OCTaéTCsl Hen3MeHHoit [17].

Panee namMm O6bU1 paspaboTaH CIOcOO COBMECTHOTO CHMHTe3a ¥ pasfeeHus
1-(2-amunoapwn)-1H- u 2-(2-ammHoapwn)-2H-6eH30Tpua3onoB. beua nsydeHa nx ciocoOHOCTh
nornomars Y®-usnydenne [18]. Oxasanmoch, uro 1-(2-ammHoapwin)-1H-6eH30Tpuasonbl
a¢dextuBHee mnormomanu yabrpaduoner C, B TO BpeMs Kak 2-(2-ammHOoapwn)-2H-
6ensorpuasonsl — yapTpaduoner B m A. Ilo cmocobrHocTn abcopbupoBars UVC-myun
1-(2-ammHOapun)-1H-6eH30Tpra3onbl MPEBOCXOAWIN KOMMEPYECKUII CBETOCTaOM/IN3aToOp
Tinuvin P (2-(2"-rupgpoxcu-5'-metnndennn)benzorpuason). 2-(2- AmuHoapun)-2 H-6eH30Tprasossl
6butn 601ee apdexrnBabIMM YD-abcopbepamu, uem Tinuvin P, B cpemHeBOHOBOI 06/1acTH
Y®-crektpa. Ilo cmoco6noctm mornomars UVA-mydnm  2-aMMHOapuI3aMelljeHHbIe

6eH30TpMa3o/Ibl EMOHCTPYUPOBAIN PE3yIbTAThI, CpaBHMMBIE ¢ Tinuvin P.
OcHOBHaA 4acTh

B mnpopomxeHue paHee IPOBENEHHBIX NCCIENOBAaHWII OBUIM TIONMYYEHBl CMeCU
1-(2-NH,-4-CF;-pennn)-1H- (4) wu  2-(2-NH,-4-CF;-¢denun)-2H-6ensorpuasona  (4'),
cofepkamiye 1- ¥ 2-3aMellleHHble M30Mepbl B PAa3JIMYHBIX COOTHOIIEHWAX, ¥ M3y4eHa
MHTEHCUBHOCTD UX Y P-abcopOium.

Ilenp pmanHOM paboTBl — OLEHUTb 3(PeKTUBHOCTD MCIONb30BAHMS CMecei
Y®-nornoTuTeneil Mo CpaBHEHMIO C MHAMBUAYaTbHBIMU N-(2-aMUHOAPWUII)IPON3BOAHBIMU
Oensorpmasona. IlpuMmeHeHme cMeceil NO3BOMUT M30€XaTb HOCTATOYHO CIOXKHOM M
TPYAOEMKOIT CTafuy pasie/ieHns: M30MePOB ¥, COOTBETCTBEHHO, MCKITIOUNTD MTOTEPY P UX
BBIf[e/IEHINA.

Cmecr  m3oMepHBIX aMmHOB 4 u 4' T[oaydyaaum B XOfe  peakuuu
apOMaTIYeCKOTOo HYK/1e0(UIBHOTO 3aMelleHNs 1H-6eHs3orpuasona (1) c

2-HuTpOo-4-(TpUdropmMern)-1-xnopbeHsonom (2) ¢ TMOCHAEAYIOIINM BOCCTaHOBJIEHVEM

HoN
Nf_N\ J
CFs f N CF;
4

M30MepHBIX HUTpocoenuHennit 3 n 3' (cxema 2).

Cl 4
SHC12'2H20
N N02 KZCOS’ 5 )
\\N DMF i-PrOH, 18% HCI
+ _ NG +
N 70°C, 1h LN
H
CF3 /N\ F
CF3 /N C 3
1 2 ~y
4'

Cxema 2

[l71s1 cuHTe3a cMecell, cofep>KalX HUTPOIIPORYKTHI 3 1 3' B pa3/IMUHBIX COOTHOLIEHUX,
peakunio SyAr nposogwm B IM®PA B npucyrcreun K,COs; npu pasnnyHbIX TeMIepaTypax
(Tabm. 1).
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Tabmuma 1. BiamsaHue rteMmeparypbl Ha cooTHomleHre 3 u 3, oOpasyloIuxcai B XOfe peakuym SyAr
1H-6ensotpuasona (1) ¢ 2-Hutpo-4-(tpudropmerun)-1-xmopbensonom (2)

Ne Temneparypa, °C Bpems peakunn, u CymMapHblii BbIXof, % CoorHomenne* 3 u 3'
1 40 6 92 1:0.50
2 50 5 94 1:0.46
3 60 4 93 1:0.37
4 70 2 95 1:0.32
5 80 1.5 97 1:0.26
* - cornmacuo mauabiM 'H SIMP criekTpockommu

Ha puc. 2 npencrasren ¢parment 'H JAMP crektpa cmecu HUTpompopykToB 3 u 3,
nonydeHHon npu 40 °C. CooTHolleHre NpoAyKToB 3 1 3' onpefesyioch Kak COOTHOIIEHME
VHTETPUPOBAHHBIX  IUIOIIAfiell IMKOB CUTHAJIOB IPOTOHOB  1-(2-HuTpoapun)- u
2-(2-HuTpoapwmi)0eH30TpNa30NnoB. B KadyecTBe XapaKTepUCTUYHOTO ObUI BBIOpAH CUTHAsI

HanMeHee SKpaHnpoBaHHOTro npotoHa H* N-apuabHoro ¢pparmeHTa.

1H, H¥, (3)
1H,H*, (3"
L 1 i T T T T T T
8 R th n 5 S 3 8 g 3
- O — o - — — — — ™

88 87 86 85 84 83 82 81 80 79 78 77 7.
M.O.

)]

Puc. 2. @parment 'H SIMP cniektpa cmecy HUTpOnpoxyKToB 3 u 3' (peaxuust SyAr, 40 °C)

'H JAMP Cnextpsl 1-[2-Hutpo-4-(trpudpropmernn)pennn]-1H- (3) u 2-[2-Hutpo-4-
(tpudropmerun)denun]-2H-6en3orpuasona (3", a TaKXe 1-[2-amuHO-4-
(rpudpropmerun)penun]-1H- (4) wu  2-[2-amuHo-4-(Tpudropmernn)pennun]-2H-
6ensorpuasona (4'), BbIJje/IeHHBIX B MHVBYYaTbHOM BUJie IpUBefeHbl B pabore [19] u
B Electronic supplementary materials cratbu [18].

[Ipn monydenun cmecu 1-(2-NH;-4-CF;-penun)-1H- n 2-(2-NH;-4-CF;-¢pennn)-2H-
6eH3oTpnasonoB (4 u 4') UCIOIB30BANINCH paHee IpPeIo’KeHHble HaMy /I 9P QPEeKTUBHOTO
BOCCTAaHOBJ/ICHVSI MOHO- ¥ IIOJIMHUTPOAPOMATUYECKUX COENVHEHUI Pa3IMIHOTO CTPOCHMS
ycnosus: SnCl-H,O, xucnas BogHo-cimpToBas cpepa [20-23].

Peaxk1juio BoccTaHOB/IEHVS IPOBOAVIN 1 4, BHOCA pacTBOp BocctaHoBuTenA B 18% HCl
B pacTBOp cMecy HUTpocoenuHernit 3 u 3' B mpoman-2-one npu 70 °C (cxema 2). CopepxaHne
ammHONponykTtoB 4 n 4' cormacHo maHHbIM 'H SIMP cnekrpockonvm (puc. 3, tabn. 2) B
PEaKIVOHHON Macce OBUIO IPUMEPHO TaKoe >Ke, KaK J COOTHOLIEHVE VCXOJHBIX

HuTpocoenyuHennit 3 u 3' (puc. 2) B BOCCTAHaBIMBAEMOI CMECH.
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OT XMMWUHU K TEXHOJIOTUN [RiIEARTRTIEA VY

1H, H¥(4)

2H, NHy(4)

2H, NH;(4")

152+
74|
151+

I
@
-

—1.44
0.944
4049

828180797877 767574

3 7271 7.0 69 68 6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0 59 5.8 5.7 5.6
M.d.

Puc. 3 ®parment 'H SMP cnektpa cmecn aMyHONPORYKTOB 4 1 4' peakumym BOCCTAHOBIEHMS CMeCH
HUTpOcoeanHeHnit 3 1 3'

Tabmuma 2. CymMapHbIiT BBIXOf, ¥ COOTHOLIEHMe aMUHOCOeAuMHeHMit 4 u 4' B cMecu, HONyYeHHON MHpu
BOCCTaHOBJICHUY CMeCY HUTpocoeyHeHnit 3 u 3'

Ne Cwmecs 3 n 3', monmydeHHas npu CymMapHbiii Boixop 4 n 4', % Coornourenne* 4 u 4'
TeMiepatype, °C

1 40 98 1:0.49 (cmech A)

2 50 97 1:0.44 (cmech B)

3 60 98 1: 0.35 (cmech B)

4 70 99 1: 0.31 (cmecn I)

5 80 98 1:0.23 (cmecs IT)

* - cormacHo ganubiM 'H SIMP cniektpockonuu

[lna  ycTaHOB/IEHMA  HEepPCIeKTMBHOCTY — MCIIO/Ib30BaHUA  IIONTYy4EeHHBIX  CMeceil
aMMHONIPOU3BOAHBIX OeHsoTpmasona 4 u 4' B kadectBe Y®D-abcopbepoB ObUIM 3aIMCaHBI
9/IeKTPOHHBIE CHEKTphI mornomieHns B obmactu 200-400 M. [Ina cpaBHeHVS IpUMeEHSIIN
1-[2-amuno0-4-(Tpudropmerun)dennn]-1H-6eH3oTpuason (4) " 2-[2-amuHO-4-
(rpudpropmerwn)pennn]-2H-6en3oTpuason (4'), BBIje/ICHHble B VHAVBUIYAJIbHOM BHJE.
3HaveHrst K09 UIMEHTOB MOJISIPHONM SKCTMHKLIMM, COOTBETCTBYIOIIMX MAaKCUMyMaM
IOTJIOLIEHNS B KOPOTKO-, CpefiHe- 1 JUIMHHOBOTTHOBOI obmactu Y @-criektpa, Bemiects 4 1 4' u

X CMecell IpUBefieHbl B Tabmuiie 3.

Tabmuma 3. VIHTeHcuBHOCTh mornomeHus Y@P-usmydennsa 1-[2-amuno-4-(tpudropmerun)pennn]-1H-
6ensorpnasonom (4), 2-[2-amuno-4-(rpudropmern)pernn]-2H-6ernsorpuasonom (4') n ux cMecsmMn
A (uM) €, 1-MOMb L-cm!
Cmech A Cmecp b Cmecp B Cmecp T Cwmecp [ 4 4'
280-200 32896 33219 35720 40452 42221 43590 29274
315-280 17035 15481 13379 10259 9792 6422 15213
400-315 11033 10865 9140 7893 4874 - 12817

Kak BujiHO 113 JTaHHBIX TabnMIIbL, BCe cMecu A-JI aMMHOIIPOU3BOIHbBIX OeH30Tprasona 4 u 4'
obnmayanyu abcop6bimeit B fuanasonax 280-200 HM, 315-280 uM u 400-315 HMm. C yBenmmueHreM
COflep>KaHusi B CMecK 2-3aMellleHHOro musomepa 4' crmoco6HocTs moriomars UVA- u
UVB-usny4enue ycunusanach. [Ipu npeobnafganum B cMecy 1-3aMelieHHOTO IPOU3BOZHOTO 4
6onee nHTEHCUBHO abcopbupoBamicy UVC-nyun. Crefyer oTMeTnTh, 4yto cMec A n b 1o
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CPaBHEHMIO C MHAVBYIYTbHBIMY aMMHOCOeVIHEHMAMY 4 1 4' 60/1ee MTHTEHCYBHO MTOT/IONA/IN
cpenHeBonmHOBoe Y®D-m3nydenne. CMecb A aMUHONPOM3BORHBIX OeH3oTpuasoma 4 u 4'
o6rajjaza CIJIOLUTHON MHTEHCUBHOM abcopOIiyei Bo BCEM n3ydyaeMoM juanasoHe Y O-crekrpa.
[Io oaroil mnpuuMHe €€ MOXHO PpeKOMEHIOBaTb K MCIOIb30BAHMIO B KadyecTBe
CBeTOCTabM/IM3aTOpa /IS MOJIMMEPHBIX MaTepUAIOB B KOHCTPYKIVIAX, 9KCIUIYaTUPYIOLINXCA B
PasHBIX C/10sIX aTMOC(]epBI, HAIPUMEP B METEO30HAaX 1 APYTUX JIeTaTe/NbHbIX anmnaparax. Ecim
CPaBHMBATh INEPCHEKTUBHOCTb MCIIONb30BAHMA IIONTYYEHHBIX CMeCEl aMMHOIPOM3BOJHbIX
6ensoTpuasona 4 un 4' B kauecte Y P-abcopbepoB ¢ MHANBNUAYATbHBIMY COeAVHEHUAMY 4 1 4',
TO MOXHO  OTMETUTb, UYTO IpUMeHeHue cMmecu A, cofepxameit 1- u
2-(2-amMuHOapui)3aMeleHHble O€H30TP1UAa30/Ibl B COOTHOIIeHUN 1:0.49, sKOHOMUYECKU OoTiee
BbITOTHO. OHa MMesIa CX0XKYI0 C MUHAVBYAYTbHBIM BElleCTBOM 4' MHTEHCUBHOCTD ITOT/IOIeHIIS
cpefHe- M JIMHHOBOMHOBOrO Y®-u3jmydyeHus, JOCTUTAOLIETO IIOBEPXHOCTM 3eMIM U
3aITyCKAOIIeTo0 (POTOOKVICTUTENIbHYIO IeTPAafallMio MTO/IMMepPOB. B To e BpeMs momy4nts eé
3HAUUTE/IBHO IIPOolIle, YeM VHAVBNUAYANIbHBIN 2-(2-aMmuHoapun)-2H-6eH30Tpuasor.
boito mpoBeieHO cOIOCTaB/IeHME SKCIIEPUMMEHTA/IbHBIX 9/IEKTPOHHBIX CIIEKTPOB
HOIJIOIeHNA VHAMBUAYAIbHBIX coenviHenmit 4 u 4' (puc. 4). B 6mwxreit Y®-obnactu mis
nusoMepa 4 HaOMIOAeTCA IMIICOXPOMHBIN CABUT Ha ~40 HM IO CpaBHEHMIO ¢ M30MepoM 4,
COIIPOBO>K/IAEMBIN TMIIOXPOMHBIM 3P PeKTOM (CHVDKEHMEM € Ha MaKCMMYMe IPUMEPHO B 2 pasa).
ITO CBUZIETENbCTBYET O BO3pAaCTaHNM SHEPIUY 3IEKTPOHHOTO IIepexo/ja B AMIHOIIPOM3BOJHOM 4.
€, N/(Monb-cm) 204 a f €, n/(Monb-cm) 6 f
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Puc. 4. JxcnepuMeHTanbHble (—) M paccuMTaHHBle (---) 9TE€KTPOHHBIE CHEKTpbl mornomenns 4 (a) u 4' (6).
BeprukanbHble miHuM — paccyuranHbie MerofoM TD-DFT a/1eKTpOHHBIE IIepeXOibl.

Ina obbAcHeHusa paHHOro 3Sddekra ObUIO MNPOBENEHO KBAHTOBO-XMMIYECKOE
MOJIe/IIPOBaHye TeOMETPUY MOJIEKYJI, TPaHIYHbBIX MOJIEKY/LAPHBIX OPOUTaIel ¥ S7IeKTPOHHBIX
CIIEKTPOB IIOITIOUIEHNs JJaHHBIX BellecTB. KBaHTOBO-XMMMYECKME pacyeThl BBINOMHAIM C
ucnonb3oBaHyeM nakera nporpaMm ORCA Bepcun 5.0.4 [24]. CtpykTypa Mosekysbl 4' 67m3Kka
K IUIOCKOJ: TOPCMOHHBIN YTOI MeX[y OeH3VMMUa30/IbHBIM ¥ aHVWIVHOBBIM (parMeHTaMu
paBeH 28°. 9To obecredrBaeT BLICOKYIO CTENIeHb CONPsDKEHNA MeXXTY HJaHHBIMM (pparMeHTaMIL.
B T0 >ke BpeMs B CTPYKType 4 TOPCMOHHBIN YTOJI COCTaB/IAET 56°, YTO 00YC/IOBIEHO B3aVIMHBIM
OTT/IKVBAaHVEM IIPOCTPAHCTBEHHO CONVDKEHHBIX aTOMOB BOJIOPOZAA B IOJIOXKEHUAX 7 U 6.
B pesynpTaTe HapymaeTca CONpsDKeHME MeXHy OeH3MMUJA30TbHBIM I aHWIMHOBBIM
¢dbparmeHTaMn 1 Bo3pacraer sHepreTideckas mienb Mexay B3MO u HBMO: 4.39 aB s 4 u
3.88 3B s 4'. Hapy1uenne conpsiKeHUA HAI/IAKHO MOXKHO IIPOCTIEAUTD 110 BUIY I'PaHMYHBIX
MOJIEKY/IIPHBIX opbuTaneit (puc. 5).
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B3MO (Ne71) HBMO (Ne72)

4 E=-6,013B E=-2,133B
Puc. 5. Bup rpaHudYHBIX MOJIEKYIApPHBIX opbOutaneit coenyHeHmii 4 um 4'. KpacHoil paMKoOJl Bble/leHb
IIPOCTPAHCTBEHHO COMVDKEHHbIE aTOMBI BOJIOPOZiA B TIOJIOXKEHVAX 7 1 6' B coenyHeHUN 4.

B3MO B ob6eux MoONeKynax IpeMMYyLIECTBEHHO JIOKAIM30BaHbI HA aHWIMHOBOM
¢parmenre. Bxmap 6eHsorpumasonpHoro ¢parmMenta B B3MO HesHauureneH, HO B 4' OH
HECKOJIbKO BBILIE 3a cyeT Oojee MIOCKoi cTpykTypbl. Kak crepcrBue, sneprus B3MO B 4' 3a
CYeT HeCKOJIbKO 0oJblieil cTeneHn conpspkeHus Ha 0.09 3B Bbiie, yeM B 4. B To ke Bpems
HBMO wMonexynbsl 4' sABIsieTcs CUIbHO JenoKanu3oBaHHOU, a B 4 HBMO cymectBeHHO
JIOKa/M30BaHa Ha OeH3oTpmasonbHOM ¢parmeHTe. Hapymenme conpsokenms B HBMO
HEIIOCKOJ CTPYKTYPBI 4 IPUBOAUT K CyIleCTBEHHOMY YBeM4YeHuIo ee sHeprun (Ha 0.42 3B),
YTO SAB/IAETCA OCHOBHON IPUYMHON OOjee BBICOKOI IHEPTUM SJIEKTPOHHOTO II€pexofia I
TUIICOXPOMHOTO cABUTa B 6/ypKHelr Y P-00/1acTy crieKTpa Jyisa MOJIEKY/IbI 4.

Paccuntannbie MerogoM TD-DFT seKTpoHHbIe CHEKTpBl IOIVIOMIEHUs XOPOILO
COTJIACYIOTCS C 9KCIIepMMeHTaNbHbIMU (puc. 4). PacyéTHble CIIeKTpBl IIOCTPOEHBI C
ucronb3oBanyeM nporpaMMbel Chemcraft (cM. skcmepuMenTtanpHylo 4dacth). HecMoTps Ha
OTJe/IbHbIE PACXOXJEHUA IIOJIOKEHMI PACYETHBIX I OSKCIEPMMEHTAJbHBIX MaKCUMYMOB
mornomienua Ha 10-15 HM, pacyeTHble CIIEKTPbl XOpPOLIO IIEPeJaloT  OCHOBHbIE
3aKOHOMEPHOCTM 3KCIIEPMMEHTA/IbHBIX CIIEKTPOB:

- IIOJIOKEHVME OCHOBHBIX MAaKCUMMYMOB IIOIJIOLIEHNSA, B TOM YMC/I€ ¥ HEpPa3pelIeHHBIX
UKOB (226 uM 111 4 u 246 uM m1s 4');

- TUIICOXPOMHBIII CAABUT MaKCYMYMOB ITOTJIOLeHNS /s 4 10 CpaBHEHMIO ¢ 4';

- OTHOCHUTENIbHYIO MHTEHCHBHOCTb MAaKCUMYMOB IOITIOMIeHNUA ([JOCTATOYHO BBICOKAsA B
obnmactax YO-A, YO-B mna 4' u Huskas qisa 4).

TakuM 00pasoM, KBaHTOBO-XMMMYECKOe MOJENMPOBaHME SIBJSIETCS HOCTATOYHO
XOpOIIVM MHCTPYMEHTOM IIPEJCKa3aHMUA 3NEKTPOHHBIX CIIEKTPOB IOINIOLIEHUA M OLIEHKU
IpefIOoNaraeMoil  MHTEHCUBHOCTM  aOCOPOIIMOHHONM  CIIOCOOHOCTY  CUHTE3MPYeMbIX
CBETOCTAOM/IN3ATOPOB.

[/ [ONIONTHNUTENBHOTO HOKa3aTe/IbCTBA BAMAHNUA KOHPOPMALMOHHBIX 3G deKTOB ObITI0
IIPOBEIeHO KBAaHTOBOXVMIYECKOE MOJIeTTMPOBaHNIE ITIOCKO CTPYKTYPHI 4 (TOPCUOHHBII YTO/
MeX[y O€H3MIMI/Ia30/IbHBIM U aHVIMHOBBIM (PparMeHTaMy IPUHYAUTEIbHO 3a/iaH paBHBIM 0°).
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B HBMO nony4yeHHOJ CTPYKTYpBbI, Kak U B 4', HabmofaeTcsi 60/IbIIasi CTeNeHb CONPSIKEHNS
MeXay OeH30TPMa30/MbHbIM M AHWIMHOBBIM (parMeHTaMy. JHepreTndeckas IIe/b MeX[y
B3MO 1 HBMO p1 miiockoit cTpyKTypbl 4 coctasiset 3.89 3B, T.e. conocTaByMa ¢ HEIIOCKOI
CTpyKTypoIi 4. HecMOTps Ha 3TO, pac4€THOE 3HaY€EHME IIEPBOTO0 MAKCUMYyMa IOT/IOLE€HNA /1A
IUIOCKOJI CTPYKTYpbI 4 paBHO 360 HM (sHeprus nepexopa 3.44 3B), T.e. 6/1M3K0 K TAKOBOMY /IS
crpykrypsl 4'. ITo-BupumoMmy, 3TO 0OBsACHAETCA OOJbIIei pemakcanyell MONIeKY/IAPHBIX
opbutaneii mpu o6pa3oBaHMM IEpBOTO 3JEKTPOHHOTO BO3OYXJEHHOTO COCTOSAHUA A
IJIOCKOM CTPYKTYpHI 4. Takum 06pasom, ecyt ObI MojIeKy/a 4 MMea INIOCKYI0 CTPYKTYpY, OHa
Obl TIOI/IONIATa NPYMEPHO B TeX >Ke 06nacTaX, 4ro u cTpykrypa 4'. Ho crepmueckoe
OTTA/IKMBaHNE MeX/[y aTOMaMI1 BOJOPO/ia B IO/IOKEHMAX 7 U 6' leflaeT INIOCKYIO CTPYKTYpY 4
Ha 24.7 k/X/MONMb 3HEpreTMYecKy HEBBITOJHON II0 CPAaBHEHMIO C HEIUIOCKON, YTO
HOATBEP)XaeT OIpefe/AIONyl0 pOIb CTEPUYeCKUX (aKTOPOB B IIOJIOKEHNUU MaKCUMYMOB
IIOTJIOI€HMA.

3KcnepumeHTaanaﬂ 4acThb

Crnextpsi SIMP perucrprposanu Ha npubope «Bruker DRX-400» st pactBopoB IMCO-ds.
B xadecTBe 3Ta/OHa /I OTCYETa XMMUYECKUX CABUTOB MCIIO/Ib30BAIM CUTHA/IBI OCTATOYHBIX
npoToHoB pactBoputens B 'H AMP § 2.5 m.p.

Meroguka cOBMeCTHOTO cuHTe3a 1-[2-Hutpo-4-(tpudropmermn)pennn]-1H- (3) u
2-[2-auTpo-4-(Trpudropmernn)pennn]-2H-6ensorpuasona (3')

Iia nonmydyenus cMecu 13oMepoB 3/3' B pa3IMuHBIX COOTHOLIEHNAX PEAKIVIOHHYIO MacCy,
copepoxaryo 0.044 monp 1 H-6ensorpuasona (1), 0.063 monp 6e3BopHoro K,COsm 0.042 Monb
2-HuTpo-4-(Tpudropmern)-1-xnopbensona (2) narpesamum B JM®PA (1) npu 40 °C 6 4,
(2) mpu 50 °C 54, (3) mpm 60 °C 4 4, (4) mpn 70 °C 4 4 n (5) mpu 80 °C 1.5 4. 3aTeM peaKLIMOHHYIO
MacCy OX/TaXKa/IM ¥ BbUIVBA/IN B BOAY. BrimaBimit ocajok OTGMUIbTPOBBIBA/IN, HECKOIBKO pa3
IPOMBIBa/IM BOON U cymmnn. IlomydeHHYI0O cMech pacTBOPSAIM B aljeTOHe U OTHENANM OT
MeXaHM4ueckux mnpumeceit. Ilocme ymapuBaHmMA alleTOHA MOAy4YaluM CMeCU M3OMEPHBIX
HUTPOIPOAYKTOB C CYMMapHBIM BbIXOZIOM 92-97%.

MeTtopuka cOBMeCTHOTO cuHTe3a 1-[2-ammuHO-4-(Tpudropmermn)dpennn]-1H- (4) n
2-[2-amuHO-4-(TpUdTOpMeTIn) pennn]-2 H-6en3orpuasona (4')

K 0.038 momp pactBopy cmecu nsomepos 3 u 3' B 100 mn i-PrOH npu 70 °C npu
nepememmBanuy BHocwu pactsop 0.133 monp SnCl-2H,O B 50 mn 18% HCI. Yepes 0.5 u
i-PrOH ynapusanmu. [Tocye aToro peakijmoHHyo Maccy oxnaxjanm, oopadareisanu NH,OH no
pH=8 n skcTparuposamm ropsanm xnopodpopmom (2=250 mi). ITocne orronkn xnopodopma
HOJTy4YasIi CYXYI0 CMeCh I30MEPHBIX aMIHOIIPOAYKTOB 4 11 4'.

MeTtopyKa IPUTOTOB/IEHNIS PACTBOPOB MICCTIEAyeMbIX 00pa31oB I Y O-CIieKTPOCKOIININ.

Hasecky o6pasma 0.005-0.007 r pactBopsymt B 25 M IpomaH-2-onma. 3ateM 0.2 M
IIOTy4eHHOTO pacTBOpa pasbasisumyu 10 M1 mpormaH-2-o7a.

Mertopuka 3anucu cneKTpoB Ha cnekTpodoromerpe Perkin Elmer Lambda 35.

B opHy KiOBeTy BHOCWINM M3ONIPONAHON. 1 KOMIIEHCAllMy IMKOB IOTIOLIEHN
InpyMecell B CIMPTe 3alMCHIBAIM CHEKTP-KamnOpoBKy. [lamee IO odepeny 3amychbIBaan
CIIEKTPBI MCCTIelyeMbIX 00pasIioB.
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KoadduumenTsl MOMApHON SKCTMHKUMM paccuuThiBamu 1o  ¢opmyne: e=D/C.,
rie D — ontuyeckas mioTHOCTh, C — KOHLIEHTpAILVs pacTBopa, [ — mnmHa KioeTsl (/=1 cMm).

Mertopyka npoBefeHN KBAaHTOBO-XVIMIYECKIX PacyeTOB

KBaHTOBO-XMMMYeCKye pacyeTbl BBIIOMHSIN C JMCIONb30BaHMEM IIaKeTa MPOrPaMM
ORCA Bepcunm 5.0.4 [24]. OnrmMmsanuio reoMeTpUM M30MEPOB IPOBOAWIN METOHOM
r’SCAN-3c¢ [25] ¢ pacyeToM 4acTOT KOeOaHWII /I TIOATBEP>KAECHNUA JOCTYDKEHNA MIHIMYMa
Ha IOBEPXHOCTV IOTEHIVATbHON 3Hepruy. I ONTMMM3aLuMy TeOMEeTPUM BBIIOTHSAIN
OZHOTOYEYHBII pacyeT ¥ pacyeT 9TEeKTPOHHBIX IEPEXOJOB METOLOM BpeMs-3aBUCUMOI
teopun pynkiyonana wiotHoctu (TD-DFT) [26] ¢ npuMeHeHreM rubpupHoro pyHKIMOHaNA
B3LYP [27] c 6asucHpiMm nHabopom def2-TZVP [28]. Paccumrano 20 HM3KOIEXAIUX
CMHIJIETHBIX BO30Y)XX/IeHHBIX COCTOsiHMIl. [lucrepcuonHas mompaBka D3 mo I'pumme [29]
y4TeHa JIs1 KOPPEKTHOTO OIVICAaHVs HEBAJICHTHBIX B3aVMOJEVCTBMIL. Y4eT BIMAHUA Cpefbl
(mpormaH-2-071) IPOM3BOAWIN B paMKaxX MOJe/NN MoIsgpu3oBaHHoro Koutnnyyma CPCM [30].
Busyanusanmio CTPYKTyp, MOJIEKY/LIPDHBIX OpOuUTanell ¥ pPacCYMTAHHBIX 9STeKTPOHHBIX
CIIEKTPOB MOT/IOIeHMs ITpoBoavyu B mporpamme Chemcraft [31]. ITpoduib KpUBBIX CIIEKTPOB
IIOCTPOEH C IpUMeHeHueM QyHKImy pacnpenenenus ['aycca (monymmpyHa muauy 18 HM).

Kondnukr natepecon

ABTOpBI 3aABAIOT 00 OTCYTCTBMM KOHGINMKTA MHTEPECOB, TPEOYIOIIET0 pacKpbITHS B
TaHHOM CTaThe.
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Kntouesvie cnosa: Annvomayus. Cmamvsi  nocésujeHa  cuHmesy U  xapakmepucmuxe
0KCaouasorn, onePuH, 5-(anxenun)-3-apun-1,2,4-oxcaduasonos. Cxema cuHmesa 6xkmouaem 0se
peaxyus Bummuea, cmaduy: nomyderue MPUPeHUnRPocHoHULl X0pUda U NOCTEIVIOULYI0 €20
AHMUOKCUOAHMHAS KOHOEHCAUUIO ¢ Anb0ezudamu. Yco8epuieHCINB08ambl YCII0BUS CUHINE3A UETeBblx
akmusHocmu NPOOYKIO8 NyMmEM 3ameHbl OCHOBAHUS, IO NO3BOTIUTIO YEENUHUMb UX 6bIX00bL

U NOnyHumv pamee CuHmemudecku He0OCmynHovle coeOuHeHus. B cnexmpax
SMP 'H npodyxkmos npucymcmeytom 0y6nemol, XapaxkmepHovle 075k NPOMOHO8
0601iHOl c8s13u ¢ KoHcmanmoii J=16,1-164 Ty, ceudemenvcmeyouwue o
E-kongueypavuu nonyuentvix coedureruti. OOHapys#ervl PryopecyeHmmvie u
AHMUOKCUOAHMHbIE — CB0LICMBA 0N COEOUHEHUL,  COOePHAUUX
A7EKMPOHOOOHOPHBIE 3aMeCTNUMENU.
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BBenenue

Peaknua Buttura — MeTos CuMHTE3a alKeHOB, 3aK/II0YANIINIICA BO B3aMMOJECTBUU
QIbIeTU/IOB WIM KeTOHOB ¢ ¢ochopHbiMM winpamu. K mpemmymjectBaM HaHHOTO
IpeBpallleHNsI MOXXHO OTHECTU: PErmoCeNeKTMBHOCTb, OTHOCUTEIBHO MATKNME YCIOBUA
IPOBEJIeHNs peakUuy ¥ JOCTYIHOCTb VICXONHBIX peareHToB [1]. Bombimoir mHTepec ms
MEIMLIVIHCKOM XUMUM HPEJCTaB/IsAeT CUHTE3 TeTePOLMKINYECKUX CUCTEM, COMep KallyX
QIKeHWIbHBII ~ (pparMeHT.  VI3BecTHO, YTO  [aHHBIE  COENVIHEHUA  IPOSABJIAIOT
IPOTUBOOIYXO/IEBYI0, IPOTUBOBMPYCHYI0O ¥ IPOTMBOIIAPA3UTAPHYI0 OMOIOTMYECKYIO
aKTUBHOCTD [2-4]. KpoMme TOr0, ankeHWIbHBIN PparMeHT sABiseTcs yrooHoit miatdopMoit ais
[Q/IbHEMIINX XVMUYeCKUX MOAMMUKALMI — peakiuil MPUCOeAVHEHNA M IUKIM3ALNUN, YTO
OTKPBIBAET IYTh JI/Is1 KOHCTPYMPOBAHNA HOBBIX Kap0o- ¥ TeTePOLMKINYECKIX CUCTeM [5, 6].

Ocoboe MecTo B 00/1acTM MEOMLMHCKON XMMMM 3aHMMAIOT a30TCOfiepyKaliye
reTepolMKINdecKne coefyHeHyA. CoracHO CTaTUCTUYECKMM HAaHHBIM 3a nepuof ¢ 2013 mo
2023 rr., u3 321 opgobpennoro FDA npenapara 82% ObU1v CO3TaHBI Ha OCHOBE IeTE€POLMKIIOB,
cofiep>kamux aToM asora [7]. Cpemy CTPYKTYp, HalleAUINX IIMPOKOe IPYIMEHEeHIe B AV3aiiHe
JIEKapcTB, 0cOO0r0 BHMMAHMSA 3aCTyKMBAWOT 1,2,4-0Kcaaymasosnbl, YTO OOYCIOBIEHO WX
pasHoOOpa3HoIT OMOIOTMYECKO aKTMBHOCTBbIO [8-13]. B aroit cBsA3M cuHTE3 0neduHOB,
comepkamux  1,2,4-0KcagyMas3onbHbIl  QparMeHT,  SIB/ISAETCS aKTyaJIbHOM  3ajadeit
OpraHMYeCcKOro CHMHTE3a.

PCSYJIbTaTI)I n 06CY)KI[CHI/IC

OmneduHbl,  comepxxamue 1,2,4-0KcanMas3onbpHBll  (parMeHT,  IOIy4anyu
0 CcXeMe, BKIWUawLlen [Be craguu. IlepBoit  crapmein ABnAETCA  CUHTE3

((3-apun-1,2,4-okcaguason-5-wn)metnn) rpudennndocdonnit xmopuna 2 (cxema 1).

i : Acetone, 56 °C ( > : .
/K/ N2 /K/lj’ Fh
l: l 2

SPh
a,b
R=H, CI

Cxema 1

[lepByro cTaguio CMHTe3a IPOBOAWIM IO METO[VKe, ONMCAaHHON B pabore [14],
B3aMMOJeCTBUEeM 5-(ximopmernn)-3-apui-1,2,4-okcaguasona ¢ TpudennndochuHom B
MHepTHO aTMocdepe B TedeHMe 12 4 Ipy TeMIepaType KUIIEH) alleTOHa. 3a XOI0OM peaKI[uu
cnegmmn ¢ nomoibio TCX (3/110eHT — TONMYOIT : alleTOH : IeTPOJIeiHbI adup = 3 : 5 : 5).
Ocaziok cooTBeTcTBYMOIIEN POCPOHMEBOIT COMU OTPIIBTPOBBIBAIN Y IPOMBIBA/IV AlleTOHOM.

[lepBoHaYanbHO M/IsI CUHTe3a 5-amKeHWI-3-apui-1,2,4-okcapnazonoB 3 6bUT BbIOpaH
IPOTOKOJI TIPOBefieHMsl peakuuy Burrura B Mex(dasHBIX YCIOBUAX, MUCIIONb3yeMblil, B
YaCTHOCTH, /IS TIOJTy9eHus mpanc-cTunbbena [14, 15] (cxema 2).
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cr Ph
— — T /
+N\
2a Ph NaOH, CH,Cl, 3asi =

3d 3i
R% --@ 63%“@ 26%“@ 64 % __@ 55 % OCH,
R: al
N/ - OCH;
F 3 3g 3h
0,
B O 27 O 58 % ,B69%" c

YcnoBus peakiuu: cootHolenne rpudenmidocdrnoBast conb, anbaerng, NaOH -1:1:12,

Cxema 2

PacTBOpUTENDb — XJIOPUCTBII METWIEH, IIepeMellBaHMe IPY KOMHATHOM TeMIlepaType B
TedeHue 24 4. B ykasaHHBIX yCIOBUAX OBUIO TTOTYy4YeHO 9 Iie/IeBbIX IPOAYKTOB, OTHAKO BBIXOJ
HEKOTOPBIX M3 HMX OKasanca HM3KuM (27-38%), B cBA3M C 4eM Ha IpuMepe CUHTe3a

coenyHennit 3e u 3f 6bUT ocylecTBNEH TOAOOP ycmoBmit (Tabmuna 1).

Ta6muua 1. ITon6op ycmoBuii cuHTe3a 5-ankeHun-1,2,4-oxcaanasonos 3e u 3f

Mudp Coorsowerne OcHOBaHIe, 9KB. PacrBopurenb T, °C T,9 Beixon, %
VIJTUA]T, : QJTbJTeTA]
3e 1:1.0 NaOH, 12 CH,ClL, 20 24 36
3e 1:1.0 NaOH, 12 CH.CL 40 24 39
3e 1:1.2 NaOH, 12 CH.CL 20 24 40
3e 1:1.0 tBuOK, 1 CHCl; 20 24 54
3e 1:1.5 tBuOK, 1 CHCl; 20 24 58
3e 1:1.5 tBuOK, 1 CHCl; 50 4 76
3f 1:1.0 NaOH, 12 CH.CL 20 24 27
3f 1:1.0 tBuOK, 1 CHCl; 20 24 38
3f 1:1.5 tBuOK, 1 CHCl; 20 24 40
3f 1:1.5 tBuOK, 1 CHCl; 50 3 51

OTMeueHO, YTO HOBBILIEHNE TeMIIEPATYPhl peaknoHHoi Maccel B cucteMe CH,CL/H,O
CIIOCOOCTBOBAJIO YBEMYEHNIO BBIXOA IPOAYKTa peakuyu 3e. B cBsA3u ¢ aTuM O6bUIO MPUHATO
pellleHre O 3aMeHe pacTBOpUTeNs Ha Oosee BBICOKOKMIAMMIT xmopodopm. Taxxe mmsa
obecriedeHMsT BBICOKOV KOHBEPCUU WUCXOOHBIX TpudenmndochuHosbix comeir 2 (a, b)
Heo0XOAMMO JICIIOTb30BaHMe OOJIBIIOTO N30BITKA aTbAer .

JlaHHble Tabmuubl 1 TO3BONAT 3aKTMOYUTh, YTO OMMSKMMM K ONTVMA/IbHBIM
yCIOBUAMU CUHTe3a 5-ankeHMnI-1,2,4-okcaguasonos 3e, 3f ABIAIOTCA: COOTHOLIEHNE
Tpudennndocduropas conp 2, anpperup u t-BuOK = 1: 1.5 : 1; pacTBOpuTenb — XII0popopM,
Temreparypa — 50-70 °C. B yka3aHHBIX yC/IOBUAX BBIXOJ LI€/IEBbIX IPOYKTOB YBEINYMICS B
JiBa pasa.

CreyeT OTMETUTD, YTO JMCIIO/Ib30BaHMeE pem-0yTOKCHA Kamys B Ka4eCTBE OCHOBAHMIS
HO3BO/IMJIO HOTYYUTb C XOPOIINM ¥ YMEPEHHBIM BBIXOIOM PAfi Lie/ieBbIX MpoAyKToBs 3 (j-k),
KOTOpBIe He YIa/IOCh ITOTy4YNTh, IPMMEHA METOAVIKY C YYacTUeM IIpOKCH/ia HaTpy (cxema 3).
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R

N
/7 PN < > </N\°
cr | _ph H R cl
)\/II/ - ¢K/\
Nopp, t-BuOK, CHCI, =
3j-n
Ot D 2 2D O

Cxema 3

B T0 ke BpeMs MbI He Habmofjany 06pa3oBaHsl IPOAYKTOB BHEAPEHNS AUXIOpKapOeHa
IO BOVIHOJ CBA3Y COENVMHEHUI 3, KOTOpbIe TEOpPeTMYeCKM MOIIM OBl 00pa3oBBIBATHCS B
pe3y/IbTaTe B3aMMOMEIICTBUA mpem-OyTOKCHAA Kamis ¢ XIOpopOpMOM B peakIIOHHON Macce
[16, 17]. B AMP 'H cmekTpax BeljecTB HaOMIOAAIOTCA AyO/IeThl, OTHOCAIINECS K JBOJIHO
cBA3u, ¢ KCCB J=16.1-16.4 'y, xapaKkTepHbIe [II1 MpPaHc-N30MEPHbBIX a/IKEHOB.

Kpome Toro, HabmopgaeMoe  permoce/ieKTMBHOe  OOpa3oBaHMe  IIPOAYKTOB
mpaHc-onepUHNPOBAHNS,  OYEBUJHO,  CBSA3aHO  CO  CTPYKTYpOil  MCIIO/Ib3yeMbIX
CTabM/IM3MPOBAHHBIX 3/IeKTPOHOAKI[EIITOPHBIM 1,2,4-0Kca;a301bHBIM LIVIK/IOM
tpudenmndocduuoBpix wmpos 2(a, b), YTO XOPOIIO COOTHOCUTCA C W3BECTHBIMU
JUTEPaTYPHBIMI JaHHBIMY [1].

B cBs13M ¢ HA/IMYMEM B CTPYKTYpe IOTYYeHHBIX COeJIHEHNTT XpOMOPOPHBIX PparMeHTOB
ObUIM V3y4eHbl HEKOTOpble (oTodusuueckue ¥ aHTUOKCUAAHTHBIe cBoiicTBa (AOA)

3-apwmii-5-anKeHMTOKCaana3onoB 3(a—n), mpecraBieHHbIe B Tab/uIIE 2.

Ta6muua 2. Potodusnyeckne 1 aHTHOKCUIAAHTHBIE CBOICTBA COENMHEHMIT 3a—n

AntrnoxcupantHas | LIBer dyopecuenim
YO criextp
Mudp Dopmyra coefHeHNA aKTVBHOCTD Y OOTYIeHNI Amax X
max> HM
(AOA), Mxr/mn 365 M
. ITuxk 300, 323,
3a - 3eJIeHbIN
373
3b 3eJIeHbIN TInk 299,
VHTEHCUBHBI Bnaguna 360
. IInx 300,
3c - JKEeJITO-3€e/IeHbI
Bnaguna 351
. TTuxk 299, 346,
3d - OpaH>XeBO->KEe/ThIN
Bnanuna 344
3 Ci1abbli1 >KenTo- TTux 299,
1 -
3e/IeHBIN Bnaguna 356
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OxoHYaHMe TaOIUIIbI 2

AnTtnokcupantHas | 1IBer dyopecieHin
YO criextp
Mndp Dopmyna coeprHeHNA aKTUBHOCTD Ipu 06/TyIeHNN Amax x
max, HM
(AOA), MKr/mn 365 uMm
N
7 =0
@ _ Tk 325, 395,
N =
3e 128 3e71eHbI 404,
N~ Briaguua 360
|
} TTux 298, 378,
3f - >KE/ITO-3€eJIEHbIiT C1abo
Bnapmna 349
3 6 ITux 300,
- He HabII0JaeTcst
g TEOR Broaguna 358
(L [Tuk 300, 390,
3h 256 CIUHe-3€eJIEHbIN Bnapuna 206,
o 254,278, 348
/
N 256
Cl——< >—</
. AN . [Tuk 299, 378,
3j 3€JIEHbIN
Bnanuna 344
OH
a /N\o 256
< > < _ IInxk 300.
3k NTNF 3€JIeHbII]
JieHbIn Bnapmmna 358
HO
I/\Lo 256
z [Ink 299, 394
31 C]/@/(N | crHe-(DUOTIETOBBII. e
Bnapmna 348
\ NH
N_o 256
c14©_</j( .| TInx 299, 407
3m F OPaHXeBO-3€/IEHbIN
= Bmagmna 350
N_/
7
N.o
CIO_« B Tux 287
3n N=NF - He Habmomaercs
Bragmaa 339

B  cepum  cuntesmpoBaHHbIX  (E)-5-(R-ctmpwn)-3-dennn-1,2,4-okcajuasonos
AQHTMOKCUJAHTHAsl aKTVBHOCTb OBbUIA OLleHEeHA i1 Vitro. AHTMOKCUJAHTHYIO aKTUMBHOCTb
ompenensin  CIeKTPOPOTOMETPUYECKUM  METOLOM IO  CIIOCOOHOCTM  COeIVHEHUI
BOCCTaHaB/IMBATh

2,2-pudeHnn- 1 -mMKpUITNApasWIbHBIN PajyiKaa B MOJE/IN in Vitro COTJIaCHO METOAMKE,
omucaHHOI B pabore [18].
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Kak cnmemyer w3 Tabmumbl 2, COeOMHEHMs, He COfiep)Kallye  CUIbHBIX
3/IeKTPOHOJOHOPHBIX TPyI, He nposBaioT AOA B UCIIONb30BaHHOM TecTe. HampoTtus, mys
coepuHennit ¢ 3amecturensamu 4-N(CHs), (3e) nmpu xoHueHTpanmy 128 MKI/MJI, a TaKkXe s
3,4-(OCHs): (3h), 4-OH (3j), 2-OH (3k), 3-unpgonun (31) u N-merunnupponun (3m) sHaueHme
AOA coctaBuio 256 MKI/MIL

Takum 06pa3soM, aHTMOKCUAAHTHAA aKTMBHOCTDb B JMICCTIEyeMOM PNy KOppenupyeT ¢
JIOHOPHOJT CIIOCOOHOCTBIO 3amecTuTenss R. OTCyTCTBME aKTMBHOCTM Y COENUHEHUI ¢
akentopHbiMu rpynnamu (2-NO,, 4-F, 3,4-guxnopdeHn) MOATBEP>KAALT, YTO KIOYEBBIM
¢GakTOpOM  ABIAETCS  CHOCOOHOCTb — 3aMECTUTENsl  CTaOMIM3MPOBATh  pajMKalbHbIE
MHTEPMeMAaTHI 32 CIET PE3OHAHCHOTO M/WIV MTHAYKTUBHOTO 3¢ deKTa.

B nononnenne 6bumy n3ydeHsl Y O-creKTpbl HOITIOMEHNS U IyopeclieHTHbIe CBOJICTBA
HOMTy4eHHBIX IPOAYKTOB. I[Ipm 06nyYeHMM [AMHONM BONMHBI 365 HM BCe COERMHEHNS,
obnaparomye AOA (3e, 3h-3m), ZeMOHCTPUPYIOT MHTEHCUBHYIO QIyOpPECIIeHINIO B BUVIMON
obmacTy (3eN€HBIN, CUHe-3eNIEHBIN, OpPaHXKeBO-3€/ME€HBIN, CHHe-¢dnoneToBbiit). OpHAKO
Hamm4ye GIyopecIeHINN caMo 10 cebe He ABJIAETCS JOCTATOYHBIM YC/IOBYEM /LA IPOSIBIICHIA
AOA: coemmuenuss 3 (a-d) (3amecturenmum Ph, 4-Py, 3-Py, 2-NO,-denmn) Ttaxxe
¢rnyopeclipyoT, HO HEAaKTMBHBL. MOXXHO TIPEANONOXUTb, YTO [yIA IPOSBIEHNS
AQHTVMOKCUJAHTHOJ aKTMBHOCTM HEOOXOJVMO COYeTaHue ABYX (aKTOPOB: CIIOCOOHOCTY K
¢dnyopectieHnm (4TO yKasbiBaeT Ha Hamyuue 3QQPEKTUBHOI T-CONPSDIKEHHON CUCTEMBI) U
IPUCYTCTBUA JOHOPHOTO 3aMeCTUTENs, 00eCIedNBaIONIero BHYTPUMOJIEKY/LAPHBI IepeHOC
3apsaga. B YO-crexTpax Bcex coefyIHeHNIT HaOTIOAeTCs XapaKTepPHBbIIT MK B 0671acTy 298-300
HM, OTHOCAIMIICA K T->T* Iepexony B cTupwibHOM ¢parmenTte. CoenyHeHre 3n
(R=IMK/IOTeKCWT) He MIMeeT COTIPSDKEHVIA MeX Y 3aMeCTHUTeIeM U CTUPUIbHOI crcTeMoit. OHO
He ¢nyopecuupyer, He mposBrger AOA, a ero CHeKTp IOIJOMIEHNA IIPefiCTaBIeH
eITHCTBEHHBIM IUKOM IIpu 287 HM 6e3 JIHHOBOTHOBBIX IIePeXOH0B. JTOT C/Ty4ail CIy>KUT
OTPULATE/IbHBIM KOHTPOJIEM, ITOATBEP>KAAONINM HEOOXOMOCTD IPOTSHKEHHOI T-CUCTEMBbI
JUIsI IPOSIB/IEHMsI KaK aHTMOKCUIAAHTHOM aKTMBHOCTY, TaK U QIyopecLeHINN.

3akimoueHne

B paborte mpepcrtaBneH mpemnapatuBHbIN Meron cuHTe3a (E)-5-(R-ctmpwn)-3-dennn-
1,2,4-0KcainasooB MO peakuyy BuTTura, MCHonb3yoIMii B Ka4eCTBE PEAreHTOB paHee He
OIVICaHHbIEe CTabMIM3MpOBaHHbIe 1,2,4-0Kcainason-cofeprxaniye uinasl Tpudenmipocdnna
B cucreMe mpem-OyTOKCUA Kamusd - X10podopM, obecrednBarOINMii BBIXOJBl MPAHC-
oneduHOB BIUIOTH 10 73%. [l coemMHEHMIT C 3M€KTPOHONOHOPHBIMU 3aMECTUTENSIMYU,
obecrieyyBalOLIVIMY BHYTPUMOJIEKY/ISIPHBIN IIEPEHOC 3apsa, OOHapy)XeHa aHTMOKCUAHTHAs
aKTMBHOCTb B KOHLEHTpanuAX 128-256 MKI/MJI, 4YTO KOPpEIupyeT C NOSABIEHUEM
JIOTIO/THATE/IbHOV JUIMHHOBOJTHOBOJ IO/IOCH mornomjenns (>370 HM) B Y® crekrpax u
VHTEHCUBHO (pryopeciieHIny B BUAMMOI 00/IacTI.

IKCHepUMeHTAIbHAs 9aCTh

OpraHnueckne, HeOpraHMYECKNe PpeareHTbl ) pacTBOPUTENVM OBUIM IIOTyYeHBI M3
KOMMepYecknx UcTO4HMKOB (Aldrich, «BekToH», «3Jkpoc») M ucnonb3oBamuch 6e3
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JOIIOJTHUTENIbHON O4MCTKM. KOHTpO/Mb 3a NIpOTeKaHNEM peakluy IPOBOIVIIN METOLOM
ToHKOoCnoiHO xpoMartorpaduu (TCX) Ha cunmkarene Ha aTIOMIHUEBBIX TUIACTUHKAX «Sorbfil
IITCX-II-B-Y®» c mcnonb3oBaHMeM 3/1I0€HTA CIEAYIOLIET0 COCTaBa: TOMYON : alleTOH :
HeTPOIeNHBIN 3QUp B 00BEMHOM COOTHOLIEHUN 3 : 5 : 5. DJIeMEHTHBIIT aHAIU3 IIPOBOAVINA Ha
npubope Perkin Elmer 2400. Temnepatyps! maaBneHns usMepsiu ¢ IIOMOLIbIO ITpubopa i
ompefeneHusa TeMieparypsl miasneHusa Reach Devices RD-MP (mpoussopurens — Kwuraii).
Y®-crieKTpBsl perncTpupoBam Ha criekrpoporomerpe xkpoc [19-5400 YO (mpousBopuTens —
Poccus). Crextpel SIMP perncrpuposanu Ha npubope Varian 400 Unity Plus (400 MI'ny pst
"H n 100 MI'y gns PC, coorBeTcTBeHHO) 11 pacTBopoB B [IMCO-ds. B xauecTBe sTanoHa s
OTCYETa XMMUYECKUX CIBUTOB OBUIV BBIOPAHBI CUTHAJIBI OCTaTOYHBIX IPOTOHOB PAaCTBOPUTELSA
B SIMP 'H (6 2.50 m.1.) wau SIMP *C (8 39.5 M.z1.), B KauecTBe MapKepa ICIIOIb30Ba/IN CUTHAT
TeTpaMeTIICUIAHA.

O6mrasa meroguka cuHTe3a 1,2,4-okcaguasoncogepxamux rpudenmigpochoHmneBbIx
179187911 3

Tpudenundocdnur (10 Mmonp) mobaBmsm K pacTBopy 5-(xmopmernn)-3-apui-1,2,4-
okcapgyasosna (10 MMoJIb) B anjeToHe B aTMocdepe a3oTa. PeakiMoHHyI0 cMecCh TIepeMeIlBaIi
B TeueHne 18 4 mpu 56 °C. KoHTpo/b 3a XO[JOM peakiuu ocyliecTBIsum ¢ nomoibio TCX
(3MII0EHT:  TONYON: QaLeTOH: IeTPONeNHBbII 3dup B cooTHomeHuu 3:5:5 (06.))
Jlamee peakLUMOHHYI0 CMeChb OX/IXJAMM, IIOMTYy4eHHBII OCafloK OT(WMIbTPOBBIBAMIU U
IPOMBIBa/IN alleTOHOM. [IponyKThI He TpeOGoBaIy JOMOTHUTETBHOM OYUCTKIA.

((3-®enmn-1,2,4-okcaguaszon-5-mwi)mermwn) rpudenmndpochonnsa xmopup (2a) Borxon
9 1 (64%), 6enoe kpucraummyeckoe BemecTBo. T . 240-242°C. Cnextp AMP 'H (400 MI1,
IMCO-ds), 8§, m.zi.: 6.31 (1, 2H, CH,P ] 16.0), 7.63 - 7.48 (M, 3H, CsHs), 7.84 - 7.76 (M, 8H,
CsHs, Ph-P), 7.97 - 7.88 (M, 9H, Ph-P). Cnextp AMP PC (101 MTI'y, IMCO-dp), 6C, m.p1.: 22.63
(1, CH,P, J 54.3), 118.10 (n, 3C, C-P, J 88.4), 12590 (C-Het), 127.59 (2C, CeH.),
130.07 (2C, CsHa), 130.89 (m, 6C, Ph, J 13.0), 132.69 (CsH.) 134.69 (1, 6C, Ph, J 10.7),
136.12 (3C, Ph), 168.52 (N-C=Noxcammason)> 171.85 (N=COoxcamnason). Hasimeno, %: C 71.02; H 4.84;
N 6.17. Cy;H2CIN,OP. Boruncneno, %: C 70.98; H 4.85; N 6.13.

((3-(4-Xmoppennn)-1,2,4-oxkcaguazon-5-wr)merun) rpudpenmidpochonns xmopuy (2b)
Brixop 3.43 r (70%), 6enbit mopomiok, T . 256-258°C. Crexktp SIMP 'H (400 MI'y, IMCO-ds),
8, m.ni.: 6.31 (1, 2H, CH,P, ] 16.0), 7.62 (1, 2H, CsH,, J 8.3), 7.80 (.1, 8H, C¢H,, Ph-P, ] 7.1, 5.7,
2.6), 7.93 (m.m, 9H, Ph-P, J 13.6, 7.8). Criextp AMP “C (101 MT'y, IMCO-dp), 8C, m.p.: 22.54
(m, CH,P, ] 54.4), 117.99 (m, 3C, C-P, J 88.3), 124.77 (C-Het), 129.40 (2C, CsHs), 130.28 (2C,
CeHa), 130.91 (m, 6C, C Ph, J 13.1), 134.67 (1, 6C, C Ph, J 11.0), 136.17 (3C, Ph), 137.44 (C-Cl),
167.78 (N-C=Noxcamason)s 171.97 (N=COoxcamon). Hatieno, %: C 66.14; H 4.34; N 5.73.
Cy7H,1CLLN,OP. Boruncneno, %: C 66.00; H 4.31; N 5.70.

OO6mras MeTOAUKA CMHTe3a 5-aKeHnI-3-apui-1,2,4-okcagna3onos (3a-n)

Memoo A (coemmHenus 3a-3i): k 1 Mmmonb TpudennndocHnHOBOI COMM OKCaauasona B
xjopuctoM Metuiaene npukanbiBain NaOH (12 mmons) B 0.5 M1 BOJIbI, TOOAB/ISAIN aIbIeTHT
(1 mmonb). IlepememBany mpyu KOMHaTHOM Temneparype 24 4. [lo oKOHYaHWM peaknyn
PeaKIMOHHYIO CMeCh IIPOMbIBany Bofoit, cymmay Na,SOs. PacTBopuTenb OTTOHSMN B BaKyyMe.
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OcTaToK pacTBOPSIM B TOpsiueM 3TWIOBOM CIIMPTe, fajnee OXJIaXXAaayu JIbJOM. BplmaBiine
IPOAYKTHI OTGMIBTPOBBIBAIN U OYMILAIN [IePEKPUCTAIUIM3ALIEN U3 STUIOBOTO CIIMPTA.

Memoo b (coequnenus 3j-3n): k 1 Mmmonb TpudenmndocdhHOBOIT conm OKcaguasona B
xnopodopme J0O6ABIAMN COOTBETCTBYIOMIT anbferuy (1.5 MMOsIb) 1 mperm-OyTOKCUS, Kams
(1 mmonb). PeakIoHHyI0 cMech IlepeMeryBamy npu Temmeparype 50-70 °C, B TeueHue 2-4 4.
Peakiuio ocTaHaBIMBaIM MO MCYEPIIaHMIO UCXOAHBIX BemjecTB (koHTponb TCX). Hanee
PEaKLUVMOHHYI0 Maccy HpOMbIBaIM BoOAoH, cymmin NaxSOs, yaansiau pacTBOPUTENb IIOJ
BakyyMoM. [10JTy4eHHOE BEIIeCTBO OUHMIIAIHN IEPEKPUCTATUIN3AIIUCH U3 ATAHOJIA.

3-®ennn-5-[(1E)-2-pennnsrennn]-1,2,4-okcaguason (3a) [19]. Beixox 94 mr (38%),
6ennoe Kpucraummyeckoe BemecTso, T mwr. 90-92 °C. Cnektp AMP 'H (400 MT'y, IMCO-d), 6,
M.JL.: 7.53 — 7.41 (m, 4H, CsH, nt Het-CH=), 7.64 - 7.54 (m, 3H, CsH.), 7.85 (m.11, 2H, CsH,, J 6.5,
2.9), 7.95 (5, 1H, Ar-CH, J 16.4), 8.06 (5.1, 2H, C¢H., ] 7.6, 1.6). Criexrp SIMP C (101 MTI'w,
IMCO-ds), 8C, M. 110.92 (Het-CH=), 126.98 (Ca), 127.71 (2Cas), 129.09 (2Cas), 129.69
(2Car), 129.94 (2Car), 131.35 (Car), 132.25 (Car), 13492 (Car), 143.56 (Ph-CH=),
168.70 (N-C=Noxeamason)s 176.11 (N=COoxcamason). Haiieno, %: C 77.45; H 4.89; N 11.31.
Ci6H12N>O. Boruncneno, %: C 77.40; H 4.87; N 11.28.

(E)-3-®enmnn-5-(2-(mupugun-4-mn) srenmn)-1,2,4-okcagmaszon (3b). Beixom 313 mr
(63%), »xentoe Kpucraymmieckoe BemectBo, T mr. 103-105 °C. Cnektp IMP 'H (400 MTI,
IMCO-ds), §, m.p1.: 7.54 (1, 3H, CHa,, ] 7.2), 7.63 (m, 1H, Het-CH=, ] 16.4), 7.73 (1, 2H, CsHiN
nupuany, J 5.1), 7.83 (g, 1H, Ar-CH=, ] 16.4), 8.01 (n, 2H, CHa,, ] 6.9), 8.64 (1, 2H, CsHuN
mupyuavs, J 5.1). Crnexrp SIMP “C (101 MTIn, IMCO-des), 6C, m.j.: 11545 (Het-CH=),
122.56 (2Cuupwmnn), 127.06 (Car), 127.78 (2Car), 129.77 (2Car), 132.11 (Cy,), 140.84 (Ph-CH=),
142.04 (Cuumpuorn)s 151.08 (2Coupns)s 169.07 (N-C=Noreamson)s 175.37 (N=COoxcanason). HailzieHo,
%: C 72.30; H 4.48; N 16.90. C;5H1:N;O. Beruncieno, %: C 72.28; H 4.45; N 16.86.

(E)-3-®enun-5-(2-(mupuann-3-wi)Buamn)-1,2,4-okcagnazon (3c). Boixom 132 wmr
(26%), xenToe Kpuctaymmyeckoe Bemectso, T mr. 105-107 °C. Cnektp AMP 'H (400 MTI,
IMCO-ds), 8, m.zi.: 7.49 (c, 1H, CsHuNuupumu), 7.59 (1, 4H, CHa,, Het-CH=, ] 7.8), 7.97 (m, 1H,
Ar-CH=, ] 16.3), 8.05 (m, 2H, CHa,, J 6.8), 8.30 (m, 1H, CsHiNuupuw, J 7.9), 8.62 (¢, 1H,
CsHaNuupuun), 8.99 (¢, 1H, CsHuNuupypn). Crexrp IMP PC (101 MI'y, IMCO-ds), 6C, m.x.:
112.85 (Het-CH=), 124.66 (Cuupuns)> 126.88 (Car), 127.71 (2Cay), 129.95 (2Ca,), 130.81 (Chr),
132.29 (Cuupwmn)s 135.29 (Cuypwmnn)s 140.27(Ph-CH=), 150.66 (Coupupnn)s 151.76  (Crupugn),
168.76 (N-C=Noccamason)s 175.73 (N=COoxcamason). Haitmeno, %: C 72.31; H 4.47; N 16.89.
Ci5H11N50. Boeruucneno, %: C 72.28; H 4.45; N 16.86.

5-[(1E)-2-(4-Hutpodennn)rtenu]-3-pennn-1,2,4-oxcaquazon (3d). Beixox 187 mr
(64%), 6emoe xpucrammmdeckoe BemectBo, T mr. 142-144 °C. Cunextp SIMP 'H (400 MTI,
IMCO-ds), 8, m.z1.: 7.49 (m, 1H, Het-CH=, ] 16.2), 7.67 — 7.54 (M, 3H, C¢Hs), 7.77 - 7.68 (M, 1H,
C6H5), 7.85 (T, lH, C5H4N02 ] 7.3), 8.09 - 8.02 (M, 2H, C6H5), 8.13 (T, 2H, C6H4N02 ] 8.0),
8.23 (m, 1H, Ar-CH=, ] 16.3). Cnextp SMP PC (101 MIu, IMCO-ds), 8C, m.n.
115.24 (Het-CH=), 125.58 (Ca,-Het), 126.76 (CsH,NO,), 127.77 (2Cay), 129.97 (2Cay), 130.75
(CeH4NO,), 131.87 (C¢H4NO»), 132.37 (C¢H4NO»), 134.69 (CsHuNO>), 138.53(CsH.NO,),
141.65 (Car), 148.95 (Ph-CH=), 168.86 (N-C=Noxcamason)> 175.40 (N=COoxcammason). Haitzmeno, %:
C 65.57; H 3.80; N 14.35. C1sH11N30s. Beruncineno, %: C 65.53; H 3.78; N 14.33.
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5-[(1E)-2-(4-®roppennn)atennn]-3-pennn-1,2,4-oxkcagnason (3e) [20]. Boixoxg 95 mr
(35%), 6enoe kpucrammyeckoe BemectBo, T mmn.130-132 °C. Cnextp SIMP 'H (400 MTIn,
IMCO-ds), §, m.i.: 7.29 (1, 2H, CHa,, J 8.7), 7.38 (1, 1H, Het-CH=, J 16.4), 7.57 (1, 3H, CHa,,
] 6.9), 7.96 — 7.87 (M, 3H, CHa,, Ar-CH=), 8.07 — 8.00 (v, 2H, CHa,). Ciextp SIMP “C
(101 MT1, IMCO-ds), 8C, m..: 110.73 (Het-CH=), 116.69 (m, 2C, Ph-F, J 21.7), 126.97 (Cay),
127.68 (2Ca:), 129.88 (2Ca), 131.42 (m, 2C, Ph-F, J 8.5), 131.89 (1, C, Ph-F, J 59.6),
142.25 (Ph-CH=), 164.06 (1, C, Ph-F, ] 249.2), 168.66 (N-C=Nocamason); 176.01 (N=COoxcamason)-
Haiigeno, %: C 72.19; H 4.86; N 10.54. C;sH1FN,O. Beruncneno, %: C 72.17; H 4.84; N 10.52.

(E)-4-(2-(3-®ennn-1,2,4-oxkcagmason-5-mm)d3Tenn1)-N, N-muMeTnIaH uInH (31).
Brixop 79 mr (27%), xKenToe Kpucraumdeckoe Bemectso, T m1.139-141 °C. Cnextp SAMP 'H
(400 MT'1y, IMCO-ds), §, m.1i.: 2.98 (c, 6H, 2CH,), 6.73 (1, 2H, CsHLN, J 8.4), 7.05 (1, 1H, Het-
CH=, ] 16.1), 7.57 (m, 3H, CHa,, J 6.4), 7.64 (1, 2H, CsH.N, J 8.4), 7.79 (1, 1H, Ar-CH=, ] 16.2),
8.04 (m.;, 2H, CHay, ] 7.3, 2.8). Criextp SIMP *C (101 MTI'y, IMCO-ds), 8C, m.x.: 104.44 (Het-
CH=), 111.82 (NCHs), 112.45 (2C C¢H4N), 122.25 (CsH4N), 127.34 (Ca;), 127.65(2Cax;), 129.84
(2Car), 130.75 (2C C4HLN), 132.01(Cay), 133.41 (NCHs), 144.11 (Ph-CH=), 152.54 (C4HLN),
168.45 (N-C=Noxcammason)s 176.95 (N=COoxcammason). Hamimeno, %: C 74.50; H 5.90; N 14.47.
Ci1sH17N50. Beruncieno, %: C 74.20; H 5.88; N 14.42.

(E)-5-(2-(5-bpomtnoden-2-uwn)rtennn)-3-pennn-1,2,4-okcaguason  (3g). Bsixop
193 mr (58%), 6exeBoe KpucTammrdeckoe Bemectso, T mr. 108-110 °C. Cmextp SIMP 'H
(400 MT, IMCO-ds), 8, m..: 7.08 (1, 1H, Het-CHs=, J 16.1), 7.34 (1, 1H, CHuermon, J 3.8),
7.51 (1, 1H, CHuemon, J 3.9), 7.65 — 7.57 (M, 3H, CHa,), 8.08 — 8.00 (m, 3H, CHa,, Ar-CH=).
Crnektp AMP *C (101 MI'u, OIMCO-ds), 8C, m.m.: 109.71 (Het-CH=), 116.81 (Cuyenmn),
126.92 (Conennn), 127.68 (2Car), 129.93 (2Cay), 132.26 (Car), 132.71 (Coersen)s 133.61 (Cryersn),
135.29 (Cas), 141.58 (Het-CH=), 168.69 (N-C=Noxcamnason)> 175.66 (N=COoxcammason). Harvimero, %:
C 50.49; H 2.75; N 8.45. C;4HoBrN,OS. Berancneno, %: C 50.47; H 2.72; N 8.41.

5-[(1E)-2-(3,4-Ouxnopdennn)atennn]-3-pennn-1,2,4-okcagmazon (3h). Beixom 218
Mr (69%), 6emoe Kpucrammieckoe BemectBo, T mwi. 164-166 °C. Cnektp SIMP 'H (400 MI'1,
IMCO-d), §, m.1.: 7.59 (x, 4H, C¢H;s, Het-CH=, ] 9.3, 7.8), 7.72 (, 1H, CsHs, ] 8.4), 7.85 (u.1,
1H, CeHs, ] 8.3, 2.1), 7.91 (1, 1H, Ar-CH=, J 16.4), 8.04 (.1, 2H, CsHs, J 7.5, 2.1), 8.19 (¢, 1H,
CsHs). Criextp SIMP “C (101 MT, JMCO-ds), 6C, m.i.: 113.12 (Het-CH=), 126.85 (Cay),
127.70 (2Car), 129.06 (CeHs), 129.95 (2Car), 130.71 (CeHs), 131.75 (Ca,), 132.30 (CsH3), 132.57
(CeHs), 133.51 (CeHs), 135.77 (CeHs), 140.83 (Ph-CH=), 168.77 (N-C=Noxcumason), 175.70
(N=COoxcammazon). Havtmeno, %: C 60.62; H 3.21; N 8.85. CisH10CLLN,O. Berancneno, %: C 60.59;
H 3.18; N 8.83.

5-[(1E)-2-(3,4-Iumerokcudennn)atennn]-3-pennn-1,2,4-okcaguason (3i). Boixon
170 mr (55%), 6enoe kpuctammrdeckoe BemjectBo, T mr. 110-113 °C. Cmextp SAMP 'H
(400 MT'1, IMCO-ds), 8, m.z.: 3.81 (¢, 3H, OCHs), 3.85 (¢, 3H, OCH.), 7.02 (1, 1H, CsHs, ] 8.3),
7.39 - 7.30 (m, 2H, CsHs, Het-CH=),7.50 (m, 1H, CsHs, J 2.0), 7.64 — 7.53 (v, 3H, CHa,),
7.85 (m, 1H, Ar-CH=, ] 16.3), 8.05 (n.n, 2H, CHa,, J 7.3, 2.3). Cnektp SIMP *C (101 MI,
IIMCO-ds), 8C, m.1.: 56.25 (OCH;), 56.34 (OCH;), 108.35 (Het-CH=), 110.90 (CsHs,),
112.19 (C¢H;), 123.95 (CsH;), 127.13 (Car), 127.66 (2Car), 127.79 (CsHs), 129.89 (2Ca,),
132.14 (Ca), 143.70 (Ph-CH=), 149.75 (CsHs), 151.89 (CeHs), 168.58 (N-C=Norcamiason)s
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176.49 (N=COoxcammason). Haitmeno, %: C 70.14; H 5.25; N 9.13. C;sHsN,Os;. Boruncneno, %:
C70.12; H 5.23; N 9.09.

(E)-4-(2-(3-(4-Xnopdennn)-1,2,4-okcaguason-5-mn)dtennia)penon  (3j). Bsixop
263 mr (73%), »xenroe Kpucraummyeckoe BeriectBo, T 1. 198-200 °C. Crmektp SIMP 'H
(400 MT1, IMCO-ds), 8, m.n.: 6.85 (1, 2H, CsH.OH, J 8.1), 7.18 (1, 1H, Het-CH=, J 16.1),
7.65 (m, 2H, CeH.LCL J 7.9), 7.69 (m, 2H, CsHLOH, J 8.1), 7.85 (1, 1H, Ar-CH=, J 16.3),
8.05 (1, 2H, C¢H4Cl, ] 7.9), 10.13 (¢, 1H, OH). Cnextp SIMP “C (101 MI'u, IMCO-ds), 6C, m.x.:
106.90 (Het-CH=), 116.54 (2Ca,;), 126.01 (Ca;), 128.12 (Car), 129.47 (2Cas), 130.09 (2Ca,),
131.20 (2Ca), 136.86 (2Ca), 144.01 (Ph-CH=), 160.81 (Ca), 167.76 (N-C=Noxcamason),
176.82 (N=COoxcammason). Hastmeno, %: C 64.35; H 3.74; N 9.41. C;sH;;CIN,O,. Beraucneno, %:
C64.33; H 3.71; N 9.38.

(E)-2-(2-(3-(4-Xnopdenun)-1,2,4-okcaguason-5-mn)sredmn)peson  (3k).  Beixop
277 Mr (77%), 6emoe xpucrajmmdeckoe BemecrBo, T 1. 193-195 °C. Cmexrp AMP 'H
(400 MT1, IMCO-ds), 8, m.i.: 6.88 (1, 1H, CsH.OH, J 7.5), 6.96 (n, 1H, CsH,OH, J 8.3),
7.28 (1, 1H, C¢H,OH, J 8.4), 7.38 (n, 1H, Het-CH=, J 16.5), 7.63 (1, 2H, CH.CL, J 8.5),
7.73 (n, 1H, C{H,OH, J 7.8), 8.05 (m, 2H, CsHiCL, J 8.5), 8.10 (g, 1H, Ar-CH=, J 16.4),
10.47 (¢, 1H, OH). Cmextp SAMP “C (101 MTy, IMCO-d;), 6C, m.m.: 105.83 (Het-CH=),
115.00 (Car), 119.68 (Car), 121.82 (Car), 126.30 (Car), 129.48 (2Car), 130.01 (2Ca,), 130.85 (Cay),
132.59 (Ca), 136.65 (Ca), 142.76 (Ph-CH=), 161.73 (Ca), 167.60 (N-C=Nowcamason),
178.07 (N=COoxcammason). Havimeno, %: C 64.36; H 3.73; N 9.42. C;sH;;CIN,O,. Beruncneno, %:
C64.33; H 3.71; N 9.38.

