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AHAJIM3 MONTEKY/ISPHO CTPYKTYPHI 9JIEKTPOTHBIX TEKOB
Y1 IEKOB CBSA3YIOIMX C IIOMOIIBIO ®M3UKO-XUMUIECKNX
METOIIOB

P.JIO. KoBanes

Popuon IOppeBiry KoBaires, kaHyi. Gpus.-Mat. HayK, Hay4HbIJ COTPYFHUK
OI'BHY «PepepanpHblil nccnenoBatenbckuii nentp yraa u yrnexummy CO PAH», 650991, Poccus, Kemeposo,
CoBeTcknit IPOCHEKT, 1. 18, kovaleviuhm@yandex.ru

Kniouegvie cnosa: Annomauus. B 0annoti cmamve nposeder 0630p pabom no uccnedosaHuio
KAMEHHOY20bHbLiL NeK, MOJIEKYTIAPHOL CIPYKMYPbl INEKMPOOHBIX NEKO8 U NEKO8 CEA3YIOULUX
I7IEKMPOOHDLIL NeK, CE53YI0UULE Pusuko-xumuveckumu  memodamy  auanusa. Ilokasamo — enusHue
nex, MK-cnexkmpockonus, MoOuduKayuii Ha uUsMeHeHue MOJIEKY/IAPHOU CMPYKMypvl  1neKoe
IIIP-cnexmpockonus, ceasyouux ¢ nomouwppro VK  cnexmpockonuu. IIpedcmasnenvt
AMP-cnexmpockonus, pesynomamoL pabom no onpedeneHul0 Cocmasa NOAUAPOMAMUHECKOTE
mepmuteckas 06pabomia nekos,  cmpykmypvl nexos. IIposeden cpasHumenvHwili AHATU3 Pe3YNIbMANOB
Mme3opasa, mepmooKucneHue. pabom  no  onpedenieHuio  CMPYKMYpHO-2PyNN060z0  COCMAsa

KAMEHHOY207IbHbIX U HemAHbIX nekos. Tlokasamvl usuxo-xumueckue
MemoOvl onpedeneHus Me30PAa3Hoti CMPyKmypoi nNeKos.

1A BMTUPOBaHUA:

Kosanes P.IO. Ananus MONEKyNAPHONM CTPYKTYpbl 3/1€eKTPOJHBIX IIEKOB M IIEKOB CBASYIOLIMX C ITOMOILBIO
¢busuKo-xuMmieckux Metronos // Om xumuu k mexHonozuu wiaz 3a wiazom. 2026. T. 7, spm. 1. C. 8-30.
URL: https://chemintech.ru/ru/nauka/issue/7073/view

BBenmenue

B maHHOI cTaThe 0TOOpaXKeHbl PUNKO-XMMIYECKIIe METO/bI aHAIN3a [IsI OTIpefie/IeH s
MOJIEKY/IAPHOV CTPYKTYPbI CBA3YIOIIMX IIEKOB. B KayecTBe CBA3YHOLMX IEKOB B IOTYyYEHUN
aQHOJHOJI MaccChl TPUMEHSIOT 3MeKTpojHble meku Mapok bl m B [1]. B paborax [2-4]
IIOKa3aHa BO3MOXXHOCTb IIOYy4Y€HUs 37€KTPOMHOTO IIeKa HANPAMYK U3 YINIA METONOM
TepMIYECKOro pacTBopeHus yrieit Mapok I' u I2K B anTparenoBoi ¢ppakunm (COoTHOLIEHE
yTOJIb/CONbBEHT = 1/2).

B pabotax [5-7] sKkcmepuMeHTaIbHO IMOKa3aHa BO3MOXXHOCTb NPUMEHEHUS IEKOB C
TIOBBILIEHHON T, ¥ BbICOKOIUTABKMX TIEKOB B KAY€CTBE CBA3YIOLIETO B MIOTYYEHUN YIIEPOIHBIX
MmarepuanoB. Hanpumep, B pabore [5] mokasaHo, 4TO cMeCh BBICOKOTEMIIEPATypPHOTO I1eKa U
HedTAHOTO KOKCa (B COOTHOILIEHUY TIeK/KOKC = 25/75), MMena IIacTUIHOCTb 60mee 1000 kr-m
" BA3KOCTb 600 KI-M, 4TO BbILIE Ye€M IIpY NPUMEHEHUN 37EKTPOJHOTIO IIeKa B IIEKOKCOBON
cMecu (25/75), Thoe miacTuIHoCTh 140 KI-M, a BA3KOCTb 40 KI-M.

© P.IO. KoBanes, 2026
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B pabore [8] moka3aHa BO3MO>XHOCTb JICIIOJIb30BaHVI B KQUeCTBE CBA3YIOIIETO IIeKa C

Tp

HO He PaCTBOPVIMOIA B TOJTyOJIe 0,-pPaKIN ITeKa, VIMeIT BBICOKWII BBIXOJ, KOKCA, @ YITIePOJHbI OJI0K,

=103 °C u mopgudukanmit Ha ero ocHoBe. Ilek ¢ foOaBIeHNeM PacCTBOPUMOIL B XMHOJIHE,

HOTy4eHHbII KapOOHM3a1Melt 9TOro IeKa, IMeJT BBICOKMIL ITpefiest IPOYHOCTI IpY cxKatuu [8].
Yrneponnble MaTepuabl MOMTy4aau U3 TIEKOB C TemIepatypamu pasmardenus T, = 209 °C un
124 °C ux cMmemmBaHMeM C HeKOBbIMU guctwiiatamu mpu 400 °C, xapOoHm3anyei mpu
T =900 °C u rpapunsaumeit npu T = 2700 °C [9].

[lna  ompepmeneHMss  MOJEKYIAPHOM  CTPYKTYpbl IEKOB IIPUMEHSETCS  METOJ,
uHdppakpacHoi (VMK) crnexTpockommy, g YCTAaHOB/IEHMsS COCTaBa IIO/IMApOMATHYECKUX
coenyuenmit meka (ITAY) - xpomarorpadumdyeckmil MeTOf aHamu3a, I UCC/IEHOBaHVA
9/IEKTPOHHOI  CTPYKTYPbl ~ WCIIONIb3YeTCS ~ METOR  CIIEKTPOCKONMM  3/IeKTPOHHOTO
IapaMarHUTHOro pesoHanca (OIIP), masd CTPyKTYypHO-IPYNIIIOBOrO aHaaM3a — MeETOJ,
CIIEKTPOCKOIINY SIIEPHOTO MarHUTHOTO pe3oHaHca (SIMP). AkTyanbHOCTh pabOThI CBsI3aHa C
YCTaHOBJIEHVIEM BJIVISTHVS TEPMIYECKOi 00pabOTKY mmm MOJVIpYIKALMY TTIEKOB CBA3YIOLINX Ha
MOJIEKY/IAPHYIO CTPYKTYpY. TakxKe ycTaHOB/IEHME BIUAHUA MOAMPUKALNIL TIEKOB CBA3YIOIIX
Ha VIX KaHIIePOTeHHYIO aKTUBHOCTb.

Oco6blit MHTEpec ImpefCTaBIAeT UCCIefoBaHne Me30(asHol CTPYKTYpHI Ieka. bpykc n
Teitmop [10, 11] ycranoBwmm (puc. 1), uro Me3odasa HaOMIOHaeTCs NMPU TEPMUYECKOM
IpeBpaleHN KapOOHM3MPYEMOTo HeKa.

i

/

Puc. 1. opmupoBanue 1 pa3BuTIIe 00BEMHOIN XUIKOKPUCTAINIECKOT! (asbl B IOAXOAALINX YCIOBUAX [10-12]

Brina npennosxeHa Mopens GopMupoBanus Me3odassl (puc. 1) B meke n3 HadramuHa:
(1) - reHepanus ONTMYECKM AHM3OTPOIHBIX cep B M3OTPONMHON Marpuue, (2) — poct
aHM3O0TPONHBIX cdep B M3OTPONHOI Marpuue, (3) - CIuAHNE AHU3OTPOIHBIX cdep B
M30TPOIHON MaTpulie, 1 (4) — nedbopmaius U paspylieHne aHU30TPOITHOI CIUTHOI cepbl ¢
obpasoBaHneM OOBEMHOI >KMAKOKPUCTA/INYECKON CTpyKTyphl [10-12]. YcraHoBneHO, 4TO
yrnepopucrasi Me3ogasa BBIIJISIUT KaK IPOMEXXYTOYHBII IPOAYKT B IIpoliecce KapOOHM3annn
IyTeM II0/IMMepy3alyiyl OCHOBHBIX COeAVHEeHMII B KAMEHHOYTOIbHOM IIeke [13, 14].

[l TIonyYeHNs HOBBIX MAaTepMaloB Ha OCHOBE YITIEpOfa TpeOyeTcs YCTaHOBJIEHUE ee
MMKPOCTPYKTYPbI B TOM 4JIC/Ie 1 Me30(a3HOIL.
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Ilenu pabomvi: 0600IIeHNE pe3ylIbTaTOB 10 (PUSMKO-XMMUYECKMM  MeTOZaM
VICCTIeIOBAaHMsI MOJIEKY/LIPHOJ CTPYKTYPbl M CBOJICTB CBA3YIOIIMX IIeKOB. Paccmorpenme
bUBMKO-XMMIYECKIX METOJOB OIIpefie/IeHNsI KaHI[ePOTeHHOII aKTVBHOCTH II€KOB CBS3YIOINX.
CpaBHUTE/IBHBIN aHAIN3 MOJIEKY/IAPHON CTPYKTYPHI /11 Me30(pa3HBIX IIEKOB.

OcHOBHaA 4acTh

1 Merog MK-cnekrpockommu. Mertogamn MK-cnekTpockonuyu 1cciefoBaanch
MOJIEKY/IApHBIE CTPYKTYPbl albT€PHATMBHBIX IIEKOB U3 yIJeil [2], cBA3yIlero Ieka u
BBbIJIeJIEHHBIX 113 Hero ppakumii [8], MognduumpoBaHHBIX ITeKOB B paborax [15, 16], mpomykToB
TepMOOKUCIeHnss B pabore [21]. PaccmarpuBamoch BmsHue Mopudukaumii Ha
MHTeHCUBHOCTH mojioc B VIK-crektpe mekoB [15, 16], a Takke BAMsIHIE TEPMOOKUCTEHUS U
robaB/IeHNs aHTPALEHOBO QPaKIY Ha MOJIEKY/IAPHYIO CTPYKTYPY IT€KOB B [21].

Ha puc. 2 npencraBnens! VIK-crnekTpbl KaMeHHOYTO/IBHOTO ITeKa, He(pTAHOTO TIeKa 1 ITeKa
HIOJTy4€HHOTO METOJIOM TePMUYECKOTO PaCTBOPEHUS YIIA.

3

3500 3000 2500 2000 1500 1000 500
Bousnosoe uncio (cm!)

Puc. 2. VIK-criekTpbl: 1 — KaMEHHOYTO/IBHOTO ITeKa, 2 — He(DTSHOTO HeKa, 3 — IeKa, 9KCTParnpoBaHHOTO U3 Iy [2].

JIvavm nipu 2854-2923 cm! u pu 1452 cm™ m 1376 cm™ cBsA3aHbI ¢ anudaTnyecKuMu
coepunenmsamu C-H [2]. [Ina meka, sKcTparMpoBaHHOTO M3 VIV, HaOMOfanach HU3Kas
MHTeHCUBHOCTD Konebanmit C-H (700-900 cM™) B apoMaTIyecKoil CTPYKTYpe 110 CPaBHEHUIO C
KaMEeHHOYTOJbHBIM IekoM [2]. Huskad MHTEHCMBHOCTb HNAHHBIX JIVMHMIL ¥ OIpefesser
CHIDKeHHOe cofiepxkanue ITAY, 4To XapakTepusyeT HM3KYI0 KaHI|epOT€HHYIO aKTMBHOCTDb
nekoB. [laHHBI QaKT ompefe/aeT MepPCIeKTHBY S9KCTParupoBaHA ITeKa U3 YITIeil, Kak MeTofia
IIO/Ty4€HMA CBA3YIOLIETO C HU3KOI KaHIEPOT€HHOI aKTMBHOCTDIO.

B pa6orte [8] mpoBoaym aHamm3 MOIEKy/ISIPHON CTPYKTYpPBI Ieka cBasytomero ¢ T, = 103 °C
U1 BBIJIC/ICHHBIX VI3 HETO (ppaKIyIil.

ITex u BbIfjeNIeHHbIe U3 HeTO GPAaKLMM B OCHOBHOM COCTOSIUIM M3 aQpOMATUYIECKIX KOJIell,
a TaKKe BOJIOPOZOB, KOTOpble He OBUIM 3aMeleHbl annQaTudecKuMmy LelsMmu. Bo Bcex
dpaxiuax meka OONMBIIMHCTBO IMHMIT HAOIIOAANOCh B Anamasone ot 1700 mgo 700 cm! [8].

10
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I o, Pppakuyy MHTEHCMBHOCTD HYMM 1600 cM™' 6blTa HaMHOTO OOJIBIIE, YeM IS APYTUX
¢dpaxiuit mexa [8]. Bpicokas mHTeHCMBHOCTb nmHuit mpm 700-900 cm' xapakTepHa s
reKCaH-pacTBOPUMOIL Y-dpaKLuy IeKa.

B pa6orax [15, 16] ana cHUDKeHUs KaHIIEPOTEHHON aKTMBHOCTY IIEKOB ITPOV3BOMVIIN
Mo UKV MCXOJHOTO ChIpbA. /I McCIefoBanmA N3MEHEHNA MOJIEKY/IAPHOI CTPYKTYPBbI
MopuuKaIuii nekoB ucnonb3oBancs Meron VIK-cnekrpockomuu. Ha puc. 4 npencraBieHst
VK-cekTpbl cpefHeTeMIIepaTypHOTO IeKa U ero MOAV(MKALMII I0f,OM IIpM HarpeBaHUN B
TedyeHun 12, 24 n 72 4 [10].
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Puc. 3. VIK-ciieKTpbl: IleKa CBA3YIOLLETO; reKCcaH-pacTBOpUMOIL ¢pakumu (y); HEpaCTBOPUMOII B FeKCaHe, HO
pacTBopMMOIi B Tonyone ¢ppakiuy (B); HepacTBOPMMOIL B TOTYOIIe, HO PacTBOPUMOIL B XiHOMMHe dpakuyu (a) [8].

T T T T T
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i aromatic C= .

:lr?cTcai:ll;(‘: H stretching aromatic C-H

2 out-of-plane
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Puc. 4. VIK-ceKTpsl CpefHeTeMIIepaTypHOIrO IleKa 1 IIONyYeHHBIX U3 Hero MoauuKaumii ozoM C
TepMOo0OpabOTKOII B TedeHuu 12, 24, 72 4 npu temmeparype 373 °C [15].

s puc. 4 BUOHO, YTO B K CIIEKTPp€ II€Ka IPUCYTCTBYIOT B OCHOBHOM JIMHUMN, CBA3aHHDbIE
C KO/eb6aHMsAMYU MOJIEKY/T apOMATIYeCKOI CTPYKTYpPBI, TOJIbKO HebobIIol muk mpu 2800 cm™!
cBsizaH ¢ annarndeckumu konebanmsmu C-H [15]. [Ipu mopmdbukanmm meka itogoM He
IIPOVICXOVIIO CYI[eCTBEHHBIX I3MEHEeHMII KaueCTBEHHOTO COCTAaBa B MOJIEKY/IIPHOM CTPYKTYpe
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neka. Habmopanoch TOIbKO yMeHbIIeH)e MHTEHCHBHOCTY NuKa 11py 2800 cM™! 1 Micue3HOBeHIe
nosocel ipu 1470 cm™, cBsizaHHOM ¢ n3rmb6om anudarudecknux pparmentros CHs, CH, [15].
[IpenmnonoXXuTenbHO, JaHHBIE SBJICHUA He CBSA3aHBI C MOAMOUIVIPYIOIIVMMHU JobaBKaMy, a
CBSI3aHBI C yBe/IMYEeHVEM BPeMEHN BBIJIEPXKKM IIpyu TepMoobpaboTke. IIponcxoanno cHuKeHne
MHTEeHCUBHOCTY MyHMIt pu 700-900 cM™!, 4TO MOXKET TOBOPUTD O CHVDKEHUY MHTEHCUBHOCTY
konebanusa C-H B apoMaTuueckoil CTpyKType, 4TO JaeT HepCleKTVBbI IPYMEHEHNs TaHHOM
MoaVUKaIVY ISl CHYDKeHUsA cofiepkanus [TAY B meke.

[lna mexoB, MOAMOUIVPOBAHHBIX aabJeruaoM, OeHsamperngoM u  Qypdonom,
Habmopanucek cnenyromye VK criektps! (puc. 5).

5M UV
SMoCTP
e =

S-LTCTS AV —

—— ——— e

LTCTR

MHTeHCUBHOCTL (OTH. EA.)

" 1 i 1 i 1 i 1 i 1 i 1 i | i

4500 4000 3500 3000 2500 2000. 1500 1000 500

Boanosoe uncio (em™)

Puc. 5. VK-cuekrper cpenneremneparypHoro meka (LTCP), ero mommduxarmit (MsCTP (mopucukarms
6ensanbperupgoM), MyCTP  (mopuduxauma  ¢ypdonom), MxCIP (mommbuxanmusa  anpaeruzmom)),
Mopneuypyoiux fodaBok ¢pypdypon-F, 6ensanpaernn-B, anpaerna-K u monykokcos Ha ux ocHose (S-LTCP,
S-MpCTP, S-MCTP, S-M;CTP) [16].

B MK-cnexTpe masi cpefHeTeMIIepaTypHOTO KaMEHHOYTOIBHOTO IleKa HaOII0JaloTCcs
muarn CH (2790-3000 cm™) u nmuuaum npu 1633 cm™ u 1460 cm!, KoTOpble 06YCIOB/IEHBI
apomMatu4ecKkuM BameHTHbIM Kojnebanmem C=C [17-20]. IIpn mopmdukanmum TaHHOTO IMeKa
dbypdonom, OeH3anbRernoOM U ANbIETUAOM HaOMIOAeTCsl CHYDKEHME VHTEHCUBHOCTU 9TUX
I07I0C, HO IIPOVICXOAUT IOABJIeHNe NoIoc B mHTepBase 3300-3600 cM™, KoTOpbIe MpUHAIeKaT
acconyanyy BaneHTHoro konebanus OH [17-20]. Taxoxe mpoucXoauT nosiBlIeHMe IOI0CHI IIPK
1028 cm, uro obycnosneno pacrspkerreM C-O-C cBaseit [17-20]. ITocne mopuduxanmm
MPONCXOAWIO IOAB/IEHNE MOCTMKOBOM CTPYKTYpbl, TO €CTb K apOMAaTMYeCKMM TpylIaMm C
noMoIpl0  anmudaTnyecKux MOCTUKOB  ObBUIM  IPUCOERMHEHBl KapOOKCWIbHBIE U
TUOPOKCUIbHBIE TPyNIbl. Takke NPOMCXOAWIO CHIDKEHME WMHTEHCUBHOCTM JIMHUII IIpU
700-900 cm™, yto roBoput o cHmkeHun IIAY mekoB mocne mopmduxauym. Taxxe s
IIOTyKOKCOB, ITOJTyYeHHBIX U3 eKOBBIX MOAMMUKAINIL, HaOII0aNI0Ch 3aMeTHOE YMEHbIIIeHe
MHTEeHCUBHOCTEN JaHHbIX IVHUI.

Taxke OonbiIOit WMHTEpec mpencTaBaser ucciegoBanre VIK-cmekTpoB meka c

nobaB/eHNeM aHTPAIleHOBO GPaKLMI U IIPORYKTA €T0 TePMOOKICIIEHS.
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Puc. 6. VIK-criekTps! [yIst CIEAYIOLIMX MATEPUATIOB: A — aHTpalleHOBas Ppakuys, B — KaMeHHOYyTo/IbHbII 1TeK, C — IeK,
o6ayBaemslit BozgyxoM mpu T = 250 °C mmnrenpHOCTHIO 2 Yaca, D — ek ¢ gobasrennem 39.10% aHTparjeHOBOI
¢dpakuuu ¢ TepmooxucienveM npu T = 250 °C [21].

V3 puc. 6 BUAHO, 4TO CHEKTPBI MAIO OTAMYAITCA JPYT OT Jpyra Io cocraBy. Jlna
VICXOTHOTO TIeKa OOHapy>keHbl nuHUM npu 745-1000 cm’!, cBasanuble ¢ usrmbom C-H B
apoMaTn4eckoil crTpykrype. JImuua mnpu 3045 cm! cBsasaHa ¢ konebanumem C-H B
apomarmdeckoit ctpykrype [21]. Jlmaus npu ~1630 cm' cBasana ¢ C=C B apoMaTmieckoi
CTPYKTYype Iexa [21].

Hab6mogaeTcst pocT MHTeHCUBHOCTY MMHMI npu 745, 811 u 877 cm™ B VIK cnextpe ms
IIeKa I10C/Ie €r0 TEPMOOKMC/IeHNA. TakxKe 1oc/ie TEpMOOKICTIEHNA IPOUCXOUIIO YBeINYeHN e
MHTEHCUBHOCTM VHMM 1pyu 1630 cm™, cBsizaHHOM ¢ KonebanueMm C=C, ¥ MHTEHCUBHOCTYU
mvaMit npu 3045 m 2924 cm’, CBA3aHHBIX C apoOMaTM4ecKoil CTpykrypoi. IIpm srom
HaOJII0fa/ICs POCT MHTEHCUBHOCTEN JIVIHNM, CBA3aHHBIX C aM(aTIIeCKOil CTPYKTYpOIl IeKa
(1473 cm?).

OpHako He CMOTPsA Ha HaM4Me BBICOKOJ apOMAaTMYHOCTY aHTPAIleHOBO QpaKIyy 110
CPaBHEHMIO C VICXO[JHBIM II€KOM, IIOTYYeHHBIN ITPOAYKT ObUI C HU3KOJ apOMaTUYHOCTBIO 110
CPaBHEHVIO C aHTpaleHOBON (paxumeit [21]. DTo cBA3aHO, IPEAIIONIOXKUTENBHO, C TeM, YTO
9acTb aHTpalleHOBON (ppakuyy pearupyer ¢ jerkoy ¢paxumeit obpasys HadTeHOBbIE MU
a/midarndeckne CoeAHEHM, a TAKXKe MOXKeT ObITb CBA3aHO C Ha/IM4MeM METVIbHOI TPYIIIIEL,
CBSI3aHHOJ C aHTpaleHoBON ¢pakumerr [21]. [In1 KaMeHHOYTONBHOTO IIeKa OOHAapY>KeHBI
nvHMM npu 745-1000 cm!, cBsizanHble ¢ n3rmbom C-H B apomartudeckoit crpykrype. [Iuk npu
3045 cm! cBasaH ¢ konebanneM C-H B apomatideckoit ctpykrype [21]. ITuk mpu ~1630 cv
cBszaH ¢ C=C B apoMaTM4ecKoil CTPYKType Ieka [21].
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2. Merop, JIIP-cnekTpockonuu. [1151 onpefeneHns 4ucia apaMarHUTHBIX LIEHTPOB U
37IEKTPOHHOM CTPYKTYpbl KaMEHHOYTOJIBHOTO II€Ka CBA3YIOLIETO MCIIONIb3YEeTCA METO/
SIIP-criekTpockomnuu. OcoOblil MHTepeC MpeACTaB/sAeT BIUSHME TEPMUYECKON 00paboTKu
IIeKOB Ha YJC/IO ITapaMaTHUTHBIX IIeHTPOB. B pabote [22] 6buta onpeneneHa KOHIEHTPAIVS
IapaMaTHUTHBIX IEHTPOB I a-(paxumit 1 y-ppaxmmii, KOTopas okasanach pasHa 5-10" 1 10'°
COOTBETCTBEHHO. BbIJIO ycTaHOB/IEHO, YTO YMC/IO TApaMAarHUTHBIX IIEHTPOB YBEIMYMBAETCA IPU
tepmookucnennn (360 °C) mo cpaBHEHUIO C BaKyyMHOJ OTTOHKON IleKa IIPM BBICOKUX
TeMIIepaTypaX, pe3Kuil pOCT ITAPaMarHUTHBIX LIEHTPOB MPUCYTCTBOBAT B a-Pppaxuym ¢ 5 go 8-10"7
u B -¢pakuuu ot 1 o 2-10"7 [22].

B pa6orte [15] momydens ciektpsl DI1P B 3aBucuMocTy 0T MoaydMKaIyii MICXOZHOTO IeKa
iiogoM npu temrieparype 373 °C npu pasHBIX BpeMeHaX TepMIYeCKOI BbIiepKKu (puc. 7).

Ty T rrr Ty LI LA B R AL LA B

sl s oy s bssaal s otassalaay AN NN ERNEE

0,347 0,348 0,349 0,350 0,351
MaruuTtHoe noJjie, Bo/T

Puc. 7. Cnextper OIIP: (a) - cpegHeTeMnepaTypHBII IIeK IpM KOMHATHON TeMIIepaType; IIeK,
Mopu¢uypoBaHHblil iionoM (I;) B Tewennu 12 4 (b), 24 4 (c), 72 4 (d) npu Temuneparype 373 °C [15].

CpenHeTeMITepaTypHbIil KAMEHHOYTOJIbHBIN IIeK laBasl C/Iabblil CUrHAI ¢ mypuHOi 0,56 M1
IIpy KOMHATHO TeMnepatype [15]. IIpn yBennuenny BpeMeH) BbIJepXKKH TIeKa, CMEIIaHHOTO
c¢ togom I, mpomcxommno ysemmdyenme wmmpuHbl OIIP-cmektpa go 0,8 mTn [15].
JVIHTeHCMBHOCTD CHMTHa/la BbIpacTaja C YBEIMYEHMEM BPEMEHM BBILEPKKU. YBelIN4YeHNe
BPEMEHMU BBIZIEPXKKM B cpefie I, yBenmumBalo cofiep)KaHye HeCIIapeHHbIX 3/IEKTPOHOB B IIEKe.
C yBenmueHyeM BpeMeH) HarpeBa Ieka ¢ ;o6aBkamiu I, yBeMumBamoch 910 mapaMarHUTHBIX
LIEeHTPOB. DTO MOXXeT OBITh CBSI3aHO C T€M, YTO TAJIOTEHBI, @ B JJAHHOM CiIy4ae I, sSB/IAI0TCS
aKTMBHBIMU JJOHOPaMM 3/IEKTPOHOB [15].

B pabore [23] mpoBoguTcs cpaBHUTeNbHBIN aHanu3 JIIP-crieKTpoB meka U MeKOBOTO
BOJIOKHA Ha ero OCHOBe. J[/1s 1eka HaO/MIofancs CIIeKTp ¢ MEHbIIIel IIVPUHON, 4eM Y IIeKOBBIX
BOJIOKOH. VI mpakTMyecKM He MEHA/IACh, HE3HAYUTE/IbHble M3MEHEHUs IPOUCXOAWIN B
uHTepBane or 6.0 ;o 6.15 I'c (0.6 MTn) B 3aBMCMMOCTM OT IOJaBaeMOJ MOLIHOCTYM Ha
pe3oHarop.

Taxxe Meron OIIP crnekTpockonmmy IpUMeHAETCA NPU MUCCAENOBaHUM 3TEKTPOLHBIX
IIeKOB, COfiepKalux Me30(a3y B CBOel MUKPOCTPYKTYpe, /LA MCCIefOBaHMS ee pOoCcTa Ipu
TepMmyueckoil obpaborke. B pabore [24] ¢ momompio JIIP-cmektpa Oblma ompepeneHa
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KOHLIEHTpaLusA CBOOONHBIX pajlKanoB B Me30dasHoM meke ~1.2:10" g, ABTOpBI npuIm K
BBIBOJIY, YTO MOJIEKY/IBI COCTOSIT 13 OTHOCUTE/IbHO HEOOJBIINX apOMaTUYeCKuX obacrei,
CBSI3aHHBIX anudaTndecKUMm 1 apuibHbIMK MocTukamu [24]. Cornmacho [15, 22, 24, 25], mis
CpefjHeTeMIIepaTypHOTo IeKa IIPY ero JAa/lbHelIleil TepMIYeckoil o0paboTke B MHTepBaye
temmepatyp 400-450 °C npu mosiBieHuu Me3odas M MX HalbHENIIEM pPOCTe COAep KaHMe
IapaMarHUTHBIX LEHTPOB OCTAeTCA HEM3MEHHBIM II0 CpPaBHEHUIO C  VCXOJHBIM
CpefjHeTeMIIepaTypHBIM IIeKoM. B paboTe [26] aBTOPBI IIPEAIIONOXWIN, YTO IIPY MOSBIIEHUN
Me30¢asbl IPOVCXOANUT Pe3KUIl POCT TapaMarHUTHBIX [IeHTPOB. B TeMneparypHoM uanasone
420-460 °C mpomcxoAwl pesKMil CIIaJi BPeMEeHM CIVH-PEIIeTOYHON pemakcanym [26].
V13 oy4eHHBIX JAHHBIX aBTOPHI B paboTe [22] mpuIum K BBIBOAY, YTO IOABJIEHVE Me30]asbl
B IIeKe BBI3BAHO IIPUCOENVNHEHNEM OCKOIKOB MOJIEKY/IbI B IIOMUIVIK/INYECKII€ apOMATINYeCKIie
coenyiHeHMs (yMeHDBIIEHME 4MC/Ia ITapaMarHUTHBIX LIEHTPOB), @ HApARY C 9TUM IIPOLIECCOM
IPOXOAWMII IPOLIeCC AerupporeHnsanuy (yBeandeHne 4nucaa HapaMarHUTHBIX LIEHTPOB). DTH
JiBa IIpoIlecca YPaBHOBEIIMBAIN APYT APYTa, U IOITOMY UMCIIO ITAPAMarHUTHBIX LIEHTPOB HE
U3MEHAIOCH [26]. [I/11 971eKTpOJHOrO IeKa, cofiepikaliero Me3ogasy, MPOBOAVIN M3MEPEHNS
OIIP-criektpa B pabore [27]. Vsmepenus DIIP paror cierka HecMMMeTpWUYHBIE CUTHAJIBI
mypuHoi 5-10-10* T, popma muHMIT TpuO/MM3NTENBHO COOTBETCTBYET JlopeHieBoit popme [27].

3. Merog 'H u “C SAMP-cnexkrpockonun. Cormacuo [2], B SMP-crmektpax mo
XVMUYECKUM CABUTAM B KaMEHHOYTOJIbHOM IIeKe U B IPOAYKTe TepMOPAcTBOPEHNS
obHapyXeHbl anudaTndecKye Tpynmbl: 6-7% B HPOAYKTaX TepMOpacTBOpeHus; 5-10% B
KaMEeHHOYTOJIbHOM IIeKe. ApoMmaTuyeckmit yriepox cBeime 90% cormacHo “C SAMP
criekTpockommu [2].

B pa6orte [28] mpoBopmnocs uccnegosanre merogamu 'H IMP ciekTpockomnmu HedTsHOTO
IeKa, IeKa M3 TSDKENIOM CMOJIBI MUpPON3a U MPOMBIIUIEHHOTO KaMEHHOYTO/ILHOTO IIeKa.
YcTaHOBIIEHO, YTO /1 HePTAHOTO IeKa B0/ amudarideckoro sofopoza (0-5 pmm) - 76.9%,

JOo/sl  apoMaTudeckoro Bogopopa (6-9.5 pmm) - 23.1%. [ng OpOMBIIUIEHHOTO
KaMEHHOYTOJIbHOTO IIeKa [I0/1d amudatnyeckoro Bopopopa (0-5 pmm) - 14.8%, pmons
apoMaTuyeckoro Bopmopoma (6-9.5 pmm) - 85.2% [28]. [ansbii ¢akt MoXxer

CBUIETENIbCTBOBATDb O HU3KOM copiep>xanuy [TAY B HedTsAHOM Iexe.

4. Xpomarorpagudyeckne MeTOABI aHaNM3a. [[/1s1 YCTAaHOBIEHNUS KOMMYECTBEHHOTO U
Ka4eCTBEHHOTO COfIep>KaHNA IMOMUIUKINYECKNX apoMaTHYecKnx yriaesopopopos (ITAY) B
IeKe, VICIIO0/Ib3yeTcs XpoMaTorpaduyecknit MeTo; aHanusa. B paborax [29, 30] ananmms cocraBa
[TAY B mexke mpoBOAWIM C IIOMOIIBIO Ta3oBoli xpomarorpadum. B pabore [29] 6bum
ONpefie/ieHbl ~ XPOMAaTOTpaMMbl  IeKa,  IIO[y4eHHOTO  HpM  HU3KOTEMIIEPATypPHOM
tepmookucnennn (T = 275 °C) kaMeHHOYTO/IbHOI CMOJBI B TedyeHMM 20 4acoB (CKOPOCThb
noga4y Bo3pyxa 60 j1/Kr-4ac).

B paccmarpuBaembix paboTax ObUIM BBIOpaHBI CIEAYIOIIVME PEXUMBI HarpeBaHUs
06pasuoB mia Beiennenys [TAY: 1. Harpes nponcxoaw go Temrepatypsl 250 °C ¢ BBIIEP>KKO
30 muH [29]; 2. HarpeB npoucxoput ot 50 go 260 °C ¢ Beiep>kkoit 10 MIH, CKOPOCTb Harpesa
4 °C/mun [30].

Ha puc. 8 mpepcraB/ieHbl XpOMAaTOIPaMMBbI CMOJIBL 1 TIOTY4€HHOTO 13 Hee IeKa.
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Puc. 8. XpomaTorpaMMBbl pacTBOPUMOII B TONyosIe GpaKLy MCXOZHOI cMOoIbl (1) 1 moy4eHHOrO mmeka (2) [29].

V3 puc. 8 BUHO, YTO B IleKe II0 CPAaBHEHVIO CO CMOJIOV INPOM3OLUIO yBeINYeHIe
conep>xanmus Hadranuua (1), denantpena (12), 1,2-metunnadranmua (2, 3), budennna (4),
1-¢penmnuadprammua (17) [29]. IlomHocThIO B IeKe OTCyTcTBOBamm: 6OeH3ola]dmyopeH,
auneHadTmIeH, [UrNgpoaHTpaleH, 6eHso[alanTpaiieH, 6eH3oarjeHadTeH, IepuieH, KOTOpbIe B
CBOI0 O4Yepefb IPUCYTCTBOBAIM B KaMEHHOYTONbHONM cMone [29]. YMeHbIIMIOCh IIO
CpPaBHEHMIO CO CMOJIOIl cofepkanme Oenso[a]mupena (mpubmusurenpHo Ha 30%),
nnbeHszodypaHa, MeTIUI(IIYOPEeHOB, 6eH3odryopaHTeHa, nHpeH|[1,2,3-cd]nupena,
6en30[1,2,3]mepuena [29].

Ha puc. 9 mpencraBieHbl XpOMAaTOTpaMMbl WMCXOZHOTO TMeKa U TeKa IOCTe
HU3KOTEMIIEPAaTYPHOTO TEPMOOKIIC/IEHNS B TeYeHNN 25 YacoB.

; _
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Bpewmsi, MUH

Puc. 9. Xpomarorpammsl ucxopHoro nexa (P) u mexa (AB25) noce trepmookucnenus npu remuneparype 275 °C,
IJIUTeTIBHOCTD TIpolecca 25 yacos [30].
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Ha puc. 9 Mo>xHO Hab/I0aTh YMeHbIIeHNe O6eH30[e]mpeHa ¢ 5.9 1o 1.47 1 yMeHblIIeHNe
6enso[a]mmpena ¢ 9.68 mo 1.62 [30]. [Ipoucxomnno ncyesHOBeHMe XMHONMHA, alleHadTeHa,
¢nyopena, MerwnaneHadreH, TeTparuppoaHTpauneHa [30]. Ilpomcxommno ymeHbleHMe
¢denanTpena ¢ 9.9 no 4, ¢nyopanrena c 23 go 1.8, nmupena ¢ 22.0 go 2.0. 3aTo TPOUCXOANTIO
yBenu4eHue kapbosona c 2.66 no 4.0 u metmndenantpena c 0.8 go 3.0 [30].

YpoBeHb cofep>kaHyst 6eH30[a]mpeHa 1mocie HU3KOTEMIIEPaTyPHOTO TEPMOOKCTIEHNS
TIIeKa YMEHBIIICA 10 CPAaBHEHMIO C MCXOIHBIM IekoM Ha 90%, a ypoBeHb 6eH3o[a|mupeHa B
IleKe II0/[y4eHHOTO TEPMOOKMC/IEHMEM CMOJIBI YMEHbIIWICA NMpubmusuTensHo Ha 30%. VI3
NONTYy4eHHBIX  JAaHHBIX  MOXHO  CHe/maTb  BBIBOJ, O  3ddexkTMBHOCTM  MeTofia
HJI3KOTEMIIEpPAaTypHOTO TEPMOOKVCIIEHVIS IIeKa [JIA CHYDKEHM Cofiep>KaHys 6eHso[a]mupena B

HEM.

5. I'paBUMeTpUYECKUIT AHAIN3 IEKOB.

B opHoit M3 paHHMX pab6or [31] mokasaHo, YTO KakK TeMIlepaTypa MaKCHMAa/IbHO
CKOPOCTH Y/IeTYYMBAHNA IPOAYKTOB TepMom3a nekoB (Trn), Tak 1 TeMIepaTypHBIiT [UaIa30H
BBbIJIeTIEHNA HayOO/IbIIEro KOMMYecTBa JIeTydnx BelecTB mekoB (AT) takke Moryr ObITH
VICIIOJIb30BaHBl JIJISI ONMCAHUA TEPMUYECKOV CTaOMIBHOCTY KaMEHHOYTOJIbHBIX II€KOB
CBA3YIOLUX.

V13 nurepaTypHBIX aHHBIX [25, 32] MeTooM TepMorpaBuMeTprdeckoro aHamusa (TTA)
YCTaHOBJIEHO, YTO NIPOLIEHT TEIIOBBIX IOTEPD /1A CpefHeTeMIIepaTypHoro neka ot 200-500 °C
cocraBAn 65%. B pabore [33] merogom TT'A mekoB CBA3YIOMIMX YCTaHOBJIEHO, YTO BBIXOJ
IIEKOBOTO KOKCA YBE/IMUMBAJICA C YBe/IMYeHMEM &-(PPaKIVM TIeKa.

B pa6ore [9] metomom TT'A BbIcOKOITaBKMX He(PTAHBIX CBA3yloOIUX nekos. Ha puc. 10
IIpefiCTaB/IeHbl JaHHbIe TEPMOTPaBMMETPIYeCKOro aHamm3a csasytomiero neka (CII) ¢ T, = 124 °C,
BbICOKOIUTaBKoro neka (BIIII) u mopgndumnupoBanubix guctnmiaramu nekos (MII-1, MII-2,
MII-3) [8].
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Puc. 10. Benunta yMeHbIIeHNsT MAaCcChl IEKOB C M3MEHEHMEM TeMIIEPATYPHI 1 BpeMeHn [9].

Ha srane 1 (temmoBoit pexxuM B atMmocdepe Bospyxa) (puc. 10) xak CII, tak n BIIII
IOKasany TIOTeplo Macchl fo 5 Mac.% mpu JocTiokeHuu Temmeparypel 200 °C,
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HO MoaudUIVpOBaHHBIE IIEKM IIOKa3ajyM HOTepI0 Macchl B 7-16 Mac.% B TOM >Xe
TeMIlepaTypHOM Amamnasose [9]. Ha srame 2 (M3oTepMudeckuii pe>kxuM B aTMOcdepe BO3ayxa)
(puc. 10) xak CII, Tak 1 MoguUIMPOBaHHBIE IIEKN IIO/IBEPIINCH OBICTPOIT IIOTEpe Macchl [9].
Ha srame 3 (TemmoBoit pe>xkxuM B MHepTHO cpepe) A neka BIIII morepst macchl HacTymana
npu 450 °C u mpopioKanach Ipu JOCTbKeHUM Teminepatypbl 600 °C, mpoieHT norepb — 35%
[9]. Insa nexa CII nmponeHT notepb — 65%, m1 MeKOB, MOAUQPUIIVPOBAHHBIX AVCTWIIATAMY,
HoTepy B Macce HauMHamICh npu Temueparype 200 °C [9].

B paborte [34] nposepen TT'A cBsasyromero neka ¢ Ty = 115 °C, BBICOKOIUIABKOTO I1eKa €
T, = 235 °C, a Taxxe HepTAHBIX 1eKOB cBA3yrommx ¢ Tp = 118 1 235 °C. Ha puc. 11 nmokasaHst
TepMOTpPaBUMeTpUYeCKe KPYBbIE CBA3YIOIINX MIEKOB.

100 —
90

80

= 70 Carbores
3 60 -
[*]
&
= 50
=
2 a0 -
o
(=] -
c 30 Electrode binder
20 -
10
o - . . |
0 200 400 600 800

Temmnepatypa, °C

Puc. 11. 3aBMCHMOCTD BEMMYMHBI YMEHBIIEHNS MaccChl CBA3YIOLIMX IEKOB OT M3MEHEHMs TeMIleparyphl [34]:
electrode binder (cBssyrommit kameHHOyronbHBIN 1K ¢ T, = 115 °C); carbores (cBs3yrommit BHICOKOIIABKUIA
KaMeHHOYTo/nbHbI nek ¢ T, = 235 °C); Hedranble nekn cBasytoume PP250 n PP118.

V3 puc. 11 BufHO, YTO MaKCUMA/IbHBIN IPOILEHT ITOTepb Macchl (~70%) Habmopancsa y
KaMeHHOYTOJIBHOTO IeKa cBaAsyotero ¢ T, = 115 °C. IIpoueHT noTepb /1A HePTAHOTO IeKa
ceasymomero ¢ T, = 118 °C cocrasnsn Benmnunny ~60%. [n1a HeTAHOrO Ieka CBA3YIOLIETO C
T, = 250 °C, npoueHT noTepb 6bUT ~55%, a CaMblil MUHMMA/IBHBII NIPOLEHT moTepb (~40%)
HaO/Mofancsi /11 BBICOKOIUIABKOTO KaMEHHOYTOJIbHOTO IleKa CBssylollero. [laHHbIe
Pe3y/IbTaThl MOTYT OBITh CBSI3aHBI C Pa3/INyyeM COfiepXKaHmsA a-PPpaKuyi B JAaHHBIX IIeKaX, YTO
6bUI0 TIOKa3aHo B pabote [33].

B pabore [35] meTomom TT'A nmokasaHo, 4To aHTpaneHoBas ppaxiys npyu fobaBIeHNN ee
B IIeK C JlaybHelmeir TepMoobpaborkoit npu 300 °C yBennuyuBaeT IPOIEHT YMEHBIIEHVS
Macchl py Temneparypax 250-550 °C.

B pa6ote [36] meTtogom TT' A mokaszaHo, YTO IPOLEHT TEIUIOBBIX MOTEPh mpu 350-550 °C
IIA cCpegHeTeMIIepaTypHOro neka ~40%, a i BbicoKkoTeMueparypHoro ~20%. Ilokasano, 4to
TePMMUYECKV CTAOVIBHBIMU SIBIIAIOTCSA (PAKLUV IeKa & M &1, @ CAMBlil BBICOKUII NPOLIEHT
norepb ObUT XapakTepeH ms y-ppakunn [36]. B pabote [37] meromom TT'A mokasaHo, 4TO 110
Mepe yBe/IMYeHVsI TeMITepaTypbl TepMideckoit o6paborku ¢ 400 o 480 °C (amuTenbHOCTD 5 4)
CMHTETIMYECKOTO IIeKa M3 aHTPAL[eHOBO (paKIy YMEHbIIAETCA IPOLecC TeIUIOBBIX IIOTEPh
npu T ~ 200-450 °C ¢ 95 f0 2%.

6. MUKpocKonm4ecKye MeTofbl aHa/u3a neKoB. OcoOblil MHTepec I MCCIeOBaHNA
IpefcTaBaAeT Me3odasHass (KUAKOKPUCTAINYECKAs, aHM3OTPOIHAsA) MMKPOCTPYKTypa
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KaMeHHOYTOJIbHBIX IIeKOB. B pabore [38] mpu aHamumse MUKPOCTPYKTYPBI STIEKTPONHBIX U
CpeIHeTeMIIEPATYPHBIX IEKOB MMUKPOCKOIMYECKMMY METOJaMy aHanusa He OOHapy>KeHO
Me3o¢asHbIX cep B MuKpocTpyKType. IlosBneHue Mme3ogasHbx cdep HAOTO[ANIOCH IIPU
TepMMIecKoil 06paboTke 1eKoB mox faBneHueM [39]. [Ipu uccmegoBaHNN MUKPOCTPYKTYPBI
BBICOKOTEMIIEPATYPHBIX IIeKOB Hab/iofasach Me3odasHasd CTPyKTypa B Bume cdep.
YCcTaHOBJIEHO, YTO MaKCUMAaTIbHOE YMCI0 Me30(asHbIX CTPYKTYP MMeNO IUIOWAfb 5 MKM?, a
MaKCYMAa/IbHBII pa3Mep Mesodassl umen mwmomianb 10 mxm® [39]. Hammume mesodasunoit
MMKPOCTPYKTYPbI Ha0/TI0ja/IoCh IJIs1 IPOAYKTOB TePMIYECKOTO PACTBOpeHMs yryis Mapku [ B
pabore [40]. Me3sodasuble chepbl M MX pOCT HAOMIONANCA NPU TepMUYeCKoil obpaboTke
CMHTeTIYecKoro Me3ogasHoro neka mpu T > 400 °C, poct Me3odas3HbIx cep HabmORaNC TpU
YBeIMYEeHNN J/INTeTIbHOCTI TepMOBBIep Ky 1eka rpu 440 °C ¢ 1 no 6 wacos [37]. Ha puc. 12

IIOKa3aHbl MUKpOodoTOrpaduy CTpyKTYpbI IleKa B IEePYOJ 3apOKAeHM Me30(¢asbl.

Puc. 12. ®opmupoBanue Me3o¢asHON CTPYKTypsl Ieka [41]: a — ucxomHblil nek; 6, B —¢opMupoBaHue
me3odasHbix cpep (dux = 40 MKM) 1 ux poct fo ~150 mxm (mpum T = 390-420 °C ); 1, A — KOalecreHuus
Me3odasHbIx chep (420-425 °C); e — MesodasHast CTPYKTypa.

Ha puc. 12 (a) moxasaHa MMKPOCTPYKTYypa M30TPOIIHOTO IleKa, pu Harpese oT 390 fo
420 °C mpoucxopuT mosiBieHyne Me3o(asHbx cdep. Jlasee NMpy IMOBBIIEHNN TeMIIEPATyphl
IPOVICXOZIUT KOa/leCLieHIVIs cdep ¢ IoTydeHreM 06'beMHOIT Me30gasHol CTPYKTypsI puc. 12 (e).

Ha puc. 13 mokazaHbl MUKpodOTOrpaduu CTPyKTYphl CMHTETYECKOTO HaTaMHOBOTO
IIeKa 1 IIPOAYKTOB ero TepMudeckoit obpaborku npu T > 400 °C B pabote [42].

M3 puc.13 BMAHO, YTO MCXONHBI IIeK VIMEN M3OTPOIHYI0 MUKpPOCTPYKTypy (6e3
copiep>kanus Me30(asbpl), IeK, ITOJTyYeHHBIII ITyTeM TEPMOOKUCIEHN MU30TPOIIHOTO IIeKa, VIMesT
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B MUKPOCTPYKType Me3odasHbie cepsl (5%). Me3odasHble TeKy HOTydaIn IIpy TEMIIepaType
420 °C (pns pucynka 12¢ - 30 06.%) u 430 °C B Teuenne 4-8 gacos (pucynok 12d - g ot 50 no
100 06.%). ABTOpbl B [42] MOMyYWIM HENPEpPBHIBHYI0 M3OTPOIHYI0 MATpMIy IIeKa C
apmupoBaHueM Mesodas meka, Kak II0KazaHO Ha puc. 12b u puc. 12c. Korga comepxanme
Me30¢asbl IleKa yBenndnBaercs o ~50 06.% (puc. 12d), mpucyrcrByror 6onbiune Me3odasHble
cepbl M TeKCTypa YaCTMYHOTO C/IMAHWA, A M3OTPOIHBIA IIEK IO-IPEXKHEMY OCTAeTCs
HerpepbIBHOI (pasoii [42]. [Ipu panbHeleM yBemmdeHNN cofepKanns Me3odas 1o ~75 06.%
HEKOTOpbIe N30TPOIIHbIe ChepudecKyie VI S/UIMIICOUAANbHbIE Me30(asbl IBHO CMEIIVBAIOTCS
B OITUYECKV aHM30TPOIIHOI HeIIpepbIBHOM (pase, Kak 1 IIOKa3aHO Ha pyucyHKe 12e [42]. [Tex ¢
BBICOKMM cCofiep>kaHueM Me3o¢aspl ~98 00.% [OeMOHCTPUPYET CWIbHO OPMEHTHPOBAHHYIO
MEJIKyI0 TEKCTYPYy TeKydecTV, KaK II0OKasaHo Ha pucyHke 12f [42]. Taxke Habmopanoch
copep>xanue Mesogas ¢ 100 06.%, kak mokazaHO Ha pucyHke 12gh [42]. B pabore [43] u3
BBIIE/ICHHOM 13 Ieka y+f-dppakuymm ¢ poOaBieHMeM NOMUCTUPONIA C HAarpeBOM IO
temrnepatypbl 430 °C mpm aTMocepHOM JaBIeHMM IIONy4amy Me3o(asHble IeKU, CO
CTPYKTYpPOI1 IPEJCTAaBIEHHONM Ha puc. 14.

100 MKM

100 mMKM 100 MKM

Puc. 13. MUKpOCTPYKTypa MCXOZHOTO IeKa (a), leka ¢ HU3KMM cofiep>kaHueM Me3odassl (5 06.%) (b) — meka
HOJIy4eHHOTO METOJOM TEPMOOKJCIEHNUS VICXORHOTO I1eKa, Y MUKPOCTPYKTYPbI IIEKOB IIOJy4eHHBIX METOLOM
TepMMUYeCKOJl 00pabOTKM MCXOJHOrO, JeMOHCTPUPYIOLYe TUMMYHOE cofepskaHye Mesodasel (¢ — 30; d - 50;
e-75f-98ng h-10006.%) [42].
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Puc. 14. Mukpodororpadguu meKoB, MPUTOTOBIEHHBIX U3 p+f-bpakunu u monuctupona: 6e3 KobaBIeHNUs
nonuctupona (1); ¢ gobasnennem 5% macchl momucTrpona (2); ¢ gobasnenuem 10% maccsl nomuctupona (3); ¢
nobasnenneM 15% Maccol nonmuctupona (4); ¢ sodasnenueM 20% nomictupona (5) [43].

Copeprxanye Me30¢aspl ¢ KPyITHO-MO3au4HOI Mopdosorneii B Me3odpasHOM Iieke 6e3
N06aBOK COCTaB/IAET BeMM4MHY ~74%, 37ech Me3odasa Oblla HesaBeplueHHas. Ilekm ¢
copiep>xanueM Me3odassl 100%, HabmoaeMble 7151 00pa31ioB ¢ CofiepKaHNMeM IONMUCTUPOTIA OT
5 mo 20%. JTO mOKa3bIBaeT, YTO KOajaecCleHIVsi Me30¢asbl 3HAYUTEIPHO YIyULIaeTCsl IPU
no6aBeHNy OMMCTHpOIa. [Jo6aBKY B BUie OMVCTUPOIIA ABJIAIOTCS BBICOKO3(PeKTBHBIMIL,
TaK KakK [OsIB/IeHNe 00 beMHOII Me30(a3bl HacTyIaeT yxe npu 5% no6aBok o Macce.

7. PEHTTeHOCTPYKTYPHBIii aHATN3 EKOB.

[l ompeneneHysi MapaMeTPOB pelleTKM Me30(asHbIX I1€KOB MCIONb30BAICS METOJ,
peHTreHoBcKoit mudpakuuu. CormacHo [25], CIOCOOHOCTb CpefHEeTeMIIepaTypHOIo IIeKa
OTpa’kaTb PEHTTEHOBCKMe Tyun mpu Makcumymax (002) u (100) mokasbiBaeT Ha Hamu4dme B
CTPYKType IIeKa apOMaTI4ecKMX Kojiel], 00beIMHEeHHBbIX B TaK Ha3bIBaeMble akeTsl. [Tk mpu
(002) orBevaer 3a rpaduTononobHyw ¢asy [25]. B pabore [44] ana HUSKOTeMIlepaTypHOTO
neka HaOmropamich vk npu (002) u gBymepHble pedekcsl (10). B pabote [45] nccnemoBanst
BBICOKOII/IaBKII€ TTeKY cofieprKauiye Me3odasy. PeHTreHorpamma reka copeprxana mvku (002),
(10) m muk (004), takxe Habmoganach NMHUS HpPK yITIe paccesHus 7.5, CBs3aHHas C
yrineBogopopHoit ¢asoir [45].

Ha puc. 14 mokasaHbl peHTTeHOTPaMMBbl [is1 Me30¢a3HOTro meKka 1 Me30¢as3HbIX I1€KOB,
HOTy4eHHBIX MOAMpUKaIyeil MOMCTUPOIoM [43].
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Puc. 15. PeHTreHorpamMMbl Me30(a3HbIX II€KOB HOMy4eHHbIX 13 fS+y-Qpakumy KaMeHHOYrONbHOrO IleKa I
HOMMCTUPOTIA TIyTeM Harpesa o 430 °C [43].

V3 puc. 15 yCTaHOBJIEHO, YTO C yBeluMdeHueM Me30(asbl IPOVCXOAWIO YMEHbIIEHNE
MEXIIOCKOCTHOTO paccTOsTHYA dooz € 3.45 10 3.43 A. B ToXe BpeMs yBeIMUYMBAIICh pa3Mepbl
ymakoBku L. OTO MoxkeT OBITh CHIEACTBMEM TOTO, YTO B pe3y/lIbTaTe peakUWil Ipu
tepmoobpaborke (T > 400 °C) MoguduIMPOBaHHOTO ITeKa MPOMCXOANIO YBeTUYeHNe YMCIIa
IKVIBHBIX TPYII, IPUCOEAMHEHHBIX K apOMAaTNYeCKIM KoJbIaM, ¢ 23 no 36 A [43]. Taxxke
HaOmofiaicsi poct MHTeHcUBHOCTM muka (002), mukm mpu (10) u (100) mMenu HUBKYIO
MHTEHCUBHOCTD [43].

8.CrieKTpanbHbIe METOAbI ONpefe/ieHNs Me30(a3HOI CTPYKTYpPbI HEKOB.
8.1 Memoo VIK-cnekmpockonuu.
Meromamu VIK-cnekTpockonuu nccnemoBanuch Me3odasHble meku B pabotax [43, 46].

11441
1597 .

3000 2500 2000 1500 ~ 1000 500

Boanosoe uncio (em™)
Puc. 16. VIK-ciexTpsl Me30(asHBIX IeKOB Ha OCHOBe y+[3-ppakuym y monmcripona: 1 — Me30gasHblil ek
HOJTy4eHHBIiT 6e3 ;06aBOK; 2 — Me30(a3HBII IIeK HOMy4eHHBI ¢ 5% 106aBKOIL; 3 — Me30(asHbII ITeK IOMTyYeHHBII

¢ 10% mobaBKoit; 4 — Me30dasHbII1 IeK ITOTyIeHHBIN ¢ 15% K06aBKoil; 5 — Me30¢asHbIII IeK HOoMydeHHbIi ¢ 20%
no6aBkoi1 o macce [43].
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YCTaHOB/IEHO, YTO IIpU yBelMM4eHUM Me3o¢asbl B IeKe IPOVICXOAMUT IIOBBIIICHIE
MHTEHCUMBHOCTM /MHUK Ipu 1600 cM!, a TakKe HPOMCXOANUT yBelTMYeHNe MHTEHCUBHOCTH
JIVHUI € CBSI3aHHBIX ¢ amidarryeckumy rpynmamu (2920 cm™, 2850 1 1380 cm).

Ha puc. 17 npepcrasnenst VIK-crnekTpbl Me30¢asHbIX TPaHyIL.

VicxopHblit npopykT uMern muHum npu 1600, 1440 n 900-700 cm ! (puc. 17). IlepBeie aBe
JIVHUY TIPUINCBIBAIOTCA apoMmarndeckoMy C=C U MeTWIEHOBOMY BOZOPOAY B IIIOCKOCTH
uarnba. JInnus npu 900-700 cm™! cooTBeTcTByeT apoMaTtnyeckomy C-H usrnby BHe miockoct
(46, 48]. VinTeHcuBHas nuHNUA U3rnba MeTuneH-Bofopox npu 1440 cm! (puc. 17) obycnosnena
3HAYNTE/IbHBIM KOMN4ecTBOM HapTeHOBbIX Konel]. Ctabmmsanus npu 270 °C 6e3 BbIIEep>KKIL,
OYEBUIHO, He VISMEHWIA VHTEHCUBHOCTY 3TUX ayHuil. Crabwmsanusa B TedeHre 30 MMHYT
flajla HOBBIe IMHUY B MHTepBane 1730-1650 u 1250 cm™ (puc. 17), KOTOpBIe IPUINCHIBAIOTCS
C=0, B yacTHOCTY, PYHKIVMOHATBHBIM I'PYIIIIaM K€TOHA, a/IbJieIVfa 1 KApOOHOBOI KIMC/IOTBL, @
takke muHusaAM C-O u O-H [47]. JIunum npumepno mpu 1735 u 1770 cm? (puc. 17),
IpUIVChIBaeMble CTIOKHOI(DUPHOI 11 aHIMAPUIHON PYHKIVMOHATBHOCTH (46, 47], IOABUINCE
HOC/e IIeCTUAECATY MUHYTHOJ CTAaOMIM3aluy, 4YTO COIPOBOXIATOCH HA/TIbHENIINM
yBenM4deHreM VHTeHCUBHOCTM mpu 1710 m 1600 cm' (puc. 17), 4TO CBUAETENBCTBYET 00
00pa3oBaHUy CTI0XKHOA()VUPHOI ¥ aHTMAPUHOI MOJIEKY/LIPHON CUCTEeMBI ¢ 60stee Iy0oKoit
OKCUTEHAl[Mell U OKUCIUTENbHOM TONMKOHAeHcaumenn [46-48]. DBomee maurenbHas
crabunmsanus, cocrapisionas 90 u 120 MMHYT, HEYK/IOHHO YBe/TN4MBa/Ia MHTEHCUBHOCTD STUX
nuHnit, ocobeHHo mpu 1730-1650 cMm™', YTO TO3BOJISAET MPEAIIONOXUTh, YTO 0Opa3oBaHMe
(YHKIVIOHAIBHBIX TPYNI KeTOHA, aIbfileruja M KapOOHOBOJ  KUCIOTBI  ABJIAETCA
npeobnagaronum [46].

WexogHeit npogykr

30 MuH.

60 MuH.

90 MMH.

120 MuH.

I I i I I I
2000 1800 1600 1400 1200 1000 800 600

Boanosoe uncio (em™)

Puc. 17. IK-Dypbe-ceKTphl CBE>XEIPUTOTOBIEHHOTO VICXOXHOTO IPOAYKTA U CTaOM/IM3MPOBaHHOTO IPOAYKTa B
BIIfIe Me30(asHBIX YIIIEPOMVCThIX IpaHy I (6e3 TexHIIecKkoro yriaepopa) npy 270 °C B pasHble MOMEHTBI BpeMeHH [46].
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8.2 Memoo 'H AIMP-cnexmpockonuu.
B pabote [43] 6pin mpoBepen anamm3 'H SIMP-cnektpoB st Me30odasHBIX IIE€KOB,
HOTy4eHHBIX MoayduKanyeil monuctTuponoM. B Tabmmue 1 npusenens! fanubie IMP-ciekTpoB

B 3aBUCMMOCTH OT COAEP KaHNA KOMIIOHEHTOB B MICXOOHOM ITPOAYKTE U pOCTa M€30(b213b1.

Ta6nuua 1. Ananus ganssix no 'H IMP-crexTpockonuu Ajist Me30(a3HbIX IIEKOB IIONYIeHHbIX 13 y+[-ppakuyn
¢ mobaBkamm moyuctupona, rae MII-0 — mek 6e3 mo6aBox monmucrupona; MII-5, MII-10, MII-15, MII-20 -
Me30(asHbIe eKN, TOTyJIeHHbIe ITyTeM F00aBIeHNns K ICXOFHOMY ChIpbio 5, 10, 15 n 20% nomuctupona. [43].

HasBanue Hag, % H,, % H;, % H,, %
MII-0 88,0 4,4 6,4 0,9
MII-5 84,0 4,5 10,6 0,9
MII-10 81,4 8,7 9,7 0,8
MII-15 78,9 14,2 6,0 0,4
MII-20 66,7 16,0 16,8 0,5

C nmomourpio 'H IMP-criekTpockonuy 6bUIN OIpefe/ieHbl MOJIEKY/IsIPHbIE COCTABBI 110
XUMUYECKOMy caBury: 6.5-9.5 m.m. - apomatmueckmit Bomopop (Hawr); 2.1-4.5 m.p. -
anmudarnyecknit Bogopox B monoxxenvu o (Ho); 1.1-2.1 m.g. - anmudarnyeckuit BOZOpox B
nonoxenvy 3 (Hp) m 0.5-1.1 m.p. - ammdatmyeckuit Bojopon B nonoxenun y (H,)
COOTBETCTBEHHO [42]. BupgHo, 4TO copepykaHMe apOMAaTMIEeCKOTO BOOPOJAa YMEHBINAETCA C
yBe/IM4YeHMeM IO/ NOIMCTUPOJIA B ICXOJJHOM BellleCTBe U € YBe/mdeHreM Me3odassl. OjHaKo
IIpY 3TOM IPOUCXOAUT yBenudeHue cogepxanusa H, n Hyg. BonpmmHCcTBO anKMIbHBIX rpynn
IpPefCTaB/LIM CO00Jl OT o-MeTWIeHa [0 apoMaTM4ecKux Korern [42]. DToT pesymbrar
cormacyercs ¢ pesynbraroM 1o VIK-cnexrpockonuu (puc. 16).

B pabore [42] wmeromom 'H SMP-crexkTpockommu OOHapy>KeHO CHIDKeHUe
VHTEHCUBHOCTY apOMAaTUYEeCKOTO BOJOpOAa Ipu yBemmdeHny Mesodassl ¢ 50 no 98%. Ilpu
copep>xaHuy Me30(asbl 98% NPOMCXOAUT YMEHbIIeHNEe apOMATIYECKOTO BOJOPOAA U POCT
cofiep>kaHus  anmmpaTYecKoro BOLOpPOfia B [-IONOXEHUM B CPAaBHEHMM C VICXOJHBIM
M30TPOIIHBIM IIEKOM, YTO MO>XET TOBOPUTb O pOCTe Ha(QTEHOBBIX CTPYKTYP /i Me30(pasHOTO

HaTATMHOBOTO TIeKa.

8.3 Memoo cnexmpockonuu xombuHayuorHozo paccesiusi (KP-cnekmpockonuu,).

[IpoBesieH aHa/MN3 MOJIEKY/IAPHOI CTPYKTYpbl Me30(a3HBIX CMHTETMYECKVX IIEKOB Ha
ocHoBe Hadranmmua merofoM KP-cmekrpockonuu [49]. Habmroganach MHTEHCUBHAS JTMHUSA
npu 1580 cm™ (monoca G st rpaduta) u 6ompinas nonoca D (medext) mpu 1350 cm™ [49].
Taxoxe Habmoamch muHuM 1609, 1248, 1288 11 1376 cM ™!, KOTOpBIE MO>KHO OOBACHUTD 0C0601
CTPYKTYpOIl Me30()a3HOTO I1eKa ¥ 0OCOOEHHOCTAMIU CBIPbs, 13 KOTOPOTO OH 0BT IIO/Ty4eH.

B pa6ote [50] nposenen ananus KP-criekTpos Me3odasubix nekos (MP, MP-10 u MP-20),
HOJTy4eHHbIX TepMoobpabdoTkoit mpu T > 400 °C mpoaykTa Ha OCHOBe IIeKa V3 STUIEHOBON
cMobI ¢ fobaBkamu nonuctuporna. [To Mepe yBenmueHus: K06aBOK yBeIMYMBAJICS MPOLEHT

coziep>kaHusA Me3odassl B reke. Ha puc. 18 mpepcrasnensr KP-criekTpbl Me30(a3HbIX ITEKOB.
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Puc. 18. KP-criextps! 711 Me3odasupix ekoB MP (6e3 ob6asok), MP-10 (10% mobasox), MP-20 (20% mob6asok) [50].

Ha puc. 18 nabmiogaercs nonoca G oxkono 1600 cM' u mmpoxast ClIOXHas I10/10Ca,
nexxamras Mexay 1150 u 1500 cm™', 0ObIYHBIN {Uala30H BOTHOBBIX 4yices s monocel D [50].
OTtHOCUTenbHasg MHTEHCUBHOCTD Mooc D n G coctaBnset 4.136 gna MP, 6.417 ona MP-10 n
7.272 st MP-20, a mmpuna nonocst 1600 e (puc. 18) nis MP, MP-10 u MP-20 cocrasrnsier
npumepHo 45, 75 u 85 (puc. 18) coorBercTBeHHO. Pesynbrarel KP-criekTpockonmy okasbIBaoT,
4TO B Me30(as3HbIX mekax MP-10 u MP-20 6onb1e anknibHbIX rpym, yeM B MP [50].

O6c¢cyxaenne

CornacHo ganHbIM VIK-crieKTpocKomnmm, MOJeKy/IsApHaA CTPYKTypa IeKos [2, 8, 15, 16, 21]
COJIEP>KUT B OCHOBHOM apOMaTUYeCKIIe COeTHEHSI C MEHBIINM COfiep>KaHueM anndaTnvecKux.
Hannble VIK-cnekTpockonuy nofreepxanTca faHHbIMu AMP-ciekTpockonum.

Ycranosneno merogamu VIK n IMP-cnekrpockonmi, 4To He(TAHbIE IEKV CBA3YIOIye
UMeIOT HI3Koe cofeprkanme [TAY cormacHo uccnenoBanmsm (2, 28]. [laHHbI HaKT MOATBEP>KIAETCS
UCCTIEeIOBAaHNAMY, TIpOBeleHHbIMU B [34], THe MeTojaMM MacC-CIEKTPOMETPUM B
COBOKYHNHOCTM ¢ Y@-CIeKTpOCKOmMell IOKa3aHO, 4YTO HeTsHble IIeKM MMeIU HU3KOoe
cogep>xanne ITAY no cpaBHeHMIO ¢ KAMEHHOYTO/IbHBIMY IT€KaMM CBA3YIOLIVIMIL.

B paborte [16] mexu, monydeHHbIe MoauduKalyeil GopManbaerngoM, OeH3amIbAeTNIOM I
¢bypdonom, B KOTOPBIX OIS apOMaTHYECKNX COeAVHEHNI YMEHbIINIACh, 3aTO YBE/INYMIOCh
YICIO  TUPOKCMIBHBIX M KapOoKcwibHbIX  rpymm.  CorylacHO — MCCeOBaHUAM
VIK-cnekTpockonmy, MOJIEKy/IsApHass CTPYKTypa MOAMQUIVPOBAHHOTO IIeKa MMesia
MOCTMKOBYIO CTPYKTYPY U COOTBETCTBOBa/a CTPYKType deHonbHOo cMombl. PeHonsl un [TAY
BXOJAIllME B COCTaB IIeKa BCTyNalM B peakUVI0 IOAMMEPU3ALMU C aNbJerujaMu ¢
obpasoBaHNeM B KOHEYHOM MTOTe (eHONbHBIX cMO [16]. [laHHBIT MeTOom MopmduKamun
MO>XHO JCIIONb30BaTh, I IIOJIy4EHMA CBA3YIOLIETO CO CHVDKEHHBIM —COMlepKaHMEM
6ens[a]nupeHa.

Ina meka mocme HuskoremmeparypHoro (250 °C) TepMOOKMCIEHNS, COTI/IACHO
VK-cniexTpockomnuy, Habmogancs pocT MHTEHCUBHOCTEN IMHNI, CBA3aHHBIX C MOJIEKY/IIPHON

crpykrypoit ITAY [21]. CHuxeHue WMHTEHCHMBHOCTM JAaHHBIX JIMHMII HAOIIONANIOCh IIPU
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MOIMQUKAIVMM TeKa aHTPAlleHOBON (paknuy ¢ JaJbHENIINM HMU3KOTeMIIepaTypHBIM
TepMOOKUCIeHreM [21].

Insa wmccnemoBamms coctaBa ITAY mnpumeHAOTCA XpoMaTorpaduyueckye MeTOHbI
aHamm3a. C IOMOMIBI0 XpOMAaTOrpaMUecKMX MeTOHOB aHaaM3a YCTAaHOBJIEHO, YTO
3¢ (deKTUBHBIM METOJOM CHIDKeHMs OeH3[a|mmpeHa ABIAETCA METOJ, HU3KOTEMIIEpaTypHOTO
OKIICTIEHUA CpeJHETEeMIIepPAaTYPHOTO IIeKa, Ifie YPOBeHb COofiepKaHMA OeH3[a]mmpena Moxxer
cHKaTbea Ha 90% [30]. IlpenmonoxuTenbHoO, Ipy TeMIieparype TepMmookucnenns go 300 °C
IIPOMCXOAMIO paspylleHye MoIeKyl OeHs[a]nmupeHa i ero oTjeneHye BMeCTe C JIETYIUMU
BellleCTBAaMM I JIETKMMM KOMIIOHEHTAaMM IIeKa WIM CMOJIbI, TeM CaMbIM CHIDKas ero
cofiep>kaHle B KOHEYHOM IIPOAYKTe.

KamenHoyronbHbIle mekyu, MopuduuypoBanHble [, MMeny TeHAEHIMIO K YBeINYEHUIO
ammnTynsl B criekrpax JIIP (puc. 7). 91oT 9 deKT MO>KHO 0OBACHUTD TeM, YTo I, AB/sAeTcs
JIOHOPOM 9JIEKTPOHOB, ¥ IIpM YBeIMYEHUM BpeMEHM HarpeBa IPOUCXOAWIA OTAaYa UX
MOJIEKY/IaM IIeKa C IIOMydeHMeM pas3IMYHBbIX PaJUKaloB, 4MCIO KOTOPbIX YBEIMYMBAIOCD,
0 4eM CBUJIETe/TbCTBYET POCT aMIUINTY/bI U mpuHbI criektpa IIIP (puc. 7). Ilpu pocre uncma
HeCIIapeHHBIX 37IeKTPOHOB YMEHBIIAJIOCh BpeMsl pe/laKcalliyl ¥ IPOUCXOAU POCT AMIUIUTY bl
OIIP-cnexrpa (puc. 7). Ilex 6e3 Mopmdumkarmit ¥Men HUSKyI0 aMIUIMTYRy crekrpa OIIP, a
mypuHa crexrpa 6suta 0.6 MT [15].