(E)-5-(2-(1H-wnapon-3-wi)3TeHn)-3-(4-xnopdennn)-1,2,4-okcaguason (31). Boixop
184 mr (48%), 6exeBoe KpucTamdeckoe BemectBo, T . 185-187 °C. Cmextp SIMP 'H
(400 MI'ny, IMCO-ds), §, m.i.: 7.07 (m, 1H, Het-CH=, ] 16.4), 7.29 - 7.17 (M, 2H, Ind),
7.54 - 7.47 (m, 1H, Ind), 7.69 - 7.62 (M, 2H, CsH,), 8.11 - 8.01 (M, 4H, C¢H,, Ind), 8.15 (m, 1H,
Ar-CH=, ] 16.3), 11.91 (c, 1H, NH). Cnektp AMP "*C (101 MIu, IMCO-ds), 8C, m.x.:
108.53 (Het-CH=), 118.04 (11, ] 26.7, Cina), 124.17 (Cina), 125.79 (Cina), 126.90 (Car), 128.47 (Cina),
130.49 (Cina), 131.28 (Cina), 134.46 (2Car), 135.07 (2Car), 138.19 (Car), 141.74 (Cina),
143.09 (Crna), 143.42 (Ph-CH=), 164.14 (N-C=Noxeammason)s 172.61 (N=COoxcamason). HatizeHo, %:
C67.21; H 3.79; N 13.10. C;sH,CIN;O. Beruncneno, %: C 67.19; H 3.76; N 13.06.

(E)-5-(2-(1-Metun-1H-nuppon-2-wi)3Tennna)-3-(4-xnopdennn)-1,2,4-okcagmason
(3m). Beixon 74 mr (21%), GexxeBoe KpucTaymmieckoe BemlecTBo, 1 mi. 105-107 °C.
Cnextp SIMP 'H (400 MI'u, IMCO-d), 8, m.ii.: 3.78 (¢, 3H, CHs), 6.21 - 6.15 (M, 1H, Pyr),
7.00 - 6.90 (M, 2H, Het-CH=, Pyr), 7.07 (1, 1H, Pyr, J 2.1), 7.68 — 7.60 (M, 2H, C¢H.),
7.78 (1, 1H, Ar-CH=, J 16.0), 8.07 — 8.01 (m, 2H, C¢Hy). Criextp SIMP *C (101 MT'y, IMCO-ds),
8C, M. 34.66 (N-CHs), 109.65 (Csy), 110.14 (Cey), 113.72 (Cpy), 117.91 (Het-CH=),
126.10 (Ca), 129.46 (2Ca:), 129.70 (Cpy), 130.05 (2Ca;), 131.78 (Ph-CH=),136.79 (Cay),
167.68 (N-C=Noxcamason)s 177.08 (N=COoxcamason). Haiimeno, %: C 63.08; H 4.25; N 14.74.
CisH,CIN;O. Beruncneno, %: C 63.05; H 4.23; N 14.71.

(E)-5-(2-Iuknorexkcunatenmn)-3-(4-xmoppennn)-1,2,4-okcagnazon  (3n). Boixop
92 mr (26%), 6enoe kpuctamaeckoe Bemtecto, T mwi. 68-70 °C. Cuextp SIMP 'H (400 MI'1,
IMCO-ds), 6, m.g.: 1.40 - 1.02 (m, 5H, CsH11), 1.65 (1, 1H, CsHy; J 11.7), 1.84 — 1.68 (M, 4H,
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C¢H11),2.35-2.26 (M, 1H, C¢H1)), 6.55 (n.1, 1H, CH=, ] 16.3, 1.5), 7.11 (.1, 1H, Ar-CH=, ] 16.2,
6.8), 7.63 (1, 2H, CsHs, J 8.2), 8.01 (11, 2H, C¢Hy, J 8.2). Crrextp AMP *C (101 MTI'ti, IMCO-d6),
0C, m.pm.: 2584 (2Cuumnorexcan)> 26.08  (Cumcrorexcan)s 31.67  (2Cipunorexcan)s 41.05  (Ciynorexcan)s
111.57 (Het-CH=), 125.81 (Ca,), 129.45 (2Cay), 130.05 (2Ca,), 136.91 (Ca,), 154.00 (Ph-CH=),
167.68 (N-C=Noxcammason)> 175.96 (N=COoxcamason). HaiteHno, %: C 66.58; H 5.97; N 9.73.
C1sH17CIN,O Boruncieno, %: C 66.55; H 5.93; N 9.70.

POuHaHCHMpOBaHNE

ViccnemoBaHne BBIITOTHEHO ITpY (MHAHCOBOI oAep ke Poccuitckoro HayyHoro ¢poHzma
(mpoexT Ne 25-23-20245).

Kondnukr natepecos

ABTOpBI 3asB/IAIOT 00 OTCYTCTBMM KOHQIMKTA WHTEPeCOB B (PMHAHCOBOI MM KAKOJi-
6o nHoI cdepe.
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Knrouesvie cnosa: Auuomauuﬂ. B pa6ome usyueH npouecc MOHKOU OHUCMKU 2a3a om cepoopearuyeckux

Oxcud yunka, coedurenuii. ITokasana 603MONHOCb BHECEHUsT MeOU 8 COCAB UUHKOBO20 NOLIOMUIMENST O7ist
muogen, NPUOAHUS emy Kamanumueckux ceoticme. Ilomyuentvle Kamanumuueckue xemocopoeHmbl
eudpuposaue, uccnedo8anbl HA NpeomMem UX PUIUKO-XUMUUECKUX U IKCHAYAMAUUOHHBIX CBOTICIMS.
ouucmka IIpoussedeHo usMeperue 6eUyUH NAOUAOU YOENILHOLI NOBEPXHOCMU, NOPUCIHOCHU U

NPOYHOCIU CUHME3UPOBAHHBIX 00pA3uos. B pesynvmarme nposedeHus permeeHopaso6020
AHATIU3A 6bIAETIEHO OMCYMcmeue 6IUTHUL 000460K Medu U ee OKCUOA HA HeKCHypHble
ceoiicmea xemocopbenma. OyeHKa AKMUBHOCMU KAMATUIMUYECKUX XeMOCOpOeHos 6bina
npoussedena nymem eudpupoeanus muogena. Haubonvwias cmenenv npespauieHus

évls6neHa npu 88e0eHuUU 000a8KU MEMANIUUECKOT MedU 8 COCas UUHKO08020 nocnomurmersns.

1A BMTUPOBaHUA:

CanpumkoBa H.B., Ilposopos [.A., CmwupHoB [I.B., Admuneesckmit A.B. Tuapuposanme tuodena Ha
KaTamuTudeckux xemocopbenrax cocraBa ZnO/CuO/Cu // OT XxumMmu K TeXHOIOTMM 1ar 3a marom. 2026. T. 7,
Boi. 3. C. 34-43. URL: https://chemintech.ru/ru/nauka/issue/7500/view

BBenenue

OpHOMl M3 aKTYalIbHBIX IpoO/eM IIepepabOTKM IPUPOZHOTO Tasa ABJIAETCA
IPUCYTCTBYE CEPOOPTAaHMYECKUX COEIVHEHMII B €r0 COCTaBe, JOCTUTAIOLEE 3HAYEHUI JI0
1000 ppm (0,1 macc. %) [1]. [IpakTudeckn Bce 3Tambl MepepabOTKM Tas3a BBIOTHSIIOTCS C
IpVYMEHEeH)eM KaTalu3aTopoB, B AaKTUMBHOM CJI0€ KOTOPBIX OOBIYHO IPUCYTCTBYIOT
HepexojjHble MeTa/lIbl. [I/Ifl TAKMX KaTaTUTUYECKMX CUCTEM COeJVIHEHM CEePbl BBICTYIAIOT KaK
KaTaTUTUYECKNE SIIbI, CIIOCOOHBIE 3HAYUTENBHO CHIDKATh AKTUBHOCTh ¥ CENEKTUBHOCTD
nponeccoB [2]. OTo HakTambIBaeT OrpaHMYEHNSA Ha [OJITOBEYHOCTb MU YCTONYMBOCTD
KaTaIUTUYECKMX YCTAHOBOK, @ TaKXKe TpeOyeT JOIOTHUTENTbHBIX CTAUil IpeaBapUTEIbHON

oumcTku [3-5].

© H. B. Canpurkosa, [I. A. IIposopos, [I. B. Cmuphos, A. B. Abuneesckuii, 2026
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OuncTka rasa OT cepbl OCTAETCA NPUOPUTETHOM 3a/jadelil KaK C HAy4YHON TOYKM 3pEHNs,
TaK ¥ B KOHTEKCTe MMIIOpTO3aMelarmmx TexHonoruii. Kpome Toro, addexrnBHas ouncrka
II03BOJISIeT CHU3UTD PUCK KOPPO3UM PEaKTOPOB M 3aLUTUTh YYBCTBUTEIbHOE 000PY/IOBaHIEe
Ha BCeX CTa[uAX IepepaboTku [6-7].

TpaguIMOHHO OYNMCTKA Tra3a OT CEpOOPraHMYECKUX COeJUHEHNI OCYyIeCTBANACD B IBE
cTagum:

1. IugpupoBaHue cepoOpraHNYECKIX COENVHEHNII ;O CEPOBONOPOJa;

2. XeMocopO1ysl cepOBOJOPOA Ha OKCHUJIAX XKeyle3a, LIMHKA, TUTAHa.

[TpermyiiecTBa IOITIOTUTENNENl HAa OCHOBE OKCUAA LIMHKA IO CPAaBHEHMIO C JIPYTUMU
TUIIAMM aJiCOPOEHTOB 3aK/II0YAIOTCS B ClefyiomeM. Peamusanys mpomecca ¢ ZnO 0OBIYHO
XapaKTepU3yeTcsd BBICOKON CKOPOCTbIO IMPOTEKaHMsA peaKUMyM M OTHOCUTEIbHO IPOCTON
KOHUTrypaler TeXHOJIOTMYeCKOTo 000pyRoBaHys. [[MHKOBBII TOTIOTUTEIb IEMOHCTPUPYET
XOPOILYI0 pereHepanyio M MOXXeT paboTaTh 0e3 3aMeHBI B TeYeHMe JINTEIbHOIO CpOKa
9KCIUTyaTal[uy, YacTO B AMAIla30HE HECKONbKUX /€T (3-5 yleT) mpyu yMepeHHbIX HarpysKax.
9TO CyLIeCTBEHHO CHIDKAeT 9KCIUTyaTal[MOHHBIE 3aTpaThl ¥ 4acTOTy obcimyxuBaHus. Kpome
TOTO, pereHepaliOHHbIe IIMK/Ibl IIO3BOJIAIOT BOCCTAHAB/IMBATh AKTMBHOCTDb IOT/IOTUTENA, YTO
0COOEHHO BOKHO B YCTIOBMSX II€PEMEHHOI KOHIIEHTPALNM CEPOOPTaHNIeCKUX KOMIIOHEHTOB
B rase [8-9].

HecmoTpa Ha nepBUMYHYIO OYMCTKY, B Ta3e COXPaHAETCA OCTATOYHOE COJEep>KaHMe
CEPOOPTaHNYECKNX coefyHennii, gocturawpuiee 10-30 ppm. [Ina ontummsanum mpouecca u
VICK/IIOUEHVsI TIOBTOPHOTO IIPOBEJEHUs MepBOJ CTa[uM, B COCTAB XeMOCOpPOEHTa BBOJATCS
He3HaYUTeTbHbIE KOMMYeCTBA IIEPEXOHBIX META/UIOB MU UX OKCUIOB. [JaHHas MoauduKarisa
N03BOMUT 3((EeKTUBHO YHAINTb OCTaTOYHBbIE CepoopraHmdeckrme mpumecu ("XBOCTHI'),
VIHTETPUPY: ABE CTaINM OYMCTKY B €IVIHBIV TEXHOIOTMYECKUIT IKIL.

Ilenp paboOTHI 3aK/MI0Ya/Iach B YCTAHOBICHNY BO3MOXKHOCTY BBeJleHMsI TOOABOK Meay B
XeMOCOpPOeHT Ha OCHOBe OKCYJia IIMHKA, C Ie/IbI0 IPUJAHNs eMY TU/IPUPYIOLell CIOCOOHOCTI

10 OTHOIIEHNIO K CEpOOPTaHNYECKIM COeIMHEHVAM.
OcHoOBHasA 4YacTh

Pu3uKo-XMMMIecKme MeToAbl aHAIN3a

CuHTe3 M MccmeoBaHue 0Opasl[OB IPOU3BOAVINCE C VICIIOJIb30BAHMEM CIIEHYIOLINX
peareHToB:

1. ZnO, T'OCT 10262-73, x.4., «benxum»,

2. NaHCOs;, T'OCT 2156-76, x.4., AO «BekTon»,

3. ITopomok Cu, 'OCT 4960-2017, AO «Ypananekrpomennb»,

4. CuO, T'OCT 16539-79, u.i.a, AO «YpanbcKkuii 3aBoJ;, XMMUYECKUX PEAaKTUBOBY,

5. Tuoden, 99 %, HITO «3koTek»,

6. CS,, AO «Bomxckuit Oprcunresy,

7. (NH4),COs, TOCT 3770-75, 4.i.a, OO0 OPT «XuMpeakTUBBI».
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B pabore npumensm cnepyomye GpU3NKO-XMMUIECKIIE€ METObL:

- Pentrenocgasoselit aHanu3 nposopwm Ha audpakromerpe POW Dix 600 (Adani,
benapycn) ¢ ncnonbsosanneMm CuKa-usnyuenns (A = 0.15406 uM, Hanpspkenue 30 kB, 10 MA,
yrasl cHATUSA 20=10°-80°, cKOpocTh CcKaHMpoBaHMs 4°/MuH, auckperHocts - 0.01°).
PacummdpoBka peHTreHOrpaMM IPOBOAMIACH C VCIIOIb30BAaHMEM KPUCTAIIOTpadudecKoi
6a3b1 mauabix MVMTHKPUICT.

- BemmumHa IUIOIAAM  YAEIbHOV  IOBEPXHOCTM  OIpefieNiAach ¢ MOMOIIbIO
HI3KOTEMIIepaTypHOIl  ajcopOuun/mecopbumy  a3oTa Ha  alllapaTHOM  KOMIUIEKCe
Sorbi MS (Meta, Poccus). O6pasiupl npegBapuTeNIbHO IIO[BEPraluch TepMooOpaboTKe B
teueHye 30 MuH npu Temneparype 150 °C B TOke MHEPTHOTO rasa.

- VI3amepeHne cuibl, HeOOXOAMMOI I/ paspyLIeHMs TPaHYIbl IPU OIpefie/ieHNN eé
cTatnyeckoit npoynoctu B coorserctBum ¢ 'OCT 21560.2-82, ocyIiecTBIANOCh C TOMOLIBIO
CTAIlYIOHAPHOTO JTAO0PATOPHOTO YCTPONCTBA LMKIMYECKOTO JIeWiCTBMA. B KadecTBe Takoro
npubopa MCIonb30BajicA udMeputensb npoynoctu rpanyn UIIT-1M (AO "YHUXUM c O3,
Poccus), crioco6HBIT M3MEPATb HarPy3Ky B uarnasoHe ot 5 1o 200 H.

- [IpogykTel TMAPUPOBAaHUA OIpefe/AMNCh IO MAHHBIM Ta30BOrO Xpomarorpada
Kpucrawmokc - 4000M (HII® Mera-Xpom, Poccus) ¢ miaMeHHO-MOHM3ALMOHHBIM
ferekTopoM. [l pasmeneHMsA SKCTpareHTa WCIONIb30BalINCh KalWIAApHas KOJNIOHKa
TRB-PETROL  100mMx0.25MMx0.5MkMm  (100%  mmMermnmonucunokcad). Ilapamerpsr
IporpaMMbl aHanu3a: BpeMdA aHamms3a 120 muH. HavanbHasa temmeparypa KonoHok 35 °C
15 MuH, nporpaMmMupoBaHHbIi Harpes 10 150 °C co ckopocTbio Harpesa 5 °C/MuH, fanee 1o
250 °C B TeyeHMe OCTaBIIETrocsd BpeMeHM aHanmmsa. Temmeparypa perekropa 270 °C,
Temneparypa ucrnapuress 270 °C. O6bem npo6sl, oTobpaHHOI Ha aHanu3 0.4 MKJI.

- Crenenp npeBpaueHns TModeHa pacCYnThIBAIACh IO GopMyTIe:

Nppopearuposasmero Tnodena

a =

NEBSAEHOI‘O THO(‘)eHa

CHuHTe3 KaTaTNTIYEeCKUX XeMOCOpPOEHTOB

VIcxonHbIM ChIpbEM B IIPOBEIEHHOM UCCIEOBAHNM ABJIANNMCH OKCHUJL IMHKA MapKM X.4.,
obmaganmuii MWIOTHOCThIO 0.745 cM’/T, HaXOpALMIICA B BUJE IOPOLIKA M C BENYMHON
yAe/IbHO moBepXHOCTH 5.5 M?/T. OKcyp IMHKa 00pabaTbIBaICs IO METOAVIKE, ONMMCAHHO B
pabore [10], xapboHaToM aMMOHUSA B BapbUpyeMbIX COOTHouleHMsAx or 1:1 pgo 1:5.
[TorydyeHHyl0 CMeChb IOABEPTal MeEXaHNYEeCKOil 00paboTke B KepaMMYecKOl IIapOBOIL
MeJIbHUILE IO OJJHOPOJHON Macchl B TedyeHne 30 muH. IlomydeHHBIT TPOJYKT MPOKANMBaICA
npu temmneparype 200 °C B aTMocdepe BO3AyXa Ha IMPOTHKEHUM 2 4 (HO IpeKpaleHMs
M3MEHEHMs Macchl). Pe3y/bTaToM ABJIANCA NPOAYKT B BMAE OKCUAA IIVHKA C BEIMYMHOIN
IUIOLIA/IM YAeTbHO NOBEPXHOCTY 0K0/Io 45 M*/T. K oKcyy NVHKa IpUMeNBaIu pasIndHble
HaBeckn [fo6aBok (NaHCOs;, CuO/Cu). [lamee mnpoBOAWICS KepaMUYECKUil CUHTES,
HeoOXO[UIMBINl ISl ycpemHeHus Macchl. [IoAroToB/eHHas Macca TIpaHYIMPOBanach IpU

IIoMo1mn 71a60paTopHoro Tapenb49aToOro IpaHyATOpA. CI/IHTe?,I/[pOBaHHI)Ie I'paHy/Ibl CYIININCH
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npu temrneparype 100 °C Ha Bo3gyxe, BBIIEP>KMBAMNCh HAa IPOTKEHUN 2 4 O MTOCTOAHHON
Maccpl. 3aTeM ClIefioBana cTagusa npokanuBanua npu 350 °C B TeyeHMme 2 9 CO CKOPOCTBIO

nogbpeMa Temrepatypsl 2 °C/MuH B atMocdepe BO3ayxa.

T'uppupoBaHye cepOOPraHMIeCKMX COeJHEH NI

I'mppupyomyio CIocoOHOCTb M CepOEMKOCTb O0pas3LOB MCCIEHOBAIM C IIOMOIIBIO
MOITIOLIEHNA CEepOYINeposia CTaTMYeCKMM MeTofoM. IIpumHIMNManbHasg cxeMa yCTaHOBKU
IpejcTaBieHa Ha puc. 1.

CraTndeckylo cepoéMKOCTb COpOeHTa MCCIeNOBAIM B COOTBETCTBUU C METOMVIKOIL,
omycaHHo B pabore [l11]. DKcmepuMeHTanbHas YCTAaHOBKa BKJIIOYala peakTop 1, Kyza
3arpyXKaJiCd TPaHY/IMPOBAHHBIN COPOEHT, M 9/IEKTpoIedb 2, 00eCIedMBaIONIyI0 Harpes
peakTopa o TpebyeMoil TemIepaTypbl. T1modeH, MCIONb3yeMblil B KadeCTBE peareHTa,
IpeBapUTe/NbHO 3a1MBAJICA B UCHApUTENb 3, KOTOPBI MOAMEP>KUBAICA IPY IOCTOAHHOM
TeMIleparype B BOAAHOM Tepmocrtare 6. Ilocime TOro, Kak B peakTOpe yCTaHaBIMBAIaCh
3ajlaHHas1 TeMIlepaTypa, MCIapuTesb HarpeBacs 1o 50-62 °C, 4To NpUBOANIO K 0Opa3oBaHNIO
napos TmogdeHa. ITU Iapbl 3aTeM IIPONYCKAINMCh depe3 CIoii copbeHTa (oOpasua) 4, rme
IPOUCXOAUIO UX B3auMopelicTBue. [uapuposanne nposogunock npu 350 °C B Toke Boiopopa
npu aTMochepHOM faBneHnu. O6beMHaA CKOPOCTD NOAAYN BOLOPOJAA COCTaBIANa 50 cM*/MUH.
[Tappl TMOdeHa, He BCTYNMBIINE B PeaKINIO, OXTDKAAMNCP B XOMOAWIbHMKE, TN
KOHJeHCMPOBaMUCh. [lepuopndecky 13 MOTYy4eHHOTO KOHJEHCAaTa OTOMPamiCh IPOObI I

IPOBENEHV XMMIYECKOTO aHa/Ii3a MeTOIOM Ira30(a3Hoil XpoMaTorpaduin.

BOJA

% npobootdhop
THAPO3aTBOP

Puc. 1. CxeMa yCTaHOBKY /1A OIIpefie/IeHIs CTATUYeCKOI CepOEMKOCTI: 1 — peaKTop; 2 — 9/IeKTpOIIeyb; 3 — MCIIapUTe]Ib;

4 — o6paser; HOTIOTUTENST; 5 — BBOJ CMeCH BOLOPO/A M MHEPTHOTO ra3a; 6 — BOASIHON TEPMOCTAT (T1e4b).
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PesynbTarhl 1 X 06CyKaeHMe

B paboTe monyueHbI HECKOTIBKO BApMAHTOB XeMOCOPOEHTOB, I3TOTOBJIEHHBIX 113 OKCUZIA
IUHKa ¢ fobaBKamy. BHeceHme mocimegHUX obecredrBaeT BO3SMOXKHOCTb TPAaHY/ISALUN U
TUZIPUPYIOMYI0 CIIOcOOHOCTb. CocTaBbl OOpasoB M WX OCHOBHbBIE SKCIUIyaTallMIOHHbIE

XapaKTePUCTVKY NTPUBeJieHbI B Tabmuax 1 u 2.

Ta6numa 1 - OcHoBHBIe XapakTepucTyKu obpasuos cucremsr ZnO/NaO/Cu

YcnoBus cuHTesa
Obpaser CootHomenne Sy M*/T P,H
Zn0/(NH),CO, NaHCO:;, macc. % Cu, macc. %
1 5:1 2 0.3 12.6 16.68
2 1:1 1 0.4 26.9 15.15
3 2:1 1.5 0.5 32.2 13.75
4 4:1 2 0.6 19.1 17.36
5 3:1 2 0.3 20.0 12.05
Ta6muma 2 - OcHOBHBIe XapaKTepucTuKy 06pasios cucreMsl ZnO/NaO/CuO
Ycnosus cunresa
O6pasen CooTHoIEeHe Sy M/T P.H
Zn0/(NH,),COs NaHCO;3, macc. % CuO, macc. %
6 5:1 2 0.3 12.9 17.58
7 1:1 1 0.4 38.1 17.16
8 2:1 L5 0.5 35.9 17.00
9 4:1 2 0.6 18.3 18.75
10 3:1 2 0.3 16.0 24.42

[TonrydenHble 00pasubl MMeIM BEINYNMHY YHENIbHON IIOBEPXHOCTY, JIEXKAINYI0 B
uHTepBane 12 - 38 M?/r. PaHee mpoBefeHHOe WMCCIENOBaHME IIOKA3ano, YTO BBeJCHIE
TEXHOJIOTMYECKNX T0OaBOK 60stee 2 Macc. % MPUBOAIIO K CHIDKEHIIO BeMM4IuHbI [12].

Ha puc. 2 npuBeieHbI IpyMepbl U30T€PM HU3KOTEMIIepaTypHOIT afncopouym/fecopouym
asoTa I IIO/y4eHHBIX 00pasiioB, 06afaolIMX KaK HM3KOW, TaK ¥ BBICOKOW YIeTbHON
IIOBEPXHOCTBIO. JlaHHBIE M30TEPM MOXXHO OTHecTM K IV Tumy ¢ mernen rucrepesuca H3 B
0671acTV BBICOKMX OTHOCKUTEbHBIX faBiernit (P/P° > 0.9). OTo cBupeTeIbCTBYET O HAIMYNY B
obpasiax mepexofHbIX IOp (Me3010p), T.€. IIOP AUAMETPOM OT 2 10 50 HM, a TaK)Ke MaKPOIIOp
WINM IIeTeBUIOHBIX KaHamoB (puc. 2a, B). Hajnuume Makpomop NOATBEPIKAAETCS PE3KUM
HOA'BEMOM aZicopOLMMU B 00/IACTY BBICOKVIX JJaBJICHWIT I OTCYTCTBYUEM IUIATO HACBHIIEHNS TIPU
P/P° > 1.
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dV/dD, cm3/(renm)

3,50 4,43 5,86 8,44 15,0029,3543,56 71,80
D, um

dV/dD, cm3/(renm)

3,50 4,43 5,86 8,44 15,00 29,35 43,56 71,80
, HM

dV/dD, cm3/(renm)

I | I - I I | I
3,50 5,86 15,00 43,56 142,29
D, um
dV/dD, cm3/(renm)
- [ I I ~
3,50 4,43 5,86 8,44 15,00 29,35
D, um

Puc. 2. Vizorepmsr agcopbuunn/mecopbuum a3ota u pacipeneneHne Hop 1o pasmepy: a — 1,6 - 2, B - 61 - 7;

HOMepa 06pasIoB COBMAAT ¢ HoMepamu u3 Tabmuiy 1 u 2. P/P° — oTHOILIEHNe JaBleHNs a30Ta B CUCTEME K

masneHuio KoHpeHcauuy; HT]] — HopManbHas TeMmepatypa gecopbunu asota; V — 06beM BecopOMpOBaHHOTO

a30Ta IIpY HOPMAJIbHOI TeMIepatype gecopbunu; D — guamerp mop.
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PeHTreHOrpaMMBI ITOJTy9eHHBIX 00pasIOB IIPeACTaBIeHbl HA PUCYHKaX 3, 4.
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Puc. 3. Penrrenorpammsl o6pasuos cucrembl ZnO/NaO/Cu
1" - 4MCTBI OKCHUJ, LVHKA, COOTBETCTBYIOIMIT Ne 5364 kaprouku B 6ase MMHKPUCT

Vv
M ) | 9
M . u_AJ\A
Joh o
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20

Puc. 4. Pentrenorpammel 06pasmos cuctemsl ZnO/NaO/CuO.
1" - 4uCTBIT OKCUJ| MHKA, COOTBETCTBYIoIMIt Ne 5364 kaprouku B 6ase MMHKPHCT.

AHanms peHTreHOrpaMM 00pasI[oB, COCTOSIIMX M3 OKCHUJA IMHKA C OOaBKOW OKCHa
HAaTpMsA M Me[Vl B pAas3JINYHBIX CTENEHAX OKMUCIEeHN:, II0KasaJ, 4TO BHeCeHNe [J00aBOK
IPAaKTUYeCKM He BJMsAeT Ha (asoBblil cocTaB 0OpasioB. B pesynbrare BHeceHUs HOOABOK B
HeOO/IbIIOM KOJIMYeCTBEe M3MEHAETCA JIMIIb VMHTEHCMBHOCTb IMKOB, OTBEYAIOIMX 3a ¢asy
okcyya 1HKa. KpoMe TOro 65110 BBIABICHO, YTO MHTEHCUBHOCTD IVIKOB Ha PEHTTEHOTpaMMax
B3aMMOCBsA3aHa C BEIMYMHOI IIOWAAM yhenbHOV nosepxHocTu. IIpakTmdeckm BO Bcex
CIy4asx IUIOLafb YZe/IbHOJ MOBEPXHOCTY OblIa TeM BbIllle, YeM MeHblle MHTEHCUBHOCTD
IIVKOB.
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HdpakpacHble CIEKTPBI CMHTE3VPOBAHHBIX 00pa3LiOB IIPe/iCTaB/ICHbl Ha PUCYHKe 5.
2
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Puc. 5. VIK-criextpsl 06pasroB aByx cucrem: a — cuctema ZnO/NaO/Cu; 6 - cucrema ZnO/NaO/CuO.

Ha puc. 5 npencrasnennbl VIK-crekTpbl ABYX MCCIe[OBaHHBIX CUCTEM B IIPOMEXKYTKE,
OTHOCAIEMCSI K HeOPTaHM4eCKMM coefyHeHVAM. Hanbornpliee M3MeHeHNe VHTEHCUBHOCTH
XapaKTepUCTUYECKMX II0N0C Habmomaercs B obmactu ~800-950 cm' m 1250-1350 cm.
ITo-BupyMoOMy, [aHHbIE IIOJIOCHI OTBEYAIOT 3a CBA3SKM MeIV KAaK METa/UIMYeCKOil, TaK WU
OKVICTIEHHOJ (OPMBI C TIOBEPXHOCTBIO OKCUAA L[MHKA. JI3MeHeHue MHTEeHCUBHOCTY JIaHHBIX
10710C 0003HaYaeT ISMEHEeHe KO/IYeCTBa ITOfJ00HbIX CBs3ell.

TrodeH pmeMOHCTpUpPYeT WUCKIIOYUTEIPHYI0 pEe3UCTEHTHOCTb K TUIPOTeHM3ALUN,
BK/II0Yas JECTPYKTVMBHBIE IPOIECCHI, YTO HE/NAeT ero OJHMM M3 Hambosee C/IOXKHBIX LA
BOCCTaHOBJIEHMA CEpOOPTaHMYeCKMX coeguHeHui. Ilo 910l mnpuymHe OH IIMPOKO
IpVMEHSETCA B Ka4eCTBe MOJIETIbHOTO CyOCTpaTa Ipy pa3pabOoTKe KaTATUTUIECKUX CUCTEM JUTS
ruppoodncTky [13, 14]. B pasnmyHbIX uTepaTypHBIX MCTOYHMKAX MPUCYTCTBYIOT HAHHBIE O
npeBpalleHNAX THodeHa Mo crexyoMeTpudeckuM cxemam [13, 14]. Ilpu arom Hampsamyio
CpaBHMBATb IIpeCTaBlIE€HHbIE [aHHble He IPEACTaBIAETCA BO3MOXHBIM. JTO CBA3aHO C
OONBIIVIMM PA3INIMAMM B YCIOBUAX IPOTEKaHMA PEAKIMM ¥ UCIIOIb30BAHHBIX B JIAHHBIX
VICCTIeOBaHMAX KaTammsaTopax. Cxema IpeBpaljeHMs THMOdeHa MOXKeT BKIIOYAaTh B ceOs
IIPOMEXXYTOYHbIe TPORYKTHI. VIMeroTcs cBefileHms [15] o mpouecce npesparieHus TmogdeHa Ha
QIIOMOKOOO/IBTMONIMONIEHOBOM ~ KaTanu3aTope. I[lofjoOHbBIe KaTanmms3aTOpbl Ha OCHOBE
IIepEeXOJHBIX MEeTa/UIOB YaCTO VCIIONb3YIOTCA 1A ITepepaboTKy TnodeHa.

B Tabmmije 3 mokasaHO cpaBHEHME XVMIYECKIX COCTABOB T/ POTEHN3aTa, IOTyYEHHOTO
IpU IMAPUPOBaHMU THO(EHA C UCIOIb30BaHUEM CHCTeM, cofepkamux 0.3 macc. % Menn,

a TaK>ke OKCHjIa Mell B TaKOJ >Ke MaCCOBOI JOJIN.
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Ta6muua 3. CocraB IpOAYKTOB peaKLMy IUIPUpPOBaHNA THO(eHa

CocraB xeMocopbeHra, Macc. % ITpopykTer*, %
Cremnenp
Ne- | Coornomenue
TIpeBpaleHNs
OIIBITA ZnO/ NaHCO; | Cu | CuO 1 2 3 4 5 6
THogeHa
(NH,).COs
5:1 2 0.3 - 0.52 1.37 | 3295 | - | 581|110 | 6.56
2 5:1 2 - 0.3 0.16 3.96 | 65.21 | 0.43 - - 14.04

*1- 1-rekcaHom; 2 - [USTWIMANEMHAT; 3 — 2,3-IMOTOKCUIIPOIMOHOBas KUCIOTa; 4 — AUSTHIOYTaHAMOAT;

5 — 2-mpem-6yTun-3,4,5,6-TeTparugpoOIpUaANH; 6 — HeufieHTUHULUUPOBAHHBIE IPOSYKTHI
BoeiBoabl

AHanmusupys 9KCIepMMeHTa/IbHble NaHHblE, NpeNCTaBlIeHHble B Tabmuie 3, MOXXHO
Clie/IaTh BBIBOJ, YTO KATATUTUYECKUI XeMOCOPOEHT obecredynBaeT CTeleHb IMpeBpalleHs]
todeHa nopspka 0.52 u 0.16 Ipy MCHONB3OBAHMU MeIV ¥ OKCUJIA MEIM COOTBETCTBEHHO.
Takas creneHb npeBpaleHus N03BosieT 3P PEKTUBHO IMAPUPOBATH OCTATOYHbIE KOIMYECTBA
CEPOOPTAHNYECKNX COELVHEHMUI B rase [0 CIE€[OBbIX 3HaueHMN. [Ipu sTom mucnonp3oBanue
OKCH/J]a MefIM B KaUeCTBe aKTMBHOTO KOMIIOHEHTA KaTaIUTUYECKOTO XeMOCOPOeHTa MO3BOJISIET
IOJTy4YaTb C BBICOKOJ CENEKTMBHOCTBIO B KadecTBe IPOAYKTA TUAPUPOBAHUA TuodeHa
[MaTUIMaNerHaT. BBeleHre B XeMOCOPOEHT BOCCTaHOB/IEHHON Me[yl IO3BOJIsIET HOOMBATHCS
00JIBILIOI KaTATUTIYECKOI AKTBHOCTY, OJHAKO B pe3y/IbTaTe NeCTPYKTUBHOTO TYPUPOBAHMIA
IIO/Iy4aeTCs IMPOKUI CIIEKTP IPOAYKTOB HECTEXMOMETPUYIECKOTO COCTABA.

Bepenue B cocraB xemocopbenTa okcupa Meau (II) mossonser popmoBaTh TpaHyIbI C
IIPOYHOCTEIO 10 24 H 11 yienbHO MOBEpXHOCTBIO 10 38 M*/T, IPY 3TOM HACBIITHASA IVIOTHOCTD
o6pasnoB cocrasisger okono 0.7 r/cv’. Ecmu sxe BMecto okcmpma mepu (II) mcmonb3oBaTh
META/IMYECKYI0 MeJlb B T€X K€ NMPONOPLMAX, MPOYHOCTh CHIDKaerca fo 17 H, a ypmenbHas
IIOBEPXHOCTh 0 32 M’/r, UpM COXpaHEHUM TOIl >Ke HACBIHOM IUIOTHOCTH.
Taxkum obpasoM, g co3aHMs KaTATUTUIECKOTO XeMOCOpOeHTa Ha OCHOBe OKCHJa IIVHKa,
okcup Mepu (II) ABmsercs mpegnoOYTHUTENTBHOV KOOABKON Onarofjapsi CBOMM Y/Ty4IIEeHHBIM
9KCIUTyaTalMOHHBIM cBoiicTBaM. Ho mnpum 9TOoM Haubosblias CTeleHb IIpeBpalleHNs

Ha0JII01a/1ach C MCII0/Ib30BaHMEM MeTaINYeCKOIl MefiyL.
duHaHCcHpoBaHMe padOTHI

Pabora BBIIOZTHEHA B paMKaX TOCYZapCTBEHHOTO 3afaHus Ha BbimojaHeHue HIIP
(Tema Ne FZZW-2024-0004). Pabora cormacoBana ¢ HMP Hayunoro cosera PAH mo

¢dusmueckoit xumun Ha 2026.
KoH}mkT nnTepecos

ABTODBI 3asB/IAIOT 00 OTCYTCTBUM KOH(IMIKTa MHTEPeCOB, TPEOYIOIIEro pacKpbITHs B

OaHHOM CTaThe.
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Knrouesvie cnosa: Annomauus. V3yueno enusHue COOMHOWIEHUS NUZMEHM/CEA3yIoulee 8 cocmase
nuemenmHas nacma, KamagopesHoti PYHIMOBKY HA MeXHOMo2UecKUe U IKCNIYAMAUUOHHDbIe CBOTiCMea
kamagopesnas nokpuimuil. Yemarosnen onmumanvulii ouanason coomuowerus — 0.10-0.30. ITpu

2pyHIMOBKA, COOMHOUleHIe — MAKUX  napamempax  odocmuedemcs — 0ananc — mexmody — dPPexmusHocmvio

nuzmeHm-ceA3yroujee IMEKMPOOCANOEHUS, YOenbHO20 PACX00a U IKEUBANIEHMA OCANOEHUS, 4 MAaKd#e
obecneuusaemcs MAKCUMAnbHuIL yposeHv KopposuoHHoi cmotikocmu (1000 4 6
Kamepe —CONAHOZ0 MYMAHA), 6bICOKUE PUSUKO-MexaHuuecKue U UBemosbie
XapaKxmepucmuxky nOKPolmuil.
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BBenenne

HecMoTpsi Ha TOTYBEKOBYIO MCTOPMIO, METOJ 3IEKTPOOCKAEHMs TaKOKPACOYHBIX
MmatepuanoB (JIKM) ocTaércsa ogHIM U3 BeAyIUX CIIOCOO0B Okpacky [1]. DTo 06bsACHsETCS ero
BECOMBIMY  IIpEVMYIECTBAMY, Cpefyl KOTOpbIX: MuHMManpHble morepu JIKM B
KPYIIHOCEpUITHOM IIPOM3BOACTBE, Oe3ylpeyHOe KayeCTBO IHOKPBITUII Jjake Ha M3JeMsX
CTIOXKHOVI (OPMBI, 9KOIOrMYecKasi 0e30MacHOCTh M BBICOKAas aBTOMAaTM3alys Impouecca [2].
KarogHoe ocaxpeHme obecrmeunmBaer 60ree BBICOKME 3allMTHBIE CBOJCTBA MOKPBITUIL IO
CPaBHEHNIO C AaHOAHBIM. TeXHONMOIMs XOPOIIO OTpAabOTaHa ¥ IIMPOKO NPUMEHSETCS IS
OKpAalllMBaHUsI  METAVIMYECKUX  U3[eIUiA [3-5]. OpHako  CHIOXKHBI  COCTaB

© I.T. Konbuos, A. A. Vinbun, A. E. Tepemko, A.B. Pyapun, B. B. Munocnasckas, M. B. Cennsepcrosa,
C.B. Bapracosa, K. E. [Imutpues, 2026
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BOJHO-[IICIIEPCMOHHBIX JIAKOKPACOYHBIX MATEpMA/IOB IMOPOXKAAET PAJ, HEPEIIEHHDIX
BOIIPOCOB. KpuTudeckum Ba)XKHO M3Yy4NUTb, KaK COOTHOILIEHME KOMIIOHEHTOB BJMAET Ha
TEXHOJIOTMYECKNE ITapaMEeTPbl HAHECEHMA M SKCIUIyaTalMIOHHbIE CBOJICTBA IOKPBITUII IIPU
KaTOHOM 3/IEKTPOOCAXK/ECHNL.

Ilenp HacTosIei paboOThI — U3y4YeHUe BAVSAHUA COOTHOILIEHMs IUIMEHT/CBsA3Yollee B
cocTtaBe KaradopesHOV TPYHTOBKM HAa TeXHOJOTMYECKMe U IKCIUIyaTallIOHHBbIe CBOJICTBA
dbopMupyeMBIX TIOKPBITHI.

OCHOBHBIM (CBA3YIOIIMM KaTaoOpe3HOV TPYHTOBKM CIyXXWIA BOJHAS AUCIEPCUS
3MOKCUAMVHHOTO ailyKTa HeJITPaIM30BaHHOTO YKCYCHOM KICIOTO (puc. 1) co cummBamImmm
areHToM (6JIOKMPOBaHHBIM TONTYVICHAVMV30LVIAHATOM), KaTaau3aTopoM (CONbi0 BUCMYyTa B
KommuectBe 1.5 Macc.%), m mobaBKamm lieleBOro HasHaueHus: [6-8]. Bommas pgucnepcus
SMOKCMAMMHHOTO affyKTa MMeIa CAEeAyIoII/e XapaKTEePUCTUKM: KaXKYIIascs BASKOCTb
300 mITa-c; maccoBast monma HemeTyuux BewjecTB 34.6 % Macc.; mwioTHocTh 1.05 r/cm’;
TemrepaTtypa Bcobpimky, 97 °C; BopmopopHblit mokasatenb (pH), 6.36 enm; ymembHas
37IeKTpUUIecKass IpoBOAUMOCTD 2066 MKCM/cM.

[IurmenTHas macra KaTaoOpe3HOV IPYHTOBKY IpeACTaB/sa co00ii BBILIEONVICAHHOE
CBA3YIOLIEE CO CIEAYIOVMM XapaKTePUCTUKAMMI: KaXKyllasacsa BA3KocTb 6150 mIla-c; maccoBas
IO HENeTy4MX BellecTB 56.7 %; maoTHOcTh 1.02 r/cM’; Temmepartypa Bcmbimky 58 °C, ¢
nobaBIeHNeM MUTMEHTHON 4acTy (EMOKCUAIA TUTAH, KAaO/MUHa, Cyabdara Oapus, yriaepogHoit
CaX1, 0OaBOK 11e/IeBOTO Ha3HAYEHMs), IPY 3TOM CTelleHb HaloIHeHus cocTapysiia 13.1 06.%
[9]. IOmcneprumpoBaHue IUIMEHTHOJ MAcTbl OCYLIECTB/ISA/IOCh Ha IOTPY)XXHON OMcepHOI
MmenbHMLE Dispermat LC-110 1o focTYbKeHNA CTENEeHN JUCIEPCHOCTY 110 TPUHIOMETPY OKOJIO
15 mxm [10, 11]. IlomyyeHHas NUIMeHTHasA IIacTa MMesa CIEAYyOIIMe XapaKTepUCTUKIL:
KaKymasaca BAsKocTb 1750 mlla-c; MaccoBas [ona HemeTydmx BellecTB 45.3 %; IJIOTHOCTb
1.31 r/cm®; BoopopHblit Tokasatens (pH), 5.59 ex.

HO-_‘/\ HO - .- OH . - OH _ _ OH NOH
S A w3 o L 1
o NN ol K ) °ﬂ$\’)\‘°@+@°4k”\‘/”ﬁ\
0o OH
0 Y 0

I | J |
He” o P H3CAO'

Puc. 1. O6mas cTpyKTypHast popMy/a STIOKCHaMIHHOTO affyKTa HETPaIM30BaHHOTO YKCYCHO KMUCIOTOI

[TonyyeHne o06pasioB KaTadope3HOW TIPYHTOBKM C Pas3IMYHBIM COOTHOLIEHVEM
IUTMEHT/CBA3yIollee IMPOBOAWIOCH ITyTéM CMEIIMBAaHUA OCHOBHOTO CBA3YIOIIETO U
IUTMEHTHOJ ITaCThI C TAKVMM PacyeTOM, YTOOBI MAacCOBasi 1O/IA HeJIeTY4YNX Bell[eCTB COCTABIIsIA
okoo 20.5 % macc. B xauecTBe pasbaBuTess MCHONb30BaIach obecconeHHas Boga [12]. s
3TOT0 B €MKOCTb U3 XMMMYECKM WHEPTHOTO IUIACTMKA C O0OeCCO/IeHHON BOMOW, IIpu
IepeMelIBaHNM JIONACTHOI MEIIa/IKOI C OKPY>KHOI CKOPOCTbIO 1.5 M/c, BBOAMIOCH OCHOBHOE
cBasywomiee. [lepememmBanne MOMYy4EeHHONW CMECU OCYLIECTB/IANIOCh B TedeHME 15 MUMHYT, a
3aTeM HeOOIbLIMMI IIOPLUAMU TPV IepeMelIVBaHUU [O03MPOBa/lach INMIMEHTHAs IacTa.
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Crabmm3sanuio kaTadopesHoil TPYHTOBKM NIPOM3BOAVUIN B TeUeHMe 24 4 IpU IOCTOSTHHOM
IepeMeLIBAaHNM JIOTIACTHON MEIIa/IKO C OKPY>KHOI CKOpPOCThIO 1 M/c.

Bpum cocraBnieHbl OAVHHAAUATh 00pasIioB KaTaOpesHON T'PYHTOBKM C Pas/IMYHBIM
COOTHOIIIEHMEeM MUTMeHT/cBs3ytoee (Tabmma 1).

3KcnepumeHTaanaﬂ 4acThb

Kaxxymrylocss BA3SKOCTb TPYHTOBOK ompefensanyu Inpu Temieparype 23.0+0.2 °C mo
BUCKo3uMeTpy bpykdunbaa (tun A, mmuapens — guck Ne3) npu 20 06/muH [13]. Maccoyio
JIOJII0 HEJIeTY4MX BeleCTB ompefe/isuu 1o [14], mpy sToM HaBecka MCIBITYyeMOro obpasia
cocrapnana 1.0+0.1 r, Bpema cymxku npu 180 °C B Tedenne 30 munHyT. IIIOTHOCTD TPYHTOBOK
omnpepernsmm o [15] mpu 20 °C, TeMIiepaTypy BCIBIIIKY B 3aKPBITOM TUIJIE OIIpefie/Iaan 1o [16].
[Toxasarenb KMCIOTHOCTM ompefensmu npu Temneparype 25 °C mo [17], yzmenbHyio
9/IEKTPUYECKYI0 IPOBOAUMOCTb 1o [18], cremens pucnepcHocty mo [19]. Omnpepenenue
COOTHOIIIEHMA IIUTMEeHT/CBA3YIoIIee OCYIIeCTBIAI0CH o [20].

Hanecenne rpyHTOBOYHOTO MOKPBITUA OCYLECTB/IANOCH HAa CTa/IbHbIE I/IACTUHbBI MAapKU
08mc pasmepom 70x150 mm u TommuHoit 0.8 MM 1 0.2 MM C HaHeCEHHBIM IVHK-(OCchHaTHBIM
nokpbiTieM [21-24]. B kadecTBe IIPOTMBO3/MEKTPOAA JCIIONb30Ba/aCh IUIACTMHKA U3
HepykaBeto1el cranmy Mapky 08X18H10 [25], mpm 3TOM cCOOTHOLIIEHME KaTO/|:aHOZ 110 IO/
coctaBmo 4:1. B pomm MCTOYHMKA ITOCTOSTHHOTO HAIpsDKEHUA CIYXWI IpeoOpasoBaTeib
I1-TPII-15-400, obecrieunBaromuii HanpsbkeHue go 400 B. Temmeparypa pabodero pactBopa
KaTadope3HOll TPYHTOBKM HOAAep>kuBanach B amamasoHe 30.0-30.5 °C. Bpemsa HaHeceHMs
IIOKPHITMA B BaHHE OJIEKTPOOCAKAEHMUA COCTaBnANO 135 ¢, mpum 3TOM B TedeHme 15 ¢
OCYIIeCTB/ISUIN IUIABHBI MOABEM HANpsDKeHNUA [0 pabodero, a 3areM B TedeHme 120 ¢
IPOBOVM/IM HaHECEHMEe IOKPBITMA B IOTEHIMOCTaTH4ecKoM pexume. Ilocme Hanecenus
HOKPBITVE IIPOMBIBAJIOCh 00€CCOIEHHOI BOMO, Jlajiee OMEIIANoCh B CYLIVJIBHYIO KaMepy.
OrBepxpieHne mnpoBogmiaoch mnpu Temneparype 170 °C. IlnacTuHBI ¢ HaHECEHHBIMU
HOKPBITUAMM IIepefi UCTIBITAHUAMH BbIePKUBANNCh IIPY KOMHATHO TeMIIepaType B TedeHue
1 cyToK.

BHemrHui1 BUJ, TOKPBITUA OIpefensany mo [26], TOMIUHY IIOTydeHHBI MOKPBITHIA
omnpepensm 1o [27], m oHa cocTasia 19-22 MKM; IPOYHOCTD IMTOKPBITHS PV PACTS>KEHNUY 110
Opukceny [28], IpoYHOCTb MOKPBITHII TIpU y#ape [29] Ha mpubope Y-la (mpsamoit ymap),
ajresusi MeTOJOM pelleTdaTbix Hazgpe3oB [30], 6meck [31], mepoxoBarocts [32, 33],
3/IaCTUYHOCTD ITOKPBITYA IIPYU U3TMOE ompefienanach 1o [34] Ha mwiacTuHax ToamyHoii 0,2 MM,
IIBETOBbIE XapaKTepUCTUKM [35], TBepoCcTh MOKpBHITUA IO KapaHpamry [36]. Ompenenenne
IPOHMKAIOLIEl CIOCOOHOCTY IIPOBOAMIIOCH COITIACHO [37] MeTop B, CTOMKOCTD K BO3IEICTBIIO
5%-HOTO COJITHOTO TyMaHa (pacIpocTpaHeHe KOppo3un ot Hajpesa) (merop b) [38].

JI-manerns Tect (JIIIT) onpenernsanm cornacHo Metopuke [39]. IIpy aTOM oneHMBaNy pasHuLy
B IIEPOXOBATOCTY, OlecKe M TOJIIMHE TOKPBITUII Ha TOPU3OHTATIBHON M BEPTUKATBHON
noBepxHoct 1o 100 6anbHoi 1mikane. [llepoxoBaTocTh ouenmBanach ot 0 go 50 6amios,
rge 0 6a1oB — 310 MeHee 2.5%, a 50 6annoB — 310 6oee 125.0%. Bneck - or 0 o 35 6annos,
riae 0 6a/10B — 310 MeHee 2.5%, a 35 6a/w1oB — 310 6071€ee 88.0 %. TonmuHa - ot 0 Ko 15 6anIoB,
rie 0 6amnoB — aT0 MeHee 2.5%, a 15 6am1oB - 310 601ee 38.0%. O6061mennsiit JITIT nokasarensb
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B 6awrax Berumcnaaca no ¢opmyne: JIIIT = PUI + Pb + PT, rge PII - pasHuna B
mepoxoBatocty (R.), 6amm; Pb — pasuuia B 6necke, 6amn; PT - pasania B Toniuse, 6as.

Omnpepenenne yenbHOTO pacxofia KaTaOpe3sHOl IPYHTOBKM, SKBUBATIEHTA OCAKIEHIA
M BBIXOJAa IO KyJIOHaM IPOBOAVWIOCH COIVIACHO MeETOAVKAaM, ONMCaHHBIM B [40, 41].
CMBIBaeMOCTb MOKPOIJI 971eKTpodOpe3HOII IIEHKH OIpefe/sIach 1mo [42].

O6c¢yxxpmeHne pesyIbTaToB

B mepByo odepenp, IOCIe CTabWIMsanyy pacTBOPOB KaTaOpesHON TI'PYHTOBKU
onpepensm PaKTUIeCKoe COOTHOIIEH)Ee NUTMEHT/CBsA3yIollee, YAEMbHYI0 3/1eKTPUYECKYIO
IPOBOAMMOCTD, KOHIIEHTPALMIO JIOHOB BOZOPOJA, MACCOBYIO [JOTI0 HEIEeTYYMX BeIeCTB
(Tabmumna 1).

Ta6muua 1. HekoTopble nokasareny karagope3Hoil IPYHTOBKI

CooTHoleHne
VnenpHas snexTpudeckas | KoHIeHTparus noHos MaccosBas mons
MIATMEHT/CBA3yIollee
MIPOBOAUMOCTD, MKCM/CM Bogopona (pH) HeJIeTy4UX BelecTs, %
pacdyerHoe | dakTmyeckoe
0.00 0.00 1547 5.39 20.56
0.05 0.04 1552 5.35 20.70
0.10 0.09 1589 5.36 20.40
0.15 0.15 1641 5.34 20.36
0.20 0.19 1559 5.35 20.10
0.25 0.25 1530 5.41 20.36
0.30 0.29 1508 5.36 20.00
0.35 0.36 1631 5.41 20.47
0.40 0.40 1624 5.40 20.19
0.45 0.45 1551 5.37 20.62
0.50 0.48 1520 5.37 20.14

/13 Tabmuuibl 1 BUIZHO, 9TO BCe IepedyiCIeHHbIe IOKa3aTe/ Iy HaXO[ATCSA Ha OJTHOM YPOBHe.
9TO yKasblBaeT Ha TO, YTO COCTABJIEHHblE KOMIIO3MLIMM MOTYT BBICTYIIaThb B KadecTBe
MOJIEIPHBIX CUCTEM [ U3y4eHMSA BIMAHMUA COOTHOIIEHMs IIUTMEHT/CBA3YIOIlee Ha
TeXHOJIOTMYECKMe ¥ 9SKCIUIyaTalllOHHble CBOJICTBAa pa3pabaTbiBaeMoil KaTadope3HOI
TPYHTOBKM. HesHauuTenbHble OTKJIOHEHUs IIapaMeTPOB OOYC/IOB/IEHBI IIOTPELIHOCTHIO
U3MepPUTEIbHBIX IPUOOPOB U METOJVK M3MEPEHVSL.

BausHue cooTHOIIEHW IUTMEHT/CBA3YIOllee HA TEXHOIOTUYECKMe InapaMeTphIL.

/3 Tabmuigel 2 BUAHO, 4TO paboyee HaIpsyKeHMeE ITOC/Ie BBEIeH) MMTMEHTHOI MacTHI B
BOJHYI0 KOMIO3MIVIO (IIpM COOTHOLIEHMM HNMIMeHT/cBAsywolee 6omee 0.05) cHIDKaeTcs
Ha 30 B - ¢ 260 mo 230 B - u ocCTaérca NOCTOAHHBIM IIpYU [ajbHENIIEM yBEIUYEHUU
COOTHOLIEHNMA. ITO OOYC/IOBIEHO HA/INMYMEM B KOMIIO3MIMAX IUTMEHTOB, KOTOpbIE
YBEIMUNBAIOT 3MEeKTPOPOPETNYECKYI0 MOABIDKHOCTb KaTaOpesHOi TPYHTOBKM, IIPY 9TOM
Jla/IbHeliIee yBeNMYeHMe KONMYECTBA IMIMEHTOB B COCTaBeé TIPYHTOBKM HE€ OKa3bIBAIOT
BIIMAHMS Ha CONPOTUB/IEHNE MOKPOI IIIEHKM.

OKBMBAJIEHT OCAX/JEHMA YMEHDBLIAETCA C YBENMYEHMEM COMIEP)KaHUA INUIMEHTOB B
TPYHTOBKe. DTO CBUMIETEIbCTBYET 00 Y/Iy4dIIeHUN 3TeKTPOKMHETYECKUX CBOJCTB CHCTEMBI,
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YTO [e/laeT Ipolecc ocaxpaeHMUs Oonee 9((eKTMBHBIM. Y[eIbHBII PacXof TI'PYHTOBKYU
BO3pacTaeT C yBe/lMYEHMEM COJep>KaHMs IUIMEHTa M3-3a POCTa IVIOTHOCTYU IOKPBITUS U
BSI3KOCTY COCTaBa, 4TO TpeOyeT 6O/IbIIero KOMu4ecTBa MaTepuaa Ajisi JOCTVKEeHVSI 3a/JaHHOM
TOJIIIMHBI TIOKPBITH.

Ta6muma 2. TexHOMOTMYECKIE CBOICTBA KaTa)OPEe3HOI IPYHTOBKM

CooTHOIIIeHNe TUTMEHT/CBA3YIolIee
000 | 004 | 009 [ 015 | 019 | 025 | 029 | 036 | 040 | 045 | 048
Hanpsixenue Ha"eceHus, B

260 | 230 | 230 | 230 | 230 | 230 | 230 | 230 | 230 | 230 | 230
DKBMUBAJIEHT ocakmeHus, Kn/r

390 | 386 | 368 | 358 | 345 | 341 | 335 | 329 | 321 | 319 | 317
Y enbHbIIT pacxof, I/M*MKM

138 | 139 | 140 | 141 | 145 | 150 | 157 | 167 | 171 | 174 | 178
Beixop mo kynonam, Kin/m*Mkm

538 | 537 | 515 | 505 | 500 | 512 | 526 | 549 | 549 | 555 | 564

9 eKTUBHOCTD 3MEKTPOOCAX/eHNI KaTadOpe3HOV TPYHTOBKM, XapaKTepusyemas
BBIXO/IOM IIO KY/IOHAaM JE€MOHCTPUPYET HEMOHOTOHHYIO 3aBMCMMOCTb OT COOTHOIIEHWA
NUTMEHT/CBA3YyOlee: Ha HAda/JbHOM CTafuy, 0 COOTHOIIEHMS NmuUrMeHT/cBasymomee 0.20,
HaOJTIOflaeTCsl CHYDKEHYE BBIXOJA 110 KY/IOHaM 32 CYET IOBBILICHMsS SJIEKTPOIPOBOJHOCTY
CYCIIEH3UM, YCKOPSAIOLIETO [BVDKEHME 3apsDKEHHBIX YacTUIL, M POCTa IUIOTHOCTM YaCTHIIL,
YIYYIIAIOWIET0 WX 3/1eKTPOGOPeTNYecKyl0 IOJBIKHOCT. Bplllle 3TOro KPUTHYECKOTO
COOTHOIIEHMA BBIXOJ, IIO KY/JIOHAaM Ha4YMHAET BO3PacTaTh 13-3a YBENMYEHMA BA3SKOCTU
KOMIIO3MLIMM, 3aTPYSHSIIOLUIET0 MAacCONePeHOC YacTul, GOpPMMUPOBAHMUS arperaToB YacTHUIl,
CHIDKAIOIVX 3G PEKTUBHYIO IO/IBVKHOCTD 3apsKEHHBIX KOMIIOHEHTOB.

CrefryeT OTMETHTB, YTO B pe3y/IbTaTe 97IeKTPOOCAXK/IeHM s KaTapope3HO TPyHTOBKY IIpK
BCEX COOTHOLICHNAX IIMIMEHT/CBA3yOIee (OPMUPYIOTCA MOKpBle CIUIOIIHBIE IUICHKI,
KOTOPbI€ HE CMBIBAIOTCSA IIPY IIOBTOPHOM IIOTPY>KEHUY B BAHHY 3/IEKTPOOCAXKIECHMA.

OnTumanbHOE ¢ TeXHOIOTMYECKON TOYKM 3PEHM COOTHOILEHNE MUTMEHT/CBA3Yollee,
obecrieunBamliee 6amaHc MeXAy 3PQPeKTUBHOCTBIO M Ka4yeCTBOM IHOKPBITVS, HAXOOUTCS B
auanasoxe 0.10-0.30.

Brnusanye cooTHOIIIEHS TUTMEHT/ CBA3YIOIIEE Ha SKCIVTYATAIIVIOHHDIE ITIOKA3aTEIN HOKQI)ITI/II‘/J[.
CooTHollIeHne HI/II‘MGHT/CBH?)YIOU.[C(? BINAET Ha NEKOPAaTUBHBIE, (1)I/ISI/IKO-M€X21HI/I‘{€CKI/[6

U1 3alVITHBIE CBOJICTBA OTBEP>K/EHHBIX KaTaQOpe3HBIX MOKPBITHUIL. Pe3ynbTaThl MccmeqoBaHmit
npuBeeHbl B Tabnuiie 3.

ITpu cooTHOMmIEHNN TUTMEHT/cBA3Yoee K0 0.30 MOKPBITHA MOTY4AI0TCA OFHOPOAHBIMU
U TTafikuMy — 6e3 KpaTepos, IOp M MOpIIMH. [IpeBrllieHNe JTaHHOTO 3HaYEeHNUsI IPUBOJUT K
POCTY BA3KOCTM, YXYALIEHNIO PO3/I/Ba MOKPBIX IVIEHOK VI BOSHMKHOBEHIIO C/TA00BBIPa>KeHHOI
marpeHn. [lanbHeliliee yBeIMYeHME COOTHOILEHMs BbI3bIBaeT IIOSIBJIEHME BBIPAXKEHHOI
IIATPEeHM, OFHAKO KpaTephl, TIOPbI I MOPIIVHBI TO-TIPEKHEMY He Ha0/TIof[aloTCs.

JIorm4HO, UpM YyBENMYEHMM COOTHOIIEHMS IUTMEHT/CBsA3yloliee KaTadopesHoi
TPYHTOBKM HaOJIOfanach TEHAEHLMs Ha CHIDKeHMe 6jiecKka MOKPBITYUS M, COOTBETCTBEHHO,

yBenmdeHue cpepHeit apudmerndeckort (Ra), cpemHexBamparnynoit (Rq) mepoxoBaTtocTu
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HOKPBITUA, a TaK)Ke PasHUIbI MeXy MaKCUMaJbHbIM ¥ MMUHMMAJIbHBIM OTK/IOHEHMEM
npoduis (Rz). Ito 06yCcIOB/IeHO yBenMIeHeM KOHLIEHTPAaLMy IUTMEHTOB Ha ITIOBEPXHOCTH
HOKPBITHS, KOTOpbIe 00pasyloT MUKPOHEPOBHOCTH, pacCenBalollyie Tafalolil CBeT.

Ta6muma 3. DKcIUTyaTalMOHHBIE CBOMICTBA KaTa(Ope3HbIX IOKPBITUI

CooTHOIIEHNE MUTMEHT/CBASYIOLIEe
0.00 | 004 | 009 | 015 | 019 | 025 | 029 | 036 0.40 0.45 0.48
BHemrnuii BUj, MOKPBITHA

OpnOpopHOe, ¢ OpHopopHoe, ¢

OpHopopHOe, IMafKoe, JIETKOJI LIIarpeHbIo, 6e3 IHIarpeHblo, 6e3

6e3 KpaTepoB, IOp U MOPILUH KpaTepos, IIOop 1 Kparepos, IOop 1
MOPILVH MOPILINH

Bneck, equnu 611ecka, yroin usmepenus 60°

1) 86 1 g3 85 | 7981 | 7577 | 66-68 | 6870 | 59-61 62-64 57-59 48-50
103 | 88
H.IepOXOBaTOCTI), MKM
Cpenneapudmernyeckasn (R,)
0.241 [ 0242 [ 0240 | 0235 [ 0244 | 0258 [ 0317 | 0317 | 0382 | 0549 | 0715
CpepnexBagpatnunasg (Ry)
1473 | 1632 | 1.535 | 1462 | 1633 | 1781 | 1940 [ 2116 | 2229 | 3100 | 4077
Pasnuma orxknonenus npopuns (R,)
0.301 | 0.305 | 0.298 | 0289 | 0314 | 0321 | 0394 | 0392 | 0472 | 0673 | 0872
uBeTOBI)Ie XapaKTEepUCTUKN
Csernora, L*
53.56 | 38.95 | 37.41 | 3696 | 36.81 | 36.64 | 3665 | 3664 | 3632 | 3642 | 3613
aX—
0.69 | 046 | -033 | 048 | 048 | 047 | 045 | 045 | 042 | -043 | -041
bx—
1241 | 229 | -051 [ -118 | -167 [ -182 [ 204 [ 211 | 224 | 231 [ -240
CX’
1242 | 234 | 060 | 127 | 174 | 188 | 209 | 215 | 228 | 235 | 244
h

86.84 | 78.65 | 237.18 | 247.79 | 254.13 | 255.69 | 257.63 | 257.84 | 25943 [ 25950 [ 260.40

JI-ma"ens Tect, 6amn

o | 7 | uu | 13 | 17 | 18 | 25 | 45 [ 553 | 75 | 79
l'[ponm(alomaﬂ CHOCOGHOCTI), M
213 | 208 | 209 | 210 | 208 [ 209 | 208 [ 206 205 [ 201 [ 198
AI[I‘CSI/I}I M€ETOAOM pelieT4aTbiX HATPE30B, 6ann
o [ o] o] o | o] o] o o o | o | o
IIpoyHOCTD IpU pPACTS>KEHNN IO DPUKCEHY, MM
95 | 93 [ 91 [ 84 [ 83 [ 79 [ 75 | 71 | 69 | 64 | 62
IIpoYHOCTD MOKPBITHA IPH YAAPE, CM
50 | 50 [ 50 [ 50 [ 50 [ 50 [ 50 [ s0 | s0 | s0 [ 50
IIacCTUIHOCTH NOKPBITUA IpN I/I3I‘I/I6€, MM
1 [ v | o o o ] ] 1 ]t |
TBeP,T.[OCTb IOKPBITHUA IO KapaHJalry
4H | 4H | 4H | 4H | 4H | 4H | 4H | 48 | 4H | 4H | 4H
CTOIKOCTD MOKPBITUA B KAaM€P€ COIAHOTO TYMaHa, 1
500 | 620 | 620 | 840 | 1000 | 1000 | 1000 | 840 | 620 | 500 [ 500
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VlccnenoBaHme IBETOBBIX XapaKTePUCTUK KaTadOPe3HbIX MOKPBITHI TOKA3a/I0, YTO PN
MIHVMAJIbHBIX COOTHOIIEHMAX murMeHT/cBasymomee (0.00-0.04) popmupyroTcs neccupyromye
HMOKPBITUA C BbICOKON cBeTnmoToit (L* 53.56-38.95) u >xénteim orrenkoMm (h 86.84 -78.65),
TOTZIA KaK yBenudeHnue gony nurMmenta go 0.09-0.15 BpIsbIBaeT pe3Koe CHUYKEHIE CBETIOTHI [0
37.41-36.96 1 HayajI0 CMeLleHNs [[BETOBOTO TOHA B CUHe-3e1éHyIo obmacth (h 237.18 - 247.79).
IIpy  pmanbHeiimeM  mOBBIIEHNNM  cofepxanmss  mmrmeHTa  (0.19-0.48)  cBeroTa
cTabummsupyercs Ha ypoBHe 36.13-36.65, OTTEHOK OKOHYATETbHO CMEIAeTCs B CHHe-3e/IEHBIN
nnanaszoH (h 254.13 -260.40), a HaCBIIIEHHOCTDb IIBETa CHIDKAETC — XPOMATUIHOCTH (C*)
nagaer ¢ 12.42 go 2.44. Ilpu sroMm mapamerp a* mepexoAuT M3 IOJIOKUTEIbHON 06/1acTy
(0.69 mpu 0.00 — KpacHOBATBIN OTTEHOK) B oTpuIiatenbHyto (—0.41 nmpu 0.48 — 3emeHOBaTHIIN),
a mapaMeTp b* ymenbmmaercs ¢ 12.41 (oxéntoiit) 1o —2.40 (cuHe-3e/€HBIN), YTO MOATBEP>KAAET
KOMIUIEKCHO€E M3MeHEeHNe IIBETOBOTO MPOGIIIsi HOKPBITHUS MIPU POCTE KON MATMEHTA. TaKuM
o6pa3oMm, HaumHasi ¢ cooTHouleHys 0.15 M BbIlIe, NMOKPBITHE HpUOOpeTaeT CTaOMIbHBIN
CUHEe-3€JIEHOBATBIN OTTEHOK C MOHV>XEHHOM HACBIIIEHHOCTBIO U IIOCTOSSHHOM CBETIOTOMN.

ITpy mNOBBIIEHNM COOTHOILEHMs IUIMEHT/CBA3YyOlee YBEINYMBAETCA KOMNYECTBO
6amnos mo JIIIT, ykaspiBarolnee O BIMSAHUM T€OMETPUM OKpAIIMBAEMOJ IHOBEPXHOCTM:
BO3pacTaeT pasHMIIa B KayecTBe IIOKPBITMA M KONMYECTBE OCaXK/IeHHOM TPYHTOBKM Ha
BEPTUKAIbHOI U TOPU30HTAIBHON IVIOCKOCTY. [JaHHYI0 0COOEHHOCTD C/IefyeT YIUTHIBATD IIPYU
OKpacke usfenuii ClIoxHON ¢opMmbl. B aToM ciydae HeoOXOAVMO IIOBBINIATH TOJIIUHY
HOCTeRYomUX HaHOCUMbIX cnoeB JIKM, 4ToOBl HOTYyYUTb OFHOPOJHOE IOKPBITHE Ha
TOPU3OHTAIbHO ¥ BEPTUKAIbHON IIOBEPXHOCTY U3LE/INA.

BBemeHMA NUIMEHTHOV ©AacThl B BOJHYK KOMIIO3MLMIO TIPUBOAMUT K IIaJieHUIO
IPOHMKAIOIIEi CIIOCOOHOCTY TPYHTOBKY M3-3a CHIDKeHMs pabodero HampspkeHus (¢ 260 mo
230 B) n yBenmueHns BA3KOCTY KOMITO3UIUIA.

ITpoYHOCTD MOKPBITUA NPU PACTAKEHUM CHIVDKAETCA IPY YBEIMYEHUM COOTHOLIEHMA
INUTMEHT/CBA3yIOIlee, 4YTO OOYCIOBIEHO VBeIMYEHMEM KOHI[EHTpaUMy HalpsDKeHU B
HNONMMMEpHON ¢ase BOKPYr TBEpAbIX YAcTUI] NNUTMeHTa. [Ipyrue wusydeHHble (GU3NKO-
MeXaHIYeCcKue CBOJICTBA KaTadope3HbIX NOKPLITMII (afresms, IPOYHOCTbD IpM yAape,
3/IACTUYHOCTb IpY M3THOE ¥ TBEPAOCTH IO KapaH/AIly) HaXOAATCSA Ha OfHOM YpPOBHE U He
3aBUCAT OT COOTHOLIEHNA MUTMEHT/CBA3YIOLIee.

3allUTHBIE CBOJICTBA MMOKPBITUI OLIEHMBA/IN TI0 CTOMKOCTY B KaMepe CO/IAHOTO TyMaHa
(rabmuua 3). Ilpu yBenmmyeHuM COOTHOLIEHMs NMUIMeHT/cBaA3ywooliee fo 0.29 HabmomaeTcs
yIydllleHVe IPOTMBOKOPPO3MOHHBIX CBOJCTB IIOKPBITMA. IJTO OOYC/IOB/IEHO HaIM4yyeM
NUTMEHTOB ¥ HAIOJHUTENEl B TMOKPBITUM, KOTOPBIE CO3[AIOT IOIMONHUTENbHBIN Oapbep
IpPOTUB IPOHMKHOBEHMSA KOPPO3JMOHHO-aKTMBHBIX BellecTB. [lanbHelillee yBenmuyeHue
KOHILIEHTpaly IUTMEHTOB B I'PYHTOBKE IPUBOANT K YMEHDBIIEHUIO CTOMKOCTU IMOKPBITUI B
KaMepe CO/NISIHOTO TyMaHa. IJTO CBA3aHO C YXYALIEHMEM CIUIOIIHOCTY TIOKPBITUS U
BO3HMKHOBEHMEM MMKpPOIOp M TpelMH MK3-3a BHYTPEHHMX HAIPsDKEHMI, BbI3BaHHBIX
YMEeHbILIEHMEM JIO/IU CBA3YIOLIETO.

BriBonbl

[Ipu usydeHny BIVSAHMSA COOTHOIICHMs IMUIMEHT/CBA3YIOIee B COCTaBe KaTadopesHoi
TPYHTOBKJ) Ha TEXHOJIOTMYECKNe U SKCIUTyaTallIOHHbIe CBOJICTBA (POPMUPYEMBIX ITOKPBITUI
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YCTAaHOBJIEH ONTMMA/bHBI [ManasoH ero BapbupoBanua 0.10-0.30. B stux ycnmoBmsax
focturaercs 6amaHc Mexy 3p(deKTUBHOCTBIO 3/TeKTPOOCAKAEHNA (BBIXOJOM II0 KY/IOHaM),
VEEIbHBIM ~ PAacXOfOM ¥  9KBMBAJIEHTOM  OCKJEHNUA KaTaQope3HON  I'PYHTOBKI.
B ycTaHOB/IEHHBIX I'PaHNUIIAX AMAIa30HAa 00Pa3y0TCA HOKPHITHA, 00/1ajaollyie MaKCUMaIbHOM
CTOMKOCTb B KaMepe ConAHOoro rymana - 1000 4 ¢ Hape3oM, a TaKXXe OTIMYHBIMI 1| BETOBBIMU U
¢bU3NKO-MeXaHNYeCKMMI XapaKTepUCcTUKaMu. [lonydeHHble TaHHBIE NO3BOJIAIOT HOAOMPATh
COCTaB I'PYHTOBKM C y4ETOM TpeOyeMBbIX TeXHOTIOTMYECKMX VM SKCIUTyaTaIlIOHHbBIX CBOJICTB.