YcTaHOBIEHO, YTO [AJA 3MEeKTPOJHBIX IIEKOB B MX MUKPOCTPYKTYpe OTCYTCTBYIOT
Me3odasHbie cdeprl. MesodasHbie cepbl M UX pOCT HAOMIOFAOTCA MPU TEPMUYECKON
obpabotke mekoB npu T > 400 °C. CornacHo manubiM POA, IMP, K, KP-ciekrpockomnmit
POCT Me30¢asbl B IIEKe COIIPOBOXKAA/ICS YBEIMYEHNEM COfIeP>KaHNA apOMATUIECKOTO yITIeposa
un amdarndeckoro Bopopona. Hampumep, mpu yBenmmdeHuyu [o0ABOK IOMMCTHPONA K
y+f-dpakuymy meka MpoONCXOAWIO HOsBJIEHNE ITOTTHOLIEHHOI 00 beMHOI Me30dasbl (puc. 14).
[Ipu 3TOM IIPONCXOANIIO M3MEHEHMe MOJIeKY/IAPHOM cTpyKTypbl. CormacHo VIK-cekTpockomnm,
NpPOM3OLUIO yBe/IMYEH)ME WHTEHCMBHOCTV JIVHWMII, CBSI3QaHHBIX C aIMQaTHYecKuMu
COEIVIHEHUAMM, 4YTO Koppenupyerca ¢ pAaHHbiMu SMP-ananmsa. YBemmuenme duciaa
a/mMQaTNIecKyX IPYII, 10 CPABHEHNUIO C QpOMATIYEeCKVIMI TPYIIIIAMU, MOXET OBITb CBA3aHO C
B/IMSHVEM MOAM(UIVPYIOLINX KOOABOK K MCXOLHOMY IIEKOBOMY NPOAYKTy. B pesynbraTe
MIPO/IN3a MIPOUCXOANIO OTHEIeHNe MOJIEKY/T IIOMUCTUPOa (A/IKMIa M MMPOYNX PAfNKAIOB) U
IpUCOeVHEHMe WX K MOJIEKyJIaM IIeKOBOTO IIPOAYKTa BO BpeMs TepMOOOPaOOTKIL.
BONBUIMHCTBO OTHENMMBIINXCA PAMKANIOB MOTYT IPEACTAaBIATb €000 CTPYKTYpbI OT
a-MeTWIeHa [0 apoMaTudeckux kKojen [43]. C yBemuueHyeM HOGaBOK YBeIMYMBAIOCH
coziep>kaHue amndaTndIecKkoro Bogoposa, cornacHo SIMP criektpam. MO>XHO IpefIIONIOXKUTb,
YTO Ha/In4ye 60/IbIIETO KOMNYeCTBa aIKWIbHBIX I'PYIIIL 11 IPYTYX pagyKanoB popMupyer 6osee
TeCHOe B3aVMOJENICTBME C HU3KVMMU MOJIEKyJTaMy Me30(a3HOrO IleKa ¥ Y/IydlIaeT ero
XapaKTepUCTUKN. Mo3san4yHas CTPYKTypa B IleKax 6e3 1o6aBok [43] mosBisack Ipyu HarpeBe
KaMeHHOYronbHOro neka go T = 430 °C. B VK -crextpe n/1s 1mexa ¢ MO3a9HONM CTPYKTYPOI
(puc. 16) nabmopmaercs nmuams 2920 cMm™!, KOTOpast OTHeceHa K anudaTnIecKoil BaJeHTHO
nonoce C-H, takxke npucyrcryoT C=C (mmx npu 1600 cm™, puc. 16), mMHNM B MHTEpBase OT
700 o 800 cm™ (puc. 16), KOTOpble B OCHOBHOM CBSI3aHbI C M3TMOAIONIMY KOTeOAaHUSAMU B
apoOMaTIYecKoil CTpyKType. Takxke mpucyrcTByer muHUA okono 1400 cm™ (puc. 16), koTopas
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CBsI3aHa C M3rNOAILIIMIU KoebaHUAMM annupaTUIecKoil CTPYKTYpbl. MO>KHO IPEATIONOXKNTD,
YTO IIpY HOTy4eHUN Me30(a3HOro Ieka Oe3 MCIOIb30BaHNA HOOABOK BO BpeMs HarpeBaHMs
neka 7o 430 °C nmpoucxoanso 3apoxxerne Me3odasbl B MI3OTPOIIHOI CUcTeMe 6e3 IMOsABIeHNS
KPYTIHBIX cdeponmmuron n IIOJIHOTO CTPYKTYpPHOTO «PasyNnopAROYMBAHNAY.
[IpenmonoXnTenbHo, IpY JAaHHBIX YCIOBUAX B M3OTPOITHON CUCTEME IIPOMCXOAUT IOSAB/IEHNE
3apogppleil Me30¢aspl, KOTOpPbIE, IO-BUANMOMY, IePeXOAAT B C(hepOonMnNThl ¢ HEZOCTATOYHO
KPYIHBIMY pasMepaMy ¥ HAXO[AIMECS Ha OIIPEe/IEHHOM PacCTOSITHUM pyT oT fpyra. ITo mepe
yBenu4ueHys teMmiepatypsl Boiie 400 °C maHHBIe cepOoInUThI KOATECLUPYIOT MEXAY CO00iT 1
00pasyloT MO3any4HyIo CTPYKTypy. [Ipu BBeieHMM 06aBOK € OCIeAy0lell TepMO0OpabOTKOI
IPONMCXOMUT yBe/IMYEHNe YNC/Ia Me30Te€HOB, IOBBIIIAETCS YMC/IO CPEePOTNTOB U UX pasMephl.
[Tpoucxomgut uX KOAleCleHIMsl C MOsB/IEeHNEeM C IIOTHOLIEHHOI 00beMHOI Me30(dasHOoI
cTpykTypoli. IIpu 3ToM MeHsAeTcA MOJEKY/IApHasA CTPYKTypa I€Ka, YBEIMYMBAETCA YMUCIIO
amnpaTNYecKNXx COeAVHEHNUN, IPUCOeAVHEHHbIX K apOMAaTUYeCKUM  COe[VHEHVIAM.
AHanOrMYHBIN pe3ynbTaT Habmogancs npy Moandukanny HeTAHOTO MeKa IMOMIUCTUPOTIOM C
nocnenyoeil  Tepmoodpaborkoit B [50]. Taxxe cormacHo [41, 42], poct Me3odasbl
COIIPOBOXXAJICA YBETNYEHVIEM BTOPUYHON o1-PpaKLUL.

Me3odasHblit ek M3-3a MAKCYMAIBHOTO COfiepKaHMs o;-ppakiyy u MakcumanbHoit Ty
He MOXXET IIPUMEHATbCA B Ka4eCTBe CBA3YIOIIEr0, HO MOXKET IIPUMEHATCS B KauecTBe ChIpbs
JUISL TIOJTy9€HV S UTOTbYaToro Kokca [50].

3aknrouyenue

[IpencraBneHa uHpOpMaUMs O MOJEKY/IAPHOM CTPOEHUM PAa3INYHBIX II€KOB U3
IOTyYeHHBIX paHee B paboOTax SKCIIEPMMEHTATbHBIX AAaHHBIX ¢ momouipio VK-, IMP- un
OIIP-cniektpockonun. C nomompoo IIIP-cieKTpocKommMM  YCTaHOB/IEHO, YTO  IIpU
TEPMOOKVCIEHNN TPOVCXOANT yBeTMIeHNe YMC/Ia TApaMarHUTHBIX LIEHTPOB B ITeKe, 0COOEHHO
OO0/IBIIOI POCT NMApaMAarHUTHBIX L[EHTPOB INPOUCXOAWI B (-Ppakiyuy. YCTaHOBJIEHO, YTO
3¢ (dexTUBHBIM MeTOROM ompefienieHMs comepyxanns [TAY sapnsgerca xpomarorpadudaecknit
MeToJ aHanm3a. VI3 ananmsa 1MTepaTypHBIX ICTOYHMKOB OIIpe/le/IeHa BO3MOXKHOCTD CHVDKEHIA
comepxanus OeHs[a]mMpeHa B IleKe MeETOJOM HM3KOTEMIIEPAaTyPHOTO TEPMOOKNICICHNS.
Paccmorpensl MeTompl MAeHTUUKAIVM Me30(asHO CTPYKTYyphbl IeKa ¥ MUCCIefOBaHMSA
MOJIEKY/LIPHON CTPYKTYpPBI Me30(a3HbIX IIEKOB.

POuHaHCHUpOBaHUeE

Pabora BbImonHeHa B paMkax rocypapcrBeHHoro 3amanuss OIBHY «®DepepanbHblit
MICCIIER0BATENbCKNN LIEHTP YITIA U YITIEXUMUU Cubupckoro otnenenus Poccuiickoit akageMun
HayK» poekT N 124041100047-4.

Kon¢dnukr naTepecon

ABTODBI 3asB/IAIOT 00 OTCYTCTBMM KOHQIMKTA MHTEPECOB B (DMHAHCOBOI MU KaKOJi-
mbo nHo cepe
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Annomayus. Cmamovs NOC6AUEHA UCCTIE008AHUI KOOPOUHAUUOHHO20 COLOUHEHUS
naumana(Ill) ¢ 8-oxcuxunonunom. B pabome nodpobHo onucana memoouxa

CuHmesa, pesynvmamom KOMopo2o cmano nonyueHue

MenKokpucmannudeckozo ocaoka. IToomeepsoenue cmpykmypul u xapaxmepa

Heenmoeo

Koopbuﬂauuu AU2AHOA C UOHOM Memasia npoeobu;zocza Kak ¢M3MKO-XMMMH€CKMMM

memooamy  (7eKMpoHHAST U KonebamenvHAS — CNEKMPOCKONUs), max U

(MOPAC//PM?7).
ONeKMPOHHAS CNEKMPOCKONUA 3APUKCUPOBANA SHAYUMENbHDLE  6AMOXPOMHBLTE

NOySMAUPUYECKUMU — KBAHMOB0-XUMUYECKUMU — pacyemami
cosue (AA=72 Hum), 4mo yKasviedem HA 06pPA306AHUE YCIMOU1UE020 KOMNAEKCA.
Hccnedosana sasucumocmv ycmotiuusocmu xomnnekca om pH cpedvl, evisenen
onmumanvHolid ouanason pH = 7.0-8.0. Teopemuueckas uacmv uccnedo8aHus
BK/IIOUANIA  K8AHINOBO-XUMUYECKOe MOOenUposanue, NO360NUBUIee He THONLKO
oueHumMb nepepacnpeoenienue 71eKMPOHHOL NIOMHOCHU, HO U 6U3YANUZUPOBAND
ONMUMUSUPOBAHHYI0 2eoMemputo  Mmorekynvl. OmoenvHoe 6HUMAHUE yOesleHO

KOMNDIOMEPHOMY — NPOZHOZUPOBAHUI0  OUONIOZUYECKOL  AKMUBHOCMU U
papmaxoxunemuueckux napamempos (ADME-Tox), komopuie céudemenvcmayiom
0 NOMEHUUANLHOTI UEHHOCINU CUHME3UPOBAHHO20 KOMNIIEKCA KAK NepCneKmUBHo20
COeOUHEHUS ¢ MOOUPUUUDOBAHHDIM U YIYHUEHHbIM Npodunem OUOI0UUECKO20

Oeticmaeus.

T nuTHpoBaHMA:

IIy6una A.A., Opnosa T.H. Kommnekc manTana(Ill) ¢ 8-0KCMXMHONMMHOM: CHHTe3, CIIeKTpaJbHbIe CBOMCTBA U

npoduIb 610I0rMIecKoil akTuBHOCTY // OT XMMMY K TeXHONOIMY 1ar 3a marom. 2026. T. 7, Beim. 1. C. 31-42.
URL: https://chemintech.ru/ru/nauka/issue/7073/view

BBenenne

8-OKCUXVHO/VH (8-XVHOIMHOI) — aCMMEeTPUYHBIN IIeCTUYWIEHHBIN KObLeBOi mrasy [1],

OOMH N3 Hanbojee U3BECTHBIX YHUBEPCAIPHBIX XE€MAaTUPYIOIINX ar€¢HTOB [2], qacTo

IpVMEHSAEMBbIX B aHAIUTUYeCKOl npakTuke [3], doToHuke u gorodusuke [4]. bugenraTno

KOOpAMHUPYSACh ¢ moHamy Metamwios (Cu?**, Be*, Mg*, Bi’*, Ni** u gp.) uepes kmcmopop

TUZIPOKCVU/IBHOJ I'PYIIIBI U a30T XMHONIMHOBOTO IUK/IA [5], OH 0Opa3yeT OueHb YCTOIYMBbIE

© A.A. llly6una, T.H. Opnosa, 2026
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KOMIUIEKCHBIE coefnHeH N [6] (cM. cxemy 1), morapmdm KOHCTAHT YCTOYIMBOCTY (B 3aBUCHMOCTH
ot pH, ncnonb3yeMoro pacTBOpuTeEs) KOTOPBIX MOXKET focTurath lg § = 20-22 [7]. Bonee Toro,
Hamure (eHONbHOM TIPYyNIbl IPUAAET 8-OKCUXMHONMMHY BBICOKYIO PEaKI[MIOHHYIO
CIIOCOOHOCTD B 3/IEKTPOPIMIBHOM apoOMaTMYeCKOM 3aMelleHuy [8], [MasoTMpOBaHUU U
BO3MO>KHOCTb y4aCTIsI B IIeperpynnmpoBkax [9].

n-1
Mn++ \ >
—
N7 N
L N+
H —M

Cxema 1. KOMHTICKCOO6paBOBaHI/Ie 8-OKCUXMHOJIMHA C MeTa/IJIAMN.

BolpakeHHas XenaTupymolas ClIoCOOHOCTD MpefoIpeie/nIa MHTEpeC McCIejoBarTene
(HavaBumitca ¢ XX Beka K M3Y4YEHMIO OMOTOTMYECKMX CBOVICTB HAHHOTO JINTAHJA U €ro
kommiekcoB) [10]. Hambomee w3ydeHHBIMM ABIAIOTCA €0 HPOTUBOIPUOKOBBIE U
aHTMbaKTepuanbHble cBoVicTBA [11]. [laHHasA CIOCOOHOCTD OOBACHAIOTCS CBSI3bIBAHNEM MIOHOB
MET/I/IOB, ABJIAIINXCA KO(PAKTOpaMy MUKPOOHBIX (PepMEHTOB, B YCTONYMBBIN KOMIUTEKC
[12]. Takum o6pa3oM, 8-OKCUXMHOMMH ¥ €ro IPOM3BOAHbIE IMIMPOKO IPUMEHSIOTCA B
MeUIIMHE B Ka4eCTBE MECTHBIX aHTUCENTMKOB [13], a Tak)Ke B CEIbCKOM XO3SCTBE — IS
3aIMTBI pacTeHui [14].

Y4YeHBIMU COBPEMEHHOCTH 8-OKCUXVMHONVH U €T0 KOMIIEKCHI OLIEHMBAIOTCS B KayeCTBe
IepCIEeKTUBHBIX IIPOTUBOPAKOBBIX IIpeIapaToB, areHTOB IIPOTUB BUpPYca MMMYHO[epUIINTA
Ye/loBeKa, JIeMIIMaHmMo3a ¥ mmcrocomosa [15]. Hecmorps Ha TO, 4TO McClIemoBaTensaMm
PasHBIX CTpaH 9KCIIEPMMEHTATbHO HAO/MIOfjaach aHTUOAKTEpUANbHAS U LUTOTOKCUYECKAs
aKTVBHOCTb KOMIUIEKCOB IIEPEXO/IHBIX 3/IEMEHTOB C 8-OKCUXVHOINHOM U €TI0 IIPOV3BOJHBIMU
[16-19], Bommpoc B3aMMOMENCTBIS COeUHEHNS] C KOHKPETHO OMOTOTMYECKOI MUIIEHbIO Ha
JlaHHBIVI MOMEHT M3y4YeH HeJJOCTaTOYHO.

ITens pa6oTbI

[lenplo JAaHHOTO MCCIENOBAaHUA ABIAETCS CUHTE3, MCCAEJOBAaHME CIIEKTPATbHBIX I
AQHAIUTUYECKUX XapPaKTePUCTUK ¥ TPOPWIA BO3MOXHON OMONTOTMYECKON aKTUBHOCTYU
komrurekca La(Ill) ¢ 8-OKCUXMHOMMHOM.

IKCIepUMeHTAIbHAs 9aCTh

Insa cuHTe3a mccneyeMoro COeVHEHMA VICIOIb30BaHbl PEAKTUBBI: M3OIPONNIOBBIN
cpt x.4. 99.8% (AO «39KOC-1»), 8-okcuxuHommH x.4. (AO «JlenPeaktn»), nmaHTaH
A30THOKUCIIBIN 6-BomHbIN X.4. (AO «JIenPeakTns»).

Meropuka cunTte3a kommiekca La(III) ¢ 8-okcuxmHommHoM. 0.43 T HUTpaTa TaHTaHA
(III) pactBopsiim B 5 M/I AUCTWUIMPOBAHHON BOABI IIPM IIOCTOSIHHOM MarHUTHOM
nepeMemmBaHuu. B momydeHHbnt pactBop mnpubaBwm  0.14 1 8-OKCMXMHONMNMHA,
Ipe/IBAPUTENbHO PACTBOPEHHOTO B 5 MJI M3ONpPONMIOBOrO crnmpra. Yepes 2-3 MUHYTHI
HaO/II0/ja/IN BBINIA/IeHMe >Ke/ITOTO METKOKPUCTA/UINYECKOTO 0Ca/IKa, KOTOPBI OTQIIbTPOBAIN
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I IPOMBIIN AMICTM/UIMPOBAHHOV BOJJOM ¥ M30TIPONM/IOBBIM CIIMPTOM, IIOC/IE YETO BBICYINMBAIIN
B CYIIMIbHOM IIKady B TedeHne 2 4 npu 60 °C. Macca mpoaykra — 0.19 1, BbIXoz cocTaBuI 68%.
ITonyuenHoe coepuHenme nerko pacrsopumo B JIMCO, IM®A, anieTOHUTpUIE, YMEPEHHO — B
x10podopMe, O4eHDb MAIO PACTBOPUMO B AMCTVUIMPOBAHHOM Bofie U aTaHoie 96% [20].

OcHOBHasA 4acTh

ONeKTpOHHBIE  CIIEKTPBI  3amMcaHbl Ha  cnekTpodoromerpe IID  5400-YO
(OO0 «9KPOCXVM»), nudpakpacHsie — Ha npubdope Spectrum 65 (Perkin Elmer).

Nurepnperanua panHbix VIK-cmekTpoB (cM. pmc. 1, 2) mokasama OTCYTCTBME Y
HOTy4eHHOTO coefiuHeHns muka B 3047 cM™!, COOTBETCTBYION[ETO TUIPOKCI/IBHOM IPYIIIIE, YTO
HOJTBEPK/AET €€ Y9acTe B KOOpAMHALuM. B criekTpax mmraHzia u KOMIUIEKCa IPUCYTCTBYIOT
¥ KJIIOYeBbIe II0/I0CHI XMHOIMHOBOTO sifipa B 1620-1940 cm™! a1 BaseHTHBIX Konebanumit C=N,
C=C, a TakKe BHEIUIOCTKOCTHbIe apomarmdeckue konebanus C-H B obmactu 900-650 cm™.
Bosnee moppo6HbIil CpaBHUTEIBHBIN aHATN3 TIPE[ICTAaB/IeH B Tabnuie 1.

102-
1004

B \

%HT
@ o
= 2
/
e
.
—
—
p——
T

1H

400 3500 3000 2500 2000 1500 1000 600
cm-1
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Puc. 2. VIK-cuektp komiekca La(III) ¢ 8-okcuxmnHonmMHOM
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Ta6muna 1. Bonnoseie uncna Ha VIK-cnekrpe 8-oxcuxunonnua u kommtekca La(I1l) ¢ 8-okcuxmHonmmHOM

Koneb6arenbuas
Mofa

BomnHoBbIe Ynicna
JIMTaHza, cM!

BonHoBbie uncna
KOMIIJIEKCA, CM !

MuTepnperanusa

1244.9 (BbicOKas

KoopauHauusa yepes —OH ¢

v(C-0), peHonbHBII 1233.8
MHTEHCUBHOCTD) IeNpOTOHMPOBaHMEM
y4acTye reTepoluKInieckoro N
C=N, v(C=C) 1624.8 1600.5 XMHOJIMHOBOTO AApa B KOOPAMHAIINY;
repepacIpefieNieHre 3J1eKTPOHHOI INIOTHOCTH
cocemHue
nepepacIpefie/ieHIe 3apsi0B B XIHOINHOBOM
apoMaTuMyecKue 1592.3;1579.2 1600.5; 1569.0
siipe Ipu 06pa3oBaHMM KOMITIEKCA
MOJIBI
3047.1 (cpennssa IIO/IHOE
O-H (cpen KooppuHanys yepes ~-OH
MHTEHCUBHOCTD) MCYe3HOBEHIE
0071aCTh OTIIEYAaTKOB
nanbles, La**-0, 636.9 657.0 MpU3HAaK CBA3Y «MeTa/I-TUTaH»

La*-N

JIOTIONTHNTENIBHO CTPYKTYpHBIE M3MEHEHNs, Ipousoulenune npyu gobasrenuy La** B

PacTBOp, MO TBEPIKAIAET 3TEKTPOHHBIN CIIEKTP (CM. puc. 3): HabII0gaeTCs 6ATOXPOMHBIN CIBUT

€ Amax1=307 HM J10 Amae=379 HM mpy 06pasoBaHuy KoMIutekca. Takum ob6pasom, obpasoBaHume

KOOPIVHAIIVIOHHBIX CBSI3ell yMeHbIIAaeT 3HepreTMdecKyio Iienb Mexay B3MO (BepxHeit

3aHATON MOJEKyIsApHON op6urtanpio) 1 HBMO (HmKHell BaKaHTHOJM MOJIEKY/ISIPHON

OP6I/ITa}IbIO), 9TO COIPOBOXIAETCA BOSHMKHOBEHMEM II0JIOC IIEPEHOCA 3apAla.

0,3 -
0,7 -
0,6 -
0.5 -
0,4 -
0,3 1
0,2

0,14

0

280

330

380

A, HMm

430 480

Puc. 3. OnekTpoHHBI CHeKTp 8-okcuxmHomuHa (KpuBast 1) u komiutekcHoro coepguHenus La(Ill) c

8-OKCUXMHONMHOM (KpuBas 2).

MCTOI[OM MOJIAPHBIX OTHOIIIEHUIL YCTaHOBJIEHO KOOPAMHALIMOHHOE YMC/IO KOMIIIEKCA

nantada (III) ¢ 8-okcuxmHommHOM. VicciemoBaHa 3aBMCUMMOCTbD ONTUYECKON IIIOTHOCTHU

pacTBopa Ha Amax=379 HM OT KoHUeHTpanuu nuranaa (Cp) mpy MOCTOSHHOM KOHI[EHTpaLnn

KoMIuiekcoobpasoBaress (Ck) — cM. Tabuiy 2.
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Tabnuma 2. A6copbums pacTBOpoB KomiiekcoobpasoBarenst (La’*) m nuranma 8-OKCMXMHONMMHA METOLOM

HAaChILIEHMS
Vv
Ne V pacrBopa La** pacrsopa n(La**):n(8-okcn- Vosuuits
8-OKCUXMHONMNHA V(H,0), mn A
U3MepeHUs C=0,01 M, mn XMHOMMHA), MOJIb MII
C=0,05 M, mn

1 1 0.2 1:1 0.8 2 0.432
2 1 0.4 1:2 0.6 2 0.836
3 1 0.6 1:3 0.4 2 1.108
4 1 0.8 1:4 0.2 2 1.159
5 1 1 1:5 0 2 1.161

Touyka OSKBUBaJIEHTHOCTM Ha Trpaduke 3aBUCUMOCTM abcopOLMM PacTBOPOB OT
COOTHOLIEHNA KOJMYECTB IMIAaHAA ¥ KOMIUIeKcooOpasoBatesns (cM. puc. 4) pasHa 3. Takum
00pa3oM, KOMITTIEKC 00pasyeTcsi B COOTHOIIeHNH 1:3.

0,8 -
0,6 -
0.4 -

0,2

0 T T T T T )
0 1 2 3 4 5 6

CooTHoweHWe "MeTann-nuraHg”

Puc. 4. Tpadux 3aBucumoctyt abcopOLMM PacTBOPOB, COEP)KALIMX JIMTAHJ U KOMIUIEKCOOOpAa3oBaTenb
n(La*"):n(8-okcuxmHonmua)

CnekTpooTOMeTpUYECKMM  METOfOM  OIpefe/ieH  [UAIa30H  YCTONYMBOCTU
KOOP/IMHAIIIOHHOTO COefiTHeHNA Ipy pasnnyuHbix pH cpepnpl. IIpuroTosneHa cepus pacTBOpoB
KOMIUIEKCA ~ 8-OKCUXMHONMHA TIIOCTOAHHOM KOHLEHTPAaLMM MCCIeAyeMOro  BelllecTBa
(C=2.1-10° M), pactBOpUTENb - OUAVCTWIIMPOBaHHAas1 Boja. bBydepHble pacTBOpHI ¢
TpebyembiMu 3HaueHysiMu pH B nuTepBane 3.0-10.0 ToTOBM/IM HAa OCHOBE MHAVMBUAYAIbHBIX
6ydepubix cucrem (ameratHoit — mias 3.0-5.0, ammmavHoit — i 9.0-10.0). B HeittpanbHO
obnactn (pH 7.0-8.0) nmpumMeHeHue 0OIIeOCTYIHBIX Oy(depHBIX CUCTEM ObUIO OTPaHNYEHO
BBMJy UX HeNpUrofHoCTV: aueTatHblil Oydep (pK. = 4.76) He obmagaeT KOCTaTOYHON
6ydepnoit emxoctsio npu pH > 6, a ammuaunsii 6ydep (pK. = 9.25) - mpu pH < 8.5 [21].
B unrepBane pH 6.5-8.5 sHaueHue pH noppep>X1Banoch nyTeM MpsIMOTO HOOAB/IEHMsT MaJIbIX
KonudecTs pasbasneHHbIx pacrBopos HCl i NaOH (C = 0.1 M) k ucciegyeMomMy pacTBopy,
copepxamemy ¢onosbill snekrpormt (KNOs;, C = 0.1 M). Konrpons pH ocymectssncs
NOTeHIMOMEeTPUYeCKMM  MeTofoM. IlonmydeHHBII pacTBOp  TepMOCTAaTUpPOBaIM  IIpU
temmneparype 25.0+0.1 °C B Teyenme 30 MMHYT I/ yCTAaHOBJIEHUSA PAaBHOBECHUSA, IIOCTIE 9ETO
OIIpefie/Is/IN 3HAUeHM I ONTUYEeCKOI IVIOTHOCTHL.
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VsMmepena abcopbuysa Ha Am=379 HM I KaX[OTO M3 PacTBOPOB, YMeHbIIEHUe
KOTOPOJ OTHOCUTEIBHO MAaKCHMyMa CBUJETEIbCTBYET O HM3KOW YCTOMYMBOCTY KOMIUIEKCA
npu faHHoM 3HayeHuy pH. [laHHbIe 9KcniepuMeHTa 000011eHbI B TabmuIe 3.

Tabnuma 3. A6copbums pacTBOpoB KommekcoobpasoBarens (La’*) m nuranma 8-OKCMXMHONMHA METOLOM
HAChILEHNs

Ne ipo6sr pH Bydepnas cucrema BydepHblit fuanasoH cucTeMbl A
1 3.0 AneraTHas 3.6-5.6 0.217
2 4.0 AneraTHasa 3.6-5.6 0.351
3 5.0 AneraTHasa 3.6-5.6 0.396
4 6.0 AneraTHas 3.6-5.6 0.547
5 7.0 pH ycrarosnen HCl umn NaOH - 0.671
6 8.0 pH ycranosnexn HCl unu NaOH - 0.699
7 9.0 AMmMMayHas 8.2-10.2 0.526
8 10.0 AMMMayHas 8.2-10.2 0.422

I'padux 3aBucumoctn abcopbumm ot pH 1 KomIiekca 1aHTaHa ¢ 8-OKCUXMHOMMHOM
MMeeT KOJIOK0/I000pasHyo ¢popmy (cM. puc. 5).
0,8
0,6
< 04
0,2

0 T T T T T T T 1
3 4 5 6 7 8 9 10

pH

Puc. 5. T'padpuk saBucumoctu pH cpenst pacTBopa, copepskaujero kommiekc La(Ill) ¢ 8-0KCMXMHONMMHOM OT
3HaYeHNUA a6CopOUMM Ha Amax=379 HM

B xucnoi cpene xoHueHTtpauusa moHoB H* Bbicokas, M nmranj ImpOTOHMPYETCH, YTO
ABJIAETCSA KOHKYPUPYIOMIVM IO OTHOIIEHUIO K KOMIUIEKCOOOPa30BaHMIO IIPOL[ECCOM:

[La(C9H6NO)3] +3H*> L83+ + :")C9H7N()+

B menouHoii cpepe, HaunHas ¢ pH=8, HabmogaeTcs TeHAeHIMA K IUponu3y noHa La** u
00pa3oBaHMIO CHayajla MENKOAMCIEPCHOTO, a 3aTeM ¥ 0oJjiee KPYIHBIX arloMeparoB
ruppokcupa saHtaHa (III), 4ro Taxke HapymlaeT I[eIOCTHOCTb KOOP[MHAIVIOHHOTO
COeIVTHEHMUS:

[La(C9H6NO)3] +30H > La(OH);l + 3C9H5NO-

VccnenoBaHue 3aBUCMMOCTY yCTOYMBOCTY KoMIvtekca nanTaHa(I1l) ¢ 8-okcuxmnHomHOM
ot pH cpenpl BayKHO € TOYKM 3peHMsI EPCIEKTUB OMOMEIUIIMHCKOTO TPUMeHEeHMs TaHHOTO
coenuHenns [22]. Takum o6pasoM, MOXKHO MpeNCKa3aThb CTAOMJIBHOCTb U BEPOSTHOCTD
paspyLIeHus KOMIUIEKCa; IIOC/Ie[iHee IIPUBOUT K BBICBOOOKIeHNIO oHa La** n nuranpa, uyro
laeT BO3MOYXHOCTD IleJIeHaIPaB/IeHHO JOCTaBKM [23].

ITonyuyeHbl He TO/NBKO IpaKTUYeCKMe, HO U TeOopeTUdecKue JaHHble O
KoMIUIeKcooOpazoBauun. [IpoBeneHa omTtummsaiusi reomeTpuu (CM. puc. 6, 7), a Takxke
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KBaHTOBO-XMMIYECKUI pacyeT 3apAN0B U BEIMYMHBI SHEPreTNYecKoll mem Mexay B3AMO u
HBMO mnonysmnupuyeckum Mmerogom PM7 B mporpamme MOPAC [24]. Busyanmsanys
CTpyKTyp npoBoawiack B mporpamme ChemCraft v. 1.6. [25].

AE uramia=|Essmo-Enpmo|=|36.0628-30.8269|=5.2359 aB
AEommnecca=|Epsmo-Ensmo|=|36.0310-32.3806|=3.6504 oB

AEoémee: AEHMraHJ:[a' AEKOMI‘[HEKCa:1~5855 3B

6 14 |

2

. "N 12
¢ ¢ @ e

Puc. 6. OntuMusupoBaHHas reOMeTpuA MOIEKY/Ibl 8-OKCUXUHOMUHA: [epenee (C-H)=1.09 A, Lpemmee (C-C)=1.41 A,
I(0-H)=1.00 A, [(C-N)=1.37 A, /(H-O-C)=40.3°.

¢ ¢

Puc. 7. OnrummsmpoBanHass reomerpus kommexca La(IlI) ¢ 8-OKcMXMHOMMHOM: Ilpemee (C-H)=1.08 A,
Lepemee (C-C)=1.38 A, I(La**-0)=2.27 A, I(La**-N)=1.86 A, I(C-N)=1.41 A, /(O-La-N)=81.2°.

ViccnemoBaHue 3apAg0B Ha aTOMax 8-OKCUXMHOMMHA U €0 IPOV3BOSHOTO C TAHTAHOM
II0Ka3ajlo Iepepacrpefie/ieHNe 9JeKTPOHHON IUIOTHOCTM (Y4TO TaKXe IOATBEP)KJAAaeT
cpaBHeHMe JymH cBsaseit C-C — ux yMeHblIeHNe B ClIy4ae 00pa3oBaHMs KOOPAMHAIVIOHHON
CBSI3M C META/VIOM) ¥ KOOPAVMHAINIO He TOIbKO Yepes TUAPOKCIUIBHYIO TPYIIITY, HO U Yepe3 a30T
XVHOJIMHOBOTO KOJIbIIa (CM. JaHHBbIe TaOnuIbl 4): HabmogaeTcst 6ojiee OTPUIIATE/IbHBIN 3apsif
Ha asore (Aqn=0.453; Aqo=0.426) u mONMOXWTeNbHBII Ha faHTaHe (qu.=+1.359). Ilpm
JIeIIPOTOHVPOBAHNY JIUTaH/Ia 00pasyeTcsl yCTOMYMBOE XeTaTHOe COefIHEHNe.
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Ta6muna 4. 3apsiypl Ha 8-okcuxuHonuHe u komiviekce La(III) ¢ 8-okcuxmHonmHOM

JIurang Kowmrekc
Ne atoma

Tum aTroma 3apsan Tum aTroma 3apsan
1 C -0.271 C -0.300
2 C -0.068 C -0.077
3 C +0.292 C +0.393
4 H +0.156 H +0.150
5 O -0.448 O -0.874
6 C -0.226 C -0.252
7 C +0.012 C +0.010
8 H +0.161 H +0.158
9 C -0.013 C +0.040
10 H +0.182 H +0.175
11 N -0.373 N -0.826
12 C +0.054 C -0.042
13 C -0.218 C -0.144
14 C -0.103 C -0.197
15 H +0.174 H +0.119
16 H +0.167 H +0.153
17 H +0.163 H +0.157
18 H +0.358 La +1.359

AHanm3 mpodwist BO3MO>KHOI OM010rn4eckor akTuBHOCTH B iporpamme PASS Online [26]
IU1sE 8-OKCUXVHOJIMHA Y eT0 KOOPJVHAIVIOHHOTO COeIMHEHNA € TAHTAaHOM II0Ka3aJl CJIefyIolee
(cM. TabmuLml 5, 6).

Ta6mmma 5. AHanus Tpodus 6MONMOrNIecKoil aKTUBHOCTH 8-OKCUXMHOIMHA

P, AKTUBHOCTD
0.920 Muruburop rnukosmndpocdarnauminosuron pocdonunassr D
0.917 AnTucebopeitHoe feiicTBIe
0.910 Varuburop kapbOKCHUIIeNTIa3bl
0.910 Vuruburop my/mrynaHasbl

OueBUAHO, YTO 8-OKCUMXVMHONVH SBJISETCS XeMAaTUPYIOLUIVM areHTOM, ¥ OCHOBHBIM
MEXaHM3MOM aHTMOAKTepMaTbHOM aKTMBHOCTY NAHHOI MOJIEKY/IbI ABJIAETCSA CBA3BIBAHME
METa/UIOB, BXO[AILIMX B COCTaB AaKTUBHOTO LEHTPa JKM3HEHHO BAXKHBIX (EepPMEHTOB
MUKpoopranmamoB. Tak, kap6okcunentupassl (P.=0.910), musocraduubr (P.=0.884),
ny/rynadassl (P,=0.910) oxasbiBaloT aHTMOAKTepUanbHBI 3QQeKT 3a cyeT paspyLIeHVs
0e/IKOB WU YITIEBOJOB B KJIETKe, B TO BpeMsA Kak IMMKo3mipochardaTvaiIMHOSUTON
dochomunasa D (GPI-PLD; P.=0.920) otumierisier sAKOps, YAep>KuBamoljue Oenku Ha
MeMOpaHe. 8-OKCUXMHOMMH TakKe obOamaer aHTmcebopeitHOi akTuBHOCTBIO (P,=0.917),
B/IMASA Ha paboTy CaJIbHBIX XKeJe3.

Korza 8-0KCHXMHOMMH CBA3BIBAETCS C TAHTAHOM, TO MOJIEKY/Ia CTaOMIM3UPYeTCs 3a CYeT
PAacCMOTPEHHBIX paHee CTPYKTYPHBIX M3MeHeHmil. IIpoduap Omosmormdeckoii aKTMBHOCTH
CMelaeTcsi B CTOPOHY (GepMeHTOB aHTMOKcupaHtHou 3amutbl (P,=0.948 - riyraTnoH
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ToNMaCcTepasa, P.=0.920 — MoHOAerMapoackopbar peaykTasa) ¥ CUTHAIbHBIX O€/IKOB, BK/IIOYast
HUKOTMHOBBIE M alleTWIXo/MuHOBble perentopsl (P.=0.900). [lanHoe HabmogeHMe
CBUJIETE/IbCTBYET O CHIDKEHMM PESOKC-aKTMBHOCTM ¥ IIPOSIBJIeHMM Oojiee CeleKTUBHBIX
B3aVIMOJIEICTBUIT COeVIHEHNsI C O€/NKOBBIMM MUINEHSAMM IIPM YCIOBUM COXpPaHEHNs
IPOTUBOMUKPOOHBIX CBOVICTB VICXO[JHOTO JINTAHJA.

Ta6muna 6. Ananus npodus 6uonorndeckont aktuBHocTy komiiekca La(Ill) ¢ 8-okcuxmnHonmuom

P, AKTUBHOCTD
0.948 VIHrM6WTOp IIyTaTIOH THOMICTEPa3bl
0.932 Murnburop rmmkosmidbocdaruammaosuron pocdonumnassr D
0.920 Varuburop kapbOKCHUIIENTI a3bl
0.920 Vurnburop moHoperugpoackopbar penykrassl (HAIH)
0.907 VHrn6uTOp my/mIynaHassl
0.900 AHTaroHMCT HUKOTMHOBBIX M al[eTH/IXONMHOBBIX peliennTopos (a6PB3B4a5)

C wncrnonb3oBaHMeM MpOTpaMMbl [27] TIpOBefieHO WCC/IeOBaHNMe 3aBYCHMOCTHU
Koo puImenTa pacupesieeHNs1 B cucTeMe «oKTaHon-Bofia» (log P) or pH g xommiexca
JTaHTaHa C 8-OKCUXVMHONMHOM M JUIsl MCXOAHOro yuranpga (cMm. puc. 8). AHanmms rpadmkoB
GYHKIVM TIOKasal, YTO KOOPAMHAIVOHHOE COelMHeHMe obiafaeT 6ojee  BBICOKOI
61O[IOCTYITHOCTBIO B Ije/touHoI cpefe (pH=9-15) B cpaBHEHUY C MCXOZHBIM BeIl[eCTBOM.

2,25 -
> ] 1
1,75 -
1,5 -
1,25 -
1 2
0,75 -
0,5 +
0,25 -
0 . . —
-0,25 -
-0,5
01 2 3 456 7 8 9 101112131415

pH

Puc. 8. I'padux saBucumoctn log P ot pH cpepnpl i1 nuranpa (kpyBas 2) 1 KOMIUIEKCHOTO coeiMHeHMs (KpyBad 1).

C momomrpio cepBuca Swiss ADME [28] 00BekTbl MccnefoBaHUA IPOBEPEHBI Ha
OMO[IOCTYITHOCTb, OCHOBAHHYIO Ha psfe (OpMaIbHBIX KpurTepueB [29-30], mO3BOJAIOIUX
OLIEHUTb afCcOpOLMIO, OLEHKY IIOT€HIMaJTbHOIO JIEKAPCTBEHHOTO IIpelapara IO psAy
IIapaMeTpoB, B TOM 4ucae (papMaKOKMHETUYECKUX, cM. Tabmuuy 7. VI nuranp, M KOMIUIEKC
CIIOCOOHBI IIpeojjoieBaTh TeMaTosHIedammuecknit Oappep (I'DB), amcopbupyrorcs B
XKeTyLOYHO-KMIIEYHOM TPAKTe, COOTBETCTBYIOT Ipaswny Jlummucku, Bebepa, dtana. Mugekc
6ropmocrynmHoctn A660oTTa MMeer 3HadeHue 0.55, ofyHaKOBOe IS ABYX coefmMHeHmit [31],
YTO JOMOTHUTEIbHO MOATBep)KAaeT cobmogenne npasun JIummucku. Kommnekc La(IIl) c
8-OKCUXMHOJITHOM IIPOHMKAET Yepe3 KoKy Ha 0.76 cM/c ObIcTpee, YeM MCXO/HBIIT IUTaH].
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Ta6muna 7. Ananus npodus 6uonorndeckoit aktuBHocTy komiiekca La(Ill) ¢ 8-okcuxmHonmuom

3HaveHNe TapaMeTpa A 8- 3HaveHNe ITapaMeTpa A7 KOMIUIEKCa
[Tapamerp
OKCUXVMHOJIMHA La(III) ¢ 8-OKCUMXMHOMMHOM
MornexynapHas Macca 145.16 r/monb 283.06 r/momb
lactposnTepanbHas . .
Bplcoknit mokasarenb Bricoknii mokasarenb
abcopOrus
Crnoco6HOCTh IPOHMKATD N N
yepes I'9b
CKOpOoCTb IPOHNKHOBEHNA
pocth TP 5.75 cm/c 6.51 cm/c
yepes KOXy
CooTBeTcTBME IPAaBUITY N N
JIvnuHckn
QOunbrp 'oysa - -
DubTp Bebepa + +
OunpTp SraHa + +
OunpTp Mrosrre - +
VIHpieKc 6MOZOCTyITHOCTH
8 Oty 0.55 0.55
A660TTa
BriBonb1

Cunresupoan komiviekc La(Ill) ¢ 8-okcuxmnonmuom. Ananus VIK-cnektpos, a Takxe
(MOPAC 2016 // PM7)
KOOPAVHALVMIO MeTa/yIa C JIMTaHZOM 4epe3 (EHONBbHBIN KUCIOPOJ M a30T XMHOIMHOBOTO

JAaHHbIE KBAHTOBO-XMMMYECKUX PpacyeToB IIO/ITBEPIV/IN
Kombla. MakcuMyM IOITIOLIEHUA ITOIyYEHHOTO KOOPAMHALIMOHHOTO CO€NMHEHMA Ha
9/IEKTPOHHOM CIIEKTPe COCTABUT Amax=379 HM, BonmHOBble umcina Ha JIK-cmektpe:
v(C-0)=1233.8 cm!, v(C=C)=1600.5 cm!, v(Ar)=1569.0 cm?, v(La*-O, La*-N)=657.0.
JJonO/THNTENBHO yYacTye TETEPOATOMOB B KOOPMHALNMY TIOATBEPXK/IEHO 3MEHEHEM 3apA/a
B Xo0jie KoMIUleKkcoobpasoBaums: Aqn=0.453; Aqo=0.426. BenuumHa sHepreTM4ecKoil Ienn
cocraBuia AEqsue.= 1.5855 3B. VccnenoBanne 3aBucumoctyu abcop6bumm ot pH nokasasno, 4To
KOMIUIEKC Hamboree ycToituus B HeliTpanpHoil cpefe (pH = 7.0-8.0), uTo cormacyercs ¢ ero
X€IaTHOV NPUPOMON U YCTONYMBOCTDIO K TUAPO/IN3Y ¥ IPOTOHMPOBAHMIO. Y CTAHOBJIEHO, YTO
komiutekc La(Ill) ¢ 8-okcuxmHONMMHOM — Oojee CeNeKTMBHBI M IIOTEHIVATbHO MeHee
TOKCMYHBII aHAJIOT YICXOZHOTO JIMTaH/a, COXPAHAIOIINII IT0JIe3HbIe OMOXMMIYecKIe CBOJCTBA
CBOETO IIpeJIIIeCTBeHHIKA U 00/TaIaoI il YIydIIeHHBIMI (PU3MOIOTYeCKIMI TIapaMeTpaMI,

YTO JIe/IaeT ero MepCHeKTVBHBIM /I JaIbHENIINX OMOMEeANIIMHCKIX VCCTIETOBAHNIA.
Koudnukr naTepecon

ABTOpBI 3asAB/IAIOT 00 OTCYTCTBUY KOHQIMKTA MHTEPECOB B (PMHAHCOBON MM KaKOIi-
6o nHo cdepe.
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BBenenne

Ha mpoTspkeHMM MHOTUX JeCATWIETUII CepocofiepyKallyie I'eTepOIVIKIbI IPUBIEKAIOT
BHJIMaHIe MCCIefiOBaTe/ell B Pa3/IMYHbIX 00/TacTAX XMMuUY O1arofapsi CBOMM YHUKaIbHBIM
CBOJICTBAaM, KOTOPbIE CIIOCOOCTBYIOT Ipe0Opa3oBaHmio GYHKIMOHATbHBIX TPYIII /sl CUHTEe3a
OMOIOTMYeCK) aKTVBHBIX COENVMHEHUI. DT TeTepOLVK/Ibl BXOJAT B COCTAaB MHOTVX
AQHTUMMKPOOHBIX IIpernapaToB, BKIYas HNeHMIpUUMH. CepocofepiKaliye TIeTepOLMKIIbI
HAaXo[AT IIVPOKOe IIpUMEHEeHUe B IPOM3BOACTBE [e3MH(UIVPYIOLUINX  CPeACTB,
AQHTMOMOTUKOB, AaHTMOKCUIAHTOB, KpacuTesIell ¥ MUTMEHTOB, a TAK)Ke UTPAI0T BaXKHYIO POJIb B
dapmareBTIYeCcKO IPOMBILIIIEHHOCTH [1].

XUHOHBI ~ SBIAIOTCA  HEPCIeKTMBHBIMU  JyieHO(MIaMy, IIOCKONbKY 06IamaioT
pasHOOOpasHBIMM  OMONOTMYECKMMM  CBOJICTBAMM, BK/IOYasg  aHTUMUKPOOHYH 1
IPOTMBOBOCIIA/IUTENbHYIO aKTMBHOCTb. CTPYKTYpHBIe MOAM(UKALY XMHOHOB IIO3BOJISIOT
HIO/Ty9aTh HOBbIE COEVHEHVIS C YTyYLIeHHBIMYU (PapMaKOIOTMYeCKMM XapaKTepUCTUKaMu [2-4].

OcoObl1iT HayYHBIN MHTEpeC MPefCTAB/ISAI0T IIPOU3BOHbIE coeuHeHns 2H-Tronupana,
IIOCKOJIbKY OHJ COCTABJIAIOT OCHOBHBIE CTPYKTYPHBIE 9/IeMEHTbI Psifia IPUPOJHBIX COeAMHEHMIT
¢ QyHrUIHOI 1 PapMaKOIOrMYecKoll aKTMBHOCTbI0. CylecTBYeT psf papMaleBTUIeCKuX
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IIpeNapaToB, COJiePXKaIMX IPOM3BOJHbIE TMONMPAHA, CPeIV KOTOPBIX BBIJIE/IAIT Ta3apOTEH,
ABIAMINIICA OCHOBHBIM KOMIIOHEHTOM KpeMa, NPUMMEHAEMOTo IS jiedeHus Icopuasa u
YTPEBOII CBINN, a TAKXKE JOP30/IaMIJ], KOTOPBI MCIO/Ib3YeTCA B Ka4eCTBE aHTUITIAYyKOMHOTO
cpenctBa [5]. Hammume B CTPyKType TUX COeVIHEHWII NBOVHBIX CBsA3€Hl U JIByXBaJ€HTHON
cepsl jemaeT 2H-THONMpPaHbl NMEpPCIEKTUBHBIMM CTPOUTEIbHBIMU OJIOKaMM JyIsl CUHTe3a
KapKacHBIX CepOCOjiepKalluX TeTepolyknoB [6]. IloaToMy akTyanbHON 3ajjauell SABIAETCA
paspaboTka METOJJOB CMHTE3a STUX COeAVIHEHMUII U3 JIETKOZOCTYITHBIX MICXOJHBIX COeIHEeHMI
U pasBuTHe OOMacTM 3HaHMIT 00 WX OMOJOrMYEeCKO) aKTMBHOCTU. TUIMYHBIM UX
IpefCcTaBUTENEM ABJIAETCA 2,4,7,9-terpadenni-4,4a,9,9a-TeTparngpoTNONMpaHo|2,3-
gltnoxpomen-5,10(5aH,10aH)-guoH.

OcHoOBHasA 4YacTh

[TonyyeHnre mpomsBOAHBIX 2H-TMonupaHa u3 o, -HEHACBIIIEHHBIX KETOHOB M
IMeHO(IIOB OCYLIeCTBNIAETCA IIyTeM TeTepOLMKINYecKoll peakumn Jnabca-Anbaepa.
ITIpoBemeHMe peaknuy 3aBUCUT OT KOJMMYECTBA CTafguil Ipolecca: IpU OFHOCTAAMITHOM
BapMaHTe PeaKIMIo OCYLIeCTB/IAIOT PV HarpeBaHNM B TOIyOJIe ¥ aTMOC(epPHOM JjaBieHuu (7],
IpY ABYXCTAAVITHOM — IIpU KulleHMu B GeH3ose u aTMocepHOM faBneHun [8]. B xavectBe
OCEpHSIIOLIETo areHTa MCIOMb3yI0T peakTus JlaBeccona (puc. 1).

R, R, R, ]
R
Ry N0 4 Ry” >S8R,

S

= H,C s_B o
roe LR 3
o NP8 CH,
8

Puc. 1. Cxema cuHTe3a TMONMPAHOB 10 peakuyy unbca-Anbpepa.

Ins cunresa 2,4,7,9-terpadennn-4,4a,9,9a-rerparugporuonupano(2,3-g] TmoxpomeH-
5,10(5aH,10aH)-gnona 6b1 UCmonb30BaH 1,4-0eH30XMHOH B KadecTBe AueHodwmna. B xumun
LVIK/TOTIPYCOeMHeHNs 1,4-0eH30XMHOH LIMPOKO VMCHONb3YeTCsl KaK AUMOIPOGII, TaK U B
KadecTBe fiueHopwIa. B peakiuy [4+2] umkmonpucoeqHeHNs MPOLecChl MOTYT IPOTEKATh
XeMOCe/IEKTUBHO, B3aIMOJIe/ICTBYI Kak ¢ KapOoHIbHbIMY rpymnamy C=0, Tak 1 ¢ JBOVIHBIMU
ceasamu C=C. Ho, kaKk IpaBmIo, peakiyy C pasIMuHbIMU 1,3-IueHaMy ¥ reTepofyeHaMu
IIPOTEKAIOT [10 MEeXaHM3MY NpYCcoefuHenHNs aBoitHoI cBsa3u C=C [9].

Beita ompo6oBaHa opfHOpeakTOpHass Meronuka [7] cuHTesa 2,4,7,9-TerpadeHnn-
4,4a,9,9a-rerparngporuonupano|2,3-g]tnoxpomen-5,10(5aH,10aH)-a1oHa 0 reTepo-peakunun
Ivnbca-Anbpiepa XankoHa, peaktusa JlaBeccoHa 1 1,4-6eH30XMHOHA B KayecTBe AueHOIIIA.
Peakuyio mposopmmu mpu temmeparype 65-70 °C Ha BOjsHON OaHe, NPy HENPepbIBHOM
HepeMelIBaHNY, aTMOCEPHOM HaBJIeHUM, B TONyOJie B KadyeCTBe PACTBOPUTENA B Te€UEHME
4-6 4acoB PV MOJIBHBIX COOTHOLIEHVSX: XaJIKOH: peakTuB JlaBeccoHa: 1,4-0€H30XMHOH =
1:0.5:0.5; 1:0.5:1; 1:0.5:2. (puc. 2).
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(o)
SRA ISy

Puc. 2. Cxema OJHOpeaKTOPHOTO cuHTe3a 2,4,7,9-terpaceHnn-4,4a,9,9a-Terparngpornonupano|2,3-g] tuoxpomen-
5,10(5aH,10aH)-guoHa.

AHanM3 peakIVIOHHOW CMecu C MeTOJOM TOHKOC/TIONHOJ XpoMaTorpaduy II0Kasanl
OTCYTCTBME ITPOAIyKTa. BEpOATHOI NPUYMHOI 3TOTO AB/IAETCA KOHKYPEHTHOE B3aMIMOJEIICTBIIE
OCEepHSIOIIETOo areHTa — peakTusa JIaBeccoHa — ¢ 1,4-0€H30XMHOHOM.

Ina mckmodeHNsA B3auMOJeEVCTBMs peaktyuBa JlaBeccoHa ¢ 1,4-6€H30XMHOHOM ObITIO
onpo6OBaHO MpoBeneHue cuHTesa 2,4,7,9-rerpadenmn-4,4a,9,9a-rerparugporuonupanol2,3-
gltnoxpomen-5,10(5aH,10aH)-guoHa o AByxcTapmitHoi Meropuke [8]. Ha mepsoit cragum
CMeCh XaJlKOHa U peakTrBa JlaBeccoHa KuIATWIN B OeH30/me B TedeHme 1-1.5 4yacoB 1o
00pa3oBaHNA TEMHO-CMHETO pacTBOpa AMMepa THUOXAaTKOHA B pe3y/lbTaTe TUOHMPOBAHNS
a,3-HeHachleHHOro KeToHa. Ha BTOPOII cTaguy K pacTBOPY AuMepa TMOXaIKOHA IPUOaBIs/IN
1,4-0eH30XMHOH M KUIATWIM ellje OKomo 4daca (KoHTponb peaknyy mo TCX). Peakumio
IPOBOAVIIN IIPY MOJIbHBIX COOTHOIIEHMSAX: Xa/lIKOH: peakTus JlaBeccoHa: 1,4-0€H30XMHOH =
1:0.5:0.5; 1:0.5:1; 1:0.5:2. (puc. 3)

(o) Ph S
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Ph S o
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Puc. 3. Cxema BYXCTafgMitHOTO CUHTe3a 2,4,7,9-TeTpadenn-4,4a,9,9a-TeTparufpoTnonupaHo|2,3-¢] TmoxpomeH-
5,10(5aH,10aH)-guoHa.

ITpoBenenue cuHTE3a O JAHHON METOIMKE IIPU MOIbHBIX COOTHOLIEHNAX: Xa/IKOH: PEaKTUB
JlaBeccona: 1,4-6en30oxmHOH = 1:0.5:1; 1:0.5:2 mpuBeno K CMIbHOMY OCMOJIEHNIO IpofyKTa. [1pn
V3MEHEHU MOTbBHOTO COOTHOIIEHVS: XaJIKOH: peakTuB J/laBeccoHa: 1,4-6eH30xMHOH = 1:0.5:0.5
OBI/IO JOCTUTHYTO CeJIEKTMBHOE IIPOTeKaHNe peaKyy ¥ 00pa3oBaHue LIeJIeBOrO IPOAyKTa.

Crpykrypy mnomydeHHoro 2,4,7,9-terpadenni-4,4a,9,9a-TeTparugporuonypano|2,3-
gltnoxpomen-5,10(5aH,10aH)-guona mnoarBepmumm  Merogamu MK, SAMP 'H u “C
CIIeKTpocKommy. J[aHHbIe METORBI SABJIAIOTCSA BBICOKOMH(OPMATUBHBIMU B YCTAHOBIEHUU
COCTaBa ¥ OCHOBHBIX CTPYKTYPHBIX (PparMeHTOB MOJIEKY/IBI, HO He TI03BOJIAIOT OIIPefie/INTD e€
IPOCTPAHCTBEHHYIO KOHQUTYPAINIO.
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[lna onpenenenus Hanbosee BepPOATHOV KOHPUTYpALMM COeAVHEHV ObIIO IIPOBENEHO
KBAaHTOBO-XMMIYECKOe MOJeNTMpOBaHNe ¢ Mcnonb3oBaHyueM mnporpammbl ORCA, Bepcus
6.1.0 [10-12] meromom DFT, ¢ynkumonan REVPBEO (o6HOBnenublt MeTon PBEO) [13, 14]
C pucmepcuoHHoit mompaBkoit [pumme D4 [15, 16] B BajeHTHO-pacliel/IeHHOM
TPEXIKCIOHeHI[ManbHOM 3( 6asuce ¢ nomsipusanyonusivMu yukiysivu def2-TZVPD [17-19].
B pacyerax HpMMEHSINMCh ANIPOKCUMALMM KY/IOHOBCKMX B3aMMOJENCTBUII M OOMEHHBIX
HF-unrerpanos merogom RIJCOSX [20] B nonmonuutensuoM 6asuce Def2/] [21].

Beto  mpoBeeHO  MojenupoBaHMe 6  KOHQUIypaumii — CMHTE3MPOBAHHOTO
2,4,7,9-terpadennn-4,4a,9,9a-rerparuppornonupano|2,3-g]moxpomen-5,10(5aH,10aH)-gnona
Y pacCUMTAHbI UX TEPMOAMHAMIYECKIE ITapaMeTpbl 1 Temneparypbl 298.15 K. PesynbTarsl
IIpefiCTaB/IeHbl B Tabme 1.

CpaBHeHUe TePMOAMHAMMIYECKON YCTONYMBOCTM YACTHUI] NMPOBOAMINM IO CBOOOHOI
sHeprum [mb6ca obpasoBanma mnpu temmeparype 298.15 K. HymeBoe 3HaueHme ObIIO
IPUCBOEHO n3oMepy 4 (Tabmuia 1), umeroleMy MUHIMaTbHOE 3Ha4eHIe CBOOOHO 9HEPTUU
I'm66ca. dTOMY e M30Mepy COOTBETCTBYeT ¥ MMHMMAa/IbHOE 3HaYeHNe II0/THOI S9HePTUIL.

Tabnuuna 1. Pacuer T€PMOJVHAMUYECKIX I1apaMeTpOB 1A 2,4,7,9-trerpadennin-4,4a,9,9a-
TeTparufpoTnonupaHo|2,3-glnoxpomen-5,10(5aH,10aH)-puona npu temueparype 298.15 K.
AG,
Ne K Total )
onurypauz O STIETEY. H, Eh S, Eh G,Eh kJx/mo
n/m MOJIEKYIbI Eh
b
Ph O
H A Ph
1 -2335.515405 -2334.940103 0.089324 -2335.0294280 19.10
Ph H
2 -2335.501754 -2334.925784 | 0.089518 -2335.015302 60.05
3 -2335.515671 -2334.938928 | 0.091183 -2335.030112 21.17
4 -2335.520967 -2334.944525 | 0.093650 -2335.038176 0
5 -2335.517607 -2334.940573 0.092304 -2335.032877 1391
6 -2335.519495 -2334.943094 | 0.092192 -2335.035286 7.58
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CormacHO NpPMHIVITY MUHMMU3auuy sHeprum ['m66ca, MMeHHO 3Ta CTpyKTypa Oymer
IPEeVMYIIeCTBEHHO (OPMMPOBATbCA B XOJfie PeaKIVM, IIOCKOJIbKY 00/ajjaeT HaMBbICIIEN
TePMOJVHAMIYECKON CTaOWIbHOCTBIO B CPaBHEHNUM C aIbTEPHATMBHBIMM BapMaHTAMIL.
IlanHas KOHUrypauus peficTaBeHa Ha PUCYHKe 4.

}v
& &
‘,& ?
& i Q
[ N g {,,
- ® {_, A
é {‘\ b L & 4 Y
L .1"3‘_%/ N‘j’e h@i’ M‘\ ’
2ol v“b‘“w\ © d Q\E
e /¥ 'J“‘%'\ é
! “\",‘ ®
@ .

Puc. 4. Haubonee ycroitumBas koHourypaums 2,4,7,9-terpadenni-4,4a,9,9a-rerparugporuonupano(2,3-
glTnoxpomen-5,10(5aH,10aH)-puoHa.

[ia oueHKM OMONOTMYECKO) AKTVBHOCTY IIPUMEHSIOT MOJIEKY/ISAPHBIN JOKMHT U
nporpamMmy PASS-Online.

MoneKynsApHBI JOKUHT IPeACTaBysieT CO00il MHCTPYMEHT B CTPYKTYPHOI OMOIOIUN U
dbapMareBTIYeCKOM XMMIM, O3BOJLAIONNMII IPEICKa3aTh B3aMOEIICTBIe MaJIbIX MOJIEKYII C
MaKpOMOJIEKY/TaMyl, TaKMMU Kak Oenku [22, 23]. PesynbraTroM MOJIEKy/IApHOTO IOKMHTA
ABNAETCA ompepeneHne adpUHHOCTY CBA3BIBAaHNUA JUTaHfa ¢ penentopoM. AdduHHOCTDL
CBSI3BIBAaHVIA CONMHEHNUA C OENKOM SB/IAETCA KPUTUYECKM BaXKHBIM ITapaMeTPOM, KOTOPBI
oIpefieisieT ero MOTEHIMATbHYIO 6110/I0TMYeCKYI0 aKTUBHOCTb. Bricokas adpdmHHOCTD MOXKeT
yka3bIBaTh Ha 0Oojee 3¢ ¢eKTMBHOE CBA3BIBAHME M, C/IEOBATE/NIbHO, 0O/lee BBIPAXKEHHBIN
TepaneBTHIecKuii ap¢exr [24-27].

GABAGs-peLienTopbl, AB/IASACh METAOOTPOITHBIMM PellelITOPaMI, UTPAIOT KITFOYEBYIO POTIb
B MOpynAuuu Heiiporpancmuccuu. benok GABAg) sIBiIseTcss OZHOM U3 CYOBEAVMHUL] 9TOTO
peuenTopa. Bsaumopericreue GABAg() ¢ pa3nm4HbIMI IUTAHJAMI MOYXKET OKa3bIBaTh B/IMSHIE
Ha HEJPOIIATONIOTNYECKME COCTOAHNA, TaK/Me KaK SMWIENCHUA, TPEBOXKHBIE PAacCTPONCTBA U
mmsoppenns. [TosTomy mccrenoBanye BO3SMOXXHBIX MHIMOUTOPOB VI MORYIATOPOB 9TOTO
pelienTopa ¢ MCIOIb30BaHMEeM MOIEKYIAPHOTO JOKIHIA IIPEICTaB/IAeT HayIHbIN MHTepec [28].

Hamm 6bU1 mpoBefieH MOJIEKYIAPHBIN JOKVWHI IIONy4eHHOro 2,4,7,9-rerpadeHnn-
4,4a,9,9a-rerparugporuonupano(2,3-gltuoxpomen-5,10(5aH,10aH)-guora ¢ GABAsgq
petenitopoM. Ouenka apPMHHOCTM JaHHOTO BelllecTBa OblIa MIPOBEfieHa ¢ MCIIOIb30BaHIEM
nporpaMMbl AutoDock Vina [29, 30]. B pesynbraTte adppmHHOCTD JAHHOTO BellleCTBA COCTABIU/IA
—8.7 KKaJ1/MOJIb, CBUJETETbCTBYIOIAS] O IIPOYHOM CBA3BIBAHUY C OETKOM.

Pacnionoxxenne 2,4,7,9-terpadennn-4,4a,9,9a-rerparngporuonpano|2,3-g]tmoxpomex
5,10(5aH,10aH)-pgyoHa B MoJeKy/ie 6e/lka 0 OTHOLIEHVIO K PacIONIOXKEHNIO Y>Ke VI3Y4eHHO
MOJIeKy/1oit 6akmodeHa 1 mpeficTaB/IeHa Ha PUCYHKe 5.
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Puc. 5. Pacionoxenue 2,4,7,9-terpadennn-4,4a,9,9a-rerparugporuonnpano(2,3-g| tmoxpomen-5,10(5aH,10aH)-
IyoHa B Mosekye 6enka GABAg).

[TomuMo adppymHHOCTI, He MeHee BaXKHBIM aCIEKTOM SBJIACTCS OLIEHKA TOKCHYHOCTY
coefiiHeHMiI. MHOTre XMHOHOBbIE IIPOM3BOAHbIE O0MTAfal0T BBIPAKEHHON OMOMIOrMYecKoi
aKTVMBHOCTBIO, HO MOTYT TaK>Ke IIPOABIATb TOKcudeckme a¢exTsl. [Togxonsl, ocHOBaHHbIE Ha
MOJIEKY/IAPHOM JIOKMHI€, MOTYT OBbITb MCIIO/Ib30BAaHBI /IS IpefCKa3aHuUsA IMOTeHLMATbHOM
TOKCMYHOCTY, 9YTO KPUTMYECKM BAKHO MIJI1 PAaHHUX OTAllOB pa3pabOTKM JIEKapCTB.
Hanpumep, aHamu3 B3anMOfeiicTBIA XMHOHOB C (pepMEHTaMU, CBA3AHHBIMM C TOKCUYHBIMU
MeTaboMMIeCKVIMH ITyTAMY, MOXKET IIOMOYb BBIABUTD PUCKY, CBA3aHHBIE C VICIIOTb30BAaHEM
3TUX COENVIHEHNII B KIIMHNYECKOT IpakTuke [31].

Bbita mpoBefieHa OlleHKa Ha TOKCMYHOCTb C IIOMOIIbI0 IporpamMmbl ProTox-3.0
(Prediction of Toxicity of Chemicals) [32]. B pe3ynbpraTe gaHHOrO aHanm3a ObIIO BBLABIEHO,
YTO BEIECTBO OTHOCUTCA K 4 K/IacCy TOKCUMYHOCTM, YTO TOBOPUT O €ro OTHOCUTEIbHON
0€30I1aCHOCT.

Taxke ¢ 1enbl0  BBIABIEHMsS IOTEHIVAJIbHBIX OMOJIOTMYECKMX aKTUBHOCTEN
CMHTE3V[DOBAaHHOTO HaMJM BellecTBAa OBUIM BBIIOTHEHbl KOMIIBIOTEPHBIE pacdyeTbl C
ucnonb3oBanueM nporpammel PASS-Online. ITporpammusiit maker PASS ncnonbsyer metomst
BaltecoBCKO/I BEpOSTHOCTM  OIpefie/ieHuss OMONIOTMYECKOVl aKTUMBHOCTY BBIOPAaHHOTO
coeguHeHusa [33]. Pe3ynpTaThl pacueToB IOKa3aay BBICOKYI0 BEPOSITHOCTb AKTUBHOCTH
COeIVIHEHNs B PA3/IMYHbIX OMOTOTMYECKUX CUCTEeMaxX: B YaCTHOCTM, 3HaYeHMe Pa cocraBmio
0.865 s mHrnbuposanusa Qakropa D KoMmIieMeHTa, 4TO yKa3blBaeT Ha 3HAYUTE/IbHBIN
NOTeHIMaI AaHHOTO BellleCTBa B MOAY/LALMY VMMYHHBIX OTBETOB; TaKXe OBUIO IOTy4eHO
3HaueHye Pa paBHoe 0.828 misa MHIMOMPOBaHMA aCIy/IbBUHOHAVMMETIIA/UIVITPAaHChEepasEl,
YTO CBU/IETE/IbCTBYET O BO3MOXKHOCTH €T0 IPYMEHEHNsI B Tepanyy 3a00/1eBaHMIi, CBSA3aHHBIX C
HapylLIeHUsAMYU MeTabonu3Ma; HakoHel], 3HadeHue Pa = 0.817 ykasbiBaeT Ha aKTMBHOCTb B
KayecTBe MHIMOUTOpA TeCTOCTepOH-173-mernporeHassl, 4YTO OTKPBIBAaeT MEPCIIEeKTUBBI I
VICIIONIb30BaHMA JAHHOTO COEMHEHNA B 9HJOKPUHHOM TEPATINIL.
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Bo3Mo>xHbIe 6e/TKOBbIe MUIIIEHY 1A CUHTE3VPOBAHHOTO COeIVTHEH VA ObIIN OTIpefieIeHbl
C VICTIOJIb30BaHMEM HOBOTO ITPOTOKOJIA JOKIHTa Oenok-nmuranp Galaxy Sagittarius, moctymHoro
Ha BeO-cepBepe Galaxy Web [34-36]. Ina npensaputenpHoi ontuMmsanyy 3D-cTpykryp
COEVIHEHUN IPUMEHANNCh METOAbI MOJIEKYIAPHOV MEXaHUKMU B CUI0BOM mone MM2, 4yro
IIO3BOJIMJIO YIYYIIUTh T€OMETPUIO I MUHVMMMU3VPOBATH SHEPTUIO. [JOKMHT IPOBOJWMIICA B IBYX
peXMmMax: IpefcKasaHMe COBMECTMMOCTM CBA3bIBaHMA U IIOBTOpHas OLIEHKa C
VICIIOJIb30BaHMEM JOKIMHTIA.

B mpouecce moKkMHra reHepMPYeTCs MHOXXECTBO IOTEHIMAIbHBIX KOH(UIypanmit
JIUTaHJ0OB, HEKOTOpble U3 KOTOPBIX CPasy OTCEKAITCA M3-3a CTONKHOBEHMI C MOJIEKY/ION
Oenmka. OcraBuIvecss BapUaHTBl OLCHMBAIOTCA C IOMOLIBI0 (YHKIMM OLEHKW, KOTOpas
IIPMHUMAET TEKYyIlee I0JI0KEH)e JINTaHAOB KaK BXOJHbIE JaHHbIE U BO3BpalllaeT YMCI0BOE
3HAYEHMe, OTpakalmlllee BEPOATHOCTb TOTO, YTO JAHHOE IIOJIOKEHME COOTBETCTBYET
OmaronpuATHOMY CBsA3bIBaHMIO. COBpPEMEHHbIE QITOPUTMbBI MOKMHIA JCHOJIB3YIOT TPU
OCHOBHBIX TUIIA OLICHOYHBIX (YHKIMIT: OCHOBAaHHbIe Ha CIIOBBIX HOJIAX, SMIMPUYECKUE U
cTaTUCTUYecK1e. BoMbIIMHCTBO 13 HUX 06A3UPYIOTCA Ha NMpUHIMIIAX (USUKY CUIOBBIX HOJEN
MOJIEKY/IAPHOM MEXaHUKM Y OLIEHMBAIOT 3HEPTMIO B3aMMOMENCTBUA B IIpefenax camra
CBsI3bIBaHVsA. PasmMyHble KOMIIOHEHTBI 9HEPTUM PELIeH Vs JOKIHTA MOTYT OBITD IIPEfICTaB/ICHbI

B B/ YPAaBHEHNA:

AGbind = AGsolvent + AGconf + AGint + AGrot + AGif/if + AGvib-

Puc. 6. Pacnionoxxenne 2,4,7,9-terpadennin-4,4a,9,9a-rerparuporuonupano|2,3-g| tmuoxpomen-5,10(5aH,10aH)-
IVIOHA B O€/IKOBBIX MUILIEHSX.

Pe3ynpTaThl JOKMHIA /I [eCSATM KOMIUIEKCOB — MMINEHb-JINTAHJA, BKIIIOYAs
MVHJMaJIbHble 3HaueHMs1 CBOOOMHOI sHeprym cBA3bIBaHUA (AGping) M JIydllyie OLIEHKU
B3aMIMOJEVICTBMs Oe/IOK-/INTraHf, IpeAcTaBieHbl B Tabmuie 2. IIporHosupyembie GeTKOBbIe
MuIeHr 0603HaveHbI ¢ momoibio ID-upenTndukaropos n3 Protein Data Bank (PDB) u 6a3st
manHbix UniProt. Takum o06pasoMm, HaHHOe COefMHEHNE MOXXET pacCMaTPUBAThCA Kak
HePCIeKTYBHBI KaHAMAAT /1 CKPMHMHTA B IIOMCKaX HOBBIX TePaleBTUYECKUX areHTOB /IS
JIe4eHN s OHKOJIOTMYECKIX 3a00/IeBaHuIL.
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Ta6nuua 2. Pe3ynpraTel npoTenH-MranfgHoro sokunra Galaxy Sagittarius na 6ase Galaxy Web mst coegunenns

TOM7, BbINYCK 1, 2026

2,4,7,9-rerpadennn-4,4a,9,9a-Terparugporuonnpano|(2,3-g|ruoxpomen-5,10(5aH,10aH)-anoHa.

[TpenoknHroBas CsobogHas
OO611as oLleHKa
Vpentuduxarop Vpentuduxarop OLIeHKa ITPOTENH- 9Heprus
MPOTENH-
IIpOTeNHA IpOTerHA JIUTAHHOTO CBA3BIBAHNA, P
. . JIUTAHTHOTO
PDBID UniProt ID B3aMMOIEVICTBUS KKaJI/MOJIb .
) B3aMMOJIENCTBIUSA
(Predockscore) (Dockingscore)
6bmm Q5W0Z9 0.060 -4.709 476.894
Q9H3HS5,
6bw5 0.075 -4.709 476.763
Q9H3H5
6btq P13497, P13497 0.047 -4.709 476.185
los2 P39900, P39900 0.059 -4.709 475.644
lhna P28161 0.053 -4.708 476.185
2hi4 P05177 0.048 -4.708 475.644
3a73 P02768, P02768 0.051 -4.708 475.934
1s0j Q13370, Q13370 0.056 -4.708 476.359
2n27 PODP23 0.066 -4.708 477.416
3rpn Q9Y2Q3, Q9Y2Q3 0.062 ~4.707 476.946

3KcnepumeHTaanaﬂ YacThb

B pabote 6bUIM MCIIONTB30BAaHBI KOMMEPYECKN JJOCTYIIHbIE peaKTUBBL: 1,4-6eH30/auoIL,
x.4., (TOCT 19627-74), nByxpoMOBOKMCIbIN Kammii, X.4., (TOCT 4220-75), cepHass KUCIOTAa,
x.4., (TOCT 4204-77), xnopodopm, x.4., (TY 2631-066-44493179-01), KanbLuii XIOPUCTHII
6esBopubiit (TY 6-09-4711-81), anuson, 4., (TY 6-09-11-1430-80), nentacynbdun pocdopa,
(TOCT 7200-78), anreropenon, (TOCT 16307-79), 6ensanpperun, (FOCT 157-78), rumpoxcup,
Hatpus, 4.j.a., (TOCT 4328-77), 6enson, 4.pma., (ITOCT 5955-75), mguxiopMmeraH, 4.[.a.,
(TY 20.14-295-44493179-2022)., a¢dup puaTmnossii, 4.4.a., (TY 2600-001-43852015).