®uHaHCcHpoBaHME PabOTHI

Pabora BbIONTHEeHa B paMmKax mpoekTa «MoauduuyupoBaHyue TaKOKPaCOYHBIX
MaTepuanoB, He COJep KallMX JIETYYMX OPTaHMYECKMX COENVMHEHMII, C Lie/lbl0 YIydlleHNus
TEXHOJIOTMYECKMX U 3KCIUTyaTal[MOHHBIX CBOJCTB» 10 mporpamme pasputus AI'TY B pamkax
y4acTuA B mporpamme Muno6pHayku Poccun «IIpuopurer 2030» B 2026 rony.

Kondnukr natepecon
ABTODBI 3asB/IAI0OT 00 OTCYTCTBUM KOH(IMIKTa MHTEPECOB, TPEOYIOIIEro pacKpbITHs B
IAHHOM CTaThe.
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Kntoueevte cnoea: Annomauus. IIposedena ouenka 6AUSHUS CUHEPZUSMA UMW  KOHKYDEHUUU
NOBEPXHOCHO-AKMUBHDIE — UOHO2EHHVIX —NOBepXHOCMHO-akmueHbix  sewecms (VIIIAB) u  HeuoHozenHbix
8eulecmea, UOHO2eHHbIe nosepxHocmHo-akmuenvix eeujecms (HIIAB) npu ux pasnuuHom COOMHOUEHUU.
nogepxHocmHo-axmuervle  Bsaumodeiicmeue IIAB oueHu8anoc no crnedytousum napamempam: KPUmuseckas
seujecmaea, HeuoHozeHHvle — KOHueHmpauus muyennoobpasosanust (KKM), nosepxHocmuas axmugHocmy,
NOBEPXHOCMHO-AKMUBHble  NpedeNlbHAS A0COPOUUS Ha eparuye pasoena ¢as, niouadb MONEKYIAPHOL NAOUAOKU.

seuLecmsa, CUHepzusm, Ycemanoenero, umo 6onee nonsaprvie MTIAB (enuyepun, I19-4000) oxasviearom 6onee
nongpHoCMmb, svipascentvill  cunepeemuveckuti apdexm 6 cucmeme ¢ MIIAB. Ionmyuentole
Kpumuyeckas pesynbmanbvi UCCIe008aHULL MO2YI Oblb UCHONIL30BAHDL 6 PeyNIUPOBAHUL CE0LiCINE
KOHUeHMPauus B00H0-0UCNEPCUOHHBIX IAKOKPACOUHLX MAMEPUATAX.
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BBengenue

CoBpeMeHHOE IPOU3BOACTBO MOWUINX CPENCTB, SMY/IbCU, BORHO-AVICIEPCHOHHBIX
JTAKOKPACOYHBIX MaTepUaNoB, ¥ He(PTENPOAYKTOB OCHOBBIBAETCS Ha JCIOIb30BAHNMI
MHOTOKOMIIOHEHTHBIX cucTeM. JJo6aB/ieHNe B PeLenTypy [IOBEPXHOCTHO-aKTUBHBIX BEI[eCTB
(ITAB) wmonorennoro (MITAB) u Heumonoremnoro (HIIVB) Tuma mosBonsieT mOCTUYb
cuHepreTmdeckoro a¢dexra Ipy MX COBMECTHOM NCIIONb30BaHUM. Hampumep, ymy4qmnTb

CMadyBaHMe, CTAaOWIN3MpPOBaTh AMCIEpcHble cucTeMbl. OpHON U3 Tpob/IeM ABJIAETCA

© A.H. Konocosa, A.E. Tepemiko, A.A. Vnbus, 2026
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OTCYTCTBME MHPOpPMALNI O XapaKTepe B3anMOJeicTBIA Mex Ay npencrasutenavmu VIIIAB u
HITAB [1-5]. IlonumaHMe TOro, KaKoO¥l THUII B3aMMOJEVICTBUS IPOUCXOAUT (CMHEPTU3M VN
KOHKypeHIus) npu B3aumoperictBuu B nape VIIAB um HIIAB, umeer ocoboe 3HaueHme.
9To HeOOXOAVIMO /A CHIDKEHUA PacXofa MOPOTOCTOSIINX KOMIIOHEHTOB JIAKOKPAaCOYHBIX
MaTepUasIoB, IJIA ONpeNeNeHNA YXyNIUIEHNA CBOVICTB TaKOM CUCTEMBI VIV IPOTHO3MPOBAHUA
UX 9KCIUTyaTallIOHHBIX CBOJICTB [6-8].

OpHOJI 3 OCHOBHBIX ITPOOIEM SB/ISIETCS OTCYTCTBIE KPUTEPYEB, IO3BOIAIOIIMX 3apaHee
IpeficKasaTh, npuseseT i cMemenve VIITAB u HITVB k o6pa3oBaHuio ycTOMNYMBON CHCTEMBI
(ycunenue crabuamsanny, CHVDKEHHME IIOBEPXHOCTHOTO HATSDKEHNA) WIM K YXY/[IICHUIO
arperaTyBHON YCTOMYMBOCTY CUCTEMBI.

B cBA3KM ¢ 3TUM LI€/IbIO JAaHHOTO MCCNIEJOBAHNA ABIAETCA aHAIN3 YCIOBUI MIPOSABIEHNA
B3auMOpeicTBuA uayu KouKypeHuuu B cMecax VIITAB n HITAB, BO3SMO>XHOCTD yCTaHOB/IEHUSA
3aBUCHMMOCT MEXJY COCTAaBOM CMECHU M CBOJVICTBAMM CUCTeMbI (IOBEPXHOCTHAA aKTUBHOCTD,

KpUTHYecKast KOHIeHTpalus mutie/uroodpasosannsa (KKM)) [9-13].
OO0beKTHI UCCTIETOBAHMIT

O6vbektamu uccnenosanus apasmch VIITAB n HITAB. B xauectBe HITAB 6b1111 B3STHI:
nomByHWIOBHI crimpT (IIBC) [14], rmunepuH, kapb6okcumernnenmonosa (KML]), OI1-7,
HOJIVISTVIEHITIKO/Ib ¢ MOJIEKY/IsipHOi Maccoit 4000 (IT9I-4000). [Ina uccnenosanusa VIITAB
ObUTV BBIOPAHBI: CYIVIKOHOBBI TIEHOTACUTETb Ha OCHOBE IOJIVICYIOKCAHOB U ITOJIUTIKOTIEN
(BYK-21), momuyperaHoBBII 3arycTurenb ¢ ruppodobHoit Mopmbukanment (acrisol2020),
HO/IMMEPHBIN  gucnepratop (Ha oOcHOBe monuakpunoBoit kucnotsl) (Orotan-731A),
HOMIMEPHBIN Aucreprarop (Ha OCHOBe IOMMaKpmnIoBoit kucnoTsl) (Orotan-681), cynbgaHor,
TpunomdocdaTr HaTpus, okcuaTuaposaHHblt coupt (OC-20). OeHKa CTeleHN BINAHNSA
ITAB nmpoBopmnace nmyreM cpaBHeHus crnepyromux mokasateneii: KKM [15], moBepxHOcTHas
aKTVMBHOCTD, ITIpefie/bHasA afcopOIMsA M IUIOMA[Ab MOJIEKY/IAPHOI IUIOMAJKM Ha TPaHUIE
paspena ¢as.

Kputndeckass KOHIjeHTpaums MUIe/UI000pasoBaHMs ¥ IIOBEPXHOCTHAsA aKTUBHOCTD
ITAB paccuMTbIBanuCh C MCIO/Nb30BAHMEM 3aBUCUMOCTENl IOBEPXHOCTHOTO HaTSKeHUA
BOJHBIX pacTBOpoB IIAB oT ux xoHueHTpanumu. OnpepieieHre TOBEPXHOCTHOTO HATsKEHM
BO#HBIX pacTBOpoB IIAB ocymectBnsanocy no merony Benbrenbmu. IlpepenbHas BenmdmHa
aficopOIVIs Ha IpaHMIle pasfiena «pacTBOP-BO3AYX» U pa3Mep MOJIeKy/LIpHO miomanky [TAB

OIIpeNeNANNCh C HoMOLb0 ypaBHeHuA Inmkosckoro.
PesynbTaThl ncciefoBaHuin

I1a m3ydeHMs CMHepIU3Ma WIM KOHKYPeHIMM IPOBOAVIIMCH MCC/Ie[OBaHUs CBOVICTB
VITAB u HIIAB B BopHbIX pactBopax [14]. Pesynbrarsl mccnemoBanmsi cBoiictB ITAB

IIpefiCTaBJIeHbI B Tabymile 1.
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Ta6mmma 1. Csoiictsa ITAB

HaumenoBanue KKM, IToBepxHOCTHAA ITpepenbHas BenmuunHa | Pasmep MonekynapHo

IIAB r/n aKTUBHOCTb, MH/M agcop6uym, r/m? mnomanku ITAB, m?
BYK-21 0.09 0.37 1.97°'10* 8.4'10
acrisol2020 0.05 0.15 1.31'10* 12.8'10%
Orotan-681 0.02 0.30 1.23'10* 13.5°10%
Orotan-731A 0.23 0.37 1.52'10* 10.9°10%
Cynbdanon 0.20 0.44 1.07°10* 155102
Tpunomubocgar |, 0.20 9.0310° 18.4'102!

HaTpUs

0C-20 0.05 0.27 1.52'10* 10.9°10%
I1BC 0.09 0.32 1.10°10* 14.5°10%
OIlI-7 0.13 0.5 1.48'10* 11.2'10%
KMIJ 0.11 0.20 1.60°10™* 10.4'10%
I19I-4000 0.07 0.21 1.72'10* 9.65'10%

[Tokasano, 4to HambOJIbIEll MOBEPXHOCTHON AKTUBHOCTIO B BOJHBIX pacTBOpax
obnmapmator OII-7 (0.50 mH/m), cynbdanon (0.44 mH/Mm) u BYK-21 (0.37 mH/m). O1tnn ITAB
crioco6Hbl 3P GEKTUBHO CHMKATh MOBEPXHOCTHOE HATSDKEHME BOJHBIX CUCTEM HPU MasIbIX
nposBWIM  acrisol2020
(0.15 mH/m), tpunomdocdar narpus u KMII (o 0.20 mH/m). Otir ITAB 6071ee cKIOHHBI K

KOHI[eHTpauuAX. HauMeHbIIyl0 IOBEPXHOCTHYIO aKTMBHOCTDH
MUIIe/UI000pa3oBaHnIo B 00bEéMe, a He Ha MOBepxHOCTH pasfena ¢as. Camas uHuskas KKM
Habmopaercss aua Orotan-681 (0.015 /i), 4TO yKasblBaeT Ha BBICOKYIO IMAPOPOOHOCTD U
CIIOCOOHOCTD K MUIIETTIOOOPa30OBaHNIO IIPY Ma/IbIX KOHI[eHTpalusax. PasMep MoeKynisapHOI
wromanku [TAB Bapeupyercs or 8.4-10% m* (BYK-21) mo 18.4:102' m* (tpunmonudocdar
Hatpus). [Ipudyem oTmeuaercs, uro fnst [TAB ¢ 6onee BbICOKMM 3HaUYeHMEM HMOBEPXHOCTHOI
aKTMBHOCTYM  HaO/MIofjaeTcsd  MeHbllee 3HA4YeHNMe  MOJIEKY/LIPHONM  IUIOLIAJKM,  YTO
CBUJETENbCTBYET O O0jIee IIOTHOM ynakoBKe MojieKyn IIAB Ha rpanuiie pasgena ¢as.

ViccnemoBaHue cuMHeprusMa MaM KOHKYpPEHIMM MOHOT€HHBIX M HeuoHoreHHbIX ITAB
nposoaumuch npu BeefieHun VIIIAB B Bogubie pactsopbl HIIAB: IIBC, rimmuepnna, KMII,
OII-7, I12T-4000 mpu ux pazmryHoi koHIeHTpauym (0.2%; 0.5%; 1%).

B ra6mu1ie 2 mpepcraieHsl pe3ynbTaThl nccnenoBanys ceoricts VIITAB B cpene [IBC nipn

koHueHTpauuu 0.2%; 0.5%; 1%.

Ta6nuna 2. CpoiictBa VITIAB B BogubIx pacTBopax IIBC

KKM., 1/ IToBepxHOCTHaA ITpepenbhas BemunHa | Pasmep MonekynapHoi
aKTUBHOCTb, MH/M agcopbruy, r/M*10* | wromagku [TAB, m210™
VITIAB Konnenrpauusa pacrsopa IIBC, % macc.
02 | 05 1 0.2 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.13/0.19|0.16 | 059 | 0.63 | 062 | 1.71 | 143 | 1.73 | 9.69 11.6 | 9.61
Acrisol2020 0.81 082|081 033 | 031 | 026 | 1.62 | 144 | 135 | 10.2 11.5 11.5
Orotan-731A | 0.10 | 0.05 | 0.12 | 0.27 | 0.22 | 042 | 142 | 154 | 1.24 | 11.3 10.4 12.9
Orotan-681 0.05|0.16 | 0.05 | 042 | 0.16 | 0.18 | 1.32 | 150 | 1.54 | 12.6 | 11.1 10.7
Cynbdanon 0.07 | 0.28 | 0.10 | 0.33 | 0.50 | 0.38 | 1.55 | 1.58 | 1.70 | 104 | 10.2 | 9.45
Tpunonudocrar
0.08 | 0.13 | 0.23 | 0.16 | 0.26 | 0.10 | 1.60 | 1.75 | 1.71 10.0 9.2 9.39
HaTpud
0C-20 0.07 | 0.14 | 0.08 | 0.38 | 0.39 | 0.41 | 1.04 | 136 | 1.39 | 122 10.9 11.9
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Kak BUHO U3 TpefCTaB/leHHBIX [AaHHBIX TaOMUIBI 2, MOBEPXHOCTHAs AKTUBHOCTD
6onpmHcTBa VITTAB B npucyrcreun IIBC Hipke, yem B Bofie. Vickmouenne cocrapaot BYK-21,
acrisol2020 n OC-20, KOTOpBIE HEMOHCTPUPYIOT HEKOTOpOE yBeIMdYeHUe ITOBEPXHOCTHON
aktuBHOCTU. Hanpumep, y BYK-21 nmoBepXHOCTHasI aKTMBHOCTb BO3pacTaeT IIOYTHU B [IBA pasa
(c 0.37 go 0.59-0.63 mH/m). Ot0 roBOpUT 0 TOM, uTo BYK-21 mono>xxnurenpHo pearupyer Ha
npucyrcrsue [IBC, Bo3MOXXHO, 00pasys cMeNIaHHBIe afcOpOLMOHHBIE C/IOM HA TpaHMNIe
pasgmena ¢as. [Ipenenpuas agcopbuysa pis BYK-21 mpu 0.2% IIBC cocrasnsier 1.71-10 r/m?,
4TO HIDKe, 4eM B Bofie 1.97-10 r/m?, To ectb Mosnexynel [IBC 3aHumaoT 4acTb MexxdasHoIt
noBepxHocTH. Pasmep monexkynapHoi mnomanku ysennumsaerca B 0.5% pacrBope IIBC y
BYK, Acrilos 2020, Orotan 681, Cynbdanosna. 3aTeM ¢ yBenndeHneM KOHIIEHTPAI[UU pacTBOpa
ITIBC no 1% ymeHbLIaercs.

B Tabmune 3 mpepcraBieHbl pe3ynbTaThl MccaemoBaHusA cBoiictB VIIIAB B BomHbIX
pacTBOpax Il epyuHa.

Ta6muma 3. Cpoticta VITIAB B BOZHBIX pacTBOpax IIMIjepuHa

KKM., t/1 IToBepxHOCTHaA ITpepenbhas BemunHa | Pasmep MonexkynapHO
aKTUBHOCTb, MH/M agcopbumy, r/mM*10* | wromangku [TAB, m210*
VTAB KoHnenTpaunsa pacrsopa riuiepusa, % macc.
02]05]| 1 0.1 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.10]0.11|0.06| 0.58 | 0.63 | 0.56 | 1.60 | 1.64 | 1.53 10.4 10.1 10.9

acrisol2020 0.08(0.07(0.16| 0.52 | 0.55 | 0.57 | 1.39 | 1.36 | 1.43 | 119 12.2 11.6
Orotan-731A  |0.05(0.08|0.11| 0.41 | 043 | 048 | 1.64 | 1.36 | 1.92 9.8 11.8 8.4
Orotan-681 0.06]0.19(0.11| 0.55 | 0.54 | 0.54 | 1.19 | 1.39 | 155 | 14.0 11.9 10.7
Cynbdanon 0.78] 0.1 {0.10| 0.53 | 0.55 | 0.55 | 1.33 | 0.88 | 1.68 | 12.1 18.3 9.6
Tpumomudocrar

0.0510.07(0.07| 0.55 | 0.57 | 0.57 | 1.75 | 1.23 | 1.32 9.2 13.0 12.2
HaTpUA

0C-20 0.05{0.09(0.05| 0.59 | 0.59 | 0.59 | 1.51 1.79 1.50 11.0 9.3 11.0

V3 paHHBIX Tabmuubl 3 BUJHO, YTO INPUCYTCTBME ITIMIIEPMHA B BOJHBIX CHCTEMax
IPUBOAUT K IOBBILIEHNIO ITOBEPXHOCTHOI aKTMBHOCTU VIIIAB mo cpaBHeHMIO ¢ BOJHBIMU
pacrBopamu. Tak Acrisol2020, meronuii B Boje IOBEPXHOCTHYIO aKTMBHOCTD Beero 0.15 MH/m,
B IIPUCYTCTBUM IIMLepUHA gocTuraer 3HadeHus 0.516 mH/m, pia tpunomudocdara HaTpus
3Ha4Y€HME TOBEPXHOCTHON aKTMBHOCTM yBenmumbaerca ¢ 0.200 mH/m pgo 0.546 mH/m. [Ina
BYK-21 nabniomaercss yBenMuyeHMe 3HAYeHNMA MOBEPXHOCTHOM akTuBHOcTM 0.37 MH/M mo
0.58-0.63 MmH/M. 3HauyeHme npefeNbHOI afcopbuny Ha MexxdasHoit rpannte pactsop VITAB -
BO3JyX B IIPUCYTCTBUM ITIMI€PUHA HE BCEI/la PACTET, HO pasMep MOJEKYIAPHONM IIOUIALKA Y
mHorux VIITAB ymenbpmaerca. Hanpumep, y cynbdaHoma pasMep MONIEKY/IAPHON IUIOLIATKI
cHkaercs ¢ 15.5-102" m? (B Boge) mo 12.1-10%! M* (B 0.2% pacTBOpe I/MLiepUHA) U GaXKe [0
9.57-10%" M* (B 1% pacTBOpe IuIeprHa). ITO O3Ha4YaeT 6oJee IIOTHYIO YIIAKOBKY MOJIEKYIT
VITAB Ha moBepxHocTu pasgena ¢as. ¥ Orotan-681 mromagb MONEKYIAPHON IUIOMIATKI
yMmeHbIaercs ¢ 13.5-10%!' M* go 14-10.7-10%' M*> B IpUCYTCTBUM T/IUIIEPUHA.

['muniepuH ABAETCA MOAPHOI Cpefioil, 06pasylolleil pa3BeTBIEHHYIO CETKY BOJOPOHBIX
CBA3€Il, 3a CUEeT Yero OH «CBA3bIBAeT» CBOOOITHbIE MOJIEKY/IbI BOMIbI, yMEHbIIAsA paCTBOPMMOCTD
VITAB B 06b€Me 1 3aCTaBIIsIA MX KOHLIEHTPUPOBAThCS Ha rpaHulle paszena ¢as, 4To IPUBOAUT
K TIOBBILIICHNIO 3HAa4YeHUJ MOBepXHOCTHONM akTuBHOCTM VIITAB. MO>XHO 3aKIoO4YUTb, 4TO
IIMLePUH IIpefiCTaBIIAeT CO00I YHUBEPCATbHBIN CMHEPTeTHK A/ uccnefoBaHHbix VIITAB.
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B Tabmu1ie 4 npezcTaBieHbl pe3ynbTaThl ccnegoBanus csoiicts VIITAB B cpege KMII.

Ta6nuna 4. CpoiictBa VIITAB B BogubIx pactBopax KMII.

KKM, o/ [ToBepxHOCTHAs [IpenenbHas BenmunHa | Pasmep MoneKynspHOI
UIIAB aKTUBHOCTb, MH/M agcopbuym, r/M>10* | mromagku ITAB, M*10*
Konnentpanus pacrsopa KMII, % macc.
02105 1 0.2 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.1010.06|0.11| 0.58 | 0.61 0.62 1.55 1.47 1.36 10.7 11.3 12.2

acrisol2020 0.09]0.05[0.08| 0.59 | 0.58 | 0.60 | 1.02 | 1.57 | 127 | 16.3 10.6 13.1
Orotan-731A  [0.08(0.06/0.10| 0.43 | 0.44 | 0.47 | 1.39 | 1.69 | 143 11.6 9.54 11.2
Orotan-681 0.05/0.08(0.27| 0.29 | 045 | 042 | 1.51 | 1.21 | 1.71 10.0 13.7 9.72
Cynbdanon 0.05]0.10{0.09| 052 | 0.52 | 0.51 | 1.62 | 143 | 1.19 | 9.95 11.2 13.5
Tpunonudocrat

0.05/0.08(0.05| 0.42 | 047 | 042 | 1.66 | 1.08 | 1.56 | 9.69 14.9 10.3
HaTpud

0C-20 0.09(0.08(0.09| 0.63 | 0.62 | 0.61 1.42 1.54 1.47 11.7 10.8 11.3

B KMIJ yBenmumBaroTcs 3HaueHMA ToKasatesneit At Acrisol2020 u OC-20, aTo moxer
ObITH cBsI3aHO ¢ TeM, uto KMI] momoraer opuentanuu mosnexyn VIITAB Ha rpanune pasgena
¢as, BO3MOXXHO 06pa3oBaHIe BOLOPOJHBIX CBs3EI MeX Y IMAPOKCUMIbHBIMY rpynamu VIITAB
u kapboxcunpHbIMY rpynmamu KMII.

CHIDKeHe IOBePXHOCTHOM aKTUBHOCTH Cynbdanona B mpucyrcrsuy KMII moxxeT O6bITh
CBSI3aHO B/IMsIHMEM OTPULIATETbHO 3apsDKeHHBIX KapOoKcubHbIX rpynn KMIJ, kotopsie MmoryT
B3aMIMOJIEJICTBOBATb C AHMOHHOJ YacTbl0 MOJIEKYN CynbdaHoma. B pesymbrate B cucreme
CHIDKAETCA KOHIIEHTPalMs MOBEPXHOCTHO-aKTUBHbBIX aHNOHOB ITAB. Pasmep mMonexkynsapHoi
IIOMaKM A/ cynbdaHoma pacrer ¢ 10.9-10%" > (B 0.2% pacrBope KMII) mo 13.5-10' M* (B
1% pacrBope KMLI), 4To cBUieTeNIbCTBYET 0 60JIee PBIXJION YIIAKOBKE MOJIEKYII Cy/Ib(paHoIa Ha
noBepxHocTH pasfena ¢as. [IpoTuBomnonoxHas cutyanus Habmopgaercss mis Orotan-731A u
Orotan-681: X MOBepXHOCTHast aKTMBHOCTh B cpege KMI] cumxkaercs. Takum obpasoM, B
npucyrctBun  KMII Habmionaercs BbibopouHass cuHepruss ¢ VIIAB. On  ymy4maer
noBepxHOCTHbIe cBoticTBa OC-20, acrisol2020 n BYK-21, Ho yXypaeT cBOJICTBa OCTa/IbHBIX
VITIAB.

B Tabnuie 5 npencrasieHsl pe3ynbTarhl uccnenoanus cBoiicTs VIITAB B cpene OI1-7.

Ta6muma 5. Cpoticta VITIAB B BogHbIX pacTBOpax OII-7.

KKM, o/ [ToBepxHOCTHAs [IpenenbHas BenmunHa | Pasmep MoneKynspHOI
UIIAB aKTUBHOCTb, MH/M agcopbuum, r/M*10* | mwromanku ITAB, M*10*
Konnenrpaunsa pacrsopa OII-7, % macc.
02105 1 0.2 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.0910.0710.17| 0.59 | 0.60 | 0.62 1.41 1.48 1.66 11.8 11.2 9.98

acrisol2020 0.09(0.89({0.06| 0.49 | 052 | 049 | 1.67 | 145 | 1.64 | 9.95 11.5 10.1
Orotan-731A  |0.18(0.10/0.05| 0.51 | 0.51 | 0.50 | 1.50 | 1.43 | 1.28 | 10.7 11.3 12.5
Orotan-681 0.13/0.10{0.11| 0.49 | 049 | 0.51 | 1.32 | 1.58 | 1.40 12.6 10.5 11.9
Cynbganon 0.08/0.06(0.05| 0.48 | 049 | 0.50 | 1.75 | 147 | 157 | 9.17 10.9 10.2
Tpunonudocrar

0.07]0.09(0.07| 0.49 | 0.49 | 0.36 | 1.52 1.48 1.60 10.6 10.4 10.0
HaTpUA

0C-20 0.16{0.17(0.07| 0.52 | 0.54 | 0.52 | 1.60 1.50 1.44 10.4 11.1 11.5
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V3 pmaHHBIX Tab6MMUBI 5 ClIefyeT, YTO IO CPAaBHEHMIO C BOJHBIMM pPacTBOpaMM B
npucyrctBum  OIl-7 pna muormx MIIAB HaGmiomaercss yBemuyeHVe ITOBEPXHOCTHOM
akTuBHOCTM. Hambonee samerHsblit cuHeprermdeckuit adpdexr nHabmomaerca s VIIAB,
KOTOpBbIe B BOjie ObIIM MeHee aKTUBHBI (acrisol2020, rpunonmndocdar natpus). Pakrudecku,
OII-7 BblpaBHMBaeT Bce nokasaTenyu VIIIAB, moBepXHOCTHass akTMBHOCTb BapbUpYeTCs B
npepenax ot 0.51 MH/m mo 0.60 mH/m. IIpenenpuas agcop6bums mis muorux ITIAB B OII-7
ocraércst Ha ypoBHe 1.4-1.7-10" r/mM’, 4TO CBUEETENBCTBYET O IUIOTHOM PACIOIOXKEHUM
mornekyn VIITAB Ha rpanute pasgena ¢as.

B rabnuiie 6 mpencraBieHbl pe3ynbTaThl MccnegoBanus cBoiicts VIITAB B cpene I19I'-4000.

Ta6muna 6. Csoiicra VIITAB B BogHbIx pacTBopax [19I-4000

ITosepxnoctHasa | [IpemenvHasd BemumHa | PasMep MoneKynApHON

KKM, r/n
UIIAB aKTUBHOCTb, MH/M agcopbuym, r/M*>10* | mnomanku [TAB, M*10*
Konnenrpauusa pacrsopa I131-4000, % macc.
02 | 05 1 0.2 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.06 | 0.10 [ 0.08 | 0.56 | 0.56 | 0.58 | 1.66 | 1.52 | 1.66 | 9.98 10.9 10.0

acrisol2020 0.08 | 0.10 | 0.17 | 0.47 | 048 | 049 | 1.52 1.42 1.58 10.9 11.7 10.5
Orotan-731A | 0.11 | 0.11 | 0.05 | 0.54 | 0.53 | 0.55 | 1.39 1.74 1.62 11.6 9.24 9.95
Orotan-681 0.07 |1 0.10 | 0.05 | 0.52 | 049 | 046 | 1.40 1.43 1.47 11.8 11.7 11.3
Cynbdanon 0.09 { 0.11 | 0.10 | 047 | 046 | 0.47 | 1.85 1.71 1.55 8.7 9.4 104

Tpunomudocrar

0.05(0.14 | 0.12 | 0.54 | 0.54 | 0.54 | 1.73 | 1.81 1.64 9.3 8.87 9.97
HaTpuA

0C-20 0.06 | 0.09 | 0.11 | 0.56 | 0.58 | 0.55 | 1.52 1.69 1.69 10.9 9.8! 9.84

V3 pesynbraToB TabMMIBl 6 MOXXHO OTMETUTH, YTO B mpucyrcrBum I19I-4000 takxke
IPOVICXOIUT yBeNW4YeHMe 3HAa4YeHMs ITOBEPXHOCTHON aktuBHOCTM Bcex VIIIAB. Hambonee
3aMeTHOe y/IydllleHye IoKa3aresneil Habmopaercs msa Acrisol2020, tpunonudocdar HaTpus u
OC-20. 3pecp HEOOXOAMMO OTMETMUTD, YTO IOJMITUIEHINMKONb CIOCOOEH O0OpasoBBIBATH
mutie/uiel ¢ HekotopbiMu MITAB 3a cuér ruppodobubIx B3ammopeiictBuit. OmHAKO, IS
cynbdaHo/Ia 3HaYeHNEe MOBEPXHOCTHON aKTMBHOCTM CHIDKAaeTcs B mpucyrcrsum I119T-4000.
Takum o6paszomM, cynbdaHON ABIAETCA VMCKIIOYeHMeM IO cpaBHeHumio c¢ jgpyrumu VIITAB.
B II9T-4000 akTuBHOCTD CynbdaHona Bappupyercs ot 0.470-0.472 mH/Mm.

[19I-4000, xak M TIULEpUH, SBIseTCS Oojee MOJAPHBIM II0 CPAaBHEHMIO C JIPYTUMMU
nsydeHHbIMM HITAB. OH Mo>xeT 06pa3oBBIBaTh BOZOPOJHbIE CBA3Y C MOJIEKY/IaMU BOZIBI, YTO
CHIDKaeT crenenb B3anmMopeiicteus VIITAB ¢ Monekymamu Bopbl.

3akimroueHue

Ha ocHOBaHWM [aHHBIX IIPe[iCTAB/ICHHBIX BBIIIE, MOXXHO CHE/NaTb BBIBOJ, YTO
HaubobIINMII cyHepru3M Habmogaercs B [19I-4000, OII-7, rmunepune. B KMI] Habmomaercs
BbIOOpOYHBIN cuHepruaM, B [IBC s 6onpimacTBa VIITAB HabmofaeTcst KOHKypeHIMSL.

I1BC o6nagaeT BbICOKOJ IIOBEPXHOCTHOI aKTYBHOCTBI0. OH 3aHMMaeT MeCTO Ha IPaHMIle
pasgena ¢as, He maBas ITAB apcopbupoBarbcsa. Takum o6pasoM, HaOMIOZAETCS CHVDKEHME
noBepxHOocTHOVM akTuBHOCTM JVIITAB, yBemmyenme KKM, pocr pasmepa MOIEKynsApHON

IUTOIIA KM,
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Imuuepun n II9T-4000 sBnsioTcsa 6Gonee MOMAPHON cpefoil 6raromaps HaIM4uIo
BOJOpoAHBIX cBaA3eil. ITAB amcopOupyrooTcsa IIOTHee, pasMep MOJNEKY/IAPHON IUIOLIATKN
YMeHbIIAeTCs. Y HUBEPCATbHBII ITOTOKUTENbHBI 3¢ deKT fs Bcex ITAB.

Jns ynydinenns cBOJICTB B BOGHO-AVCIIEPCYOHHBIX CMCTEMAX MOTYT IIOJOMTY B Ka4eCTBe
cpenpl rmmuepuH, [197-4000, OIT-7, KMI] B mape ¢ acrisol2020 nwin OC-20, IIBC B mape ¢
BYK-21 wnu cynbdanonom npu konuerTpanym 0.5%.

Ha ocHOBaHMM ITOJTyYeHHBIX Pe3y/IbTATOB MOTYT OBITH pa3paboTaHbl peKOMEH/ AV /L
COCTaBJIEHNSA PELENTYP BOJHO-AVCIIEPCYOHHBIX JAKOKPACOYHBIX MaTEpPUaNOB, I03BOJIAOIINE
BBIOpaTh Hambosnee appekTnuBHYI0 cucreMy ITAB 1 CHUSUTD pacxopbl.

OuHaHCHPOBaHNE

Paboma ewnonHena 6 pamkax npoekma «Moouduyuposarnue nAKOKPACOUHBIX
MAmepuanos, He COOEPHAULUX EMYyHUX OpP2aAHUMECKUX COEOUHEeHULl, C UEebl YIyYUeHUs
MexXHON02UMeCKUX U IKCNILYAMAUUOHHBLX c80Ticme» no npozpamme pazeumust AI'TY 6 pamxax
yuacmus 6 npoepamme Murnobprayxu Poccuu «IIpuopumem 2030» 6 2026 200y.
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Knrouesvie cnosa:
OUIMAHONAMUOBL,
pacmumenvHule
macna,
amuouposarue,
2aszoeas
xpomamoepagus,
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Koe mumposatue,
KUHEMUKA peaxuuu,
N08EPXHOCMHO-
akmuembie
seujecmea, AHepeust
axmusavyuu,
CeneKmusHoOCMb,
CuHmes

Annomauus. B pabome npedcmasnenvl pe3ynvmamvl KOMNIEKCHO20 UCCTE00BAHUSL
cuHmesa ousmanonamuoos xuprvix kucnom ([JOAXKK) us mpéx munos pacmumenvrozo
COIPLA:  KOKOC0B020, NATLMOAOPOBO20 U NOOCONHeuHOo20 Mmacen Keanuguxayuu RBD.
Memodom 2azosoti xpomamoepaguu HA AHATUMUYECKOM KomnieKce «XpomMamsk-
Kpucmann 5000.2» onpedenér HUPpHOKUCTIOMHDbLTL COCAB UCXOOHBIX MACETI U NOLYHEHHbIX
Npooykmos amuOuposanus. YCmaHosneHo, 4mo KOKOCOB0e U Nanbmos0poéoe MAacia
XAPAKMePU3yOMCs 8bICOKUM coOepaaruem naypurosoti (47.8 - 50.8%) u mupucmurosoi
(15.8 - 18.0%) xucmom, umo 00ycnasnusaem 6vicoKUe NeHOOOpA3yousUe C60LCMEa
coomsemcmeyioujux [JOAXKK. TlodconHeuHoe MAcno coOepicum npeumyueceeHHo
O7IEUHOBYI0 U TUHOTIEBY0 Kucrombl (88.4%), obecneuusas 3azyuiaroujue U IMynveupyousue
xapaxmepucmuxu. Cunmes [JIAKK nposodunu npu memnepamype 100 - 125 °C g
ammocgepe azoma ¢ ucnonviosaruem ramanuzamopa NaOH (0.1 - 0.5 mac. %).
Kunemuueckue uccne008aHus noxasant, 4mo onmumanvHoe 8pems peakui Cocmassisem
3 - 4 wuaca, nocrne uez0 KoHueHmpauus c80600H020 OJusmaronamuna (JOA)
cmabunusupyemcsi. Onpedenenue codepicanusi c60600H0z0 [JOA nposodusnoco 08yms
Memooamy:  NOMEHUUOMEMPUHECKUM — TUMPOBaHUeM U
xpomamoepagpueii (I'X). [ns xonmpons codepucanus JOA nyumium cnocobom sienistemcs
memod IX. Ilonmyuennve o6pasuvt JJIAXKK coomeemcmeyiom —mpebosaHusm
nompebumeneti: codepucarue c60600Hoe0 IJ9A 4.6 - 5.5%, kucnomnoe uucno 1.50 - 2.82 me
KOH/e, usemnocmv no wikane IapoHepa 3 - 4. Paccuumarvt 3HA4EHUS Kanyuwsetics
SHepeUU aKMUBAUUY peaxyuti amuouposanus ons uccredyemuix macen (64 - 71 xIu/monv)
U cenexmusHOCMb 00pa308anust uenesvix ousmaronamuoos (93.8 - 96.1% npu 100 °C).

2A304CUOKOCIHOIL

1A BMTUPOBaHUA:

Bomxanknaa K.A.,, Hesuuunein B.IO., Jopommn .M., Yyrkosa S.H.,
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¢dusnKo-xuMMYecKas XapaKTepUCTVKA [UATAHOIAMUJOB >KUPHBIX KVC/IOT Ha OCHOBE PAaCTUTENbHBIX Macel:
KMHeTHKa Ipoliecca, aHaIMTUIeCKUI KOHTpo/b // OT XMMuUM K TeXHOJOTMM Iuar 3a marom. 2026. T. 7, sbim. 3.
C. 61-69. URL: https://chemintech.ru/ru/nauka/issue/7500/view
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BBenenue

CoBpeMeHHas XMMIYecKas NPOMBIIIIEHHOCTh MepeXXKuBaeT Nepyof TPaHCPOpMAINIL,
00YCIIOB/IEHHBII Y>KeCTOYeHMEeM 9KOTOTMYeCKIX CTAaH/AAPTOB [1] 1 pocTOM MOTpeONUTeTbCKOTO
cripoca Ha GuopasiaraeMble IPOAYKTHL [2, 3]. B cekTope MOBepXHOCTHO-aKTVBHBIX Bel[eCTB
(ITAB) mabmiogaeTcss TEeHAEHIUA 3aMeHBl TPAAMIMOHHBIX CMHTETMYECKMX KOMIIOHEHTOB Ha
aHAJIOTM U3 BO30OHOB/IsIEMOTO ChIpbs [4 — 6]. [Juatanomamupsl >xupHBIX KucnoT (JI9AXKK)
IpPeACTAaBAT CO00J IIEepPCIeKTUBHBIN K/aacc HenoHoreHHbIx [IAB, momywaembix
KoHjeHcanyeit >kxupHbix Kucnot (JKK) pactutenbHbIX Maces ¢ AsTaHOMaMUHOM [7 — 9].

OTu coenyHeHMs 00/1afjaloT KOMIUIEKCOM LIEHHBIX CBOVICTB: BBICOKOJ IIEHOOOpasyroLieit
CIIOCOOHOCTBIO, 3arymaoiiuM 3$QeKToM, 3SMYIbIUPYIOLIEl aKTUBHOCTBIO UM  MATKUM
Bo3felictBueM Ha Kkoxy [10 - 12]. JT9AXKK H#eMOHCTpUPYIOT BBICOKYI0 CKOPOCTb
6mnopasnoxenus (= 90% 3a 28 gueit o OECD 301B), uro femaeT ux mpeguoYTUTETbHBIMU C
TOYKY 3peHMs 9KOIOTHYecKoit 6esomacHoctu [12, 13].

CuHTe3y aMMJOB >XMPHBIX KUC/IOT PAcCTUTEIBHBIX Mace/l IOCBAIIEHO 3HAYUTEIbHOE
KO/Mm4ecTBo uccnenosanmit. Tak, Kapmeesa V1.9. u coaBropsl [14] usydanu amMmupyupoBaHue
MOJCONMHEYHOTO Macja, II0Ka3aB BO3MOXXHOCTb IIOJy4eHMsI MPOAYKTOB C BBICOKUMU
IeHO00Pa3yoIIMI XapaKTepycTuKaMu pu Temiepatype 110 — 130 °C. IIporononos A.B. n
np. [15] onmTuMmM3MpoBamM YCIOBMS peakuMM C y4YacTuMeM IIaJIbMOBOTO Macia, OJFHAKO
KMHeTMYeCKye IIapaMeTphl IIpoliecca B UX paboTax He paccMaTpuBamuch. JlyrgymwmHa [T ¢
komteramu [8, 10] nccnenoBamy cuHTe3 HemoHOreHHBIX [IAB Ha OcHOBe KyKypy3HOTO Macya,
aKIEeHTMPYS BHMMAHNME Ha  PEOJIOTMYECKMX CBOJCTBAX KOHEYHBIX KOMIIO3VIIMIL
Pa6ortsr [16 - 21] nmocesamens! npumeHerno [JOAKK B kauecTBe MHIMOUTOPOB KOPPO3UN U
AHTUMMKPOOHBIX [J0OOABOK, OHAKO BOIIPOCH KMHETVYECKOTO MOJEMVPOBAHMA VM BIIVISHVA
TEMIIEpAaTYPHOTO PeXXIMa Ha CeJIeKTMBHOCTD IIPOIjecca B HUX OCBelleHbl (parMeHTapHO.

Takum o6pasom, onrummsanys TexHonoruy nonydenusa J9AKK c nenpio noBbIIIeHNA
KayecTBa IIPOAYKTOB SAB/ISIETCS aKTya/IbHOM 3afjaueil. B 3T01I CBsA3Y, Lje/IbI0 HacTOsALIel paboThI
ABWIach paspaborka Meroguky cuHTeda [JOAJKK u3 pasnmyHbIX pacTUTENbHBIX Macel,
U3yYeHNe KMHEeTUKM IIpoliecca aMUAMPOBAHUA, IMOUCK aHATUTUYECKMX METOHOB KOHTPOJA
copiep>kanus cBobogHoro JJ9A.

B pesynmbpraTe paboThl BIiepBble NPOBeAEH CPAaBHUTENbHBIN KMHETUYECKUIT aHamu3
cuaresa JIDAXKK wm3 Tpéx pacTuTenbHbIX Macen (KOKOCOBOTO, IaJbMOSIIPOBOTO,
MIOJICOJTHEYHOT'0) B [[MHBIX 9KCIIEPVMMEHTA/TbHBIX YCIIOBUAX; MIPE/IOKEHBI IBa aHATUTUIECKIX
Merona (nmorenuyomerpus u ['X) masa xkoHTpons cBobopgHOoro DA ¢ yuéroMm BIMAHUA Ha
pesynbTaT aHam3a NOO0YHO OOpasyIoUMXCSA aMMHO3(UPOB; YCTAHOBJIEH OITVMAJIbHBIN
TEMIIEPAaTYPHBI/I PeXMM, MUHUMM3UPYIOIMII 00pa3oBaHue IT0OOYHBIX IIPOAYKTOB 6e3
CYILIECTBEHHOTO CHYDKEHIS CKOPOCTM ITpoliecca.

3KCIICPI/IMCHTa}IbHa}I qacThb

JlJ1s1 cuHTe3a MCIOb30Ba/IM PacTUTe/IbHbIe Macia kBamudukanyy RBD (otbenenHoe,
paduHMPOBaHHOE, 1e30[J0pMPOBaHHOe) Ipou3BoANTeNs «PyCArpo»: KOKOCOBOE, ITAJIbMOSIIPOBOE
Y1 IIpeccoBoe (IIOfICONMHEYHOE), VATaHOoMaMVH ([IDA) Mapku «4.» (4UCTbIIT), COfiep>KaHyie OCHOBHOTO
BerecTBa > 99.0% (FOCT 10626-76). Karanmusarop — ruppokcup Hatpust (NaOH) kBamdukanym
«x.4.» (FOCT 4328-77). A3oT razoo6pasHuslit oco6oit uncrorsl (FOCT 9293-74).
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Omnpenenenne XMPHOKUCTIOTHOTO COCTaBa PacTUTENBHBIX Mace/l NMPOBOAVIIN METOLOM
rasoBoit xpomarorpadpum Ha Komiviekce «Xpomarak-Kpucramn 5000.2» ¢ KamwuisipHON
kononkoit HP-5MS (30 m x 0.25 Mm). YcnoBus: temneparypa ucnapurens 270 °C; mporpamMma
konmoHku: 150 °C (2 mmu) > 10 °C/mun > 270 °C (20 mumn); merexrop TN, 300 °C;
ras-Hocutenb — remuit, 1.0 m/muH. [TpoObl Macen U AMATAHONMAMUJOB IPeNBAPUTETHHO
MeTIINpoBaM MeTaHONbHBIM pactBopoM HCI (5%) mpm 70 °C B TedyeHme 2 9acoB IO
HOMy4eHNsT MeTWIOBbIX 9¢upoB >xmpHbIXx kucror (MIXKK). Vpentudukaumio mukos
IIPOBOMVIN 110 BpeMeHM YAeP>KMBaHMs CTAHAAPTHBIX 00pa31[0B MHAVBIAYA/TbHBIX METHIOBBIX
3¢bUPOB XMPHBIX KUCTIOT.

Omnpepenenne cBobogHoro DA B CHMHTE3MPOBAHHBIX OOpasax IVITAHOTAMUJIOB.
[ToreHumomeTpuyeckoe TUTpoBaHMe: HaBecKy 1.5 — 2.0 r pacTBopsun B 30 cM® 30IIpOIIaHONA,
pobasmsmm 20 cM® BOABI, MHAMKATOPBl (eHondrameMH ¥ OpOMKpPE30/IOBBI 3e/1EHBIN,
tutpoBaim 0.1 H. HCI ¢ perncrpanueit nmorenmnyuana Ha nonomepe IB-74. MaccoByio fom0
csobognoro [I9A (X, %) paccunteiBanm 1o popmyie:

V x k % 0.0105
X =— % 100%
rie V - 06béM THTpaHTa, CM?; k — monpaBoyuHbIit KO3 PuLeHT; M — Macca HaBeCKI, T.

[Ipenenbl OTHOCUTENIBHON MOTPENTHOCTY METOJa IOTEHIIVIOMETPUYECKOTO TUTPOBAHIIA
cocraBwn +3.5% (1pu goBepuTeIbHON BeposATHOCTH 0.95).

['azoxpomaTtorpadudecknit aHaIN3 CUHTE3VPOBAHHBIX AMSTaHOIAMIU/IOB BBIITOTHAIN Ha
TOM >ke XpoMartorpade ¢ UCIIOIb30BaHNEeM BHYTpeHHero craHfapra (1,4-6yranayuon). AHanms
IIPOBOAVIIN Ha COJiep>KaHMe CBOOOIZHOTO IMATAHOIAMIHA M T/IMI[epPUHA B CUHTE3VPOBAaHHOM
npopaykte. IIpo6sl pactBopsinu B u3onponanosne (20 mr/min), BBogmmn 1 M. Kammbposky
IIPOBOAVIIN TIO CEpUY CTAHAAPTHBIX PacCTBOPOB ¢ KoHIeHTpanment [JOA 0.1 - 2.0 mr/cm’.

[Ipepensl oTHOCMTENbHOV morpemHocty I'X-meroma cocraBwmm +2.1% (mpu
IoBepuUTenbHOI BeposATHOCTH! 0.95).

Ompenenenne KUCTOTHOTO YMCAA CHHTE3VPOBAHHBIX [VSTAHOMAMULOB IIPOBOVIIN
noTeHIyoMerpudeckuM tutposanueM 0.1 H. pactBopom KOH B cMecu msonpomnanosn/Bopa
(3:1) cornmacuo TOCT 25794.1-83.

Kaxxymytocs sHepruio aktuBanyu (E;) pacc4UThIBaIN 10 YpaBHEHNUIO AppeHuyca:

e ki, k; — KoHCTaHTBI cKOpocTH Tpu Temneparypax 17 u T, R — yHUBepcanbHasi ra3oBas
nocrostuHas (8.314 JIx/monb-K).

Cunre3 [I9AKK. B tpéxropnyio konby o6bemom 500 M1, OCHAIIIEHHYIO MEXaHUYeCKOI
MELIAIKOI1, TEPMOMETPOM U 0OPATHBIM XOJIOAVIBHUMKOM, BHOCH/IN 200 T pacTUTE/IbHOTO Macia
u xarammsatop NaOH (0.1 - 0.5 mac. % ot maccel Macna). Konby npogysanu a3oTom, cMech
HarpeBanu jo Temreparypst 100 — 125 °C, no6aBsmm pacyéTHOe KOMMYEeCTBO AUITAaHOIAMIHA
¢ n36bITKOM 1 — 3% oTHOCUTENbHO cTexyoMeTpyu. OTCYET BpeMeHU peakiuyi HauMHaIM C
MOMeHTa 3aBepuieHus Boja [IDA. Ilo oxkoHuaHMm peakumm cmech oxnaxjamu po 80 °C.
ITpopykT He BBIENAMN B MHAVBUAYATbHOM BHAE, TaK KaK TOBApHOI (OpPMOIl SABIAETCA
JKUJKNI KOHIIEHTPaT. Beixox 1eneBoro npojgykra coctaBua 88 — 92% B nmepecyére Ha Macro.
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PesynbTarhl 1 X 06CyKaeHMe

PeaKI_U/IIO aAaMHUINPOBaHUA MacCe/I MOKHO IIPENCTAaBUTDb cxemoir 1:

HO o
o HO OH OH
NaOH }R
R +
R>L°VV°7; W —— Ho L. oH
HO
R=C6-C16
Cxema 1

[Ipn 3TOM MOryT mpoOTeKaTb IMOOOYHbIe peakLuy: OO0pa3oBaHMA aMUHOI()UPOB
(aTepu¢mkanus) (Cxema 2) u tepmmdeckas gectpykuys (mpu T > 120 °C) HeHaCHIEHHBIX
(bparMeHTOB JIMHOJIEBOJI/OJIEMHOBOM KUCIOT C 0OpasoBaHMEM OKpALIeHHBIX IPOAYKTOB
nonumepusanyn [12, 18].

o J/OH
S o R
(o]
R™™N * R.COOH —— I T * H,0
K R/ o/\/ \/\OH
H
Cxema 2

3amecturenn (R) MeHSIOTCS B 3aBUCUMOCTH OT Bufia Macia. JKMpHOKUCTOTHBIN aHann3
VICXOJTHOTO CBIPbsi HPOBOAVIN METOZIOM Ta30)KMAKOCTHO XpoMaTorpadum. AHanm3 mokasan
CyILIleCTBEHHBIE pasIN4ys B COCTaBe Maces (Tabm. 1).

Taénmmua 1. JKupHOKMCTIOTHBI COCTaB KOKOCOBOTO, a/IbMOSIAPOBOTO U IPECCOBOTO Macia

KommoneHT ITanpMosnpoBoe Macno, % KoxocoBoe macro, % ITpeccoBoe macno, %
Kamponosas 0.204 0.514 -
Kanpunosas 4.101 7.820 -
KanpuHosas 3.808 6.243 0.065
JTaypuHoBas 50.775 47.846 0.830
MupucruHoBas 15.753 18.006 0.077
ITanpMuTHHOBAA 8.818 9.498 7.145
JInHoNeBas 0.210 - 88.355*
Onennosas 14.566 7.575
CreapuHoBas 1.766 2.499 3.528

*CyMMapHOe cofiepKaHue TIMHOJIEBO M CT€APMHOBO KIC/IOT

Vicxops U3 OTy4eHHBIX Pe3y/IbTaTOB MOXKHO CE/TaTh C/IeAYIOIIVie BBIBOJBL:

¢ )XMPHOKJCJIOTHBIN COCTaB MaJIbMOSIPOBOTO 11 KOKOCOBOTO Macyia O/11130K, OCHOBHBIMMU
KOMIIOHEHTaMM SIBJIAIOTCS HaCBILleHHBbIE IAyPMHOBASA ¥ MYPUCTUHOBAS KUCIOTBI, YTO MOXKET
OBITDb IIPEAIOCBUIKON IS MICIIONIb30BAHVA 9THUX Mace/l B KauecTBe ChIPbs AJI IPOM3BOJCTBA
106aBOK B MOIOIIIVIE CPEfICTBA C BBICOKMM ITEHOOOpa3oBaHNEM;

® KIIPHOKUCJ/IOTHBINI COCTaB IIPECCOBOTO Mac/la COCTOUT IIPeMMYILIeCTBEHHO U3
HeHachlleHHbIX KucnoT C18 (omenHOBas M JMHONEBast), 9YTO OOYC/IOBIMBAET IPUMEHEHE
HOAKK aroro Macia B KadyecTBe IMY/IbraTOPOB U 3aTyCTUTeEIEN.
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Pe3ynbTaThl aHa/MM3a CMHTE3VPOBAHHBIX AVMITAHOIAMIJIOB IIPE/iCTaB/IeHbI B TabmuIIe 2.

Ta6muua 2. KauecTBO CHHTe3MpOBaHHBIX JUITAHOIAMIIOB

Hanmenosanne gustanonamusia | Kucmornoe uncno, mr KOH/r | CopeprkaHue nuaTaHOTaMMHa, %
KoKOCOBBI AM3TaHOTAMU, 2.73 5.5
IIpeccoBblil gusTaHOIAMUT, 1.50 4.6
[TanbMOARPOBDIN JUITAHOIAMMUL, 2.82 5.4

XpomaTorpadudecknit aHa/IN3 METUIOBBIX 3(MPOB >KUPHBIX KVC/IOT, HONTYyYeHHBIX 13
CMHTE3VPOBAaHHBIX IIPOAYKTOB, IIOKA3aJ, YTO NPOGWIb >KUPHBIX KMUCIOT COOTBETCTBYET
VICXOTHOMY ChIpblo (Tabnuia 3).

Ta6nuua 3. JKupHOKMCTIOTHBIN COCTaB JUITAaHONTAMIU/OB

KomnoneHT [TanpmosagpoBoe Macno, % Koxocosoe macno, % ITpeccosoe macno, %
Kamponosas 0.439 1.066
Kanpunosas 4.622 10.389
Kanpunosas 3.427 6.756 1.517
JTaypunosas 45.715 47.572
Mupucrtunosas 14.235 16.390 0.263
ITanpMuTHHOBAA 8.077 8.304 6.035
Kamponosas 0.439 1.066 .
Kanpunosas 4.622 10.389 >4.263
KanpuHosas 3.427 6.756 1.517
JTaypuHoBas 45.715 47.572
MupucruHoBas 14.235 16.390 0.263
ITanpMuTHHOBAA 8.077 8.304 6.035

*CyMMapHOe cofiepKaHue TMHOJIEBOI M CTEAPMHOBO KIC/IOT

[lia M3ydeHUs KMHETMKM peaKLuy ObUIM IPOBEfieHbI OIBITHbIE CHHTE3BI KOKOCOBOTO
AVMsTaHoMaMuja npu remneparype 125 °Cu 100 °C.

B xopme ombita ¢ mapamerpamu cuHTe3a (Temmeparypa 125 °C, usbpitox [I9A 3%,
KaTamusatop 0.3%) m3ydeHO M3MeHeHNMe KOHIeHTpamyy DA B peakIMOHHON cpefie ¢
TedeHyeM BpeMeH. [Tocre 3 — 4 yacoB MpOTeKaHNA peaKIy KOHIeHTpanys cBobogHoro [I19A
OCTa€TCs MPAKTUIECKM HEM3MEHHOII /1A KOKOCOBOro Macina (puc. 1).

Puc. 1. VsmeHenue xoHmeHTpauuy DA B peakIMOHHON CMeCU C TeuyeHNeM BpeMeHM: 1 — KOHIIeHTpamus
cBo6omgHOTO [IDA 0CTaéTCs MpaKTUIeCKU HEM3MEHHOI I7Is1 KOKOCOBOTO Macia
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YcTaHOB/IEHO, YTO peaKIiA aMUVIPOBAHMIA B U3y4eHHOM MHTepBae KouBepcuii (0 — 80%)
ONNCBIBAETCA  KMHETUYECKMM YpaBHEHMEM IIEpBOrO IOpAJKAa 10  KOHIIEHTPaLUMU
TPUITIMLEPUIOB. Y paBHEHME NIMEET BUJI:

_dlre] _ Kapo[TG]
dt app ’

rzie [TG] - KOHLeHTpauusl TPUTTULIEPUTIOB.

B tabnuiie 4 npencTaBIeHsl pacCIMTAHHbIE 3HAUEHNM S KXKYILEICs SHEPI UM aKTUBALINA U
CeJIEKTMBHOCTY OOpasoBaHMA [MATAHOTAMUJIOB /I MCCIeAyeMbIx Macen. Kak oTmedeHO
BBILIIE, CEJIEKTMBHOCTD OIPe/e/IsUIN, KaK OTHOLIIeHNe KonmndecTBa [JOA, mpopearnpoBasIiiero ¢
obpasoBaHMeM aMMJHON CBA3M, K OOI[eMy KOIMYeCTBY Ipopearuposaniuero JI9A,
paccumThBas JIOMI0 HOOOYHOrO aMMHO3(GUPOOOPa3OBaHNUA II0 Pa3HOCTM Ppe3y/lIbTaTOB
noreHuuomerpun u I'X.

Ta6muma 4. KnHetnueckue mapaMeTpsl U ce/IeKTUBHOCTD cyHTe3a [JOAKK

Macro CenextuBHoctb 1o [J9AXKK, % E,, kJbx/Momb*
100 °C 125°C
KoxocoBoe 94.2 89.1 68
ITanpmosmpoBoOE 93.8 88.5 71
ITogconueunoe 96.1 91.3 64

*PaccuntaHo 1o ypaBHEeHNIO AppeHnyca Ha OCHOBE KOHCTAaHT CKOPOCTH IIPY ABYX TeMIlepaTypax

CHmwxenne temneparypsl co 125 °C go 100 °C npMBOgUT K yMEHbIIEHNIO KOHCTAHTBI
cKopocTu muiib B 1.1 - 1.2 pasa, YTO COOTBETCTBYET pacCYMTAaHHBIM 3HaYeHUAM E, B iuamnasone
64-71 x/Dbx/monb. Ilpm 3TOM CeNneKTMBHOCTb OOpa3soBaHMS ILieJIeBBIX [MSTAHOTAMUIOB
Bo3pacTaeT Ha 4-6%, dYTO O0ODBACHAETCA NOJABIEHNMEM KOHKYPUPYIOIIEHl peaKIuu
aTepuduKanyuy ¢ o6pasoBaHneM aMIUHO3(DUPOB.

[Ipn aHamMM3e KOKOCOBOTO AM3TAHOIAMIJIA COflePKaHMe ocTaTo9HOoro I'X HIpKe, 4eM 1o
JlAaHHBIM IOTEHI[MOMEeTPUYECKOrO TUTpOBaHMA. IIpuumHOil sTOro sABIAETCA OOpasoBaHIE
NOOOYHBIX aMMHO9(UPOB, 3aBBIMIAIINX Pe3ylIbTaThl TUTpoBaHuA. [Ipu 125 °C mona stux
COe[IMHEHUII BO3PACTaeT, 4YTO YBEeIMYMBAET PACXOXKAEHME MKy STUMM METOIAMH, 2 MMEHHO:
MeTOJl TUTPOBaHMA TOKA3bIBAeT CyMMY BCeX OCHOBaHUIL, a ' X-MeTo B CBOI0 ouepesib — TONbKO
ceobopubiit [I9A. V3 aroro cmegyer, 4TO A M3OMPATEIbHOTO OIpeNe/IeHNs VMEHHO
cBobopHOTO [IDA Hambosee MpeIOYTUTE/IbHBIM SB/ISAETCS ra30XpOMaTOrpadpuuecKmii MeTOx.

B xope cunTesa JOAJKK xokocosoro macma npu 100 °C 6110 M3y4eHO TeYeHNe peaKIn
U IIPOM3BeJIeHO CONIOCTAB/IeHIE Pe3y/IbTaTOB ITOTeHIoMeTpudeckoro u I'’X-anammsos (puc. 2).

tu

Puc. 2. VismeHeHue KoHLleHTpaLuy [IDA B peakijMOHHOI CMeCH C Te4eHMeM BPeMeH! IIPY CHHTe3e KOKOCOBOTO
mvaranonamuga (100 °C, usbpitok DA 3 %): 1 - MeTOf HNOTEHLMOMETPUYECKOTO TUTPOBAHMS; 2 — METO[
ra3oXXMAKOCTHOI XpoMarorpadun.
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V3 pucyHka 2 BUHO, 4TO npu nposefenun peakuuy mnpu 100 °C pesynpTaThl aHa/Mu3a
METOJOM NOTeHIMoMeTpriecKoro TuTposanusa un I'’X mpakrmdyeckn cosmagaroT. [Tpu 100 °C
pacxoxjenue Mexay MerofamMy He mnpebbimaer 0.5%, 4YTO IOATBEPKHAET IOMABIIECHIE
O0OOYHO peakuyy aTepuUKaIn.

Kpome Toro, turpoBaHme mpopykra, momydeHHoro mpu 100 °C, maer 6oree sIBHO
BBIp@&KEHHBII cKauoK pH 1, Kak ciencTBue, 6omee TOYHOE OIpefie/ieHNe KOHEYHOI TOYKY
TUTpOBaHuA. IIpuMepbl KpMBBIX TUTPOBAHNA IIPEJCTAB/IEHBI Ha PUCYHKeE 3.

7 12
6 10 “
3 ° 8
.4 4
i, z 6
3
2 4 |
> .,'J AN 2
2 2
0 - T 1 0 T |
5 6 7 8 9 7 9 11
V, Mn V, mn

Puc. 3. Tunmdnbsle mprMepbl KPUBBIX TUTPOBAHUS Npob alKaHOTAMMAA, MOaydeHHbIXx mpu 125 °C (cesa)
n 100 °C (cupaBa): 1 - xpuBas TuTpoBaHus (3aBucuMoctb pH or o6béMa Tutpanrta V), 2 — KpuBas IepBOil
npousBopHol (3aBucumoctb ApH / AV ot 06béMa TTpanTa V)

Pasmune B HauanbHBIX 3HaYeHUAX pH 00ycr1oBIeHO pasHBIM cofeps>kaHeM OCHOBHBIX
KOMIIOHEHTOB (CBOOOZHOTO aMMHA ¥ aMMHO3(GUPOB) B NMpo0Oax, IONTy4eHHBIX IIPY PasHBIX
temneparypax. IIpu 100 °C cpema 6osee 1jeslo4Has U3-3a OTCYTCTBUA KUCIBIX ITOOOYHBIX
IPOAYKTOB peaKuyy TepuQuKammn.

Ha ocHOBaHMM TTO/Ty4eHHBIX JaHHBIX O0JIee MIPeANOYTUTEeIbHBIM BBITJIAAUT IPOBEieHIe
cuHTesa npu temneparype 100 °C, npu Bpemenn npouecca 4 4.

BoiBoabl

1. OnTrMuM3MpoBaHa METOAMKA CYHTE3a JUSTAaHOIAMUOB KUPHBIX KUCTIOT 13 KOKOCOBOTO,
[IaJIbMOAIPOBOTO U TIOJICOTHEYHOTO Mace/l C BBIXOLOM ILle/IEBbIX NIPOAYKTOB 88-92% mpu
temneparype 100 °C u giurenbHoCTH IIpolecca 3—4 4.

2. Ha ocHOBe aHa/mm3a >XMPHOKUCTIOTHOTO COCTABA M COIIOCTAB/IEHS C 0011[eVI3BECTHBIMU
JUISL Q/IKaHOTTAMUZIOB 3aBUCUMOCTSMM CTPYKTypa — CBONCTBO [10-12] mopTBep»K[ieHO, YTO
($yHKUMOHATbHBIE CBOJICTBA MONTy4eHHBIX [IAB ompesenaoTcs XMPHOKUCTIOTHBIM COCTaBOM
ChIpbA: JIAypMHOBasA U MMPUCTMHOBAsA KNCIOTBL (KOKOCOBOE, ITa/IbMOAAPOBOE Macia)
obecrieunBalOT INEeHOOOpa3oOBaHMe, TOIJA KaK OJIeHOBAass ¥ JIMHO/NEBAass KUCIOTHI
(mopcomHeYHOe MAC/I0) MPU/IAIOT 3aryIAolINe ¥ SMY/IbTUPYIOIe XapaKTePUCTUKI.

3. KuHermdyeckmit aHanm3 IOKasal, 4YTO peakKUMsA aMUAVMPOBAaHUA ONMCHIBAeTCA
ypaBHEHMEM IIEPBOTO NOPALKA 110 KOHLEHTPALY TPUIIULEPUIOB; CHIDKEHME TeMIIEPATYPBhl C
125 °C po 100 °C ymeHblIaeT CKOpPOCTb IIpoljecca He3HauuTenbHO (B 1.1-1.2 pasa), HO
HIOBBIIIAET CEJIEKTUBHOCTD Ha 4—6% 3a CYET IofaB/IeHNs 00pa3oBaHMsA aMUHOI(DIPOB.
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4. Ilpepno)keHbl [iBa MeTO/la AHAIUTUYECKOIO KOHTPOJSA: IIOTEHIMOMETPUYecKoe
TUTPOBaHME M Ta30XKUAKOCTHasA Xxpomartorpadms. [ KOMMYeCTBEHHOTO OIpefe/ieHNs
MMEHHO CBOOOJHOrO AuaTaHOMaMuHa MeTofn ['X sB/seTcs HMpeAlOYTUTENbHBIM, TaK Kak
VICK/TIOUAeT BJIVAHME Ha Pe3y/IbTaT IIOOOYHBIX IPOLYKTOB.

duHaHCUpOBaHMe

Paboma evinonnena 6 pamkax 20cy0apcmeeHH020 3A0AHUS HA BbINOTHeHUe HAYYHO-
uccnedosamenvckux pabom Veanosckozo 20cy0apcmeeHH020 XUMUKO-MEXHON02U1eCK020
ynusepcumema (Tema Ne FZZW-2024-0004).

Kondnukr natepecos

ABTOpDBI 3asB/IAIOT 00 OTCYTCTBMM KOHQIMKTA MHTEPeCOB B (MHAHCOBOI MU KaKOJi-
6o nHoM cdepe.
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Kniouegvie cnosa: Annomauus. Memodom OKUCTUMENbHOZ0 NOMEHUUANA C NPUMeHeHUeM MeOHO020
I/C, komnnexc, medv (II),  amanveamuposarHoeo neKmpooa nPosedeHo Ucce008aHUe KOMNAEKCO00PA308aAHUS
YucmeuH, umepayus, Mmeou 6 600HvIX pacmeopax L-yucmeuna é obnacmu pH = 1.0-8.0 npu memnepamype
KOHCMaHmul 298 K u uonnoii cune pacmsopa (NaNOs) I = 1.00 monv/n. Voenmuduyuposarvl
00paz08aHus, MOIbHbIE COCTNA8 U BbIMUCTIEHbI CIYNeHYAmble KOHCMAHMDbL 00pa308aHUst KOMNIIEKCOS.
donu, obnacmu Yemanoeneno, umo 6 O0awHoOll cucmeme 00pa3yoOmcs cnedyioujue MOHOSOepHbie
Cyuwsecmeosanus, coedutenuss Cu (II): [CuCys(H,O)s*; [Cu(Cys)(OH)(H,0),J; [Cu(OH),(H,O),};
ouazpammuot [Cu(Cys)(L)(H:0).J". C npumenenuem oxkucnumenvHoti GyHKUuY 1 npeonoxeHHuim
pacnpedenerust. NPUHUUNOM MOOETUPOBAHUS PABHOBECULl NO HNONYHEHHLIM IKCHEPUMEHMATLHDIM

0anHbIM OnpedesnieHbl COCAB, YCMOUHUBOCb, 0ONIACHIU CYULeCB08AHUS U CIeneHU
HAKONTIEHUS UUCTNEUHAMHBIX KOOPOUHAUUOHHDIX coeOuHeruti meou. Paccuumarimvle
MOOenvHble napamempvl Mozym Obimb UCNONIb308AHLL 8 Kadecmee CNPABO4HO20
mamepuana Npu  HANPAGNEHHOM CUHIMe3e KOMNIEKCO8 U  OCYU4eCtBIIeHUU
MEPMOOUHAMUHECKUX PACHENIOB.

Ina puTupoBaHus:

Bobonasapsopa I'.b., JaBratmoesa JIx.A., Paxumosa M., Mupamunsoga ©. l{ucrenHatHble KOOPAVHALMOHHBIE
coennuenns menu (11), Mmopenu mporeccoB ux o6paszoBanust // OT XUMUM K TEXHOIOTUM Iar 3a marom. 2026. T.
7, o 3. C. 70-82. URL: https://chemintech.ru/ru/nauka/issue/7500/view

BBenenue

CoBpeMeHHasi Hay4yHas JIMTepaTypa J[AEeMOHCTPUpPYeT 3HAYUTENbHBII  00BbeM
nyO/MuKanuii,  MOCBALICHHBIX  KOOPAMHALMOHHBIM  COENUHEHNMAM  METAUIOB  C
CepOOpTaHMYeCcKMMY TUTaHjaMI. B paMKax oOIIMPHOTO KIacca TaKMX COeNVHEHUI IMCTeNH
3aHMMaeT BUAHOE MecTO. L-I]ucrenH, NpuCyTCTBYOIINIA B I/Ia3Me KPOBM, AAB/IAETCA OHUM U3
Haybosee 3HAYMMBIX METa/II-CBA3bIBAIOIIVIX ar€HTOB B OMOJIOTMYECKMX KMAKOCTAX. [Teduunt
L-nycrenna B opraHmsMe KOPpeNIMpyeT C PANOM KIVHWYECKUX COCTOSAHWI, BKIOYasd
reIlaTOTOKCUYHOCTb, lepMaTO/IOTYecKIie HapyueHns, 3agep Ky pocra u CIIN [1].

© I'.b. bobonasapsogna, [Ix.A. [Tlapnariioesa, M. Paxumosa, ®. Mupamunsopa, 2026
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Menp, Oyayum KIOYeBBIM MUKPOITEMEHTOM, WIpaeT 3HAYUTENbHYI0 pOIb B
HOAeP>KaHUM CTPYKTYPHOI LIeTOCTHOCTY COCYAMUCTBIX CTEHOK, BKII0Yast 000/IOYKY CIIMHHOTO
mosra. Kpome Toro, MOHBI Meiut HeOOXOAMMBI [i/is1 GMOCHHTe3a MeTAaHNHOB, OTBEYAMOIINX 32
IOUTMEHTALVI0 KOXM, BOJIOC M PafAy>KHOI OOOMOYKM I71a3, a TaKKe /I 0OpasoBaHUs
reMorno6yHa. MHOTOUYNMC/IEHHBIE MCCIeJOBaHNS IPOeMOHCTPUPOBAIN, YTO KOMIUIEKCBI MU
0071a7al0T CIIOCOOHOCTBI0O BOCCTAHAB/IMBATH IOBPEXIEHHble TKaHM. B cBA3M ¢ 9TUM,
MefibCoJiepiKalllyie COeAVMHEHNUsI pPacCMaTPMBAKOTCA KaK IIePCIeKTUBHBIE JIeKapCTBEHHbIE
cpencTBa [2].

[ToreHIMOMeTpUYECKMM MeTOZIOM [3], MccezoBaHO KOMIUIEKCOOOpa3oBaHye MIOHOB Ag?
¢ anmoHamu L-nucrenna (Cys*) npm 25 °C Ha ¢one 0.1 monp/n KNOs. O6napykeHO
11.14 £ 0.10),

obpasoBaHMe pPacTBOPMMBIX KoMmiiekcoB coctaBa AgCys  (lgp

AgHCys (IgB = 20.77 £ 0.06), Ag.Cys (IgB = 20.32 + 0.17), Ag.HCys" (IgB = 27.28 £ 0.12).
[Ipy  momomm  meromoB  pH-merpum  [4], mpoBemeHsl  ompepeneHuA
pacTBOpPMMOCTM M TIOTEHLMOMETpMs  C  30/I0TBIM  9JIEKTPOJOM,  M3YYeHBI

PaBHOBECHS C yYacTHeM IVICTEMHATHBIX KOMIIIEKCOB 30710Ta (I) B BogHOM pactBope ipu 25 °C
nul =02 M (NaCl). [TocnegoBarenpHble KOHCTAaHTBI poToHMpoBanusa 1gKiH umcrennara
Hi.Cys™ + H* = HCys™? paBubr: 10.10 (i = 1), 8.12 (i = 2), 1.90 (i = 3). V3ydeno
IPOTOHMpPOBaHMe IyCcTeMHaTHBIX KomiviekcoB: Au(Cys),” + H' = Au(HCys)(Cys)™,
lgKinaw = 9.62 m Au(HCys)(Cys)*” + H* = Au(Cys),, IgKonaw = 9.01. OnpeienieHa KOHCTaHTa
rereporenHoro paBHoBecus Au(HCys), + HCys™ = Au(HCys),” Ks = 3.3. CrangapTHbIit
norernyan kommrekca Au(Cys),” cocrasmser E% = -0.172 + 0.011 B. Kommnekc Au(Cys),
oKkasasics 630K 1o ycroirunBocty K komiutekcy Au(HS),™.

Ilenp Hacrosmieil paboOTBI - ONpele/ieHMe COCTaBa, YCTONYMBOCTY, OOIacTU
CyIL[eCTBOBAH, CTETIeH) HAaKOIUIEHN IIVICTEVTHATHBIX KOOPAMHALMOHHBIX COeIIHEeHMIT MeJiy,
HPeICTaB/IANINK IPAKTUIECKNUII MHTEPeC, ¢ HpUMeHEHNeM OKMCIUTEeIbHON (GYHKUMU U
IPe/IO>KEHHOTO IPUHIINIIA MOJeNMMPOBAHNsI PABHOBECHII 10 SKCIIEPMMEHTATbHBIM JJAHHBIM
MeTO/ja OKCPeAMETPUIL.