TonxkocnorHas xpomarorpadus ocyiectsisnach Ha IactiHkax «Sorbfil [ITCX-I1-B-Y Oy,
39/IIOEHT IeTpoeNHblil adup : srmnaneratr = 3:1. VIK cnekrp 6pi1 3ammcan Ha npubope VK
®ypoe Perkin Elmer «Spectrum Two» ¢ ncnonp3oBaHyeM NPUCTAaBKM HAPYLUIEHHOTO IIOTHOTO
BHyTpeHHero oTpaxeHus (HIIBO). Cnextper 'H u PC SIMP 3anucans! Ha IMP-cnekTpomeTpe
Bruker DRX 400. B kauectBe pactBopurens ucmnonb3oBad [IMCO-ds. Macc-criekTps
BBICOKOTO paspemrenust perucrpuposam Ha mpubope SCIEX «TripleTOF 5600+» Mmetop
MOHM3ALUN — 37IEKTPOpacIbUIeHNe, HallpsDKeHMe Ha Kanuiape 4.5 KB B pexxume peructpanun
IIOJIO>KUTE/IbHBIX IOHOB, AVAIIa30H CKaHMpoBaHuA Macc m/z 100-1000 [a.

[l71s1 TpoBezieHNsI MOJIEKY/IIPHOTO OKUHTA ITO/Ty4eHHOTO 2,4,7,9-TeTpadenn-4,4a,9,9a-
TeTparufpoTronnpano|2,3-gJtmoxpomen-5,10(5aH,10aH)-gnona ¢ GABAgp1) penentopom
ObUIM BBINIOJIHEHBI CiIefyiole 3Tanmbl. Ha mepBoMm srame jmraHp ObUI 3arpy>keH B B
TpexMmepHOit CcTpyKTypsl SDF-daitmom u3 mporpammsl PubChem m omrtmmmsmposan ¢
UICTIOIb30BaHyeM MHcTpyMeHTa Ligands Input B makere AutoDock (AD) 4. Bropsim stanom
CTasIa MoAroToBKa 6e1KoBoit MoneKynbl. CTpykTypa 6enka GABAg() 6b11a monydena us Protein
Data Bank (PDB) [37]. ®aitn B dopmare *.pdb 6s11 mpeobpasoBan B ¢opmar *.pdbqt ¢
nomolbio HCTpyMeHToB MGL. Ilepen mpoBefieHneM JOKVHTA K MOJIEKYJIe peLielITopa ObuUin
fo6aB/IeHbl NOJIIPHBIE AaTOMBI BOIOpO/ia. 3aTeM ObIa CO3[jaHa TpexMepHas appuHHAs CeTKa,
PacIoIo>KeHHasA B TeOMeTPIYECKOM LieHTpe Oe/ka-MuiIeHy (KOOpAMHATEL X = 54,y = 54,z = 84).
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Ha sakmounteibHOM 3Tare MPOMCXOAUIO B3aMMOJeicTBIe OenKka 1 auranga. s aHammsa
B3aJIMOJIEVICTBY MICIIONIb30BA/ICS BU3yanusaTop PyMol, KoTopblit HO3BOMMI M3Y4UTh
CTBIKOBKY MOJIEKY/IbI Oenka u ymuranpga. [Tocme 3aBeplieHms mpoljecca IOVICKa CTBIKOBKY 13
MHOXXeCTBAa IIONly4eHHBIX BapMaHTOB ObUla BbBIOpaHa Hawily4mias KoHopManusi,
COOTBETCTBYIOLIas Haubojiee IIOTHOMY KJIacTepy ¢ MMHMMAJIbHON 9SHeprueii cBsasu. Hucno
BapMaHTOB KOHQOPMAIWIT I IIOVCKa OBUIO YCTaHOBIEHO Ha 500.

Meropuka cuHTe3a 2,4,7,9-terpadennn-4,4a,9,9a-rerparugpornonupano|2,3-
gltnoxpomen-5,10(5aH,10aH)-nuona. B konmdeckyro konby Ha 10 M, cHabG>XeHHYIO
MeEIIIA/IKOJI, OOpaTHBIM XOJNOJVIPHUKOM ¥ XIOPKaIbLiMeBON TPYyOKoii, 3arpyxamyu 0.25 T
xankoHa (1.2 MMonb), momydeHHoro mo Meropuke [38], 0.243 r peaktuBa JlaBeccona
(0.6 MMoOJIB), TIONTy4eHHOTO IO MeToAuKe [39], 5 M1 6eH30/1a M KUIIATUIN B TedeHMe 1.5 4acoB
10 00pa3oBaHMs TEeMHO-CHHETO pacTBOpa JuMepa TMOXaIKoHa. Jlanee K peaki[MOHHOI cMech
no6asmsmm 0.0648 r 1,4-0eH30XMHOHA, MOMY4eHHOro 1o Mertopmke [40],  xunmATwIM eme
okonmo yaca. IlomHOoTa TpOXOX[eHMA Ppeakuuy KOHTPOIMPOBAIach TOHKOC/IOMHOM
xpomaTtorpadueit. [/ BbIe/IeHNs 11e/1eBOT0 IPOAYKTA YA/ PaCTBOPUTE/D IO BAKYYMOM,
OCTaTOK OYMII[A/I METOIOM KOJIOHOYHOI XpoMaTorpadpuu Ha CUIMKarese ¢ UCIIO/Ib30BaHNEM
[UXTOpMeTaHa B KadyecTBe 9mroeHTa. OOpasoBaBLINMIICA CMONMUCTBINL OCTaTOK PacTUPANU C
MUHVMIBHBIM KOMMYECTBOM JUATWIOBOTO 3¢upa [0 KPUCTAUIM3ALUY, IOC/Ie 4Yero
OT(UIBTPOBBIBAIM BBINMABLINIT OCAZOK. IIPOAYKT — CBeT/IIO-pO30BBIN IHOpouoK. Yucrora
11eJIeBOTO IPOAYKTA ObIa MOATBEP>KeHa TOHKOCIIOHOI XpoMaTorpadueit, Ry = 0.62. Boixop
22.8 Mr (7%). Trn = 193-195 °C. IK-cniextp, v/em™: 3081 - 3026 (C-H); 1617.5 (C=C); 1593.97,
1490.22 (Ar); 1685.17 (C=0); 1231.23 (C-CO-C); 693.09 (Ca=C). Crextp IMP 'H (400 MI'1,
IMCO-ds, 6, m.n., ], I'ty ): 8.02 (m, 2H, Ar, ] = 8.8); 7.70 (1, 1H, Ar, ] = 7.3); 7.63 - 7.48 (M, 5H,
Ar); 7.49 - 7.33 (m, 6H, Ar); 7.26 (1, 3H, Ar, ] =7.2); 7.23 - 7.09 (M, 3H, Ar); 6.93 - 6.86 (M, 2H,
Ar); 6.42 (g, 2H, CH-C-Ph, ] =6.5); 4.97 (un, 2H, CH-C=0, ] = 11.3, 4.5); 4.74 (n, 2H, CH-Ph,
J =11.3); 4.26 (ngm, 2H, CH-C=0, ] = 6.6, 4.4). Cnextp SIMP *C (100 MI'yy, IMCO-ds, 6, Mm.):
198.50 (2C), 139.86, 139.60, 138.27, 136.69, 134.10, 133.57, 129.19, 129.16, 128.75 (2C), 128.53
(2C), 128.47 (2C), 128.35 (2C), 128.22 (2C), 128.11 (2C), 127.54 (2C), 127.22 (2C), 125.92 (2C),
120.61 (2C), 49.08 (2C), 44.13 (2C), 42.27 (2C). Macc-cuextp (ESI), m/z: nHaiigeno pmns
Cs6H290,S, [M+H]*: 557.1603, Boruncineno mist CssHy90,S; [M+H]*: 557.1609.

BoeiBogml

Paspaborana MEeTOJKA CMHTe3a 2,4,7,9-terpacdennn-4,4a,9,9a-
TeTparuapoTronyupano(2,3-gJtmoxpomen-5,10(5aH,10aH)-guona.  Omnpepennen  Haubosee
yCTOIYMBBIN cTepeonsoMep. IIpoBesieH ero MoeKynApHbI JOKUHT ¢ periennTopoM GABAg(), B
pesylIbTaTe  4ero paccumraHa apQPMHHOCTb, CocTaBuBIIAA —-8.7 KKaji/MOIb U
CBUJETENbCTBYIONIAS O IIPOYHOM CBA3BIBaHMM C OenkoM. OrpeneneHa TOKCMYHOCTD K1acca 4,
CBUJETENbCTBYIOIAs. O €ro OTHOCUTE/NIbHOI 6e30IacHOCTU. BBINONTHEHBI KOMIIBIOTEPHBIE
pacdersl ¢ ucnonb3oBaHueM mnporpammbl PASS-Online, xoTopble ImoOkasamu, JOBOTBHO
00/IbIIOE KONMMYECTBO BApMAHTOB CO 3HaueHyeM 3HadeHue Pa Bpime 0.8. Takum ob6pasow,
2,4,7,9-terpadennn-4,4a,9,9a-rerparnaporuonupato|2,3-g]tmoxpomen-5,10(5aH,10aH)-nyoH
MOXXET pacCMaTpUBATLCA KaK IMEepPCIeKTVMBHBIM OOBEKT [JIA JaAbHENIINX OMOIOTMIeCKIX
VICTIBITAHUI in Vitro.
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Annomauus. B nacmosweri pabome npeocmasneHo KOMHAEKCHOe UCCTe006aHUe
B03MONHOCU U IPPEKMUBHOCINY UCHONL30BAHUS Eep0020 Yenepo0H020 ocmamxa
(nuponusama), nomyueHHo20 6 npouecce  HUSKOMEMNEPAMYPHO20 — NUPONU3A
USHOUWEHHDIX ABMOMOOUNLHBIX WIUH, 6 Kavecmee PYyHKUUOHANbHO20 HANOTHUMENS 6
peuenmypax pe3uHosvix cmeceli HA 0cHo8e OymadueH-Humpunvhoix xay4yxos (BHK)
mapox BHKC-18AMH u BHKC-28AMH. AxmyanvHocmv pabomuvi 00ycnoeneHa
Heo0X00UMOCMbI0 peldeHUs IKON02UHecKol Npobnemvl YMUNUSAUUU NOTUMEPHDLX
0mx0006 U NOUCKA IKOHOMUUECKU IPPeKMUBHDIX anbmepHamus mpaouyuoHHbIM
MAPKAM MeXHU®eckozo yerepodd, HPOU3BOOUMBIM U3 UCKONAeMozo Couipbsa. B xoode
UCCTIE008AHUS U3YUeHb! PUSUKO-XUMUHECKUE XAPAKMEPUCTNUKU NUPONIUZHO20 Yerepood,
BKII04AS €20 OUCNEPCHOCHb U NOBEPXHOCIHYI0 akmusHocmy. C npumereHuem mMemooos
subpopeomempuu (MDR-2000), pasHosecH020 HAOYXaHUS U (PUIUKO-MEXAHUUECKUX
ucnbimanuti nposeder CPABHUMENLHVIT AHANU3 KUHEMUKU 8YNIKAHUSAUUU U CB0TICME
BYNIKAHU3AMO8, COOEPHAUSUX NUPONUIAI, NO CPABHEHUID C IMMANOHHBIMU CMECIMU,
HaANnonHeHHLIMU mexHudeckum yenepodom I1 803, xaonumnom u menom. YcmanoseneHo,
4mo nuponusam, 0071a0as cneuyuPuueckol Xumueli NOBEPXHOCMU U  BbLICOKUM
codepicaruem 307vHOL Ppaxyuu (8Kmouas oKCU0 UUHKA U Cyrb@uodbL), oKasvieaem
CywjecmeenHoe 6ruUAHUE HA UHOYKUUOHHDILL Hepuod U CKOPOCHb 8YIKAHUIAUUU,
BbICMYNAS He MONbKO KAK HANOIHUMENb, HO U KAK 6MOPUUHDLIL AKMUBAMOp npoyecca
cwusanus.  Ilokasano, umo npu ycnosuu onmumusayuu  OUcnepcHocmu U
KOPPeKMUpPOBKY  8YIKAHUSYIOWeli  2Pynnvl  603MOKHA  SPPekmusHas  3ameHa
MANOAKMUBHBIX HANOTIHUMeNell U YACUYHAS 3aMeHa NOLYAKIMUBHO20 meXyeniepood be3
KPpUMUYeckoz0  CHUNEHUS  IKCNIYAMAUUOHHBIX — XAPAKMEPUCMUK — Pe3UH,  Ymo
omKpvieaem nepcrnekmuev. 0N CO30AHUS  pecypcocOepeeaiouux tmexHonoeusi 6
npou3soocmee pe3suUHOMexHUHeckux usoenuil.
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BBenenue

[IpobrmemMa HaKOIJIEHMSI OTXOHOB IIOMIMMEPHBIX MAaTepUaNoB, UM B YaCTHOCTI,
VI3HOLIEHHBIX aBTOMOOVIIbHBIX ILIVH, SBJISIETCS OFHUM U3 Hayboslee Cepbe3HbIX BHI3OBOB IS
COBPEMEHHOJ LMBWIN3ALMM, 3aTparuBaloOMM KaK 3KOJOTMYECKMEe, TaK M 3KOHOMUYECKNE
aCIIeKTBl YCTOWMYMBOTO Pa3BUTHsA. ABTOMOOWIbHBIE IIVMHBI NPEACTABIAIOT COOOI C/IOXKHBIE
MHOTOKOMIIOHEHTHbIE KOMIIO3MIIIOHHbIE M3JE/NA, OCHOBY KOTOPBIX COCTaBJIA€T CHIMTAS
(ByIKaHM30BaHHAasA) MOMMMepHas MaTpuia. IIpocTpaHCTBeHHas TpexXMepHas CeTKa,
00pa3oBaHHas MPOYHBIMU CEPHBIMU CBA3AMMU (MOHO-, Y- ¥ MONMUCYIbGUAHBIMU), IPUAAET
MaTepuany YHUKa/IbHbIE YIIPYTO-IIPOYHOCTHBIE CBOJICTBA, TEPMOCTAOMIBHOCTD VM XMMIYECKYI0
CTOMKOCTb, OfJHAKO VIMEHHO 3TM XapaKTEPUCTUKU [e/Ial0T LIVMHbI KpaliHe yCTONYMBBIMU K
€CTeCTBEHHOMY OMO/IOTMYECKOMY PAa3/IOXXEHUI0 ¥ BO3HEVICTBUIO (PAaKTOPOB OKpY Karoliei
cpenpl [1-3].

B ecrecTBeHHBIX YCIOBUAX NMEPUOJ, NECTPYKLMM LIMHHONM PE3MHBI MOXKET IPEBbIIIATh
CTOJIETHE, TIPY 3TOM IIOJIMTOHBI 3aXOPOHEHMA TAKUX OTXOMOB CTAaHOBATCH MCTOYHUMKAMM
HIOBBIIIEHHO ITO>KapPHOII OMTACHOCTY U CPeoil OOUTaHNA /Il HEPEHOCYNKOB MH(DEKIIMOHHBIX
3aboneBanmit. Kpome Toro, 3axopoHeHue IMVH SAB/IAETCA HepalYOHATBHBIM PacXOJOBaHVEM
LIEHHBIX YITIEBOJOPOJHBIX PECYPCOB, 3aTPa4e€HHbIX Ha MX IPOU3BOJCTBO. B 5TOM KOHTEKCTe
PELMK/IVMHT BBICTYIIAaeT He IPOCTO KaK CII0CO0 MMHMMM3ALMM 9KOJIOTMYECKOro yuepba, Ho U
KaK JICTOYHUK BTOPUYHOTO CBIPbS — «TOPOZiCKasi foObI4a pecypcoB» (urban mining) [4, 5].

Cpemy  CymecTBYIOIIUMX METOAOB  yTwm3auyuy (pereHepamys, MeXaHNYECKOe
u3MeJIbYeHNe B KPOLIKY, CKUTaHMe C peKyllepalyeil SHepIui, pereHepanns) ocoboe MecTo
3aHMMAeT NUPO/N3 — IPOLIECC TEPMUYECKOTO PA3NOKEHMA OPraHMYECKUX COENVHEHUI B
0ecKMCIIOpOHOIL cpefie. B oTmume oT cxmraHus, NMpoONN3 MO3BOJAET BEPHYTDh BEIIECTBO B
XUMMYECKUII 000pOT, pasjiaras IMOMMMEPHYIO Liellb Ha HM3KOMOJIEKY/ISApHbIEe (QpaKIyu:
nuponusHbli ra3 (cmecs H,, CHy u mp.), xXupkyo ¢pakumio (cMech yIaeBOfOpPOJOB, aHA/IOT
CHHTeTNYeCKOJ HedpTu) M TBepAbIil YIIepoaHblil ocTaTok (char mwmm pyrolytic carbon black —
Cby) [6, 7]. ViMeHHO TBepfblil OCTATOK IpeACTaB/IsieT HaMOOMbIINIT MHTEPEC [/ Pe3VHOBOI
MPOMBILIUIEHHOCTY, TaK KaK IOTEHLIMA/IbHO MOYKET 3aMKHYTb LIMKJI YI7TIEpO/ia, BEPHYBILNCH B
IIPOM3BOJCTBO HOBBIX P€3MTHOBBIX CMECEI.

ITponecc mnmponmsa IIMH SABIAETCA CAOXKHBIM KOMIUIEKCOM IApa//Ie/IbHBIX U
IIOCTIEJOBATE/IbHBIX PAaJMKA/IbHBIX PeaKUuil JeCTPYKUMM, M30MEPU3aluy, UUKIN3AUUN U
KapboHM3anym. XUMMYECKUI COCTaB M CTPYKTypa OOpasymollerocs TBEPAOro OCTAaTKa
KPUTUYECKM 3aBUCAT OT TEMIIEPATypHOTO pe>KMMa U CKOpoCcTy Harpesa [1, 2, 8].

ITpn HarpeBaHum pe3unbl Bbiuie TemiepaTypbl 300 °C HauymHaeTca TepMuyecKas
nucconyanms cBsseit S-S u C-S, sHeprus Kotopbix (okono 270 k[[k/Moib) HIDKe SHeprum
caseit C-C ocHoBHOM Lemn (okonmo 350 k/Dx/Monmb). DTO NPUBOAUT K paspyIIEHMIO
BY/IKQaHV3ALMIOHHOJ CEeTKM M Hadajay HeCTPYKUMy Makpomosekyn HarypanbHoro (HK) u
CUHTETMYECKMX KaydyKoB. Ha mpakTumke NpMMEHANTCA [Ba OCHOBHBIX TEMIIEPAaTYPHBIX
[iMana3soHa MMPO/N3a N3HOIIEHHBIX IINH: HU3KOTeMIIepaTypHbIil muponus (450-550 °C), mpu
KOTOPOM IIPOMCXOJUT OCHOBHAs [JECTPYKLIMA KaydyKOBOJM MATpPMIBI, a TaKXe CpeflHe- U
BBICOKOTeMIIepaTypHbii  mumpomm3  (>600 °C). C  moBbIIeHMEM  TeMIIepaTypbl
VMHTEHCU(PUIVPYIOTCA IPOLEeCChl BTOPMYHOTO KPEKMHIa U TasupUKaLuUM YITepPOAMCTHIX
OTNIOKEHUII. IJTO MPUBOJUT K OYMCTKE IOBEPXHOCTM IIOp M YBEINYEHUIO YHAETbHON
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MIOBEPXHOCT TBEPAOTO OCTATKA, OJHAKO OJHOBPEMEHHO MOXET IIPOMCXOAUTD IpadUTU3aIA
CTPYKTYPBI, CHIDKAIOIIAsA IIOBEPXHOCTHYIO aKTMBHOCTD MaTepuana [2, 6].

TBepabIll yIIepomHbIl OCTaTOK nyponusa pe3nH (CB,) mpuHIMNINaabHO OTINYAETCS OT
TPAAUIIVIOHHOTO IIPOMBILIUIEHHOTO TEXHMYECKOTo yriaepofa. Ecaum mpoMblleHHbI
TeXyI/IepOJ; CUHTe3UPYeTCs 'C Hy/Isl' M3 ra3000pasHOro WM >KUKOTO CHIPbs IIyTeM HeIIOTHOTO
oxuranys (Metop "cHusy-BBepX'), To CB, mpepcraBisfer co00il KOMIIO3UT, COCTOSIINMII 13
INEepBUYHBIX arperaToB TeXYI/NIepojid, W3HAYAJIbHO BBEJEHHbIX B ILINMHHbBIE Pe3NHBI,
MOAVQUIVPOBAHHBIX YIJIEPOAVICTBIMU IPOAYKTAMM paclajia Kaydyka ¥ OOOoTraleHHBIX
HeopraHMYeCcKMMM KOMIIOHeHTamu (307101) (4, 7, 9].

30/bHaA 4acTh, cocTapiAwmad oT 10 1o 20% maccel CB,, Urpaer KI04eByIo poib B €T0
HOBeJileHNM KakK HamonHuTensd. OCHOBHBIMYM KOMIIOHEHTAMM 30JIbl SABJIAIOTCA OKCHUJ, IIVTHKA
(ZnO) n cynpdup unuka (ZnS), obpasyrouuecs B pe3ynbTaTe TpaHCPOpPMALNMM AKTUBATOPOB
BY/IKaHV3aIMH, a TakKe fuokcuy kpeMHus (SiOs) u coenyHenys Kanpnys. IlpucyrcrBue aTnx
XVMWYECKM aKTUBHBIX CO€MHEHUII Ha IIOBEPXHOCTM YIJIEPOJHBIX YaCTHUI] CO3J/aeT
crienuUYecKylo "XMMMUIO IIOBEPXHOCTU', CIIOCOOHYIO BIVMATh Ha KUHETUKY CEPHON
BY/IKaHV3ALVM, YCKOPSIS VIV 3aMeJlJIsisl peaKLyyl CLIMBaHVS B 3aBUCUMOCTH OT ycmoBuii [10, 11].

Cpenmyu pasIMYHBIX BUEOB CUHTETMYECKUX Kay4yKOB OCOOYI0 TPYIIY COCTABJIAIOT
Oyragyen-HutpuibHble kayayky (BHK, NBR), koTopble mpencTaBisaiorT co6oil cOmommMepbl
Oyragyena u akpwionutpwia (HAK). Hamnune nonapupix HutpmipHbX rpymn (-C=N) B
MaKpOMOJIEKYJI€ OIIpefeIAeT YHUKAIbHbIN KOMIUIEKC CBOVICTB BynkaHnsaToB bHK: Bbicokyro
CTOVIKOCTD K amndaTIiecKuM yriueBogoposaM (MacaaM, TOIUIMBAM), TOBBIIIEHHYIO afTe31io K
Pas3IMYHBIM CyOCTpaTaM 1 Xopolnye GpU3NKOo-MeXxaHdecKue mokasarenu [12, 13].

C ydyeroM IpenmosnaraeMoli HeBBICOKON akTuBHOCTM CBp Hambormee JOrMYHBIM
IPEeJiCTAB/IACTCS ONpPOOOBaHNE IIPUMEHEHUsI €ro B COCTaBe PE3VHOBBIX CMecell s
pesuHoTexHmyeckux msgemuit  (PTHM), pemenTypa KOTOpBIX 3a4acTyl0  BK/IIOYAeT
MaJIOAKTVBHbIe HAINIOJTHUTENM, IpWdYeM BBOAVMBIE B OOIbIINX HO3MpOBKax. Iloxamyii,
Hanbojiee pacIpOCTPAaHEHHBIMU Cpefyl 3JIACTOMEPHBIX KOMIIO3MIINIA, VICIIO/Ib3YIOIUXCS ML
npousBozacTBa PTV, ABns0TCA pesuHbI Ha OCHOBe OyTaayieH-HUTPUIbHBIX KayIyKOB.

Cneunduxa B3ammopeiictBusa HanonHutenein ¢ BHK o6ycmosnena momsspHOCTBIO
MaTpuisl. B ormmune ot Henonspubix kKayuykos (HK, CKI, CK]I, BCK), rne B3aumopeiicTye
C YITIEPOIHBIM HAIIOJIHUTE/IEM OIpefie/isIeTcsl MPeUMYILeCTBEeHHO AVICIIEPCYOHHBIMM CUTAMMU
Ban-piep-Baanbca u ¢pusndeckum 3anerienneM 1emneit, B BHK cymecTBeHHBIT BK/Iaf BHOCAT
JATIONb-AUIIONbHBIE B3aMOJENCTBMS M BO3MOXXHOCTb O0OpPa3OBaHNA BOJOPOMHBIX CBs3eN
MeXAy (YHKIVOHAJIBHBIMU TPYIIIAMU Ha IIOBEPXHOCTM HAIOJHUTENA U IOAPHBIMU
TpymmamMu Kaydyka [12, 13].

[Tpn ncnonp3oBanuy TBepHoOro npopykra nuponnsa B BHK Heo6xoaumo yunteiBath aBa
KOHKYPUPYIOIUX QaKkTopa:

1. CpoacTBO K yITepogHOI MoBepXHOCTH: YriepogHas npupoga CB, obecneunBaer
COBMECTUMOCTb C TUAPO(OOHBIMM yYacTKaMM HONMMepHON Iernu (OyTagyeHOBBIMU
3BEHbAMIN).

2. BnusaHMe 301bHBIX KOMIIOHEHTOB: [lospHble Heopranmyeckye BKIodeHusa (ZnoO,
SiO,, CaCO;) B cocraBe mMponM3aTa MOTYT CIeUUUYIeCKN B3aMMOJEICTBOBATb C
HUTPUIbHBIMM TPYIIIIaMU, MI3MEHSS PEeOIOTUI0 CMeCH U KMTHETUKY POPMMUPOBAHMS CETKIA.
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ITocTaHOBKa 3aja4y MCCIETOBAHIA

HecMmoTpss Ha 3HauYMTeNbHBII 00DBEM NCCIENOBaHMII B 00acTM NMPONIM3a LIVH,
IIPaKTUYECKOE IIPUMEHEHNE TBEPJOTO OCTaTKa B OTBETCTBEHHBIX PE3MHOBBIX CMECAX OCTAETCA
orpay4eHHbIM. OCHOBHBIMU TIPEIATCTBUAMU SBIAIOTCA HeCTaOMIbHOCTh cocraBa CBy,
BBICOKas 30/IbHOCTD VI HA/IN4Ne Ha IIOBEPXHOCTY IIPOAYKTOB HEIIOIHOTO pas3/oXKeHns (CMoI),
OTOKMPYIOIVIX aKTUBHBIE IIEHTPBI M MPENATCTBYIOMNX 3((eKTVBHOMY B3alIMOJAENICTBUIO C
Kay4yKOM.

CymecTByole 1MTepaTypHble JaHHbIE YKa3bIBalOT Ha NMPOTUBOpednBoe BausaHue CB,
Ha CBOJCTBA pe3VH: B ONHMX CIydasx HaOmiopmaercss 9¢ddekr ycmneHms, OMM3KUi K
IIOJTyaKTVBHBIM MapKaM TeXYyI/IEPOJA, B IPYTUX — PE3KOe MafleHNe IPOYHOCTY M 37TaCTUIHOCTI.
Oco0eHHO MaJOM3y4eHHBIM OCTAaeTCsl BOIPOC BIMSAHMA IMPONM3aTa Ha KUHETUKY
ByJIKaHM3aLMM CMecell Ha OCHOBe IOJNAPHBIX KaydykoB, Takux Kak BHK, rpge mammume
OCTaTOYHOJ Cepbl M OKCHAA ILVHKA B HAIOTHUTE/IE MOXXET CYyLeCTBEHHO MCKaXaTh
CTaHJapTHbIE MEXAHM3MbI CIUVBAHNA.

Ilenblo HacTosel pabOTHI ABIAETCS CUCTEMATUYeCKOe MCCIefOBaHMe KIHETUIeCKIX
3aKOHOMEPHOCTeJ BYIKAaHM3ALVV ¥ 3BONIOUMM (PU3MKO-MEXaHWYECKNX CBOVICTB Pe3MH Ha
ocHoe bHK mpy yacTu4HOI 1 MOTHOM 3aMeHe TPAaANLMOHHbBIX HAIIOMHUTENeN (Texyrneposa
IT 803, xaonmHa, Meynia) Ha TBEPABIIl YIIEPOAHBIN OCTATOK Nuponusa myH. Ocoboe BHUMaHME
yHOeNnAeTCa  aHaIM3y KOPpeNAUMii  MEXJy COCTaBOM  HAIOJHUTENA, IIapaMeTpaMu
BY/IKAaHM3ALVIOHHOM CETKM ¥ MAKPOCKONIMYECKMMI CBOJICTBAMM MaTepuaia.

OO0BeKTHI N METOAbI NCCIIEA0OBAHNA

XapaKTepuCTMKa MCXOJHBIX MaTepUaIoOB

B kavecTBe momumMepHON MaTpuibl (CBsA3YIOIIEro) ObIIM BBIOPAHBI IIPOMBIIIICHHbIE
obpasnpl  OyTafMeH-HUTPWIbHBIX KAay4yKOB  POCCUIICKOTO IIPOM3BOACTBA, IIMPOKO
IpUMeHseMble B PEe3MHOTEXHMYECKOJ  IPOMBIIUIEHHOCTM I M3TOTOBJIE€HUA
Mac/I00eH30CTOMKNX uagenuin [12-14]:

1. BHKC-18AMH: byTapgueH-HUTPUIbHBI KaydyK CUHTETUMYECKUII C COfep KaHUeM
HUTpwiIa akpuiaosoit kucnorsl (HAK) 17-20%. XapakrepusyeTcst BBICOKOI MOPO30CTOIKOCTBIO
(Temmepatypa cTeknoBaHus 0Koo —50 ... =55 °C) u yoBIeTBOPUTEIbHOI MaC/IOCTOMKOCTBIO.
Mupexc «M» ykasbpIBaeT Ha MATKOCTD (HU3KYIO BA3KOCTb 110 Mynn), «H» — Ha ncnonbp3oBaHme
He TeMHEIOIIIer0 aHTMOKCH/JaHTa 8.

2. BHKC-28AMH: Kayuyxk c copepxannem HAK 26-30%. O6maaeT c6araHCMPOBaHHBIM
COYeTaHMEM MAaC/IOCTOMKOCTHM, TEIUIOCTOMKOCTM M 3JIACTUYHOCTH. SIBysiercs «pabodeit
nomankoit» B mpousBopctBe PTV obmero mu coenmasbHOrO HasHa4yeHMA (MaH>XKETHI,
IpOKIafKy, pykasa) [15].

B xayecTBe KOHTPO/IBHBIX (3TA/IOHHBIX) HAIIOTTHNUTeE/IEN MICIIOIb30BA/IVICh TPAAVIIVIOHHBIE
MaTepuajbl, ¢ KOTOPBIMI IIPOBOAIIOCH CpaBHeHNe 9(pPeKTMBHOCTY MUpoIu3aTa:

o Texunuecknii yrnepopn I1 803 (anamor ASTM N880/N990) [16]: ITeuHoi1, ManmoaKTMBHBII
TEXYTJIEPOJ, TIOTy4aeMblil IIPU TEPMOOKUCIUTETBHOM Pa3Io>KeHNY KUIKOTO YI/IEBOJOPOHOTO
ChIpbs. XapaKTepu3yeTcs HU3KOI YIe/IbHOV TeOMeTpPUYecKoil IIOBEePXHOCThI0 (12-18 M*/T) u
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HV3KUM CTPYKTYPHBIM IOKasaTeneM (abcopbuysa macma 60-75 cm®/ 100 r). Vicnonbayercs ps
obecrieyeH st BLICOKOTO HAIIOJTHEHNMS U YIyYIIeHVSI TeXHOTOTMYECKIX CBOVICTB CMeCeit.

e Kaomun (Al;0;3-28i0,:2H,0): IlpupopHblil amoMOCHINKAT, VHEPTHBIN CBET/IBIN
HAIIOJTHUTE/Ib, VICIIO/Ib3yeMbII1 JI/IS1 yAeIIeBIeHNA CMecell U IIOBBIIIeHNA )KeCTKOCTL.

o Men mpupopusiit (CaCOs): VIHepTHBII HANOTHUTETb, BBOAUMBIN IS CHVDKEHUS
CTOVIMOCTM ¥ PETY/IMPOBaHMSA PEOTOTMYECKIX CBOJICTB.

IKCIepyUMeHTA/TbHbINI HANOTHUTENb (00BbeKT MccneqoBanms): TBepabIil YITIepOIHbIIA
OCTAaTOK IMpomM3a WVH (manee — nuponusaT wimm CB,). MaTepnan monydeH B pesynbTaTe
HU3KOTeMIlepaTypHoro mmposnusa (450-500 °C) cMmecu aMOPTM30BaHHBIX aBTOMOOWMIbHBIX
LUIMH B 3KCIIEPMMEHTAJIbHOM BpallaloIeMcs TOPM3OHTAIbHOM LIVUIMHAPUYECKOM pPeaKTOpe.
Panee, B pabore [17] 6putn mpencraBieHbl PUUKO-XMMUIECKME XaPAKTEPUCTUKIU XKUAKON
dbpaxiyy nuponusa, MOAYYeHHON B JJaHHOM peakTope. B Hacrosimeit pabore mccreoBaHa
BO3MOXKHOCTb MCIOIb30BaHMS TBEpAoOil yrnepopHol ¢pakumm. Ilepen BBemeHUEM B
pEe3VHOBbIE CMeCU TIPOAYKT IIOfiBEpTrajics IpefBapUTENbHON 00paboTKe: yHaleHNUIo
MeTa/UIOKOPAA, IPyOOMy IpOOIEHNIO Y ITOC/IeyIolieMy TOHKOMY IIOMOJIY Ha JIe3VIHTerpaTope
YAAQPHOTO JIeVICTBUA /IS MOBBIIIEHN AUCIEPCHOCTU. B Tabnuie 1 npeacrasieH AuCIIepCHBII
COCTaB MVPO/N3aTa, OIpEJeJICHHBII METONOM CefVMMEHTALMOHHO TypOUAVIMeTpuy Ha
aBromatmieckoM ¢orocenumentomerpe PCX-4 (Poccus). CpegHnit pagmep 4aCTUIL] COCTABUI
6.7 MKM.

Ta6nuua 1. [lucriepcHpIil COCTaB M3MeNTbYeHHOTO TMPOIN3aTa

JuaMerp 5KBUBAIEHTHOII cephl MaccoBas gons yacTuig
Menee 20 Mxm 87
Menee 10 Mmxm 52
Menee 5 MkM 19
Menee 1 MKM 1

XUMIYeCKUi COCTaB MIPO/IN3aTa XapaKTepu3yeTcsl BBICOKMM Cofiep>kaHyeM 307l (12-15,
npeumymectseHHo ZnQO, SiO,, Ca, S), mammumeM yrnepopmcToro Kapkaca (80-85%) u
ocraTo4Hoi1 cepsl (1.5-2.5%) [1, 2, 6].

MeTtoponorus NpuroTOBIeHNUA Pe3MHOBBIX cMecei

V3roToBeHne pe3VHOBBIX CMeCeil OCYIeCTB/Is/IOCh B 1a0OPaTOPHBIX YC/IOBUAX Ha
Basblax JI6 320 160/160 B COOTBETCTBUM CO CTaHAAPTHBIMM METOJAVIKAMU CMELIEHUs s
OyTanyeH-HUTPUIBHBIX KaydyKoB. TeMIlepaTypHBII peXMM BaJKOB IOAJEPKMUBAICT B
muamasoHe 30-50 °C  pgna  mOpenoTBpallieHMA IpPeXeBPeMEeHHOV IOJBY/IKaHM3ALVM
(ckopumHra), yunTbiBas Bbicokyio aktuBHocTh BHK npu mexanuueckoit obpaborke [13, 14].

[Topsimox BBOJA MHTPEANEHTOB (PEKMUM CMeLIeHNsT) ObUT CTIeAYIOIIVM:

1. [Tnactukanusa Kay4dyka (oOpasoBaHMe CIUIOMIHOI WIKYPKM Ha IIepejHEM BajKe).

2. BBoj akTMBaTOpOB (OKCH LIMHKA, CTeapMHOBAs KUC/IOTA) U AUCIIEPTraTOPOB.

3. BBog HanonHuTeNeN (TEXyINIepOH, NVPOIN3AT, KAO/INH, MeJT) HeOOIbIIMM ITIOPLMAMI
s obecriedeHNs PaBHOMEPHOTO paclipefie/ieHusi M CMauMBaHMs IMOBEPXHOCTM YaCTHUI
Kay4qyKOM.