IKCHepUMeHTAIbHAsA 9aCTh

OxkcpepMeTrpudeckoe McClefoBaHNe BBIIIOTHEHO C NPMMEHEHNMEM MEJHOIO 3/1eKTpofa
COTJ/IacHoO [5, 6].

MepHblil 571€KTpOJ, M3TOTOBNeH U3 Metamnmdeckoit menu «O.C.Y.» B Buje cTepkHA,
3aIIpeCCOBAaHHOTO B Te(IOHOBYIO TpyOKy. OumcTka pTyTi U aMajbraMypOBaHMe 3TeKTPOJa
BBITIOJTHEHBI COTJIACHO peKOMeHaImsaM [7].

[lis1 amanbpraMmMpoBaHuUs, MOBEPXHOCTb METHOTO 37eKTpoja IumndoBanach TOHKOI
HaXJAa4yHO OyMaroif, IpOMBIBalach AMCTWUIMPOBAHHON Bofoil. [loAroroBneHHas TakuM
00pa3oM IOBEPXHOCTb MESHOTO 9JIeKTPOJa aMalblaMUpOBalach IIOTPY>)KEHUEM €ro Ha
HEKOTOpO€ BpeMSA B YNUCTYIO PTYyTb, HaxopAmyloca B cocyfie. OcraBummecsi Ha MeESHON
IUIaCTMHKE KaIUIM PTYTU pacTupany GpuabTpoBaIbHOI OyMaroi o Tex Iop, IOKa aManbrama
Meli He IIOKpbIBala PaBHOMEPHO BCH IIOBEPXHOCTb. PrTyTh, mnpumeHsemaa i
aMa/IbraMPOBaHNs, IEPUOANIECKN OUMIITATACh MeTOToM buibTparvin U fekantauyu 0.5 %-Hoit
A30THOM KMC/IOTOM U BOJOIA.
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Konuentpauusa nonos Cu®* ompegensinace itogomerpudeckniti merogom [8-10]. s
IPUTOTOBJIEHNs pacTBOpoB ucnonb3oBamu O6upuctwiat, Cu(NO;),-3H,O (x.4), umcrenH
npousBozacTBa pupmbl “Reanal” (Benrpus), NaNO; mapku «41A», HNO; npurotosiena u3
¢ukcanana. Konnenrpauns NaOH onpegensanace metoom [11] mpsamoro tutpoBanus 0.1 M
PacTBOPOM COJISTHON KMC/IOTHI B IPUCYTCTBUY MHANKaTOpa peHondTanenHa.

CraHpjapTusanys JCXOAHBIX ¥ pabO4MX pacTBOPOB OCYLIECTB/IS/IACH COIIACHO
METOIMKaM, ONMCaHHBIM B pabore [12]. OIC ranpBaHMYECKMX 3/1€MEHTOB U3MEPSIN C
HOMOIIBI0 IOHOMepa DB-74 (TouHoCTh + 1-3 MB). 3HaueHMs NOTeHIMaNa XI0pcepeOpsIHOTO
anekTpopa 1 BemuunHa v = 2.303RT/F pu HeoOXOAVIMBIX TeMIIepaTypax ObUiyu B3sAThI U3 [13].

[ co3maHmMA MHEPTHON aTMOCQepbl M IIepeMeIlVBAHNA PacTBOPOB IPUMEHSATICA
ra3o00pasHblit a30T, ounieHHblt 0T O, u CO,.

KambpoBka MeZHOTO 3/€KTpofa C IIe/NbI0 IPOBEPKM €ro NOAYMHEHMS YPaBHEHMIO
Hepncra sakmrovgaerca B msmepenun IJIC mepBOro rajbBaHMYECKOTO 37IEMEHTa B Cepun
pacTBOopoB, copepxamux Hutpatr Memm (II) pasnmuHOV KOHIeHTpauum. JI3mepenue
OKJCIUTEIPHOTO IOTEHIMAa/Na TabBAHNYECKNUX 3SJIEMEHTOB C IIEPEHOCOM IIPOBEEHO
COYeTaHMEM TpeX O9/IeKTPOJOB: MENHOTO U X/IIOPCepeOpsSHOro MJisi  OIpefeeHNs
OKJC/IUTEIBHOTO ITOTEHIIMAIA 1IeNV, CTEK/IIHHOTO U XJIopcepeOpsiHOro 11 onpepenenus pH.
Bropoit ranpBaHMdYecKMil 97eMeHT HeoOxomuM A ompepmeneHua pH pactBopa B
37MEKTPOIUTIYECKOI A4eliKe B IIPOLiecce TUTPOBAHMA.

ITepBblit pabounit pacTBop f06aBsn B A4eiiky (V = 50 Mi1), 4epe3 KOTOPYIO IIPOITYCKaIN
VMHEepPTHBIN ra3 1A nepeMmemmBaHusa pacrsopa Cu (II). 3arem mocTemeHHO NpuIMBamu
paccuntanHoe konndectBo 0.1 H HNO; u 0.9 H NaNO; 11 co3ganus Heo6X0uMOoii MOHHOM
CWIBI U JOCTVDKEeHUA HyXKHoro 3HadeHys pH. IToBropss To ke camoe co BTOPBIM pabouum
PacTBOPOM, IpUOABIIATN MaJIBIMY ITOPIVIAMY HeOOXOAVIMOe KO/IYeCTBO BTOPOTO pacTBOpa B
nepBbiii, usmepsmm JJJC ranpBanndyeckux snemeHToB (I) m (II). 3a paBHOBecHOe 3HaveHMe
OKVCIUTENBHOTO MOTEHIMaIa IPYHMMA/IACh Ta BeIMYMHA, KOTOpasA He MSMEHANIACh B TeYEHNE
2-3 munyT. Bapbuposanue xonnentpaumit Megu (II) u myucrenHa IpoBOAWIOCH B Ipefiesax
pH = 1.5-1.9, T.e. B npefenax ycTOMYMBON OKMCIUTENDbHO-BOCCTAHOBUTE/IBHON CUCTEMBI, Ifie
He Ha0/mofjaeTcsi 00pasoBaHe HePaCTBOPYMBIX IIPOAYKTOB.

OcyecTB/ieHbl OLleHKAa 9JIeKTPOJHON (QYHKIMU MEJHOTO 3JIeKTPOfia, KOTOpasd
3aKII0Yaach B IIPOBepKe ero mofgumMHeHus ypaBHeHuio Hepucra. Mombr memgu (II)
nopiBeprarorca ruipomnsy npu pH < 6.5, mosromy nsmepenne 3JJC cucrembl 10 3TUX 3SHAYEHNI
pH mpoBomyiocs mpu cTporoM GUKCHPOBAHNY VX BE/IVYMH U IOHHOJ CMJIBI C TIOMOIIBIO IBYX
pabourx pacTBOPOB C OJVHAKOBBIMY 3Ha4eHVAMM pH M MOHHOI CWIbl TPV PasIMYHBIX
3HaueHUsX KoHLeHTpauyy Memm (II). Vsmepenme OIJIC raspBaHMYECKOTO 3/1€MEHTa,
COCTaBJIEHHOTO U3 MENHOTO ¥ XI0pCepeOpsHOTO 3/1eKTPOMIOB, OCYIIECTB/IATIOCh C ITOMOIIBIO

YpaBHEHNA:

Pcuan/cu) = E — Pagjagcrcis (1)

rae E - OJIC raqbBaHMYECKOTO 9MIEMEHTA; Py (i1)/cu(o) ~ NOTEHIMA MELHOTO S/IEKTPOJA,

®ag/agclcl~ — TOTEHIINA XJIOPCEPEOPSHOTO S/IEKTPOJIA.
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O6cyxpmeHne pe3yIbTaToB

Ilns onpenenenus cocraBa KoMmiutekcoB Mepu (1), o6pasyrommmxcs B BOGHBIX pacTBOpax
IIVICTEVHA, C NPUBJIEYEHNEM COOTBETCTBYIOIIMX ypaBHEHMIl [7] ObUIM IpoaHaNIM3MpOBaHBI
MOJTy4eHHbIe SKCIepUMMEHTAIbHO 4YacTHble 3aBucuMoctu IJJC cucrembl, U3MEPEeHHOIO Ha
MeJHOM aMaJIbTaMUPOBAHHOM 37IeKTpozie (puc. 1-3).

ApepHOCTb (q) KOOPAMHAIMOHHBIX COENVMHEHMII YCTaHOBJIEHa HAa OCHOBaHUU
paccMoTpenuss KpuBbix 3aBucumocty JOJIC oT mokasarens KOHIeHTpaumu ¥oHOB Cu**
(pCey2+ = —1lgCcy2+) (puc. 1).

E.mV

2 25 3 35 4 a5 5PCon

Puc. 1. 3aBucumocts S]IC (E, MB) o1 pC 2+ st cucremsr Cu(Hg)-Cu(II)-Cys-H,O; Ceys = 1-10° Mons/n. Kpussie
oTHOCATCA K pH: 1 - 2.0;2 -3.5;3-6.5;4-7.6.

Kaxk BupHO 13 pucyHka 1, Ha KpuBbIX 3aBUCUMOCTY E — pC )2+ MOTYT OBITH BbIje/IeHBI
NVHEJHbIe YYacTKM C YIVIOBBIMM KoadduumeHTamy, paBHbIMM -V/2. CoINacHO Teopunu
okcpenmerpun [5, 6], 9To cBUeTebCTBYeT 006 00pa3oBaHMM B pacTBOpPE BO BCeM M3YYEHHOM
uHTepBane pH ogHosmepHBIX KoMITIekcoB Mepu (II).

( oE ) v
—_— = —— 2
apCCu2+ pCe 2q ( )

ys, pH
Ananus KpUBbIX YaCTHOM 3aBUCUMOCTU OKMUCAUTENBHOTO IIOTEHIIMasla CUCTEMbBI OT

I0Ka3aTe/Uisi KOHIIeHTPALy aMVHOKUCIIOTHI (P Ccys = —lgCcys), IpenCTaBIeHHbIX HA PUC. 2,
MO3BOJIVJI YCTAHOBUTD 4MCIIO TNTAHMIOB, BXOAAMINX B cOCTaB KoMIUteKcoB Menn (II).

E, mV
400 -
_ 0
vi2 - 1
350 ”,”[
2
300 - v 3
4
250 - M
vV pC{}_\-‘S
200 -

(]

25 3 3.5 4 4.5

Lh

Puc. 2. 3asucumocts JIC (E, MB) ot pCeys paa cucrempr Cu(Hg)-Cu(Il)-Cys-H,O. Kpusbie otHocaTcs k pH:
1-2.5;2-3.53-6.0,4-7.5.

< OE > vl
WCeys/ e e 2q ©)

, PH
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[Tpu pH 2.5 na xpusbix 3aBucumoctu E — pCe,s npoucxoput GpopMmupoBanme MTMHENHbIX
Y4acTKOB C TQaHT€HCOM YIJIa HAaKJIOHA V/2, 4TO, COIIACHO [7], yKa3bIBaeT Ha BXOXKIEHNUE B
KOOpAMHaIOHHYI0 cdepy noHa Cu** ogHoro nuranpga. [Ipm pH 6.5 un 9.5 HaK/IOH TMHETHBIX
Y4acTKoB paccMarpuBaeMoli 3aBucumoctu E — pCe,s pasen v. CormacHo ypaBHenuio (3) u
YCTQaHOBJIEHHOJ SIlepHOCTM, OOpasymoluecsi B 3TUX YCIOBMAX KOOPAMHALMOHHBIE
coemuuenna wmemu (II) Bxmowaror gsa nuranga (1 = 2). JIna HaxoxpgeHusa obmacren
JOMUHUPOBaHUsI OOPa3yoUMXcsi KoOpAuMHaLMoHHbIX coemmuennit Cu (II), ompenemenmus
obijero ymycaa ¥ BUJA JIMTAHAOB B HUX, OBUI TpoBefileH TrpaduyecKuil aHaIu3
9KCIepuMeHTanbHbIX 3aBucumocreit E-pH (puc. 3).

E. mV

-200

Puc. 3. 3aBucumocts DJJC (E, mV) cucremsr Cu(Hg)-Cu(Il)-Cys-H,O ot pH npu temnepatype 298 K n noxHoit
cute pacrBopa (NaNO;) I = 1.0; Kpusbie otHOCsTCsE: 1 — Co?* = 0.001; 2 — Co?* = 0.02; 3 — Coi?* = 0.05; Cys = 0.01 MOIB/ 1.

HyneBoii  HaKkJIOH  JIMHEMHBIX  y4aCTKOB  pPacCMaTpUBAEMOJl  3aBUCUMOCTI,
HaOJTIONAONINIICA TIpY HU3KMX 3HaueHMAX pH, oTpakaeT OTCyTCTBYE IPOLIECCOB TUAPOIN3a
i komiviekcoobpaszoBanusa Cu (II) B obmactu kmcimplx pacTBOpoB. TakuM 06pa3oM, MOHBI
menu (IT) mpu pH < 2.0 cy1jecTBYIOT B M3y4eHHBIX YC/IOBUSIX B BUfIe aKBaKOMIUIEKCOB.

[Tocnenyromee ymensuenue S]] C npu ganbHerimem Bospactanuy pH, u popmupoBanie
Ha KpUBBIX 3aBUCUMOCTY E-pH JMHEHBIX y4aCTKOB ¢ yI7I0BbIMU Koaddunmentamu 0, -v/2, -
Vv, 1 -V/2 (Tab. 1), CBA3aHO CO CTYIEHYAaThIM 00pa3oBaHVeM COef[MHEeHMIT, B KOTOPBIX Ha O{NH
JIOH KOMIIIEKCOOOpa3oBaTe/isa PUXOANTCA OfVH VIN JBa JIMTAaHJA COOTBETCTBEHHO.

Ta6mma 1. Yrnosoit koadduiyent o mkane pH cucremsr Cu(Hg)-Cu(Il)-Cys-H,O npu Temneparype 298 K, I = 1.0;
Cco®* = 0.001 1 Ccys = 0.01 Monb/.

Ne i/m ITo mxane pH VYrnosoit koadgdunyent, mV YrnoBoi koadduiyeHt, v
1 1.0-2.4 0 0
2 2.2-42 29.5 -v/2
3 4.2-6.6 59 -v
4 6.6-8.0 29.5 -v/2

CornacHo Teopun MeTofa [7], U3 ypaBHEHM IJIA YaCTHOM IIPOM3BOHOIL:

(5or) --3(5) @

pCcu2+‘ pCCyS

rie: | - u k — uncno nurangoB v OH™ rpymnm, KOOpAMHUPYEMBIX OKMCIEHHOI GOpMOIT MeTasia
C ALPEHOCTBIO PABHOI 4.
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/3 pesy/nbTaTOB IO YCTAaHOBJIEHWIO SAAEPHOCTM M YUC/IA JIMTAHZOB C/IEAyeT, YTO IpU
pH 1.0-8.2 o6pasyrorcs coepuuenns tuna Cu®: Cys* = 1:1 u 1:2. YBeneuenne pH > 8.2 moxer
IIPMBECTY K HOSBJICHUIO CMEIIAHHOTO I'MAPOKCIIBHOTO COeAVHEH VS ¢ ofHOu v ymsa OH-
TPYIIIaMy B KOOpAMHAIMOHHOM cdepe monos Cu** (k = 1; k = 2).

AHalOrMYHBI X07] KpUBBIX 3aBucuMocTy E-pH cBUpieTennbcTBYET 0 TOM, YTO yBe/Tn4eHue
KoHIeHTparuu noHoB Cu** ot 0.001 o 0.05 mons/n mpu Ceys = 0.01 MONIB/T HE TPUBOANT K
M3MeHEeHMI0 POopM KoopAHaLMOHHbIX coenyHeHuit Cu (1), o6pasyrommxcs B cucreMe BO BCeM
M3y4eHHOM MHTepBane pH.

B nonyuens! 3aBucumocty IIC (E, mV) cucrems! ot pH (puc. 4).

E.mV

-200

Puc. 4. 3aBucumocts 3][C (E, MB) cucremsr Cu(Hg)-Cu(Il)-Cys-H,O ot pH npu temneparypax 288.15-318.15 K
u noHHoit cune pacrBopa (NaNQO;) I = 1.0; Ce** = 0.001; Cgys = 0.01 mons/n1. Kpusbie otrocsitest: 1 — 288.15;
2-298.15;3 - 308.15; 4 - 318.15 K.

ITpn yBenudenun temmepatypbl oT 288.15 mo 318.15 K mpoTsA)KeHHOCTb IMHENHOTO
y4acTKa C TAaHT€HCOM YIJIa HAKJIOHAa PAaBHBIM HY/IIO YMEHBINAETCSA M CABUTAETCS B CTOPOHY
KICITOT 00/1acT! pacTBOpa.

AHanmmM3 BceX OKCHEPUMEHTA/NBHBIX 3aBUCUMOCTEl pacCMOTPMM B CHUCTEMe
Cu(Hg)-Cu(II)-Cys-H,O npu remneparype 298 K n nonnoit cune pacrsopa (NaNOs) I = 1.0.

CoBMecTHOe pacCMOTpeHNe pe3ylIbTaToB IIPOBENEHHOTO TIpaduUIecKoro aHamm3sa
YJaCTHBIX IPOM3BOJHBIX OKMCINTEbHOTO INoTeHIMana (puc. 1-4), a Takxe ydeT KOHCTaHT
nporonutndeckon arucconnanuu uucrensa (pK; = 1.71; pK; = 8.27; pKs = 10.78) nmo3Bonunn
HOpefIoXUTh (GOPMYNIBI I OIMCAHMS COCTaBa KOMIUIEKCHBIX coenvHeHuyt memu (II),
00pasyIoLNXCs B VICCTIEAyeMOll CHCTeMe B BBIOpaHHBIX YCIOBYAX (Tab. 2).

Ta6mmua 2. JKcIepyMeHTaIbHble 3Ha4eHNs YITIOBBIX K03 durimeHToB 3aBucumocteii IJC 0T KOHLIEHTPaI[IOHHBIX
nepemerHsix Cu(Hg)-Cu(II)-Cys-H,O npu remmeparype 298 K, I = 1.0; Ccy®* = 0.001; Ceys = 0.01 Monp/71.

3aBucumocTb ] C OT KOHIIEHTPALMOHHBIX TapaMeTPOB
Ne i/t CocTaB KOMIIJIEKCOB
pH PCox pCe
1 0 - - [Cu(H,O)4]*
2 -v/2 -v/2 v/2 [Cu(Cys)(H,0)3]**
3 -V -v/2 v [Cu(Cys)(OH)(H,0),]*
4 -v/2 -v/2 - [Cu(OH)z(Hzo)z]o
5 -v -v/2 v [Cu(Cys)(L)(H,0).]*

IMpumeyanne: Cu (II) - uncmo aToMoB OKMCIeHHOIN GOpMbI Mefia B KoMIuiekce; HY — 4icio mpoToHnpoBaHHBIX

TPpyIlIl B KOMIIJIEKCE; L - 4ucno JINTAHJOB; OH" - 4ucno KOOPAVMHMPOBAHHDBIX I'MAPOKCUIbHBIX I'PYIIIL.
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Hab6rmogaeTcss HeKOTOpas HEYETKOCTh XOfia KpyBBIX 3aBUCUMOCTI E-pCeys Ipy MaIbIx
KOHLIEHTPALMsAX aMMHOKNC/IOTHI, IIOSIBJIeHNe ILITEH JKEITOrO Ha amajbraMe 937eKTpofa
Cu(Hg)/Cu** 1 HeycTOIYMBOCTh NOTEHIMANA B Ipolecce cHATUA 3aBucumoctyu E-pH mpu
pH > 9.0, Cci®* = 5,0-10" u Ceys = 0.01 Mmomp/m1.

[TprunnOoI HabMOgaeMbIX 3¢ (HEKTOB IIPY IPOBEeHNN OKCPeAMETPUYECKIX U3MEPEH NI,
HI0-BUJIIMOMY, SIBJIsIeTCs M3MeHeHMe copepsxanys Menu (II) B pacTBopax uycTenHa BCIeACTBE
peamusanyy B HUX IIpY KOHTAKTe C MEJHBIM aMaJbraMVMPOBAaHHBIM 3/IEKTPOJAM peaKInu
nucnponopuyoruposBanus Cu (I).

[TonHBIN aHaMM3 MAHHBIX CTEXMOMETPUYECKON MAaTpMILI ¥ YCTAHOB/ICHHBIX COCTaBOB
COeIVHEeHMI! IToKa3an GopMupoBaHe B M3YYEHHOI CUCTeMe KOOPVMHALMOHHBIX COeIMHEHUI
komiuiekcoB Cu (II).

[lanee, IO ZaHHBIM CTEXVOMETPUYECKON MATPUIIBI, COCTAB/IA/IACh XMMUYECKass MOJie/Ib
PaBHOBECUIT CUCTEMbI C YNMCTEHHBIMM 3HAYEHUSIMU SIIEPHOCTM KOMIUIEKCHBIX COeIMHEHMII
MeTaj/UIa, YUCIOM IIPOTOHOB B HMX, KOJIMYECTBOM KOOPAMHVMPOBAHHBIX JIMTAH[IOB,
TUIPOKCUIBHBIX I'PYIII — ¢, S, | 4 k, cOOTBeTCTBeHHO (Tab1. 3). XMMu4eckye MOJe/i MOTYT OBITH
JICTIO/Ib30BAHBI /151 COCTAB/IEHNsI KOMITBIOTEPHBIX IIPOTPAMM U pacyeTa IOHHBIX PaBHOBECHIL.

Ta6muma 3. XuMundeckas mopiens paHosecnit cuicteMbl Cu(Hg)-Cu(Il)-Cys-H,O npu temnepatype 298 K, I = 1.0;
Ccy®" =0.001; Ceys = 0.01 MoTIB/ 1.

Ne | Cu** | H" | L | OH @parMeHTHl ypaBHEHUI OKUCIUTETBHOTO
CocTaB KOMIIJIEKCOB PBsir
n/m q s I k MOTEHIMaa CUCTEMbI
1 1 1 1 0 [Cll(CYS)(I‘IzO)3]2+ ﬂ]u() Vlg(h3+B1110K1Calh2)
2 1 1 1 1 [Cu(Cys)(OH)(HZO)2]+ IBH“ Vlg(h3+B1111K1Calh2)
3 1 0 0 2 [CH(OH)z(Hzo)z]O ﬂmaz Vlg(h3+B1002K12Cal2h)
4 1 1 2 0 [Cu(CyS)(L)(H20)2]+ ﬂuz() Vlg(h3+B1120K1Calh)

ITpumevaHye: YKa3aHHBIe KOMMYECTBA OKVC/IEHHON (GOPM Mefiy, IPOTOHOB, JIMTAHOB W TUIPOKCUIBHBIX TPYIII
g S, 1, k cooTBeTCTBEHHO, ABIAIOTCA OCHOBHBIMY OA3MCHBIMY YaCTUIIAMIY U IIPUBOJATCA B MH/EKCe 0003HAYeHMA
KOHCTAaHT 00pa30BaHMsI KOMIUIEKCOB Pgik.  — IVICTI0 AaTOMOB OKVCIEHHOIT (POPMBI Mefia B KOMIUIEKCE; § — YICIIO
IPOTOHVMPOBAHHBIX TPYII B KOMIUIEKCe; | — 4mcmo mranaos; k — 41cio KoopAMHMPOBAaHHBIX IUIPOKCUIBHBIX

TpYIIL

1151 BBIYMCTIEHNS 3HaY€HMsI KOHCTAHT YCTOMYMBOCTY KOOPAMHALVOHHBIX COeIMHEHNII B
UCCIIeTyeMOIl CHCTeMe, a TaKXXe OIpefeneHus MHTepBanoB pH ux cymjecTBOBaHUS U
MOATBEPXKIEHMsT COCTAaBOB YACTUI| MCIONb30BANCS METON MWHUMU3ALUU OTKIOHEHUN
9KCIepuMeHTanbHbIX 3HadeHuit JJJC or paccumTeiBaeMblX. Ilpu aTtoM [ CIyXumm
mapaMeTpam.

[l/ist pacyeTa MOHHBIX PABHOBECUIT B OKMC/IUTE/TbHO-BOCCTAHOBUTENBHBIX CUCTeMaxX [14]
OBbIIO BBEJIEHO ITOHATNE OKVMC/IUTETbHO (PYHKIINN.

OKCIepMMeHTa/IbHasA ~ OKMCIUTeNnbHass QyHkuma fs  BbIpaxkaeTcs — CIefyOLINM
ypaBHEHMEM:

1 2(E-EY)
v, (5)

fi =
? Ccu2+

rge, E - skcmepumenTanbHO usMepsemoe 3HaueHme JIC, E° - xaxymeecs 3HaueHme
HopManpHOTO Wiy cTangapTHoro 3J1C; Ce,*t — 00Imas KOHIIEHTpalus OKUCTIEHHOW (OPMBI;
v =2.303RT/F.
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O6uye ypaBHeHMs OKVCIUTEIBHOTO IOTEHIMaa MOXXHO IIPUMEHATh I pacuéra
MOHHBIX PAaBHOBECUII B PeAKIMAX 00pa3oBaHMs KOOPAMHALVOHHBIX COENMHEHWIT, BKIIOYAs
o6pasoBaHue I'MAPOKCOKOMIIIEKCOB B PACTBOPAX OKMCIUTEIbHO-BOCCTAHOBUTE/TbHBIX CUCTEM.

OxucnmnrenbHass ¢yHkuya fs mnpencraBiaser co60il CyMMy KOHIEHTpAIMM BCeX
KOMIUIEKCHBIX COefIMHeH M1, KoTopble o6pasyiorcs B cucteme Cu(Hg)-Cu(1I)-Cys-H,O. 3arem,
pPacCYMTBIBAIM TeOpeTHYeCKoe 3HaueHMe OKUCINUTeNnbHONM ¢yHKuuM fr ¢ yderom Bcex
BO3MOJYXHBIX COCTABOB KOOP/IMHALMOHHBIX COEIMHEHNIL.

Ha ocHOBaHMY JaHHBIX, IPUBELEHHBIX B Ta0/. 3, 13 ypaBHeHu (5) HAXOAVM BBIPKEHNS
JUIsI OKVICTIUTENbHO QYHKIVM M3Yy4eHHOM cucTeMbl. [looyepeHO NOACTaB/IsAsA 3HaYeHN q, D,

S, 1, k paCKprBaeM CYMMI)I, qTo HPI/IBOﬂI/IT K cnenylomeMy Bpra)KeHI/IIOZ
fr = 1000-h*/(h* + B1110K1Ca1h2 + Bllllchalhz + B1002K12Ca12h + BIIZOKICalh) (6)

rzie h - KoHIeHTpayA noHOB Bofopoza; K, — koHcTaHTa Aycconyanyy nycrenHa; C, — obmas
KOHLIEHTpaLUA UMCTENHA; 3 — KOHCTAaHTa 00pa3oBaHMA KOMIUICKCOB.

YpaBueHue (6) sABIAeTCA BBIPAKEHNMEM OKUCIUTETbHON QYHKIUM [/ CUCTEMBI
Cu(Hg)-Cu(II)-Cys-H,O, xoropas mnpuMeHseTcs IS pacyeTa KOHCTaHT M o6macreit
nomyHypoBanus Komiviekca Memu (II). MoxHO ckasaTh, YTO 3TO ypaBHEHME SIBIISETCS
MaTeMaTU4YeCKOil MOZIENIbIO M3Y9aeMOI CUCTEMBI.

Korma 3sHayeHMs 3KCIIepUMEHTATIbHON OKUCIUTEIbHON QyHKUmMu f5 BBIYMCIIEHB,
IOPUCTYNaIM K YTOYHEHMIO KOHCTAaHT KOMILIEKCA METONOM WTepaluy C MCIIO/Ib30BaHMEM
ypaBHeHMs (6) [O COBIIQieHMs 3HAUEHMII TEOPeTMYEeCKONl M 9SKCIepVMEHTa/IbHOI

OKMC/IUTENbHBIX QyHKLMII (Tabs1. 4) B IIpefiesiax IOTPEIIHOCT OIBITOB.

Tabmuuma 4. 3Hauenusa OJIC, sxcnepuMeHTanbHON f3, Teopermdeckoil fr okmcaurenbHONM (QyHKIMIA, UX
norapudmos B 3aBucumocty oT pH mst cucremer Cu(Hg)-Cu(ID)-Cys-H,O npu remmeparype 298 K, I = 1.0; Cc,*" = 0.001;
Ccys = 0.01 monb/n1. 3Hauenne kaxyeitcs crangaptHoi DJC (E°) 360 mB

pH E, MB f3 fT lgf3 lng pH E, MmB f3 fT lgf3 lng
1.0 360 1000 9.72E+02 | 3.0 3.0 || 4.6 215 1.22 E-02 | 5.81E-02 -1.9 -1.2
1.2 360 1000 9.56E+02 | 3.0 3.0 || 4.8 205 5.57E-03 2.18E-02 -2.3 -1.7

1.4 358 8.55+02 9.30E+02 | 29 | 3.0 || 5.0 196 2.76 E-03 | 7.92E-03 | -2.6 -2.1
1.6 358 8.55E+02 | 8.90E+02 | 29 | 2.9 [ 52 178 6.77 E-04 | 2.77E-03 | -3.2 -2.6
1.8 354 6.26E+02 | 8.26E+02 | 2.8 | 29 | 54 162 1.94 E-04 | 9.23E-04 | -3.7 -3.0
2.0 352 535E+02 | 7.30E+02 | 2.7 | 2.9 | 5.6 148 6.51E-05 | 2.92E-04 | -4.2 -3.5
2.2 350 4.58E+02 | 597E+02 | 2.7 | 2.8 || 5.8 134 2.18E-05 | 8.78E-05 | -4.7 -4.1
2.4 348 3.92E+02 | 436E+02 | 2.6 | 2.6 | 6.0 120 7.32E-06 | 2.52E-05 | -5.1 -4.6
2.6 340 2.10E+02 | 2.77E+02 | 2.3 | 2.4 [ 6.2 100 1.54E-06 | 6.94E-06 | -5.8 -5.2
2.8 336 1.53E+02 1.53E+02 | 2.2 | 2.2 | 6.4 80 3.22E-07 | 1.86E-06 | -6.5 -5.7
3.0 328 823 E+01 | 7.49E+01 | 19 | 19 |[ 6.6 69 1.37E-07 | 4.87E-07 | -6.9 -6.3
32 314 276 E+01 | 3.38E+01 | 1.4 | 15 |[ 6.8 48 2.65E-08 1.26E-07 | -7.6 -6.9
3.4 300 9.38 E+00 | 1.45E+01 | 1.0 | 1.2 || 7.0 32 7.61E-09 | 3.22E-08 | -8.1 -7.5
3.6 288 3.68E+00 | 6.03E+00 | 0.6 | 0.8 [ 7.2 14 1.87E-09 | 8.17E-09 | -8.7 -8.1
3.8 270 8.92E+00 | 2.45E+00 | -0.1 | 04 | 7.4 -2 5.36E-10 | 2.07E-09 | -9.3 -8.7
4.0 254 2.60E-01 9.83E-01 | -0.6 0 7.6 -14 2.10E-10 | 5.22E-10 | -9.7 -9.3
42 242 1.00 E-01 3.89E-01 | -1.0 | -04 | 7.8 -38 3.22E-11 1.31E-10 | -10.5 | -9.9
44 229 3.62 E-02 1.52E-01 | -1.4 | -0.8 || 8.0 -58 6.77E-12 | 3.31E-11 | -11.2 | -10.5
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Kak cmegyer u3 (tabm. 4) 3HayeHUsA TeOpeTMYECKMX ¥ OSKCIEPUMEHTATbHBIX
OKMCIIUTENbHBIX ~(QYHKIMIT HAaXOAATCS B XOpOIIeM cormacuy. Takas TOYHOCTD B
OpuOMDKeHNAX HeoOXOAMMa MJIsi TOTO, YTOObI HpPY HAXOXKEEHUM CpPeSHMX 3HAYeHMUI
KOHCTAHTBI PaCXOXKAEHMsI KOMIIEKCa OKa3aIyCh MUHIMATbHBIMIL.

3HaveHMsI OKUCIUTENbHOI QYHKIMI f5 U fr MMeIoT 41CIo ¢ HecATUYHBIM OCHOBAHMEM,
II09TOMY 9TV 3aBUCUMOCTY NIPEfCTaB/IeHbI B orapudmmieckoM Bupe (puc. 5) KpuBbx 1 u 2,
COBIIaJleHVe KOTOPBIX CBU/ETE/IbCTBYET O JOCTOBEPHOCTH Pe3y/IbTATOB, T.€. OHM UIEHTUYHBDI.

Puc. 5. 3aBucumoctu norapudmMuuecknx 3HadeHMi sKcrmepuMmeHTanbHO fs (1) m Teopermueckoit fr (2)
okucimrensHou gyt ot pH s cucremsr Cu(Hg)-Cu(Il)-Cys-H,O npu temmeparype 298 K, I = 1.0; Ce** = 0.001;
Ccys = 0.01 Monb/m.

CyMMupoOBaHMe ypaBHEHWIT OT/Ie/IbHBIX JIMHEHBIX YYaCTKOB JAéT obliee BBIPAKEHNA
TEOPeTNYEeCKON OKUCIUTENbHON (PYHKINM U3YyIeHHOI crcTeMbl (7):

q s l k 1 —_ —k
#2101 S a6 | )
1 0 0 0

Ilna pacdera fr ¥MCIONB30BAINCh YMC/ICHHbIe 3HAYeHMA KOHCTAHT YCTONYMBOCTY,
OIIpefie/IeHHble IIPY COBMECTHOM pEIIEHMM YpPaBHEHWII JIMHEHBIX YYacTKOB B TOYKE
nepecedenusi 3aBucumocreit E-pH, E-pCL. IIpu MaxkcumanbHOM NpUONVKEHUM KPUBBIX
saBucumoctn f5 m fr or pH, HaxopsATcs 3Ha4YeHUs KOHCTaHT OOpasoBaHMs, KOTOpbIE
IIpefICTaB/IeHbl B Tab/uIle MOZIe/bHBIX IapaMeTpoB (Tabs. 5). Bce pacuersl mpoBogummch Ha
KoMIbioTepe 1o nporpamme Excel [15-18].

Ta6muma 5. MogenpHble TapaMeTpbl KOOPAVHANVOHHBIX coenyHenuit cucrembl Cu(Hg)-Cu(Il)-Cys-H,O mpu
temmeparype 298 K, I = 1.0; Cc,® = 0.001; Ceys = 0.01 Monp/11.

O6macThb cymecTs.
Ne Jlorapm¢m KOHCTaHTBI Makec. crem.
KOMII/IEK. T10 IIKasIe CocTaB KOMIITIEKCOB pH
n/m pH 06pasoB. koM. (Igfg) HAaKOIL, a, %
1 1.0-4.4 [Cu(Cys)(H,O)3]** 7.52+0.01 31.5 24
2 1.8-7.2 [Cu(Cys)(OH)(H,0),]* 4.72+0.09 81.30 4.0
3 2.2-6.4 [Cu(OH)(H,0),]° -1.98+0.03 11.80 4.0
4 3.6-8.0 [Cu(Cys)(L)(H0).]* 12.90+0.09 99.8 8.0

CrefiyeT OTMETUTD, YTO BBIIIOJIHEHHAs! HaMI PaboTa SIB/ISAETCS 4aCThIO MCC/IeOBaHMUIL,
TIOCBAIEHHBIX M3y4YeHNI0 KOMIUIeKcooOpasoBanys Menu (1) mpu pasmmyHbIX TeMIIepaTypax u
MOHHBIX  cwrax. Ilocmepyromye — uccnemoBaHMs — OYAyT — IIOCBALIEHBI  M3YYEHMIO
KoMIIeKkcoobpasoBanuo Menu (II) mpu Temnepatypax 288; 308; 318 K u monnsIx cuiax 0.1;
0.25; 0.50; 0.75 1 1.00 monb/m.
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YpaBHeHMsa peakumit 00Opa3soBaHMA YyKa3aHHBIX BBIIIe KOMIUIEKCHBIX COEIVMHEHMUI
IIpefICTaB/IeHbI B TabmIie 6.

Tabnuma 6. YpaBHeHMst peakunii 06pasoBaHus KOMIUIEKCHbIX coenmuennit B cucreme Cu(Hg)-Cu(Il)-Cys-H,O
npu temneparype 298 K, I = 1.0; Cc** = 0.001; Ccys = 0.01 Momb/11.

Ne /i YpaBHeHus peakumit 06pa3zoBaHMsI KOMIUIEKCOB
1 [Cu(H,0)4]** + Cys* > [Cu(Cys)(H,0)3]** + H,O
2 [Cu(H,0)4]** + Cys* <> [Cu(Cys)(OH)(H,0),]* + H;0*
3 [Cu(H,0)4)*" + H,0 <> [Cu(OH)»(H,0),]° + H;O" + H*
4 [Cu(H,0)4]** + 2Cys* <> [Cu(Cys)(L)(H,0).]* + 2H,0

MonbHbie [OMM KOMIIJIEKCHBIX YacCTUL B pacTBOpax C y4aCTUEM JIOHOB OKMCIeHHON

dbopMbl MeTarta o4 BBIYUCIIAIOTCA C IIOMOIIBIO YPaBHEHIS:
L -k
aZqi = [MqHyLi(OH),] q*/ZZZZqﬁqslk Ll H T (®)

Takum 06pa3oM, 3HaUYeHMSI MOJIIPHBIX JOJIENl MOHOB, HAXOASIIMXCS B PaBHOBECUM B
VICCTIENOBAHHON CUCTEMe, IIPECTaB/IeHbl Ha (puC. 6) B BUie AyarpaMMbl pacliipefie/ieHus.

oo

100

80

60

40

1 22 34 4.6 5.8 7

Puc. 6. 3aBucumocts crenenn Hakomwrenys komiiekco Cu (II) or pH mna cucremsr Cu(Hg)-Cu(I)-Cys-H,O
npu temmeparype 298 K, I = 1.0; Ce,® = 0.001; Ceys = 0.01 mons/n. Kpussie otHocsaTcst: 1 — [Cu(H,0)4)*;
- [Cu(Cys)(H20)3]**; 3 - [Cu(Cys)(OH)(H,0),]*; 4 - [Cu(OH).(H:0),]% 5 - [Cu(Cys)(L)(H,0)]".

Kaxk cregyer u3 (puc. 6) Bce npearnosnaraeMble GOpMBI B U3Y4€HHOJ CUCTeMe CYIeCTBYIOT
B JOBOJ/IbBHO 60/IbIIOM MHTEpBajie pH, a CTEIIEHb X HAKOIUIEHUA NN O6pa3OBaHI/IH 60sblile
geM 10%. OTo yKas3bIBaeT Ha TO, YTO BCE YCTAHOBJIEHHBIE GOPMBI 0OPA3YIOTCA B KONMNYECTBE
3HAYNTENIbHO MPEBBINIAIONIVM IIPEMie/bl IOIPENUIHOCTEN U3MEPEHN, KOTopasa paBHa + 1-3 MB
umn 3-5%. MOXXHO cKasaTh, 4TO BBIYMCIEHME M COCTaBJIEHME AMATPaMM PpacIpefeeHns
ABMACTCA 3aBEpPIIAIOIIVIM 3TAallOM YTOYHEHUA COCTaBa O6pa3YIOH_U/IXC}I KOOpAVMHALITMOHHBIX
COCIH/IHeHI/II‘/JI " BBIYMCJIEHNA KOHCTAHT X O6paSOBaHI/IH.

AHanormYHbIM 06pa30M MOJKHO ITIOJTYy4YUTDb BBIPpAKCHUA /IS pacd€Ta MOJ/IbHbBIX ):[O)'Ief/JI
CBO6OI[HbIX JacTul 1 KOOpAMHAIIMOHHDBIX COGI[I/IHeHI/II?[:
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®
acyqry = /(03 + Bi11oKiCath? + 111K Cath? + B1002Ki*Car?h + Bi1120K1 Carh) )
ey iyona2t = BrioKiCath(h® + BiiioK Cath? + Br11iK Cah? + BrosK 2Car?h + BriaoKiCah)  (10)
Ajcu(cys)(OH)(H,0),1+ = B1111KiCath?/(h? + B1110K1Cath® + B1111KiCath® + B1o02Ki*Car’h + B1120K1Cath) (11)
a0y (1300510 = Bro02K P Car?h/(h° + Bi11oKi Cath? + By K Cath?® + BroosK 2Cur’h + BrigK Cuth)  (12)

@ [Cu(Cys)(L)(Hz0)5]* = B1120K1Cath/(h3 + B1110K1Cath? + B1111K 1 Cath? + B1002K12Car?h + B1120K1Carh) (13)

YpaBuenus (9-13) m03BOIMIN BBIYUCTUTD MOJISIPHBIE O CBOOOHBIX U CBS3aHHBIX B
KOMIUTIEKCE IOHOB ME[.

Bbrumcienns 3akaHYMBAIOTCS OIpefie/ieHeM KOHEYHOTO BapMaHTa MOJIBHBIX JOJIel
(cTeneHeyl HaKOIUIEHVIsI) KOMIUIEKCHBIX (POPM U IOCTPOEHMEM KPUBOII UX pactpefienenus (puc. 6).

VI3 mnpuBefeHHBIX AMarpaMM paclpefelieHus BUAHO, YTO B JICC/IEOBAHHON HaMM
CHCTeMe ITOCTIEOBATENIbHO Pean3y0TCA K0 4 MOHHBIX paBHOBECHI, OT/INYAIOIIMXCS COCTaBOM,
YCTOMYMBOCTBIO ¥ OONACTAMM NOMMHMPOBAHMS KOMIUIEKCOB o mikajae pH. 9To faHHbIe,
HONTy4eHHble M3 KOHEYHbIX pe3yIbTaTOB  YTOUYHEHHBIX KOHCTaHT  0OpasoBaHMs
KOOP/IMHAIIVIOHHBIX COeAMHEHN, TTOCTIe TIOCTIEN0BATENIbHOTO IPUOIVKEHUS TEOPETHYECKO U
9KCIePUMEHTA/IbHOI OKVC/TUTEIbHO PYHKIVIA.

VI3 TOMy4eHHBIX pAcYeTHBIX NAHHBIX M AMATPaMMbl pacIpefie/ieHus BULHO, 4YTO B
cunpHOKMCoN obmactu pH obpasyercsa kommiekc coctaBa [Cu(Cys)(H,0)s]** ¢ koHcTaHTOM
obpasoBanusa 7.52 + 0.01, KOTOpBII He COMEPXXUT TUAPOKCWIBHON TPYyIIBL. 3areM,
dbopMMpyeTcs CMeIaHHOMUTaHIHbI TupokcokoMIieke cocraBa [Cu(Cys)(OH)(H,0).]" ¢
MaKCUManbHON cTeneHblo HakomwaeHuss 81.30%. Ilpoumecc rupgponmusa mepebuBaer
KOMIUTeKcoobpasoBanue ¢ HL, mostomMy [0 I'MIPOKCOKOMIIEKCA CTelleHb HaKOIUICHMS
Homy4aeTcs: OOjbllle, YeM C YMUCTBIM JIOHOM IVMICTEMHA, XOTSI KOHCTAaHTa OOpasoBaHNS
MOHOSIIEPHOTO KOMITIEKCa 0OJIblIle, YeM I'MIPOKCOKOMIIEKCA.

Takum o0pasoM, MeTOZOM OKMCIUTETBHOTO IOTEHIMana C IpVYMeHEeHUeM
OKVICTIUTENbHOM (YHKIMM ¥ TPEJIOKEHHBIM IPUHIVIIOM MOJe/IMPOBAaHUA PaBHOBECUII
CHCTEM OIIpefie/ieHbl COCTaB, YCTONYMBOCTD, 00/IACTY CYILeCTBOBAHNUS, CTEIIEHY HAKOIUIEHMSI
LMCTEMHATHBIX KOOPIVHAIIVIOHHBIX COeMMHEHNIT MEII: [Cu(Cys)(H,0)s]*;
[Cu(Cys)(OH)(H:0)2]*; Cu(OH)2(H20):]% [Cu(Cys)(L)(H.0).]".

YcraHOB/IeHa BO3MOXXHOCTD IIPUMEHEHVS IPUHIVIIA MOZIe/TMPOBAHNSA B OKUCIUTENBHO-
BOCCTAHOBUTE/IbHBIX CHCTEMaX C aMUHOKMC/IOTAMM, YTO 3HAUUTENBHO YCKOPSIET pacuyeThl U
MOBBIIIAET UX TOYHOCTh. PaccuMTaHHBIE MOJIE/NbHbIE MAapaMeTPhl KOMIUIEKCOB IMO3BOJSIOT
pasrpaHNYUTb 06/IACT CYIeCTBOBAHYIA M BBIIE/ICHN M3 PaCTBOPA CTAOV/IBHBIX KOMIUIEKCOB,
XapaKTepPU3YIOIIMXCS BBICOKOJ CTeIleHbI0 HAKOIUIeHMs. MopenpHble ITapaMeTpbl MOTYT
CIY>)KUTb CIIPAaBOYHBIM MaTepuajJoM JUIsl HAIpPaBIeHHOTO CUHTe3a COeUHEHMIl U

OCYLIE€CTBJ/IEHNA TEPMOANHAMMNYICCKUX paCI€TOB.
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BoeiBoabl

1. IToTeHIIMOMETpUYECKUM METOIOM M3Y4EHbI MIPOLIEeCCHI obpasoBaHMs
kooppuHanoHHbIX coeguHennit Cu (II) B cucreme Cu(Hg)-Cu(1I)-Cys-H,O npu TemmnepaType
298 K u nonHoit cune pacrsopa (NaNOs) I = 1.0 monb/.

2. Ilonmy4eHbl 3KcIlepMMeHTanbHble KpuBble 3aBucumocreit IOIC oT mokasaTenen
KOHIIEHTpaLMil MIOHOB Bofopoxa, Menu (II) u mucrenna. [Tokasano popmmupoBanme B cucteMe
komIutekcoB  cocraa:  [Cu(Cys)(H,0)s]*;  [Cu(Cys)(OH)(H:0).]*;  [Cu(OH)»(H.0).]%
[Cu(Cys)(L)(H:0).]".

3. CocTaBnieHbl XMMMYECKME MOJIel VIOHHBIX PABHOBECUII M3Y4EHHON CUCTEMBI U
BO3MOJKHBIE ypaBHEHNs peaKI[uil 00pa3oBaHMs YKa3aHHBIX KOMIUIEKCHBIX COEIVMHEHUIA.

DuHaHCHpOBaHUIE

Pabora BbIONHEHa B paMKax MpoekTa HaydHO-MCCIeZoBaTe/IbCKOrO WMHCTUTYTA
TamKNKCKOro HallMOHA/IBHOTO YHUBEPCUTETA.

CobmoeHne 3TUYECKIX HOPM

HacrosAmas cratbad He CONEP>KUT OIMCAHUA MCCIAENOBAHUII C MUCIIONb30BAHUEM B
KayecTBe 0O'beKTOB >KMBOTHBIX I JIIOEI.

Kondnuxr natepecon

ABTODBI 3asB/IAIOT 00 OTCYTCTBMM KOHQIMKTA MHTEPECOB B (DMHAHCOBOI MU KaKOJi-
6o nHoM cdepe.
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anekmpoconpomuesnerue.

Annomayus. B Oannoii  pabome  paccMampueaomcsi  pe3ynvriamvl
IKCNEPUMEHMATILHBIX — UCCIE008AHULL 1O MOOUPUKAUUU — NOTUMEPHDIX
KomnosuyuorHvix mamepuanos (IIKM) na ocrose snokcudHozo cessytouezo S1-20
PASTUMHBIMU TMUNAMU CTABUNIU3AMOpPos. VI3yueHo 6nusHue KOHUeHMPAUUU mepmo-
u  YO-cmabunusamopos — Ha  PusUKO-MexaHuuecKue — noxkazamenu U
anexmpogusuueckue xapaxmepucmuxu IIKM. B xo0e ananusa paccmampusarnmcs
MeXaHusMvl OeCMPYKUUU HNONUMEPHOLE MAMpPUybl U Pomb CMAOUTUSUPYIOULUX
000060k 6 3amedNieHUU IMUX NPOUeccos. Bolisenervl 3aKOHOMEPHOCU USMEHEHUS
1POBOOUMOCTNU U OUINIEKIPUHECKOTE NPOHULAEMOCHU 6 3ABUCUMOCINU O NPUPOObL
dobasok. Ilokasama e03moscHocmy onmumusauuu peuenmypor IIKM  ona
docmuieHust banarca mexoy cmabunvHOCMbIO CB0LICTNG 80 8PEMEHU U MPedyeMbIMU
ANEKMPOPUSUHECKUMU NAPAMEMPAMU.

Inga nuTupoBaHu:

Mocos A.O., Bopouumna C.IO., BmacoB B.B. Bmusume crabunmsatopoB Ha (GUSUKO-MeXaHUYECKUEe MU
anmektpodusndeckme corictBa IIKM // Ot xummn K TexHonoruu mar 3a marom. 2026. T. 7, Beim. 3. C. 83-94.
URL: https://chemintech.ru/ru/nauka/issue/7500/view

BBenenue

B cTparermyecky 3HauMMBIX cepax: aBUACTPOECHNM, IPOMBIIUIEHHOM M I'PaXIaHCKOM

CTPOUTENbCTBE, a TaKXe B 3JIeKTPOTEXHMYECKONl ¥ 3/1eKTPOHHON IPOMBIIIIEHHOCTHI

IIOIMMEpPHDbIE MaTEpMaIbl ISKCIUTYaTUPYIOTCA B YCIOBUAX >KECTKOTO y}Ipra(l)I/IOHeTOBOI‘O

00JTy4eHNs ¥ 3HAaUNTE/IbHBIX Nepenasios Temrepatyp [1]. [TomobHoe Bo3pericTBIE IPUBOANT K

CHIVDKEHUIO CTaOMIbHOCTI CBOI7[CTB, KOPO6HCHI/[IO JJIEMEHTOB I YXYJLICHNIO (I)YHKI_H/[OHaHbeIX

Ka4ecTB MaTepuanoB [2-4], 4To, B CBOIO O4epedb, yBelINUINMBAeT BEPOATHOCTb aBAPUITHBIX

CuTyanuit ¥ TpeOyeT HOIOTHNTENbHBIX 3aTPAT Ha 0OCTY>KMBAaHNE VI PEMOHT.

© A. O. Mocos, C. I0. Boponnna, B. B. Bracos, 2026
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B momckax 6amaHca MeXAy 3alllMTON M COXpPaHEHMEM MeXaHMKM pa3paboTIMKu
00paIIalTCsl K TEXHOJOTMAM IIOBEPXHOCTHOTO MoauuIupoBaHus (co3maHue OapbepHBIX
nokpbitnit) [5] nmubo x mpyuMeHeHMI0 (OTOCTAOM/IBHBIX KOMIIO3UIIVI, B TOM 4YNUCIe M Ha
3MOKCUAHON ocHOBe [6]. IIpakTmka MOKasbIBaeT, 4TO co3faHue (U3NUECKOro Oapbepa
3¢ GeKTUBHO MMIIb O TeX 0P, IOKa IOKPbITVE COXPAaHseT LEeMOCTHOCTh: B HMOABIDKHBIX
MeXaHM3MaX OHO OBICTPO paspylIaeTcsi, OTKPbIBas JOCTYII JeCTPYKTUBHBIM pakTopaM. B cBoo
odyepenb, ycroiumBble K Y®-cMOMBI He ABIAIOTCA MaHAleell: B PeaIbHBIX YCIOBUAX
9KCIDTyaTaluy (B/IQ)KHOCTD, HarpeB, MHCOJALNA) B HUX HeM30EKHO 3aITyCKAIOTCA IPOLIECCHI
CTapeHus, Beflylye K CHVDKEHUIO 9KCIUTYaTalIOHHBIX XapakTepucTuk [7]. Ocobplit MHTEpec
IpeJiCTaB/IsAeT M3ydeHNUe IMeKTPOPM3NIeCKUX CBOJCTB, IMOCKOIBKY OHM YYBCTBUTETBHBI K
CTPYKTYPHBIM M3MEHEHVSIM Ha MOJIEKY/IIPHOM YPOBHE U MOTYT CIIY>KUTb MHAMKATOPOM Hadasia
necrpykuuu [8]. Kpome Toro, mis MHOrmx obnmacreil mpuMeHeHMs (paiyo9/IeKTPOHMKA,
Ka0Oe/IbHast TEXHMKA) CTAOMIBHOCTD JVI9TIEKTPUIECKIX XaPAKTEePUCTUK ABJIAETCS KPUTUYECKUM
IIapaMeTpOM.

Ha ceropHANIHMIT TeHb 3aIUTa M3[eMNil 13 IOMMMEPHBIX MaTepUaIOB OT JeCTPYKLIUI
OCYILIeCTB/ISIETCS TIPEVMYILECTBEHHO 3a CYeT BBEJIeHNUs B COCTAB MaTepyana aHTMOKCUJAaHTOB
u crabuamsaropos [10]. [laHHBI HOAXO[ ObecHeyyBaeT KOMIUIEKCHYIO 3alUTy IO BCEMY
o6pemy msnenns, 9pPexTMBHO IPOTUBOAEIICTBYA TEPMOOKUCIUTEIBHON ¥ (POTOXMMUIECKON
Jlerpajjalliy, a TaKKe paclMpsiAd TPaHUIBl TePMUYECKON YCTONYMBOCTY. [/TaBHBIM
KOMIIPOMMCCOM TP TakOM peIIeHMM CTAaHOBUTCA IIOTEHIVAJIbHOE  yXyAIIeHNe
($M3NMKO-MeXaHNYeCKUX mapaMeTpos [11].

ITenblo HacTOsIIEN PabOTHI SAB/AETCS M3YUEeHNe BIUSHUA PA3TNIHBIX TUIIOB TEPMO- U
Y®-crabummsaTtopoB Ha  (QUIMKO-MeXaHMYeCKMe M  9NeKTpodmsnyeckue  CBOJCTBA
HOMMMEPHBIX KOMIIO3UIMOHHbIX MaTepuanos (IIKM) Ha ocHOBe 3IOKCHIHOTO CBA3YIOLIETO
9/1-20, MopuMUIVPOBAHHOTO ONHOCTEHHBIMM YIJIEPOAHBIMYM HAHOTPyOKaMmu, a Takke
BBIABJICHUE PONIM CTaOMIN3aTOPOB B 3aMeIJICHUV MAETPaflalivyi IIOMMEPHON MaTpUIIbI LA

COXpaHEHMs BO BpeMeH! IPOYHOCTHBIX XapaKTePUCTUK MaTepuaa.
OcHoOBHasA 4YacTh

It [OCTVOKEHMsI TIOCTAB/IEHHON Il pellanuch Caefylolue 3afadi: oTpaboTaTh
TEXHOJIOTUIO IIOJyYeHNUsI OOpasl[oB C Pas3IMYHBIMM TUIIAMU CTaOMUIM3ATOPOB, a TaKXKe C
BBeJIeHJeM TOKOIIPOBOJSIEIO HAIIONHUTENS — KOHI[EHTpaTa OJHOCTEHHBIX YITIEPOIHBIX
HAHOTPYOOK; IPOBECTM MeXaHNMYeCKye UCIBITaHKs OOpas3lioB Ha pacTsDKeHMe [0 ¥ IIOCTIe
coBMeCTHOro Y®- U TepMOBO3HEVICTBUA [ OLEHKU M3MEHEHUSA IPOYHOCTU Y MOZY/IA
YIPYTOCTH; M3MEPUTD 37IEKTPOCOIIPOTUBIEHNE 0OPa3IOB C YITIEPOAHBIMU HAHOTPYOKaMu B
polecce ferpajaluyl M OLEHNTh AUHAMUKY €ro M3MEHEHNs KaK MHAMKATOpa CTPYKTYPHOI
IIe/IOCTHOCTM IepKOMAUMOHHOM cetu [12]; comoctaBuTh 9¢PQPeKTMBHOCTD PasINIHBIX
CTabM/IN3aTOPOB ¥ MX KOMOMHALMII C TOUKM 3peHMsI COXpaHeHUs1 QU3NKO-MeXaHNYeCKNX U
3/meKTpom3NIecKuX XapakTepucTuK [13], a Takoke 000CHOBATDb ONTUMAJIBHYIO PELENITYPY AL

obecrieueHyss 6ajaHca MeXAY CTaOMIBHOCTBIO CBOJICTB BO BpEeMEHU U TpeOyeMbIMU

84



OT XMMHH K TEXHOMOTHH TOM 7, BbINYCK 3, 2026

aneKTpodu3MIecKMM IapaMeTpaMi. BbL1o n3roToBieHo gBa THIa 06pa3IoB /1A IPOBEAEHNS
9KCIIepMMEHTA 110 Aerpaflallii B 1B 9Tala:

- ICCTIelOBaHMe BIMAHNA CTaOMIM3aTOPOB Ha IIPOYHOCTHBIE CBOJICTBA IIONIVIMEPHOI
MaTpuLb (00pasIbl CO CTAOMIN3aTOPaMN);

- OLleHKa M3MeHEHMs 9JIeKTpoconpoTuBieHuss B obpasmax I[IKM (obpasupsr ¢
3JIEKTPOIIPOBOISAIVMM CTPYKTYPaMy U CTaOMIN3aTOPAMI).

OO6BEeKTOM 9KCIEPVMEHTAIbHBIX MCCIeNOBAaHMIA SABJIAICA HAaHOMOMUQUIVPOBAHHBIN
HO/MVMMEpHBII MaTepuajn. B kadecTBe momuMepHON MaTpuubl (YacTb A) HJI M3TOTOBJICHMS
ITKM ucnonpsoBanmy I]1-20 - snokcugHo-guanoBas cmona (000 «PYCIKOXNM», Poccus).
OHa npuMeHsAeTCA B NPOMBIIUIEHHOCTY B YUCTOM BHUAE, WIM B KaueCcTBe KOMIIOHEHTOB
KOMIIO3UI[MOHHBIX MAaTepUaloB - 3aIMBOYHBIX I IIPONUTOYHBIX KOMIIAyHZIOB, KII€eB,
TepPMETMKOB, CBA3YIOUIMX IS apMMPOBAHHBIX IUIACTUKOB, 3alIMTHBIX HOKpbITMit [14].
B xavectBe oTBepauTens (4actb B) ncnonpzoBamm Sran-45 (AO «9HIIL SIINTAJI»; Poccus)
B COOTHOLIEHMM CMOJIBI K OTBEPAUTENIO 2:1. DTO HETOKCUYHBIN OTBEPANUTEIb AMUHHOTO TUIIA
JI7151 STIOKCUIHBIX CMOJI ¥ KOMIIayH/IOB Ha MIX OCHOBE.

CoBpeMeHHbBIE NO/TMMEPHbIe KOMIIO3ULMM HY>KJAIOTCA B MHOTOCTYIIEHYATON CHCTEMe
crabymusanyu. JI1s 3aliuThl OT CBETOBOTO CTapeHus npuMeHsaT YP-crabummsaropsr [15],
takye kak UV-783 (HALS 783, UV Light Stabilizer 783, Tinuvin 783) - ato Y®-crabunmmsarop
U1t TonuMepoB (Tabnmuna 1), B Busie rpaHyn 6emoro nsera. OH NpUMEHSETCS IPU CO3TaHUN
ycroiiunBbIxX K Y @-BosperictBuio gonrosednpix IIKM Ha ocHoBe monumepos. B coro ovepepp,
JUISL 3aLIUTHI OT BBICOKMX TEMIIEPATYp M OKVCIEHUSA B COCTaB BBOAAT T€PMOCTAOMIN3ATOPBI,
takue Kak [Inaden OII wim Heoson [I. IlepBblit - B Bujie IpaHy/l KOPMYHEBO-CEPOTO LIBETA,
JIETKO PacTBOpPMM B O€H30JIe, YEeTBIPEXX/IOPUCTOM VIJIepOfe, HO HEPAcTBOPUM B BOJE.
Heoson [l - npencraisieT co00¥ KpUCTA/UINYIECKIIT ITIOPOLIOK KOPMYHEBOTO I[BETa, IIOBBIIIAET
CTOVKOCTb MaTepuajoB K paspyLIeHVIO IIpYM MHOTOKPATHBIX AedopManyax (yCTalToCTHYIO
BBIHOC/IMBOCTD) M 0OecIieunBaeT 3alUTy OT CBETOO30HHOTO BO3/IEIICTBIIA.

I[Tporecc BBemeHNA CTAOMIN3aTOPOB B KOMIIOHEHT A 3TIOKCUIHON CMOJIBI OCYIIeCTB/LA/N
npu nomomy MexaHmdeckoro pucnepraropa IKA T18 ULTRA TURRAX na ckopoctu
3000 06/MyMH B TedeHMe 5 MUH IIpM KOMHATHOW Temimeparype. CrabummsaTopsl

IIpeABapUTENIDbHO U3MENbYIAIN IIPY IIOMOINN CTYIIKM M IIECTMKA 1O IMOPOIIKa.

Ta6muua 1. TexHUYeCKMe XapaKTePUCTUKU CTabUIN3aTOPOB

Hanmenosanne UVv-783 | Huaden OII
3HaveHue
MoneKynapHBIil BEC, a.€.M. 708.34 226
ITnoTHOCTD, KI/M? 514 1180
Temnepatypa nnasnenns, °C, B npefenax 50-130 75
Temnepatypa Bocrtamenenns, °C bonee 200 238

Ilna  obecnedeHNsA 3/IEKTPOIPOBONHOCTY  SIOKCUAHBIX CMOJN C COXpaHEHNEM
Me€XaHMYEeCKUX CBOVICTB ¥ MUHMMAJ/IbHBIM BO3[I€VICTBMM Ha MONIMMEPHYI0 MAaTPUIy B 4acTb A

BBOJW/IM KOHIIEHTpAT yriaepopgHbix HaHoTpybok (TUBALL MATRIX 301) ¢ copepxaHyemM
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OIHOCTEHHBIX YITIEPOLHBIX HaHOTPY6oK B KommdectBe 10% (OO0 «HIIK OCSiAl», Poccus)
KOMOVHVPOBAaHHBIM CIIOCOOOM [VICHIepTMpOBaHMA (MeXaHWYeCKUIT U YIbTpasByKoBoli) [16].
9 deKTUBHOCTD MCIIONB30BaHUA MOIOMHUTENIBHO Y/IbTPa3ByKa CBSA3aHO C TeM, 4YTO
YIbTPa3BYKOBbIE BOJIHBI CO3[AI0T KO/MIEOAHV U CABUTHU B SKUAKOI Cpefie, a 3TO CIIOCOOCTBYeT
AVCIIEPTMPOBAHNIO HAHOTPYOOK. [lepemenBanye KOHIIEHTpaTa HAHOTPYOOK ITPOMCXOAMIIO B
KOMIIOHEHTe A 3IOKCUIHOI CMOJIBI C IOMOIIbI0 MEXaHMYeCKOTO AYCIepraTopa Ha CKOpOCTHU
3000 o6/MmH B TedeHue 5 MuH. 3aTeM IPOBOAWIOCH IepeMelIVBaHNe YIbTPa3BYKOBBIM
romorenusaropom /100-6/840 B Teyenme 5 MmH npu moutHocTy 50%. Kom6OuHamuio IOBYX
CII0co60B AVICHIEPTMPOBAHMA HAHOTPYOOK B CBA3YIOLIEM IIPOBOAVIIN TPY pasa.

[Tony4yeHHble TONMMMEpPHblE CMeCM [eTa3VpoOBalIM IIOJ, BAaKyyMOM JUI yAajleHus
Iy3BIPBHKOB, 3aTeM JJOOAB/Is/IV KOMIIOHEHT B (0TBepauTe i) U epeMelBaIy MeXaHNueCKUM
fucriepratopoM B TedeHye 5 MuH npu 3000 o6/mMuH. IlonydeHHYI0 HONMMMEpPHYIO CMeCh
BBUIMBA/I Ha (PTOPOIUIACTOBYI0 OCHACTKY, IZie IPeABapUTE/IbHO Ha KOHIIAX pabodeil dacTu
00pasIoB JIONATKM YCTAaHABIMBAINCh KOHTAKTBI B BUJE METHON CeTKM I/ OOecredeHMs
CTaOMIPHOTO CUTHAIa IPY OIpefeieHny aneKTpoconporusienus obpasnos [IKM. ITosxe
OCHACTKY 3a)KMMa/IM BTOPOJ IUTACTMHO CBEpXy ¥ IMPOBOAWIN IIpOIiecc MOAMMepu3aly B
cyummibHOM 1mKagy (IIIC-080-01) mpu Temnepatype 50 °C B TedyeHue 6 4.

OO6pasupl A MCHBITAaHUA M3rOTaBMMBamM B Qopme nomatku (tum 1B) cormacuo
I'OCT 11262-2017 (ISO 527-2:2012) — MexXrocygapcTBeHHbIN cTangapT «IImacTtmaccel. Merop
VICTIBITaHWA Ha pacTsDKeHue» [17].

[/ mpoBeieHN s MCIIBITaHNT OBIIO CO3[JaHO HECKO/ILKO IPYIII 00pa31ioB B 3aBUICUMOCTH
OT COOTHOLIEHUI 1 BbIOOpa cTabum3aTopoB. CoCTaBbl MOMMMEPHBIX KOMIIO3UIIMIL TIEPBOTO

aTamna (6e3 97IeKTPOIPOBOASILETO HATIOTHUTESI) IpKBeeHbI B Tabmuie 2.

Ta6muua 2. CoctaBsl 06pasIioB MOIMMEPHBIX KOMITO3UIIUI /ST MICIIBITAHWI

Hanumenosanue Komngectso KommuectBo crabunusaropa, %
obpasua CBA3YIOIETO, % Huaden OII Heoson ][I UV-783
Cocras 1 100.0 - - -
Cocras 2 99.0 1 - -
Cocras 3 99.0 - 1 -
CocrasB 4 98.5 - - 1,5
CocraB 5 97.5 1 - 1,5

CrapeHue o00pa3lloB OCYLIECTB/SUIM Ha CHELMATIbHOM CTeHAe (pucyHOK la),
paspaboranHoM B Cubl'Y mm. M.O. PemerneBa ¢ MopmenmupoBaHyeM ycnoBuit YO- u
tepMmoBo3fiefictBusa. Crenp umeer Y®-mamnmy MomHocTbio 15 BT M ¢ BbIXOfOM IO
ynbrpaduonery or 33 gmo 40%, a TakKe HarpeBaTe/IbHbBI 3/eMEHT I obecredeHNsA
HeOOXOAMMOJI TeMIepaTypbl BHYTPM YCTAaHOBKM. JIHTeHCUBHOCTD Y®-m3nyueHmss Ha
MOBEPXHOCTh 00pasnoB cocraBmwia 1941.17 Br/m* [18]. CTeHm mo3BosieT BOCIPOM3BECTH
COBOKYIIHOe Bo3fielicTB1e Y D-y3/TydeHns U Telia Ha 00pasiibl B TeUeHe IPOJODKUTENTBHOTO

BpeMeHU. Temneparypa B CTeHie Ha IPOTSKeHMUM IKCIIepUMeHTa nopgep>xusanach 40 °C.
A AR
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OT XMMUMU K TEXHOJIOTUX RiTEARTTIEANVY

Puc. 1. O6pasipl B cTeHfIe st lerpaganuu (a) u Ha paspbIBHON ManmHe (6)

JliA OLleHKM MONTOBPEMEHHO CTaOMIBHOCTM CBOJVICTB IIOVMMEPHBIX KOMIIO3MIIMI
IIPOBEZIEeHBI VICIIBITAHMSA HA YCKOPEHHOE CTapeHye mpy akcrnosunym 168, 336 u 504 4. Beibop
BepxHell rpaHunsl Temneparypsl (40 °C) obycnoBieH TeM, 4TO e€ mpeBbllleHMe (OIVDKe K
TeMIlepaType CTeKIOBaHMs IMOJMMEpPHOI MaTpuipl, cBbiue 50 °C) Mormo Obl IpMBECTH K
HOTepe TeOMeTPUYECKOI CTabMIbHOCTY 0OPas1ioB.

CornacHO nuTepaTypHbIM JaHHBIM [18], romoBas mosa Y®-usnydeHus B permoHax c
BBICOKVIM YPOBHEM COJTHEYHON pafiMaluy COCTaBiIsAeT B cpefHeM 2.5-10° Ix/m>. Ecnn
NOJACTaBUTh B PacyéT M3MEPEHHYI0 Ha IIOBEPXHOCTM O0Opas3lloB MHTEHCHBHOCTD
Y®-06ny4uenns1, To BpeMsi, HEOOXOAUMOe ISl HAKOIUICHNUs 9KBMBATEHTHOI TOLOBOI TO3BI B
MabOPaTOPHBIX YCIOBMAX, COCTABUT:

W 25-10°

t,=—=—"—=1,29-10° ~ 35,8 u.
e =7 T 192117 b

rae te — BpeMA JocTipKeHuA 1o3bl Y O-msnydennsd, ¢; W — gosa YO-usnydenus 3a BpemA t,
Ix/m% I - maTeHCUBHOCTD Y O-m3nydenns, Br/m?.

Takum 06pasoMm, Ijis1 ZOCTVDKEHWS TOf0BOI 03Bl Y D-00/1yueHns, XapaKTepHO s
TEIUIOrO K/IMMaTa, JOCTaTOYHO 35.8 4 HelpepbIBHON paboThl ycTaHOBKM. COIIACHO ITOAXOAY,
OIMICAaHHOMY B pabotax [18-19], koappuiyeHT yckopeHus Kk oInpenenseTcss Kak OTHOLIEHME
BPEMEHM €CTECTBEHHOIO CTapeHuA K BpPEMEHM YCKOPEHHOTO CTapeHMsA IpU OMHAKOBON
HaKOIIJIEHHOM JT03€:

k_tECT_3,154-107 -
T t,  1,29-105 77

Takum o6pasom, 1 4 ucnbitanmit B YP-kaMepe 9KBMBaJeHTeH HpUMepHO 244.5 4
€CTECTBEHHOTO OOJydeHMs TIpM CpPeJHErofloBOil MHTeHCUBHOCTH. COOTBETCTBEHHO,
IPOJO/DKUTEIBHOCTD YCKOPEHHBIX McnbITanuit (168, 336 u 504 1) n03BO/IAET CMOJEIMPOBATh
pasnuYHble CPOKM SKCIUTyaTalui MaTePUAIOB.
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VcnplTanne 06pasioB Ha pacTspkeHMe mpoBopwmich cormacHo I'OCT 32656-2017
«Komnosutsl monmumepHble. Mertoapl ucnbiTaHuil. VicnblTaHus Ha pacTspkeHme»  [20].
[ns mpoBefeHNs MCIIBITAaHMIT OBUIO CO3[JaHO HECKOIbKO rpymn obpasnos IIKM ¢ pasHeiM
COCTaBOM.

OO6pasubl MCHBITHIBAIM HA 37IEKTPOMEXaHNYEeCKOi McmbITaTenbHoit MamyHe [OCT
cepust MVIM (Poccust) ¢ MakcuManbHOI rpy3onogbeMHOCTbIo 10 KH. O6pasiipl 3akpervisam B
3axBaTaX ¥ IIOABEPTraM OJHOOCHOMY PpaCTs>KEHMIO /IO paspylleHMs B COOTBETCTBUM C
I'OCT 11262-2017 (ISO 527-2:2012).