58



OT XHMHH K TEXHOTOTHH TOM 7, BBINYCK 1, 2026

4. BBop msirunreneit (rmactuduKaTopos).

5. BBop By/IkaHM3YOLIIeN IPYIIIEI (cepa, YCKOPUTENN: alnbTakc, KanTakc, [JOT, tTuypam n
7ip.) Ha 3aBepIIAONIeil CTa[I CMELIeHNA.

[Toce cMenenus pe3syHOBbIE CMECH IIOJIBEPTAINCh NTUCTOBAHUIO U BBITIEXKKE B T€YEHME
24 4acoB [ penakcaluuy BHYTPEHHUX HAIIPs KEHUI Ilepel IPOBEJEeHEM VICIIBITAHMIL.

Mertopbl MccefOBaHNA KNHETUKN BYTKAaHM3aI[ UM

N KOMIUIEKCHOJ OLeHKM BIMAHMA NMPONM3aTa Ha CBOJCTBA 3/1aCTOMEPHBIX
KOMIIO3MLIMII OBUT MCIIONIb30BaH HA00p (U3MKO-XMMMYECKMX ¥ MEXaHNYeCKUX MEeTOMOB
a”ammsa [10, 14, 18].

KinodyeBbIM ~ METOZOM  MCCNENOBaHMA  KMHETMKM  BYIKAaHU3ALMM  SABJIATACDH
Bubpopeomerpus [19], peannsoBanHas Ha 6e3poTopHOM peomerpe MDR-2000 (Moving Die
Rheometer). IIpununn peiicTBus mpmbopa OCHOBAaH Ha M3MEPEHUM KPYTSIErO0 MOMEHTA,
HeoOXOMMOro ISl TOAJepKaHMs TapMOHMYECKMX KOlMeOaHMil HIDKHeN IOnypOopMBI C
00pasloM IpM 3aJaHHON TeMIIepaType M 4acToTe, B TO BpeMs KaK BepXHAA momydopma
HeTIOBIKHA U OCHAIlleHa JaTYMKOM MOMEHTA.

B Xome wWcHbITaHMA pPErMCTPUPOBATNICH peoMeTpudecKne KpuBble (3aBUCHMOCTD
KPYTSIEro MOMEHTa S' OT BpeMeHM t), 113 KOTOPBIX ONpefe/sIACh CeRyolye KPUTIIecKue
IapaMeTpbl Npoliecca:

e M| (MMHMMAaNbHBI KPyTAMmNii MOMeHT, fH-M). XapakrepnsyeT BA3KOCTb Pe3MHOBOI
cMecu TIpU TeMIlepaType MCIBITAaHUsA [0 Hadaja cluiymBaHuA. KocBeHHO CBUIETENBCTBYET O
crerieHy (U3NYECKOTO B3aMMOJENCTBUA «KaydyK-HAIIONHUTENIb» U IepepabaTbiBaeMOCTH
CMeCH.

e My (MakcuManbHBI KpyTAmmit MoMeHT, fH-M). IIponopunoHanen MORyI0 cBUTa
MOJIHOCTBIO CUIMTOrO BynKaHu3ara. COy>XUT Mepoil IVIOTHOCTM IIOIEpPeYHbIX CBA3eN I
JKeCTKOCTM MaTepuana.

e AM = Mu - M.. Pa3HOCTP MOMEHTOB, KOoppenupymoujas ¢ XMMUYECKON TyCTOTOM
BY/JIKaHM3ALMOHHOI CETKI.

o ty/t; (BpeMs Hayala IOABYIKaHM3alVM). Bpems, 3a KoTopoe KpyTAIMII MOMEHT
BO3pacTaeT Ha 1 wam 2 eguHUIBl OTHOCUTeNbHO M. Ompepenser MHAYKUMOHHBIN IepUOT,
peaKkIuy ¥ TeXHOTOTMYEeCKyl0 0e30IacHOCTb cMecy (BpeMs 10 Hadala IpeX[eBPeMeHHOTO
CXBaTbIBAHNA).

o tyo (onTMManbHOE BpeMs BylkaHusamun). Bpems moctivkenms 90% oT MakcuMmyMma
BynkaHymsamymn (Msy = My + 0.9(Mu - My)). SIBnsercs OCHOBHBIM TeXHOJOTMYECKUM
IapaMeTpOM [ Ha3HaYeHM peXXMMa ByJTKaHU3ALUN U3

« Cxopoctb Bynkanmsanuu (Ry). Onpenensercsa Kak TaHI€HC yI/Ia HAKIIOHA KacaTeIbHO
K PeOMeTpUYeCcKOll KpMBOII Ha TMHEITHOM y4acTKe OCHOBHOTO nepuoza ciuysanusa (Cure Rate
Index, CRI).

AHanu3 KMHETUKY IIPOBOJMIICA B MI30TEpMUYECKOM peXXnMe Ipu TeMIiepaTypax 143, 150,
160 1 170 °C, 4TO 1MO3BOIMIO PACCYNTATD IHEPIMIO aKTUBALVM Iporecca Bynkanusanuu (E,) c
UCIIOb30BaHNEM YpaBHEHMA AppeHnyca.

[iA OLEHKM CTPYKTYpHBIX IIapaMeTpOB BYIKAaHM3ALMOHHON CeTKM (IIOTHOCTHU
CLIVBaHMA) UCIIO/Tb30BA/ICS METON, PABHOBECHOTO HaOyXaHNUA B TEPMOAMHAMITIECK XOPOIIeM
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pactBopurere (Tomyorne). TeopeTideckoit OCHOBOI MeTofia siBjisieTcst ypaBHeHue Onopu-Penepa,
CBsI3bIBalolIlee CTelleHb HaOyXaHs MO/IMepa C INIOTHOCTDIO Y3710B ceTku [10, 14, 18].

Omnpenensnuce cnenyolye IapaMeTpbL:

e MaccoBas pons 3omb-gpakiuy (S). JJonsd HeCHIMTOro moamMmepa, 3KCTParupyeMoro
PacTBOpUTE/IEM.

 PaBHOBecHas creneHp HaOyxaHus (Q.). MakcuManbHOe KOJMYECTBO PAaCTBOPUTENIS,
HOIIOLIEHHOE 0OPa3IOM.

» O6bemMHas Ko Kaydyka B HabyxuieM reye (V).

o CpefHss MOJIEKyIsIpHas Macca OTpe3ka Iemu Mexpy ysnamm cetku (M),
paccunThIBaeMas o gopmyre:

_pst (I/;”l/g - %)

_ (1)
In(1 = V) + V. + xV?

M,

rfie Pp — IUIOTHOCTb monmmepa, Vi — MONApHBIA 00beM pacTBOpUTENd, Y — TMapameTp
B3aMMOJIeVICTBIA XaITUHCA «II0TMMeP-PacTBOPUTENIb».

JlaHHBII MeTOJ TO3BOJAET pasfeNnnTb BKIAX (GU3NYECKUX Y3/10B  (3alleTUIeHMIT,
agcopbLMy Ha HAIO/NHUTENE) M XUMMMWYECKUX IIONEPEeYHbIX CBA3ENl B OOILIYI0 CTPYKTYpY
MaTepuana.

MertopsI uccenoBaHNsA PU3NKO-MeXaHMIECKNX CBOVICTB Pe3UH

B Hacrosieit paboTe npefcTaBieH CTaHAAPTHBIT HAOOP MCIBITAHMI, TPUMEHIEMBbIX JIJIs
OLICHKV YIPYro-fedOopMalIOHHBIX, IIPOYHOCTHBIX M CHELMAIbHBIX CBOJICTB TeXHMYECKVX
pe3VH Ha OCHOBe OyTafieH-HUTPWIbHBIX KaydykoB [20, 21]. B Tabmuue 1 mpencraBieHb!
METO/bI, IPUMEHsIeMble JIISI MCCTIeTOBaHMs (PU3NKO-MeXaHNYeCKMX CBOVICTB Pe3VH, a TaKKe
UX OCHOBHbBIE XapaKTePUCTUKI U 006/1aCTU IpUMeHeHMs1. VICIbITaHUsM ITOfIBepTaiy pe3NHOBbIE

CMecH, CBY/IKaHM30BaHHbIE B oNTMMyMe IIpu Temrieparype 151 °C cranjapTHbIMU METOAMMU
[22-24].

PCSYJIbTaTI)I NCCIEJOBAHNA

[IporpaMMa 3KCIepMMeHTa BKIIOYaja IIOC/IEJOBATE/NIbHYI0 OICHKY 3¢ deKTrBHOCTI
3aMeHbl TPaAVLIMOHHBIX HaIlOIHUTeNIe Texyrnepopa I1 803 Ha TBepbIi yIIIepOgHBIN OCTaTOK
(muponmsar) B pasIMYHbIX PEeLleNTypHBIX cucTeMax Ha ocHoBe BHK.

B mepBoit cepun 9KCIIepMMEHTOB UCCIEeR0BaNIAch 6a30Bast peleNTypa Ha OCHOBE KaydyKa
BHKC-18 AMH, npennasHayeHHas [I1 OTBETCTBEHHBIX PEe3VHOTEXHUYECKNMX W3MENNi,
PaboTAONIVX B HOCTATOYHO XKEeCTKMUX ycnoBusaX. KoHTponbHast cMech copiepkana 103 mac. d.
texyriepopa I1 803 na 100 Mac. 4. Kaydyka. [IpoBojuiach onjeHKa BIVAHNUA YaCTUYHOM 3aMEHbI
texyrnepopa IT 803 na muponusar.

[Ipn BBepgeHMy mmponmsaTa ObUIM 3aUMKCUPOBAHBI CIEAYION[Ve 3aKOHOMEPHOCTY B
VI3MEHEHNY PeOMETPUYECKNX XapaKTePUCTHK.

C yBenm4eHneM KOMU MMPOJIM3aTa Hab/MIOja/I0Ch He3HAYNTE/IbHOE VI3MEHEeHe BA3KOCTH
cmecn. IIpu 50%-Hoit 3aMeHe HabIIO#AICSA POCT NOKasaTens AM ¥ MaKCMMaIbHOM CKOPOCTH
BynkaHm3auym (Ry). DTo cBMAeTeNbCTBYeT O MOBBIMIEHNN S(PQEKTUBHOCTY CIIMBAHUA.
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[Tpnunnoit ganHOTO 3 deKTa SIBITETCSI XMMUIECKIUIT COCTAB 30/IbHO YyacTy nuponusara. Kaxk
OTMEYEeHO BBIIle, 30J7Ia COMEPXKUT 3HAUMTEIbHOE KOMMYeCTBO okcmpa ImHKa (ZnO) un
OCTAaTOYHOJ CEpbl, KOTOpPble MUIPMPYIOT B PESMHOBYIO MAaTpuULy M [ENCTBYIOT KakK
NOIIOJIHATEIbHBIE AKTUMBATOPbl ¥ CIIMBAWOLME areHTbl, YCUIUBAA [ECTBME OCHOBHOI
By/lIKaHM3yoweit rpynnsl [1, 10, 11]. IIpu atom Habm0gam0ch COKpaljeHre BpeMeH) Havana
MO/IBY/IKaHM3ALMN. ITO TMOATBEPXK/IAET TMIIOTE3Y O KaTaIMTUYECKO aKTMBHOCTY IIpUMeceN B
nuponusare. I[IpucyrcrBue HempopearmpoBaBLIIMX OCTATKOB YCKOPUTENEN ¥ aKTUBHBIX
LIEHTPOB Ha NoBepXHOCTU CB,, CHIDKaeT SHEPIIo aKTMBALIMY Hadajla PEaKLUI IPUCOENHEHNA
Cephbl, YTO SABIAETCA KPUTUYECKMM (PAaKTOPOM [JIA TEXHONOIMM IIepepaboTKM, TaK Kak
IOBBILIAET PUCK CKOpUYMHTra (TpeXieBpeMeHHON By/IKaHM3anuu). Pe3uHBI, copepkaiiye
TBEPAbIN YINIEPOAHBIA OCTATOK IMPOAM3a INMH, IO JAaHHBIM MCCIENOBaHMUA CTEIeHN
HabyxaHWA, TPV COTEPXKaHUY BTOPMYHOTO IIPOAYKTa mopsgka 30 Mac. 4., 4YTO COCTAaB/IALT ~ 25%
OT 001I1er0 cofiep>KaHMsI HAIIOTTHNUTeIel, XapaKTepU3yeTCs CTENIeHbI0 XMMIYECKOTO CIIVBAHNS
Ha ypOBHE 3Ta/IOHA.

PesynbpraTbl  (M3MKO-MeXaHMYECKMX JVICIBITAHMI  BYJIKaHM3aTOB (Tabnmuia  2)
IIOKa3bIBAIOT, YTO MUPOIN3AT He ABIAETCA SKBMBAJIEHTHOM 3aMEHOM TEXHUYECKOTO yIIepoja
IT 803: mpm ero 4acTUIHOI 3aMeHe HaO/TI0fJaeTCsl CHIDKEeHMe YCTIOBHOTO HanpspkeHuA mpu 100%
YIIMHEHMA Y YCTIOBHOM IMIPOYHOCTY NpU pacTsokeHuu. IIpu sTom gpyrue mokasarenn, Takue
KaK OTHOCHUTENIbHOE VIJIMHEHUE IIPU paspbiBe, CONPOTUBJIEHME PA3AUPY, TBEPHAOCTb WU
97IaCTUYHOCTD II0 OTCKOKY IIO JAHHBIM CTaTUCTUYECKOTO aHaaM3a MEHAITCA HE3HAYMMO.
[TosToMy B IIe/IOM MO>XHO CKa3aTh, YTO Ipy OOecIedeHV) HOPMATVBHBIX ITOKasaTeseil I10
YCTIOBHOMY HAIIpsDKEHMIO ¥ IIPOYHOCTY, BBEJIEHME IMPONIM3aTa KavyecTBe 4YacTUYHOIO
samecturens I1 803 mo3BosieT COXpaHUTb KOMIUIEKC CBOVICTB, VICIIONb3Ys 3 deKT crHeprusma
30/IbHBIX KOMIIOHEHTOB C OCHOBHOI1 BY/JIKaHM3YIOILIEil CUCTEMOIL.

Ta6muua 2. Pusnuko-MexaHNYeCKNe IOKa3aTen pesuH Ha ocHoBe Kayuyka BHKC-18 AMH

Cootromenne texyrnepoga I1 803 n
CpepnHee 3HaUYeHNE U
ITokasatenn YITIEpOTHOTO OCTATKa, Mac. 4.
K09 UIIMEeHT BapyaLum
120:0 1125:7.5 105:15
Y cnoBHOe HampsKeHe Ipu Cpennee, MITa 7.56 6.99 4.16
100 % ymnuHeHus
o Juw K, % 3.04 401 3.04
YcnoBHasA IpOYHOCTD MU Cpennee, MIla 10.12 8.64 7.17
acTsDKeHUM
P b Ko, % 2.01 2.10 2.01
OTHOCuTENbHOE Y/IMHEHNE Cpennee, % 162 140 218
IIpY pas3phIBe &, K,, % 8.05 5.05 8.05
Cpennee, kH/m 19.5 15.2 23.1
Conporusnenue pasgupy B
Ko, % 14.5 3.5 15.1
Cpepnnee, ycr. e 72.4 74.1 70.9
Teeppocts o lopy peAree, yer. A
Ko, % 1.3 1.4 3.7
Cpennee, % 34.5 34.8 31.3
9MaCTMYHOCTD IO OTCKOKY
Ko, % 7.9 7.8 6.6
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B cnenmyromeit cepuy oOmbITOB OblIa M3y4eHa BO3MOXXHOCTb YaCTWYHON 3aMeHBI
Texyrnepoga II 803 B cmecm Ha ocHOoBe Oomee monApHoro Kayuyka BHKC-28AMH.
B pesynbrare momydeHsl ciefyrome faHHble (Tabmma 3).

Ta6muua 3. Ou3nko-MexaHNYeCKNe I0OKa3aTeM pesyH Ha ocHoBe Kayuyka BHKC-28 AMH

CootHomenne Texyriaepopa I1 803 u
CpepHee sHaueHMe 1
[Toxasarennb YIJIEpOJHOTO OCTATKa, Mac. 4.
koo uimenT Bapuanun
103:0 97:6 90:13
YcnoBHOe HanpsyKeHue npn Cpennee, MIIa 0.96 1.17 1.21
100 % ynmuHeHus
R Juw K, % 45 3.4 26
YcnoBHasA IpoYHOCTD IpK Cpennee, MIla 4.96 4.92 4.72
ACTSKEHNN
P F K, % 3.3 7.3 3.9
OTHOCKTeNbHOE YATMHEHNE IpU Cpepnnee, % 504 473 441
paspbiBe &, K., % 4.7 52 5.4
OTHOCUTENbHOE OCTaTOYHOE Cpepnnee, kH/Mm 20.6 10.7 11.8
TMHEHMEe
A K, % 2.2 4.5 21

Kak BupiHO, IpyMeHeHue MUpO/N3aTa B pe3Hax Ha OCHOBe 06oJiee MOIAPHOTO Kaydyka
apysercs 6onee a¢ppexTrBHbIM. Habmoaercs yBemdeHe ycI1oBHOTo HanpspkeHus mpu 100%
VANVHEHNsT ¥ YMEHbIIeHMe OCTaTOYHOro ymiumHeHus. OTHOCUTeNIbHOE YHIMHEHME IIpU
pa3pbIBe HECKOJIBKO CHIDKAETCS, OCTABasICh P 9TOM B Ipefie/lax HOPMATUBHBIX 3HAYEHMIL.
OcranbHble MMOKa3aTeMy MO JAHHBIM CTaTMCTUYECKOTO aHaIM3a M3MEHSIOTCS HEe3HAdMMO.
Kpome TOTO, MCCIefoBaHys MOKa3amy, YTO B CMECAX, COfIepKAIVX, IIOMUMO TEXHUYECKOTO
yIZIepofia TaK)Ke TaKyue HAIIOMHUTENM, KaK Me/l M KaOJMH, MOXXeT OBITh IpOM3BeleHa KX
JacTMYHas 3aMeHa 0e3 3HaYMMOTO M3MeHeHNs (PU3NKO-MeXaHNYeCKUX CBOJICTB.

BynkaHnsaTbl, B KOTOPBIX MeJI OBUI IIOJTHOCTBIO 3aMEHEH Ha IMpPOJIN3aT, IToKaszanu 6osee
BBICOKVIE 3HAUeHMsI TBEPHOCTI ¥ MOYJIeil YIIPYTOCTI PV COXpaHEHNUM TIPMEMIEMOTO YPOBHS
IPOYHOCTM. JTO IO3BOJIACT CENaTh BBIBOJ, YTO MUPONU3AT MOXKeT 3P PeKTUBHO 3aMEHATH
MUHEepalbHble HAIlOJIHUTE/IN, BBICTYIasi B POMU IOy YCUIMBAIOLIETO areHTa, a He IPOCTO
MHepTHOro pasbasurerss. OZHAKO [IA peann3aluyl TaKoJl 3aMeHbl Ha IpaKTHKe TpeOyercs
CyllleCTBEHHasi KOPPEKTUPOBKA BYIKAHU3YIOLIEl TPYIMIbl (CHVDKEHME COTEp>KaHWs Cepbl U
YCKOpUTesieit) [Aist IpefoTBpalleH s TOBY/IKAH N3N,

O6cyxpmeHne pe3yIbTaToB

IToryyenHble 3KCIIepUMEHTa/IbHbIE JAHHbIE OJHO3HAYHO CBUJETENbCTBYIOT O TOM, YTO
TBEpPJblil MPOAYKT MMPO/IN3a IINH He AB/IAETCA MHEPTHbIM KOMIIOHEHTOM. Ero BimsaHue Ha
KVMHETMKY BYJTIKaHM3aIMJ MOXKHO OIMCATh Yepe3 MeXaHM3M 'JBOJHOTO JIeICTBUA

1. B mpormecce nuponmsa 4acTb Cepbl, CBA3aHHON B CYIbQUIHBIX MOCTMKAX LIMHHOI
pe3uHbl, He yaansgeTcs B Buje H,S mim MepkanTaHoB, a 0CTaeTcsA B CTPYKType TBEPLIOTO OCTaTKa
B BlJIe HEOpPTaHMYECKUX CynbPuaoB (ZnS) wiy XMMUYECKM CBSI3aHHON C YI/IEPOJIOM Cephl.
B ycnoBusAx moBTOpHON By/NIKaHM3anum npu Temmeparypax 150-160 °C sra cepa MoxeT
BCTYIAThb B PeakIy OOMeHa I y4acTBOBATb B 00Pa30BaHMI HOBBIX IIOIIEPEYHBIX CBA3EIL.
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2. Bricokoe comepxanme ZnO (mo 4-5% B IlepecyeTe Ha Maccy IMPOJM3aTa) UTpaeT
KPUTUYECKYI0 PO/b. B KraccuueckoM MeXaHM3Me CEepPHON BYy/IKaHM3AUMM OKCUJ, I[MHKa
pearupyer co CTeapMHOBON KICIIOTOII, 00pasys cTeapaT IMHKA, KOTOPBIL 3aTeM GOpMUpPYeT
aKTVMBHble KOMIUIEKCHI C YCKOpWUTeJIeM U cepoil. BBemeHume muponusata GakTUIecKu
yBe/IN4MBaeT KOHLEHTPALMIO aKTHBaTopa B cucreMe. bomee Toro, mockonpky ZnO B
NMpoJIM3aTe paclpefie/ieH Ha MOJIEKY/SIPHOM YpPOBHEe WIM B BMIe HAHOYACTUI] BHYTPU
YIZIEpOHOM MATPMIBI, €ro MAOCTYIIHOCTb [yIA peaKUuMy MOXKeT OBbITb BBbIIIE, YeM Y
KpucTamdeckoro ZnQO, BBOAVMOTO OT/E/IbHO.

91 akropbl 00BACHAIT Hab/MOaeMOe COKpallieH)e BpeMeHU ty M POCT CKOPOCTU
By/IKaHU3auyu. [l OmMcaHMs KMHETMKM IIpoljecca IIPYMEHMMBI aBTOKATaIUTUYECKIe
mopenmu tuna Kamansa-Cypypa, rie KOHCTaHTbI CKOPOCTY OyAYyT 3aBMCETh OT KOHLEHTPAL[UU
NVPO/IM3aTa KaK ICTOYHMKA KaTaIMTUIECKNX IIeHTPOB.

CHmKeHMe IOKasaTesnell NMPOYHOCTM Npu 3aMeHe Texyrnepoja II803 nHa mmponmsar
00yC/IOB/IEHBI HECKOIBKVMMY (PM3NMKO-XMMIMYeCKMH paKTOpaMu:

1. CeIMeHTAL[MIOHHBIV aHA/IN3 Y JAHHBIE 9/IeKTPOHHOI MYUKPOCKOIINM [TOKA3bIBAIOT, YTO
YacTUIIBI MMPOJIM3aTa MMEKIT INMPOKMIT pasdpoc 1mo pasmepaM, BKmo4Yas (pakuum Oosee
10-40 MmkM. B pesumHe Takme KpyIHbBIE arioMepaThl JIEJICTBYIOT He KaK YCWIMBAIOIVe
HAaIlOJTHUTE/IN, @ KaK KOHIIEHTPATOPbl HAPsDKeHWI (TedeKThl CTPYKTYpPHI), MHULVVPYIOLIVe
poct TpemyH npu gedopmanyu. [ apPekTUBHOTO ycuIeHs pasMep YacTHL] JO/DKEH ObITh
COIIOCTaBMM C pa3MepoM JacTulj Texyriepozga (<100 HM [i/ist arperatos).

2. TToBepXHOCTb MMPONIM3HOTO YI/IEPOJA 4acTO IOKPbITA CI0eEM aMOP(HOIO yriaepopa
(kokca), oOpasoBaBLIErocs NpM JAEeCTPYKUMM Macia ¥ HOOABOK. IDTOT C/Ioil O/IOKMpyeT
aKTVBHbIEe (PYHKLMOHA/IbHBIE TPYNIBI (TMAPOKCUIbHBIE, KAPOOHMIbHBIE), HEOOXOAVMBIE JIS
B3aUMOJIEIICTBYUs C MOJLIPHBIMUM HUTpunbHbIMU rpymmamyu BHK. OtcyrctBue cmmbHOrO
MeX($a3HOTO B3aVMOJEIICTBIUA MIPUBOAUT K TOMY, YTO IIPY Harpy3Ke IIPOVICXOJUT OTC/IOCHIE
MaTpUILbI OT HAOMHUTENA (3P EKT JeBeTUHIA), YTO CHIDKAET IPOYHOCTb.

3. Bbicokass TMOMAPHOCTD IOBEPXHOCTH, obycmoBneHHass 3o0moi (SiO;, ZnO), moxer
IPeIATCTBOBATb CMAYMBAHMIO YITIEPOJHOI YAcTV MATPUILIBI HENOJIAPHBIMM CEeTMEHTaMu
Kayuyka, xoTs misi BHK aToT addexT MeHee BbIpakeH M3-3a COOCTBEHHOJ IOISIPHOCTY
Ho/MMepa.

Vicxopst U3 BBISAB/IEHHBIX 3aKOHOMEPHOCTeT, /Ui IepeBOfia IMpojM3aTa U3 paspsiza
JIeIlIeBOTO HAIIONHUTENA (IWIyeHTa) B paspsp GYHKIVIOHAIBHOTO KOMIIOHEHTa HEOOXO VMBI
CTIefyIoIyie LIaTu:

o Jlcnionb3oBaHMe CTPYMHBIX MEJIBHUIL VIV MOKPOTO IIOMONA I pa3pylleHus
arJioMepaToB 10 CyOMUKPOHHOTO YPOBHS.

« Kucnornas o6paborka (HCl, H,SO4) mns ymameHus m36bITKa 30/1bl. DTO MO3BOJIUT
BCKPBITDH YITIEPOHYIO IIOBEPXHOCTD, YBEIMYUTD YAeAbHYI0 noBepxHOCcTh (BET) u moBbIcuTD
cofiep>KaHye aKTUBHBIX KVICTIOPOJHBIX IPYIIIL.

o [Ipu 1CII0Nb30BaHNM CHIPOTO MMPOTIM3aTa HEOOXOMMO CHIDKATH O3V POBKY OCHOBHOII
BY/IKQaHV3YIOIIel TIpynmbl (cepbl ¥ YCKOpUTeNeil), YYMTbIBas 'BHYTPEHHUII pe3eps”
NVPOJIN3aTa, ¥ BBOAUTD 3aMefmuTeny Bynkanusauyy (PVI) mis KOHTpOIs MHAYKIMOHHOTO
nepuoza.
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3aknrouyenue

BeInonHeHHOE  McCTejoBaHNue IO3BOIAET CHOPMYIUpOBATh CIIeAyolye KIIYeBble
BBIBOZIBI OTHOCUTE/IPHO MCIIO/Ib30BaHMA TBEPJOTO YIIEPOJHOIO OCTaTKa NMMpOIM3a IIVH B
pe3VHaxX Ha OCHOBe OyTaiyeH-HUTPUIbHBIX Kay4yKOB:

1. [luponmusar Mo>keT OBITh WUCIHONB30BaH KakK 9(QPeKTUBHBII  3aMeHUTEIb
MAJIOaKTVBHBIX MMHEpa/JbHBIX HAIlOJIHUTesell (Mesl, KAONMH) M YaCTUYHBI 3aMeHNUTENIb
nonyaktuBHoro texyriaepopa (IT 803) B gosupoBkax o 20 mMac. 4. 6e3 KpUTUYECKOI NoTepu
9KCIUTyaTalMIOHHBIX CBOJICTB Mac/I00€H30CTONKUX pe3VH. bonee sQeKTuBHBIM sABAETCS
JICIIO/Ib30BaHMe NMUPO/M3aTa B pe3/HaX Ha OCHOBE Kay4yKOB C OOJNBIIVM COZEp)KaHUEM
HUTPWIbHBIX IPYIIL

2. BefieHne nmuponmnsara CylleCTBEHHO M3MEHAET KMHETUKY BYNIKaHMU3aLUN, JJEVICTBYA
KaK BTOPMYHBIN aKTMBATOp. JTO NPOABIAETCA B COKpAllleHMM MHAYKLVMOHHOTO IEPUOAa U
yBeIMYEHNN CKOPOCTM CIIMBAaHMsA, 4YTO TpeOyeT o00s3aTe/IbHO afanTalyy COCTaBa
BY/IKQHM3YIOLIel TPYNIbl (CHVDKEHMEe COfepyKaHMs YCKOPUTeseil, BBeJeHUe MHIUOUTOPOB
HOJBY/IKAaHU3ALUN).

3. IIpy MasbIX CTeNeHAX HAIIOTHEHVS MMPOIN3AT CIIOCOOCTBYeT (OPMUPOBAHNIO TYCTOM
BY/IKQHM3ALVIOHHON CeTKM 3a CYeT Y4acTVsI COOCTBEHHBIX aKTMBHBIX KOMIIOHEHTOB (S, ZnO).

4. 111 TpPOMBIIUIEHHOTO BHeApeHUs HeoOXoAguMa IIpefBapuTeNbHasA IOATOTOBKA
NMpO/M3aTa, BKIIOYAMOIAS TOHKMII IOMON IS yCTpaHeHMA (pakKLuil, BBICTYIAIONIX
KOHILIEHTpaTOpaMy HaIlpsA>KEHUIL.

B nenoM, ncronb3oBaHMe TBEPAOTO NMPOAYKTa NMMUPONN3a B pe3nHax Ha ocHoBe bHK
ABNAETCA IEPCHEKTUBHBIM HAIlpaBJIEHMEM, IIO3BONAIOIMM  Peanu3oBaTh IIPUHIMIIBI
9KOHOMMKM 3aMKHYTOTO IVIK/IA, CHU3UTb Ce0eCTOMMOCTb IPOAYKIUN ¥ PelUTbh IpobieMy
YTWIN3aLuM HIVHHBIX OTXOMOB IIPM YCIOBUM TPaMOTHOTO TEXHOJIOTMYECKOTO IOAXOja K
PenenTypOCTPOEHMIO.
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Kniouesvte cnosa: Annomayus. B cmamve  paccmampusaemcs — éonpoc  addexmusHocmu
mennoobmeHHble pexynepamuenvix — mennoodmenHuxos. Jlna  onpedenenus  sdexmusHocmu
annapampvt, pexynepamuenix mMennooomMeHHUKO8 svibpana mepmoouHaAMUYeCKAs
mepmoouHamudeckas spdexmusrocmp.  IIpedcmasenenvl  cXeMbl — ONBIMHBLIX — YCMAHOBOK MO
appexmusHocmo, IKCNEPUMEHMATILHOMY UCCTIE008AHUI0 IPPeKMUSHOCU UCNONIb30BAHUS SHEP2UU OIS
mennonepedaud, PASTUMHBIX CXeM 0BUNEHUS MeNTOHOCUMenell 6 Meno00MeHHUKAX «mpyba 6 mpybe»
NPAMOMOK, U KoxyxompybHom mennoobmenHuxe. Ilpedcmasnena memoouka U HOPAOOK
npomueomox, onpedeneHusi mMepmMoOUHAMUHECKOTI IPPeKMUBHOCNY MeENTO0OMEHHVIX ANNAPAMOs.
mennosoti 6anamc IIposedero cpasHerue MepmMOOUHAMUHECKOU SPPekmUBHOCMU PeKyneparmueHbLx

MeNnsIo00MeHHUKO8 OST 08YX CXeM OBUNEHUS MensioHoCUmerneti: NPIMOMOKA U
npomusomoxa. YcmawoeneHo, umo NpPU NPOMUBOMOUHOL cxeme OBUINEHUS
mennonocumeneii mepmoouHamuveckas sPdexmusnocmv Ha 5-10% eviuie, vem npu
npsimomoxe. IIpu 6vi6pantbix pacxodax mensioHocumeneii MepMoOUHAMUECKAS
agppexmusHocmy mennooomeHHUKA «mpyba 6 mpybe» Ha 25-30% eviue, uem Onst
Koxcyxompy6uamozo mennoobmennuxa. Ilonyuentole skcnepumenmanvtole OdHHblE 8
danvHetiuleM NO360M NPOBOOUMb ZPAMOMHBITL BbIGOP MuUNA MenIo0OMEHHUKA,
PAUUOHATIGHOTI OP2AHU3AUUYU CXEM OBUNCEHUS MeNAoHOCUmMeNell 8 3a8UCUMOCIU OM
KOHKPEMMbIX YCNI0BUTI  pabomuvl  mMennoooMeHH020 annapama, 4mo NO360IUM
CyujecmeenHo nosvlcumv IPPexmusHocmo npoyecca.

1 EUTUPOBAHNA:

JleoutpeB B.K., Kopabmesa O.H. OxcnepumeHTanbHOe ormpeneneHne 3PpQeKTUBHOCTY PpeKylepaTuBHBIX
ternoobMeHHMKOB // OT XmMmuy K TexHomormm miar 3a marom. 2026. T. 7, Bem. 1. C. 66-75.
URL: https://chemintech.ru/ru/nauka/issue/7073/view

BBenenne

BaxneimmM ~ (HakTOpoM  5KOHOMMYECKOTO  pasBUTUA  CTPaHbl  SB/IAETCA
sHeprocbepexxenme [l]. 3amaum, cBsA3aHHble C IOBBILIEHVEM 3HEProdddeKTUBHOCTU U
CHIDKEHIUEM 3HepronoTpeOIeHNs B IPOU3BOACTBE, SABIAITCA NPUOPUTETHBIMIY, ITOCKOIBKY
TEXHOJIOTMYECKMe ITPOLeCcCH U oneparyy B HedrenepepabarbiBaolell, HePTeXNMNIECKOI,
XUMMYECKOII, MUIEeBOl, (apMarieBTMUeCcKO, MUKPOOMOIOTNYECKOl ¥ MeTa/UTyprudecKoi

OTpaciniax XapaKTEPU3YIOTCA BbICOKVM SHCPI‘OHOTPE6H6HI/[6M. Y1065 OL€HUTDb
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9HeproapPeKTUBHOCTb, HEOOXOAMMO MMeTb HaJeXXHble II0KasaTely, KOTOpble MOXXHO
JVICTIOTIb30BAaTh /I CpaBHEHM (PaKTUIECKMX Pe3y/IbTaTOB C MAKCMMATIbHBIMU B 0OeCIIedyeHn N
aHeprocbepexeHnA. B pexynepaTuBHbIX TeIIIOOOMEHHMKAX Ilepeada TeIla 13 Topsdeil Cpebl
B XOJIOJHYIO ITPOVICXOANT Yepe3 pa3fe/INTeIbHYI0 CTEHKY Y ABJLAETCA CIOKHBIM IIPOL[ECCOM M3-32
pama ¢axtopos [1, 2]. Tounsll pacdeT U omeHKa 9HEProsdHeKTUBHOCTY TEIIOOOMEHHBIX
alnapaToB MMEIOT pellaroliee 3HaYeHNe J/I1 ONTYMU3AIY TEXHOTOTMYECKOTO IPOU3BOJICTBA
Y CHVDKEHMs 9KCIUTyaTallIOHHBIX 3aTpaT. B mocnenHee BpeMs npu aHanuse 3 dexkTuBHOCTI
Ipoliecca TeIUIoNepefady IIMPOKOe PACIPOCTPAHEHME IIONYYMI SKCEPreTMYEeCKUI MeTOf
TepMOJVIHAMIYECKOTO aHa/IN3a, KOTOPBIN IT03BOJIAET IMTyO)ke IIPOaHAIM3MPOBATh IIPOIIECE,
YIyYIINTb IOHMMAaHMEe MeEXaHM3MOB IIPOIecca, CHM3WUTb 3aTpaThl HAa TEIUIOHOCWUTEIIN.
OmnpepnensieMblii B 3TOM MeTOfe O9KCEpPreTHUecKmil KoapuIMeHT MO0NIe3HOro [eiiCTBUS
KO>XKyXOTPyO4YaTOro TeIIo0OMEeHHOT0 aniiapaTa 03BOJIAeT IPOAHATN3MPOBATh KAYeCTBEHHYIO
CTOPOHY IIpoliecca Ipeodpa3oBaHMA TeIIa B pabOTY, BBIABUTD IPUUNMHBI M PACCINTATD IIOTEPY
terioBoro KIIJI, mpemmoXuTb crocoObl MX YCTpaHeHMs, YTO IMOBBICUT 3((eKTUBHOCTD
ycTpoiictsa [3].