IKCcnepUMeHTAaTbHas 9acTh

[Tony4eHHbIe B XOZie MCIIBITAaHNIT 3HAUYSHMA IIPOYHOCTY NIPY PACTSKEHNM 1A BCeX IATH
JVICCTIelyeMbIX COCTaBOB ITO/IMMEPHBIX KOMIIO3MIuII (Tabmuia 2): KOHTPOIbHOTO (cocTaB 1 - 6e3
CTabunM3aTopoB), copepKammit aHtuokcupant Heoson [ (coctaB 3), deHOMBHBIN
antnokcugant [uaden OPII (cocraB 2), cBerocrabmmmsarop UV-783 (cocraB 4) m ux
KoMOMHaIMo (cocTaB 5) - KaK MCXOMHBIX, TaK u 1mocie 504 1 coBmecTHOro Y®- n
TePMOBO3[IeICTBNUA - IIPUBEEHBI Ha PUCYHKe 2. B 4acTHOCTM, Ha I'MCTOTpaMMe COIIOCTaB/IeHbI
pe3y/bTaThl Ui MCXORHBIX 00pasuoB (6e3 cTabummsaTopoB), a TakXKe I KOMIIO3UINIA,
copepkamux eHompHbI aHTHOKCUAAHT uaden O®II, cerocrabunmsarop UV-783 u ux
OMHApHYIO KOMOMHAIMIO, KaK B COCTOSHMU Iocine (GopMOBaHMs, Tak ¥ mocre 504 d
COBMECTHOTO BO3ZeNicTBUA Y®D-M3/TydeHNs U IOBBIIIEHHON TeMIepaTypbl. OTO IIO3BOJISAET
HAI/IATHO CPAaBHUTH BIAMSHUE KaXJOTO U3 BBENEHHBIX CTaOMIM3ATOPOB Ha COXpaHEHMe
MeXaHUYeCKVX CBOVICTB ITOIMMEPHOI MaTPUIIBI B YCTIOBMSIX YCKOPEHHOTO CTapEeHN.
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IIpounocTs npu pacrsizkenuu, MIla

10

DJ1-20 DJ1-20+Imaden DJI-20 + Heoson J| DJI-20 + UV-783  DJ1-20 + UV-
oI 783+ Tnaden I

Puc. 2. - BrusiHue cTabuim3aTopoB Ha IIPOYHOCTD 06PA3IIOB MOMMMEPHBIX KOMITO3UIINIT IPU pacTsikeHwuu 1o (1)
n ocne YO- u repmoperpaganuy (2) B redenne 504 4
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AHamua nNpoYHOCTM OOpasoOB, INpPEACTABJICHHBII Ha pUC. 2, IOKa3al, YTO BCe
VICCTIelOBaHHbIe NO0AaBKM BIMAIOT HAa MeXaHWYECKMe CBOJICTBA IIOJIMMEPHON MAaTpPUIIbI,
OIHAKO XapaKTep ) CTeIleHb 9TOTO BIVIAHMSA Pa3INdaloTcs. AHTMOKCUIAHT PEeHONTBbHOIO THUIIA
Iuaden OII ymepeHHO MOBBINIAET IPOYHOCTHBIE TIOKA3aTe/IN IO CPABHEHNIO C KOHTPOTIbHBIM
00pasIioM, 4TO, BEPOSATHO, CBA3AHO C JOIOTHUTETbHBIM CTPYKTYpMpPOBaHUEM IIOTMMepa 3a
cuét 0O6paszoBaHMs (PU3MUECKNX CIINBOK.

Cserocrabmmmsarop UV-783  (omuromepHbiii  3aTpyfHéHHbII  amuH, HALS)
obecrieunBaeT Haybo/ee BBIPAKEHHBINI NPUPOCT IPOYHOCTU Cpeiy BCeX ORHO(AKTOPHBIX
no6aBok. Bricokas a¢peKTMBHOCTD OOBACHAETCS €r0 TePMUYECKOI CTaOVIBHOCTBIO, HU3KOM
MUTpanyeil ¥ BO3MOXXHBIM O0pa3OBaHMEM [OIOTHNUTEIbHBIX (U3NYECKMX Y3/I0B B CETKE
HoMMepa.

Oco0Oblil  MHTEpeC IpefcTaBiasAeT oOLeHKa 9((eKTMBHOCTY KOMOVHMPOBAHHON
crabwmsanym. IlonuMepHasa cmech co crabmmmsaropamu UV-783 n Inapenom ®II Taxke
IaéT BBICOKME 3HAYEHV IPMPOCTA IPOYHOCTY, CONOCTABUMBIE C 0OpasIiOM, COAEp>KaIUM
tonbko UV-783. CoBmecTHOe mpyMeHeHne YP-cTabWIM3aTopoB M aHTUOKCUIAHTOB, KaK
IIPAaBMJIO, HAIIpaB/IeHO Ha CO3JlaHMe MHOTOYPOBHEBON CHMCTEMBbl 3al[UTHL. B maHHOM ciydae
koMmOuHanyss UV-783 ¢  aHTMOKCMZAHTOM (QeHONbHOTO Tuma obecrednBaer Oosee
a¢ddexTUBHOE TOfjaB/IeHNe JeCTPYKIMM KaK Ha IOBEPXHOCTY, TaK U B 00bEéMe Marepuasa.
Takum 00pa3oM, WCXOAsA M3 pe3y/IbTaTOB MeXaHMYECKMX MCIBITAHUI, HalbHeNle
uccnenoBanyA BosfelicTBuA Y®- u TepMmoperpajanyy ObIIM IIPOAO/DKEHBI Ha COCTaBe
91-20 + UV-783 + [Inaden OII, nOCKONIBbKY MMEHHO OH IIPOAEMOHCTPUPOBAJI MAKCYMAIbHYIO
IIPOYHOCTD MCCTIeyeMbIX 00pa3IioB 1 cocTaBiI okono 55 MITa.

Ha BropoM sTame B NOMMMEpPHYIO MAaTpUIy BBIOPAHHBIX COCTAaBOB BBOJVIICH
3/IeKTPONPOBOAAIINIT HAIIOMHUTETb — KOHIIEHTPAT OJHOCTEHHBIX YIJIEPOJHBIX HAaHOTPYOOK
(TUBALL MATRIX 301). Ha ocHOBaHMM peOlOrMYeCKMX MCCIeOBaHMII Oblla BbIOpaHa
ontumanbHass kKoHientpaums YHT - 1.0 macc. %, obecmeumBatomiast QopmmupoBaHme
CTaOWIBHOM TIEPKOJIALMOHHON CeTM IPY COXPAHEHUM TeXHOTOTMYECKOVl BS3KOCTYU
cBsasytoltero. Mopm¢uipoBaHHble COCTaBbI IPVBENIeHbI B Tabmuie 3.

Ta6muua 3. Cocrassl 06pasios [IKM as ncnbitanmit

Komuectso Koymraectso Kosnnuecrso crabunmsaropa, %
Ob6paser MaTepuana 0
CBSI3yIOLLIErO, % YHT, % Inaden OI1 UV-783
Cocras 1 + TUBALL
99.0 1 - -
MATRIX 301
Cocras 5 + TUBALL
96.5 1 1 1.5
MATRIX 301

Ilna uccnenoBaHys BIVMAHMA KOMOWHMPOBAHHOTO BO3JEVCTBMA ABYX (aKTOPOB Ha
3/IeKTPONPOBOAAIINE XapakTepucTuku obpasuel I[IKM 6bUmM pasmeneHbl Ha JBe TPYIIIbL:
cocraB 1 — 6asoBasg marpuua 3/I-20 ¢ yrrepogHbIMM HaHOTpyOKaMu (6e3 cTabMIn3aTopos),
COCTaB 5 - [ONONMHUTENbHO cofepxammit 1.5% dorocrabummsaropa UV-783 wn
1% antnokcupanra [Iuaden PII. Ha pucynke 3 mnpepcraBneHa AUMHAMUKA VM3MEHEHVA
IMPOYHOCTY IPM PaCTSHKEHUM IJIA 3TUX ABYX rpynn B mpouecce 504 4 coBmecTHOro Y®- u
TEPMOBO3/IEVICTBUA.
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CpaBHUTE/IBHBIN aHA/IN3 JBYX cepuil 00pa3lioB ITOKasasl IPUHINIINAIbHbIE PA3ININs B
K/HETMKe [erpajlaliuyi MeXaHNYeCKUX CBOJVICTB IpM IIOC/IeOBATe/IbHOM YyBeTNYEHUN
akcriosunyy B Y®-creHzie. B kauecTBe KOHTPOIBHOI BBICTYIANIA cepys Oe3 cTabuim3aTopoB
(3[0-20 ¢ TUBALL MATRIX 301), B kauecTBe OIBITHOV — Cepusl ¢ KOMOVWHMPOBAHHOIN
cucremoit 3ammtel (91-20+UV-783 ¢ Inaden ®IT 1 TUBALL MATRIX 301). B ucxognom
COCTOSIHMM CTaOMIM3MPOBAHHBI COCTaB 5 IHPEBOCXOAMUT HECTaOMIM3MPOBAHHBIN aHANIOT
(coctaB 1) mo mpounoctm Ha 18.5 % (64 MIla nporus 54 MIla). Takoe yrydiieHnue,
00ycoBneHO HecKonpKuMu (akropamu. Bo-mepBbix, omuromepHsnt Y®-crabunmsarop
UV-783, obnafas HU3KOI Murpauyesi, MoXxeT 0OpasoBBIBaTb JOIOTHUTEIbHbIE (HU3NYECKIIe
Y37bl CIUMBKM C STIOKCUIHONM MaTpUILIEN 32 CYET BOJOPOMHBIX CBA3€I MEX/Y aMUHOIPyIIIIaMu
HALS u ruapoKCHMIbHBIMY TPYIIIAMM CMOJIBL, YTO IOBBILIAET ITIOTHOCTh CETKU. BO-BTOpBIX,
KOMOMHAIMsA ¢ QeHONMbHBIM aHTHOKcupaHtoM Juaden @II, cnocoberByer 6osee
PaBHOMEPHOMY pacIpefie/IeHVI0 JIOK/JIbHBIX HANpsDKEHUII Ha MUKPOYPOBHE, yMEHbINas
KOHLIEHTpauuio JiegeKkToB, HeM30e)KHO BO3HMKAIOMMX IIPM BBEJICHMM HAIIOTHUTEIIA.
B pesynbraTe monmuMepHas MaTpulia CTAHOBUTCA Oojee OFHOPORHON, 4TO M JAa€T IPUPOCT
IIPOYHOCTH eIé 10 Hayala YCKOPEHHOTO CTapeHM.

ITocne 168 u crapenus y cocrasa 1 + TUBALL MATRIX 301 npodHOCTb magaer 1o
48 MIIa, Torfa KaK CTaOM/IM3MPOBaHHBIN cOcTaB 5 coxpaHseT 62.5 MIla (magenue Ha 2.3%).
CrnenoBaTe/bHO, Ha HavyajbHOM 3Tare KoMm6uHanus duapen OIT + UV-783 adpdextnBHO
3aMeJIAeT AeCTPYKIVIO IOMMMEPHON MaTPUIIBL.
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Puc. 3. Bnusanne cTabuimsaTopoB Ha IIPOYHOCTDb IPY PACTSHKEHNMH 9MeKTPONpPOBOAAmuX obpasuos ITKM Ha
OCHOBe 3MOKcUAHOro cpaAsywoiero 3/1-20 ¢ 1.0 macc. % TUBALL MATRIX 301 B mporecce copmecTHOro Y®- n
TePMOBO3/eNicTBNA B TedeHre 504 u: 1 — 06pasibl ¢ KOMOMHMPOBAHHOI cyicTeMoli cTabummsatopos (UV-783 1.5%
+ Inaden ®PII 1%); 2 — HecTabUMM3MpOBaHHBIE 0OPA3IIBI
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I[Tpu yBenmmdeHnm sKCo3nLym o 336 4 11 HecTabVIM3MPOBAaHHOTO 00pasiia IPOYHOCTD
cHkaercs 1o 42 MIla (o6uiee magenne coctaBuno 22.2 %). Y cTabumm3aupoBaHHOTO COCTaBa 3TH
nokasaTemu coctapyaior 61 MIla (-4.7%). Ilpu aToM JONONHNUTENbHOE TTafieH1ie TIPOYHOCTY B
uHTepBane 336-504 4 y HecTabMIM3MPOBAaHHOTO MaTepuana mocruraer 17.8%, Torpga Kak y
CTaOM/IM3MPOBAHHOTO — JUIIb 5.5%, YTO CBUMIETE/ILCTBYET O COXPAaHEHUM 3alNUTHON
3G GEeKTUBHOCTY IIPY AIUTE/IbHBIX SKCIO3MLIMAX U IPeOTBPAIleHUH ieTPaialiuy Me>K(asHbIX
KOHTaKTOB.

AHanornyHas TeHJeHLUA HAaOTIORAeTCs U I MOAY/IA YIPYTOCTH. VICXORHBI MOJYIIb
cocraBa 5 c TUBALL MATRIX 301 (3450 MIIa) npeBsinraer nokasarens coctasa 1 ¢ TUBALL
MATRIX 301 (3250 MIIa) Ha 6.2%. IToce 336 4 cTapeHNsa MORY/Ib cocTaBa 1 CHIDKaeTCA O
2900 MITa (magenue Ha 10.8%), a cocraBa 5 — 1o 3200 MIla (magenne Ha 7.2%). K 504 4 mogynp
cocraBa 1 mapmaer go 2600 MIla (obwee magenne 20%), a coctaBa 5 — go 3050 MIla (obuee
nasieHue 11.6%). Takum obpasom, crabummusanus 3PpdeKTUBHO 3aMefIsieT Jerpajalyio Kak
IIPOYHOCTHBIX, TaK ¥ YIPYIUX CBOVICTB 9JIEKTPOIPOBOASAIIEIO HAHOKOMIIO3MTA.

[id M3MeHeHMs 9SJIeKTPUYECKOTO CONPOTUBIEHMA 00pasioB mnpu gedopmannu
ucnonbzoBancs nudposoit mynbtumerp UT61E ¢ ¢pynkumeit NCV (Poccus). Mynbrumerp
HOZIK/IIOYA/ICS K 00pa3iiaM ¢ IOMOIIBIO 3KVIMOB K METHBIM KOHTaKTaM, MIHTETPUPOBAHHBIM B
obpasupl [IKM npu ¢opmoBanun. lVsmepennme conpoTuMBIeHUs IPOBOAWIOCH HO Hadana
VICIIBITAHMIL U [lajiee e>KeHefle/IbHO B TedeHMe Tpex Hemenb (504 1) HaxoxjeHus oO6pasioB B
Y®-crenpe, copMemarpieM BosgeiictBye Y O-13mydeHNs U TeMIIEPATyphl.

Ha puc. 4 mpepicraB/ieHa fMHaAMJKa M3MEHEHVS 97IEKTPOCOIPOTUBICHNS /I ABYX IPYIII
o6pasuos [IKM Ha ocHOBe anokcugHOrO cBA3syouero J/1-20, mognduumposannoro 1.0 macc.
% OJHOCTEHHBIX YIJIEPOIHBIX HAHOTPYOOK: 6e3 crabummsaropos (3]]-20 + TUBALL MATRIX
301) 1 ¢ koMOMHMpOBaHHOM cucTeMoit ctabunusaropos (I1-20 + UV-783 + [Inacen PIT +
TUBALL MATRIX 301) B mporjecce 504 4 coBMecTHOTO Y D- 11 TepMOBO3/IeiICTBIA.
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Puc. 4. ViameneHve sekTpoconpotysienst oopasios [TKM Ha ocHoBe anokcupgHoro casiymomtero 9]1-20 ¢ 1.0 macc. %
TUBALL MATRIX 301 B mporecce coBMecTHOro Y ®- 11 TepMOBO3/IeicTBYA: 1 — 06pasLbl ¢ KOMOMHMPOBAaHHON
cucremoit crabummsaropos (UV-783 1.5% + [uaden OIT 1%, coctaB 5, Tabmmua 3); 2 — obpasubl 6es
cTabyunMM3aTopos
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K konmy Habmomernit (504 4) MX 3/IEKTPOCONPOTUBIIEHME [OCTUTAET 3HAYEHMUIA,
3HAYNMTE/IbHO IIPEBBIIIAIONINX IT0KA3aTeIV CTaOVIM3MPOBAHHBIX KOMIIO3UTOB. O6pasubl 6e3
CTabMIN3aTOPOB AEMOHCTPUPYIOT pe3Koe YBelIMdYeHNe CONPOTVBICHMA Y>Ke Ha HadaabHbBIX
JTamnax ierpafanuu. Y xe Ha nepBoii Hezerne (168 1) pukcupyercs yBenmmdeHue CONpOTHBIEHNA
B 1.5 pasa OTHOCHUTENIBHO VICXOHOI'O YPOBHA.

YcraHOB/IeHO, 4TO moce 504 4 9KCHO3MLMY COIPOTUBIIEHVE HeCTaOMIN3MPOBAHHBIX
obpasuos (91-20 + TUBALL MATRIX 301) Bo3pacraer ¢ 253 go 510 kOm. BeposTHo, 310
CBSI3aHO C MAacCOBBIM paspblBOM IEpPKOJIALMOHHBIX KOHTAKTOB MEXJAY HaHOTPyOKaMu
BCJ/IE[ICTBUE IECTPYKLIMM IIOJIMMEPHON MaTPUIbl: BO3HUKAT MMKPOTPEIMHBI, TPOVCXOANT
OKICJIeHVe TOBEPXHOCTHBIX CTIO€B ¥ pa3pbIBbl MOMMMEPHBIX Lienell. B mpoTuBononoXHOCTD
3TOMY, BBefleHIle KOMOVHMPOBAaHHON cucteMsl ctabummsaropos (UV-783 ¢ Tnapenom OII)
IPUBOJAUT K CYIIECTBEHHO 0OoJiee MeIECHHOMY POCTYy COIPOTMBIIEHVS: 3a Te Xe 504 u
yBe/IM4eHNe COCTaB/IsAeT 4yThb Oojlee 4eM B [iBa pasa OT MCXORHOTo - ¢ 145 mo 325 xOm
(Cocras 5 + TUBALL MATRIX 301).

Takoe pasnuume OODBACHAETCA MeXaHM3MOM [elcTBUS cTabmnmsaTopoB. UV-783,
KOTOpbIil 3PPEKTUBHO TacUT CBOOOJHDBIE paiMKaibl, obpasylomuecs moj aeiictBueM YD,
npeporBpamas (GOTOOKMC/IEHNEe IOBEPXHOCTM ¥ IIPUIIOBEPXHOCTHBIX C/IO€B; Oaropaps
OIMTOMEPHOI CTPYKType OH Majo MUIPUPYeT ¥ obecredyBaeT JOATOBPEMEHHYIO 3allUTY.
IMaden PIT mogapsieT TepPMOOKIUCINTENbHYIO leTpajaliiio B 00bEMe MaTpUILIbI IIPY HarpeBe.
B pesynbraTe momuMepHas MaTpULla COXpaHAET LEJTOCTHOCTb, YMEHbBINAETCA KOIMYECTBO
MMKPOTPELIVH ¥ Pa3pbIBOB Liellell, a IPOBOAALIAs CeTh U3 YIJIEPOZHBIX HAHOTPYOOK OCTAETCA
IpAaKTUYeCKM Her3MeHHoI. TakuM o6pa3oM, BBefleHNe CTaOMIN3aTOPOB CHIDKAET CKOPOCTh
pOCTa CONPOTUB/IEHNUA 10 CPAaBHEHNIO C HECTaOWIN3MPOBaHHBIMM 0OpasLamy yepes 504 daca
COBMeCTHOTO TepMo- 1 Y @-Bo3pericTBMs Ha 06pasiisl [IKM.

BriBonb1

B pesynbraTe IpOBENEHHOTO MCCIENOBAHNUA YCTAaHOBJIEHO BJIVISHME CTaOMIN3aTOPOB
(UV-783, NInacdena OII) Ha ¢usuKo-MexaHMYeCKMe U 9SNIEKTpoPU3MYecKye CBOWCTBA
MO/IMMEPHBIX KOMIIO3UIIMOHHBIX MAaTe€PMaIoB Ha OCHOBE SMOKCUAHOrO cBaAsymomero J]I-20,
MOAMQPUIVPOBAHHOTO OFHOCTEHHBIMY YITIEPOAHBIMI HAHOTPYOKaMIL.

[Tokasano, uro BBefeHme crabmnmsaropoB (UV-783, Nnacden OII) B kommyecrBe
1-1.5 Macc. % NOpUBOAUT K M3MEHEHMIO IPOYHOCTHBIX XapaKTepUCTUK IONIMMEPHBIX
KoMmosynyit. Hanbonpimmii mpupocT MORY/IA YIPYTOCTM IPU PACTKeHMM obecriednBaeT
¢dorocrabummsarop UV-783, 4ro, BepoATHO, CBA3aHO ¢ GOPMMPOBAHVEM [JOTIOTHUTEIBHBIX
¢dbusnyecknx y3noB ceTky nmonumepa. KombuH1poBaHHOe IpUMeHeHe JBYX CTaOMUIN3aTOpOB
(coctaB 5) MO3BOJIAET JOCTNYD MAKCHMAJIBHOTO COXPAHEHMs MEXaHWYeCKMX CBOJICTB IOCIIe
504 4 coBMecTHOTO Y ®- 1 TEpPMOBO3/IENICTBUA.

[TokasaHo, 4TO 3JEeKTpocoNpoTUBIeHNe HaHoMomuduuupoBanubix [IKM sBnsercs
BbICOKOUYYBCTBUTE/IbHBIM ~ HEPa3pyLIAOUIMM  MHAMKATOPOM CTPYKTYPHOI  Jerpajanuu
HOMVMMEPHON MaTpuubl. VIcXogHOe CONpOTUBICHME HeCTaOVIM3NPOBAHHBIX O00pPa3LoB
cocrassiio 253 kKOM, a 06pa31ioB ¢ KOMOMHIPOBAHHON CUCTEMOIT CTabMIN3aTopoB — 145 KOM.
[Tocne 504 4 coBMecTHOro Y®- 1 TepMOBO3JENCTBUA Y HECTAOWINM3MPOBAHHBIX 00Pa3LIoOB
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COIIPOTUBIIEHME BO3PpOco 10 510 KOM, 4TO CBUAETENbCTBYET O paspbiBe IEPKOIANMOHHBIX
KOHTaKTOB MeXJIy HaHOTpyOKamm. B To ke Bpems mas 00paslioB, COJep>KaIUX
crabummsatopsl (UV-783 ¢ [Inadpernom PII), conmpoTnpieHne I0 OKOHYAHUY VCIIBITAaHWIL He
npesblcyio 325 KOM, 4YTO COOTBETCTBYeT YBeIMYEHUIO YyThb Oojlee 4eM B [Ba pasa
OTHOCHUTE/IbHO MCXOIHOTO YPOBHA.

YcTaHOB/IeHa KOppensAuMs MeXHY COXpaHEHMeM MeXaHUYeCKMX CBOJICTB U
CTabMIBPHOCTBIO 37IEKTPOCOIPOTUBIEHMS, YTO II03BOJIIET PeKOMEHIOBATh METOJ] M3MepeHMI
COTIPOTMBJIEHMA /I ONIEPaTMBHOTO HepaspyIIAoNIero KOHTPO/IA Le/IOCTHOCTY IPOBOJAIEl
ceTy U Mporuosuposanna ponropedHoctyt [IKM Ha ocHOBe SIOKCHIHOTO CBA3YIOIIETO 1Py
COBMECTHOM BO3zieyicTBUY Y D-V3/TydeH s U TOBBIIIEHHBIX TeMIIePaTyp.

Hay4Ho-npakTideckasi 3HAYMMOCTb PAabOTBI COCTOUT B OOOCHOBaHMY BO3MOXXHOCTH
omruMumsanuy  peuentypsl IIKM myrém mnombopa KOMOMHAnuM — CTabWIN3aTOpPOB,
obecnieynBamolleil 6aaHC MeXJY CTaOMIBHOCTBIO (PM3MKO-MeXaHMYECKNX XapaKTePUCTUK U
TpeOyeMbIMI 37IeKTPOPU3NIECKVMIM TTapaMeTpaMy. I[Ipemmo)keHHBII NOAXOJ IO3BOJIAET
CYILIECTBEHHO IPOJINTb CPOK CIYXXOBI 3/eKTPONPOBOAAIINX IOJVMEPHBIX KOMIIO3UTOB,
COXpaH:AA UX QYHKIVIOHAIBHOCTD B aBYACTPOEHMM, STIEKTPOTEXHMKE U APYTUX OTPACIAX, Te
KPUTUYHBI J/INTETbHAs CTAOMIBHOCTD CBOJICTB U YCTOMYUBOCTD K Y D- 11 TEPMOBO3/IEIICTBUIO.

CHnlcoOK MCTOYHUKOB

1. Shi Z., Zou C., Zhou F., Zhao J. Analysis of the Mechanical Properties and Damage Mechanism of Carbon
Fiber/Epoxy Composites under UV Aging. Materials, 2022, 15(8), 2919. DOI: 10.3390/ma15082919

2. JlanreB A.B., Hectepos A.C., Bappanan A.M., Hukomaes E.B. [IpuHIUIEI BO3AeiicTBUA TeIUIa, BIIATU U
yIbTPpadMoNIeTOBOTO U3TyYeHN Ha MOMMMEepHbIe MaTepyalbl ¥ U3ydeHMe UX CBOICTB MeTOLOM (PaKTOPHOTO
akcnepumenra. Tpyow BIAM, 2021, 8(102), 34-43. DOI: 10.18577/2307-6046-2021-0-8-34-43

3. IleryxoBa E.C., ®emopoB A.JI. KnumaTudeckme WCHBITAaHUA TONMSTUIEHOBBIX KOMIIO3UI[MOHHBIX
MaTepyaoB, CONEpKAlMX paslndHble cTabuwmmsupymoupye Robasku. IIpupodnvie pecypcot Apxkmuku u
Cybapxmuxku, 2019, 24(4), 161-168. DOI: 10.31242/2618-9712-2019-24-4-16

4. Hwusuu [.P., Husuna T.A., Censes B.II., Kanaea H.C. O6parumble u HeoOpaTumble U3MEHEHUS CBOJICTB
[O/MMMEPHBIX MaTepyUasoB IIPY ITOJIHOMACIITAOHOM K/IMMATIIEeCKOM CTapeHWUM. YMHble KOMNO3UMbvl 8
cmpoumenvcmae, 2022, 3(1), 18-29. DOI: 10.52957/27821919_2022_1_18

5. Huang J., Kuo C., Choi K., Tsai H. Anti-corrosive and UV-resistant three-dimensional epoxy coating based
on reduced graphene oxide, modified carbon nanotubes. Polym. Degrad. Stab., 2024, 110629.
DOI: 10.1016/j.polymdegradstab.2024.110629

6. Du B., Chen N., Zhang G. Enhanced ultraviolet aging resistance of epoxy resins through surface enrichment
achieved by fluorinated graphene oxide@CeO,. Compos. Sci. Technol, 2024, 110655.
DOI: 10.1016/j.compscitech.2024.110655

7. Rabnawaz M., Selke S.E.M., Wyman I. Degradation, Stabilization, and Recycling of Packaging Materials. 1st
ed. Wiley-Blackwell, 2025, 384 pp. DOI: 10.1002/9781394294299.

8. Huang X., Zhang S., Zhang P. Autonomous indication of electrical degradation in polymers. Nat. Mater.,
2023, 22(2), 237-243. DOI: 10.1038/s41563-022-01435-5

9. Zhang Y., Li X., Wang H. Electrical conductivity evolution of carbon nanotube/epoxy composites under
combined UV  and thermal aging. Compos. Sci.  Technol., 2023, 234, 109942.
DOI: 10.1016/j.compscitech.2023.109942

10. Kumar A., Singh B.P., Choudhary V. Synergistic effect of UV stabilizer and antioxidant on the degradation
kinetics  of  epoxy  nanocomposites.  Polym.  Degrad.  Stab., 2022, 198,  109875.
DOI: 10.1016/j.polymdegradstab.2022.109875

93



OT XMMHH K TEXHOMOTHH TOM 7, BbINYCK 3, 2026

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Chen X., Wang]J., Liu Y. Efficiency of UV-783 and Diafen FP in delaying the resistivity increase of conductive
polymer composites under hydrothermal aging. Prog. Org  Coat, 2024, 189, 108267.
DOI: 10.1016/j.porgcoat.2024.108267

Tian C., Wang Y., Yang Q., Ge Z., Du. Y. Smart properties of carbon nanotube-epoxy composites. Proc. Inst.
Mech. Eng., Part L. 2020, 234(11) 1409-1416. DOI: 10.1177/1464420720942934.

Liao L.M., Pan CX. Enhanced Electrochemical Capacitance of Nitrogen-Doped Carbon Nanotubes
Synthesized from Amine Flames. Soft Nanoscience Letters., 2011, 1(1), 16-23. DOI: 10.4236/snl.2011.11004
Kopcakos A.B., Hemopy6os A.C., Ilamkoe A.W., Illansirmna T.A., Boponunxun B.[I., Bracos B.B.
VccnegoBanue MopuduKaumy SIOKCUTHOM CMOJBI MATE€MHOBBIM aHTUJPUOM ¥ BO3MOXKHOCTb €€
MIPUMEHEHMsI B COCTaBe 3alMTHBIX MOKPBITUIL. Om Xumuu K mexHonozuu waz 3a wazom, 2024, 5(4), 51-57.
DOI: 10.52957/2782-1900-2024-5-4-51-57

Sun X., Zhu Y., Mao J. UV aging behavior evolution characterization of HALS-modified asphalt based on
micro-morphological features. Rev. Adv. Mater. Sci., 2023, 62(1), 20230306. DOI: 10.1515/rams-2023-0306
Cemenyxa O.B., Bopounna C.10., ®ecux C.A. ViccnemoBaHue BIVAHMA TMOPUAHOTO HAIIOTHUTENA Ha
TEH30YyBCTBUTEIbHOCTh HAHOKOMIIOSMIIMOHHOTO Marepuana. Cubupckuil aspoxocmuueckuti scypuan, 2024,
25(2), 256-263. DOLI: 10.31772/2712-8970-2024-25-2-256-263.

IFOCT 11262— 2017 (ISO 527-2:2012). Ilmactmaccel. Meroj WCHOBITaHMS HAa  PacTsDKEHUe.
M. Cranpaprunadopm 2018, 25 c.

Eremin N.V., Voronina S.Y., Shalygina T.A., Vlasov V.V., Sukhanova A.A. Impact of artificial aging on the
physical and mechanical properties of polycaprolactone under the combined effect of UV-radiation and
elevated temperatures. Polym.-Plast. Technol. Mater., 2025, 64(8), 1235-1251.
DOI: 10.1080/25740881.2025.2456941

Eremin N.V., Voronina S.Y., Shalygina T.A., Vlasov V.V., Fesik S.A., Sukhanova A.A. Effect of artificial
UV-thermal ageing on the structural and mechanical properties of PLA and PBAT. Express Polym. Lett., 2026,
20(2), 168-185. DOI 10.3144/expresspolymlett.2026.14.

T'OCT 32656-2017 (ISO 527-4:1997, ISO 527-5:2009) KommosuTs! monumMepHble. MeTORbI MCIIBITAHMNIA.
VcnpiTanus Ha pactspkenue. M. Cranpaptungopwm, 2017, 31 c.

ITocmynuna 6 pedaxyuio 02.06.2026

Odobpena nocne peyenzuposanus 27.07.2026
IIpunama k onybnuxosaruro 19.08.2026

94



OT XHMHM K TEXHONOTHH TOM 7, BBINYCK 3, 2026

Hayunas cmamos
YIIK 544.463
DOI: 10.52957/2782-1900-2026-7-3-95-101

BIIVITHUE XUIMNYECKOI'O COCTABA
MEIBIIMHKATIOMUHIMEBOI'O KATAJIM3ATOPA,
ITOJTYYEHHOTO METOTOM MEXAHOXVIMMYECKOI'O CUHTE3A,
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OI'BOY BO «VIBaHOBCKUIT TOCYAapCTBEHHBINI XMMMKO-TEXHONOTMYECKMIT YHUBepcuTeT», 153000, Poccus,
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Knioueevie cnosa: ~ Annomauus. Visyueno enusiHue COOMHOUIEHUS UCXOOHDBIX KOMHNOHEHINO08 HA Husuko-
Kamanusamop, XUMU4ecKue U mekcmypHole C60LCMBa Npu MexaHOXUMUYECKOM CUHmMe3se Kamanusamopos
KOHEepcus KOH8epCUU MOHOOKCUOA yenepodd. B pabome curmesuposarvt Kamanu3amopbl, 6 Kauecmee
MOHOOKCUOA npexypcopos 0715 KOMOPbIX UCHOTL308AHbL OKCUObL MeOU, UUHKA U ATIOMUHUST 8 PASTIUMHBIX
yenepooa, npouyenmHvix coomuouenuax. Onpedenervt 6enU4UHbL NAOUAOU YOeTLHOTLI NOBEPXHOCHIU.
Kpucmannumal, Ilo pesynvmamam penmeeHoa306020 aHanuda 6 pabome paccuumauvl pasmepol
MEXAHOXUMUHECKUL  KPUCMANIUmMOos. BolaerieHbl 3aKOHOMEPHOCHIU 83AUMOCBA3U 8e/IUYUHbL NIOUAOU YOeTbHOL
cuHmes nosepxHocmu U cocmasa kamanuzamopa. Mexaroxumuueckass akmusauust u 0anvHetuas
mepmuueckas 06padomxa He NPUBOOAM K USMEHEHUAM Pa306020 U INEMEHMHO20 COCMABA
Kamanu3amopos.

A nuTMpoBaHM:

CmupaoBa A.A., CvupsoB [I.B., Pymanues P.H. Bausanme XMMM4eckoro cocraba MefbLVHKATIOMIHIEBOTO
KaTa/M3aTopa, IOMYy4eHHOIO METOJIOM MEXaHOXMMIYECKOTO CMHTE3a, Ha €T0 TeKCTYpHbIe cBo¥icTBa // OT Xumun
K TeXHOJIOrMM Liar 3a mraroM. 2026. T. 7, i 3. C. 95-101. URL: https://chemintech.ru/ru/nauka/issue/7500/view

BBenenue

Karammsaroper Ha ocHoBe okcypHoit cucteMbl CuO/ZnO/ALOs; saBnsA0TCA
HEOTHEM/IEMOJ YaCTbI0 XMMMYECKON IIPOMBIINIIEHHOCTN. Takyme KaTanu3aTOpbl HAXOAAT
IIVPOKOE IIpMMEHeH)e B KPYITHOTOHHaKHBIX IIPOMBIIIIEHHBIX IIPOLIeCCaX CMHTe3a MeTaHO/Ia
[1], xOHBepcMM MOHOOKCHJA YITIEpOAa BOASHBIM IIAPOM B IIPOM3BOACTBAX aMMMaKa U
Bojjopopa [2], monmydenus gumernnoBoro aupa (3, 4] u Bo MHOTUX Apyrux npoueccax [5-9].
B cBsA3M ¢ pasBuBA0OIMMCA MMIIOPTO3aMellleHIeM, B IIOCTIeHee BpeMs BefyTCs paspaboTKu
TEXHOJIOTVII IPUTOTOBJIEHNSI HOBBIX /1 YCOBEPIIEHCTBOBAHMS CYI[ECTBYIONINX KaTa/N3aTOPOB,
4TO JIeJIaeT 3Ty TeMy Bce 00jiee aKTyaIbHOII ¥ BOCTPeOOBaHHOIL.

OCHOBHBIMU XapaKTePUCTUKAMU KaTa/lIN3aTOPOB SABIAIOTCA UX PUNKO-XUMUYECKNE U
KaTa/JIMTIYecKye cBoiicTBa. KaTanmm3aTopsl Ha OCHOBE TPEXKOMIIOHEHTHOI CYICTEMBI OKCUJIOB
CuO/ZnO/ALO; pmomxHBl 06MafaTh BBICOKOM AKTUMBHOCTBIO M  CEIEKTUBHOCTBIO,
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ME€XaHMYEeCKOJ NMPOYHOCTHIO, YCTOMYMBOCTBIO K /I€3aKTMBALMM KaTa/IMTUYECKUMHU AJaAMU U
YCTOIYMBOCTBIO B IIpoIjecce aKkcIryaTanym [10].

TexcTypHble 1 PU3NKO-XMMIYECKIe CBOVICTBA KaTaIM3aTOPOB B 3HAUYNUTEIbHON CTEIICHN
3aBUCAT OT Croco6oB ux momydenus [11, 12]. OgHMM M3 COBpEeMEHHBIX METOIOB CUHTEe3a
KaTa/ln3aToOpOB SBJsAETCS MexaHoxummieckas aktuBanysa (MXA) [13]. OToTt Merop sBsieTcs
0ojiee NEpPCIEKTVBHBIM, aKTyaJbHBIM, 9KOJOIMYHBIM ¥ SKOHOMWUYHBIM, II0 CPAaBHEHMIO C
Apyrumyu Meromamu. JlaHHasg TEXHO/NOTMA IIO3BOJMIAET M30AaBUTBCS OT HEJOCTATKOB
TPaJVIIIOHHBIX CIOCOOOB CUHTe3a IIyTeM COKpalleHVs KOIM4YecTBa CTafuii Iporecca I
OTCYTCTBUSA OONBIIOTO KOMMYECTBA CTOYHBIX BOA. ITomymmo storo MXA mcnonb3yercs mis
co3aHys JeeKTHON CTPYKTYPBI KaTa/lu3aTOPOB M YCKOPEHMS MPOLECCOB MX XVMIYECKOTO
B3auMopeiicTBus [14], a Takke MO3BO/sIET M3MEHITh KaTalUTUYeCKKMe CBoiictBa [15] m
CIIOCOOCTBYET YCUJIEHUIO TepMIYecKoil 0bpaborku [16].

B nporecce cuHTe3a KaTanusaTopa ¢ NoMouibio MeToga MXA npoucxoguT usMeHeHue, B
TOM YMCJIe Y KPUCTA/INYECKOI CTPYKTYpblI KaTanusatopa. OfHMM 13 ee TapaMeTPOB AB/IAeTCA
obmactp KorepeHTHOro paccesiHus (OKP). AKTMBHOCTb KaTanu3aTOpPOB 3aBUCUT OT MHOTUX
(bakTOpOB, TaKMX KaK y/e/lbHass M aKTVBHAs ITOBEPXHOCTb, HOPUCTOCTb, JUCIEPCHOCTDH
aKTMBHOTO MeTajUIa 1 pasMmep ero vactut [17].

Ilenpro JTaHHON pabOTHI ABJIAETCS OKA3aTh BIVSIHIE COCTaBa MICXOILHOM CMeCU OKCHIIOB
METAJIIOB, MICIIONIb3YEMOI B IIpoLiecce cuHTe3a, Ha u3aMeHeHne OKP rorosoro karanmsaropa.

OcHOBHaA 4acTh

B xome wuccnemoBanms Owun cuHTe3upoBaH psp CuO/ZnO/ALO; karanmsaTopos
KOHBEPCUY MOHOOKCHIA YITIEPOZia U CMHTe3a MeTaHO/Ia. B KauecTBe MCXOHBIX BEl[eCTB ObIIN
BBIOpaHbI mopourkoobpasHeie okcupapl Megu (CuO, x.4.), umHka (ZnO, X.4.) U aTIOMUHUA
(y-ALO:s, x.4.), c miotHOCTAMHU 1.9 cM*/t, 0.745 cM’/T, 1.2 cM?/T COOTBETCTBEHHO.

O6pasubl TOTOBMINCH ITyTEM COBMECTHOJ MEXaHWYECKOJ aKTMBALMM CMeCU OKCUIOB
MeiM, IVIHKAa ¥ QIIOMUHM B TedeHMe 15 MUH M Ja/lbHeIeNl TepMMYecKoil 00paboTKu
IIO/Tly4YeHHO! cMecu B TedeHue 6 4 mpu Temmepatype 350 °C. CocTaBbl M COOTHOIIEHMS
00pas1oB npuBeeHsl B Tabmuie 1.

Tabmuma 1. XuMudeckuit coOCTaB MCCIefyeMbIX 00pas1ioB

Ne Zn0O, macc. % CuO, macc. % Al O3, Mmacc. %
I 30 60 10
II 35 55 10
111 40 50 10
v 45 45 10
A% 50 40 10
VI 55 35 10
VII 60 30 10
VIII* 25 57 18

* - cocraB 06pasiia MogobpaH UCXOMA U3 INTePaTyPHOTO aHaIM3a

MexaHOXMMUYECKMIT CUHTe3 IPOBOAWICA B BUOPAILMOHHOI POIMKO-KOIbLIEBO
MmenbHMIle VM-4 (Yexus), koTopas mpefHasHaueHa s U3MenbyeHNs (CyXMX VIM MOKPBIX)
CBIIyYMX MAaTepuajioB B HEIPEPbIBHOM peXMMe. XapaKTepPUCTUKU: YHAPHO-CHBUTOBOI
XapaKkTep BO3MIEICTBMS Ha M3MeIbYaeMblii MaTepuan, d4acrorta Komebanmit 930 MmH';
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aMIUINTy#a BuOpanuy B pafiyaZbHOM HampasieHuu 10 MM, B akcMajbHOM - 1 MM; Macca
Memowmux Ten 1194 r, Mmacca 3arpyxaemoro Marepuana 20,0-40,0 1.; 9HEproHaNpPs>KEHHOCTb
MeIbHUIIBI IPY TAaKUX NapaMeTpax cocrasnseT 0,878 — 1,754 kBr/xkr.

Merop, KaueCTBEHHOTO PEHTTEHOBCKOTO aHa/lM3a IIPOBOAM/ICA HAa PEHTI€HOBCKOM
rudpakromerpe POWDIX 600 ¢ ucnonbzoBanmem CuKa -msnyuenms (A = 0,15406 HM,
Ni-punprp). Ilapamerpst wucrounmka mmranuss 30 kB um 5 wMA. Vicmonb3oBancs
OBICTPOZIEVICTBYIOIMII KPEMHUEBBINI JIMHENHbI p#eTekTop. CbeMKa IpOBOAWIACH B
HEIIpepPbIBHOM peXXUMe, T.e. He ObUIO 3a/iep>KeK Ha KOHKPETHYIO TOUKy. MeToy 3aK/Io4aeTcs B
COTIOCTaB/IEHNY MEXIITIOCKOCTHBIX PAaCCTOAHMIA, TVHUI ¥ X MHTEHCUBHOCTH, ITO/Ty4€HHBIX U3
aHa/lM3a PEHTI€HOTPaMM MCCIeyeMbIX BeI[eCTB C TaOMMYHBIMM HaHHBIMU. Pacmmdposka
Pe3y/IbTaTOB PEHTTEHOBCKOTO aHa/IN3a IPOBOAMIACDH C IIOMOIbIO 0a3bl JAHHBIX MUHKPUCT.

Omnpepenenne yienbHOM IIOWAY IOBEPXHOCTY ¥ TOPUCTOCTY IPOBOAV/IN C IIOMOILBIO
HYI3KOTeMIIepaTypHOIl aficopbuym azota mo meropy bOT Ha mpmbope Sorbi-MS, xoropsrit
Ipe/lHa3HadYeH [/ M3MEPEHMSA TEKCTYPHBIX XapaKTepUCTUK JIUCIEPCHBIX ¥ TIIOPUCTHIX
MaTepuagoB METOJOM HU3KOTEMIIEPATYPHOIT aicOpOLVI MIHEPTHBIX I'a30B.

OHeprofyuCIepCUOHHBIN aHAIN3 U M3y4eHVie MOP(OIOrNY OBEPXHOCTY IIPOBOAVIIN Ha
anekTponHoM Mukpockone VEGA 3 SBH TESCAN. OneMeHTHbII cOCTaB OIpefenann Ha
PEHTIeHOBCKOM 3HeproaycrepcuonHoM criektpoMmerpe (Oxford Instruments Nano Analysis,
Bemukobpuranus) ¢ gerekropom X-ACT.

Pacyer obmacreil KOrepeHTHOTO paccessHMs I MeAM IPOV3BOAVIICA IIO C/IefyIoLeit

dopmyne:
.
" Lcos®’

DopCu
rzie K - xoncranra [lleppepa; A — [yinHa BOTHBI pEHTT€HOBCKOTO U3/Ty4eHNs; L — mmpuHa mKa
Ha II0JIOBMHE BBICOTHI; 0 — II0/T0KeHMe TIMKa.

Ha puc. 1 mnpencraBieHbl peHTIEHOTPAMMbI Cepuu O00Opas3lioB KaTalau3aToOpOB,
MEXaHOXVMMYECK) aKTVBMPOBAHHBIX B TeyeHMe 15 MuH, 6e3 HanbHelIIell TepMIYecKoi
obpabotku. Bce daspl, mpucyTCTByIONIVIE HA PEHTTEHOIPAMMaXx OIIPeie/IeHbI C IOMOLIBIO 6a3bl
MuHKpucT. Pasza okcyupa Meny coorBercTByeT CuO (kaprouka Ne 10200), Oxcup nyaka ZnO
(xaprouka Ne 5368) u oxcup amomunus ALOs (kaprouka Ne 1029) cOOTBETCTBEHHO.

2
31

2 31
Al%/\/\ s 22333 21 12 2

IW 2 MI -M|M\~|I

30 40 50 60 70
Yron qudpaxnuu 20, °

Puc. 1. PeHTreHorpaMmsl 06pas1ioB, CHHTe3POBaHHBIX MeTofoM MXA B TeyeHMe 15 MUH, 63 IpOKaIMBaHUA.
HanMmeHoBaHMe pEHTTEHOTpaMM COOTBETCTBYET HOMepaM OOpasloB, IpefCTaBleHHbIX B Tabmmue 1.
1- CuO; 2 - ZnO; 3- AlgO3
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C yBenmuyeHueM cofep)KaHMs OKcyja IMHKa (Tabmmuma 1) HabmomaeTcs 3aMeTHOE
yBe/IMUeHMe MHTEHCUBHOCTY pedIeKCOB COOTBETCTBYOIIUX ¢a3, OCOOEHHO 3aMeTHBI
M3MeHeHV B o6macTy yrnos 20 30-32° n 33-34°. [TomumMo 3TOTO, BUHO, YTO B 06/1ACTH YITIOB
32-33° mpoMCXOANT MOCTEIIEHHOE MICYe3HOBEHMe KA, XapaKTepu3yolero ¢pasy okcuaa Mea,
B CBSI3M C IIOCTEIICHHBIM M3MEHEeHMeM ero KommdecTsa B oopasuax (tabnuna 1). Pednekcsr das,
XapaKTepHble OKCUJYy QaIIOMMHMSA, M3MEHAITCA B He3HauuTeNbHOU crenenu. OpHako,
HeCMOTpsI Ha BCe M3MEHEHMUs B COCTaBe, B o6mactu yrinoB 30-40° HaOMIOAOTCA yUIMPEHNS
IMKOB, KOTOpPBIe TOBOPAT 00 06pa3oBaHUM TBEPABIX PACTBOPOB U B3aMIMOAEIICTBIUI OKCHUOB
MeJy U IIVHKA, YTO JIONIOJTHUTEbHO IOATBEPKIAETCA YBEINYEHNEM pa3sMepa KPUCTAIUTOB.
Tak>ke ObUIN TTOTy4eHBI PEHTTEHOIPaMMBI IIPOKATIEHHBIX 00pas1oB (puc. 2).
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Puc. 2. PertrenorpaMmMel 06pas1ioB, CHHTE3UPOBAHHBIX MeTOZOM MXA B TedeHne 15 MUHYT U HPOKA/IEHHBIX IIPU
350 °C B TeueHue 6 yacoB. HaumeHOBaHe peHTT€HOTPaMM COOTBETCTBYeT HOMepaM 00pasIlioB, IPeCTaBIeHHbIX
B tabmuue 1. 1 - CuO; 2 - ZnO; 3 - ALO;

B pesynbrare npokamumBanHusa o6pasuoB npu 350 °C He NPOMCXOAUT 3HAYMMBIX
usMeHeHMil (asoBoro cocrtaBa. Habmomaercss yBenudeHyue WHTEHCUBHOCTM OCHOBHBIX
pednekcoB a3 oxcupmoB. JlaHHBI (AaKT CBUEETEBCTBYET O TOM, YTO B IIpoljecce
IIPOKa/IVBaHNUsA 00pasIibl CTAHOBATCS 60JIee KPUCTA/UINYHBIMIL.

B paboTe 6b1/10 TPOBEAEHO MCC/IEfOBaHNE BeMYNMHBI IUIONAAN YAEIbHON ITOBEPXHOCTI
(Syx) cuHTesupoBaHHBIX 00pasioB. IlomydyeHHble pe3y/nbTaThl IIpefCTaBIeHbl B Tabuie 2.
[Tocne nposenennsa MXA 6e3 mpokanuBaHMsA HaO/MIOAaIOCh YBeMYeHN e Be/TMYMHBI TIOMAN
YZAe/IbHO TIOBEPXHOCTY NPV YBE/IMYEHUY COIEPXKaHMs OKCuia iMHKa. [IpokanuBaHue fenaer
M3MeHeHMe JaHHOTO ITapaMeTpa MeHee IMHEHBIM, OHAKO C COO/IoieH1eM 00111ell TeH/[eHII NI
B CTOPOHY YBETMYEHUA.

ITo pesynbraTraM peHTreHO()a30BOTO aHa/IM3a ObUIM PACCUNTAHbI pa3Mepbl KPUCTA/UIITOB
(Dokp), KoTOpble HpUOMM3UTENBHO PaBHBI pasMepy OO0/AaCTM KOTEPEHTHOTO pacCesiHUS.
B tabmuue 2 npusenens! cpenuue sHadeHst OKP ¢aspl okcnpa Mey. AHaIOTMYHBIM 00pa3soM
C BeJIMYMHOM IUIOIIAAY YAe/IbHON TOBEPXHOCTY IIPY YBEIMYEHUY COREPKaHM OKCUIA LIMHKA
B 00pasliie IPOMCXOANUT BOTHOOOpa3HOe yBeIM4eHVe KPUCTA/UIUTOB OKCHA MEJIIL.
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Ta6muua 2 - TekcTypHBIe CBOIICTBA UCCTIERYEMBIX 00pasIioB

Syw M/T DoxpCu, HM
Ne obpasia O6pas3iipr O6pasier mocte MXA u | O6pasust mocne |  O6pasisl mocie MXA n
nocne MXA npoxanuBanus mpu 350 °C MXA npokanuBaHug mpu 350 °C

I 15,8+0,2 18,7+0,3 15+0,5 18+0,7
II 19,1+0,1 26,3+0,3 20+0,9 19+0,7
III 17,9£0,1 19,3+0,1 19+0,9 28+1,3
v 19,7£0,1 22,6%0,1 18+0,8 20x1,1
\Y% 21,0+0,0 17,2+0,1 17+0,8 22+1,2
VI 23,8+0,0 27,2%0,1 19+1,0 32+2,1
VII 24,1+0,1 24,1%0,1 23x1,1 18+0,9
VIII 19,6+0,1 22,3+0,1 19+0,7 24+2,0

Vi3MeHeHMe 3/1EMEHTHOTO COCTaBa B MpOIieCCe CHMHTe3a U TEPMUYECKON 00pabOTKM
00pas1oB IpecTaBieHo B Tabnnie 3.

Ta6nmua 3 - JmeMeHTHBII COCTaB 00pasoB

Ne obpastia INneMeHT, %
Q) Al Cu Zn
O6pasisr mocie MXA
I 22,8 5,3 47,6 24,3
II 22,9 5,6 42,6 28,9
111 22,8 5,5 38,1 33,6
v 22,7 5,4 31,6 40,3
\4 22,8 5,7 30,5 41,0
VI 22,5 5,2 26,6 45,7
VII 22,7 5,6 22,8 48,9
VIII 23,7 7,3 40,2 28,8
O6pasupr mocme MXA u npoxanusauus mpu 350 °C
I 22,7 53 46,5 25,5
II 22,9 5,7 42,2 29,2
111 22,7 5,4 40,3 31,6
v 22,8 5,8 33,0 38,4
v 23,0 6,1 30,4 40,5
VI 22,7 5,6 27,0 44,7
VII 23,0 6,1 23,4 47,5
VIII 24,1 8,2 39,6 28,1

[IpouieHTHOE cofep KaHue KaXKJOro 13 KOMIIOHEHTOB M3MEHAETCA IIPONOPLMOHAIBHO
COOTBETCTBYIOIIEMY COOTHOLIEHNIO KOMIIOHEHTOB MCXO[IHOTO CBbIpbsl. DJIEMEHTHBIN COCTaB
yKa3bIBaeT Ha OTCYTCTBME B COCTaBe OOpasIiOB >Xele3a, KOTOPOe MOIVIO OBITb BHECEHO
BCNIEACTBMM HaMona. IlpokanuBaHMe CUHTE3MPOBAHHBIX 00pasoB TakXKe II0Ka3ano
OTCYTCTBIE U3MEHEHN A XMMUYECKOTO COCTaBa.

Mopdonorus moBepXHOCTY, IpeACTaBIeHHas Ha PUCYHKe 3, IOKasblBaeT BJIVSHUE
COJlep>KaHMA MeJV Ha pasMep 4acTul] IIOy4aeMOoro KaTanmsaTopa. Bugno, 4o pasmep gacTuy
obpasua VII, comeprxalero MeHbllle BCETO Mef), HAMHOTO 0OJIbllle, YeM Y APYTUX 00pasIioB.
[Ipm aTom aHHBII 0Opaser; 061agaeT caMoil BBICOKOI IO IBIO YIEeIbHOM IIOBEPXHOCTH.
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a) 6) B)
Puc. 3. Mukpodororpaduu cuHTe3MpOBaHHBIX 00pasioB. O6pasusr: a) — I; 6) — VII; B) — VIII

BriBonb1

B pesynbrare NIpOBeIEHHOTO MCCIENOBAaHMA ObUIO M3YYEHO BIVMSAHME COOTHOLICHMSA
JICXOJHBIX KOMIIOHEHTOB IIPM MEXaHOXMMMYECKOM CHUHTe3e KaTalu3aTOpOB KOHBEPCUU
MOHOOKCMZA  yIZIepOofa Ha UX TEKCTypHble  XapaKTepUCTMKM.  VIcmonb3oBaHime
MeXaHOXVMMMYECKOTO CUHTe3a I03BOJIAET JOOUTbCA 0OpasoBaHMA TBEPHOTO PacTBOpa U3
VICXOJHBIX OKCHUIOB MefyV, IJMHKA J aJIOMUHMNSA, YTO OBUIO NOATBEPXKICHO PEHTIeHOBCKOI
nudpakToMeTpueit.

CHIDKeHMe KO/IYecTBa Mefiy IPUBOJVUT B HEKOTOPBIX 00pasIiax K yBe/IMYeHNIO pa3Mepa
OKP. Ilpn npokanmuBaHuy 00pasiioB B OOJBLIIVNHCTBE C/Ty4aeB HAOIIONAETCS yBeIMYEHUe
pasMepa KpuUcTa//IMTOB. IIpokanuBanue 06paslioB MOC/Ie MPOBEfIeHNsA MEeXaHOXUMIIECKOTO
CMHTe3a He IPUBOJNT K M3MEHEHMIO (a30BOTO ¥ 3JIEeMEHTHOTO COCTaBa KaTa/lIi3aToOPOB.

[IpoBefileHHDBINT  9HEPrOAVICIEPCUOHHBI ~ aHAAM3 IIOKa3al, dYTO B  IIpoljecce
MEXaHOXMMMYECKOI aKTMBALMM ObUIM IMOJOOpaHbI OITMMAajbHbIE YCIOBUS IPOBELEHMS
CMHTe3a KaTalu3aTopoB. JTO BBIPaXKaeTCs B OTCYTCTBMM B 3/IEMEHTHOM COCTaBe BCEX
IO/Ty4eHHBIX 00Pa3I[0B JKele3a, KOTOpOe MOIJIO IOIIACTh B 00pas3Iibl OT MEJTIOIINX TeJl.

COBOKYITHOCTD BCeX ITOJTyYEHHBIX JJAHHBIX O TeKCTYPHBIX XapaKTePUCTUKAX ITO3BOJISIET
Clle/IaTh BBIBOJ, UTO IIOJTy4eHHbIe 00Pa3Ibl MEbIIMHKATIOMIHIEBBIX KOMIIO3UTOB MOTYT OBITH
JICTIOTIb30BaHBI B KayecTBe KaTa/lM3aTOPOB KOHBEPCUY MOHOOKCUAA YIJIEpOJa VM CHHTe3a
MeTaHOJIA.

brarogaprocTn

Astopsl BeipaxkatoT 6iarogapHocTb LIKIT @I'BOY BO «J/IBaHOBCKOTO roCyapcTBEHHOTO
XMMMKO-TEXHOJIOTMYECKOTO YHUBEPCUTETA» 3a MIPOBEMIEHNE VICCTIEJOBaHNIL.

@uHaHcpoBaHUe pabOThI

Pabora BBIIOTHEHA B paMKax TOCYHapCTBEHHOTO 3ajjaHMs Ha BbimonHeHue HUP
(Tema Ne FZZW-2024-0004).

Kondnukr naTepecos

ABTOPBI 3asB/IAIOT 00 OTCYTCTBUM KOH(IMIKTa MHTEPECcOB, TPeOYIOIIEero pacKpbITHs B
TaHHOM CTaThe.
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npoguns.

Annomauyus. B pabome 6vinonHeH CcuHmes KOOPOUHAUUOHHOZO COEOUHEHUS
nanumana(Ill) c L-ackopO6unoeoii Kucnomoti 6 Msiekux ycnosusix (nedsnas 6awss, pH 7).
Cocmas u cmpoerue KOMNAEKCA NOOMBEPHOeHbl OAHHBIMU ITIEMEHMHO20 AHANU3A,
VK- u Y®-6udumoti cnekmpockonuu, ycrmaHoseieHo COOMHOUEHUE MeMA : IUeaHo
= 1:1.

cnexmpogbomomempuuecxum memodom. Bupmyaﬂbubtﬂ CKPUHUHZ C UCNOb308AHUEM

Onpedenena KOHCMAHMA Hecmotikocmu COeOUHeHUs
pecypcos PASS Online u ProTox evimonten ¢ uenvio npozHosa 6Ouonozueckos
AKMUBHOCU U MOKCUKOTIOZUMECKUX dpeKos c80000HO AcKOpOUHOB0TE KUCTIOMbL
u eé komnnexca ¢ nanmarnom(I). Iokaszano, umo Komnaekcoo6pasosanie nPusooum
K mparcopmayuy papmaxonosu1eckozo NPOPUIs: CHUNKAEMCS AHMUOKCUOAHMHAS
AKMUBHOCMY, HO NOSIBTIEMCS BbipaseHHoe uneuobuposarue NADPH-nepoxcudasot u
youxuron-uyumoxpom-C-pedykmasvl, a makxe OCMOMuUUeckoe Ouypemuueckoe
npoguny

eunepenuxemueti,

Oeticmsue.  Tokcuxonoeuueckuil KoMnziekca — Xapaxmepusyemcs

Memabonuueckum  auuoo3om, HeppoOmoKcUMHOCMbI0  Npu
omcymcmeuy  KapOUOmMoKCUMHOCY, MYMAeHHOCMU U KAHUEPOEHHOCHU, Npu
IMOM NPOZHO3 68 OMHOWIEHUY 2eNAMOMOKCUMHOCU HEOOHO3HAeH U mpeOyem
axcnepumenmanvHoil nposepxu. Coenar 6v1600 0 nepchexmusHocmy 0anbHetiuezo
coeduHeHuti ¢

U3yMeHUs  ackopéamos — pedKO3eMENbHbIX — INIEMEHN08 — KaK

NOMeEeHUUATLHOT OUOI02UHECKOLl AKMUBHOCTIBIO.

Inga nuTupoBaHu:

IIy6una A.A., Opnosa T.H. VccnenoBaHue 1 OljeHKa IIpoljecca KOMIUIEKCOOOpasoBaHMsl B CUCTEMe «XJIOPUT
nantaHa(Ill) — ackopbunoBast kmcnota // OT XMMUY K TEXHOIOTMY 1Iar 3a marom. 2026. T. 7, Beim. 3. C. 102-112.
URL: https://chemintech.ru/ru/nauka/issue/7500/view

BBenenue

B mocnegnme roppl oTMedaeTcsa TEHOEHIIMSA K MCCAETOBAaHUIO B3aMOJAEVICTBUI,

BO3HUKAIONIX MEXAy pefKO3eMelTbHbIMM 9JeMEeHTaMU C OMONIOTMYeCKY aKTVBHBIMU
nurangamu. KomiiekcooOpasoBaHue B JJaHHBIX CUCTeMaX BO3MOXKHO 3a CYET BBICOKOII

KOOPAVHAIIMOHHON  CHOCOOHOCTM MOHOB Ln’*, mMX CKJIOHHOCTM K 0OpasoBaHUIO

© A.A. lly6una, T.H. Opnosa, 2026
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KJC/TOPOJICOfiepKAIMX KOMIUIEKCOB U [a/JbHENININX MepCHeKTUB IPUMEHEHNA TaKuX
COEIVHEHMII BO MHOIMX OTPAc/IAX HAayKU M MEeJVIVHBI, TaKMX, KaK aHAIUTIYECKas XVMUA,
nedeHye NHPEKIVOHHbIX ¥ OHKO/IOTMYEeCKIX 3a00/IeBaHuI I T.T.

OpuuMm u3 Hambormee MHQPOPMATUBHBIX 0030POB 10 KOOPAMHAIVIOHHOW XVMMWMK
ackopbuHoBON Kucnotel (Asc, Burammuna C, cMm. puc. 1) saBnsercs pabora [1], B kKoTOpoit
COfiep>KaTcs CHUCTeMAaTHU3VPOBAaHHBIE CBEleHNS O CTPOEHMM U CBOJCTBaX acKOpPOATHBIX

KOMIIJIEKCOB IIEPEXONHBIX U PENKO3EMENBHBIX METAJIJIOB.

= H
HO ':_O

HO OH

Puc. 1. dopmyna ackopbyHOBOI KMcnOThI (BuTamyuua C)

ABTOpBI OTMEYAIOT, YTO AaCKOPOMHOBAsl KUCIOTA CIHOCOOHA OBITH KaK MOHO-, TaK U
OupmeHTaTHBIM O-IOHOPHBIM JINTaHAOM Oarofaps HAIMYMIO €HAVONBbHOM CHUCTEMBI, a LA
nmantaHouzioB (Ce’*-Lu’") xapakTepHO 00pasoBaHue TMTPOCKONMYHBIX M TUIPATMPOBAHHBIX
KOMIUIEKCOB C KOOPAVHAIVOHHBIMY Yyic1amy 2 U 3. [IpucyTCTBYIOT COOOIIEHNA Y O KOMIUIEKCE
cocraBa La(HA); « 4H,O (rme HA™ - ruppoackop6ar-aHUOH), MOATBEPXKIEHHOM METOaMU
AMP PC n VIK-cnekTpockonuu [2].

B nocnenHue gecATmneTns akTyaTbHOCTb HAOMPAIOT CMEIIAaHHO/MUTAaHHbIe KOMIUIEKCHI.
JHTepec K HUM 00YCIIOB/IEH MHOXXECTBOM CBOVICTB, KOTOPBIE IOSIB/IAIOTCA VIIU YCUIMBAIOTCS
npu fo6aBeHNN K KOOPAMHAIMOHHONM CUCTeMe BTOPOTO ¥ IIOC/IEHYIOLIEero JIMIaH/OB.
Hanpumep, B paborax [3-4] nccnemoBaHa cTabMIbHOCTD TPOHBIX CUCTEM «KaTVOH MeTajlia —
aMIMH — aCKOpOMHOBasi KMCIOTa» B MOIBHOM COOTHoUIeHNM 1:1:1, rje MeTanmmaMu sIBJISIIOTCS
Fe?*, Ni**, Cu*" u #p., a aMMHBI — OJIOKCALIVH, 0-PEeHAHTPOMNH U T.H. [JaHHBIIT TOAXO IPUBET
K CYILIleCTBEHHOMY YBE/IYEHMIO He TOJIbKO KOHCTAHT YCTONYMBOCTY ITOJTYYEHHBIX COSVIHEHMIT,
HO ¥ K O0JIBIIIeNl CHOCOOHOCTM MHIMOMPOBATh POCT MUKPOOPTaHM3MOB.

B pabore [5] ¢ merammamm Zn**, Cd** m Mn*" ycTaHOB/IEHBI BO3MOXXHBbIE LIEHTPBI
KoOopayHaIyy L-acKopOMHOBO KMCIOTHL [/Isi KOMIIIEKCOB B BOZHOI cpefe npu pH=6-7.
CreKTpOoCKOIMYecKe JaHHble CBUAETENbCTBYIOT O CBS3bIBAaHUM MeTa/la depe3 acKopbart-
anuoH O; n O,-H (xenatuposanue), Torna kak Cd** cBsaspiBaeTcs TonpKo yepes Os. B TBEépmom
COCTOSIHMY YIIOMAHYTbIE KaTMOHBI CBA3bIBAIOTCA Yepes Os, O, ogHoro anmnona, O,, O; BTOpOro
Y C IByMsA MOJIEKY/IaMU BOZIbL. TakyM 00pa3oM, CTPYKTYpHBIE CBOJICTBA KOMIIEKCHBIX CHCTEM
«MeTaJlI-aCKop6aT» 3aBUCAT OT arperaTHOTO COCTOSAHMA 00'beKTa VICC/IeOBaHMA.

MeromaMu MOTEHIIOMETPUYECKOTO U KaJIOPMMETPUYECKOTO TUTPOBaHus B pabore [6]
YCTQHOB/IEHbBI ~KOHCTaHTBI ~ yCTOMYMBOCTM  KOMIUIEKCOB maHTaHOMAOB  (LnAsc*) ¢
aCKOpPOMHOBONM KUCTOTOI. PesynbraTbl pabOTBI IIOKA3aayM IPEMMYIIECTBEHHYIO PpOJIb
ackopbara Kak BHYTpMUCHEpPHOr0O MOHOZEHTATHOro yura"ga. [Ipndyém TepMopmHaMmdecke
IapaMeTphl IIOKasaayl yBeJMYEHME YCTONYMBOCTY KOMIUIEKCOB IIO Mepe yMeHbIIEHMS

pammycoB Ln’*, mpoucxopsiero BciefcTBie TAHTAaHOMHOTO CKaTus [7].
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ITenb pa6oThr

Ilenblo HACTOAINETO MCCIENOBAHMUA SIB/IAETCA CUHTE3 M YCTAHOBJIEHUE CIIeKTPaTbHbBIX
XapakTepucTuk Kkomivtekca saHtaHa(lll) ¢ ackopOMHOBOJ KMCIOTOM ¥ IIpOBefieHMe
BUPTYaJIbHOTO CKPMHMHIA C Ie/IbI0 IIpefiCKa3aHVsl CIIeKTpa BO3MO>KHOI OMOIOrMYecKoi
aKTVBHOCTY U TOOOYHBIX 9P PEKTOB MCCIIEYEMOTO COEAVHEHN.

IJKcnepuMeHTaNbHas 9acTh

[lna mpoBemeHMs CUHTe3a MCIIONb30BAMNCH: L-ackopbmHoBass kmcmora 4.p.a. (AO
«JlenPeaxtnB»), xmopup mantaHa (III) remrarmppar x.4. (AO «JIlenPeaktus»), Kamus
runpookuch X.4. (AO «JIlenPeakTus»), nsonponanon x.4. (AO «9KOC-1»).

CreKTpBl IOITIONeH VS CUHTE3MPOBAHHBIX IPOJYKTOB ITO/Ty4eHbI Ha CIIEKTpodoTOMeTpe
[19-5400 Y® xoMmmaHum «IKpPOCXMM», B KadecTBe PAacTBOPUTENS MCIIONb30BAIN
AVCTW/UIMPOBAHHYIO BOJY, aHAIN3 CIIEKTPOB ITOI/IOIEHNSI B BUAVIMOI 06/1aCTV IIPOBOAMIICA C
VICTIONTb30BaHMEM CTEK/IAHHBIX KI0BeT. DYHKIIMOHAIbHbII aHanu3 BbinonHeH Metofiom HIIBO
Ha JK-cnekrpomerpe ¢ ®Dypbe-npeobpazoBanmem Spectrum 65 ¢upmbr Perkin Elmer.
O/eMeHTHBI aHa/MN3 BbINONHeH ¢ ucnonbsoBanneM C,H,N-anammsaropa FLASH EA 1112,
CofieprKaHUe JIAHTaHA U XJI0pa OIIpefie/IsIoCh TPIIOHOMETpHell (MHAMKATOP — KCU/IEHOIOBBIN
opamxeBblit) [8] u aprenToMeTpueit [9] IO OOLIETTPUHATHIM METOMKAM.

C menblo 3aMe[yleHMsI OKMUCIEHUS acKOpPOMHOBON KUCTOTBI IPENIOXKeH IOAXOf,
HU3KOTeMIlepaTypHoro cuHTesa (5°C).

MeroguKa cMHTe3a KOMIUIEKCHOTO COeMHEHNSI ACKOPOWHOBOI KMCTOTHI C XITOPUAOM
manraHa (IITI). B xuMmyeckux crakanax npuroroswm 2 pacrBopa — LaCls » 7H,O (1.85 1,
5 MMonb B 5 Mt Bojpl) U L-ackop6unoBoit kucnoter (0.88 r, 5 MmMonb B 5 Mt Bopbl). Ilepen
CMeIIVBaHMeM 00a pacTBOpa OXJIAAVUIN Ha yiefsaHoit 6aHe 1o 5 °C, pacTBop ¢ L-ackop6uHOBOI
kucnoroi gosenu fo pH=7 0.1 M pactBopom KOH, nocsie yero nepemeninpany Ha MarHUTHO
MellajiKe B TedeHye 30 MUHYT NPV aHAJIOTMYHON TeMueparype, fob6aBumm 10 M XOTOHOTO
3TaHONA [JIA JIy4llero ocaxpeHus mnobounoro mpopykra (KCl), mocme dwero pactBop
OoTUIBTPOBAIN, HAKPBUIM YAaCOBBIM CTEKJIOM ¥ /MM MeJ/IEHHO HarpeTbcsl JO KOMHATHON
TeMIepaTypsl. LleeBoit MpOAYKT BBIAEANN U3 PacTBOpPA HA POTALMOHHOM MCIapuTese IIpu
temrieparype 40°C 1mojy BAKYyMOM, KOHIIEHTPUPY: pacTBOpP U BbUIMBASA €T0 B yaluky Iletpu ms
BBICYLIVBaHUA B 9KcKKaTope Hap 6e3BopHbIM CaCl,. ITonmyueHHOE coeiHeHMe IpeACTaBIseT
cob60it Genblil OPOIIOK; MPU pacTBOpeHun ackopbara nmantana (III) B Bome Habmomaercs
O1eHO-pO30Bast OKpacka pacTBopa. Berxon — 83.32% (macca Bewjectsa 1.60 r). Berancneno, %:
C 18.72; H 1.83; O 24.94; Cl 18.42; La 36.09. Haitneno, %: C 18.91; H 1.96; O 24.90; CI 18.21;
La 36.02. Monspuas macca 384.93 r/mons. VIK-crextp, v, cm': 3321 (v O-H), 1629 (v C=0
Koopp.), 1589 (v C=C), 1516 (8§ OH), 1425 (v C-0O-La), 1100 (v C-0), 791 (v La-O). Anax=515 HM.
CxeMa cuHTe3a:

LaCl; « 7H,0O + C¢H,0s K™ > [La(C6H706)]C12 + 7H,0 + KCl

ITony4eHHOe coefjiHEHME IETKO PAaCTBOPUMO B Bofie, ciimpTax, JMCO u IM®A, nnoxo -
B JVISTUIOBOM 3dupe, IVKIOTeKCaHe U APYINX HEellO/IAPHBIX pacTBopuTenax [10].
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Jns onpenenensa KOHCTaHTBI HECTOMKOCTY HaBeCKy KoMIiekca B 100 Mr pactBopuin B
5 M BUCTUIMPOBAHHONM BOJAbI M IIEpEeMENIMBAIN PAacTBOP B TedeHMe 3 4YacOB C Iie/IbI0
YCTQHOBJIEHVSI 3HAYeHMsA KOHIIEHTPAlMM, MAaKCUMAJIbHO ONM3KO K PaBHOBECHOIL.
ITepechinieHHBIT pacTBOP ObUI OTGUIBTPOBAH, TOJTy4€H HACBIIIEHHBII PACTBOP KOMITIEKCHOTO
COefVIHEeHNUs TIpY KOMHATHOI TeMIeparype (B yCIoBUAX akcriepuMenTa 18.6 °C - nokasaHue
TTabOpPaTOPHOTO TEPMOMETPA).

OcHOBHaA 4acTh

Kommekc nmeer nornomenne B BuauMoit obmactu (515 HM; 3eneHo-rony6as 06/1actb
CIIEKTpa), PacTBOP MMeeT 6J1eTHO-PO30BYI0 OKPACKY (CM. puc. 2).

0,5
0,45
0,4
0,35
0,3

< 0,25
0,2
0,15
0,1

0,05

400 500 600 700 800 900 1000
A, HM

Puc. 2. DeKTpOHHBII CIIeKTp (PAaCTBOP CpaBHEHMsI — JUCTWUINPOBAaHHAs BOfIa) KOMIUIEKCa ackopbata mantaHa(I1l)
(e=401.11 1 * monmp! * cml; C=1 « 10 M).

[TosiBNeHyMe MONOCH IOI/IOLIeHNA Hpu 515 HM U PO30BOJ OKpacky OOYCIOBIICHO
CBOJICTBaMU JINTAHJA, T.K. JAHTaH POPMaIbHO MIPUHANIEKNT K d-9/1eMEHTaM U He IPOSIBIIsIET
f-f mepexomoB, B OT/IMYME OT OCTATbHBIX TaHTaHOUAOB [11]. [ToaToMy MBI IIpefIoNnaraem, 4To
IPOVICXOZIUT ITePEHOC /IEKTPOHA C BBICIIET 3aHATOI MOJIEKY/IIPHOI OpOUTaI acCKOpOaT-aHIOHA
Ha HUSIIYI0 BAaKaHTHYI0 MOJIEKY/IApHYI0 opbutanb La’. Takum ob6pasoM, sHeprus mepexosia
COOTBETCTBYET BUVIMOJI 00/TacTy CIIeKTpa BC/IE[ICTBYIe YMEHbIIEHMSI SHEPTETUIECKOT0 3a30pa.

Taxoke creyeT y4nThIBaTh BO3MOKHOCTD YaCTMYHOTO OKVICTIEHNA 1 JeTIPOTOHVPOBAHNA
ackopbaT-aHuMOHa B BOJHOM pacTBope. IlosTomMy MBI IpefnonaraeM BO3MO>KHOCTb
CYIeCTBOBAHMA HAIMOJIEKY/IIPHOTO aHCaMO/IA C TOAXOAALIMM TIeOMETPUYECKMM U
JIOHOPHO-aKI[eNITOPHBIM COOTBETCTBMEM MEX[Y AerMApoackopbaT-aHMOHOM M acKopbaToM
nanTaHa(Ill), uMeromum crepyromee crpoeHue (cM. puc. 3), COeUHEHHBIM BOJOPOIHBIMU
CBA3AMU MEXJY TUAPOKCWIBHBIMKM ¥ KapOOHMIBHBIMU TpYNIIaMM, KOTOPBIN TaKKe
CTaOMIN3UPYETCsA CTIKUHT-NIOJOOHBIM 3PQPEKTOM MeEXAY ABYMA IUIOCKMMM JTAKTOHHBIMU
KOJIbIIAM.
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)

Cl—La=—0

\

Cl

Puc. 3. HapgmonexymspHbit aHcaMbab ¢ germgpoackopbar-aHmoHoM u  ackopbarom manraxa(IIl)
(npepmonaraemas CTpyKTypa)

[Tony4eHHBII KOMIUIEKC MMeeT BBICOKMII MOJIAPHBIN KO3(QOUIMEHT SKCTUHKIN:
€=401.11 1+ Monmp' * cM!, 4TO MHOATBepXKfaeT M3MepeHMe abcopOLMM IpU Pa3TUIHBIX
3HaYeHUAX KOHLeHTparyu (cM. puc. 4, Taon. 1).

Ta6muma 1. Onpenernenne MomstpHOro koahduimenta skcruHKImm (€) komruiekca La(Ill) ¢ ackop61HOBOI KMCTOTOIA.

C, monb/n A
9.0 - 10° 0.034
1.5 10* 0.053
2.5+ 10* 0.113
3.5+ 10* 0.165
45+ 10* 0.176
6.0+ 10* 0.232
7.0 « 10 0.299
8.0+ 10" 0.310
9.5+ 10* 0.365
1.0 - 107 0.410
1.5+ 103 0.601

0,7

0,6 y =401,11x ..

- R2 = 0,9983'“,,.---"""

<M o*

0,3 .."...--'.

0,2 oo L

01 .
o *°

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

Puc. 4. Onpenenenue momsipHoro koaddurmenta sxcrunkumm (¢) kommrekca La(Ill) ¢ ackopbat-aHnoHOM 1m0
YPaBHEHUIO TMHENHON PETPECCHIL.

KommnekcoobpaszoBanue ocratka ackopb6mHoBoit kmcnorel ¢ ymaHTanoMm (III) takoke
nokazaHo MmeropoM JK-cnekrpockonmu. Ha puc. 5 m 6 mpencraBieHbl KojebaTenbHbIe
CIIEKTPBI JINTAH[IA I KOOPAMHALVOHHOTO COeAVIHEH M.
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Puc. 5. VIK-cniexTp nuraxpa (acCKOpOMHOBOJ KMCIOTHI).

1004

807

%T

75

4000 3500 3000 2500 2000 1500 1000 600
Puc. 6. VIK-criextp komiekca ackopbara La(IIT).

B VK-cnekTpe KOMIUIEKCHOTO COEAVHEHMs HAOMIONATCA CTPYKTypHBle M3MEHEHMS B
CpaBHeHUM C JMUraHgoM. Tak, HaOIofaeTcs MONTHOe M3Ye3HOBEHMe MONOoChl B 1753 oM™,
KOTOpBINI cooTBeTcTByeT rpynne C=O JIaKTOHHOTO KO/bLIA, IIPU 3TOM IPOMUCXOAUT
JleIOKa/M3anysl ~ 9MeKTPOHHOM  IUIOTHOCTM,  4TO  4YacTo  Habmofaercs  Ipu
KOMIUIEKCoOOpazoBaumy. Takke NPOMCXOAUT CMelljeHMe Mojoc fABoiHO cBasu C=C B
CIIeKTpe KOMIUIEKCAa Ha MHTepBaje BOTHOBBIX umcen 1630-1590 cm. Ob6pasyercs emmHas
PEe30HAHCHAasA CUCTeMa, TZie KeTO-TPYIIIbI, BEPOATHO, OCTAOTIEHBI IIOf, BO3IENCTBMEM IO
06BpéMHOrO KatnoHa La’'. VIHTepec IpefcTaB/isgeT 1 MCYe3HOBEHNE YETBIPEX OCTPHIX MUKOB
YICTOTO MNUTaHfa B o6macty 3524-3209 cM™!, COOTBETCTBYIOIMX IMApPOKcorpymnmnam [12], B To
BpeMs KaK B CIIEKTpe KOMIUIEKCa OCTalach OfHa InMpokas mosoca nmpu 3321 cm™’. Yactb
TUIPOKCOTPYNII AENPOTOHMPOBANach IpPYM CBA3BIBAHMM C JIAHTAaHOM, HO HE MCK/IIOYEHBI U
MEXXMOJIEKY/IApHbIe BOJIOPOJHbBIE CBA3JM CO CTOPOHBI KOMIUIEKCA C JeIMAPOAcKopOaToM,
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yrnomsaHyTtoro paHee. ITosBnenue HOBbIX nonoc (843, 791 cm™') xapakTepHO I MeTalI-
KucmopopgHblx  komebanmit La**-O. Ilogpobnas cpaBHUTeNbHas pacumM@poBKa IUKOB
npuBefieHa B Tabuiie 2.

Ta6muua 2. CpasunTenpHas pacumepopka nukos VK-crekTpoB ackop61HOBOIT KMCTIOTEI 1 ee Komintekca ¢ La(III)

v, em™? (%T), muranp v, cMm™ (%T), KoMIekc VuTepmperarnus

3524.91 (69.79)

v(O-H), cnuprossie (pu C6; O6-H...O)

3408.16 (67.43)

v(O-H), Bogopopnusie cBsizu (mpu C5; O5-H...O)

3313.21 (68.68)

3321.62 (91.58)

v(O-H), enonbusii, O6-H...O

3209.77 (71.35)

v(O-H), 05-H...0

3022.48 (61.50)

v(=C-H)

2916.16 (63.30)

Vv(CH,), anudarnyeckue pparMeHTsI

2718.22 (67.97)

v(O-H), numepHbIit

1753.59 (63.91)

1629.75 (59.64)

v(C=0)

1657.75 (26.25)

1589.53 (61.31)

v(C=0), eHOIbHBII1

1317.78 (29.20)

1307.73 (74.67)

v(C-O-C), makTOHHBII

1138.45 (27.19)

1140.25 (87.64)

v(C-O), mepBUYHBIL COINPT

1120.03 (20.30)

1100.59 (87.17)

v(C-0), eHONMbHBIN

- 825.09 (81.42); 795.40 (83.86) La**-0O

CrekTpodOTOMETPUYECKMM METOHOM M0 TpaduKaM HACBIAeMOCTV OIIpefie/ieHa
KOHCTaHTa HecTolikoctu komiutekca La(Ill) ¢ ackopbmunoBoit kmcmoroit. Ilpm momomu
3/IEeMEHTHOTO aHa/M3a YCTAaHOBJIEHO, YTO COOTHOLIEHME «MeTann : nura"g» = 1:1. Taxoke
u3BecTHa OpyTTO-OpMyNIa MCCIENyeMOro COeVHEeHMs. BHyTpeHHAs cdepa KOMIUIEKCa,
Oymy4y TPyFHOPACTBOPUMBIM 3/I€KTPOIATOM, AUCCOLMIPYET COITTACHO YPaBHEHMIO:

[La(C6H7OG’)]2* =Lad + Ce¢H,O¢
X X

Boipaxxenne mnsa  mpomssefeHms pactBopumocty  (IIP) wmmeer Bupg x%, 1o
KaMOpoBOYHOMY rpaduKy Ha pUC. 4 oIlpefeNieHa KOHIIEHTpPALMs HACBIIIEHHOTO PacTBOpa,
KOoTOpast coctaBmia 1.46 + 10~ Moyb/.

KHECT:HP:X2:(1-46 * 10_3)2:2.12 - 10°

PaccMoTpeHO BIMsAHME KOMITIEKCOOOPa30BaHNA aCKOPOMHOBOI KVCTIOTBI C TAHTAaHOM Ha
OMOIOrMYeCcKyI0 aKTMBHOCTb AHamm3 in-silico IpOBeI€H C MCIIOIb30BaHMEM OHJIAJH-CEPBUCOB
ProTox (http://tox.charite.de/) m PASS Online (https://way2drug.com/PassOnline/predict.php).

Kax mokaspIBaloT gaHHble Tabnmuil 3-6, MpU KOOPAMHALMY aCKOPOMHOBON KMCIOTHI C
monoM maHtaHa(Ill) mpomcxomur cyujecTBeHHass TpaHcopmanysi (GapMaKoIOTNIeCKOro
npo¢uns. Tak, cBoOOAHAsA aCKOPOMHOBAs KMCIOTA SABJIAETCS KIaCCUYeCKUM aHTVOKCUITAHTOM
(P,=0.928), BasomporexTopom (P.=0.948), noBymkoit akTuBHBIX popM kucrnopopa (P.=0.889)
U TPOTMBOBOCHATUTENbHBIM cpencTtBoM (P,=0.779). E€ MexaHU3M HeNCTBMs CBsI3aH C
MHTMOVPOBaHMEeM KIIIOYEBBIX OKCUJOPENYKTa3, TAKMX, KaK YOUXMHOI-LUTOXpoM-C-pefyKTasa
(P,=0.881) wm  rayratmon-rugporenasa  (P,=0.830). Taxxxe oOHa  CTUMYIMpyeT
TpaHCKpUILMOHHBIE (pakTOpbl, B ToM uncie NF-kB (P,=0.772). [IpucyrcTByoT 1 mo6o4HbIE
a¢ddexThI, TIe BBICOKON BepOATHOCTbIO NposiBieHus obmagaror puapes (P,=0.895),
taxukapgus (P.=0.842) u npyrue.
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Ta6muua 3. Knuanueckas n papMakoIornieckas akTMBHOCTb acKop6uHoBoit kucmotst (PASS Online)

BeposTHOCTD IpUCyTCTBUA BeposaTHOCTD OTCYTCTBUA
. Ny Wurepnperanysa
6uomnornyeckoit akTuBHocT! P, | 6monorndeckoit akTuBHOCTH P;
0.948 0.002 BasomnpotekTop
0.928 0.003 AHTHOKCHUIAHT
0.896 0.001 Wuruburop
IIPOKOJIIaTeH-NM3VH-5- 1M OKCUT€Ha3bl
0.889 0.001 ITornorurens kKuciopoga
0.881 0.009 Vuruburop
y6uxunon-11utoXpoM-C peayKTaspl
0.830 0.001 VIHrn6uTOop IIyTaTHOHAETUAPOreHa3bl
0.779 0.008 IIpoTuBOBOCIIANIUTE/IBHOE CPEICTBO
0.772 0.003 CTuUMYNATOp TPaHCKPUILIMOHHOTO

¢daxropa NF-«kB

Ta6muua 4. ITo6ounsie a¢dexts! ackopburoBoit kucaoTsl (PASS Online)

BepoaTHoCTb MpUCyTCTBUA BepoaTHOCTb OTCYTCTBUA
. y Wurepnperanysa
6uomnornyeckoit akTuBHoCcT! P, | 6monorndeckoit akTuBHOCTH P;

0.895 0.011 Huapes
0.842 0.011 Taxnxappusa
0.816 0.021 Hapymennsa cua
0.803 0.018 Adrosnas s13Ba
0.800 0.023 Hepmarut
0.780 0.016 Hedporoxcuunoctp

noit nmpodunp Habmopmaercss B cnydae ackopbara manraHa(lll) - tabmmubr 5, 6.
AHTHOKCUJJAaHTHAasT ~ aKTUBHOCTb  IPAKTUYECKM  JCYe3aeT, HO Pe3KO  YCUIMBAETCS
MHTMOVMpOBaHMe YOMXMHOM-IUTOXPOM-C-penykTassl (P,=0.956) m mnosBnsercs MoujHOe
unrn6uposanne HAJI®H-nepokcupaser  (P.=0.966), orcyrcTBOBaBLIee Y  JIMTaHJA.
BasonpoTreKkTopHas aKTMBHOCTb COXpaHsAeTCs, HO cHpKaercA 1o P,=0.835. IToasnAawTca HOBbIe
BUZIbI aKTVBHOCTH: MHTMOUTOPHI fekcTpaHassl (P,=0.943), nepanassl (P,=0.930), MmapraHiieBoi
nepokcupassl  (P,=0.919) u xmaBammnarcunrasel (P,=0.909). Kommnekc mnpuobperaer
ocMoTIYecKoe uyperndeckoe geiictBue (P,=0.819) n noreHumanbHyoo 3¢pGeKTUBHOCTD IPH
nedenyn arepockieposa (P,=0.728). Cpenn mo60o4HbIX 3 deKkToB ImepBoe MeCTO 3aHMMAeT
Merabommueckmit  anpupos  (P.=0.907), mpucyrcrByer rumeprivkemusa  (P.=0.804),
reMaToTOKCMYHOCTh (P,=0.748), mpu sTom HedpoTOKCcMYHOCTH coxpansercsa (P,=0.757), a
JKETyLOYHO-KMIIeYHas: TOKCUYHOCTb HECKONbKO cHipKaercs (P,=0.748) B cpaBHeHUM c
VICXOJIHBIM JIUTAH/IOM.

Ta6muua 5. Knuanveckas 1 papMakoorndeckasi akTuBHOCTb ackopbara nantana (PASS Online)

BepoaTHocTh mpucyTcTBUA BepoAaTHOCTD OTCYTCTBMA
, ; VHuTepniperanysa
610morn4ecKoi akTMBHOCTH P, 61oIornIecKo akTMBHOCTH P;
0.966 0.001 VHrnbutop nepoxcumassl
NADPH
0.956 0.002 VHrnbutop youXmHOM-IUTOXPOM-
C-penykTaspl
0.943 0.002 VHruburop mexcrpaHasbl
0.930 0.002 VHruburop neBaHasbl
0.909 0.001 VIHruburop KaBaMMHAT-CUHTA3bl
0.835 0.004 BasomnpotekTop
0.819 0.001 OcmMmoTudeckuit JUypeTuk
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Ta6muua 6. [To6ounsie 3¢ dekTs! ackopbara mantana (PASS Online)

TOM7, BbIlYCK 3, 2026

BeposaTrocTh npucyTcTBua
61I0/I0TM4eCKOlT aKTUBHOCTH P,

BeposaTroCcTb OTCYyTCTBIA
61O/IOTMIeCKOl aKTUBHOCTH P

VuTepnperanusa

0.907 0.006 MerabommuecKkuit alugo3
0.804 0.008 I'imeproukemus
0.773 0.024 lenaToTOKCMYHOCTD
0.757 0.019 Hedporoxkcuynoctp
0.763 0.028 Hepmatut

0.748 0.035 leMaTOTOKCMYHOCTD
0.732 0.034 Adrosnas s13Ba

Bonee yrny6néuubii aHanms

BO3MOXXHBIX TOKCMYecKMX 9¢ddekToB KoMmIiekca

nanTaHa(Ill) c ackopbar-aHnoHoM npoBefiéH B pecypce ProTox, B creHeprpoBaHHOM OTYETE

KOTOPOTO IpOM3BefleHa OlLleHKA OPTaHHO}M TOKCHMYHOCTH, B3aUMOZENCTBMA C ANepHBIMU

penenTopaMn  MyTAMN CTPECC-OTBETA, a TAK)KE MOJIEKY/IAPHBbIE MTHNIUNPYIOIINE COOBITHA U

MetabomuaM. Tak, B Tabmuile 7 IpefCTaBIeHbl JaHHbIe aKTVMBHOTO KJIacTepa, KOTOPBIN IS

KOMIIJIEKCA TaHTaHa ABIACTCA Y3KUM: IPUICYTCTBYIOT 3 KOMIIOHEHTA.

Ta6muua 7. IIporuos Toxcukonorndeckux a¢p¢dekros ackopbdara nantaHa (ProTox)

MuliiieHb / 1iey1eBoit

Kareropus O6o3sHaueHne Pesynprar
IIOKa3aTeNlb
I'enaToTOKCMYHOCTD hepatotoxicity HeaxTtusno ¢ BeposaTHocTbIO 0.80
0 HeitpoTokcuHOCTD neurotoxicity HeakTusHO ¢ BepoATHOCTBIO 0.92
prauHai Hedporokcuunocts nephrotoxicity AKTUBHO ¢ BeposATHOCTDBIO 0.74
TOKCUYHOCTD
JIbIxaTenbHasA cucreMa respiratory toxicity HeaktnBHO ¢ BeposATHOCTBIO 0.62
KapanorakcuaHocTb cardiotoxicity HeakTuBHO ¢ BepoATHOCTBIO 0.62
Kanneporennoctb carcinogenity HeakTuBHO ¢ BeposaTHOCTbIO 0.76
Bnuanue Ha uMMyHUTET immunotoxicity HeaxTtusno ¢ BeposarHocTbio 0.97
IMospexpenne JTHK mutagenicity HeaxTtusno ¢ BeposaTHOCTBIO 0.52
KnerouHas TOKCUYHOCTDb cytotoxicity HeakTtusHo ¢ BepoATHOCTBIO 0.65
Opyrue ITpouukHOBeHME Yepe3 bbb AKTUBHO € BeposATHOCTbIO 0.89
BUZIbI reMaTosHLedamIecKnit
TOKCUYIHOCTH 6apbep
TokcudHOCTD Iyt ecotoxicity HeakTusHo ¢ BepoATHOCTBIO 0.68
OKpYy>Kalollell cpefibl
Knunuyeckas TOKCUYHOCTD clinical toxicity HeaxTtusno ¢ Beposarnocrbio 0.50
(obmmras)
Tpancruperun mie_ttr AKTHUBHO C BeposATHOCTBIO 0.65
Anepnsie penenrtops! (CAR, | mie_car, mie_pxr HeaktusHO ¢ BeposaTHOCTBIO 0.55
ITepBuynbIe PXR)
MeXaHU3MBI Hpyrue penenTopsr / mie_ache, mie_nis, | HeaxrusHo ¢ BepoaTHOCTbIO 0.50-0.99
IelicTBUA (bepMeHTHI mie_kar,
(ameTunxonmHacTepasa, mie_thr_alpha u

HaTpueBble KaHA/IbI U Jp.)

1p-

Cpeny HUX — CBA3bIBaHMe C TPAaHCTUpeTHHOM (mie_ttr, Active, P=0.65), mpoHuIaeMocTb

remaroaHIedanyeckoro 6aprepa (bbb, Active, P=0.89) m nHedporokcnynocts (nephro,

Active, P=0,74). CBs3bIBaHMe ¢ TPAaHCTUPETUHOM YKasblBaeT Ha NOTEHIMaTbHOE HapyIlIeHVe
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TPAaHCIOPTa THMPEOVJHBIX TOPMOHOB, YTO TpebyeT KOHTPOJA THUPEOMJHOIO CTaTyca IIpu
NOK/IMHMYECKUX MCCIeNoBaHUAX. Bbicokad mpoHuuaeMoctb I'Ob oTKpbiBaeT BO3MOXKHOCTb
BO3JIe/ICTBUA KOMIUIEKCA Ha IIeHTPaJbHYI0 HEPBHYIO CUCTEMY, OJHAKO IIpM OTCYTCTBUU
HeliporokcnyHocTy (P=0.92 Inactive) ator puck MuHumaneH. HeppoTokcnYHOCTD sABIsIeTCSA
OCHOBHBIM OTPaHNMYEHMEM: YYNTHIBAA IOTTHOE OTCYTCTBME MeTabonm3Ma depes n30(epMeHTHI
CYP450, koMI/IeKC BBIBOAUTCA ITOYKaMM B HEM3MEHHOM BI/JI€, YTO CO3/IAET NOMOMTHUTE/IbHYIO
HarpysKy Ha II0YeYHYIO TKaHb.

OcranpHble TOKCMKO/IOTMYeCKMe IapameTpbl B Mogenu ProTox d¢opmupyior
OOIIVPHBINI HEaKTMBHBIN KJIacTep, YTO CBUAETETbCTBYeT 00 OmaronpusaTHoM mpoduie
0e30MacHOCTM KOMIUIEKCAa II0 OOJBLIMHCTBY IIapaMeTpoB. B YacTHOCTM, OTCYTCTBYIOT
KapauotokcnyHocTh (P=0.62 Inactive), pecnmparopHas TokcuuHocTh (P=0.62 Inactive),
KaHIeporeHHOCTb (P=0.76 Inactive), myrarenHocTp (P=0.52 Inactive), MMMyHOTOKCMYHOCTD
(P=0.97 Inactive) m mmrorokcmyHoctb (P=0.65 Inactive). I'emaTOTOKCMYHOCTD, COIIACHO
mogenu ProTox, oneHnBaeTcss Kak HeaKTUBHBIN K1acTep ¢ BepoATHocTbI0 0.80, HO, cienyer
OTMETUTD PACXOXKJIEHNE C pe3y/IbTaTaMM BUPTYaJIbHOTO CKpMHMHTA B mporpamme PASS Online
(P,=0.773, oM. Tabmuuy 6). OTO CBUAETENBCTBYeT O HEOJHO3HAUYHOCTM IIPOTHO3A M
HeoOXO[MIMOCTY TpOBefleHNsI 9KCIEepUMEHTA/NbHBIX MCCIeOBAaHMIT in Vitro, in vivo ms
OKOHYATEJIbHOTO 3aK/II0UeHNsA O BIMAHUA KOMIUIEKCA Ha IleueHb, B TOM 4YUC/Ie U B
JOITOCPOYHOI IEPCIIEKTUBE.

TakuMm 00pasoM, TOKCUKONOTMYECKUII TNPO(MUIb KOMIUIEKCA XapaKTepusyeTcs
eJVHNYHbIMY MAEHTUQUIVPOBAHHBIMU pUCKaMy (HePPOTOKCMYHOCTb, CBS3bIBAaHME C
TPAaHCTUPETMHOM) Tpu oOmieM OnmaronpusATHOM (¢OHe; IPOTHO3 B  OTHOLIEHUU
rellaTOTOKCUYHOCTY TpeOyeT JOIOTHUTETBHOTO 9KCIIEPYIMEHTA/IbHOTO OATBEPXK/IeHNA.

BoeiBoabl

Paspaboran cmoco6 cmHTe3a BopmopacTBOpuMoOro komiurekca saHtaHa(Ill) ¢
aCKOpOMHOBOJ KMCIOTOM  (BBIXOX cocTaBMln  83%), WMHAMBUAYAIBHOCTb COENVHEHVS
noarsepxpeHa Merofamu VIK- n YO-Bup ciektpockonum. CrieKTpasibHble XapaKTe€PUCTUKM:
Amax=515 HM, 3321 (v O-H), 1629 (v C=0 xoopz.), 1589 (v C=C), 1516 (§ OH), 1425 (v C-O-La),
1100 (v C-0), 791 (v La-O). PesynbraTbl BMPTya/JbHOrO CKPMHMHIA IIOKA3alIM, YTO
koopayHanyss ¢ La(Ill) cymecTBeHHO m3MeHseT apMaKOIOIMYeCKUiT IpOpuIb
aCKOpOVMHOBOJ KMC/IOTBHI: AHTMOKCUJAHTHAsA aKTMBHOCTb YCTYIaeT MECTO BBIPKEHHOMY
uHrn6uposannio NADPH-nepokcupassl u youxmnHon-muroxpom-C-penykrassl. Komrrexc
IpOsB/IAeT Ba30IPOTEKTOPHbIE, OCMOTIYECKME AUYpeTUdecKle CBOMCTBA U MOTEHIMA/IbHYIO
aKTVBHOCTD B OTHOLIEHNN aTepockiaepo3a. [Ipefckasana cnoco6HOCTb KOMITIEKCA TPOHMUKATD
4yepe3 remMarosHuedannyeckuii Oapbep U CBA3BIBATbCA C TPAHCTUPETMHOM, YTO Tpebyer
KOHTPO/IA TUPEOUJHOTO CTaTyca IpM JajAbHeMIIMX MuccaefoBaHuAX. IIpornosmpyembiit
TOKCUKOJIOTMYECKUII NPOPWIb KOMIUIEKCA XapaKTepU3yeTcs ONarompyATHBIM (POHOM IIO
OONBIIVIHCTBY  IIapaMeTPOB, OJHAKO  BBIABJICHHBIE PUCKM  HEPPOTOKCUYHOCTH U
HEOJHO3HAYHOCTb  IIPOTHO3a  TEMATOTOKCMYHOCTYM  HYXHAIOTCA B 00sg3aTe/IbHON
9KCIepMMEHTaIbHOI pOBepKe Ha 3Talle NOKIMHMYeCKMX McibiTauuii. [lomyueHHble TaHHbIe
CO3JIAIOT IIPeAIIOCHUIKM /1 HAaIIPaB/ICHHOTO MTOVCKA OMOTOTMYeCK aKTYBHBIX COeVHEHMIT Ha
OCHOBe aCKOp6aTOB peKO3eMe/IbHBIX 9JIEMEHTOB C 3aJJaHHBIMI CBOJICTBAMIL.
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Abstract. Through the aromatic nucleophilic substitution and reduction
reactions, we obtain mixtures of 1-(2-NH»-4-CFs-phenyl)-1H- and
2-(2-NH»-4-CFs-phenyl)-2H-benzotriazoles, containing 1- and 2-substituted
isomers in various ratios. The UV absorption intensity of these amino
compound mixtures was studied. All mixtures of aminobenzotriazole
derivatives had absorption in the ranges of 280-200 nm, 315-280 nm, and
400-315 nm. An increase in the content of the 2-substituted isomer in the
mixture resulted in their higher ability to absorb UVA and UVB radiation.
When the 1-substituted derivative predominated in the mixture, UVC
radiation was absorbed more intensely. The most promising mixture was
found to be one containing the 1- and 2-substituted isomers in a ratio
of 1:0.49. It exhibited continuous and significant absorption over the entire
studied UV spectral range. Quantum chemical calculations showed the
hypsochromic shift of the absorption maxima in the UV spectrum of the
I-substituted isomer is due to steric hindrance. It makes the molecule
substantially non-planar and disrupts the conjugation between the
benzotriazole and aniline moieties. It increases both the energy gap between
the HOMO and LUMO and in the energy of electronic transitions.
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Introduction

Polymer materials can be subjected to various adverse physicochemical effects during

various operations. Indeed, UV radiation causes polymer degradation. Therefore, it is of
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particular importance [1-3]. Various light stabilizers are used to prevent photodegradation.
Among them, UV absorbers have the widest application [4-7].

As such additives, various alkyl derivatives of 2-(2H-benzotriazol-2-yl)phenol [8-13] or
ortho-hydroxybenzophenones [14 15] are most commonly used (Fig. 1).

(0] OH
b)

Fig. 1. Most common UV absorbers: a) derivatives of 2-(2H-benzotriazol-2-yl)phenol (Tinuvins), b) derivatives
of 2-hydroxybenzophenone

The mechanism of action of UV absorbers is based on the ability of molecules to transit
from the ground electronic state (A) to an excited state (B) [16]. It is characteristic of
2-(2H-benzotriazol-2-yl)phenols (Scheme 1). The excited singlet state (B) relaxes within ~100 fs
via adiabatic proton transfer to the nitrogen of the triazole ring, resulting in the formation of a
proton-transfer tautomer (C). Then it returns to the ground state (A) with the release of thermal

i,
Sssoliless

Photostabilizers containing a phenolic fragment have a number of drawbacks, such as low

energy.

Scheme 1

efficiency in preventing long-term oxidative degradation and leachability.

Ortho-benzotriazole derivatives of aniline should have a similar mechanism of UV
absorption and conversion. The presence of an amino group in the ortho position to the
benzotriazole ring enables the formation of an intramolecular hydrogen bond between the
amine proton and the nitrogen atom of the benzotriazole [17]. The main effect of such an
intramolecular hydrogen bond is a multiple increase in the rate of internal conversion in the
singlet state (at 300 K). As a result, most of the photoexcitation energy is dissipated thermally
in the singlet system. The resulting reduction in the lifetime of the excited singlet state decreases
the yield of the photoreaction and fluorescence. The rate constant of the photochemical reaction
remains unchanged [17].

Previously, we developed a method for the joint synthesis and separation of
1-(2-aminoaryl)-1H- and 2-(2-aminoaryl)-2H-benzotriazoles. Their ability to absorb UV
radiation was studied [18]. As a result, 1-(2-aminoaryl)-1H-benzotriazoles absorbed ultraviolet
C more efficiently, while 2-(2-aminoaryl)-2H-benzotriazoles absorbed ultraviolet B and A.
In terms of the ability to absorb UVC rays, 1-(2-aminoaryl)-1H-benzotriazoles outperformed
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the commercial light stabilizer Tinuvin P (2-(2"-hydroxy-5'-methylphenyl)benzotriazole).
2-(2-Aminoaryl)-2H-benzotriazoles were more efficient UV absorbers than Tinuvin P in the
mid-wavelength region of the UV spectrum. In terms of the ability to absorb UVA rays,
2-aminoaryl-substituted benzotriazoles demonstrated results comparable to Tinuvin P.

Main body

According to our previous studies, mixtures of 1-(2-NH,-4-CF;-phenyl)-1H- (4) and
2-(2-NH,-4-CF;-phenyl)-2H-benzotriazole (4') contain the 1- and 2-substituted isomers in
various ratios were obtained; the intensity of their UV absorption was studied.

The purpose of this study is to evaluate the effectiveness of using mixtures of UV absorbers
compared to individual N-(2-aminoaryl)benzotriazole derivatives. The use of mixtures will
allow ones to avoid the complex and labor-intensive stage of isomer separation, and eliminate
losses during their isolation.

Mixtures of isomeric amines 4 and 4' were obtained via the aromatic nucleophilic substitution
reaction of 1H-benzotriazole (1) with 2-nitro-4-(trifluoromethyl)-1-chlorobenzene (2),
followed by reduction of the isomeric nitro compounds 3 and 3' (Scheme 2).

05N
N I%I N2
= , ' \
M N
4
Cl ' f SHC]Z 2H20
NO, KyCOs, 3 6 5
N DMF > 7 i-PrOH, 18% HCI
N + — = 6 4 "
N ON 70 °c, Ih N
H
CF3 )\I\ )\I\
N CF3 /N CF3
1 2 \N/ \N
3' 4'

Scheme 2

To synthesize mixtures containing the nitro products 3 and 3' in various ratios, the SyAr
reaction was conducted in DMF in the presence of K,CO; at different temperatures (Table 1).

Table 1. Effect of temperature on the ratio of 3 and 3' formed during the SyAr reaction of 1H-benzotriazole (1)
with 2-nitro-4-(trifluoromethyl)-1-chlorobenzene (2)

Ne Temperature, °C Reaction time, h Total yield, % Ratio* 3 to 3'
1 40 6 92 1:0.50
2 50 5 94 1:0.46
3 60 4 93 1: 0.37
4 70 2 95 1: 0.32
5 80 1.5 97 1:0.26

* according to "H NMR spectroscopy

Fig. 2 shows a fragment of the '"H NMR spectrum of a mixture of nitro products 3 and 3'
obtained at 40 °C. The ratio of products 3 and 3' was determined as the ratio of the integrated
peak areas of the proton signals of 1-(2-nitroaryl)- and 2-(2-nitroaryl)benzotriazoles. The signal
of the least shielded proton H* of the N-aryl fragment was chosen as the characteristic one.
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Fig. 2. Fragment of the '"H NMR spectrum of a mixture of nitro products 3 and 3' (SyAr reaction, 40 °C)

The '"H NMR spectra of 1-[2-nitro-4-(trifluoromethyl)phenyl]-1H- (3) and 2-[2-nitro-4-
(trifluoromethyl)phenyl]-2H-benzotriazole (3'), of 1-[2-amino-4-(trifluoromethyl)phenyl]-
1H- (4), and 2-[2-amino-4-(trifluoromethyl) phenyl]-2H-benzotriazole (4'), isolated in individual
form, are given in [19] and in the Electronic supplementary materials of the article [18].

For the preparation of the mixture of 1-(2-NH,-4-CF;-phenyl)-1H- and 2-(2-NH,-4-CFs-
phenyl)-2H-benzotriazoles (4 and 4'), we used the conditions previously proposed for the
efficient reduction of mono- and polynitroaromatic compounds of various structures:
SnCl,-2H;0, acidic aqueous-alcoholic medium [20-23].

The reduction reaction was conducted for 1 h by adding a solution of the reducing agent
in 18% HCI to a solution of the mixture of nitro compounds 3 and 3' in propan-2-ol at 70 °C
(Scheme 2). According to 1H NMR spectroscopy data (Fig. 3, Table 2), the content of amino
products 4 and * in the reaction mass was approximately the same as the ratio of the starting
nitro compounds 3 and 3' (Fig. 2) in the mixture being reduced.

1H, 1, 3)

1H, H, (3"

11.04-

& 1.80—

88 87 86 85 84 83 82 81 80 79 78 77 7
ppm

Fig. 3. Fragment of the "H NMR spectrum of a mixture of amino products 4 and 4' from the reduction reaction of
a mixture of nitro compounds 3 and 3'
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Table 2. Total yield and ratio of amino compounds 4 and 4' in the mixture obtained by reduction of a mixture of
nitro compounds 3 and 3'

Ne Mixture 3 and 3', obtained by Total yield 4 and 4', % Ratio* 4 to 4'
temperature, °C

1 40 98 1:0.49 (mixture A)

2 50 97 1:0.44 (mixture B)

3 60 98 1: 0.35 (mixture C)

4 70 99 1: 0.31 (mixture G)

5 80 98 1:0.23 (mixture D)

* according to 'H NMR spectroscopy

To assess the prospects of using the obtained mixtures of aminobenzotriazole derivatives
4 and 4' as UV absorbers, electronic absorption spectra were recorded in the region of 200-400 nm.
For comparison, 1-[2-amino-4-(trifluoromethyl)phenyl]-1H-benzotriazole (4) and 2-[2-amino-
4-(trifluoromethyl)phenyl]-2H-benzotriazole (4'), isolated in individual form, were used.
Table 3 gives the values of the molar extinction coefficients corresponding to the absorption
maxima in the short-, medium-, and long-wavelength regions of the UV spectrum of
compounds 4 and 4' and their mixtures.

Table 3. Intensity of UV radiation absorption by 1-[2-amino-4-(trifluoromethyl)phenyl]-1H-benzotriazole (4),
2-[2-amino-4-(trifluoromethyl)phenyl]-2H-benzotriazole (4'), and their mixtures

A (nm) g, I:mol'-cm’!

Mixture A | Mixture B Mixture C | Mixture G | Mixture D 4 4
280-200 32896 33219 35720 40452 42221 43590 29274
315-280 17035 15481 13379 10259 9792 6422 15213
400-315 11033 10865 9140 7893 4874 - 12817

Table 3 shows the mixtures A-D of aminobenzotriazole derivatives 4 and 4' exhibiting
absorption in the ranges of 280-200 nm, 315-280 nm, and 400-315 nm. With an increase in
the content of the 2-substituted isomer 4' in the mixture, the ability to absorb UVA and UVB
radiation increased. When the 1-substituted derivative 4 predominated in the mixture, UVC
radiation was absorbed more intensely. Mixtures A and B, compared with the individual amino
compounds 4 and 4', absorbed mid-wavelength UV radiation more intensely. Mixture A of
aminobenzotriazole derivatives 4 and 4' had continuous intense absorption over the entire
studied UV spectral range. For this reason, we recommend to use as a light stabilizer for
polymer materials in structures operated in different layers of the atmosphere, for example in
weather balloons and other aircraft. If we compare the prospects of using the obtained mixtures
of aminobenzotriazole derivatives 4 and 4' as UV absorbers with the individual compounds 4
and 4, the use of mixture A, containing 1- and 2-(2-aminoaryl)-substituted benzotriazoles in a
ratio of 1:0.49, is more economically beneficial. It had an intensity of absorption of mid- and
long-wavelength UV radiation reaching the Earth's surface and triggering photo-oxidative
degradation of polymers similar to that of the individual substance 4'. At the same time, it is
significantly easier to obtain than the 2-(2-aminoaryl)-2H-benzotriazole.

The experimental electronic absorption spectra of the individual compounds 4 and 4'
were compared (Fig. 4). In the near-UV region, a hypsochromic shift of ~40 nm is observed for
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isomer 4 compared to isomer 4', accompanied by a hypochromic effect (a decrease in € at the
maximum by approximately a factor of 2). It indicates an increase in the energy of the electronic

transition in amino derivative 4.
f
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Fig. 4. Experimental (—) and calculated (---) electronic absorption spectra of 4 (a) and 4' (b). Vertical lines are
electronic transitions calculated by the TD-DFT method.

To explain this effect, quantum chemical modeling of the molecular geometry, frontier
molecular orbitals, and electronic absorption spectra of these substances was conducted.
The quantum chemical calculations were performed using the ORCA software package, version
5.0.4 [24]. The structure of molecule 4' is close to planar: the torsion angle between the
benzimidazole and aniline fragments is 28°. It provides a high degree of conjugation between
these fragments. At the same time, in the structure of 4, the torsion angle is 56°. It is due to the
mutual repulsion of spatially close hydrogen atoms at positions 7 and 6. As a result, the

conjugation between the benzimidazole and aniline fragments is disrupted, and the energy gap
between the HOMO and LUMO increases: 4.39 eV for 4 and 3.88 eV for 4'. The disruption of
conjugation can be clearly traced from the shape of the frontier molecular orbitals (Fig. 5).

LUMO (No. 72)

HOMO (No. 71)

E=-2,13eV

4' E=-6,01eV
Fig. 5. View of the frontier molecular orbitals of compounds 4 and 4'. The red frame highlights the spatially close

hydrogen atoms at positions 7 and 6' in compound 4.
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The HOMOs in both molecules are predominantly localized on the aniline fragment.
The contribution of the benzotriazole fragment to the HOMO is insignificant, but in 4" it is
higher due to the more planar structure. Consequently, the HOMO energy in 4' is 0.09 eV
higher than in 4 due to the greater degree of conjugation. At the same time, the LUMO of
molecule 4' is strongly delocalized; in 4 the LUMO is substantially localized on the benzotriazole
fragment. The disruption of conjugation in the LUMO of the non-planar structure 4
significantly increases its energy (by 0.42 eV). It is the main reason for the higher energy of the
electronic transition and the hypsochromic shift in the near-UV region of the spectrum for
molecule 4.

The electronic absorption spectra calculated by the TD-DFT method agree with the
experimental ones (Fig. 4). The calculated spectra were constructed using the Chemcraft
program (see the experimental section). Despite certain discrepancies in the positions of the
calculated and experimental absorption maxima of 10-15 nm, the calculated spectra reproduce
the main regularities of the experimental spectra:

— the position of the main absorption maxima, including unresolved peaks (226 nm for 4
and 246 nm for 4");

- the hypsochromic shift of the absorption maxima for 4 compared to 4

- the relative intensity of the absorption maxima (rather high in the UV-A and UV-B
regions for 4' and low for 4).

Thus, quantum chemical modeling is a good tool for predicting electronic absorption
spectra and estimating the expected intensity of the absorption capacity of synthesized light
stabilizers.

To provide further evidence for the influence of conformational effects, quantum
chemical modeling of the planar structure of 4 was conducted (the torsion angle between the
benzimidazole and aniline fragments was forcibly set to 0°). In the LUMO of the resulting
structure, as in 4', a high degree of conjugation between the benzotriazole and aniline fragments
is observed. The energy gap between the HOMO and LUMO for the planar structure of 4 is
3.89 eV, i.e., comparable to the non-planar structure of 4. Despite this, the calculated value of
the first absorption maximum for the planar structure of 4 is 360 nm (transition energy
3.44 eV), i.e., close to that for structure 4'. Apparently, it is explained by the greater relaxation
of the molecular orbitals upon formation of the first electronically excited state for the planar
structure of 4. Thus, if molecule 4 had a planar structure, it would absorb in approximately the
same regions as structure 4'. However, steric repulsion between the hydrogen atoms at positions
7 and 6' makes the planar structure of 4 energetically unfavorable by 24.7 kJ/mol compared to
the non-planar one, which confirms the decisive role of steric factors in the position of the
absorption maxima.

Experimental part

NMR spectra were recorded on a Bruker DRX-400 for DMSO-d; solutions. The remaining
solvent proton signals in '"H NMR (6 2.5 ppm) were used as the reference for the chemical shift
counts.
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Procedure for the simultaneous synthesis of 1-[2-nitro-4-(trifluoromethyl)phenyl]-
1H- (3) and 2-[2-nitro-4-(trifluoromethyl) phenyl]-2H-benzotriazole (3')

To obtain a mixture of isomers 3/3' in various ratios, the reaction mass containing
0.044 mol of 1H-benzotriazole (1), 0.063 mol of anhydrous K,COs; and 0.042 mol of
2-nitro-4-(trifluoromethyl)-1-chlorobenzene (2) was heated in DMF (1) at 40 °C for 6 h, (2) at
50 °C for 5 h, (3) at 60 °C for 4 h, (4) at 70 °C for 4 h, and (5) at 80 °C for 1.5 h. The reaction
mass was then cooled and poured into water. We filtered off the residue, then washed it several
times with water and dried. The resulting mixture was dissolved in acetone and separated from
mechanical impurities. After evaporation of the acetone, mixtures of isomeric nitro products
were obtained with a total yield of 92-97%.

Procedure for the simultaneous synthesis of 1-[2-amino-4-(trifluoromethyl)phenyl]-
1H- (4) and 2-[2-amino-4-(trifluoromethyl)phenyl]-2H-benzotriazole (4')

A solution of 0.133 mol of SnCl,-2H,O in 50 mL of 18% HCIl was added with stirring to a
solution of 0.038 mol of a mixture of isomers 3 and 5 in 100 mL of i-PrOH at 70 °C. After 0.5 h,
the i-PrOH was evaporated. The reaction mass was then cooled, treated with NH,OH to pH =8,
and extracted with hot chloroform (X = 250 mL). After evaporation of the chloroform, a dry
mixture of isomeric amino products 4 and 4' was obtained.

Procedure for preparing solutions of the studied samples for UV spectroscopy.

A weighed portion of the sample (0.005-0.007 g) was dissolved in 25 mL of propan-2-ol.
Then 0.2 mL of the resulting solution was diluted with 10 mL of propan-2-ol.

Procedure for recording spectra on a Perkin Elmer Lambda 35 spectrophotometer.

Isopropanol was placed in one cuvette. To compensate for impurity absorption peaks in
the alcohol, a calibration spectrum was recorded. The spectra of the studied samples were then
recorded.

The molar extinction coefficients were calculated using the formula: ¢ = D/(C.l), where
D is the optical density, C is the concentration of the solution, and /is the cuvette path length
(I=1cm).

Procedure for quantum chemical calculations

The quantum chemical calculations were performed using the ORCA software package,
version 5.0.4 [24]. Geometry optimization of the isomers was provided using the
r’SCAN-3c method [25] with calculation of vibrational frequencies to confirm a minimum on
the potential energy surface reached. For geometry optimization, a single-point calculation and
calculation of electronic transitions were performed using time-dependent density functional
theory (TD-DFT) [26] with the hybrid functional BSLYP [27] and the def2-TZVP basis set [28].
Twenty low-lying singlet excited states were calculated. The D3 dispersion correction according
to Grimme [29] was considered for the correct description of non-valent interactions. The
influence of the medium (propan-2-ol) was taken into account within the framework of the
conductor-like polarizable continuum model CPCM [30]. Visualization of structures,
molecular orbitals, and calculated electronic absorption spectra was performed using the
Chemcraft program [31]. The profile of the spectrum curves was constructed using a Gaussian
distribution function (line half-width 18 nm).
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Keywords: Abstract.  The article discusses the synthesis and characterization  of
oxadiazole, olefin, 5-(alkenyl)-3-aryl-1,2,4-oxadiazoles. The synthesis scheme includes two steps: preparation
Wittig reaction, of the triphenylphosphonium chloride and its subsequent condensation with aldehydes.

antioxidant activity ~ The synthesis conditions for the target products were improved by replacing the base.
It increases their yields and allows previously synthetically inaccessible compounds
obtaining. The 'H NMR spectra of the products contain doublets characteristic of
double-bond protons with a coupling constant J = 16.1-16.4 Hz, indicating the
E-configuration of the obtained compounds. Fluorescent and antioxidant properties were
found for compounds containing electron-donating substituents.
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Introduction

The Wittig reaction is a method for the synthesis of alkenes consisting in the interaction
of aldehydes or ketones with phosphorus ylides. The advantages of this transformation include
regioselectivity, relatively mild reaction conditions, and the availability of the starting reagents [1].
Of great interest for medicinal chemistry is the synthesis of heterocyclic systems containing an
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alkenyl fragment. These compounds exhibit antitumor, antiviral, and antiparasitic biological
activity [2-4]. In addition, the alkenyl fragment is a convenient substance for further chemical
modifications - addition and cyclization reactions. It provides the construction of new carbo-
and heterocyclic systems [5, 6].

Nitrogen-containing heterocyclic compounds play a particularly important role in
medicinal chemistry. According to statistical data for 2013-2023, 82% of 321 FDA-approved
drugs were synthesized on the basis of heterocycles containing a nitrogen atom [7].
1,2,4-Oxadiazoles are the structures widely used in drug design due to their diverse biological
activity [8-13]. In this regard, the synthesis of olefins containing a 1,2,4-oxadiazole fragment is
an urgent task of organic synthesis.

Results and discussions

Olefins containing a 1,2,4-oxadiazole fragment were obtained according to
a two-step scheme. The first step is the synthesis of
((3-aryl-1,2,4-oxadiazol-5-yl)methyl)triphenylphosphonium chloride 2 (Scheme 1).

® /N\o @\P Acetone, 56 °C o
< :> iNéK/a ™ N, i:: \N/K/é Ph
1ab 2a,b

SPh

R=H, Cl
Scheme 1

The first step was conducted according to the procedure described in [14], by reacting
5-(chloromethyl)-3-aryl-1,2,4-oxadiazole with triphenylphosphine under an inert atmosphere
for 12 h at the boiling point of acetone. The reaction progress was monitored by TLC (eluent -
toluene : acetone : petroleum ether = 3 : 5 : 5). The precipitate of the corresponding
phosphonium salt was filtered off and washed with acetone.

Initially, for the synthesis of 5-alkenyl-3-aryl-1,2,4-oxadiazoles 3, a protocol for the Wittig
reaction under phase-transfer conditions, used for the preparation of trans-stilbene [14, 15],
was selected (Scheme 2).
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Scheme 2
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Reaction conditions: triphenylphosphonium salt-to-aldehyde-to-NaOH ratio of 1: 1 : 12,
solvent — methylene chloride, stirring at room temperature for 24 h. Under these conditions,
9 target products were obtained; the yields of some of them are low (27-38%). For this reason,
optimization of the conditions was conducted using the synthesis of compounds 3e and 3f as
examples (Table 1).

Table 1. Optimization of the synthesis conditions for 5-alkenyl-1,2,4-oxadiazoles 3e and 3f

Product Yhde-tro;lodehyde Base, equiv. Solvent T, °C At,h Yield, %
3e 1:1 NaOH, 12 CH.Cl, 20 24 36
3e 1:1 NaOH, 12 CH,Cl, 40 24 39
3e 1:1.2 NaOH, 12 CH.Cl, 20 24 40
3e 1:1 tBuOK, 1 CHCl; 20 24 54
3e 1:1.5 tBuOK, 1 CHCl; 20 24 58
3e 1:1.5 tBuOK, 1 CHCl; 50 4 76
3f 1:1 NaOH, 12 CH,Cl, 20 24 27
3f 1:1 tBuOK, 1 CHCL, 20 24 38
3f 1:1.5 tBuOK, 1 CHCl; 20 24 40
3f 1:1.5 tBuOK, 1 CHCl; 50 3 51

Indeed, increasing of the temperature of the reaction mixture in the CH,Cl,/H,O system
promoted higher yield of reaction product 3e. Therefore, it was decided to replace the solvent
with the higher-boiling chloroform. Furthermore, to ensure high conversion of the starting
triphenylphosphonium salts 2 (a, b), the use of a large excess of aldehyde is required.

The data in Table 1 allow us to conclude that the conditions close to optimal for the
synthesis of 5-alkenyl-1,2,4-oxadiazoles 3e, 3f are as follows: triphenylphosphonium salt
2-to-aldehyde-to-t-BuOK ratio of 1: 1.5 : 1; solvent is chloroform; temperature is about 50-70 °C.
Under these conditions, the yield of the target products increased twofold.

The use of potassium tert-butoxide as the base made it possible to obtain a series of target
products 3 (j-k) in good and moderate yields. It is impossible when using the procedure
involving sodium hydroxide (Scheme 3).

N
~
y 0 Ph
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_ I
“Nopp, t-BuOK, CHC]
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73% OH 77% HO 48% 21% / 26%

Scheme 3

At the same time, we did not observe the formation of products of dichlorocarbene
insertion at the double bond of compounds 3, which could theoretically be formed as a result
of the interaction of potassium tert-butoxide with chloroform in the reaction mixture [16, 17].
In the 'H NMR spectra of the substances, doublets corresponding to the double bond are
observed, with spin-spin coupling constants ] = 16.1-16.4 Hz, characteristic of trans-isomeric
alkenes.
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Furthermore, the observed regioselective formation of trams-olefination products is

apparently related to the structure of the triphenylphosphonium ylides 2(a, b) stabilized by the

electron-withdrawing 1,2,4-oxadiazole ring. It is in good agreement with known literature data [1].

Due to the presence of chromophoric fragments in the structure of the obtained compounds,

some photophysical and antioxidant properties (AOA) of 3-aryl-5-alkenyloxadiazoles 3(a-n)

were studied (Table 2).
Table 2. Photophysical and antioxidant properties of compounds 3(a-n)
Antioxidant
activity Fluorescence color UV spectrum
Product C d fi 1
roduc ompound formula (AOA), at Ao, 365 nm X nm
pg/mL
@_{1\0 Peaks at 300, 323,
3a NS - green 373 nm
@_(N\o Peak at 299 nm,
3b NINE AL - intense green trough at 360 nm
|
/N\O Peak at 300 nm,
%/ _ trough at 351 nm
3c i Ny - yellow-green
=
©_</N\o 0y40" Peak at 299, 346 nm,
3d NéK%\@ - orange-yellow trough at 344 nm
©_<':\o Peak at 299 nm,
3i /J\/\O\ - weak yellow-green trough at 356 nm
F
@_{I\o Peak at 325, 395,
A 404 nm,
3e 128 green trough at 360 nm
N/
|
Peak at 298, 378 nm,
trough at 349 nm
3f - weak yellow-green
Peak at 300 nm,
trough at 358 nm
3g - not observed
Peak at 300, 390 nm,
4 trough at 206, 254, 278,
3h 256 blue-green 348 nm

—O
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Conclusion of Table 2

Antioxidant
activity Fluorescence color UV spectrum
Product C df 1
roduc ompound formula (AOA), at A, 365 nm X nm
pg/mL

C N-o
Cl 4
. AN Peak at 299, 378 nm,
3j 256 green
trough at 344 nm
OH
N-o
Cl‘©_<( Peak at 300 nm,
3k = 256 green
trough at 358 nm
N-0
!
& Peak at 299, 394 nm,
31 /OAN 256 blue-violet
trough at 348 nm

‘Q—g\r Peak at 299, 407 nm,
3m = 256 orange-green

trough at 350 nm

trough at 339 nm

N.o
CI—Q_%/ Peak at 287 nm,
3n V\O - not observed

In the series of synthesized (E)-5-(R-styryl)-3-phenyl-1,2,4-oxadiazoles, antioxidant
activity was evaluated in vitro. Antioxidant activity was determined spectrophotometrically by
the ability of the compounds to reduce the 2,2-diphenyl-1-picrylhydrazyl radical in an in vitro
model according to the procedure described in [18].

According to Table 2, not containing strong electron-donating groups compounds do not
exhibit AOA in the test used. In contrast, for compounds with 4-N(CH3s), substituent (3e) at a
concentration of 128 ug/mL, as well as for 3,4-(OCHjs), (3h), 4-OH (3j), 2-OH (3k), 3-indolyl
(31), and N-methylpyrrolyl (3m), the AOA value was 256 pg/mL.

Thus, antioxidant activity in the studied series correlates with the donor ability of the
substituent R. The absence of activity in compounds with acceptor groups (2-NO,, 4-F,
3,4-dichlorophenyl) confirms the ability of the substituent to stabilize radical intermediates
through resonance and/or inductive effects as a key factor.

In addition, the UV absorption spectra and fluorescent properties of the obtained
products were studied. Upon irradiation at a wavelength of 365 nm, all compounds possessing
AOA (3e, 3h-3m) have intense fluorescence in the visible region (green, blue-green,
orange-green, blue-violet). However, the presence of fluorescence alone is not a sufficient
condition for the manifestation of AOA: compounds 3 (a-d) (substituents Ph, 4-Py, 3-Py,
2-NO,-phenyl) also fluoresce but are inactive. The manifestation of antioxidant activity requires
a combination of two factors: the ability to fluoresce (indicating the presence of an efficient
n-conjugated system) and the presence of a donor substituent that provides intramolecular
charge transfer. In the UV spectra of all compounds, a characteristic peak is observed in the
region of 298-300 nm, corresponding to the m->mtransition in the styryl fragment.
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Compound 3n (R = cyclohexyl) has no conjugation between the substituent and the styryl
system. It does not fluoresce, does not exhibit AOA, and its absorption spectrum is represented
by a single peak at 287 nm without long-wavelength transitions. Therefore, in this case we use
as a negative control. It confirms the necessity of an extended n-system for the manifestation of
both antioxidant activity and fluorescence.

Conclusion

The paper presents a preparative method for the synthesis of (E)-5-(R-styryl)-3-phenyl-
1,2,4-oxadiazoles via the Wittig reaction, using previously undescribed stabilized
1,2,4-oxadiazole-containing triphenylphosphine ylides as reagents in the potassium
tert-butoxide—chloroform system, providing yields of trans-olefins up to 73%. For compounds
with electron-donating substituents providing intramolecular charge transfer, antioxidant
activity was found at concentrations of 128-256 ug/mL. It correlates with the appearance of an
additional long-wavelength absorption band (>370 nm) in the UV spectra and intense
fluorescence in the visible region.

Experimental part

Organic and inorganic reagents and solvents were obtained from commercial sources
(Aldrich, Vekton, Ecos) and used without additional purification. We monitored the reaction
progress by thin layer chromatography (TLC) on silica gel on Silufol UV aluminium plates
using the following eluent - toluene : acetone : petroleum ether in the volume ratio of 3:5:5.
We performed elemental analysis on a PerkinElmer 2400 unit. Melting points were measured
using a Reach Devices RD-MP melting point apparatus (China). UV spectra were recorded on
an Ecos PE-5400 UV spectrophotometer (Russia). NMR spectra were recorded on a Varian 400
Unity Plus instrument (400 MHz for 'H and 100 MHz for “C, respectively) for solutions in
DMSO-ds. The signals of residual solvent protons were used as a reference for chemical shifts
in '"H NMR (6 2.50 ppm) or *C NMR (6 39.5 ppm); tetramethylsilane was used as a marker.

General procedure for the synthesis of 1,2,4-oxadiazole-containing
triphenylphosphonium ylides

Triphenylphosphine ~ (10 mmol) was added to a  solution  of
5-(chloromethyl)-3-aryl-1,2,4-oxadiazole (10 mmol) in acetone under a nitrogen atmosphere.
The reaction mixture was stirred for 18 h at 56 °C. The reaction progress was monitored by TLC
(eluent: toluene : acetone : petroleum ether in a ratio of 3:5:5 (v/v)). The reaction mixture was
then cooled, and the resulting precipitate was filtered off and washed with acetone. The
products required no additional purification.

((3-Phenyl-1,2,4-oxadiazol-5-yl)methyl) triphenylphosphonium chloride (2a). Yield is
9 g (64%), white crystalline substance. T melt. 240-242°C. NMR spectrum 'H (400 MHz,
DMSO-ds), 8, ppm: 6.31 (d, 2H, CH,P ] 16.0), 7.63 - 7.48 (m, 3H, C4Hs), 7.84 - 7.76 (m, 8H,
CsHs, Ph-P), 7.97 - 7.88 (m, 9H, Ph-P). NMR spectrum *C (101 MHz, DMSO-ds), 6C, ppm:
22.63 (d, CH,P, ] 54.3), 118.10 (d, 3C, C-P, ] 88.4), 125.90 (C-Het), 127.59 (2C, CsH.), 130.07
(2C, CsHa), 130.89 (d, 6C, Ph, ] 13.0), 132.69 (CsHa) 134.69 (d, 6C, Ph, ] 10.7), 136.12 (3C, Ph),
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168.52 (N-C=Noxdiazole), 171.85 (N=COoxdiazole). Found, %: C 71.02; H 4.84; N 6.17.
C»H2:CIN,OP. Calculated, %: C 70.98; H 4.85; N 6.13.
((3-(4-Chlorophenyl)-1,2,4-oxadiazol-5-yl)methyl)triphenylphosphonium chloride
(2b) Yield is 3.43 g (70%), white powder, T melt. 256-258°C. NMR spectrum 'H (400 MHz,
DMSO-dy), §, ppm: 6.31 (d, 2H, CH,P, ] 16.0), 7.62 (d, 2H, CsH,, ] 8.3), 7.80 (td, 8H, C¢Hs, Ph-P,
J7.1,5.7,2.6), 7.93 (dd, 9H, Ph-P, ] 13.6, 7.8). NMR spectrum *C (101 MHz, DMSO-d;), 8C,
ppm: 22.54 (d, CH,P, J 54.4), 117.99 (d, 3C, C-P, ] 88.3), 124.77 (C-Het), 129.40 (2C, CsH.),
130.28 (2C, CsH,), 130.91 (d, 6C, C Ph, J 13.1), 134.67 (d, 6C, C Ph, J 11.0), 136.17 (3C, Ph),
137.44 (C-Cl), 167.78 (N-C=Noadiazole)> 171.97 (N=COsadiazole). Found, %: C 66.14; H 4.34; N 5.73.
C»H21CLN,OP. Calculated, %: C 66.00; H 4.31; N 5.70.
General procedure for the synthesis of 5-alkenyl-3-aryl-1,2,4-oxadiazoles (3a-n)
Method A (compounds 3a-3i): To 1 mmol of the oxadiazole triphenylphosphonium salt
in methylene chloride, NaOH (12 mmol) in 0.5 mL of water was added dropwise, and the
aldehyde (1 mmol) was added. The mixture was stirred at room temperature for 24 h. Then the
reaction mixture was washed with water and dried over Na,SO,. The solvent was evaporated
under vacuum. The residue was dissolved in hot ethyl alcohol and then cooled with ice. The
precipitated products were filtered off and purified by recrystallization from ethyl alcohol.
Method B (compounds 3j-3n): To 1 mmol of the oxadiazole triphenylphosphonium salt
in chloroform, the corresponding aldehyde (1.5 mmol) and potassium fert-butoxide (1 mmol)
were added. The reaction mixture was stirred at 50-70 °C for 2-4 h. The reaction was stopped
when the starting materials were consumed (TLC monitoring). The reaction mass was then
washed with water, dried over Na,SO,, and the solvent was removed under vacuum. The
obtained substance was purified by recrystallization from ethanol.
3-Phenyl-5-[(1E)-2-phenylethenyl]-1,2,4-oxadiazole (3a) [19]. Yield is 94 mg (38%),
white crystalline substance, T melt. 90-92 °C. NMR spectrum 'H (400 MHz, DMSO-ds), §, ppm:
7.53 — 7.41 (m, 4H, CsH, and Het-CH=), 7.64 — 7.54 (m, 3H, CsH.), 7.85 (dd, 2H, C¢H., ] 6.5,
2.9),7.95 (d, 1H, Ar-CH, ] 16.4), 8.06 (dt, 2H, CsH,, ] 7.6, 1.6). NMR spectrum “*C (101 MHz,
DMSO-ds), 8C, ppm: 110.92 (Het-CH=), 12698 (Ca), 127.71 (2Ca), 129.09 (2Ca),
129.69 (2Ca), 129.94 (2Ca;), 13135 (Ca), 132.25 (Ca), 134.92 (Ca.), 143.56 (Ph-CH=),
168.70 (N-C=Noxadiazote); 176.11 (N=COoxadiazote)- Found, %: C 77.45; H 4.89; N 11.31. CisH.,N,O.
Calculated, %: C 77.40; H 4.87; N 11.28.
(E)-3-Phenyl-5-(2-(pyridin-4-yl)ethenyl)-1,2,4-oxadiazole (3b) Yield is 313 mg(63%),
yellow crystalline substance, T melt. 103-105 °C. NMR spectrum 'H (400 MHz, DMSO-d),
S, ppm: 7.54 (d, 3H, CHa:, J 7.2), 7.63 (d, 1H, Het-CH=, ] 16.4), 7.73 (d, 2H, CsHuN pyridin,
J5.1),7.83 (d, 1H, Ar-CH=, ] 16.4), 8.01 (d, 2H, CHas, ] 6.9), 8.64 (d, 2H, CsHuN pyridin, ] 5.1).
NMR spectrum *C (101 MHz, DMSO-ds), 8C, ppm.: 115.45 (Het-CH=), 122.56 (2Cpyidgin)
127.06 (Car), 127.78 (2Car), 129.77 (2Cas), 132.11 (Ca), 140.84 (Ph-CH=), 142.04 (Cpyridin),
151.08 (2Cpyridgin), 169.07 (N-C=Noxdiazote), 175.37 (N=COoxadiazole). Found, %: C 72.30; H 4.48;
N 16.90. C;sH1N;O. Calculated, %: C 72.28; H 4.45; N 16.86.
(E)-3-Phenyl-5-(2-(pyridin-3-yl)vinyl)-1,2,4-oxadiazole (3c) Yield is 132 mg (26%),
yellow crystalline substance, T melt. 105-107 °C. NMR spectrum 'H (400 MHz, DMSO-d),
8, ppm: 7.49 (s, 1H, CsHiNpyriaw), 7.59 (t, 4H, CHy,, Het-CH=, J 7.8), 7.97 (d, 1H, Ar-CH=,
J16.3), 8.05 (d, 2H, CHa,, J 6.8), 8.30 (d, 1H, CsHiNpyriain, J 7.9), 8.62 (s, 1H, CsHiNpyridin),
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8.99 (s, 1H, CsHuNpyrigin). NMR spectrum “C (101 MHz, DMSO-ds), 6C, ppm.: 112.85 (Het-
CH=), 124.66 (Cpyrian), 126.88 (Car), 127.71 (2Car), 129.95 (2Ca.), 130.81 (Car), 132.29 (Cppriain),
135.29 (Cpyrigin), 140.27(Ph-CH=), 150.66 (Cpyridin)s 151.76 (Cpyridin), 168.76 (N-C=Nogadgiazolc),
175.73 (N=COxadiazole). Found, %: C 72.31; H 4.47; N 16.89. C;sH;;N5O. Calculated, %: C 72.28;
H 4.45; N 16.86.
5-[(1E)-2-(4-Nitrophenyl)ethenyl]|-3-phenyl-1,2,4-oxadiazole (3d). Yield is 187 mg
(64%), white crystalline substance, T melt. 142-144 °C. NMR spectrum 'H (400 MHz,
DMSO-dy), §, ppm: 7.49 (d, 1H, Het-CH=, ] 16.2), 7.67 - 7.54 (m, 3H, C¢Hs), 7.77 - 7.68 (m, 1H,
CeHs), 7.85 (t, 1H, CsH.NO, ] 7.3), 8.09 - 8.02 (m, 2H, CsHs), 8.13 (t, 2H, CsH.NO, J 8.0), 8.23
(d, 1H, Ar-CH=, ] 16.3). NMR spectrum “C (101 MHz, DMSO-ds), 8C, ppm: 115.24
(Het-CH=), 125.58 (Ca-Het), 126.76 (CsHiNO,), 127.77 (2Ca), 129.97 (2Ca), 130.75
(CsH4NO»), 131.87 (CeHuNO,), 132.37 (CsH4NO»), 134.69 (CeH.NO,), 138.53(CsH4NO,),
141.65 (Ca,), 148.95 (Ph-CH=), 168.86 (N-C=Naoudiszoie), 175.40 (N=COoxdiazote). Found, %: C
65.57; H 3.80; N 14.35. C;cH11N;0;. Calculated, %: C 65.53; H 3.78; N 14.33.
5-[(1E)-2-(4-Fluorophenyl)ethenyl]-3-phenyl-1,2,4-oxadiazole (3e) [20]. Yield is
95 mg (35%), white crystalline substance, T melt. 130-132 °C. NMR spectrum 'H (400 MHz,
DMSO-dy), §, ppm: 7.29 (t, 2H, CHa,, ] 8.7), 7.38 (d, 1H, Het-CH=, ] 16.4), 7.57 (d, 3H, CHa,,
] 6.9),7.96 — 7.87 (m, 3H, CHar, Ar-CH=), 8.07 — 8.00 (m, 2H, CHa:). NMR spectrum "*C (101
MHz, DMSO-d), 8C, ppm: 110.73 (Het-CH=), 116.69 (d, 2C, Ph-F, ] 21.7), 126.97 (Ca,), 127.68
(2Car), 129.88 (2Cxr), 131.42 (d, 2C, Ph-F, ] 8.5), 131.89 (d, C, Ph-F, J 59.6), 142.25 (Ph-CH=),
164.06 (d, C, Ph-F, ] 249.2), 168.66 (N-C=Nsdiwole)s 176.01 (N=COoxadiazole). Found, %: C 72.19;
H 4.86; N 10.54. C;¢H;FN,O. Calculated, %: C 72.17; H 4.84; N 10.52.
(E)-4-(2-(3-Phenyl-1,2,4-oxadiazol-5-yl)ethenyl)-N,N-dimethylaniline (3f). Yield is
79 mg (27%), yellow crystalline substance, T melt. 139-141 °C. NMR spectrum 'H (400 MHz,
DMSO-dy), §, ppm: 2.98 (s, 6H, 2CH3), 6.73 (d, 2H, C¢HuN, ] 8.4), 7.05 (d, 1H, Het-CH=, ] 16.1),
7.57 (d, 3H, CHa,, ] 6.4), 7.64 (d, 2H, C¢H4N, J 8.4), 7.79 (d, 1H, Ar-CH=, ] 16.2), 8.04 (dd, 2H,
CHa:, J 7.3, 2.8). NMR spectrum C (101 MHz, DMSO-ds), 6C, ppm: 104.44 (Het-CH=),
111.82 (NCH3), 112.45 (2C CsH4N), 122.25 (CsH4N), 127.34 (Car), 127.65(2C4:), 129.84 (2C4,),
130.75 (2C CsHaN), 132.01(Ca,), 133.41 (NCHs), 144.11 (Ph-CH=), 152.54 (CsH.N), 168.45
(N-C=Noxadiazole), 176.95 (N=COoxadiuzote). Found, %: C 74.50; H 5.90; N 14.47. CisHpN;O.
Calculated, %: C 74.20; H 5.88; N 14.42.
(E)-5-(2-(5-Bromothiophen-2-yl)ethenyl)-3-phenyl-1,2,4-oxadiazole (3g). Yield is
193 mg (58%), beige crystalline substance, T melt. 108-110 °C. NMR spectrum 'H (400 MHz,
DMSO-dy), §, ppm: 7.08 (d, 1H, Het-CH=, J 16.1), 7.34 (d, 1H, CHuieny;, J 3.8), 7.51 (d, 1H,
CHuhienyt> J 3.9), 7.65 — 7.57 (m, 3H, CHa:), 8.08 - 8.00 (m, 3H, CHar, Ar-CH=). NMR spectrum
BC (101 MHz, DMSO-ds), 6C, ppm: 109.71 (Het-CH=), 116.81 (Cicny1), 126.92 (Cihieny),
127.68 (2Car), 129.93 (2Ca:), 132.26 (Car), 132.71 (Cihienyl), 133.61 (Cihieny1), 135.29 (Car), 141.58
(Het-CH=), 168.69 (N-C=Noxadiamote), 175.66 (N=COoxadiusote). Found, %: C 50.49; H 2.75; N 8.45.
C14sHsBrN,OS. Calculated, %: C 50.47; H 2.72; N 8.41.
5-[(1E)-2-(3,4-Dichlorphenyl)ethenyl]-3-phenyl-1,2,4-oxadiazole (3h). Yield is
218 mg (69%), white crystalline substance, T melt. 164-166 °C. NMR spectrum 'H (400 MHz,
DMSO-dy), §, ppm: 7.59 (k, 4H, C¢Hs, Het-CH=, ] 9.3, 7.8), 7.72 (d, 1H, CsHs3, ] 8.4), 7.85 (dd,
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1H, C¢Hs, ] 8.3, 2.1), 7.91 (d, 1H, Ar-CH=, J 16.4), 8.04 (dd, 2H, CsHs, J 7.5, 2.1), 8.19 (s, 1H,
CsHs). NMR spectrum *C (101 MHz, DMSO-ds), 6C, ppm: 113.12 (Het-CH=), 126.85 (Ca,),
127.70 (2Car), 129.06 (CsHs), 129.95 (2Car), 130.71 (Ce¢Hs), 131.75 (Car), 132.30 (CeHs),
132.57 (C¢H3), 133.51 (C¢Hs), 135.77 (CeHs), 140.83 (Ph-CH=), 168.77 (N-C=Nxdiazole)
175.70 (N=COxadiazole). Found, %: C 60.62; H 3.21; N 8.85. CisH,0CLLN,O. Calculated, %: C 60.59;
H 3.18; N 8.83.
5-[(1E)-2-(3,4-Dimetoxyphenyl)ethenyl]-3-phenyl-1,2,4-oxadiazole (3i). Yield is
170 mg (55%), white crystalline substance, T melt. 110-113 °C. NMR spectrum 'H (400 MHz,
DMSO-ds), 8, ppm: 3.81 (s, 3H, OCH), 3.85 (s, 3H, OCH), 7.02 (d, 1H, CsHs, ] 8.3), 7.39 - 7.30
(m, 2H, CsHs, Het-CH=),7.50 (d, 1H, CsHs, J 2.0), 7.64 — 7.53 (m, 3H, CHy,), 7.85 (d, 1H,
Ar-CH=, ] 16.3), 8.05 (dd, 2H, CHa:, / 7.3, 2.3). NMR spectrum *C (101 MHz, DMSO-ds), 6C,
ppm: 56.25 (OCHs), 56.34 (OCH;), 108.35 (Het-CH=), 110.90 (CsHs), 112.19 (CeHs),
123.95 (CeHs), 127.13 (Cay), 127.66 (2Ca.), 127.79 (CeHs), 129.89 (2Car), 132.14 (Ca,), 143.70
(Ph-CH=), 149.75 (C¢H3), 151.89 (CsH3), 168.58 (N-C=Noxadiazole)> 176.49 (N=COoxadiazole). Found,
%: C 70.14; H 5.25; N 9.13. C;3HsN,Os. Calculated, %: C 70.12; H 5.23; N 9.09.
(E)-4-(2-(3-(4-Chlorophenyl)-1,2,4-oxadiazol-5-yl)ethenyl)phenol  (3j). Yield is
263 mg (73%), yellow crystalline substance, T melt. 198-200 °C. NMR spectrum 'H (400 MHz,
DMSO-ds), 8, ppm: 6.85 (d, 2H, CsH,4OH, J 8.1), 7.18 (d, 1H, Het-CH=, J 16.1), 7.65 (d, 2H,
CeH.CL, ] 7.9), 7.69 (d, 2H, CsH,OH, ] 8.1), 7.85 (d, 1H, Ar-CH=, J 16.3), 8.05 (d, 2H, CsH.CL,
J7.9), 10.13 (s, 1H, OH). NMR spectrum "*C (101 MHz, DMSO-ds), 6C, ppm: 106.90
(Het-CH=), 116.54 (2Ca,), 126.01 (Cay), 128.12 (Car), 129.47 (2Cay), 130.09 (2Car), 131.20 (2Cay),
136.86 (2Car), 144.01 (Ph-CH=), 160.81 (Cas), 167.76 (N-C=Noxdiazole), 176.82 (N=COoxadiazole)-
Found, %: C 64.35; H 3.74; N 9.41. C;H:CIN,O,. Calculated, %: C 64.33; H 3.71; N 9.38.
(E)-2-(2-(3-(4-Chlorophenyl)-1,2,4-oxadiazol-5-yl)ethenyl)phenol  (3k). Yield is
277 mg (77%), white crystalline substance, T melt. 193-195 °C. NMR spectrum 'H (400 MHz,
DMSO-ds), 8, ppm: 6.88 (t, 1H, CsH4OH, J 7.5), 6.96 (d, 1H, C.H.OH, J 8.3), 7.28 (&, 1H,
CsH,OH, J 8.4), 7.38 (d, 1H, Het-CH=, ] 16.5), 7.63 (d, 2H, C¢H.CL, ] 8.5), 7.73 (d, 1H, C{H,OH,
] 7.8), 8.05 (d, 2H, CsH,LCL, J 8.5), 8.10 (d, 1H, Ar-CH=, J 16.4), 10.47 (s, 1H, OH). NMR
spectrum *C (101 MHz, DMSO-ds), 6C, ppm: 105.83 (Het-CH=), 115.00 (Ca:), 119.68 (Ca),
121.82 (Car), 126.30 (Car), 129.48 (2Car), 130.01 (2Ca,), 130.85 (Ca,), 132.59 (Ca,), 136.65 (Cay),
142.76 (Ph-CH=), 161.73 (Ca,), 167.60 (N-C=Noudiszore), 178.07 (N=COoxadiazole). Found, %: C
64.36; H 3.73; N 9.42. C16H,:CIN,O,. Calculated, %: C 64.33; H 3.71; N 9.38.
(E)-5-(2-(1H-Indol-3-yl)ethenyl)-3-(4-chlorophenyl)-1,2,4-oxadiazole (31). Yield is
184 mg (48%), beige crystalline substance, T melt. 185-187 °C. NMR spectrum 'H (400 MHz,
DMSO-ds), 8, ppm: 7.07 (d, 1H, Het-CH=, J 16.4), 7.29 — 7.17 (m, 2H, Ind), 7.54 - 7.47 (m, 1H,
Ind), 7.69 — 7.62 (m, 2H, CsH.), 8.11 - 8.01 (m, 4H, CsH,4, Ind), 8.15 (d, 1H, Ar-CH=, ] 16.3),
11.91 (s, 1H, NH). NMR spectrum "“C (101 MHz, DMSO-ds), 8C, ppm: 108.53 (Het-CH=),
118.04 (d, J 26.7, Cina), 124.17 (Cina), 125.79 (Cina), 126.90 (Car), 128.47 (Cina), 130.49 (Cina),
131.28 (Cina), 134.46 (2Ca;), 135.07 (2Car), 138.19 (Ca,), 141.74 (Cina), 143.09 (Cina), 143.42 (Ph-
CH=), 164.14 (N-C=Nowdinzole), 172.61 (N=COoxdizzole). Found, %: C 67.21; H 3.79; N 13.10.
CsH12CIN;0. Calculated, %: C 67.19; H 3.76; N 13.06.
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(E)-5-(2-(1-Methyl-1H-pyrrol-2-yl)ethenyl)-3-(4-chlorophenyl)-1,2,4-oxadiazole
(3m). Yield is 74 mg (21%), beige crystalline substance, T melt. 105-107 °C. NMR spectrum 'H
(400 MHz, DMSO-ds), 6, ppm: 3.78 (s, 3H, CHs), 6.21 - 6.15 (m, 1H, Pyr), 7.00 - 6.90 (m, 2H,
Het-CHs=, Pyr), 7.07 (t, 1H, Pyr, ] 2.1), 7.68 - 7.60 (m, 2H, CsH.), 7.78 (d, 1H, Ar-CH=, ] 16.0),
8.07 - 8.01 (m, 2H, CsH4). NMR spectrum *C (101 MHz, DMSO-ds), 8C, ppm: 34.66 (N-CHs),
109.65 (Cpyr), 110.14 (Cpyr), 113.72 (Cay), 117.91 (Het-CH=), 126.10 (Cay), 129.46 (2Ca,), 129.70
(Cey), 130.05 (2Ca), 131.78 (Ph-CH=), 136.79 (Ca), 167.68 (N-C=Nowduml), 177.08
(N=COoxadiazole). Found, %: C 63.08; H 4.25; N 14.74. C;sH,CIN;O. Calculated, %: C 63.05; H
4.23; N 14.71.