B nccnepoBatenbckux maboparopusix Kapenpst [IAXT SpocmaBckoro rocysapcTBeHHOTO
TEXHIYECKOTO YHMBEPCUTETa B TeYeHUe MHOIMX JIeT IPOBOJVIIVICH 3KCIIePUMEHTAIbHbIE
VICCTIEIOBAHMsI Ha CTPYJHBIX alllapaTaxX ¥ Ta30KMAKOCTHBIX PEAKTOpax C 9KEKLMOHHBIM
[UCIleprupoBaHyeM Tasa. Ha 9KCIIepMMEHTAaTbHBIX YCTAaHOBKAX IIpM  VCCIEOBAHUY
TUIPOAMHAMUKMA ¥ MaccooOMeHa B Ta30)KMAKOCTHBIX pPEaKTOpaXx C 3KEKI[MOHHBIM
[VCTIEpPTPOBaHMEM Ta3a XXVUAKOCTb C IIOMOIIBI0 HAcOCa MHOTOKPAaTHO IVIPKY/IMPOBaJIa yepes
OaiinmacHyIo MMHNIO POPCYHKM M KEKTOPHI [4, 5], Py 9TOM OHa HarpeBaach GO BBICOKUX
Temneparyp. IlosToMy [ifd OXTMaX[eHMs O>KUAKOCTM, Ha pPeLVPKYIALMOHHON JIMHUU
YCTQHaBIMBAICA TEIVIOOOMEHHMK (KOXKyXOTPYOHBII Mium Tuma «Tpyba B Tpybe»). Bri6op
TEIIOOOMEHHUKA IPOBOAWICA VICXOAsS M3 HaINuus TEeIUIOOOMEHHMUKa B /1abopaTopuy Ha
JaHHBIVI MOMEHT.

Ilenplo HACTOAIIETO WCCIENOBAaHMA AB/IAETCA OSKCIIEPMMEHTAaIbHOE OIIpefle/ieHIe
TepMOAVHAMIYECKOl 9(PPEeKTUBHOCTM TeIIOOOMEHHMKOB (KOXYXOTPYOHOTO 1 «Tpyba B
TpyOe»), a TaK)Xe CpaBHEHME [JBYX OCHOBHBIX CXeM IBVKEHMsI TEIUIOHOCUTEIEN: IPSIMOTOKA U

IPOTMBOTOKA.
OcHOBHasA 4acTh

Tennmoob6MeHHbIE aImnapaThl Ha NpeAnpUATUAX XVIMUYECKOM u
HedTenepepabaThIBaOLIEl MPOMBIIIIEHHOCTY COCTAB/IAIOT mopsigka 40% Macchl Bcero
000pymOBaHMs, YTO CBA3aHO C HEOOXOAMMOCTBIO IOABOJA WIM OTBOAA TeIUla
TEXHOJIOTMYECKOTO Iporjecca [6].

XapakTrep M3MeHEHMs TeMIIepaTyp TEIVIOHOCUTEIEN 110 IIOBEPXHOCTY PEKYIIePaTVBHOIO
TEI/IOOOMEHHOTO aIIapaTa 3aBUCUT OT CXeMbl UX ABVDKeHMs. Haubosee mpocThiMy cxeMaMu

ABVDKEHNA ABIAKTCA: IPAMOTOK U IIPOTUBOTOK (PI/IC 1)
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Puc. 1. Cxembr IOBVIKECHUA TEeIUIOHOCUTETIEN: a — IpAMOTOYHas CX€Ma IBVDKEHNA, 6- IIPOTMBOTOYHAA CXEMa IBVDKEHNA

9bdeKTUBHOCTh TEMIOOOMEHHOTO almapaTa OMpefe/seTcsi MHOXXeCTBOM (aKTOpPOB,
BK/II0Yasi KOHCTPYKLIMIO CAMOTO YCTPOJICTBA, CXEMY [IBVDKEHUsS TEIIOHOCUTETIEN U YCIOBUS
9KCIUTyaTaluy. BpIOOp ONTMManbHOJ KOHCTPYKIMM TeITIOOOMEHHMKA SIBIIACTCS CIIOXKHON
3ajjaveit, paspemraeMoil TeXHUKO-9KOHOMUYECKUM CPaBHEHNEM HECKOIbKMX TUIIOPa3MEPOB
anmapaToB IPUMEHUTENbHO K 3aJaHHBIM YCIOBMAM JWIM Ha OCHOBAaHUM KPUTEpUs
orntumusanuu [1, 7].

O603Ha4MM pacxopbl TemnoHocuTenei: xonogHoro Gy (xr/c) m ropsigero G: (xr/c).
B pesynbraTe TemnooO6MeHa TeMIepaTypbl TEIUIOHOCUTENE) M3MEHSIOTCS OT HadaabHOI
(MHIEKC H) 10 KOHEYHO (MHIEKC K).

TernoBoit 6amaHc anmapara:

H H — K K
GXCXtX + Gl"cl"tl" - GXCXtX + Gl"cl"tl" + QHOT’
rie Quor — IOTEPY TEIUIOTHI B OKPY>KAIOLYIO Cpenty, BT;
ty, t, ty, ty — TemIepaTypa XOJIOJHOIO ¥ TOPAYEro TeIVIOHOCUTENA Ha BXOJi€ M BBIXOZE U3

TEIMI00OMEHHOTO aIlapaTa, COOTBETCTBEHHO, °C.
ITpeo6pasoBaB ypaBHeHMe, HOTYYUM
GFCFAtF = GXCXAtX + QHOT HJIH QF = QX + QHOT’
rae At, = tH — t5, At, = t5 — ¢}

[TocnenHee ypaBHeHUe yKasblBaeT Ha PAaBEHCTBO KOJMYECTBA TEIUIOTBI, OTHAABAEMOTO
ropsiuuM TeroHocuteneM (Q.), CyMMe KOMYECTB TEIUIOTHI, BOCIPUHUMAEMOTO XOTOJHBIM
TeIUIOHOCUTeNeM, (Qy) ¥ TOTePb TEIUIOTHI B OKPYXKAIOLIYIO CPeRY (Qpor)-

B cnydae Qor = 0, uMeeM Q. = Qy U G At = GyC Aty .

TenoBass Harpyska ammapaTa paBHAETCS KOJMYECTBY TeIUIOTHI, IlepefjaBaeMoil OT
TOpsTYEero XOTOHOMY TeIVIOHOCHUTETIO:

Q = Gy (&5 — &) = Grep (' — ).

Tepmopnuammdeckast 9¢ppeKTUBHOCTD TEIVIOOOMEHHMKA eCTh OTHOLIEHME KOMYecTBa
TEIUIOTBI, IIepefaBaeMoOil B JAHHOM TeIUIOOOMEHHMKE XOJIOJHOMY TEIUIOHOCUTENIO, K
KO/MMYECTBY TEIUIOTBHI, IlepefjlaBaeMoii B TEIUVIOOOMEHHNKe C OeCKOHeYHO 60/1bLIoi
IIOBEPXHOCTBIO TEIVIOOOMEHa ¥ C TeMM >Ke IapaMeTpamMy Ha Bxofe. IPeKTMBHOCTH
TeII00OMEHHNKa onpefensiercs no popmyre [1, 3]:

£ — ¢

CtE—tK
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CpaBHUTD IOKasaTeny pabOTBbl U CXeM JABVDKEHMUA TEIIOHOCKUTeNeil (IpsAMOTOYHON U
IPOTMBOTOYHOJ) PeKyNepaTBHbBIX TeITIOOOMEHHMKOB MOYXHO II0 OTHOILIEHVIO ITOTy4aeMbIX
addexTUBHOCTEI TerIooOMeHa:

EhpﬂM

EhpOT

I. Omnpepenenne TepmoguHaMm4ecKoit 3¢peKTUBHOCTH TeIT000OMEHHNKOB THIIA
«Tpy6a B TpyOe»

CxeMa OIIBITHOJ YCTAaHOBKM M300pakeHa Ha puc. 2. Termmoo6MeHHNK «Tpyba B Tpybe»
o6BsizaH cucreMoyi TpyO. XomopgHas BOJA ABIDKETCS IO MEXTPYOHOMY (KONIBLIEBOMY)
IIPOCTPAHCTBY B OJHOM HaIpaB/leHNN. ['opsAdas Bofa ABVDKETCA 110 TPYOHOMY IPOCTPAHCTBY
(BHyTpeHHell Tpybe). OTKpbIBask MM 3aKpbIBas KpaHbl 1-4, peammsyercs MpsIMOTOYHAs U
IPOTUBOTOYHAS CXEeMBl [BIDKEHMS TEIUIOHOCUTENel. OKCIepyMMEeHTa/bHble JJaHHbIE
IIpeJiCTaBJIeHbl B Tab/muIle 1, CBOJICTBA TEIUIOHOCUTEIEN IIPY CPeJHIX TeMIIepaTypax ropsyero
M XOJIOZHOTO TeIUIOHOCKUTE/IA IIpeNCTaBIeHBl B Tabmuie 2, pe3ylIbTaTbl pPacyeToB IIO
OIIpefie/IeHNI0 TEPMOVIHAMIYECKOT 3P PEeKTUBHOCTY TeIVIOOOMEHHIKA THUIIA «Tpyda B TPyOe»
IIpeJiCTaBJIeHbl B Tabmuie 3.

Tepmonpeobpasosamerty

1 opsisind o i

5 N lo.tas bo

a

Puc. 2. Cxema ONBITHOI YCTaHOBKM

JIna usmepeHusA HadalbHBIX VM KOHEYHBIX 3HAYEHMUII TEMIIEPATyp TEIUIOHOCUTENEN
ucnonb3yorcas  Tepmomapbl  (T1-T4), mopkmoYeHHBle K  TepMOIpPeoOpasoBaTeIo
conporuBienysa. CUTHalT OT TepMoIpeoOpa3oBaTesid IOCTyHAaeT B JaHHBIE ITPOTPAMMBI
KoMIbloTepa. Pacxoppl TemnmoHocutenein msmepsAwTca poramerpamu Pl u P2. Vpenbnaa
TEIIOEMKOCTb BOJbI B pabodyeM MHTepBaje Temueparyp cocrasysier 4190 [Ix/(kr-K).

OcCHOBHBIE ITapaMeTphI TEIVIO0OMEHHIKA «TPyba B Tpybe»:

ITuameTp BHyTpeHHeN TPYOBI dy X 6o = 27 X 3 MM;

IlvameTp Hapy>XHOI TPYOBI Dy X 8 = 48 X 4 MM;

OO01as mimMHa TeINIOOOMEHHMKA L = 6 M;

[ToBepxHOCTD Temnonepenayun S = 0.452 m?;

KoadduimeHT TermonpoBogHOCTH MaTepuana CTeHKN Ao, = 46.5 Br/(m K).
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Tabmmma 1. PesympraTel 5KCIEPUMEHTATbHBIX JVCCIELOBAHMII II0 OIPENETIEHNI0 TEPMOAVHAMITIECKOIT
3¢ PeKTMBHOCTI TeIT00OMEHHNKA TUIIA «TpyOa B Tpybe»

Cxema BIbKeHUs1 | Pacxop TemmoHocureneit, o o - e Lo (o E
TEIJIOHOCUTETEN Kr/c r r x X r x

0.16 66.7 49.3 8.9 29.6 58.00 19.25 | 0.358
IIpsamoTtok 0.32 66.7 50.4 8.9 27.3 58.30 18.10 | 0.321
0.47 66.7 51.5 8.9 25.6 59.10 17.35 | 0.289
0.16 66.7 50.2 8.9 31.8 58.40 | 20.45 | 0.396
ITpoTuBOTOK 0.32 66.7 51.0 8.9 28.9 58.85 19.00 | 0.346
0.47 66.7 51.8 8.9 26.3 59.25 17.60 | 0.304

PacueTs! npoBOAMINCE B C/IeAYIOLIEl IOC/TEAOBATEIbHOCTI
a) CKOpOCTb TOPSTYETO TEIJIOHOCUTETIS Uy, M/C —

G 4G
Vr = = .
r nd2, p,-3.14-0.0212
Pr—7
6) CKOpOCTb XO/TOJHOTO TETJIOHOCUTETIS Uy, M/C —
G 4G
Uy = = .
X nD2, mdZ\ p,-3.14- (0.04% — 0.0272)
r\ 4 4
B) Kpurepuii PeitHonbzca ropsigero TeImoHOCUTEs,
Re = vI‘dBHpI‘
Hr
Ta6nuua 2. CBOIICTBA TEIIOHOCUTENEN
Cpennaa Koadpduuuent .
Hampasnenne Temnnono- JvHamMmdecKas ITnoTHOCTH Kpurepnit
TeMIIepaTy s TeTUIONPOBOJHOC
IBVDKEHIS CUTEJIb BA3KOCTD W, ITac p, KI/M IIpanpna Pr
pPa, tep T A, Br/m K
58.00 0.4832 983.9 0.5609 3.61
Topsunit 58.30 0.4810 983.8 0.5612 3.59
59.10 0.4752 983.4 0.5620 3.54
IIpsamoTok
19.25 1.0238 998.1 0.5186 8.27
XonmomHbIN 18.10 1.0534 998.2 0.5168 8.54
17.35 1.0736 998.3 0.5156 8.72
58.43 0.4801 983.7 0.5613 3.58
Topsaunit 58.85 0.4770 983.5 0.5618 3.56
59.25 0.4741 983.3 0.5622 3.53
ITpoTuBOTOK
20.45 0.9942 997.9 0.5169 8.06
XomomHbIN 19.00 1.0300 998.1 0.5182 8.33
17.60 1.0668 998.2 0.5160 8.66

r) Kpurepuit PeitHob/ica X0/IO{HOTO TETJIOHOCUTEIS,
_ v)KdE)p)K
Mo
OKBUBAJICHTHBII iMaMeTp KOJIbIIEBOTO IPOCTPAHCTBA TEIUIOOOMEHHNUKA TUIIA «Tpyda B
Tpybe» coCTaBIA:
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4 4
d, = =D, —dy,, = 0.04 —0.0027 = 0.013 m.
? Dy + Tdyap B fap M

4 (ergH B ndﬁ)

n) Kpurepuit Hyccenbra Nu  [8-10]:

Ecnm Re < 2320
1/3

d 1 \025
Nu = 1.55 (Re ‘Pr- —) (—) .
L Her

Ecmu 2320 < Re < 10000
Nu = 0.008 - Re®? - Pr043,
Ecan Re > 10000

pr 025
Nu = 0.021 - Re?8 - pr043 ( ) .
rCT
e) KoadduuneHT Termooraun pacCInThIBAETCS 110 YPABHEHVISIM:
Nu, A,
. = :
r dBH
Nu, A,
a, =——
X d3

) TepMudeckoe coOpoTuBIeHNE CTeHKY [9]:

8CT 0.003 1 M2 - K
Z o A T Tsarpt  Toarpz = o5+ 297400 = 0-000237 =5

T€ TyarptsTsarpz — TEPMUYECKOE COMPOTUB/IEHNE CO CTOPOHBI TOPAYETO ¥ XOJIOHOTO

TECIVIOHOCUTEIA, COOTBETCTBEHHO.

3) Koaddunuenr renmonepenaun paccC4nThIBaEM 110 YPaBHEHUIO:

1
1 1°
O(_F+ZrCT+O(_X

K=

1) Bennunna,
K-S K-0.452 Br
W  G-4190 K~

Ta6mmma 3. PesynbpTaThl pacyeToB IO OMpeReNeHNI0 TePMOAMHAMIYECKON 3PPEeKTVBHOCTY TeII00OMEeHHMKA

THUIIA «TPy0Oa B TpyOe».

(8] . X I 5>< 5 §>< =
5 é é § Z E o] E = Z
* Ll 8|88 |§& s 8 T 3 = )
> = Q = = R =
5 67|57 |55 | e |82 28 2|88 |¢% =
5 e ilm x| B & B £ =z | 5 E & & S 9 =R g
et S 5 S S 5 S O 8 = 8 38 B © = O S < it

o ow = T T 9 2 8 o & B & = = =X “
3 o R |5 RS 8 s OE s | B % © F o o SHRS 2%
3 2 o S o o T U o 5 E T 5| & o == o = X
2 5 = 2 a, © A= 8 = =l o= B = B B o, —

E S| 2 8= E = B O Q |y gl = B O BB o
] o 9 | & O S B S o > S | § 3| ¥ o g = I m )
= S © (SN} NI = = : Jen) o, = = H S L IS =
= T S I a, = a, ) © = = s I
& &s|as| 2o 2 s E|le gl g8 s 2 g S
= | E|S2E| =S8 | 5S¢ |Aa6|adg &g | &g = ]
S |O5 |88 |&F | &8 | e | &8 &8 | &E | & =
g A I Rl N - S 85182 |%
& g s | & gl =22 | 235 |8

% | = = = ~

0.16 | 0.470 | 0.234 | 20097 | 2971.4 | 101.0 | 26.5 | 2697.2 | 1057.3 643.7 0.43399 | 0.904
0.32 | 0.940 | 0.469 | 40375 | 5775.8 | 176.1 | 489 | 4705.5 | 19429 | 1037.1 | 0.34963 | 0.928
0.47 | 1.381 | 0.689 | 60016 | 8323.6 | 240.4 | 68.5 | 6433.8 | 2718.1 | 13152 | 0.30187 | 0.951
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II. Omnpepenenne TepMogMHAMUYECKON 3PPEKTMBHOCT KOXKYXOTPyOUaTOTrOo
TeNNI000MeHHIKa

CxemMa 9KCHEpVMEHTA/JIbHOV YCTAaHOBKM QHAJIOTMYHA CXeMe YCTAaHOBKM  JJIs
VICCTIeJOBaHM TEIVIOOOMEHHYKa «Tpyba B Tpybe» (puc. 2). Bmecro TermoobMeHHMKa «Tpyba B
TpyOe» YCTaHOBJIEH KOXXYXOTPYOHBIII TEIUIOOOMEHHUK. OKCIIepMMeHTa/IbHble JJaHHbIE
IpeJiCTaBJIeHbl B TabuIe 4, CBOJICTBA TEIUIOHOCUTE/IEN IIPYU CPeHIX TeMIIepaTypax ropsadero
M XOJIOZHOTO TeIUIOHOCKUTE/IA IIpeACTaBIeHbl B Tabmuie 5, pe3ynbTaTbl pPacyeToB IIO
OIIpeJie/IeHNI0 TePMOAVHAMIYECKOiT 9P PeKTUBHOCTY TeIUIOOOMEHHNKA TUIIA «TPyba B TpyOe»
IIpeJiCTaBJIeHbl B Tabmuie 6.

OcCHOBHBIE TapaMeTpPbl KOKYXOTPYOHOTO TeIJI00OMEeHHMKA:

IlviameTp BHYTpeHHel1 TPYObI d;; X 8. = 14 X 2 MM;

Huamerp Koxyxa D, = 200 mm;

O61as mmHa TertoobMedHuKa L = 0.5 m;

IToBepxHOCTD Temnonepegaun S = 1.34 m%

KoadduimenT remmonpoBogHOCTN MaTepuana CTeHKM A, = 17.5 B1/(m K).

Tabmmma 4. OKCIeprMeHTaIbHBIE [aHHbIE JCCIELOBAHUIL 110 ONpPEHETIEHNI0  TePMOLMHAMIIECKOI
9 PEKTVBHOCTI KOXXYXOTPYOHOTO TEITIOOOMEHHNUKA.

Cxema gBiokeHus | Pacxop Tterionocurereii, - i - i P £op E
TEN/IOHOCUTEIEN Kr/c r r X X r X

0.16 66.7 55.8 8.9 23.5 61.25 | 16.20 | 0.253
IIpsamoTok 0.32 66.7 57.0 8.9 22.0 61.85 | 1545 | 0.227
0.47 66.7 58.2 8.9 20.2 62.45 | 14.55 | 0.196
0.16 66.7 56.0 8.9 25.2 61.35 | 17.65 | 0.282
ITpotuBoTOK 0.32 66.7 57.6 8.9 23.1 62.15 | 16.00 | 0.246
0.47 66.7 59.2 8.9 21.5 62.95 | 15.20 | 0.218

PacyeTpl mpoBOAMINCH B ClIEAYIOLIEN ITOC/IEN0BATEIbHOCTI

a) CKOpOCTb TOPSIYero TeIIOHOCUTENA Uy, M/C —

G 4G
Ur = 2 . ) 2.¢61"
pr”iif“n 0. 3.14-0.012 - 61

6) CKOpOCTb XO/IOJJHOTO TEIJIOHOCUTEJIS Vy, M/C —

~ G ~ 4G
WTTTIDZ md?\  pp-3.14- (022 — 61-0.0142)
r\# """z

B) Kpurepuii PeitHonbca ropsiaero TemmoHOCUTE S

— vI‘dBH pF
Hr

r) Kpurepuit PeitHONbICA XOTOZHOTO TEITIOHOCUTETLA,

Re

— vncda P

Hoxc

Re
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8CT
ZrCT =g T Tt Tz = e 27750 = 0:000237 ——.

3) Koadounuenr renmonepenaun paccCYnThIBaEM 110 YPaBHEHUIO:

K———l
1 1°
(X_F+E:TCT+O(_X
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DOKBUBAJCHTHBI  TUAMETP  MEXTPYOHOTO  MPOCTPAHCTBA  KOXKYXOTpPyO4aTroro
TEIUIOOOMEHHHUKA COCTaBJISI:
4 nDi md;
d 4 z N DZ —d2n 0.22-0.014%-61 0.0266
= = = = 0. M.
> Dy, +mdyn D +dn  0240.014-61
Ta6mua 5. CBOJICTBA TEIUIOHOCUTEIEIN.
Cpepuas Koa¢pduiment .
Hanpasnenne | TemnoHo- HOunamundeckasa | [InoTHOCTD Kpurepuit
BIUKEHUA CUTENb TEMIEPEIYPS | g gakocts i, Tac Kr/M’ TETONPOBORNOCT 1 anps Pr
A tep K P u\, Br/(Mm K) P
61.25 0.4601 982.3 0.5635 3.4210
Topsanit 61.85 0.4560 982.0 0.5644 3.3850
62.45 0.4520 981.7 0.5654 3.3500
IIpsamoTok
16.20 1.1054 998.4 0.5138 9.0145
XomogHbIi 15.45 1.1270 998.5 0.5126 9.2121
14.55 1.1540 998.5 0.5111 9.4605
61.35 0.4594 982.3 0.5637 3.4147
Topsanit 62.15 0.4540 981.8 0.5649 3.3674
62.95 0.4486 981.4 0.5662 3.3197
ITpotuBoTOK
17.05 1.0817 998.3 0.5151 8.7989
XomogHbIi 16.00 1.1110 998.4 0.5135 9.0654
15.20 1.1342 998.5 0.5123 9.2764
n) Kpurepuit Hyccenpra Nu.:
Ecnu Re < 2320
1/3 L\ 0:25
Nu = 1.55 (Re *Pr- —) (—) .
L Mer
Ecmm 2320 < Re < 10000
Nu = 0.008 - Re®? - Pr043,
Ecmu Re > 10000
Pr 0.25
Nu = 0.021 - Re%8 - Pro43 (—) :
Pre;
e) KO3(1)(1)I/ILU/ICHT TEIUVIOOTAAYN PACCUNTBIBACTCA 110 YPABHEHMAM:
Nu A,
o, = :
’ dBH
Nu,A,
o, = .
X d3
) TepMuyeckoe COPOTUBIIEHNE CTEHKN
0.003 1 M2 - K
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®
1) Benumunna
K-S K-134 Br
W G-4190 K’

Tabmiuma 6. PesynbTaThl pacuyeToB MO ONpeNe/IeHNI0 TepPMOAVHAMUYECKOI 3P PeKTUBHOCTH KOXKYXOTPyO4aTOTO

TEIIoOOMEHHMKA.
o N
) = o N4
Q ~ o I = - x
g o z 3 2 55| F% |8
M ) o L a 15 &= = S < & <
3 = = [ o B = SO =
= o S = S o & N o = = = B = O o N
3} S o . = c 9 =} 3 = o v o B a. =
= gﬂ = e} X < ~ Mo = Z > Z Q g S 3 L A
) & S S O < w S x| o w 5 O S = /M
= A, w o = 5 = (A= = = E B 2 3 =) @] o o -
S |85 | 55 |28 |52 ||z |2E|2E8 5% e
S |2 28| =g S| 55|88/ 58 |cglcE| 8BS o —_
gz A = - == S o o v Q 9 = B T = "N &
2 o 9 =9 = 2 £ ° > 9 29 v o o ¥ = o
S © 0 O U = ES--) ™ = > T = 2 s B RN S
S |55 28 |2 |28 =g T8 g8t g
= B )
= |§SE| SE |§5 |55 |aB| 55 |&2eg|&¢8 |z &
) 5 O o aQ, = 3] o = [SV = S & S
s = = & & £ ° 8 8l ®8c | &
g = | |E|E |gg1gs %
2 Z S - 2
0.16 |0.0340 | 0.0073 726.2 174.9 5.7 66.5 321.1 | 1283.7 | 239.2 |0.4782 | 0.879
0.32 |0.0681 0.0146 1465.5 343.1 7.2 83.8 405.0 | 1614.8 | 296.3 | 0.2961 | 0.923
0.47 |0.1000 | 0.0214 | 2171.5 | 492.1 8.2 95.3 460.9 | 1832.0 | 333.1 | 0.2266 | 0.960

[To pesympTaTaM  9KCIIEPMMEHTAIbHBIX  WCCIEOBAaHWII IO  OIpeeTeHNIo
. . K-S
TePMOAVMHAMIYECKOII 3¢ (HEKTUBHOCTY TEIZIOOOMEHHVIKOB IIOCTPOEHbI 3aBUCUMOCTH j = f (W)’

PUCYHOK 3.

0,97 ¢
0,96 |
0,95 |
0,94 |
0,93 |
j 0,92
091 |
09 F
0,89 |
0,88 |
0,87 - - - - - )

0,2 0,25 0,3 0,35 0,4 0,45 0,5
K.S/wW

Puc. 3. OKcIepyMeHTalbHbIe 3aBMCMMOCTM IIO ONPENENCHMIO TePMOAMHAMUIECKOH 3PdEeKTUBHOCTI
TEI/IOOOMEHHUKOB: ® — TUIIA «TPy0a B TPyDe»; ® — KOXKYXOTPYOHOTO TeINIO0OMEHHMKA.

BriBoabl

1. Insa ompenenenus 3QpQPeKTUBHOCTY PEKYIEPATUBHBIX TEITIOOOMEHHUKOB BbIOpaHa
TepMopHaMudeckas 9 pexkTMBHOCTb.

2. TIpoBefeHO cpaBHeHUe TepMOAMHAMUYECKON 3(@PEKTUBHOCTM peKyIepaTHBHBIX
TEIVIOOOMEHHVKOB JUISI IByX CXeM JBIDKEHMS TEIUIOHOCUTENIEN: IIPSMOTOKA 1 IPOTUBOTOKA.
[Ipn mpoTmBOTOKe TepMopMHaMmyeckass s¢pdexkTBHOCTP Ha 5-10% BbIle, YeM IIpU

IPsAMOTOKE.
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3. IIpy BBIOpaHHBIX pacxofax TEIUIOHOCUTeNell TepMopuHaMmdeckas 9¢(pdeKTMBHOCTD
TeIUIOOOMEeHHNKa «Tpyba B Tpybe» Ha 25-30% BbIle, 4YeM [yIA KOXYXOTPYOHOTrO
TEIUIOOOMEHHNUKA. DTO MOXXHO OOBSICHUTb TeM, YTO B TEIIOOOMEHHUKe «Tpyba B Tpybe»
PEXVM JBVDKEHMS TEIUVIOHOCUTENIel B TPYOHOM ¥ MEXXTPYOHOM IIPOCTPAHCTBAX MEPeXOHBII
wm TypOyneHTHbIL. YTO obecrieunBaeT BbICOKME 3HaUeHMS KO UIMeHTa TeIIonepeadn.

. K'S
4. ITomydeHbl SKCIepVMEHTA/IbHBIE 3aBUCUMOCTH j = f (W) IIpy ManpIX 3HaYEHUAX

K-S .
BEIMYMHBI W OTHOIIIEHUA ] CTPEMATCA K €AMHUILIE.

5. llenmecoobpasHocTb BbIOOpa TOTO WIM WHOTO TEIUVIOOOMEHHMKA 3aBUCUT OT
KOHKPETHBIX YCTIOBUIL, IIpMYeM HeOOXOAVMMO CTPEMUTHC 00eCIIeYNTh TypOYIEHTHBI PeXXUM
JIBVDKEHM S TeITIOHOCUTeEIel B TPYOHOM 1 MEXXTPYOHOM IIPOCTPAHCTBAX.
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BBengenue

[IpuMUAVHBL, ABJAIOLIVECS M3BECTHBIM KIACCOM TeTePOLMKINYECKUX COeVIHEHU,
IpUBJIEKAIOT K cebe TMpUCTaTbHOE BHUMaHNE 3a CYeT IOMPOKOTO CIeKTpa WX
(dapMaLeBTIYECKIX U CMHTETNYECKMX cBOVICTB. OHM 00/1a[al0oT BaKHBIMY T€PANIeBTINIECKIIMI
u (papMaKOIOTMYECKMMI CBOVICTBaMM ¥ SABJIAIOTCA Haubosee 4YacTO MCIONb3yeMBIMM B
MEIMLMHCKON XVMMM TeTepoLyKIaMu. VIX IpousBOAHBIE IIMPOKO PACIpPOCTPAHEHBI B
IpUpofie ¥ HpPOSBIAT IHpOTMBOMaLsApuitHylo [1-3], anTubakTepmanphyo [4, 5],
npoTtuBorpu6xoBymw [6, 7], antu-BMY [8], mporusoBupycHyto [9, 10], mpoTMBOOIYXOIEBYIO
[11] m mpoTBOmapasuTapHylo [12] akTMBHOCTb.

CoracHO MCCIefOBaHVSIM, IIPOV3BOIHBIE JUTUAPOIPUMUANH-2(1H)-0HOB TaKk>Ke MOTYT
OBITb IIpMMEHEHBl B KauecTBe aHTUIMIIEPTEH3VBHBIX CpefcTB [13] M ai-agpeHeprmyeckux
aHTaroHucTos [14]. B cBsA3um ¢ atum, paspaboTka MeTOHOB CHMHTe3a HOBBIX IPOV3BOJHBIX

puruaporpumunH-2(1H)-0HOB 1 MCCIefoOBaHMe UX ITOJIE3HBIX CBOVICTB C LI€/IbI0 MOTyYeHM S
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6e30macHBIX U BBICOKOI(PEKTUBHBIX JTeKAPCTBEHHBIX IIPEMapaToB SIBISETCS OMHON U3
Ba)KHENIINX 3a1a4 COBPEMEHHO XVMMUN.

Ha ceropHsAuIHMiI JileHb CO3/jaHMe IEePCIeKTUBHBIX (apMaleBTUYeCKNX CyOCcTpaToB
OOBIYHO OCYIIECTBJIAETCA C IPUMEHEHNEeM ONHOPeaKTOPHBIX («one-pot») METOJOB CHUHTeE3a.
OpHuM 13 TaKux cocoboB sABsieTcs peakuust bumxunenu [15], mo3Bossiomnas HOCPeCTBOM
TPeXKOMIIOHEHTHOJ KOHAeHcauuy Honyuuthb 3,4-murupponupumuani-2(1H)-oxsl. Kpome
TOTO, BBEJEHME CTUPWIbHOW TPYNIbl B JAHHBIM K/IACC T'eTEPOLMKINYECKUX COENVIHEHUIA
HO3BO/MMIO OOHApyXWUTb psAR BellecTB, OONajaiolye MONE3HBIMYU Ui 4Ye/loBeKa
Ouonornyecknmu cBoiictBamu  [16]. IlocmemnHee ocymecTBMMO IIyTeM BMHIJIOTE€HHON
a/Ib/IONIbHOM KOHJI€HCAMM TPOAYKTOB BMpKMHe/mnm ¢ anbaernfiaMmyu Ipy KUCIOIb30BAHUN
xernesa (III) B kauecTBe KaTammsaTopa [17].

3a Tmoc/efHee HECKO/IbKO JIeT MCIO/NIb30BaHME MHOTOKOMIIOHEHTHBIX peaKIuii,
KaTaJIM3MPYEMbIX >K€/I€30M, 3HAYUTEIbHO BO3POC/IO. JTO CBA3AHO B IEPBYI0 OYeEpPenb C X
[IOCTYIIHOCTbIO ¥ HM3KOJ CTOMMOCTBIO KaTajausaTopa. Takme peakuuy, Kak IpaBUJIO, He
TOKCUYHBI, CTAOM/IBHBI U 00/Ta/Ial0T 9KOTOTUYECKY YNCThIMU CBOIiCTBaM [18, 19]. [Ipumenenne
aTux peakuuit Kk Metun (E)-cTupui-nmupuMmUanH-5-KapOOKCHaaTaM MO3BOJIsIET PaCIIMPUTD
JIMHENKY NAHHOIO Kjlacca COeVHEHMI ¥ TIONY4YUTh BelllecTBa C 3aJaHHBIMM I10JIE3HBIMU

CBOJICTBaAMI.
OcHOBHasA 4acTh

B xayecTBe MCXOMHBIX COeAVHEHNIT ObUIN MCIIO/Ib30BAHbI 3aMeIlleHHbIe MeTII 4-apuii-6-
MeTIU-2-0KC0-1,2,3,4-TeTparuiponupuMmnanH-5-kapookcunarsl  1(a-d), cuHTe3MpoBaHHBIE
«one-pot» TPEXKOMIIOHEHTHOJV KOHJEHCalyieyl Ha OCHOBE KJIAaCCMYECKOM  peakuum
bumxuaenmm [20].

Crpykrypsl 1(a-d) BcTymanmyu B peakumio C apoMaTU4YecKMMy anbaernpgamu 2(a-c)
B IpucyTcTBUM Katanurndecknx komrdects FeCls-6H,O (20 mom.%). Peakuysa nmpoBoamiach
B Cpefie alleTOHUTPWIA NPYM KUIAYEHUM C OOpaTHBIM XOJNIOAWIBHMKOM B TedeHue 24 4.
B pesynbrare 66U1M nomydeHs! HoBble MeTuI (E)-cTupui-nmpumugyus-5-kapookcuiartel 3(a-g)

¢ BBIXOZIOM 710 49 % (cxema 1). Boixon coegynennit 3(a-g) npepcrasieHsl B Tabmuie 1.

m é FeCl; (20 mol. %)

T bl

1(a-d) 2(a-d)

R

3(a-g)

1: R, =H (a), R, =Cl (b), R, = F (¢), R; = Me (d); 2: R, = 4-Cl (a), R, = 4-F (b), R, = 4,5-Cl (c);
3:R;=H,R;=4-F(a); Ri=Cl, R, =4-Cl (b); R, =Cl, R, =4-F (¢); Ry =F, R, =4-F (d); R, = F, R, = 4,5-Cl (e);
R; = Me, R, = 4-Cl (f); R, = Me, R, = 4-F (g);

Cxema 1
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Ta6muna 1. Berxop npopykTos 3(a-g)

TOM 7, BbINMYCK 1, 2026

Ne Coenunenne 3 R, R Beixogm, %
1 a Ri=H,R,=4-F 33
2 b R =Cl, R, =4-Cl 21
3 C R, =CLR,;=4-F 27
4 d Ri=F R, =4-F 49
5 e Ri=F, R, =4,5-Cl 41
6 f Ri=Me, R, =4-Cl 28
7 g Ri=Me, R, =4-F 15
[Tomyyennble  coenvHeHUs 3  ObUIM  OYMILNEHBl  IEPEeKPUCTAUIM3ALNEN U3
usonpomwioBoro crnupra. CTpoeHue TIONTy4eHHBIX CTPYKTYp OBUIO IOATBEPXK/IEHO

COBOKYITHOCTBIO CIIEKTPa/IbHBIX MeTo0B aHam3a. B VIK-crekTpax coemyHeHni 3 Habofamich
nonocel nornouenuss NH-rpynmel B o6mactu okono 3226 cm, C=O-rpynnsl npu 1687 cm™,
C=C cBsseit mpu 1635 cm™!, C-O-CH;-cBsasu mpu 1230 e, konebanmst 6eH30/IbHBIX KOJIEL] TPy
1601 cm'. B macc-cmekTpax HOJ [eliCTBMEM 3/1eKTPOHHOTO yAapa IS CHHTe3MpPOBAHHBIX
1). B cmekrpax SIMP 'H

CUHTE3VMPOBAaHHbBIX CO€,‘£[I/IH€HI/H7[ Ha6HIOI[aIOTCH XapaKTepHbIE J:[Y6H6Tbl mpaHC—HPOTOHOB npn

coelVHeHMil 3 HaOmMoOfgancsa MOJIEKY/SPHBIT MOH (puc.