(E)-5-(2-Cyclohexylethenyl)-3-(4-chlorophenyl)-1,2,4-oxadiazole (3n). Yield is 92 mg
(26%), white crystalline substance, T melt. 68-70 °C. NMR spectrum 'H (400 MHz, DMSO-db),
§, ppm: 1.40 - 1.02 (m, 5H, CeHyy), 1.65 (d, 1H, CeHy, J 11.7), 1.84 — 1.68 (m, 4H, CeH,y),
2.35 - 2.26 (m, 1H, C¢Hu), 6.55 (dd, 1H, CH=, ] 16.3, 1.5), 7.11 (dd, 1H, Ar-CH=, ] 16.2, 6.8),
7.63 (d, 2H, C¢Hy, ] 8.2), 8.01 (d, 2H, C¢Hy, ] 8.2). NMR spectrum *C (101 MHz, DMSO-d6),
0C, ppm: 25.84 (2Cqdohexanc)s 26.08 (Ceyciohexane)s 31.67  (2Ccyciohexane), 41.05  (Ceyclohexane),
111.57 (Het-CH=), 125.81 (Ca;), 129.45 (2Ca,), 130.05 (2Ca;), 136.91 (Ca,), 154.00 (Ph-CH=),
167.68 (N-C=Noxadiazote), 175.96 (N=COoxadinzate). Found, %: C 66.58; H 5.97; N 9.73. C1sH,,CIN,O
Calculated, %: C 66.55; H 5.93; N 9.70.
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hydrogenation,  and performance properties of obtained catalytic chemisorbents were studied. The specific
purification surface area, porosity, and strength of the synthesized samples were measured. According to

X-ray phase analysis, there is no effect of copper and copper oxide additives on the textural
properties of the chemisorbent. The activity of the catalytic chemisorbents was evaluated by
thiophene hydrogenation. The highest conversion was at the introduction of metallic copper
additive into the zinc absorber composition.
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Introduction

The one of the urgent problems in natural gas processing is the presence of organosulfur
compounds in its composition. It reaches 1000 ppm (0.1 wt.%) [1]. Practically all stages of gas
processing are performed using catalysts. Their active layers usually contain transition metals.
For such catalytic systems, sulfur compounds act as catalytic poisons. Moreover, they can
significantly reduce the activity and selectivity of the processes [2]. It imposes limitations on the
durability and stability of catalytic units and also requires additional stages of preliminary
purification [3-5].

Gas purification from sulfur is a prior task both for the science and in terms of
import-substituting technologies. Furthermore, efficient purification reduces the risk of reactor
corrosion and protects equipment at all stages of processing [6-7].

Traditionally, gas purification from organosulfur compounds is conducted in two stages:
1. Hydrogenation of organosulfur compounds to hydrogen sulfide;

2. Chemisorption of hydrogen sulfide on iron, zinc, and titanium oxides.

© N. V. Salnikova, D. A. Prozorov, D. V. Smirnov, A. V. Afineevsky, 2026
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There are a lot of advantages of zinc oxide-based absorbers compared to other types of
adsorbents. The implementation of the process with ZnO is typically characterized by a high
reaction rate and a relatively simple configuration of process equipment. The zinc absorber
exhibits good regenerability and can operate without replacement for a long service life
(in 3-5 years under moderate loads). It significantly reduces operating and maintenance costs.
Additionally, regeneration cycles can restore the absorber activity. It is particularly important
under conditions of variable concentrations of organosulfur components in the gas [8-9].

Despite the primary purification, a residual content of organosulfur compounds remains
in the gas and reaches 10-30 ppm. To optimize the process and avoid repeating the first stage,
small amounts of transition metals or their oxides are introduced into the chemisorbent
composition. This modification ensures an efficient removal of residual organosulfur
impurities and integrates two purification stages into a single technological cycle.

The purpose of this study was to assess of introducing copper additives into a zinc
oxide-based chemisorbent in order to impart hydrogenating ability toward organosulfur
compounds.

Main body

Physicochemical analysis methods

The synthesis and analisys of the samples were conducted using the following reagents:
ZnO, GOST 10262-73, chemically pure, BELHIM OJSC, Republic of Belarus;
NaHCOs, GOST 2156-76, chemically pure, Vekton AO, Russia;

Cu powder, GOST 4960-2017, Uralelektromed AO, Russia;

CuO, GOST 16539-79, analytical grade, Ural Chemical Reagents Plant JSC, Russia;
Thiophene, 99%, Ekotek NPO, Russia;

CS,, Volzhsky Orgsynthese JSC, Russia;

(NH4).COs;, GOST 3770-75, analytical grade, ORT Khimreaktivy OOO, Russia.
The followmg physicochemical methods were used in this study:

N v

- X-ray phase analysis was performed on a POW Dix 600 diffractometer (Adani, Belarus)
using CuKa radiation (A = 0.15406 nm, voltage 30 kV, current 10 mA, 20 range 10°-80°,
scanning rate 4°/min, step size 0.01°). The diffraction patterns were interpreted using the
MINCRYST crystallographic database.

- The specific surface area was determined by low-temperature nitrogen
adsorption/desorption on a Sorbi MS instrument complex (Meta, Russia). The samples were
preliminarily subjected to heat treatment for 30 min at 150 °C in a flow of inert gas.

- The measurement of the force required for granule destruction in determining its static
strength in accordance with GOST 21560.2-82 was performed using a stationary cyclic-action
laboratory device. The IPG-1M granule strength tester (UNICHIM & EP JSC, Russia), capable
of measuring loads in the range from 5 to 200 N was used.

- The hydrogenation products were determined by gas chromatography on a
Kristalluks-4000M chromatograph (NPF Meta-Khrom, Russia) with a flame ionization
detector. A TRB-PETROL capillary column (100 m x 025 mm x 0.5 pm, 100%
dimethylpolysiloxane) was used for separation of the extract components. The analysis program

135



FROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 7, ISSUE 3, 2026

parameters were as follows: analysis time 120 min; initial column temperature 35 °C for 15 min;
programmed heating to 150 °C at a heating rate of 5 °C/min, followed by heating to 250 °C for
the remaining analysis time; detector temperature 270 °C; injector temperature 270 °C; the

sample volume for analysis was 0.4 pL.
Nreacted thiophene

— The thiophene conversion was calculated using the formula: a = Ninitial thiophene

Synthesis of catalytic chemisorbents

The starting material in this study was zinc oxide of chemically pure grade with a density
of 0.745 cm’/g, in powder form with a specific surface area of 5.5 m*/g. The zinc oxide was
treated with ammonium carbonate at varying ratios from 1:1 to 1:5 according to the procedure
described in [10]. The resulting mixture was mechanically processed in a ceramic ball mill to a
homogeneous consistency for 30 min. The obtained product was calcined at 200 °C in air for
2 h (until the mass change ceased). The result was a zinc oxide product with a specific surface
area of about 45 m?/g. Various portions of additives (NaHCOs, CuO/Cu) were mixed into the
zinc oxide. It was followed by ceramic synthesis required for mass homogenization.
The prepared mass was granulated using a laboratory disc granulator. The synthesized granules
were dried in air at 100 °C and held for 2 h until constant weight. It was followed by a calcination
step at 350 °C for 2 h at a heating rate of 2 °C/min in air.

Hydrogenation of organosulfur compounds

The hydrogenating ability and sulfur capacity of the samples were studied by static
absorption of carbon disulfide. Fig. 1 shows a diagram of the experimental setup.

water

% sampling
water seal

Fig. 1. Schematic diagram of the plant for determining the static sulfur capacity: 1 - reactor; 2 - electric furnace;
3 - evaporator; 4 — absorber sample; 5 - inlet of hydrogen and inert gas mixture; 6 — water thermostat (furnace).

The static sulfur capacity of the sorbent was studied in accordance with the procedure
described in [11]. The experimental setup included a reactor 1 to load the granulated sorbent

136



FROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 7, ISSUE 3, 2026

and an electric furnace 2 to heat the reactor to the required temperature. Thiophene, used as
the reagent, was preliminarily poured into an evaporator 3 with a constant temperature in a
water thermostat 6. After the reactor reached the specified temperature, the evaporator was
heated to 50-62 °C, resulting in the formation of thiophene vapour. These vapours were then
passed through the sorbent bed (sample) 4 for the reaction. Hydrogenation was conducted at
350 °C in a hydrogen flow at atmospheric pressure. The volumetric flow rate of hydrogen was
50 cm’/min. Non reacted thiophene vapors were condensed and cooled in a condenser.
Periodically, samples were taken from the resulting condensate for chemical analysis by gas
chromatography.

Results and discussion

The several variants of chemisorbents made from zinc oxide with were obtained.
The additives ensure granulation and hydrogenating ability. Tables 1 and 2 show the
compositions of the samples and their main characteristics.

Table 1 - Main characteristics of ZnO/NaO/Cu system samples

Synthesis conditions

Sample Rati Seps M?/ P,H
P 0/ (13}110) co. | NaHCO:, wt.% Cu, wt. % pM1E
4)2 3
1 5:1 2 0.3 12.6 16.68
2 1:1 1 04 26.9 15.15
3 2:1 1.5 0.5 32.2 13.75
4 4:1 2 0.6 19.1 17.36
5 3:1 2 0.3 20.0 12.05

Table 2 — Main characteristics of ZnO/NaO/CuO system samples

Synthesis conditions

. 2
Sample ZnO/EEtrle)zcog NaHCOs;, wt.% | CuO, wt. % S /g mH
6 51 2 0.3 12.9 17.58
7 11 1 0.4 38.1 17.16
8 21 15 0.5 359 17.00
9 41 2 0.6 183 18.75
10 31 2 0.3 16.0 24.42

The obtained samples had a specific surface area in the range of 12-38 m?/g. A previous
study showed that the introduction of process additives in amounts exceeding 2 wt. % and
decreases in this value [12].

Fig. 2 shows examples of low-temperature nitrogen adsorption/desorption isotherms for
the obtained samples with low and high specific surface areas. These isotherms can be classified
as type IV with an H3 hysteresis loop in the region of high relative pressures (P/Po > 0.9).
It indicates the presence of transitional pores (mesopores) in the samples, i.e., pores with
diameters from 2 to 50 nm, macropores or slit-shaped channels (Fig. 2a, c). The presence of
macropores is confirmed by a sharp increase in adsorption in the high-pressure region and the
absence of a saturation plateau at P/P, > 1.
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Fig. 2. Nitrogen adsorption/desorption isotherms and pore size distribution: a - 1; b - 2; ¢ - 6; d - 7; sample
numbers correspond to those in Tables 1 and 2. P/P? is ratio of the nitrogen pressure in the system to the
condensation pressure; NTD - normal temperature of nitrogen desorption; V — volume of desorbed nitrogen at
the normal desorption temperature; D — pore diameter.
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Figures 3 and 4 show X-ray diffraction patterns of the obtained samples.

|

| S =

Fig. 3. X-ray diffraction patterns of ZnO/NaO/Cu system samples
1" - pure zinc oxide, corresponding to card No. 5364 in the MINCRYST database

Fig. 4. X-ray diffraction patterns of ZnO/NaO/CuO system samples
1" - pure zinc oxide, corresponding to card No. 5364 in the MINCRYST database.

Analysis of the X-ray diffraction patterns of samples consisting of zinc oxide with the
addition of sodium oxide and copper in various oxidation states showed the absence of additives
introduction on the phase composition of the samples. As a result of the introduction of
additives in small amounts, only the intensity of the peaks corresponding to the zinc oxide phase
changes. In addition, the intensity of the peaks in the diffractograms is correlated with the
specific surface area. In almost all cases, the specific surface area was higher with a lower peak
intensity.

Fig. 5 shows the IR spectra of the two studied systems in the region corresponding to
inorganic compounds. The greatest change in the intensity of characteristic bands is observed
in the region of ~800-950 cm™ and 1250-1350 cm™. Apparently, these bands are responsible
for the bonds of copper, both in metallic and oxidized forms with the zinc oxide surface.
The change in the intensity of these bands indicates a change in the number of such bonds.
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Fig. 5. IR spectra of samples of two systems: a - ZnO/NaO/Cu system; b - ZnO/NaO/CuO system.

Thiophene has exceptional resistance to hydrogenation, including destructive processes.
It makes it one of the most difficult organosulfur compounds to reduce. For this reason,
it is widely used as a model substrate in the development of catalytic systems for hydrotreating
[13, 14]. Various literature sources contain data on the transformations of thiophene according
to stoichiometric schemes [13, 14]. However, a direct comparison of the presented data is not
possible. It is due to significant differences in the reaction conditions and the catalysts used in
these studies. The transformation scheme of thiophene may include intermediate products.
There is [15]
aluminum-cobalt-molybdenum catalyst. Such catalysts based on transition metals are often

information on the transformation process of thiophene over an
used for thiophene processing.

Table 3 shows a comparison of the chemical compositions of the hydrogenation products
obtained by thiophene hydrogenation using systems containing 0.3 wt. % copper and copper
oxide in the same mass fraction.

Table 3. Composition of the products of thiophene hydrogenation reaction

Composition of the chemisorbent, o
Wt % Products®, %
No. of , : Thiophene
. Ratio .
experiment conversion
ZnO/ NaHCO; Cu CuO 1 2 3 4 5 6
(NH4),COs
5:1 2 0.3 - 0.52 1.37 | 32.95 - 581 | 1.10 | 6.56
2 5:1 2 - 0.3 0.16 3.96 | 65.21 | 0.43 - - 14.04

*1 - I-hexanol; 2 - diethyl maleate; 3 - 2,3-diethoxypropionic acid; 4 - diethyl butanedioate;

5 - 2-tert-butyl-3,4,5,6-tetrahydropyridine; 6 — unidentified products
Conclusions

According to the experimental data presented in Table 3, the catalytic chemisorbent provides
a thiophene conversion of about 0.52 and 0.16 when using copper and copper oxide, respectively.
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This conversion efficiency allows residual amounts of organosulfur compounds in the gas to be
effectively hydrogenated to trace levels. At the same time, the use of copper oxide as the active
component of the catalytic chemisorbent allows obtaining diethyl maleate as the hydrogenation
product of thiophene with high selectivity. The introduction of reduced copper into the
chemisorbent ensures high catalytic activity. However, destructive hydrogenation results in a
wide range of products of non-stoichiometric composition.

The introduction of copper(II) oxide into the chemisorbent composition allows granules
to be formed with a strength of up to 24 N and a specific surface area of up to 38 m?/g, while the
bulk density of the samples is about 0.7 g/cm’. When metallic copper is used instead of
copper(II) oxide in the same proportions, the strength decreases to 17 N and the specific surface
area to 32 m’/g, while the bulk density remains the same.

Thus, for the development of a catalytic chemisorbent based on zinc oxide, copper(II)
oxide is the preferred additive due to its improved performance properties. However, the
highest conversion was observed with the use of metallic copper.
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Introduction

The electrodeposition method for paint and varnish materials (PVMs) remains the one
of the leading coating techniques [1]. It is explained by its significant advantages, including
minimal PVM losses in mass production, impeccable coating quality on the metal products
of complex shape, environmental safety, and a high degree of process automation [2].
Cathodic deposition provides higher protective properties of coatings compared to anodic one.
The technology is developed and widely used for coating of the metal products [3-5]. However,
the complex composition of waterborne paint and coating materials are challenging. Therefore,
it is critically important to study the effect of the component ratio on the technological
parameters of application and the performance properties of coatings during cathodic
electrodeposition.

The purpose of the work is to study the effect of the pigment/binder ratio in the
composition of a cataphoretic primer on the technological and operational properties of coatings.
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The main binder of the cathophoretic primer was an aqueous dispersion of an
epoxyamine adduct neutralized with acetic acid (Fig. 1). It contains a crosslinking agent
(blocked toluylene diisocyanate), a catalyst (bismuth salt in an amount of 1.5 wt.%),
and performance additives [6-8]. The aqueous dispersion of the epoxyamine adduct had the
following characteristics: apparent viscosity 300 mPa-s; mass fraction of non-volatile matter
34.6 wt.%; density 1.05 g/cm’; flash point 97 °C; pH value 6.36; specific electrical conductivity
2066 pS/cm.

The pigment paste of the cathophoretic primer was the above-described binder with the
following characteristics: apparent viscosity 6150 mPa-s; mass fraction of non-volatile matter
56.7 wt.%; density 1.02 g/cm’; flash point 58 °C; the addition of the pigment portion (titanium
dioxide, kaolin, barium sulfate, carbon black, and performance additives) - the solids loading
is 13.1 vol.% [9]. The pigment paste was dispersed using a Dispermat LC-110 immersion bead
mill until a degree of dispersion of about 15 um was achieved according to the grindometer
gauge [10, 11]. The resulting pigment paste had the following characteristics: apparent viscosity
1750 mPa-s; mass fraction of non-volatile matter 45.3 wt.%; density 1.31 g/cm?®; pH value 5.59.

HO‘_./ HO /OH\[\/OH
Ho/\l \ / \ \ / /\% \ \_/ \//\\OH
0 X o

I
ch/\ol |/J H3C/|k0l

Fig. 1. General structural formula of the acetic acid-neutralized epoxy-amine adduct

Preparation of cathophoretic primer samples with different pigment-to-binder ratios was
conducted by mixing the main binder and pigment paste to achieve 20.5 wt.%. of the mass
fraction of non-volatile matter. Desalinated water was used as a diluent [12]. The main binder
was introduced into a container made of chemically inert plastic with desalinated water under
stirring with a paddle stirrer at a peripheral speed of 1.5 m/s. We mixed the resulting blend for
15 minutes, then gradually added the pigment paste in small portions while stirring.
We stabilized the cathodic electrodeposition primer for 24 hours with constant stirring using a
paddle mixer at a peripheral speed of 1 m/s.

Eleven samples of cathophoretic primer with different pigment-to-binder ratios were
prepared (Table 1).

Experimental part

The apparent viscosity of the primers was determined at a temperature of 23.0 + 0.2 °C
using a Brookfield viscometer (type A, spindle — disc No. 3) at 20 rpm [13]. The mass fraction
of non-volatile matter was determined according to [14]; a sample weight is 1.0 £ 0.1 g;
drying at 180 °C for 30 minutes. The density of the primers was determined according to [15]
at 20 °C; the flash point in a closed cup was determined according to [16]. The acid value was
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determined at a temperature of 25 °C according to [17]; the specific electrical conductivity is
according to [18]; the degree of dispersion is according to [19]. The pigment-to-binder ratio
was determined according to [20].

The primer coating was applied to 08ps steel plates measuring 70 x 150 mm with
thicknesses of 0.8 mm and 0.2 mm; it was pre-coated with a zinc phosphate coating [21-24].
A 08Kh18N10 stainless steel plate [25] served as the counter electrode, with a cathode:anode
area ratio of 4:1. A P-TRP-15-400 converter serving as DC power source provided voltages up
to 400 V. The temperature of the cathophoretic primer working bath was maintained in the
range of 30.0-30.5 °C. The coating application time in the electrodeposition bath was 135 s,
during which the voltage was smoothly ramped up to the operating voltage over 15 s, followed
by coating deposition in potentiostatic mode for 120 s. After application, the coating was rinsed
with demineralized water and then placed in a drying oven. Curing was conducted at a
temperature of 170 °C. The coated plates were conditioned at room temperature for 1 day before
testing.

The appearance of the coating was determined according to [26]; the thickness of the
obtained coatings was determined as follows: according to [27] and was 19-22 pm; the tensile
strength of the coating by the Erichsen test according to [28]; the impact resistance of the
coatings according to [29] on a U-la device (direct impact); adhesion by the cross-cut test
according to [30]; gloss according to [31]; roughness according to [32, 33]; the flexibility of the
coating on bending according to [34] on 0.2 mm thick plates; color characteristics according to
[35]; pencil hardness of the coating according to [36]. The throwing power was determined
according to [37], method B. Resistance to 5% salt spray (corrosion creep from a scribe mark)
(method B) was determined according to [38].

The L-panel test (LPT) was determined according to the procedure described in [39].
In this test, the difference in roughness, gloss, and coating thickness on horizontal and vertical
surfaces was evaluated on a 100-point scale. Roughness was rated from 0 to 50 points, where
0 points corresponds to less than 2.5%, and 50 points corresponds to more than 125.0%. Gloss
was rated from 0 to 35 points, where 0 points corresponds to less than 2.5%, and 35 points
corresponds to more than 88.0%. Thickness was rated from 0 to 15 points, where 0 points
corresponds to less than 2.5%, and 15 points corresponds to more than 38.0%. The overall
L-panel test score in points was calculated using the formula: LPT = RS + RG + RT, where RS
is the difference in roughness (R.), points; RG is the difference in gloss, points; RT is the
difference in thickness, points.

The specific consumption of the cathophoretic primer, deposition equivalent,
and coulombic yield were determined according to the procedures described in [40, 41].
The washability of the wet electrophoretic film was determined according to [42].

Discussion of the results of the study

First of all, after stabilization of the cathophoretic primer solutions, the actual
pigment-to-binder ratio, specific electrical conductivity, hydrogen ion concentration, and mass
fraction of non-volatile matter were determined (Table 1).
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Table 1. Selected characteristics of cathophoretic primer

Pigment-to-binder ratio Specific electrical Hydrogen ion Mass fraction of
calculated actual conductivity, uS/cm concentration (pH) non-volatile substances, %

0.00 0.00 1547 5.39 20.56

0.05 0.04 1552 5.35 20.70

0.10 0.09 1589 5.36 20.40

0.15 0.15 1641 5.34 20.36

0.20 0.19 1559 5.35 20.10

0.25 0.25 1530 5.41 20.36

0.30 0.29 1508 5.36 20.00

0.35 0.36 1631 5.41 20.47

0.40 0.40 1624 5.40 20.19

0.45 0.45 1551 5.37 20.62

0.50 0.48 1520 5.37 20.14

According to Table 1, all the listed parameters are at the same level. It indicates that the
prepared compositions can serve as model systems for studying the effect of the
pigment-to-binder ratio on the technological and performance properties of the developed
cathophoretic primer. Slight deviations in the parameters are due to the measurement error of
the instruments and the test methods.

Effect of the pigment-to-binder ratio on technological parameters.

According to Table 2, the operating voltage decreases by 30 V - from 260 to 230 V - after
the introduction of the pigment paste into the aqueous composition (at a pigment-to-binder
ratio exceeding 0.05) and remains constant upon further ratio increase. These are due to the
presence of pigments in the compositions, which increase the electrophoretic mobility of the
cathophoretic primer. However, a further increase in the pigment content in the primer does
not affect the resistance of the wet film.

The deposition equivalent decreases with increasing pigment content in the primer.
It indicates an improvement in the electro-kinetic properties of the system and makes the
deposition process more efficient. The specific consumption of the primer increases with
increasing pigment content due to the increase in coating density and composition viscosity.
It requires a larger amount of material to achieve a given coating thickness.

Table 2. Technological properties of cathophoretic primer

Pigment-to-binder ratio

000 | 004 | 009 | 015 | 019 | 025 | 029 | 036 | 040 | 045 | 048
Application voltage, V
260 | 230 | 230 | 230 | 230 | 230 | 230 | 230 | 230 [ 230 | 230
Electrodeposition equivalent, C/g
390 | 386 | 368 | 358 | 345 | 341 | 335 | 329 | 321 | 319 | 317
Specific consumption, g/m*pum
138 | 139 | 140 | 141 | 145 | 150 | 157 | 167 | 171 | 174 [ 178
Coulombic yield, C/m*pum
538 | 537 | 515 | 505 | 500 | 512 | 526 | 549 | 549 | 555 | 564
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The efficiency of cathophoretic primer electrodeposition, characterized by the coulombic
yield, has a nonmonotonic dependence on the pigment-to-binder ratio. In the initial stage, up
to a pigment-to-binder ratio of 0.20, a decrease in the coulombic yield is observed due to an
increase in the electrical conductivity of the suspension. It accelerates the movement of charged
particles and an increase in particle density, improving their electrophoretic mobility. Above
this critical ratio, the coulombic yield begins to increase due to an increase in the viscosity of
the composition. It hinders mass transfer of particles, and the formation of particle aggregates,
reducing the effective mobility of charged components.

As a result of cathophoretic primer electrodeposition at all pigment-to-binder ratios,
continuous wet films are formed that are not washed off upon re-immersion in the
electrodeposition bath.

The pigment-to-binder ratio is optimal from a technological standpoint, providing a
balance between efficiency and coating quality, is in the range of 0.10-0.30.

Effect of the pigment-to-binder ratio on the performance properties of coatings.
The pigment-to-binder ratio affects the decorative, physical-mechanical, and protective

properties of cured cathophoretic coatings. The results of the studies are presented in Table 3.

At a pigment-to-binder ratio of up to 0.30, the coatings are uniform and smooth - free from
craters, pinholes, and wrinkles. Exceeding this value leads to an increase in viscosity, deterioration
of wet film flow, and the appearance of slight orange peel. A further increase in the ratio causes
pronounced orange peel. However, craters, pinholes, and wrinkles are still not observed.

As expected, with an increase in the pigment-to-binder ratio of the cathophoretic primer,
a tendency toward a decrease in coating gloss was observed. There is also a corresponding
increase in arithmetic mean roughness (Ra), root mean square roughness (Rq), and the
maximum height of profile (Rz). It is due to an increase in the concentration of pigments on
the coating surface as they form micro-irregularities that scatter incident light.

The study of the color characteristics of cathophoretic coatings showed that at minimum
pigment-to-binder ratios (0.00-0.04), transparent (lensing) coatings are formed with high
lightness (L* 53.56-38.95) and a yellow hue (h 86.84-78.65). An increase in the pigment content
to 0.09-0.15 causes a sharp decrease in lightness to 37.41-36.96 and the onset of a shift in hue
toward the blue-green region (h 237.18-247.79). With a further increase in pigment content
(0.19-0.48), lightness stabilizes at 36.13-36.65, the hue definitively shifts to the blue-green range
(h 254.13-260.40), and color saturation decreases — chromaticity (C*) drops from 12.42 to 2.44.
At the same time, the parameter a* shifts from the positive region (0.69 at 0.00 - reddish tint)
to the negative region (—0.41 at 0.48 - greenish), while the parameter b* decreases from
12.41 (yellow) to —2.40 (blue-green), confirming a complex change in the color profile of the
coating with increasing pigment content. Thus, starting from a ratio of 0.15 and above, the
coating acquires a stable blue-greenish tint with reduced saturation and constant lightness.

With an increase in the pigment-to-binder ratio, the L-panel test score increases, indicating
an influence of the geometry of the surface being coated: the difference in coating quality and
in the amount of primer deposited on vertical and horizontal planes becomes more significant.
This feature is noticeable when coating metal products with a complex shape. In such cases,
itis necessary to increase the thickness of subsequent applied paint and coating layers to achieve
a uniform coating on both horizontal and vertical surfaces of the metal product.
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The introduction of the pigment paste into the aqueous composition decreases the

throwing power of the primer due to a reduction in operating voltage (from 260 to 230 V) and

increases the viscosity of the compositions.

Table 3. Performance properties of cathophoretic coatings

Pigment-to-binder ratio

0.00 | 004 | 009 [ 015 | 019 | 025 | 029 | 036 0.40

0.45 0.48

Appearance of coating

Uniform, smooth, free from craters, pores and wrinkles

Uniform, with slight
orange peel, free from
craters, pinholes, and

wrinkles

Uniform, with
orange peel, free
from craters, pores
and wrinkles

Gloss, gloss units, measurement angle 60°

P11 86| g3 g5 | 7981 | 7577 | 6668 | 6870 | 5961 62-64 57-59 48-50
103 | 88
Roughness, pm
Arithmetic average roughness (R.)
0241 | 0.242 | 0240 | 0235 | 0244 | 0258 | 0317 | 0317 | 0382 0549 | 0715
Root mean square roughness (R,)
1473 | 1632 | 1535 | 1462 | 1633 | 1.781 | 1940 | 2116 | 2229 3100 | 4077
Maximum height of profile (R,)
0.301 | 0.305 | 0.298 | 0289 | 0314 | 0321 | 0394 | 0392 [ 0472 0.673 | 0872
Colorimetric characteristics
Lightness, L*
53.56 | 38.95 | 3741 | 3696 | 36.81 | 3664 | 3665 | 3664 | 36.32 3642 | 3613
a*
069 | 046 | -033 | -048 | 048 | 047 | 045 | 045 | -042 043 | -041
b*
1241 | 229 | -051 | -118 | -167 | -1.82 | 204 [ 211 | 2.4 231 | -240
CX’
1242 | 234 | 060 | 127 | 174 | 1.8 | 209 | 215 | 228 235 | 244
h
86.84 | 78.65 | 237.18 | 247.79 | 254.13 | 255.69 | 257.63 | 257.84 | 25943 | 259.50 | 260.40
L-panel test, rating
o | 7 | 1w | 13 ] 17 | 18] 2 | 4 | 53 75 | 79
Penetration ability, cm
213 | 208 | 209 | 210 | 208 | 209 | 208 | 206 | 205 201 | 198
Adhesion by cross-cut test, score
o ] o] o[ o[ o[ o[ of o | o o [ o
Tensile strength (Erichsen test), mm
95 | 93 [ 91 | 84 [ 83 [ 79 [ 75 | 71 | 69 64 | 62
Impact resistance of coating, cm
50 | 50 | 50 | 50 | 50 | 50 | 50 | 50 | 50 50 | 50
Bending elasticity of the coating, mm
1 | | v | | | | | ] 1 | 1
Pencil hardness of the coating
4H [ 4H | 4H | 4H | 4H | 4H | 4H | 4H | 4H 4H | 4H
Coating resistance in salt spray chamber, h
500 | 620 | 620 | 840 | 1000 | 1000 | 1000 | 840 | 620 500 | 500
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The tensile strength of the coating decreases with increasing pigment-to-binder ratio.
It is attributed to an increase in stress concentration in the polymer phase around the solid
pigment particles. The other studied physical-mechanical properties of the cathophoretic
coatings (adhesion, impact resistance, flexibility, and pencil hardness) are at the same level and
do not depend on the pigment-to-binder ratio.

The protective properties of the coatings were evaluated by resistance in a salt spray
chamber (Table 3). With an increase in the pigment-to-binder ratio up to 0.29, an improvement
in the anticorrosion properties of the coating is observed. It is due to the presence of pigments
and fillers in the coating, forming an additional barrier against the penetration of corrosive
substances. A further increase in pigment concentration in the primer decreases the resistance
of the coatings in the salt spray chamber. It is associated with a deterioration in coating
continuity and the formation of micropores and cracks due to internal stresses caused by a
decrease in the binder fraction.

Conclusions

When studying the effect of the pigment/binder ratio in the composition of the
cataphoresis primer on the technological and operational properties of the formed coatings, the
optimal range of its variation of 0.10-0.30 was established. Under these conditions, a balance is
achieved between the efficiency of electrodeposition (coulomb yield), specific consumption,
and the equivalent of deposition of a cataphoretic primer. Within the limits of the range,
coatings that have maximum resistance in the salt mist chamber - 1000 hours with rifling,
excellent color, and physico-mechanical characteristics are formed. The data obtained make it
possible to select the composition of the primer in terms of the required technological and
operational properties.
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Introduction

Modern production of detergents, emulsions, water-dispersion paint, coating materials,
and petroleum products is based on the use of multicomponent systems. The addition of ionic
(IS) and nonionic (NS) surfactants to a formulation ensures a synergistic effect with their
correlation. For example, it can improve wetting and stabilize dispersed systems. One of the
issues is the lack of information on the nature of the interaction of ionic and nonionic
surfactants [1-5]. Understanding the type of interaction occurs (synergistic or antagonistic
ones) in an IS-NS pair is of particular importance. It is relevant for reducing the consumption
of expensive components of paint and coating materials, identifying the deterioration of the
properties of such a system, or forecasting their properties [6-8].

One of the main issues is the absence of criteria to forecast whether the mixing of ionic
and nonionic surfactants will form a stable system (enhanced stabilization, reduced surface
tension) or deteriorate the aggregative stability of the system.
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Therefore, the purpose of this study is to analyze the conditions for the manifestation of
interaction or antagonism in mixtures of ionic and nonionic surfactants, identifying a
relationship between the composition of the mixture and the properties of the system (surface
activity, critical micelle concentration (CMC)) [9-13].

Objects of the research

The objects of the study were ionic and nonionic surfactants. The following ones were
taken as nonionic surfactants: polyvinyl alcohol (PVA) [14], glycerol, carboxymethyl cellulose
(CMC), OP-7, and polyethylene glycol with a molecular mass of 4000 (PEG-4000). For the study
of ionic surfactants, the following ones were selected: a silicone defoamer based on
polysiloxanes and polyglycols (BYK-21), a hydrophobically modified polyurethane thickener
(Acrysol 2020), a polymeric dispersant (based on polyacrylic acid) (Orotan-731A), a polymeric
dispersant (based on polyacrylic acid) (Orotan-681), sulfanol, sodium tripolyphosphate, and
ethoxylated alcohol (OS-20). The degree of influence of the surfactants was assessed by
comparing the following parameters: CMC [15], surface activity, limiting adsorption, and
molecular area at the phase interface.

The critical micelle concentration and surface activity of the surfactants were calculated
using the dependences of the surface tension of aqueous surfactant solutions on their
concentration. The surface tension of aqueous surfactant solutions was determined by the
Wilhelmy method. The limiting adsorption at the solution-air interface and the molecular area
of the surfactant were determined using the Shishkovsky equation.

Study results

To study synergistic and antagonistic effects, the properties of ionic and nonionic
surfactants in aqueous solutions were analyzed [14]. Table 1 presents the results.

Table 1. Properties of ionic surfactants

Name of ionic CMC, Surface activity, Limiting adsorption Molecular area of the
surfactants g/L mN/m value, g/m’ surfactant, m?
BYK-21 0.09 0.37 1.97°'10* 8.4'10%
acrisol2020 0.05 0.15 1.31'10* 12.8'102
Orotan-681 0.02 0.30 1.23'10* 13.5°102
Orotan-731A 0.23 0.37 1.52'10* 10.9'102
Sulfanol 0.20 0.44 1.07°10* 15.5°102
Sodium s o
tripolyphosphate 0.10 0.20 9.03:10 18.4'10

0C-20 0.05 0.27 1.52'10* 10.9-10%
PVA 0.09 0.32 1.10°10™* 14.5°10%
OP-7 0.13 0.5 1.48°'10* 11.2'10%
CMC 0.11 0.20 1.60°10™* 10.4'10
PEG-4000 0.07 0.21 1.72°'10* 9.65'102
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As a result, OP-7 (0.50 mN/m), sulfanol (0.44 mN/m), and BYK-21 (0.37 mN/m) possess
the highest surface activity in aqueous solutions. These surfactants are capable of effectively
reducing the surface tension of aqueous systems at low concentrations. The lowest surface
activity had by Acrysol 2020 (0.15 mN/m), sodium tripolyphosphate, and CMC (0.20 mN/m
each). These surfactants are more prone to micelle formation in the bulk rather than at the
phase interface. The lowest CMC is observed for Orotan-681 (0.015 g/L). It indicates high
hydrophobicity and the ability to form micelles at low concentrations. The molecular area of
the surfactants varies from 8.4-10%' m? (BYK-21) to 18.4-10*! m? (sodium tripolyphosphate).
The surfactants with a higher surface activity value exhibit a smaller molecular area. It indicates
a denser packing of surfactant molecules at the phase interface.

The study of synergistic and antagonistic effects of ionic and nonionic surfactants was
conducted by introducing ionic surfactants into aqueous solutions of nonionic surfactants:
PVA, glycerol, CMC, OP-7, and PEG-4000 at various concentrations (0.2%; 0.5%; 1%).

Table 2 presents the results of the study of ionic surfactants properties in a PVA medium
at concentrations of 0.2%, 0.5%, and 1%.

Table 2. Properties of nonionic surfactants in aqueous solutions of PVA.

Surface activity, Limiting adsorption | Molecular area of the
CMC, g/L
. mN/m value, g/m*10* surfactant, m*10*
Tonic surfactants . .
Concentration of PV A solution, wt. %
0.2 | 05 1 0.2 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.13 | 0.19 | 0.16 | 0.59 | 0.63 | 0.62 | 1.71 1.43 1.73 9.69 11.6 9.61

Acrisol2020 0.81 (082]081| 033 | 031 | 026 | 1.62 | 1.44 1.35 10.2 11.5 11.5
Orotan-731A 0.10 | 0.05 | 0.12 | 0.27 | 0.22 | 0.42 | 1.42 | 1.54 1.24 11.3 10.4 12.9
Orotan-681 0.05 | 0.16 | 0.05 | 0.42 | 0.16 | 0.18 | 1.32 | 1.50 1.54 12.6 11.1 10.7

Sulfanol 0.07 { 0.28 | 0.10 | 0.33 | 0.50 | 0.38 | 1.55 1.58 1.70 10.4 10.2 9.45
Sodium
. 0.08 | 0.13 | 023 | 0.16 | 0.26 | 0.10 | 1.60 1.75 1.71 10.0 9.2 9.39
tripolyphosphate
0C-20 0.07 | 0.14 | 0.08 | 0.38 | 0.39 | 0.41 1.04 1.36 1.39 12.2 10.9 11.9

According to Table 2, the surface activity of most ionic surfactants in the presence of PVA
is lower than in water. The exceptions are BYK-21, Acrysol 2020, and OS-20. They demonstrate
a certain increase in surface activity. For example, for BYK-21, the surface activity increases
almost twofold (from 0.37 to 0.59-0.63 mN/m). It indicates that BYK-21 responds positively to
the presence of PVA, possibly forming mixed adsorption layers at the phase interface.
The limiting adsorption for BYK-21 at 0.2% PVA is 1.71-10* g/m?. It is lower than in water
(1.97-10* g/m?), i.e., PVA molecules occupy part of the interfacial surface. The molecular area
increases in a 0.5% PV A solution for BYK, Acrysol 2020, Orotan 681, and sulfanol. Then, with
an increase in the PV A solution concentration to 1%, it decreases.

Table 3 presents the results of the study of ionic surfactants properties in aqueous
solutions of glycerol.
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Table 3. Properties of nonionic surfactants in aqueous solutions of glycerol.

Surface activity, Limiting adsorption | Molecular area of the
CMC, g/L i S
) mN/m value, g/m*10 surfactant, m*10
Tonic surfactants - -
Concentration of glycerol solution, wt. %
02 | 05 1 0.1 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.10 | 0.11 | 0.06 | 0.58 | 0.63 | 0.56 | 1.60 | 1.64 | 1.53 10.4 10.1 10.9
acrisol2020 0.08 | 0.07 | 0.16 | 0.52 | 0.55 | 0.57 | 1.39 | 1.36 | 1.43 11.9 12.2 11.6
Orotan-731A 0.05|0.08|0.11 | 041 | 043 | 048 | 1.64 | 136 | 1.92 9.8 11.8 8.4
Orotan-681 0.06 | 0.19 | 0.11 | 055 | 0.54 | 0.54 | 1.19 | 1.39 | 1.55 14.0 11.9 10.7
Sulfanol 078 | 0.1 | 0.10 | 0.53 | 0.55 | 055 | 1.33 | 0.88 | 1.68 12.1 18.3 9.6
Sodium
. 0.05 | 0.07 | 0.07 | 055 | 0.57 | 0.57 | 1.75 | 1.23 | 1.32 9.2 13.0 12.2
tripolyphosphate
0C-20 0.05 | 0.09 | 0.05| 059 | 059 | 0.59 | 1.51 1.79 | 1.50 11.0 9.3 11.0

According to Table 3, the presence of glycerol in aqueous systems increases the surface
activity of ionic surfactants compared to aqueous solutions. Thus, Acrysol 2020 with a surface
activity of only 0.15 mN/m in water reaches a value of 0.516 mN/m in the presence of glycerol;,
the surface activity value of sodium tripolyphosphate increases from 0.200 mN/m to
0.546 mN/m. For BYK-21, an increase in the surface activity value from 0.37 mN/m to
0.58-0.63 mN/m is observed. The value of limiting adsorption at the ionic surfactant
solution-air interface in the presence of glycerol does not always increase. However, the
molecular area of many ionic surfactants decreases. For example, the molecular area of sulfanol
decreases from 15.5-10%' m?* (in water) to 12.1-10*' m? (in 0.2% glycerol solution) and even to
9.57-10*' m? (in 1% glycerol solution). It shows denser packing of ionic surfactant molecules at
the phase interface. The molecular area of Orotan-681 decreases from 13.5-10* m?* to
14-10.7-10' m? in the presence of glycerol.

Glycerol is a polar medium forming a branched network of hydrogen bonds. As a result,
it binds free water molecules, reducing the solubility of ionic surfactants in the bulk and forcing
them to concentrate at the phase interface. It increases the surface activity values of ionic
surfactants. Therefore, glycerol is a universal synergist for the studied ionic surfactants.

Table 4 presents the results of the study of ionic surfactants properties in a CMC medium.

Table 4. Properties of nonionic surfactants in aqueous solutions of CMC.

Surface activity, Limiting adsorption | Molecular area of the
CMC, g/L s ol
i mN/m value, g/m’ - 10 surfactant, m® - 10
Ionic surfactants - -
Concentration of CMC solution, wt. %
0.2 | 05 1 0.2 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.10 | 0.06 | 0.11 | 0.58 | 0.61 | 0.62 | 1.55 1.47 | 1.36 10.7 11.3 12.2
acrisol2020 0.09 | 0.05 | 0.08 | 0.59 | 0.58 | 0.60 | 1.02 1.57 | 1.27 16.3 10.6 13.1
Orotan-731A 0.08 | 0.06 | 0.10 | 0.43 | 0.44 | 0.47 | 1.39 1.69 1.43 11.6 9.54 11.2
Orotan-681 0.05 | 0.08 | 0.27 | 0.29 | 045 | 0.42 | 1.51 1.21 1.71 10.0 13.7 9.72
Sulfanol 0.05 | 0.10 | 0.09 | 0.52 | 0.52 | 0.51 | 1.62 1.43 1.19 9.95 11.2 13.5
Sodium
. 0.05 [ 0.08 | 0.05 | 0.42 | 0.47 | 0.42 | 1.66 1.08 1.56 | 9.69 14.9 10.3
tripolyphosphate
0C-20 0.09 | 0.08 | 0.09 | 0.63 | 0.62 | 0.61 | 1.42 1.54 | 147 11.7 10.8 11.3
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In CMC, the values of the parameters increase for Acrysol 2020 and OS-20. It may be due
to the CMC promotion of ionic surfactant molecules orientation at the phase interface,
formation of hydrogen bonds between the hydroxyl groups of the ionic surfactants and the
carboxyl groups of CMC.

The decrease in the surface activity of sulfanol in the presence of CMC may be due to the
influence of the negatively charged carboxyl groups of CMC, interacting with the anionic part
of the sulfanol molecules. As a result, the concentration of surface-active surfactant anions in
the system decreases. The molecular area for sulfanol increases from 10.9-102' m? (in 0.2% CMC
solution) to 13.5-10% m? (in 1% CMC solution). It indicates a looser packing of sulfanol
molecules at the phase interface. The surface activity of Orotan-731A and Orotan-681 in the
CMC medium decreases. Thus, in the presence of CMC, selective synergistic effect of ionic
surfactants is observed. It improves the surface properties of OS-20, Acrysol 2020, and BYK-21,
but worsens the properties of the other ionic surfactants.

Table 5 presents the results of the study of ionic surfactants properties in an OP-7
medium.

Table 5. Properties of nonionic surfactants in aqueous solutions of OP-7.

Surface activity, Limiting adsorption | Molecular area of the
CMC, g/L Y s 1ol
i mN/m value, g/m? - 10 surfactant, A - 10
Ionic surfactants - -
Concentration of OP-7 solution, wt. %
0.2 | 0.5 1 0.2 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.09 { 0.07 | 0.17 | 0.59 | 0.60 | 0.62 | 1.41 1.48 1.66 11.8 11.2 9.98
acrisol2020 0.09 | 0.89 | 0.06 | 0.49 | 0.52 | 0.49 | 1.67 | 145 1.64 | 9.95 11.5 10.1
Orotan-731A 0.18 | 0.10 | 0.05 | 0.51 | 0.51 | 0.50 | 1.50 1.43 1.28 10.7 11.3 12.5
Orotan-681 0.13 | 0.10 | 0.11 | 0.49 | 0.49 | 0.51 | 1.32 1.58 1.40 12.6 10.5 11.9
Sulfanol 0.08 | 0.06 | 0.05 | 0.48 | 0.49 | 0.50 | 1.75 1.47 1.57 | 9.17 10.9 10.2
Sodium
. 0.07 | 0.09 | 0.07 | 0.49 | 0.49 | 0.36 | 1.52 1.48 1.60 10.6 10.4 10.0
tripolyphosphate
0C-20 0.16 | 0.17 | 0.07 | 0.52 | 0.54 | 0.52 | 1.60 1.50 1.44 10.4 11.1 11.5

According to Table 5, compared with aqueous solutions, an increase in surface activity in
the presence of OP-7 is observed for many ionic surfactants. The most noticeable synergistic
effect is observed for ionic surfactants that were less active in water (Acrysol 2020, sodium
tripolyphosphate). In fact, OP-7 levels out all the parameters of the ionic surfactants; the surface
activity varies within the range from 0.51 mN/m to 0.60 mN/m. The limiting adsorption for
many surfactants in OP-7 remains at the level of 1.4-1.7-10* g/m”. It indicates a dense
arrangement of ionic surfactant molecules at the phase interface.

Table 6 presents the results of the study of ionic surfactants properties in a PEG-4000
medium. The table shows that the presence of PEG-4000 increases the surface activity value of
all ionic surfactants. The most noticeable improvement in the parameters is observed for
Acrysol 2020, sodium tripolyphosphate, and OS-20. Polyethylene glycol is capable of forming
micelles with certain ionic surfactants due to hydrophobic interactions. However, for sulfanol,
the surface activity value decreases in the presence of PEG-4000. Thus, sulfanol is an exception
compared to the other ionic surfactants. In PEG-4000, the activity of sulfanol varies from 0.470
to 0.472 mN/m.
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Table 6. Properties of nonionic surfactants in aqueous solutions of PEG-4000.

Surface activity, Limiting adsorption | Molecular area of the
CMC, g/L i ¢
i mN/m value, g/m”- 10 surfactant, A - 10
Ionic surfactants - -
Concentration of PEG-4000 solution, wt. %
02 | 05 1 0.2 0.5 1 0.2 0.5 1 0.2 0.5 1
BYK-21 0.06 | 0.10 | 0.08 | 0.56 | 0.56 | 0.58 | 1.66 1.52 1.66 9.98 10.9 10.0

acrisol2020 0.08 | 0.10 | 0.17 | 0.47 | 0.48 | 0.49 | 1.52 1.42 1.58 10.9 11.7 10.5
Orotan-731A 0.11 | 0.11 | 0.05 | 0.54 | 0.53 | 0.55 | 1.39 1.74 1.62 11.6 9.24 9.95
Orotan-681 0.07 | 0.10 | 0.05 | 0.52 | 0.49 | 0.46 | 1.40 1.43 1.47 11.8 11.7 11.3

Sulfanol 0.09 | 0.11 | 0.10 | 047 | 0.46 | 0.47 | 1.85 1.71 1.55 8.7 9.4 10.4
Sodium
. 0.05(0.14 | 0.12 | 0.54 | 0.54 | 054 | 1.73 1.81 1.64 9.3 8.87 9.97
tripolyphosphate
0C-20 0.06 | 0.09 | 0.11 | 0.56 | 0.58 | 0.55 | 1.52 1.69 1.69 10.9 9.8! 9.84

PEG-4000, like glycerol, is more polar compared to the other studied nonionic
surfactants. It can form hydrogen bonds with water molecules, reducing the degree of
interaction of the ionic surfactants with water molecules.

Conclusion

Based on the data presented above, the greatest synergistic effect is observed in PEG-4000,
OP-7, and glycerol. In CMC, selective synergistic effect is observed; in PV A, antagonistic effect
is observed for most ionic surfactants.

PV A possesses high surface activity. It occupies sites at the phase interface, preventing the
surfactants from adsorbing. Thus, a decrease in the surface activity of ionic surfactants, an
increase in CMC, and an increase in molecular area are observed.

Glycerol and PEG-4000 are a more polar medium due to the presence of hydrogen bonds.
Surfactants adsorb more densely, and the molecular area decreases. It is a universal positive
effect for all surfactants.

To improve the properties in water-dispersion systems, glycerol, PEG-4000, OP-7, and
CMC in pair with Acrysol 2020 or OS-20, PVA in pair with BYK-21 or sulfanol at a
concentration of 0.5%, could be used as the medium.

Based on the results obtained, we can make recommendations for formulating
water-dispersion paint and coating materials to select the most effective surfactant system and
reduce costs.
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Abstract. The paper presents the results of a comprehensive study of fatty acid
diethanolamides (FADEA) synthesis from three types of vegetable raw
materials: coconut, palm kernel, and sunflower oils of RBD grade. The fatty acid
composition of the starting oils and the resulting amidation products were
determined by gas chromatography on a Chromatek-Crystal 5000.2 analytical
system. The coconut and palm kernel oils are characterized by a high content of
lauric (47.8-50.8%) and myristic (15.8-18.0%) acids. It ensures the high
foaming properties of the corresponding FADEA. Sunflower oil contains
predominantly oleic and linoleic acids (88.4%), providing thickening and
emulsifying characteristics. The synthesis of FADEA was conducted at a
temperature of 100-125 °C under a nitrogen atmosphere using NaOH catalyst
(0.1-0.5 wt.%). Kinetic studies showed 3-4 hours as an optimal reaction time.
Further the concentration of free diethanolamine (DEA) stabilizes. We
determine the free DEA content by two methods: potentiometric titration and
gas-liquid chromatography (GC). The GC method for monitoring the DEA
content is the most effective one. The obtained FADEA samples meet consumer
requirements: free DEA content 4.6-5.5%, acid value 1.50-2.82 mg KOH/g,
Gardner color scale 3-4. The values of the apparent activation energy of the
amidation reactions for the studied oils (64-71 kJ/mol) and the selectivity of
formation of the target diethanolamides (93.8-96.1% at 100 °C) were
calculated.
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Introduction

The modern chemical industry is transforming by tightening of the environmental
standards [1] and growing consumer demand for biodegradable products [2, 3]. In the
surfactant sector, there is a trend toward replacing traditional synthetic components with
counterparts derived from renewable raw materials [4-6]. Fatty acid diethanolamides (FADEA)
represent a promising class of nonionic surfactants obtained by the condensation of fatty acids
(FA) of vegetable oils with diethanolamine [7-9].

These compounds possess a set of valuable properties: high foaming ability, thickening
effect, emulsifying activity, and a mild effect on the skin [10-12]. FADEA demonstrate a high
rate of biodegradation (= 90% over 28 days according to OECD 301B). Therefore, they are more
effective ones in terms of the environmental safety [12, 13].

A considerable number of studies have been devoted to the synthesis of fatty acid amides
of vegetable oils. Thus, Karpeeva LE. et al. [14] studied the amidation of sunflower oil,
demonstrating the possibility of obtaining products with high foaming characteristics at a
temperature of 110-130 °C. Protopopov A.V. et al. [15] optimized the reaction conditions
involving palm oil; however, the kinetic parameters of the process were not considered in their
work. Lutfullina G.G. et al. [8, 10] studied the synthesis of nonionic surfactants based on corn
oil, focusing on the rheological properties of the final compositions. Works [16-21] are devoted
to the use of FADEA as corrosion inhibitors and antimicrobial additives. However, the issues
of kinetic modeling and the influence of the temperature regime on the selectivity of the process
are covered in them only fragmentarily.

Thus, optimization of the technology for producing FADEA to improve a product quality
is an urgent task. Therefore, the aim of this work is to develop a procedure for the synthesis of
FADEA from various vegetable oils, study the kinetics of the amidation process, and search for
analytical methods for monitoring the free DEA content.

As aresult, a comparative kinetic analysis of the synthesis of FADEA from three vegetable
oils (coconut, palm kernel, and sunflower) for the first time was conducted under unified
experimental conditions. Two analytical methods (potentiometry and GC) were proposed for
monitoring free DEA, considering the influence of by-product amino esters on the analysis
result. The optimal temperature regime was tested to minimize the formation of by-products
without a significant decrease in the process rate.

Experimental part

For the synthesis, vegetable oils of RBD grade (refined, bleached, and deodorized) from
the manufacturer RusAgro (Russia) were used: coconut, palm kernel, and pressed (sunflower)
oils; diethanolamine (DEA) of ‘pure’ grade with a main substance content of > 99.0%
(GOST 10626-76). The catalyst was sodium hydroxide (NaOH) (chemically pure) grade
(GOST 4328-77). Gaseous nitrogen of special purity (GOST 9293-74) was used.

The fatty acid composition of the vegetable oils was determined by gas chromatography
on a Chromatek-Crystal 5000.2 system with an HP-5MS capillary column (30 m x 0.25 mm).
Conditions: injector temperature 270 °C; column program: 150 °C (2 min) - 10 °C/min >
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270 °C (20 min); FID detector, 300 °C; carrier gas — helium, 1.0 mL/min. Samples of the oils and
diethanolamides were preliminarily methylated with a methanolic HCI solution (5%) at 70 °C
for 2 hours to obtain fatty acid methyl esters (FAME). Peak identification was conducted by the
retention time of standard samples of individual fatty acid methyl esters.

Determination of free DEA in the synthesized diethanolamide samples. Potentiometric
titration: a weighed portion of 1.5-2.0 g was dissolved in 30 cm’ of isopropanol, 20 cm?® of water
indicators phenolphthalein and bromocresol green were added; the solution was titrated with
0.1 N HCl with potential recording on an EV-74 ion meter. The mass fraction of free DEA (X,
%) was calculated using the formula:

V x k *0.0105
X =— =+ 100%
where V is the volume of titrant, cm3; * is the correction factor; m is the mass of the weighed
portion, g.

The limits of relative error of the potentiometric titration method were £3.5% (at a
confidence level of 0.95).

Gas chromatographic analysis of the synthesized diethanolamides was performed on the
same chromatograph using an internal standard (1,4-butanediol). The analysis was conducted
for the content of free diethanolamine and glycerol in the synthesized product. Samples were
dissolved in isopropanol (20 mg/mL), and 1 uL was injected. Calibration was performed using
a series of standard solutions with a DEA concentration of 0.1-2.0 mg/cm’.

The limits of relative error of the GC method were +2.1% (at a confidence level of 0.95).

The acid value of the synthesized diethanolamides was determined by potentiometric
titration with a 0.1 N KOH solution in an isopropanol/water mixture (3:1) in accordance with
GOST 25794.1-83.

The apparent activation energy (E;) was calculated using the Arrhenius equation:

k, E, /1 1
In—=— (— - —),
k&, R\T, T,
where ki, k; are the rate constants at temperatures T; and T, R is the universal gas constant
(8.314 J/mol-K).

Synthesis of FADEA. A 200 g portion of vegetable oil and the catalyst NaOH (0.1-0.5 wt.%
based on the oil mass) were placed into a 500 mL three-necked flask equipped with a mechanical
stirrer, a thermometer, and a reflux condenser. The flask was purged with nitrogen, the mixture
was heated to a temperature of 100-125 °C, and a calculated amount of diethanolamine with an
excess of 1-3% relative to the stoichiometry was added. The reaction time was counted from
the moment the DEA addition was completed. Upon completion of the reaction, the mixture
was cooled to 80 °C. The product was not isolated in individual form, since the commercial
form is a liquid concentrate. The yield of the target product was 88-92% calculated on the oil.

Results and discussion

The amidation reaction of oils can be represented by Scheme 1:
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However, side reactions may occur: the formation of amino esters (esterification)
(Scheme 2) and thermal degradation (at T > 120 °C) of the unsaturated fragments of
linoleic/oleic acids with the formation of colored polymerization products [12, 18].
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The substituents (R) vary depending on the type of oil. The fatty acid analysis of the

+ H,0

Scheme 2

starting raw materials was conducted by gas-liquid chromatography. The analysis revealed
significant differences in the composition of the oils (Table 1).

Table 1. Fatty acid composition of coconut, palm kernel, and pressed oil

Component Palm kernel oil, % Coconut oil, % Pressed oil, %
Caproic acid 0.204 0.514 -
Caprylic acid 4.101 7.820 -
Capric acid 3.808 6.243 0.065

Lauric acid 50.775 47.846 0.830
Myristic acid 15.753 18.006 0.077
Palmitic acid 8.818 9.498 7.145
Linoleic acid 0.210 - 88.355%

Oleic acid 14.566 7.575

Stearic acid 1.766 2.499 3.528

*Total content of linoleic and stearic acids

Based on the obtained results, the following conclusions can be drawn:

ethe fatty acid composition of palm kernel and coconut oils is similar; the main
components are the saturated lauric and myristic acids. It might be a prerequisite for using these
oils as raw materials for the production of highly foaming detergent additives;

e the fatty acid composition of pressed oil consists predominantly of C18 unsaturated
acids (oleic and linoleic). It determines the use of FADEA from this oil as emulsifiers and
thickeners.

The results of the analysis of the synthesized diethanolamides are presented in Table 2.

Table 2. Quality of the synthesized diethanolamides

Type of diethanolamide Acid value, mg KOH/g Diethanolamine content, %
Coconut diethanolamide 2.73 5.5
Pressed diethanolamide 1.50 4.6

Palm kernel diethanolamide 2.82 5.4
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Chromatographic analysis of the fatty acid methyl esters obtained from the synthesized
products showed the fatty acid profile corresponds to the starting raw material (Table 3).

Table 3. Fatty acid composition of the diethanolamides

Component Palm kernel oil, % Coconut oil, % Pressed oil, %
Caproic acid 0.439 1.066
Caprylic acid 4.622 10.389
Capric acid 3.427 6.756 1.517
Lauric acid 45.715 47.572
Myristic acid 14.235 16.390 0.263
Palmitic acid 8.077 8.304 6.035
Caproic acid 0.439 1.066
Caprylic acid 4.622 10.389 >4.563"
Capric acid 3.427 6.756 1.517
Lauric acid 45.715 47.572
Myristic acid 14.235 16.390 0.263
Palmitic acid 8.077 8.304 6.035

*Total content of linoleic and stearic acids

To study the reaction kinetics, experimental syntheses of coconut diethanolamide were

conducted at temperatures of 125 °C and 100 °C.

In the course of the experiment with the synthesis parameters (temperature 125 °C, DEA

excess 3%, catalyst 0.3%), the change in DEA concentration in the reaction medium over time

was studied. After 3-4 hours of reaction, the concentration of free DEA remains practically
unchanged for coconut oil (Fig. 1).

10 12

16

Fig. 1. Change in DEA concentration in the reaction mixture over time: 1 — the concentration of free DEA remains
practically unchanged for coconut oil

The amidation reaction in the studied conversion range (0-80%) is described by a

first-order kinetic equation with respect to the triglyceride concentration. The equation has the

following form:

d[TG]
dt

where [TG] is the concentration of triglycerides.

= KapplTG],
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Table 4 presents the calculated values of the apparent activation energy and the selectivity
of diethanolamide formation for the studied oils. The selectivity was determined as the ratio of
the amount of DEA that reacted to form an amide bond to the total amount of reacted DEA,
calculating the fraction of side amino ester formation from the difference between the results

of potentiometry and GC.
Table 4. Kinetic parameters and selectivity of FADEA synthesis
oil Selectivity for FADEA, % E,, kJ/mol*
100 °C 125°C
Coconut 94.2 89.1 68
Palm cernel 93.8 88.5 71
Sunflower 96.1 91.3 64

*Calculated using the Arrhenius equation on the basis of the rate constants at two temperatures

A decrease in temperature from 125 °C to 100 °C decreases the rate constant by only a
factor of 1.1-1.2. It corresponds to the calculated E, values in the range of 64-71 kJ/mol. At the
same time, the selectivity of formation of the target diethanolamides increases by 4-6%. It is
explained by the suppression of the competing esterification reaction with the formation of
amino esters.

In the analysis of coconut diethanolamide, the residual DEA content determined by GC
is lower than that according to potentiometric titration data. The formation of side amino esters
increases the titration results. At 125 °C, the fraction of these compounds increases. It raises the
discrepancy between these methods, namely: the titration method shows the sum of all bases,
while the GC method shows only free DEA. Therefore, the gas chromatographic method is the
most preferable for the selective determination of specifically free DEA.

During the synthesis of FADEA from coconut oil at 100 °C, the reaction was studied and

the results of potentiometric and GC analyses were compared (Fig. 2).
35

30

2

W

X, I3A.%
L L]
W =]

tu
Fig. 2. Change in DEA concentration in the reaction mixture over time during the synthesis of coconut
diethanolamide (100 °C, DEA excess 3%): 1 — potentiometric titration method; 2 — gas-liquid chromatography
method.

According to Figure 2, the reaction is conducted at 100 °C, the results of analysis by
potentiometric titration and GC practically coincide. At 100 °C, the discrepancy between the
methods does not exceed 0.5%. It confirms the suppression of the side esterification reaction.

In addition, titration of the product obtained at 100 °C gives a more pronounced pH jump
and, as a consequence, a more accurate determination of the titration endpoint. Figure 3
presents Examples of titration curves.
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Fig. 3. Typical examples of titration curves of alkanolamide samples obtained at 125 °C (left) and 100 °C (right): 1
- titration curve (dependence of pH on titrant volume V); 2 - first derivative curve (dependence of ApH/AV on
titrant volume V)

The difference in the initial pH values is due to the different content of basic components
(free amine and amino esters) in the samples obtained at different temperatures. At 100 °C, the
medium is more alkaline due to the absence of acidic by-products of the esterification reaction.
Based on the obtained data, synthesis at a temperature of 100 °C with a process time of 4 h
appears to be more preferable.

Conclusions

1. The procedure for the synthesis of fatty acid diethanolamides from coconut, palm
kernel, and sunflower oils has been optimized. The yields of the target products are 88-92% at
a temperature of 100 °C and a process duration is 3-4 h.

2. Based on the analysis of the fatty acid composition and comparison with the
well-known structure-property relationships for alkanolamides [10-12], the functional
properties of the obtained surfactants are determined by the fatty acid composition of the raw
material: lauric and myristic acids (coconut and palm kernel oils) provide foaming. However,
oleic and linoleic acids (sunflower oil) show thickening and emulsifying characteristics.

3. According to a kinetic analysis, an amidation reaction is described by a first-order
equation with respect to the triglyceride concentration; a decrease in temperature from 125 °C
to 100 °C reduces the process rate insignificantly (by a factor of 1.1-1.2) but increases the
selectivity by 4-6% due to the suppression of amino ester formation.

4. Two methods of analytical control have been proposed: potentiometric titration and
gas-liquid chromatography. For the quantitative determination of specifically free
diethanolamine, the GC method is preferable. It excludes the influence of by-products on the
result.
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Abstract. The complexation of copper in aqueous solutions of L-cysteine was
studied by the oxidative potential method using a copper amalgam electrode in
the pH range of 1.0-8.0 at a temperature of 298 K and an ionic strength of the
solution (NaNO:s) of I = 1.00 mol/L. The composition was identified and the
stepwise formation constants of the complexes were calculated. The following
mononuclear copper(II) compounds [CuCys(H,0)s]**; [Cu(Cys)(OH)(H,0)./;
[Cu(OH),(H0),f’; [Cu(Cys)(L)(H:0). ] are formed in the system. According to
the experimental data obtained, the composition, stability, regions of existence,
and degrees of accumulation of cysteinate coordination compounds of copper
were determined in agreement with the oxidative function and the proposed
principle of equilibrium modeling. The calculated model parameters can be used
as reference material for the targeted synthesis of complexes and for
thermodynamic calculations.
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Introduction

There are significant quantities of publications in the modern scientific literature are

devoted to coordination compounds of metals with organosulfur ligands. Within the extensive

class of such compounds, cysteine is one of the most important one. Presented in blood and

plasma, L-Cysteine is one of the most significant metal-binding agents in biological fluids.

A deficiency of L-cysteine in the body correlates with a number of clinical conditions, including

hepatotoxicity, dermatological disorders, growth retardation, and AIDS [1].
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Copper, being a key trace element, plays a significant role in maintaining the structural
integrity of vascular walls, including the membranes of the spinal cord. In addition, copper ions
are necessary for the biosynthesis of melanins. They are responsible for the pigmentation of
skin, hair, iris of the eyes, and formation of hemoglobin. Numerous studies have demonstrated
that copper complexes possess the ability to restore damaged tissues. In this regard,
copper-containing compounds are considered promising medicinal agents [2].

The complexation of Ag" ions with L-cysteine anions (Cys”) was studied by the
potentiometric method [3] at 25 °C against a background of 0.1 mol/L KNOs. The formation of
soluble complexes of the composition AgCys™ (g = 11.14 £ 0.10), AgHCys (IgP = 20.77 + 0.06),
Ag,Cys (IgB =20.32 +0.17), Ag,HCys" (Igp = 27.28 £ 0.12) was found.

Using pH-metric methods [4], solubility determinations and potentiometry with a gold
electrode were conducted. Indeed, the equilibria involving cysteinate complexes of gold(I) in
aqueous solution at 25 °C and I = 0.2 M (NaCl) were studied. The successive protonation
constants IgKiH cysteinate H;.,Cys' + H* = HiCys'* are equal ones: 10.10 (i = 1), 8.12 (i = 2),
1.90 (i = 3). The protonation of cysteinate complexes was studied: Au(Cys),*” + H" = Au(HCys)(Cys)*,
lgKinaw = 9.62 and Au(HCys)(Cys)> + H* = Au(Cys),, 1gKouau = 9.01. The constant of the
heterogeneous equilibrium Au(HCys).ia + HCys” = Au(HCys),, Ks = 3.3, was determined. The
standard potential of the complex Au(Cys),* is E%jo = -0.172 £ 0.011 V. The complex Au(Cys),
proved to be close in stability to the complex Au(HS),".

The purpose of this study is to determine the composition, stability, regions of existence,
and degrees of accumulation of cysteinate coordination compounds of copper using the
oxidative function and the proposed principle of equilibrium modeling based on experimental
data from the redox-metric method.

Experimental part

The redox-metric study was conducted using a copper electrode in accordance with [5, 6].
The copper electrode was made of ‘extra-pure’ grade metallic copper in the form of a rod
pressed into a Teflon tube. Purification of mercury and amalgamation of the electrode were
performed in accordance with the recommendations in [7].

For amalgamation, the surface of the copper electrode was polished with fine sandpaper
and washed with distilled water. The copper electrode surface prepared in this way was
amalgamated by immersing it for some time in pure mercury contained in a vessel. The mercury
droplets remaining on the copper plate were rubbed with filter paper until the copper amalgam
uniformly covered the entire surface. The mercury used for amalgamation was periodically
purified by filtration and decantation with 0.5% nitric acid and water.

The concentration of Cu** ions was determined by the iodometric method [8-10]. For the
preparation of solutions, bidistillate, Cu(NOs),-3H,O (chemically pure), cysteine manufactured
by Reanal (Hungary), analytical-grade NaNOs, and HNO; prepared from a fixanal were used.
The concentration of NaOH was determined by the method described in [11] by direct titration
with 0.1 M hydrochloric acid in the presence of the indicator phenolphthalein.
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Standardization of the stock and working solutions was performed according to the
procedures described in [12]. The EMF of the galvanic cells was measured using an EV-74 ion
meter (accuracy +1-3 mV). The values of the silver chloride electrode potential and the quantity
v =2.303RT/F at the required temperatures were taken from [13].

To imitate an inert atmosphere and to stir the solutions, gaseous nitrogen purified from
O, and CO, was used.

Calibration of the copper electrode to verify its compliance with the Nernst equation
consists in measuring the EMF of the first galvanic cell in a series of solutions containing
copper(II) nitrate at various concentrations. The measurement of the oxidative potential of
galvanic cells with transference was conducted using a combination of three electrodes: copper
and silver chloride electrodes to determine the oxidative potential of the circuit; glass and silver
chloride electrodes to determine the pH. The second galvanic cell is necessary for determining
the pH of the solution in the electrolytic cell during titration.

The first working solution was added to the cell (V = 50 mL). Through it an inert gas was
passed to stir the Cu(II) solution. Then, gradually, a calculated amount of 0.1 N HNO; and 0.9 N
NaNO; was added to form the required ionic strength and achieve the desired pH value.
Repeating the same procedure with the second working solution, the required amount of the
second solution was added in small portions to the first, and the EMF of galvanic cells (I) and
(IT) was measured. The equilibrium value of the oxidative potential was taken to be the value that
did not change within 2-3 minutes. The concentrations of copper(II) and cysteine were varied
within the pH range of 1.5-1.9, i.e., within the limits of a stable redox system where the formation
of insoluble products is not observed.

An assessment of the electrode function of the copper electrode was conducted. It verifies
its compliance with the Nernst equation. Copper(Il) ions undergo hydrolysis at pH < 6.5.
Therefore, the EMF of the system was measured up to these pH values with strict fixing of their
values and the ionic strength using two working solutions with identical pH and ionic strength
values but different concentrations of copper(Il). The EMF of the galvanic cell composed of
copper and silver chloride electrodes was measured using the equation:

Pcuan/cu©) = E — Qagjagercr (1)

where E is the EMF of the galvanic cell; @ ¢y, 1) /cu(o) is the potential of the copper electrode;
®ag/agcici- is the potential of the silver chloride electrode.

Discussion of the results of the study

To determine the composition of copper(II) complexes formed in aqueous solutions of
cysteine, using the corresponding equations [7], the experimentally obtained partial
dependences of the EMF of the system, measured on a copper amalgam electrode, were
analyzed (Figs. 1-3).

The nuclearity (q) of the coordination compounds was established based on an
examination of the curves of the dependence of EMF on the negative logarithm of the
concentration of Cu** ions (pCcy 2+ = —1gCcy2+) (Fig. 1).
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Fig. 1. Dependence of EMF (E, mV) on pC,2+ for the Cu(Hg)-Cu(II)-Cys-H,O system; Ccys = 1-10° mol/L.
The curves correspond to pH: 1 —2.0;2 - 3.5;3 - 6.5;4 - 7.6.

By Figure 1, on the curves of the E — pC 2+ dependence, linear sections with slopes equal
to —v/2 can be distinguished. According to the theory of redox-metry [5, 6], it indicates the
formation of mononuclear copper(II) complexes in solution over the entire studied pH range.

( OFE ) v @)
apCCu2+ pCeys, pH 2q

Analysis of the curves of the partial dependence of the oxidative potential of the system
on the negative logarithm of the amino acid concentration (pCc,s = —1gCcys), presented in
Fig. 2, establishes the number of ligands incorporated in the composition of the copper(II)
complexes.
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Fig. 2. Dependence of EMF (E, mV) on pCe, for the Cu(Hg)-Cu(II)-Cys-H,O system. The curves correspond to
pH:1-2.52-3.53-6.0;4-7.5.
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At pH 2.5, on the curves of the E — pC(,,; dependence, linear sections with a slope of v/2
are formed. According to [7], it indicates the incorporation of one ligand into the coordination
sphere of the Cu** ion. At pH 6.5 and 9.5, the slope of the linear sections of the considered
E — pC¢ys dependence is equal to v. By the equation (3) and the established nuclearity, the
coordination compounds of copper(Il) formed under these conditions include two ligands (1 = 2).
To find the regions of dominance of the formed copper(II) coordination compounds and
determine the total number and type of ligands in them, a graphical analysis of the experimental
E-pH dependences was conducted (Fig. 3).
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Fig. 3. Dependence of EMF (E, mV) of the Cu(Hg)-Cu(II)-Cys-H,O system on pH at a temperature of 298 K and
an ionic strength of the solution (NaNOs) of I = 1.0; Curves correspond to: 1 — C¢** = 0.001; 2 — Ce,** = 0.02;
3 - Cc** = 0.05; Ccys = 0.01 mol/L.

The zero slope of the linear sections of the considered dependence, observed at low pH
values, reflects the absence of hydrolysis or complexation processes of Cu(II) in the region of
acidic solutions. Thus, copper(II) ions at pH < 2.0 exist under the studied conditions in the
form of aqua complexes.

The subsequent decrease in EMF with a further increase in pH, and the formation on the
E-pH dependence curves of linear sections with slopes of 0, -v/2, -v, and -v/2 (Table 1), are
associated with the stepwise formation of compounds in which one or two ligands, respectively,
account for one complexing ion.

Table 1. Slope on the pH scale of the Cu(Hg)-Cu(II)-Cys-H,O system at a temperature of 298 K, I = 1.0;
Ccy®" =0.001 and Ccys = 0.01 mol/L.

Item n/a pH scale Slope, mV Slope, v
1 1.0-2.4 0 0
2 2.2-4.2 29.5 -v/2
3 4.2-6.6 59 -v
4 6.6-8.0 29.5 -v/2

According to the theory of the method [7], from the equation for the partial derivative:

(5or) --3(5) @

PCey2+ PCeys

where [ and k are the numbers of ligands and OH" groups coordinated by the oxidized form of
the metal with a nuclearity equal to g.

According to the results on establishing the nuclearity and the number of ligands, at pH
1.0-8.2, compounds of the type Cu** : Cys* = 1:1 and 1:2 are formed. An increase in pH > 8.2
resulted in a mixed hydroxo compound with one or two OH" groups in the coordination sphere
of Cu**ions (k=1; k =2).

A similar course of the E-pH dependence curves indicates that an increase in the
concentration of Cu** ions from 0.001 to 0.05 mol/L at Ccy = 0.01 mol/L does not change the
forms of the copper(II) coordination compounds formed in the system over the entire studied
pH range.

Dependences of the EMF (E, mV) of the system on pH were obtained (Fig. 4).
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Fig. 4. Dependence of EMF (E, mV) of the Cu(Hg)-Cu(II)-Cys-H,O system on pH at temperatures of
288.15-318.15 K and an ionic strength of the solution (NaNOs) of I = 1.0; Ccy®* = 0.001; Ceys = 0.01 mol/L. Curves
correspond to: 1 — 288.15; 2 — 298.15; 3 - 308.15; 4 — 318.15 K.

With an increase in temperature from 288.15 to 318.15 K, the length of the linear section
with a slope equal to zero decreases and shifts toward the acidic region of the solution.

We consider the analysis of all experimental dependences in the Cu(Hg)-Cu(II)-Cys-H.O
system at a temperature of 298 K and an ionic strength of the solution (NaNOs) of I = 1.0.

A joint consideration of the results of the graphical analysis of the partial derivatives of
the oxidative potential (Figs. 1-4), and the protolytic dissociation constants of cysteine (pK; = 1.71;
pK: = 8.27; pKs = 10.78), provides formulas for describing the composition of the copper(II)
complex compounds formed in the studied system under the selected conditions (Table 2).

Table 2. Experimental values of the slopes of the dependences of EMF on the concentration variables for the
Cu(Hg)-Cu(II)-Cys-H,O system at a temperature of 298 K, I = 1.0; Cc,** = 0.001; Ccys = 0.01 mol/L.

Dependences of EMF on the concentration variables .
Item n/a Composition of the compounds
pH PCox pCe
1 0 - - [Cu(H,0)4)*
2 -v/2 -v/2 v/2 [Cu(Cys)(H.O)s]*
3 -v -v/2 v [Cu(Cys)(OH)(H:0).]*
4 -v/2 -v/2 - [CU(OH)z(Hzo)z]O
5 -v -v/2 v [Cu(Cys)(L)(H0).]*

Note: Cu(II) is the number of atoms of the oxidized form of copper in the complex; H* is the number of protonated
groups in the complex; L™ is the number of ligands; OH" is the number of coordinated hydroxyl groups.

Some ambiguity is observed in the course of the curves of the E-pCcys dependence at low
concentrations of the amino acid, the appearance of yellow spots on the amalgam of the
Cu(Hg)/Cu** electrode, and instability of the potential during the measurement of the E-pH
dependence at pH > 9.0, Cc** = 5.0-10" and Ccys = 0.01 mol/L.

The cause of the observed effects during redox-metric measurements is apparently a
change in the copper(II) content in cysteine solutions due to the occurrence of the
disproportionation reaction of Cu(I) upon contact with the copper amalgam electrode.

A complete analysis of stoichiometric matrix data and the established compositions of the
compounds showed the formation of copper(Il) coordination compounds in the studied
system.

Based on the data of the stoichiometric matrix, a chemical model of the equilibria of the
system was compiled with numerical values of the nuclearity of the metal complex compounds,
the number of protons, the number of coordinated ligands, and hydroxyl groups - g, s, I, and
k, respectively (Table 3). The chemical models can be used for compiling computer programs
and calculating ionic equilibria.
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Table 3. Chemical model of equilibria of the system Cu(Hg)-Cu(II)-Cys-H,O system at a temperature of 298 K,
I =1.0; Cey** = 0.001; Ceys = 0.01 mol/L.

Item | Cu®* | H" | L' | OH Composition of the Fragments of the equations for the oxidative
nfa | q s |1k compounds P potential of the system

1 1 1 1 0 [CU(CYS)(HZO)3]2+ ,31110 Vlg(h3+BllloK1Calh2)

2 1 1 |1 1 | [Cu(Cys)(OH)(H.0).]* | B Vig(h*+B111: K, Caih?)

3 1 0 0 2 [Cu(OH),(H,0),]° Piooz Vig(h?*+B100.K*Cai*h)

4 1 1 (2] 0 [Cu(Cys)(L)(H0):1" | Buz Vig(h*+P1120KCarh)

Note: The indicated quantities of the oxidized form of copper, protons, ligands, and hydroxyl groups, g, s, L, k,
respectively, are the main basis particles and are given in the subscript of the designation of the complex formation
constants Py q is the number of atoms of the oxidized form of copper in the complex; s is the number of
protonated groups in the complex; | is the number of ligands; k is the number of coordinated hydroxyl groups.

To calculate the values of the stability constants of the coordination compounds in the
studied system, determine the pH intervals of their existence, and confirm the compositions of
the particles, the method of minimizing the deviations of the experimental EMF values from
the calculated ones was used; S, were used as the parameters.

To calculate ionic equilibria in redox systems [14], the concept of the oxidative function
was introduced.

The experimental oxidative function f; is expressed by the following equation:

1 2(E-E°)

fy = 10 v, (5)

Ccu2+

where E is the experimentally measured EMF value, E° is the apparent value of the normal or
standard EMF; Cc.*" is the total concentration of the oxidized form; v = 2.303RT/F.

The general equations of the oxidative potential can be applied to calculate ionic equilibria
in the reactions of formation of coordination compounds, including the formation of hydroxo
complexes in solutions of redox systems.

The oxidative function fg represents the sum of the concentrations of all complex
compounds formed in the Cu(Hg)-Cu(II)-Cys-H,O system. Then, the theoretical value of the
oxidative function fr was calculated in terms of all possible compositions of the coordination
compounds.

Based on the data given in Table 3, from equation (5) we find the expressions for the
oxidative function of the system under study. Substituting successively the values of q, p, s, 1, k,
we expand the sums. It resulted in the following expression:

fr = 1000-h*/(h* + B1110K1Ca1h2 + Bllllchalhz + B1002K12Ca12h + BIIZOKICalh) (6)

where h is the concentration of hydrogen ions; K. is the dissociation constant of cysteine; C, is
the total concentration of cysteine; f§ is the complex formation constant.

To calculate the constants and regions of dominance of the copper(II) complex, equation
(6) is an expression of the oxidative function for the Cu(Hg)-Cu(II)-Cys-H,O system is used.
We can suppose, that this equation is a mathematical model of the studied system.

The values of the experimental oxidative function fz were calculated, the refinement of
the complex constants was proceeded with by the iteration method using equation (6) until the
values of the theoretical and experimental oxidative functions coincided (Table 4) within the
error of the experiments.
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Table 4. Values of the EMF, the experimental f; and theoretical fr oxidative functions, and their logarithms as a
function of pH for the Cu(Hg)-Cu(II)-Cys-H,O system at a temperature of 298 K, I = 1.0; Cc,2* = 0.001;
Cecys = 0.01 mol/L. The value of the apparent standard EMF (E) is 360 mV

pH | E,mV fe fr lgfy | lgfr | pH | E, mV fe fr lgfe | lgfr
1.0 | 360 1000 9.72E+02 | 3.0 | 3.0 | 46| 215 | 1.22E-02 | 5.81E-02 | -19 | -1.2
1.2 360 1000 9.56E+02 | 3.0 | 3.0 || 48 | 205 5.57E-03 | 2.18E-02 | -2.3 -1.7

1.4 358 8.55+02 9.30E+02 | 29 | 3.0 || 5.0 196 2.76 E-03 | 7.92E-03 | -2.6 -2.1
1.6 358 8.55E+02 | 8.90E+02 | 29 | 2.9 | 52 178 6.77 E-04 | 2.77E-03 | -3.2 -2.6
1.8 354 6.26E+02 | 8.26E+02 | 2.8 | 29 | 54 162 1.94 E-04 | 9.23E-04 | -3.7 -3.0
2.0 352 5.35E+02 | 7.30E+02 | 2.7 | 2.9 | 5.6 148 6.51E-05 | 2.92E-04 | -4.2 -3.5
2.2 350 4.58E+02 | 5.97E+02 | 2.7 | 2.8 |[ 5.8 134 2.18E-05 | 8.78E-05 | -4.7 -4.1
2.4 348 3.92E+02 | 436E+02 | 2.6 | 2.6 | 6.0 120 7.32E-06 | 2.52E-05 | -5.1 -4.6
2.6 340 2.10E+02 | 2.77E+02 | 2.3 | 2.4 | 6.2 100 1.54E-06 | 6.94E-06 | -5.8 -5.2
2.8 336 1.53E+02 1.53E+02 | 2.2 | 2.2 [ 6.4 80 3.22E-07 | 1.86E-06 | -6.5 -5.7
3.0 328 823 E+01 | 7.49E+01 | 1.9 | 19 |[ 6.6 69 1.37E-07 | 4.87E-07 | -6.9 -6.3
32 314 276 E+01 | 3.38E+01 | 14 | 15 |[ 6.8 48 2.65E-08 1.26E-07 | -7.6 -6.9
3.4 300 9.38 E+00 | 1.45E+01 | 1.0 | 1.2 || 7.0 32 7.61E-09 | 3.22E-08 | -8.1 -7.5
3.6 288 3.68E+00 | 6.03E+00 | 0.6 | 0.8 [ 7.2 14 1.87E-09 | 8.17E-09 | -8.7 -8.1
3.8 270 8.92E+00 | 2.45E+00 | -0.1 | 0.4 | 7.4 -2 5.36E-10 | 2.07E-09 | -9.3 -8.7
4.0 254 2.60E-01 9.83E-01 | -0.6 0 7.6 -14 2.10E-10 | 5.22E-10 | -9.7 -9.3
4.2 242 1.00 E-01 3.89E-01 | -1.0 | -04 | 7.8 -38 3.22E-11 1.31E-10 | -10.5 | -9.9
44 229 3.62 E-02 1.52E-01 | -1.4 | -0.8 || 8.0 -58 6.77E-12 | 3.31E-11 | -11.2 | -10.5

According to Table 4, the values of the theoretical and experimental oxidative functions
are in good agreement. Such accuracy in the approximations is necessary for analysis of the
average values of the complex constants; the discrepancies are minimal.

The values of the oxidative functions fr and fr are numbers with a decimal base. Therefore,
these dependences are presented in logarithmic form (Fig. 5), curves 1 and 2. Their coincidence
indicates the reliability of the results, i.e., they are identical.

lgf:g: f]"

-12

Fig. 5. Values of the logarithmic values of the experimental f; (1) and theoretical fr (2) oxidative functions of pH
for the Cu(Hg)-Cu(II)-Cys-H,O system at a temperature of 298 K, I = 1.0; Cc,** = 0.001; Ccys = 0.01 mol/L.

Summing the equations of the individual linear sections gives the general expression for
the theoretical oxidative function of the studied system (7):

S 1 —1 I —k

q k
¥ =10%/ Zzzzq qstk qslk [HsL"19h @ . )
1 0 0 0
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To calculate fr, the numerical values of the stability constants determined by solving the
equations of the linear sections at the intersection point of the E-pH and E-pC_L dependences
were used. At the maximum agreement of the curves of the f¢ and fr dependences on pH, the
values of the formation constants are found. They are presented in the table of model
parameters (Table 5). All calculations were performed on a computer using Excel programme
[15-18].

Table 5. Model parameters of the coordination compounds of the system Cu(Hg)-Cu(II)-Cys-H,O system at a
temperature of 298 K, I = 1.0; C¢,** = 0.001; Ccys = 0.01 mol/L.

Region of complex . Logarithm of the complex | Max. degree of
Item . Composition of the ) ]
existence on the pH formation constant accumulation, | pH
n/a compounds
scale (IgBgsi) a, %
1 1.0-4.4 [Cu(Cys)(H,O)s]* 7.52+0.01 31.5 2.4
2 1.8-7.2 [Cu(Cys)(OH)(H:0)]* 4.72+0.09 81.30 4.0
3 2.2-6.4 [Cu(OH),(H,0),]° -1.98+0.03 11.80 4.0
4 3.6-8.0 [Cu(Cys)(L)(H,0),]* 12.90+0.09 99.8 8.0

This work is a part of research on the study of copper(II) complexation at various
temperatures and ionic forces. Subsequent studies concern with the research on the study of
copper(II) complexation at temperatures of 288, 308, and 318 K and ionic forces of 0.1, 0.25,
0.50, 0.75, and 1.00 mol/L.

The equations for the formation reactions of the above-mentioned complex compounds
are presented in Table 6.

Table 6. Equations for the formation reactions of complex compounds in the system Cu(Hg)-Cu(II)-Cys-H,O
system at a temperature of 298 K, I = 1.0; C¢,** = 0.001; Ccys = 0.01 mol/L.
Item n/a Equations for the complex formation reactions
[Cu(H,0)4]** + Cys* <> [Cu(Cys)(H,0)3]** + H,O
[Cu(H,0)4]** + Cys* <> [Cu(Cys)(OH)(H,0),]* + H;0*
[Cu(H,0)4)* + H,0 <> [Cu(OH)»(H,0),]° + H;O" + H*
[Cu(H,0)4]** + 2Cys* <> [Cu(Cys)(L)(H,0).]* + 2H,0

[N OSH N SN

The mole fractions of complex particles in solutions involving ions of the oxidized form
of the metal, &?4, are calculated using the equation:

¢ s 1 k1 _1 .
@ = MgHsL O™/ DY N B, G, & [H L [T, (®)
1 0 0 0

Thus, the values of the mole fractions of ions in equilibrium in the studied system are
presented in (Fig. 6) in the form of a distribution diagram.

According to Fig. 6., all the proposed forms in the studied system exist over a fairly wide
pH range; their degree of accumulation or formation is greater than 10%. Therefore, they are
formed in amounts significantly exceeding the limits of measurement error, which is £1-3 mV
or 3-5%. The calculation and construction of distribution diagrams is the final stage in refining
the composition of the formed coordination compounds and calculating their formation
constants.
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Fig. 6. Dependence of the degree of accumulation of Cu(II) complexes on pH for the Cu(Hg)-Cu(II)-Cys-H,O
system at a temperature of 298 K, I = 1.0; C¢,** = 0.001; Ccys = 0.01 mol/L. Curves correspond to: 1 - [Cu(H,0)4]**;
2 - [Cu(Cys)(H,0)5]*; 3 - [Cu(Cys)(OH)(H,0),]*; 4 - [Cu(OH),(H,0),]% 5 - [Cu(Cys)(L)(H,0),]".

However, expressions can be obtained for calculating the mole fractions of free particles
and coordination compounds:

teuan = D03 + BiioKiCath? + BrinKiCath? + B1oo2K 12Cai2h + Br120K1Carh) 9)

[ cuCys)(Hy09a12+ = Br110KiCath/(h® + Br110KiCath? + Br11KiCath? + Broo2KCar?h + Br120KiCarh) (10)
U cu(Cys)(OH) 00, = Br11KiCath(03 + Bri1oKiCarh? + BrinKiCarh? + Broo2K i 2Ca?h + BrinoKiCuh) (1)
X[ cu(OHY, (1,0),1° = B1002K12CarZ/ (0 + Br11oKiCanh? + Brin Ky Cath? + BroozK 2Car?h + BriooKiCath) — (12)

@ [Cu(Cys)(L)(Hy0)5]F = B1120K1Carh/(h3 + B1110K1Cath? + B1111K1Cath? + B1002K12Cai?h + B1120K Cath) (13)

To calculate the mole fractions of free and complex-bound copper ions, the equations (9-13)
are used.

The calculations are completed by determining the final version of the mole fractions
(degrees of accumulation) of the complex forms and constructing their distribution curve (Fig. 6).

According to the presented distribution diagrams, the system under study provides 4
ionic equilibria. They are different in composition, stability, and regions of dominance of the
complexes on the pH scale. These data obtained from the final results of the refined formation
constants of the coordination compounds, after successive approximation of the theoretical and
experimental oxidative functions.

From the obtained calculated data and the distribution diagram, the strongly acidic pH
region, a complex of composition [Cu(Cys)(H.O);]** is formed with a formation constant of
7.52 + 0.01. It does not contain a hydroxyl group. Then, a mixed-ligand hydroxo complex of
composition [Cu(Cys)(OH)(H;0),]* is formed with a maximum degree of accumulation -
81.30%. The hydrolysis process competes with complexation with HL. Therefore, the fraction
of the hydroxo complex (degree of accumulation) is greater than that with the pure cysteine
ion. Moreover, the formation constant of the mononuclear complex is greater than that of the
hydroxo complex.
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Thus, by the oxidative potential method using the oxidative function and the proposed
principle of modeling the equilibria of systems, the composition, stability, regions of existence,
and degrees of accumulation of cysteinate coordination compounds of copper were determined:
[Cu(Cys)(H:0)s]**; [Cu(Cys)(OH)(H,0)2]*; Cu(OH).(H,0),]% [Cu(Cys)(L)(H,0).]".

The applicability of the modeling principle in redox systems with amino acids has been
studied. It significantly accelerates the calculations and improves their accuracy. The calculated
model parameters of the complexes delineate the regions of existence and isolation from
solution of stable complexes characterized by a high degree of accumulation. The model
parameters can be used as reference material for the targeted synthesis of compounds and for
thermodynamic calculations.

Conclusions

1. The processes of formation of copper(II) coordination compounds in the Cu(Hg)-
Cu(II)-Cys-H,O system at a temperature of 298 K and an ionic strength of the solution
(NaNO:s) of I = 1.0 mol/L were studied by the potentiometric method.

2. Experimental curves of the dependences of the EMF on the negative logarithms of the
concentrations of hydrogen ions, copper(Il), and cysteine were obtained. The formation of
complexes of the following composition in the system was demonstrated: [Cu(Cys)(H.O);]**;
[Cu(Cys)(OH)(H0):]*; [Cu(OH)2(H-0),]% [Cu(Cys)(L)(Hz0).]".

Chemical models of the ionic equilibria of the studied system and possible equations for
the formation reactions of the indicated complex compounds have been compiled.
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Introduction

Polymers are exposed to severe ultraviolet radiation and significant temperature
fluctuations in strategically significant sectors such as aerospace, industrial and civil
construction, electrical and electronic industries, etc. [1]. It decreases property stability,
warping of components, and deterioration of the functional qualities of materials [2-4].
However, it increases the likelihood of emergency situations and requires additional costs for
maintenance and repair.

Therefore, there is a need in the development of modification technologies (barrier
coatings) [5] or usage of photostable compositions, including epoxy-based ones, to search for a
balance between protection and retention of mechanical properties [6]. Practically, on the one
hand, a physical barrier is effective only as long as the coating remains intact: in moving
mechanisms, as it rapidly degrades and allows access to destructive factors. On the other hand,
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UV-resistant resins are not very stable under real operating conditions (humidity, heating,
insolation) as aging decreases their performance characteristics [7]. The study of their
electrophysical properties is of particular interest since they are sensitive to structural changes
at the molecular level and can serve as an indicator of the onset of degradation [8]. Moreover,
the stability of dielectric characteristics is a critical parameter for electronics, cable engineering,
etc.

Nowadays, the protection of polymer-based products from degradation is mainly
provided by introducing of antioxidants and stabilizers into the composition [10]. This
approach ensures comprehensive protection throughout the entire volume of the product,
effectively counteracting thermo-oxidative and photochemical degradation, extending the
limits of thermal stability. However, it decreases their physical-mechanical properties. [11].

The purpose of the research is to study the effect of various types of thermal and UV
stabilizers on the physical-mechanical and electrophysical properties of polymer composite
materials (PCM) based on ED-20 epoxy binder modified with single-walled carbon nanotubes,
identify the role of stabilizers in slowing down the degradation of the polymer matrix to
preserve the strength characteristics of the material.

Main body

During the research we develop the technology for producing samples with different types
of stabilizers, introduce a conductive filler - a concentrate of single-walled carbon nanotubes,
perform mechanical tensile tests on samples before and after combined UV and thermal
exposure to evaluate changes in strength and elastic modulus, measure the electrical resistance
of samples with carbon nanotubes during degradation, and evaluate the dynamics of its change
as an indicator of the structural integrity of the percolation network [12], compare the
effectiveness of various stabilizers and their combinations in terms of preserving the
physical-mechanical and electrophysical characteristics [13], justify the optimal formulation for
ensuring a balance between long-term property stability and the required electrophysical
parameters. Two types of samples were manufactured for the degradation experiment in two
stages:

— evaluation of the effect of stabilizers on the strength properties of the polymer matrix
(samples with stabilizers);

— evaluation of changes in electrical resistance in PCM samples (samples with electrically
conductive structures and stabilizers).

The object of experimental studies was a nanomodified polymer material. ED-20 epoxy
diane resin (RUSECOCHIM OOO, Russia) was used as the polymer matrix (part A) for the
fabrication of PCM. It is used in industry in pure form or as a component of composite materials
- casting and impregnating compounds, adhesives, sealants, binders for reinforced plastics, and
protective coatings [14]. Etal-45 (EPITAL R&D Center AO, Russia) was used as a hardener (part
B) at a resin-to-hardener ratio of 2:1. It is a non-toxic amine-type hardener for epoxy resins and
compounds based on them.

Modern polymer compositions require a multi-stage stabilization system. To protect
against light aging, UV stabilizers UV-783 (HALS 783, UV Light Stabilizer 783, Tinuvin 783)
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(Table 1) in the form of white granules are used [15]. They are used in the production of
UV-resistant durable PCM based on polymers. In order to protect against high temperatures
and oxidation, thermal stabilizers Diaphene FP or Neozone D are introduced into the
composition. Diaphene FP is the brown-gray granulated substance readily soluble in benzene
and carbon tetrachloride, but insoluble in water; Neozone D is a brown crystalline powder
increasing the resistance of materials to failure under repeated deformations (fatigue resistance)
and provides protection against light-ozone exposure.

The process of introducing stabilizers into component A of the epoxy resin was conducted
using an IKA T18 ULTRA TURRAX mechanical disperser at a speed of 3000 rpm for 5 min at
room temperature. The stabilizers were preliminarily ground to a powder using a mortar and
pestle.

Table 1. Technical characteristics of the stabilizers

UV-783 Diaphene FP
Name
Value
Molecular weight, a.m.u. 708.34 226
Density, kg/m’ 514 1180
Melting point, °C, range 50-130 75
Ignition temperature, °C more than 200 238

To ensure electrical conductivity of the epoxy resins while maintaining mechanical
properties and with minimal impact on the polymer matrix, a carbon nanotube concentrate
(TUBALL MATRIX 301) with a single-walled carbon nanotube content of 10% (NPK OCSiAl
LLC, Russia) was introduced into part A using a combined dispersion method (mechanical and
ultrasonic) [16]. The effectiveness of additionally using ultrasound is due to ultrasonic waves
making oscillations and shearing stresses in the liquid medium; it promotes nanotube
dispersion. Mixing of the nanotube concentrate in component A of the epoxy resin was
performed using a mechanical disperser at a speed of 3000 rpm for 5 min. This was followed by
mixing with an 1100-6/840 ultrasonic homogenizer for 5 min at 50% power. The combination
of the two dispersion methods was applied for three times.

The obtained polymer mixtures were degassed under vacuum to remove bubbles;
component B (hardener) was added and the mixture was stirred with a mechanical disperser
for 5 min at 3000 rpm. The resulting polymer mixture was poured onto a fluoroplastic mold,
where copper mesh contacts were preliminarily placed at the ends of the working part of the
dog-bone specimens to ensure a stable signal during electrical resistance measurements of the
PCM samples. The mold was clamped with a second plate on top, and the polymerization
process was performed in a drying oven (ShS-080-01) at 50 °C for 6 h.

The test samples were manufactured in the mold of a dog-bone (type 1B) in accordance
with GOST 11262-2017 (ISO 527-2:2012) - the interstate standard ‘Plastics. Tensile test
method’ [17].

For the tests, several groups of samples were prepared depending on the ratios and
selection of stabilizers. The compositions of the polymer formulations for the first stage
(without electrically conductive filler) are given in Table 2.
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Table 2. Compositions of polymer compound samples for testing
Binder content, Stabilizer content, %
Sample name . -
% Diaphene FP Neozone D UV-783
Composition 1 100.0 - - -
Composition 2 99.0 1 - -
Composition 3 99.0 - 1 -
Composition 4 98.5 - - 1.5
Composition 5 97.5 1 - 1.5

Aging of the samples to simulate UV and thermal exposure conditions was performed on
a special test bench (Figure 1a) developed at Reshetnev Siberian State University of Science and
Technology. The test bench is equipped with a 15 W UV lamp with an ultraviolet output of
33to 40% and a heating element to maintain the required temperature inside the unit.
The UV radiation intensity on the sample surface was 1941.17 W/m? [18]. The test bench
allows the combined effect of UV radiation and heat on the samples to be reproduced over an
extended period. The temperature in the chamber was maintained at 40 °C throughout the

experiment.

Fig. 1. Samples in the aging test bench (a) and on the tensile testing machine (b)

To assess the long-term stability of the properties of the polymer compositions,
accelerated aging tests were conducted at exposure times of 168, 336, and 504 h. The choice of
the upper temperature limit (40 °C) is due to the fact that exceeding it (closer to the glass
transition temperature of the polymer matrix, above 50 °C) could decrease the geometric
stability of the samples.
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According to literature data [18], the annual UV dose in regions with high levels of solar
radiation is on average 2.5-10° J/m?. Substituting the UV irradiation intensity measured on the
sample surface into the calculation, the time required to accumulate an equivalent annual dose
under laboratory conditions is:

. W 25-10°
€ 1 1941,17

where t. is the time to reach the UV dose, s; W is the UV dose over time t, J/m?% I is the UV
irradiation intensity, W/m?.

=1,29-10° ~ 35,8 h.

Thus, to reach the annual UV dose typical of a warm climate, 35.8 h of continuous
operation of the setup is sufficient. According to the approach described in [18-19], the
acceleration factor k is defined as the ratio of the natural aging time to the accelerated aging
time at the same accumulated dose:

 tnge  3,154-107
t, 1,29-105

~ 244,5

Indeed, 1 hour of testing in the UV chamber is equivalent to approximately 244.5 hours
of natural exposure at the average annual intensity. Therefore, the duration of accelerated
testing (168, 336, and 504 hours) simulates different periods of material service life.

Tensile tests of the samples were conducted in accordance with GOST 32656-2017
‘Polymer composites. Test methods. Tensile test methods’ [20]. The several groups of PCM
samples with different compositions were prepared for the tests.

The samples were tested on an electromechanical testing machine of the MIM series
(Russia) in accordance with GOST, with a maximum load capacity of 10 kN. The samples were
secured in the grips and subjected to uniaxial tension until failure in accordance with GOST
11262-2017 (ISO 527-2:2012).

Experimental part

The tensile strength values obtained during the tests for all five investigated compositions
of polymer formulations (Table 2) are as follows: control (composition 1 — without stabilizers),
containing the antioxidant Neozone D (composition 3), the phenolic antioxidant Diaphene FP
(composition 2), the photostabilizer UV-783 (composition 4), and their combination
(composition 5) - both for the initial state and after 504 h of combined UV and thermal
exposure - are shown in Figure 2. The histogram compares the results for the initial samples
(without stabilizers), for compositions containing the phenolic antioxidant Diaphene FP, the
photostabilizer UV-783, and their binary combination, both in the as-molded state and after
504 h of combined exposure to UV radiation and elevated temperature. It shows a visual effect
of each introduced stabilizer on the retention of mechanical properties of the polymer matrix
under accelerated aging conditions.
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Fig. 2. Effect of stabilizers on the tensile strength of polymer composition samples before (1) and after (2) UV and
thermal degradation for 504 h

The analysis of the tensile strength of the samples presented on Fig. 2, shows additives
affect of the mechanical properties of the polymer matrix. However, the nature and degree of
this effect differ. The phenolic antioxidant Diaphene FP moderately increases the strength
characteristics compared to the control sample. It is probably due to additional structuring of
the polymer through the formation of physical crosslinks.

The photostabilizer UV-783 (oligomeric hindered amine light stabilizer, HALS) provides
the increase in strength among all single-factor additives. Its high efficiency is explained by the
thermal stability, low migration, and the possible formation of additional physical crosslinks in
the polymer network.

The evaluation of the effectiveness of combined stabilization is of particular interest. The
polymer blend with UV-783 and Diaphene FP stabilizers also gives high values of strength
increase, comparable to the sample containing only UV-783. The combined use of UV
stabilizers and antioxidants is generally aimed at formation of multi-level protection system.
The combination of UV-783 with a phenolic-type antioxidant provides more effective
suppression of degradation both on the surface and in the bulk of the material. Thus, based on
the results of mechanical tests, further studies of the effects of UV and thermal degradation were
continued on the composition ED-20 + UV-783 + Diaphene FP. This composition
demonstrated the maximum strength among the studied samples, amounting to about 55 MPa.
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At the second stage, electrically conductive filler — a single-walled carbon nanotube
concentrate (TUBALL MATRIX 301) - was introduced into the polymer matrix of the selected
compositions. Based on rheological studies, the optimal CNT concentration of 1.0 wt. % was

selected, ensuring the formation of a stable percolation network while maintaining the

technological viscosity of the binder. Table 3 gives the modified compositions.

Table 3. Compositions of PCM samples for testing

Sample material

Binder content, %

CNT content, %

Stabilizer content, %

Diaphene FP

UV-783

Composition 1 + TUBALL MATRIX 301 99.0

1

Composition 5 + TUBALL MATRIX 301 96.5

1

1

1.5

To study the effect of the combined action of two factors on the electrically conductive

characteristics, the PCM samples were divided into two groups: composition 1 — the ED-20 base

matrix with carbon nanotubes (without stabilizers), and composition 5 - additionally
containing 1.5% photostabilizer UV-783 and 1% antioxidant Diaphene FP. Figure 3 shows the
dynamics of the change in tensile strength for these two groups during 504 h of combined UV

and thermal exposure.

70 1 -1
] _ 2
60 A N
2.3% 4.7% =
7.3%
50 -
&
= 9.1%
= 40 -
g —
o
fé 30 - Unstable PCM 22.2% 30.0%
e
g
= 20 o
10
0 L] L] L] L] L] 1
0 100 200 300 400 500 600

Degradation time, hours

Fig. 3. Effect of stabilizers on the tensile strength of electrically conductive PCM samples based on ED-20 epoxy
binder with 1.0 wt. % TUBALL MATRIX 301 during combined UV and thermal exposure for 504 h: 1 - samples
with a combined stabilizer system (UV-783 1.5% + Diaphene FP 1%); 2 - unstabilized samples
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A comparative analysis of the two series of samples revealed fundamental differences in
the degradation kinetics of mechanical properties with a sequential increase in exposure time
in the UV chamber. There were the following control series: without stabilizers (ED-20 with
TUBALL MATRIX 301), and with a combined protection system (ED-20 + UV-783 with
Diaphene FP and TUBALL MATRIX 301). At the initial state, the stabilized composition 5
exceeds the unstabilized counterpart (composition 1) in strength by 18.5% (64 MPa vs. 54 MPa).
This improvement is due to several factors. Firstly, the oligomeric UV stabilizer UV-783, having
low migration, can form additional physical crosslinks with the epoxy matrix through hydrogen
bonds between the amine groups of the HALS and the hydroxyl groups of the resin increasing
the network density. Secondly, the combination with the phenolic antioxidant Diaphene FP
uniformly distributes the local stresses at the microlevel, reducing the concentration of defects
inevitably arising upon filler introduction. As a result, the polymer matrix becomes more
homogeneous. It increases the strength before the start of accelerated aging.

After 168 h of aging, the strength of composition 1 + TUBALL MATRIX 301 drops to
48 Mpa; the stabilized composition 5 retains 62.5 MPa (a decrease of 2.3%). Thus, at the initial
stage, the combination of Diaphene FP + UV-783 effectively slows down the degradation of the
polymer matrix.

Upon increasing the exposure time to 336 h, the strength of the unstabilized sample
decreases to 42 MPa (total decrease of 22.2%). For the stabilized composition, it is 61 MPa
(—4.7%). At the same time, the additional strength loss in the interval of 336-504 h for the
unstabilized material reaches 17.8%; for the stabilized material it is only 5.5%. It indicates the
maintenance of protective efficiency at long exposure times and prevents the degradation of the
interphase contacts.

A similar trend is observed for the elastic modulus. The initial modulus of composition 5
with TUBALL MATRIX 301 (3450 MPa) exceeds that of composition 1 with TUBALL MATRIX
301 (3250 MPa) by 6.2%. After 336 h of aging, the modulus of composition 1 decreases to
2900 MPa (a decrease of 10.8%), while that of composition 5 decreases to 3200 MPa (a decrease
of 7.2%). By 504 h, the modulus of composition 1 drops to 2600 MPa (total decrease of 20%),
and that of composition 5 to 3050 MPa (total decrease of 11.6%). Thus, stabilization effectively
slows down the degradation of both the strength and elastic properties of the electrically
conductive nanocomposite.

To measure the change in electrical resistance of the samples under degradation, a UT61E
digital multimeter with NCV function (Russia) was used. The multimeter was connected to the
samples using clamps to the copper contacts integrated into the PCM samples during molding.
Resistance measurements were performed before the start of the tests and then weekly for three
weeks (504 h) of exposure of the samples in the UV chamber, combining UV radiation and
temperature.

Figure 4 shows the dynamics of the change in electrical resistance for two groups of PCM
samples based on ED-20 epoxy binder modified with 1.0 wt. % single-walled carbon nanotubes:
without stabilizers (ED-20 + TUBALL MATRIX 301) and with a combined stabilizer system
(ED-20 + UV-783 + Diaphene FP + TUBALL MATRIX 301) during 504 h of combined UV and
thermal exposure.
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By the end of the observation period (504 h), their electrical resistance reaches values
significantly exceeding those of the stabilized composites. The samples without stabilizers show
a sharp increase in resistance already at the initial stages of degradation. In the first week
(168 h), an increase in resistance by a factor of 1.5 relative to the initial level is recorded.

600 -
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400 A

300 A

Resistance, kQ

200 -

100 4

0 100 200 300 400 500 600
Degradation time, hours

Fig. 4. Change in electrical resistance of PCM samples based on ED-20 epoxy binder with 1.0 wt. % TUBALL
MATRIX 301 during combined UV and thermal exposure: 1 — samples with a combined stabilizer system (UV-783
1.5% + Diaphene FP 1%, composition 5, Table 3); 2 — samples without stabilizers

As a result, after 504 h of exposure, the resistance of unstabilized samples (ED-20 +
TUBALL MATRIX 301) increases from 253 to 510 kQ. This is likely due to extensive disruption
of percolation contacts between nanotubes as a result of polymer matrix degradation:
microcracks appear, surface layers undergo oxidation, and polymer chains are broken. In
contrast, the introduction of a combined stabilizer system (UV-783 with Diaphene FP)
significantly slower the resistance: over the same 504 h, the increase is slightly more than
twofold from the initial value - from 145 to 325 kQ) (Composition 5+ TUBALL MATRIX 301).

This difference is explained by the mechanism of action of the stabilizers. UV-783
effectively quenches free radicals formed under UV exposure, preventing photo-oxidation of
the surface and subsurface layers. Due to its oligomeric structure, it migrates less and provides
long-term protection. Diaphene FP suppresses thermo-oxidative degradation in the bulk of the
matrix upon heating. As a result, the polymer matrix retains its integrity, the number of
microcracks and chain breaks is reduced, and the conductive network of carbon nanotubes
remains virtually unchanged. Thus, the introduction of stabilizers reduces the rate of resistance
increase compared to unstabilized samples after 504 h of combined thermal and UV exposure
of the PCM samples.
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Conclusions

The research studied the effect of stabilizers (UV-783, Diaphene FP) on the
physical-mechanical and electrophysical properties of polymer composite materials based on
ED-20 epoxy binder modified with single-walled carbon nanotubes.

As a result, the introduction of stabilizers (UV-783, Diaphene FP) in an amount of
1-1.5 wt. % changes the strength characteristics of the polymer compositions. The highest
increase in the elastic modulus in tension is provided by the photostabilizer UV-783, which is
probably associated with the formation of additional physical crosslinks in the polymer
network. The combined use of the two stabilizers (formulation 5) provides maximum retention
of mechanical properties after 504 h of combined UV and thermal exposure.

The electrical resistance of nanomodified PCM is a highly sensitive non-destructive
indicator of structural degradation of the polymer matrix. The initial resistance of unstabilized
samples was 253 kQ), while that of samples with a combined stabilizer system was 145 kQ). After
504 h of combined UV and thermal exposure, the resistance of unstabilized samples increased
to 510 kQ), indicating disruption of percolation contacts between nanotubes. At the same time,
for samples containing stabilizers (UV-783 with Diaphene FP), the resistance did not exceed
325 kQ. It corresponds to an increase of slightly more than two times relative to the initial level.

A correlation has been established between the retention of mechanical properties and
the stability of electrical resistance. It allows ones to recommend this resistance measurement
method for rapid non-destructive monitoring of the integrity of the conductive network and
for predicting the durability of PCM based on epoxy binder under combined exposure to UV
radiation and elevated temperatures.

The scientific and practical significance of this work substantiates the possibility of
optimizing PCM formulation by selecting a combination of stabilizers. It ensures a balance
between the stability of physical-mechanical characteristics and the required electrophysical
parameters. The proposed approach significantly extends the service life of electrically
conductive polymer composites while maintaining their functionality in aerospace, electrical
engineering, and other industries where long-term property stability and resistance to UV and
thermal exposure are critical.
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Introduction

Catalysts based on the CuO/ZnO/AlLOs oxide system are an integral part of the chemical
industry. They have wide application in large-scale industrial processes such as methanol
synthesis [1], water-gas shift conversion of carbon monoxide in ammonia and hydrogen
production [2], dimethyl ether synthesis [3, 4], etc. [5-9]. Due to the import substitution, recent
efforts have been directed toward the development of technologies for the preparation of new
and the improvement of existing catalysts. It ensures the relevance of the research.

The main characteristics of catalysts are their physicochemical and catalytic properties.
Catalysts based on the three-component CuO/ZnO/AlLOs oxide system should exhibit high
activity and selectivity, mechanical strength, resistance to deactivation by catalytic poisons,
and stability during operation [10].

The textural and physicochemical properties of catalysts largely depend on the methods
of their preparation [11, 12]. One of the modern methods for the synthesis of catalysts is
mechanochemical activation (MCA) [13]. This method is more promising, relevant,
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environmentally friendly, and cost-effective compared to other ones. The technology eliminates
the disadvantages of traditional synthesis routes by reducing the number of process steps and
large volumes of wastewater. In addition, MCA is used to form a defective structure in catalysts
and accelerate their chemical interaction processes [14]. Moreover, it also modifies the catalytic
properties [15] and enhances the effect of thermal treatment [16].

During catalyst synthesis by MCA, changes occur in the crystal structure of the catalyst,
including in the coherent scattering region (CSR). Catalyst activity depends on many factors, such
as specific and active surface area, porosity, dispersion of the active metal, and its particle size [17].

The purpose of this study is to demonstrate the effect of the composition of the initial
metal oxide mixture used in the synthesis on the change in the CSR of the finished catalyst.

Main body

During the study, a series of CuO/Zn0O/ALO;s catalysts for carbon monoxide conversion
and methanol synthesis were synthesized. Powdered copper oxide (CuO, chemically pure), zinc
oxide (ZnO, chemically pure), and aluminum oxide (y-ALO;, chemically pure) with densities
of 1.9 cm’/g, 0.745 cm’/g, and 1.2 cm?®/g, respectively, were selected as initial materials.

The samples were prepared by joint mechanical activation of a mixture of copper, zinc,
and aluminum oxides for 15 min, followed by thermal treatment of the resulting mixture at
350 °C for 6 h. Table 1 presents the compositions and ratios of the samples.

Table 1. Chemical composition of the studied samples

No. ZHO, wt. % CuO, wt. % A1203, wt.%
I 30 60 10
II 35 55 10
I11 40 50 10
v 45 45 10
\% 50 40 10
VI 55 35 10
VII 60 30 10
VIIT* 25 57 18

* — the composition of the sample was selected based on literature analysis.

Mechanochemical synthesis was conducted in a vibratory roller-ring mill VM-4 (Czech
Republic). It is designed for grinding (dry or wet) of bulk materials in continuous mode.
Characteristics are as follows: impact-shear action on the ground material, oscillation frequency
is 930 min™'; vibration amplitude in the radial direction is 10 mm, in the axial direction is 1 mm;
mass of grinding bodies is 1194 g, mass of loaded material is 20.0-40.0 g; energy intensity of the
mill under these parameters is 0.878-1.754 kW/kg.

Qualitative X-ray analysis was conducted on a POWDIX 600 X-ray diffractometer using
CuKa radiation (A = 0.15406 nm, Ni filter). The power supply parameters were 30 kV and 5 mA.
A high-speed silicon linear detector was used. Scanning was performed in continuous mode,
i.e., there were no delays at specific points. The method consists in comparing the interplanar
spacings, lines, and their intensities obtained from the analysis of the diffractograms of the
substances under study with tabulated data. The interpretation of the X-ray analysis results was
performed using the Minkrist database.
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The specific surface area and porosity were determined by low-temperature nitrogen
adsorption using the BET method on a Sorbi-MS instrument. It is used for measuring textural
characteristics of disperse and porous materials by low-temperature adsorption of inert gases.

Energy-dispersive analysis and surface morphology studies were performed ona VEGA 3
SBH TESCAN electron microscope. The elemental composition was determined using an X-ray
energy-dispersive spectrometer (Oxford Instruments Nano Analysis, UK) with an X-ACT
detector.

The calculation of coherent scattering regions for copper was performed according to the

following formula:
KA

D¢jrcCu = lcoso’
where K is the Scherrer constant; A is the X-ray wavelength; L is the peak width at half height;
0 is the peak position.

Fig. 1 shows the X-ray diffraction patterns of a series of catalyst samples mechanically
activated for 15 min without subsequent thermal treatment. All phases in the diffractograms
were identified using the Minkrist database. The copper oxide phase corresponds to CuO (card
No. 10200), zinc oxide — ZnO (card No. 5368), and aluminum oxide - Al,O; (card No. 1029),
respectively.
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Fig. 1. X-ray diffraction patterns of samples synthesized by MCA for 15 min without calcination. The designation
of the diffractograms corresponds to the sample numbers presented in Table 1. I - CuO; 2 - ZnO; 3 - ALO3,

With an increase in the zinc oxide content (Table 1), a noticeable increase in the intensity
of the corresponding phase reflections is observed; changes are especially evident in the regions
of 30-32° and 33-34°. In addition, in the region of 32-33° a gradual disappearance of the peak
characteristic of the copper oxide phase occurs due to a gradual change in its amount in the
samples (Table 1). The reflections of the phases characteristic of aluminum oxide change to a
minor extent. However, despite all changes in the composition, peak broadening is observed in
the region of 30-40°. It shows the formation of solid solutions and interaction between copper
and zinc oxides, confirmed by an increase in crystallite size. X-ray diffraction patterns of the
calcined samples were also obtained (Fig. 2).
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Fig. 2. X-ray diffraction patterns of samples synthesized by MCA for 15 minutes and calcined at 350 °C for 6 hours.
The designation of the diffractograms corresponds to the sample numbers presented in Table 1. I - CuO; 2 - ZnO;
3-ALO3

As a result of calcination of the samples at 350 °C, no significant changes in the phase
composition occur. An increase in the intensity of the main reflections of the oxide phases is
observed. As a result, the samples become more crystalline during calcination.

A study of the specific surface area (Ss) of the synthesized samples was conducted.
The results are presented in Table 2. After MCA without calcination, an increase in the specific
surface area was observed with increasing zinc oxide content. Calcination makes the change in
this parameter less linear, while maintaining the general trend toward an increase.

Based on the results of X-ray phase analysis, crystallite sizes (Dcsr) were calculated.
They are approximately equal to the size of the coherent scattering region. Table 2 presents the
average CSR values for the copper oxide phase. Similarly, to the specific surface area, with an
increase in the zinc oxide content in the sample, a wave-like increase in the crystallite size of
copper oxide occurs.

Table 2 — Textural properties of the studied samples

Sep» M*/g D.ir.Cu, nm
Samples after MCA Samples after MCA
Sample No.
Samples after MCA | and heat treatment at | Samples after MCA | and heat treatment at
350 °C 350°C
I 15.8+0.2 18.7+0.3 15+0.5 18+0.7
II 19.1+0.1 26.3+0.3 20+0.9 19+0.7
III 17.9£0.1 19.3+0.1 19+0.9 28+1.3
v 19.7£0.1 22.6%0.1 18+0.8 20£1.1
\Y% 21.0+0.0 17.2+0.1 17+0.8 22+1.2
VI 23.8+0.0 27.240.1 19+1.0 32+2.1
VII 24.1+0.1 24.1+0.1 23%1.1 18+0.9
VIII 19.6+0.1 22.3%0.1 19+0.7 24%2.0
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Table 3 presents the change in elemental composition during the synthesis and thermal
treatment of the samples.

Table 3 - Elemental composition of the samples

VOL. 7, ISSUE 3, 2026

Element, %

Sample No. 0 Al Ca 7n
Samples after MCA
I 22.8 5.3 47.6 243
II 22.9 5.6 42.6 28.9
III 22.8 55 38.1 33.6
v 22.7 54 31.6 40.3
\% 22.8 5.7 30.5 41.0
VI 22.5 52 26.6 45.7
VII 22.7 5.6 22.8 48.9
VIII 23.7 7.3 40.2 28.8
Samples after MCA and heat treatment at 350 °C
I 22.7 53 46.5 25.5
II 229 5.7 422 29.2
III 22.7 54 40.3 31.6
v 22.8 5.8 33.0 38.4
Vv 23.0 6.1 30.4 40.5
VI 22.7 5.6 27.0 44.7
VII 23.0 6.1 23.4 47.5
VIII 24.1 8.2 39.6 28.1

The percentage content of each component varies proportionally to the corresponding
ratio of the starting raw materials. The elemental composition indicates the absence of iron in
the samples. However, it could be a result of a mill wear. Calcination of the synthesized samples

also showed no change in chemical composition.

The surface morphology shown in Figure 3 demonstrates the effect of copper content on
the particle size of the resulting catalyst. The particle size of sample VII, containing the least
amount of copper, is much larger than that of the other samples. At the same time, this sample
has the highest specific surface area.

Fig. 3. Micrographs of the synthesized samples. Samples: a) - I; b) - VII; ¢) - VIII

b)
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Conclusions

As a result, the effect of the ratio of the initial components in the mechanochemical
synthesis of carbon monoxide conversion catalysts on their textural characteristics were
studied. The mechanochemical synthesis forms a solid solution from the initial copper, zinc,
and aluminum oxides, which was confirmed by X-ray diffractometry.

A decrease in the copper content leads, in some samples, to an increase in the CSR size.
Upon calcination of the samples, an increase in crystallite size is observed. Calcination of the
samples after mechanochemical synthesis does not change the phase and elemental
composition of the catalysts.

The energy-dispersive analysis performed showed that optimal conditions for the
synthesis of the catalysts were selected during mechanochemical activation. It resulted in the
absence of iron in the elemental composition of all obtained samples, which could have been
introduced from the grinding media.

According the total data obtained, the obtained samples of copper-zinc-aluminum
composites can be used as catalysts for carbon monoxide conversion or methanol synthesis.
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Keywords: Abstract. The synthesis of a coordination compound of lanthanum(I1I) with L-ascorbic acid
lanthanum, was performed under mild conditions (ice bath, pH 7). The composition and structure of the
ascorbic acid, complex were confirmed by elemental analysiss, IR and UV-Vis spectroscopy;
complexation, the metal-to-ligand ratio was found to be 1:1. The instability constant of the compound was
spectrophotometry, determined by spectrophotometry. Virtual screening using the PASS Online and ProTox
IR spectroscopy, resources was performed to forecast the biological activity and toxicological effects of free
virtual screening,  ascorbic acid and its lanthanum(Ill) complex. The complexation transforms the
PASS Online, pharmacological profile. As a result, an antioxidant activity decreases and inhibition of
ProTox, biological ~NADPH oxidase, ubiquinol-cytochrome C reductase and osmotic diuretic action occur.
activity, The toxicological profile of the complex is characterized by metabolic acidosis,
toxicological hyperglycemia, and nephrotoxicity in the absence of cardiotoxicity, mutagenicity, and
profile. carcinogenicity. However, the forecast in terms of hepatotoxicity requires experimental

verification. Therefore, further study of rare-earth ascorbates as compounds with potential
biological activity is promising one.
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Introduction

In recent years, there has been a trend toward the study of interactions between rare-earth
elements and biologically active ligands. Complexation in these systems is possible due to the
high coordination ability of Ln’" ions, their tendency to form oxygen-containing complexes,
and the further prospects for the application of such compounds in many fields of science and
medicine, such as analytical chemistry, treatment of infectious and oncological diseases, etc.

One of the most informative reviews on the coordination chemistry of ascorbic acid (Asc,
vitamin C, see Fig. 1) is the study [1]. It contains systematized data on the structure and
properties of ascorbate complexes of transition and rare-earth metals.

© A.A. Shubina, T.N. Orlova, 2026
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Fig. 1. Formula of ascorbic acid (vitamin C)

The ascorbic acid can act as both a monodentate and a bidentate O-donor ligand due to
the presence of the enediol system. However, for lanthanides (Ce**-Lu’") the formation of
hygroscopic and hydrated complexes with coordination numbers 2 and 3 is characteristic.
There are also reports of a complex of composition La(HA);-4H,O (where HA" is the
hydroascorbate anion), confirmed by *C NMR and IR spectroscopy [2].

The mixed-ligand complexes are promising substances due to the numerous properties
of second and subsequent ligand are added to the coordination system. For example, in [3-4],
the stability of ternary systems ‘metal cation — amine - ascorbic acid’ at a molar ratio of 1:1:1
was studied - the metals were Fe**, Ni**, Cu®, etc.,, and the amines were ofloxacin,
o-phenanthroline, etc. This approach significantly increases the stability constants of the
obtained compounds and their ability to inhibit microbial growth.

In [5], the possible coordination centers of L-ascorbic acid for complexes in aqueous
medium at pH 6-7 with Zn?**, Cd**, and Mn*'were studied. Spectroscopic data indicate binding
of the metal through the ascorbate anion at O; and O*~H (chelation); Cd., binds only through
Os. In the solid state, the aforementioned cations bind through O; and O, of one anion, O, and
O; of the second, and with two water molecules. Thus, the structural properties of
metal-ascorbate complex systems depend on the aggregation state of the object under study.

By potentiometric and calorimetric titration methods, the stability constants of
lanthanide complexes (LnAsc**) with ascorbic acid were determined in [6]. The results showed
the predominant role of ascorbate as an inner-sphere monodentate ligand. Moreover,
the thermodynamic parameters indicated an increase in the stability of the complexes with
decreasing radii of Ln*". It occurs as a result of the lanthanide contraction [7].

Purpose of the research

The purpose of this study is the synthesis and determination of the spectral characteristics
of the lanthanum(III) complex with ascorbic acid, the performance of virtual screening to
analyse the spectrum of possible biological activity, and adverse effects of the compound under
study.

Experimental part

For the synthesis, the following reagents were used: L-ascorbic acid, analytical grade (JSC
LenReaktiv, Russia); lanthanum(III) chloride heptahydrate, chemically pure (LenReaktiv AO,
Russia); potassium hydroxide, chemically pure (LenReaktiv AO, Russia); isopropanol,
chemically pure (ECOS-1 JSC, Russia).
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The absorption spectra of the synthesized products were recorded on a PE-5400 UV
spectrophotometer (ECROSKHIM company, Russia). Distilled water was used as a solvent;
the analysis of absorption spectra in the visible region was conducted using glass cuvettes.
Functional group analysis was performed by ATR-FTIR spectroscopy on a Spectrum 65
Fourier-transform IR spectrometer Perkin Elmer. Elemental analysis was performed using a
FLASH EA 1112 C,H,N analyzer; the lanthanum and chlorine contents were determined by
complexometric titration (indicator — xylenol orange) [8], and argentometric titration [9]
according to standard procedures.

To decelerate the oxidation of ascorbic acid, a low-temperature synthesis approach (5 °C)
was proposed.

Procedure for the synthesis of the ascorbic acid complex with lanthanum(III)
chloride. Two solutions were prepared in beakers - LaCl;-7H,O (1.85 g, 5 mmol in 5 mL of
water) and L-ascorbic acid (0.88 g, 5 mmol in 5 mL of water). Before mixing, both solutions
were cooled in an ice bath to 5 °C. The L-ascorbic acid solution was adjusted to pH 7
with 0.1 M KOH solution, then stirred on a magnetic stirrer for 30 min at the same temperature.
10 mL of cold ethanol was added for better precipitation of the by-product (KCI).
Then the solution was filtered, covered with a watch glass, and warmed slowly to room
temperature. The target product was isolated from the solution on a rotary evaporator
at 40 °C under vacuum, concentrating the solution and pouring it into a Petri dish
for drying in a desiccator over anhydrous CaCl,, The obtained compound is
a white powder; wupon dissolution of lanthanum(III) ascorbate in water,
a pale pink coloration of the solution is observed. Yield is 83.32% (substance mass is 1.60 g).
Calculated, %: C 18.72; H 1.83; O 24.94; Cl 18.42; La 36.09. Found, %: C 18.91; H 1.96; O 24.90;
Cl 18.21; La 36.02. Molar weight: 384.93 g/mol. IR-spectrum, v, cm™: 3321 (v O-H),
1629 (v C=0 coord.), 1589 (v C=C), 1516 (6 OH), 1425 (v C-O-La), 1100 (v C-0),
791 (v La-0). Anax=515 nm. Synthesis scheme:

LaCl; - 7H,O + C¢H,06s K™ > [La(C6H706)]C12 + 7H,0 + KCl

The obtained compound is readily soluble in water, alcohols, DMSO, and DMF; it poorly
soluble in diethyl ether, ciclohexane, and other nonpolar solvents [10].

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 found a concentration value close
to equilibrium. The supersaturated solution was filtered, yielding a saturated solution of the
complex compound at room temperature (under the experimental conditions, 18.6 °C - reading
of the laboratory thermometer).

Main body

The complex has absorption in the visible region (515 nm; green-blue region of the
spectrum); the solution has a pale pink coloration (see Fig. 2).
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The electronic spectrum of the lanthanum(lll) complex with the
ascorbate anion
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A, nm
Fig. 2. Electronic spectrum (reference solution is distilled water) of the lanthanum(III) ascorbate complex
(e=401.11 L' molt.cm™; C = 1.10° M).

The occurrence of an absorption band at 515 nm and the pink coloration are attributed
to the properties of the ligand, since lanthanum formally is the d-element and does not exhibit
f~f transitions [11]. Therefore, we assume that electron transfer occurs from the highest
occupied molecular orbital of the ascorbate anion to the lowest unoccupied molecular orbital
of La’*. Thus, the transition energy corresponds to the visible region of the spectrum due to a
decrease in the energy gap.

The partial oxidation and deprotonation of the ascorbate anion in aqueous solution are
possible. Therefore, we assume the possibility of the existence of a supramolecular ensemble
with suitable geometric and donor-acceptor complementarity between the dehydroascorbate
anion and lanthanum(III) ascorbate with the following structure (see Fig. 3). It links by
hydrogen bonds between hydroxyl and carbonyl groups, and stabilizes by a stacking-like effect
between two planar lactone rings.

H OH

OH

CI—|_3<———O

\

Cl

Fig. 3. Supramolecular ensemble with dehydroascorbate anion and lanthanum(III) ascorbate (proposed structure)

The obtained complex has a high molar extinction coefficient: ¢ = 401.11 L-mol*-cm,
confirmed by absorption measurements at different concentration values (see Fig. 4, Table 1).
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Table 1. Determination of the molar extinction coefficient (¢) of the La(III) complex with ascorbic acid.

C, mol/L A

9.0 - 10° 0.034
1.5+ 10* 0.053
2.5+ 10" 0.113
3.5+10* 0.165
4.5+ 10* 0.176
6.0 - 10* 0.232
7.0 « 10* 0.299
8.0-10* 0.310
9.5+ 10" 0.365
1.0 + 1073 0.410
1.5+ 1073 0.601

Determination of the molar extinction coefficient
of La(lll) ascorbate
0,7
0,6 y =401,11x .
05 R2 = 0,9983 .-
0,4 .
0,3 @9
02 e
0,1
0

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

Fig. 4. Determination of the molar extinction coefficient (¢) of the La(IIT) complex with ascorbate anion using the
linear regression equation.

The complexation of ascorbic acid residue with lanthanum(III) has also been proven by
IR spectroscopy. Figs. 5 and 6 present the vibrational spectra of the ligand and the coordination
compound.
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Fig. 5. IR spectrum of the ligand (ascorbic acid).
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Fig. 6. IR spectrum of the La(III) ascorbate complex.

In the IR spectrum of the complex compound, structural changes are observed compared
to the ligand. Thus, the complete disappearance of the band at 1753 cm!, corresponding to the
C=0 group of the lactone ring with delocalization of electron density is observed. It is often
observed upon complexation. A shift of the C=C double bond bands in the complex spectrum
is also observed in the wavenumber range of 1630-1590 cm™. A single resonance system is
formed, where the keto groups are presumably weakened under the influence of the bulky La**
cation. The loss of four sharp peaks of the pure ligand in the region of 3524-3209 cm”,
corresponding to hydroxy groups [12], whereas in the complex spectrum only one broad band
remains at 3321 cm™ is very interesting phenomenon. Some of the hydroxy groups were
deprotonated upon binding to lanthanum. However, intermolecular hydrogen bonds involving
the complex with dehydroascorbate, mentioned earlier, could be a reason. The appearance of
new bands (843, 791 cm™) is characteristic of metal-oxygen vibrations of La**~O. Table 2
provides a detailed comparative interpretation of the peaks.

Table 2. Comparative interpretation of the IR spectral peaks of ascorbic acid and its La(III) complex
v, cm™ (%T), ligand
3524.91 (69.79)
3408.16 (67.43) -
3313.21 (68.68) 3321.62 (91.58)
3209.77 (71.35)
3022.48 (61.50)
2916.16 (63.30) -
2718.22 (67.97)

v, cm™ (%T), complex Interpretation
v(O-H), alcoholic (at C6; O6-H---O)

v(O-H), hydrogen-bonded (at C5; O5-H---O)

v(O-H), enolic, O6-H...O

v(O-H), O5-H...0
v(=C-H)
v(CH,), aliphatic fragments
v(O-H), dimeric

1753.59 (63.91)

1629.75 (59.64)

v(C=0)

1657.75 (26.25)

1589.53 (61.31)

v(C=0), enolic

1317.78 (29.20)

1307.73 (74.67)

v(C-0-C), lactonic

1138.45 (27.19)

1140.25 (87.64)

v(C-0), primary alcohol

1120.03 (20.30)

1100.59 (87.17)

v(C-0), enolic

825.09 (81.42); 795.40 (83.86)

La**-O
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The instability constant of the La(III) complex with ascorbic acid was determined by the
spectrophotometric method using saturation curves. The metal-to-ligand ratio of 1:1 was found
by the elemental analysis. The molecular formula of the compound under study is also known.
The inner sphere of the complex, being a sparingly soluble electrolyte, dissociates according to
the equation:

[La(CsH706-)]2+ =La* + C6H705-
X X

The equation for the solubility product (SP) has the form x*. From the calibration graph

in Fig. 4, the concentration of the saturated solution was determined to be 1.44-10”° mol/L.

Kins=SP=x*=(1.46 *» 107)*=2.12 » 10

The effect of complexation of ascorbic acid with lanthanum on biological activity was
examined. In-silico analysis was performed using the online platforms ProTox
(http://tox.charite.de/) and PASS Online (https://way2drug.com/PassOnline/predict.php).

According Tables 3-6, coordination of ascorbic acid with the lanthanum(III) ion results
in significant transformation of the pharmacological profile. Thus, free ascorbic acid is a
classical antioxidant (P, = 0.928), vasoprotector (P, = 0.948), scavenger of reactive oxygen
species (P, = 0.889), and anti-inflammatory agent (P. = 0.779). Its mechanism of action is
associated with the inhibition of key oxidoreductases, such as ubiquinol-cytochrome c
reductase (P, = 0.881) and glutathione hydrogenase (P, = 0.830). It also stimulates transcription
factors, including NF-kB (P, = 0.772). There are also side effects such as diarrhoea (P. = 0.895),
tachycardia (P, = 0.842), etc.

Table 3. Clinical and Pharmacological Activity of Ascorbic Acid (PASS Online)

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

0.948 0.002 Vasoprotector

0.928 0.003 Antioxidant

0.896 0,001 Procollagen-Lysi'n.e 5-Dioxygenase
Inhibitor

0.889 0.001 Oxygen Scavenger

Ubiquinol-Cytochrome ¢ Reductase

0.881 0.009 o
Inhibitor

0.830 0.001 Glutathione Dehydrogenase Inhibitor

0.779 0.008 Anti-inflammatory Agent

0.772 0.003 NF-kB Transcription Factor Activator

Table 4. Predicted Adverse Effects of Ascorbic Acid (PASS Online)
Probability of presence of Probability of absence of Interpretation
biological activity P, biological activity P;

0.895 0.011 Diarrhoea

0.842 0.011 Tachycardia

0.816 0.021 Sleep Disorders

0.803 0.018 Aphthous ulcer

0.800 0.023 Dermatitis

0.780 0.016 Nephrotoxicity
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A different profile is observed in the case of lanthanum(III) ascorbate — Tables 5, 6.
The antioxidant activity maximally decreases. However, the inhibition of
ubiquinol-cytochrome c reductase increases sharply (P, = 0.956), and shows potent inhibition
of NADPH oxidase (P. = 0.966) absent in the ligand. Vasoprotective activity is retained but
decreases to P, = 0.835. New types of activity occur: inhibitors of dextranase (P. = 0.943),
levanase (P. = 0.930), manganese peroxidase (P, = 0.919), and clavaminate synthase
(Pa = 0.909). The complex acquires osmotic diuretic action (P, = 0.819) and potential efficacy
in the treatment of atherosclerosis (Pa = 0.728). The side effects are as follows: the metabolic
acidosis (P. = 0.907), hyperglycemia (P. = 0.804), hematotoxicity (P. = 0.748);
the nephrotoxicity is retained (P, = 0.757), and gastrointestinal toxicity is reduced (P. = 0.748)
in comparison with the original ligand.

Table 5. Clinical and Pharmacological Activity of Lanthanum Ascorbate (PASS Online)

Probability of presence of Probability of absence of Interpretation
biological activity P, biological activity P;
0.966 0.001 NADPH Peroxidase Inhibitor
0.956 0.002 Ubiquinol-Cytochrome ¢
Reductase Inhibitor

0.943 0.002 Dextranase Inhibitor
0.930 0.002 Levanase Inhibitor
0.909 0.001 Clavaminic Acid Synthase Inhibitor
0.835 0.004 Vasoprotector
0.819 0.001 Osmotic Diuretic

Table 6. Adverse Drug Reactions of Lanthanum Ascorbate (PASS Online)

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

0.907 0.006 Metabolic Acidosis
0.804 0.008 Hyperglycaemia
0.773 0.024 Hepatotoxicity
0.757 0.019 Nephrotoxicity
0.763 0.028 Dermatitis
0.748 0.035 Haematotoxicity
0.732 0.034 Aphthous ulcer

A more comprehensive analysis of the potential toxicological effects of the
lanthanum(IIT)-ascorbate complex was conducted using the ProTox web server. The resulting
report provides an evaluation of organ-specific toxicity, nuclear receptor binding, stress-response
pathway modulation, molecular initiating events, and metabolic fate. Table 7 shows the data for
the active cluster narrow for the lanthanum complex and contains 3 components.

They include binding to transthyretin (mie_ttr, Active, P = 0.65), blood-brain barrier
permeability (bbb, Active, P = 0.89), and nephrotoxicity (nephro, Active, P = 0.74). Binding to
transthyretin indicates a potential disruption of thyroid hormone transport. It requires
monitoring of thyroid status in preclinical studies. High blood-brain barrier permeability
provides the possibility of the complex affecting the central nervous system. However, in the
absence of neurotoxicity (P = 0.92 Inactive) the risk is minimal one. Nephrotoxicity is the main
limitation. In terms of the complete absence of metabolism via CYP450 isoenzymes.
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The complex is excreted by the kidneys unchanged imposing an additional burden on renal

tissue.
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Table 7. Prediction of toxicological effects of lanthanum ascorbate (ProTox)

Category Target/Endpoint Symbol Result
Hepatotoxicity hepatotoxicity Inactive with probability 0.80
Neurotoxicity neurotoxicity Inactive with probability 0.92
Organ Toxicity Nephrotoxicity nephrf)totxicity Active with probability 0.74
Respiratory System resplfa. ory Inactive with probability 0.62
toxicity
Cardiotoxicity cardiotoxicity Inactive with probability 0.62
Carcinogenicity carcinogenicity Inactive with probability 0.76
Immunotoxicity immunotoxicity Inactive with probability 0.97
Genotoxicity mutagenicity Inactive with probability 0.52
Other forms of Cytotoxicity cytotoxicity Inactive with probability 0.65
toxici Blood-Brain Barrier
v ' ) arm bbb Active with probability 0.89
Penetration
Ecotoxicity ecotoxicity Inactive with probability 0.68
Clinical toxicity (General) | clinical toxicity Inactive with probability 0.50
Transthyretin mie_ttr Active with probability 0.65
Nucl tors (CAR, i )
uclear receptors ( ml'e_car Inactive with probability 0.55
. PXR) mie_pxr
Primary -
. mie_ache,
mechanisms of o
action Other Receptors / Enzymes mie_nis,
(Acetylcholinesterase, mie_Kkar, Inactive with probability 0.50-0.99
Sodium Channels, etc.) mie_thr_alpha
and others

The remaining toxicological parameters in the ProTox model form an extensive inactive
cluster. It indicates a safety profile of the complex for most parameters. In particular,
cardiotoxicity (P = 0.62 Inactive), respiratory toxicity (P = 0.62 Inactive), carcinogenicity
(P = 0.76 Inactive), mutagenicity (P = 0.52 Inactive), immunotoxicity (P = 0.97 Inactive),
and cytotoxicity (P = 0.65 Inactive) are absent. Hepatotoxicity, according to the ProTox model,
is evaluated as an inactive cluster with a probability of 0.80. However, it is in disagreement with
the results of virtual screening in the PASS Online program (P. = 0.773, see Table 6). It indicates
the ambiguity of forecasting and the need for experimental in vitro and in vivo studies for a final
conclusion regarding the effect of the complex on the liver.

Thus, the toxicological profile of the complex is characterized by isolated identified risks
(nephrotoxicity, binding to transthyretin) against an overall favorable background. Moreover,
the forecast in terms of hepatotoxicity requires additional experimental confirmation.

Conclusions

A method has been developed for the synthesis of a water-soluble complex of
lanthanum(III) with ascorbic acid (yield 83%); the identity of the compound was confirmed by
IR and UV-Vis spectroscopy. Spectral characteristics: Amw=515 nm, 3321 (v O-H),
1629 (v C=0 coord.), 1589 (v C=C), 1516 (6 OH), 1425 (v C-O-La), 1100 (v C-0),
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791 (v La-0O). The results of virtual screening showed that coordination with La(III)
significantly alters the pharmacological profile of ascorbic acid: antioxidant activity gives way
to pronounced inhibition of NADPH oxidase and ubiquinol-cytochrome C reductase.
The complex exhibits vasoprotective, osmotic diuretic properties, and potential activity against
atherosclerosis. The ability of the complex to penetrate the blood-brain barrier and bind to
transthyretin is forecasted. However, it requires monitoring of thyroid status in further studies.
The forecasted toxicological profile of the complex is characterized by a favorable background
for most parameters, Indeed, the identified risks of nephrotoxicity and the ambiguity of the
hepatotoxicity forecast require mandatory experimental verification at the preclinical trial
stage. The obtained data provide a basis for the targeted search for biologically active
compounds based on rare-earth ascorbates with desired properties.
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