OBOMHON cBaA3u B obnmactu 7.40-7.54 m.g. u 7.84-7.91 m.n. ¢ KCCB 16.7 T'1, ¢1aboIonbHbIin
curHan 1-NH-nporona B o6mactu 9.20-9.30 m.i. 1 OMe-rpynnsl B o6mactu 0koyno 3.60 M.z.
[TomHOE OTHECeHNE CUTHAIOB aTOMOB BOZOPOZia MpoAyKTa 3d cienaHo Ha OCHOBAaHMM JJAHHBIX
NOESY-Cnexrpe
HaOJIIOJAIOTCST CUMMETpPUYHBIE KpPOCC-TIMKM aroMa Bopopoja 1-NH-rpymmer um mporona

neyMmepHoll koppemsanuonnoir NOESY cmekrpockommm (puc.  2).

JIBOJIHOV CBsA3Y, O/MVDKAIIero K IMMPUMUANHOBOMY LMKy, a TaKXe curHaael aroma H-4 ¢
nporoHoM 3-NH-rpymnmbl u opmo-IipOTOHaMM OFHOTO M3 apOMaTUYeCKMX 3aMeCTUTEIEN.
Kopme Toro, HabmopaoTcsa cmabble KpOCC-IIMKM BTOPOTO MPOTOHA IIPU JIBOVHON CBSA3U C
0pmo-IIPOTOHAMU BTOPOTO apOMAaTUYIeCKOro Kombia. B cnekrpax AMP C cuHTe3MpoBaHHBIX
CoeflMHEeHNI1 HaO/MI0IAI0TCA CUTHAIBI BCE aTOMOB YITIepOJa.
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Puc. 2. ®parment NOESY-Cnextpe coennnenus 3d
BriBonb1

B pesynbraTe MpoBeIeHHOTO MCC/IeOBAaHMA pa3paboTaH IperapaTBHbI METOJ, CMHTe3a
HOBBIX 3aMeleHHBIX (E)-cTupuimmpuMuinH-5-kapOoKCUIaTOB, OCHOBAaHHBII Ha a/lbJ0/IbHON
KOHJEHC AN  4-apuI-6-MeTuI-2-0Kco-1,2,3,4-TeTparuiponpuMmuaH-5-KapOOKCUTATOB €
apOMATMYECKVMM aNbJeTUaMI P KaTaln3e TPEXXJIOpPUCTBIM Xene3oM. CTpoeHme Bcex
CMHTE3V[POBAaHHBIX COENMHEHMII IOATBEPXK/IEHO COBOKYIHOCTBIO (PU3MKO-XMMIYECKIX

METOJIOB aHa/IN3a.
IKCcIepUMeHTAaIbHAs 9aCTh

VIK-cnieKTpbl 3ammchbiBamm B OTpaXeHHOM cBere Ha JIK-Qypbe cnekTpomerpe
Spectrum Two PerkinElmer ¢ mnunoit Bomasr 700-4000 cm™'. Cmexrtpor AMP 'H u “C
perucrpupoBam Ha npubope «Varian Unity Plus 400 MHz» (400 MI'm m 100 MIn
COOTBETCTBEHHO) B pacTBopax [IMCO-ds mpu 30 °C. B kayecTBe BHyTpeHHETO CTaHJApTa IS
cektpoB JIMP 'H (8H = 2.50 m.x.) u IMP BC (8C = 39.50 M.7.) UCIIO/Tb30BaNu CUTHATIBI
pactBoputensa. OTHeceHNe CUTHA/IOB IIPOTOHOB coefiuHeHMs 3d BBIIOTHEHO C ITOMOIIbIO
neymepHoit SIMP-crexrpockonuu (1H-1H (NOESY)). Macc-cneKTpbl perucTpupoBaay Ha
Macc-crekrpomeTpe « FINNIGAN MAT.INCOS 50» npu noHusaunoHHoM HanpsokeHun 70 B
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u TeMmnepatype B Kamepe nonnsauym 100-220 °C (MMIOX PAH r. MockBa). O71eMeHTHBII aHAIN3
npoBogwics B aHamuTudeckon snaboparopum VIHOOC PAH r. MockBa Ha mnpubope
«PerkinElmer 2400». Temnepatypa miaB/ieHns onpeze/nslach Ha aIrapare Jyis OIpeie/ieHNs
TOYKM IUTaBneHus u kumenus BiichiM-560. KoHTponb 3a XOmZOM peakuy OCYIeCTBIIsIIN
METOOM TOHKOC/IOHOI XpoMmaTtorpaduu Ha mwactuHax «Silufol 254 UV» ¢ ucnionbp3oBannem
39J/II0EHTa TeKCaH — 9TV/IALleTaT.

Meronp! cuHTe3a U PU3UKO-XMMIUYECKIe XapaKTepucTuku coegyHennit 1(a-d) onucansr
B [20].

Metoauka nonydenns 3(a-g)

Cmecp purupponupumuayvaa (1 mmonb) 1(a-d), 3aMeleHHOro apoMaTUYecKOro
anmppernga 2(a-d) (2 mmonb), rekcaruppara xmopuaa xenesa (0,2 MMOJb) U alleTOHUTPUIA
(15 mt) KMIATWIN C OOPaTHBIM XOJIOAVMIBHUKOM B TedeHye 24 4, [TOoC/Ie 3aBepIleH s peaKIn
cMech pasbass Bogoit (50 M), BBITABLINIL OCalOK OT(MUIBTPOBBIBA/IN, IPOMbIBA/IN BOJOI
¥ CYLIWIN Ha Bo3pyxe. IlepekpycTain3oBbIBaIy B M30IPOIIAHOTE.

3a Merun (E)-6-(4-ropcrupnn)-2-okco-4-denn-1,2,3,4-TeTparngponnpuMnanH-5-
Kap6okcuar: BIxox 941 mr (33%), T.mn. 242-243 °C. VIK cnektp, v/em™: 3234 (N-H), 2948
(vCH3), 1685 (C=0), 1630 (C=C), 1595, 1582, 1504 (CC B Ph), 1228 (C-F), 1093 (v C-O-CH,),
975 (C-H B tpanc-CH=CH). Cnextp SIMP 'H (DMSO-ds, 8, m.1., J/T1): 3.62 (¢, 3H, OMe),
5.26 (m, 1H, J=3.5, H-4), 7.21-7.31 (™, 5H, Ph), 7.35 (1, 2H, J=8.4, H-3",5”), 7.47 (5, 1H, J=16.7,
C(a)-H 8 CH=CH), 7.58 (mm, 2H, J=8.4, 5.5, H-2",6”), 7.83 (c, 1H, 3-NH), 7.88 (1, 1H, J=16.7,
C(b)-H 8 CH=CH), 9.23 (¢, 1H, 1-NH). Haiiziero (%): C, 68.17; H, 4.86; N, 7.95. CoH;;FN,Os.
Boruncneno (%): C, 68.26; H, 4.92; N, 8.02.

3b Mertun (E)-4-(4-xnopdennn)-6-(4-xnopcrupui)-2-0kco-1,2,3,4-TeTparnaponpuMuinH-
5-kapbokcumat: Bbixof 586 mr (21%), Tt 236 - 237 °C. MK cmektp, v/em™: 3226 (N-H),
2948 (VCH3), 1687 (C=0), 1635 (C=C), 1601 (CC B Ph), 1227, 1097 (v C-O—CHj3), 976 (C-H B
tpanc-CH=CH). Cnextp IMP 'H (DMSO-ds, 6, m.p., J/T1): 3.61 (¢, 3H, OMe), 5.25 (m, 1H,
J=3.2, H-4), 7.30 (1, 2H, J=8.5, H-3',5"), 7.42 (1, 2H, J=8.5, H-2",6’), 7.46 (1, 1H, J=16.6, C(a)-H
B CH=CH), 7.48 (n, 2H, J=8.5, H-3",5”), 7.54 (n, 2H, J=8.5, H-2",67), 7.90 (m, 1H, J=16.6,
C(b)-H B CH=CH), 7.93 (yur ¢, 1H, 3-NH), 9.31 (¢, 1H, 1-NH). Criextp AMP *C (DMSO-ds,
8, m..): 51.38, 53.23, 101.48, 120.20, 128.13 (2C), 128.58 (2C), 128.85 (2C), 129.04 (2C), 132.03,
133.55, 133.79, 134.80, 142.99, 144.97, 152.27, 165.47. Haitmeno (%): C, 59.57; H, 4.00; N, 6.95.
C2H16sCLN,Os. Beruncneno (%): C, 59.51; H, 3.99; N, 7.03.

3¢ Mertun (E)-4-(4-xnmopdernn)-6-(4-propcrupun)-2-okco-1,2,3,4-TeTparugponvipyuMu/H-
5-kapboxcuiat: BbIXOR 745 Mr (27%), 1.1t 220-221 °C. VIK cmextp, v/em™: 3226 (N-H), 2950
(vCH3), 1688 (C=0), 1634 (C=C), 1226 (C-F), 976 (C-H B Tpanc-CH=CH). Cnextp IMP 'H
(DMSO-ds, 6, m.z., J/Tu): 3.61 (c, 3H, OMe), 5.26 (n, 1H, J=3.5, H-4), 7.22 (t, 2H, ]J=8.3,
H-3”,5”),7.31 (mm, 2H, J=8.3, 5.4, H-2",67), 7.47 (1, 1H, J=16.8, C(a)-H 8 CH=CH), 7.50 (z, 2H,
J=8.5,H-3’,5"), 7.58 (n, 2H, J=8.5, H-2°,6’), 7.85 (n, 1 H, J=16.8, C(b)-H B CH=CH), 7.93 (¢, 1H,
3-NH), 9.30 (ymw. ¢, 1H, 1-NH). Criektp SIMP 1*C (DMSO-ds, 8, M.1.): 51.37, 53.22, 101.15, 116.0
(m, 2C, Jer=21.5), 119.35 (g, Jcr=2.9), 128.14 (2C), 128.59 (2C), 129.30 (&, 2C, Jcr=8.6), 132.03,

80



.kt OT XHMHM K TEXHOJIOTHH TOM 7, BINYCK 1, 2026

132.48 (1, Jr=3.5), 134.00, 143.05, 145.16, 152.33, 162.52 (1, Jor=247.2), 165.52. Haitneno (%):
C, 62.10; H, 4.17; N, 7.24. C;0HsCIFN,Os. Boruncneno (%): C, 62.01; H, 4.19; N, 7.28.

3d Metun (E)-4-(4-dropdennn)-6-(4-dropcrrpni)-2-okco-1,2,3,4-TeTparngporpyuMUaH-
5-kapbokcumat: Bbixox 1.362 r (49%), .. 223-224 °C. VK cmektp, v/em™': 3240 (N-H),
2953 (v CHs), 1680 (C=0), 1631 (C=C), 1606 (CC B Ph), 1224 (C-F), 1095 (v C-O-CHs),
972 (C-H B tpanc-CH=CH). Cnektp SIMP 'H (DMSO-ds, 6, m.x., J/T1): 3.62 (¢, 3H, OMe),
5.26 (g, 1H, J=3.5, H-4), 7.18 (1, 2H, J=8.8, H-3’,5’), 7.27 (T, 2H, J=8.8, H-3”,5”),7.31 (mm, 2H,
J=8.5, 5.5, H-2’,6’), 7.47 (n, 1H, J=16.6, C(a)-H B CH=CH), 7.58 (gou, 2H, J=8.5, 5.5, H-2”,6”),
7.84 (p, 1H, J=16.6, C(b)-H B CH=CH), 7.90 (yur.c, 1H, 3-NH), 9.26 (yurc, 1H, 1-NH). Cnexrp
AMP BC (DMSO-ds, §, m.i.): 51.33, 53.13, 101.47, 115.30 (m, 2C, Jer=21.5), 115.97 (m, 2C,
Jer=21.5), 119.39 (1, Jor=3.1), 128.19 (1, 2C, Jor=8.6), 129.26 (1, 2C, Jcr=8.6), 132.48 (1, Jer=3.1),
133.88, 140.36, 144.97, 152.34, 161.41 (m, Jcr. =246.5), 162.21 (m, Jcr=246.5), 165.55. Haitneno
(%): C, 64.86; H, 4.35; N, 7.56. C,0H sF2N,Os. Berunciieno (%): C, 64.79; H, 4.42; N, 7.62.

3e Mertun (E)-6-(3,4-puxnopctupun)-4-(4-dbropdennn)-2-oxcu-1,2,3,4-
TeTParuipoIpUMIUANH-5-KapOoKcytaT: Bbixos 1.306 T (41%), T.11. 248-249 °C. VIK crexrtp,
v/em™: 3238 (N-H), 2949 (vCHs), 1669 (C=0), 1626 (C=C), 1604 (CC & Ph), 1218 (C-F),
1091 (v C-O-CHs), 975 (C-H B tpanc-CH=CH). Cnextp SIMP 'H (DMSO-ds, 6, m.z., J/T1):
3.61 (¢, 3H, OMe), 5.26 (m, 1H, J=3.5, H-4), 7.18 (T, 2H, J=8.8, H-3’,5"), 7.31 (mm, 2H, J=8.8, 5.0,
H-2°,6"), 7.40 (n, 1H, J=16.7, C(a)-H 8 CH=CH), 7.52 (mm, 1H, J=8.4, 2.0, H-6”), 7.69 (m, 1H,
J=8.4, H-57),7.73 (m, 1H, J=2.0, H-2"), 7.89 (n, 1H, J=16.7, C(b)-H 8 CH=CH), 7.92 (yurc, 1H,
3-NH), 9.28 (yurc, 1H, 1-NH). Crektp SIMP *C (DMSO-ds, §, M.i.): 51.43, 53.17, 102.23,
115.34 (g, 2C, Jcr=21.7), 121.88, 127.06, 128.22 (m, 2C, Jcr=8.3), 128.76, 131.17, 131.22, 131.70,
132.45, 136.79, 140.23 (1, Jor=3.3), 144.52, 152.25, 161.44 (1, Jor=243.8),165.45. Haiimeno (%):
C, 57.03; H, 3.59; N, 6.65 C,H;5Cl,FN,Os. Beruucneno (%): C, 57.09; H, 3.52; N, 6.62.

3f Merun (E)-6-(4-xmopctupnin)-2-okco-4-(n-rommn)-1,2,3,4-TeTparuiponupuMnaH-
5-kapbokcumat: Bbixon 811 mr (28%), t.mwr 209-210 °C. VK cmektp, v/em™: 3221 (N-H),
2951 (v CHs), 1692 (C=0), 1631 (C=C), 1094 (v C-O-CHs), 974 (C-H B Tpanc-CH=CH).
Cuektp AMP 'H (DMSO-ds, §, m.x., J/Tn): 2.24 (¢, 3H, Me), 3.60 (¢, 3H, OMe), 5.23 (n, 1H,
J=3.4,H-4),7.11 (m, 2H, J=8.5, H-3’,5°), 7.16 (n, 2H, J]=8.5, H-2°,6’), 7.48 (m, 2H, J=8.2, H-3”,5”),
7.54 (1, 1H, J=16.7, C(a)-H B CH=CH), 7.59 (n, 2H, J=8.2, H-2",6”), 7.70 (¢, 1H, 3-NH),
7.91 (g, 1H, J=16.7, C(b)-H B CH=CH), 9.22 (¢, 1H, 1-NH). Haigeno (%): C, 65.88; H, 5.00;
N, 7.32. C;1HsCIN,Os. Beruncneno (%): C, 65.91; H, 4.99; N, 7.28.

3g Mertun (E)-6-(4-dropctupmn)-2-okco-4-(n-rommn)-1,2,3,4-TeTparuiponupuMnaH-
5-kapbokcunat: Bbixog 421 mr (15%), t.mwn. 220 - 221 °C. VK cnektp, viem™: 3229 (N-H),
2951 (v CH;), 1687 (C=0), 1634 (C=C), 1598, 1586, 1507 (CC B Ph), 1227 1(C-F),
1099 (v C-O-CHs), 974 (C-H B Tpanc-CH=CH). Cnextp AMP 'H (DMSO-ds, 6, m.x., J/T1y):
2.26 (¢, 3H, Me), 3.60 (¢, 3H, OMe), 5.22 (g, 1H, J=3.4, H-4), 7.14 (n, 2H, J=8.4, H-3’,5),
7.17 (1, 2H, J=8.4, H-2’,6), 7.26 (t, 2H, J=8.6, H-3",5"), 7.46 (1, 1H, J=16.6, C(a)-H 8 CH=CH),
7.57 (om, 2H, J=8.6, 5.6, H-2”,6”), 7.84 (¢, 1H, 3-NH), 7.85 (», 1H, J=16.6, C(b)-H 8 CH=CH),
9.21 (¢, 1H, 1-NH). Crnextp SAMP “C (DMSO-ds, 6, m.x.): 20.63, 51.26, 53.48, 101.81, 115.85,
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116.06, 126.09 (2C), 129.06 (2C), 129.17, 129.26, 132.52, 132.55, 133.63, 136.63, 141.17, 144.67,
152.49, 165.64. Macc-cniektp (Y, 70 3B), m/z (Iomu, %): 388 [M]*(23), 386 [M]*(72), 329 (35),
327 (100), 275 (59), 59(10). Haitmeno (%): C, 68.84; H, 5.23; N, 7.65. C,;H1sFN,Os. Beruncneno
(%): C, 68.41; H, 5.29; N, 7.63.
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IN SILICO ITPOOM/IMNPOBAHME ITPON3BOJHBIX
3,4-JUTUAPO-1H-[1,4]OKCA3VHO[4,3-A]BEH3VIMUIA3OJIA:
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Kniwouesvie cnosa: Annomauus. B npedvidywux pabomax Hamu Ovin cunme3uposan pso npou3eooHvix
KOHOeHCUPOBaHHbLe 3,4-0ueudpo-1H-okcasuno[4,3-a]6en3umudasona, 6xknwouas paxee He ONUCAHHbIE 8
npou3zeooHvle numepamype  coeOuHeHus,  nymem  PYHKUUOHATU3AUUU  NPOU3BOOHO020
beHsumuoasona, 6eH3UMUOA3011A ¢ AHHENUPOBAHHLIM MOPPONUHOBLIM UUKTOM 6 pedkuuu SgAr.
MOPPONUHOBDLIL UUKT, C yenvio oueHKU UX NOMeHUUANA Kak Papmayesmuteckux cyocmanyuil nposeden
npozHo3UposaHie in silico awanus yumomokcuueckozo NPoPUNT U  HAPMAKOKUHEMUUECKUX
UUMOMOKCUUECKO20 napamempos.  IIpoeHo3upyemas — UUMOMOKCUMHOCING — 6bIABUAA  BbICOKYIO
npoguns, 8epPOSMHOCHb MOKCUHECK020 B030eliCEUS HA HEPEHYIO U ObIXATNENbHYI0 CUCHEMb
papmayesmuyeckas onst coedunenuti ¢ xnaccamu moxcuunocmu om II 0o IV u LDsy 6 duanasome
aKmusHOCMb OUeHKA 10-1500 me/ke.  IlonmyuenHvle OdaHHble  NPeONonAzaOM  NOMEHUUATLHBLTI

papmaxokuHemuueckux —npomueoonyxonesviti IPdexm coeOUHeHULi 6 OMHOUWEHUU IUOM U PAKA TEZKUX.

napamempos Ananus ADME-npoguns coeduHenuii noka3an cOOmMeemcmeue 6cex MONeKys
npasuny JTununckoeo, 4mo Oendaem uenecoo6pasHvim danvHeliuiee Uccnedosanue ux
NpOMUE00NYX071e6020 NOMEHUUANLA 6 iN Vitro UCCTe008AHUAX.
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BBengenue

Hamuume B CTPyKType MOJEKy/Ibl OEH3MMUJA30/IbHOTO IMK/IA, SB/ISIOIIETOCS
OMOM30CTEpPHBIM aHATIOTOM VHJO/IBHOTO ¥ IIYPMHOBOTO s€p, CIOCOOCTBYET IPOSIBIECHUIO
BEIIeCTBOM IIMPOKOTO CIIeKTpa b6mosornmdeckoir aktmBHoctu [1-5]. Momgndukanusa 1,2,5,6-
HOJIO>KEHWIT OeH3MMMAA3071a C IOMOLIBIO Pa3/IMYHBIX 3aAMeCTUTEIIEl, OT IIPOCTHIX ATOMOB VI
HeOO/IbIINX TPYIIL KO CTIOXHBIX VIV IVMKINYeCKMX (PparMeHTOB, 3HAUNTETbHO BIMACT HA UX
OMONIOrMYecKyl0  aKTMBHOCTb [6]. B  Oosnbimeit cremeHM  CKas3bIBaeTCsl — Hamu4dme
aHHE/IMPOBAHHOTO K NUMMJA30/y IIPeNe/bHOrO TeTepolMkaa. Takye KOHIEHCHpPOBaHHBIE
IIPOM3BOJIHbIe OEH3VMIIAa30/1a C Y37IOBBIM aTOMOM a30Ta 00/1a/Jal0T BHICOKOI aHTUMIKPOOHOI
[7, 8], mporuBorpm6bkoBoit [9], mporuBoBupycHoit [10], mpormBoomyxonesoit [11-13] n
IPOTVBOBOCIIAINTENIbHOV aKTMBHOCTBIO [14, 15]. Tlostomy mccnemoBaHue CTPYKTYpHOTO
pasHOOOpa3us 3aMelleHHBbIX OeH3MMUIA30/I0B Bcerjja ObUIO aKTyalbHOV TeMol B o6macTu
MeAUINHCKOM XVMUN.

Panee namm B psapge pabor [16, 17] ObU1 OCyLlecTBIEH CUHTE3 IPOU3BOLHOTO
OeH3MMuIa30/1a, COfleprKall[er0 aHHeTMPOBAHHBIN MO MONOXeHMAM 1 u 2 MopdonmMHOBBIN
IIVIK/I ¥ TIPOBefieHa ero GpyHKUMOHaNMM3anys B peakuuu SgAr. B pesynbraTe ObUT OydeH psif
npousBOAHBIX 3,4-guruppo-1H-[1,4]okcasuno[4,3-a]6eH3anuMnpmasona, B TOM 4YKUCIEe He
OIVICAaHHBIX B uTeparype (puc. 1).
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Puc. 1. CrpykTypa npousBogHbix 3,4-auruppo-1H-[1,4]okcasuto(4,3-a]6ensumupnasona: 8-xnop-3,4-gurunpo-1H-

N
4

[1,4]okcasnHo[4,3-a)6ersnmmpason (1), 7-Hurpo-8-x10p-3,4-muruppo-1H-[1,4]okcasuno(4,3-a]6ensumupmason (2a),
9-HUTpO-8-x710p-3,4-Iurnppo- 1 H-[1,4] okcasuuo(4,3-a)6ensummpgason  (2b), 7,9-gurnrpo-8-xmop-3,4-guruppo-
1H-[1,4] okcasuno[4,3-a]6eHsumunasorn (3), 7-6pom-8-xmop-3,4-guruapo-1H-[1,4]okcasuno[4,3-a]6ensummmason (4)
u 7-6pom-9-Hutpo-8-x10p-3,4-gurnnpo-1H-[1,4]okcasuno[4,3-a]6ensumunason (5)

C IIE€/IbI0 OLEHKNM BO3MOJXHOCTU MCITIOJIb3OBAaHMA JAaHHDBIX COeI[I/[HeHI/II?I J19) 621 paSpa6OTKI/I
aKTVBHBIX (papMaIleBTUYECKUX CYOCTaHIMil MeTofaM in silico Hamy OblIa IpoBefieHa OlleHKa
IIVITOTOKCUYEeCKOTo mHpodwid ¥  ¢GapMaKOKMHETMYECKMX IIapaMeTpoB - abcopOium,
pacmpenenenusi, Metabonmusma u BeiBefieHrsi (ADME) cuHTe3upOBaHHBIX COeMHEHMIA.

OcHOBHasA 4acTh

JI7151 BBIIIOZTHEH A IIPOTHO3a UTOTOKCUMYECKOI aKTUBHOCTY CMHTE3MPOBAHHbBIX MOJIEKYI
1 3¢ eKTaMy CTPYKTYPHO CXOXKUX COEAMHEHNII, ONVICAaHHBIX B IMTEpaType, OblIa BBIIIOTHEHA

npouenypa in silico nmpeackasaHys UTOTOKCUYHOCTY € ITOMOLIbI0 Beb-cepepa ProTox 3.0.
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CormnacHo 6a3e gannbx ProTox 3.0, Bce coeffuHEHM S C BLICOKOII CTEIIEHBIO BEPOSATHOCTH
MOTYT 0071aiaTh BBIPaKEHHBIM JIeJICTBYIEM Ha HEPBHYIO U IIXaTe/IbHYIO CYCTEMBI, HO C pa3HOI
CTEIIeHbI0 TOKCUMYHOCTH. BepoATHOCTh TOKcM4eckoro sddekra Ha HEPBHYIO CUCTEMY /LA
coenuHennit 1, 2a, 2b, 4 u 5 cocrasmma 0.87, 0.57, 0.55 1 0.87, cCOOTBETCTBEHHO. 3HaYeHMe
BEPOATHOCTM [I BellleCTBa 3 HAXOJWIOCh B Ipefieflax HIDKE JOIyCTMMOTO JMalla3oHa.
BeposaTHOCTh TOKCYHOTO 9¢pdekTa Ha AbIXaTeIbHYIO CUCTEMY [ coefuHennit 1, 2a, 2b, 3, 4
n 5 cocrasuna 0.94, 0.79, 0.79, 0.77 1 0.92 n 0.78, cOOTBETCTBEHHO.

Ins coepuuennmit 1, 2a, n 4 Obl1a XapakTepHa 4-5 CTeIeHb, Iy coenyHenuit 2b u 3 - 3-1
crerieHb TOKCMYHOCTM. CaMbIM TOKCMYHBIM OKa3ajloch cOoemyiHeHue 5, obmapmaromiee 2-0i1
CTEINEHbIO IEPOPATIbHOM TOKCUYHOCTH.

CregyeT Taroke OTMETHUTD, YTO IIPOTHO3MpyeMble IojTy/ieTanbHble f03bl (LDso) ms 1, 2a,
2b, 3, 4 u 5 cocraBwmm 1000 mr/kr, 1500 mr/kr, 91 mr/kr, 91 mr/kr, 1000 mr/xr u 10 mr/kr,
COOTBETCTBEHHO. VIHTEpeCHO, YTO IpU CMEHE MOI0KEHN A HUTPOTPYTIIbI B CITy4ae COeVHEHMI
2a u 2b, LDs, 3amMeTHO nOHM>KaeTcA B crydae 2b.

Takum o6pasom, MCX0fs1 13 MOTYYEHHBIX C MCHIONb30BaHMeM Beb-cepBepa ProTox 3.0
JIaHHBIX MOXKHO IIPEJIIONOXNUTb, 4TO coefrHeHus 1, 2a, 2b, 3, 4 u 5 MOIyT MOTEHIIVIAJIBHO
005ajjaTb MPOTMBOOIYXOJEBBIM 3((PeKTOM B OTHOLIEHM) OIIYXO/ell TOJOBHOTO MO3ra U
JIETKMX.

Xopo11o U3BeCTHO, 4TO Ayl obecriedeHnss 3¢ HeKTVBHOCTY JIEKaPCTBEHHOTO IpenapaTa
aKTMBHasA MOJIEKY/IA JOJDKHA B IOCTATOYHO KOHIIEHTPALMM JOCTUTATh MUIIEHN B OPraHN3Me
VI COXPaHATHCA B OMOAKTUBHON popMe B TedyeHMe BpeMeH!, HeOOXOAVIMOTrO JIsI peann3alumn
1e/IeBBIX 61omorndecknx agdexTos. IIporecc pa3paboTKM IeKapCTBEHHBIX CPELCTB BKIIOYAET
PaHHIOI OLIEHKY (hapMaKOKMHETUYECKNX ITapaMeTPOB Ha 3Talax ITOVCKA KaHAUATOB, KOTAa
KOJIYECTBO MICCTIEyeMbIX COeIVTHEHWIT BBICOKO, @ JOCTYII K (y319ecKyM oOpasijaM orpaHmyeH [18].

[TosToMy fnA mpefBapuUTe/IbHON OL€HKM IIOTEHIMA/NA CUHTE3MPOBAaHHBIX MOJIEKYI KaK
JIEKapCTBEHHBIX KAaHAVATOB OBbII BBIIIOJTHEH aHaMu3 UX (papMaKOKMHETHYECKUX CBOVICTB C
VICIIOJIb30BaHVeM ITPOTPaMMHOTO 0becTiedeHNst, JOCTYITHOTO Ha OHyIaitH-noprane SwissADME [19].

JlnA HarmAmHOTO OTOOpaXKeHMsA pe3y/lIbTaToOB MCC/IefOBaHNA (apMaKOKMHETNYECKMX
CBOJICTB COeMHEHMIT Ha PUCYHKe 2 IpefCTaBJIeHbl Ipornoctudeckue monemu «Boiled eggy».
9Ta Mofie/b MO3BOJIAET OLIEHUTD MACCUBHYIO a0COpOLMIO B XKETyJOYHO-KUIIEYHOM TPAKTe U
IIPOHMKHOBEHME B MOS3T IIOTEHLMA/JbHBIX JIEKAPCTBEHHBIX CPEACTB IYTEM pacyéra uX
MUIIOGVIBHOCTY U TTOJIAPHOCTHA.

Ha ocHOBaHMM pacy€THBIX IaHHBIX 3Ha4Y€HME TAKOTO IapaMeTpa, KaK TOIOIorMYecKas
nojsipHas 1wromans nosepxHoctu (TPSA), pmeckpunTop, uCIonb3yemblil i OIVMCAHMS
CIIOCOOHOCTY JIEKapPCTBEHHBIX IIPeIlapaToB IIPOHMKATh depe3 KIeTKU depe3 Omosormyeckme
6apbepsl, coctaBuwiu ot 27.05 A? 10 118.69 A2, uto HaxomMTCSA B TOIIyCTUMMBIX IIpefiefiax. ITo
CBUJETENIbCTBYET O TOM, 4YTO BCe COENUHEHNSA MOTYT OBITh ITO3UIVIOHVPOBAHBI MJIs
IepOpaJbHOTO  TIpUMeHeHus  Omarojaps  BBICOKOM  cKopoctM  abcopbumm B

JKENYNOYHO-KNIIEIHOM TPAaKTE Y€/I0BEKA.
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1 2a
2b 3
4 5

Puc. 2. Mogenb «Boiled egg» 151 porHo3npoBanms acCUBHOI abCOPOLMI COENVMHEHNIT B JKETY0YHO-KUIIEYHOM
TpakTe (6emas 06/1acTb) ¥ UX IPOHMKHOBEHMS B MO3T (>kénras o6mactp). TOUKM, OKpallleHHble B CYHMII 1BET,
0603HAYAIOT MOJIEKY/IBI, KOTOPBIE, I10 IPOTHO3aM, IBJISIOTCS cyOcTpaTamu P-I/MKonpoTenHa u, cliesoBaTenbHo,
aKTUBHO BBIBOJSTCS M3 MO3ra WV IOIAfA0T B IIPOCBET >KETy[OYHO-KUIIEYHOTO TPakTa. ECIM Mormexyna He

SABJIsIETCSI CyOCTpaTOM P-I/IMKOIIPOTENHA, COOTBETCTBYIOIAst TOUKA OKpAllleHa B KPaCHBII 11BET.

KpoMme TOro, BceM coefiHEHMAM, 3a MCK/IIOYeHMeM 3, ObIa Ipeficka3aHa CIIoCOOHOCTD
IPOHMKATh 4epe3 reMaTOSHLeamndecKuil 6apbep, 0 4éM CBUJETEIbCTBYET IIPUCYTCTBIE
TOYEK B XXE/ITOI 00/1aCTH, YTO, OYEBUITHO, IIPEIIO/IaraeT BO3MOXKHOCTD VX MCIIO/Ib30BAHNA /IS
TepalleBTUYEeCKOT0  BMELIATeIbCTBA M IPU  3/I0KaYeCTBEHHBIX  HOBOOOPAa30BaHMAX
LEHTPa/IbHOM HEpPBHOI cucTeMbl. VIHTepecHO, 4YTO IIO/NyYyeHHble JaHHble XOpOIIO
KOPPENUPYIOT C Pe3y/IbTaTaMM, IIOTy4€HHBIMY B IIPEJbIAYIILEM SKCIIEPUMEHTE, TTie MUMEHHO I
coepyHenA 3 BEPOATHOCTb TOKCMYECKOTO BIMAHMA Ha HEPBHYIO CUCTEMY HaXO[M/IaCh HIDKE

AOITyCTUMbIX 3HAYEHUI.
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Ta6muna 1. ITapamerpsr ADME 1 6uopocTyTHOCTY UCCIIefyeMbIX coeffuHeHuit 1-5

Coepunenre | MW (g/M) Donors Acceptors TPSA, A? Log Po/v BA
1 208.64 0 2 27.05 1.92 0.55
2a 253.64 0 4 72.87 1.29 0.55
2b 253.64 0 4 72.87 1.27 0.55
3 298.64 0 6 118.69 0.65 0.55
4 287.54 0 2 27.05 2.54 0.55
5 332.54 0 4 72.87 1.88 0.55

Coxpamenus: MW - Monekysapaasa Macca (MeHee 500 abTOH); TOHOPHI - KOIMYECTBO JOHOPOB BOZOPOJHBIX
cBsi3eit (He 6osiee 5); aKL[ENTOPHI - KOMMIECTBO AKLEIITOPOB BOLOPORHBIX cBsi3elt (He 6omee 10); TPSA - obiast
IUIOINA/b TIOIAPHOIL ToBepxHOCTH (He 6omee 150); Log Po/v - koadduimeHT pacnpenenenns oKTaHOM-BoOfa (He
6onee 5); BA - orjeHKa 6110[0CTYIIHOCTI.

bonee  Toro, pesymbraThl  pacyéTa  3HaYEHMII  OCHOBHBIX  IIEpEMEHHBIX

(dbapMaKOKMHETUYECKMX XapaKTepUCTHUK, IpeAcTaBIeHHble B Tabmuie 1, IOKa3bIBalOT, YTO
JlaHHbIe MOJIEKY/IBI ITOJIHOCTBIO HMONYMHSAETCS HMpaBuly JIMIMHCKOTrO, Iomajas B AMAIa3oH
IIapaMeTpoB, KOTOPBIM [JO/DKeH o0/lajjaTb Ipemapar, a Takoke JMeeT XOPOIIMIt
IPOTHO3MpYyeMblil MHAeKC 6uogoctynHocTH (0.55).

Taxke HamMy ObUT ITPOBeNEH aHAIM3 ITOMYYEHHBIX JJAHHBIX OTHOCKUTE/IbHO IOTEHIIAIa
MHIMOMpoBaHusA MoneKkynamu usodepmentos nyuroxpoma P450 (CYP), xoTopble urparmor
K/II04YeBYI0 posb B ase I MeTabonmsma, npenmyiectBeHHO B redenu [20]. Kak npencrasneno
B Tabmuie 2, Bce TeCTUpyeMble COEJVIHEHNS IeMOHCTPUPYIOT IPOTHO3UPYEMYIO
VHTYOMPYIOLIYIO aKTMBHOCTD MCK/IIOUNTENbHO B oTHOIIeHNM 130¢opmbl CYP1A2, B To Bpems
KaK MHIMOMpOoBaHye JPYyruX KIMHNYecKu 3HauuMbIx n3odopm (CYP2C19, CYP2C9, CYP2De6,
CYP3A4) He mnpepackaspiBaeTca. ITOT pe3yabTaT IIPeAIONaraeT MUHVMMAIbHBIN PUCK
CYLIIeCTBEHHBIX IIOO0YHBIX 9P PEeKTOB (B YaCTHOCTM, KaP/IMOBACKY/ISIPHBIX, HEMIPOIENITUYECKUX

N yCWI€HNA MI/IOTOKCI/I‘{HOCTI/I), CBA3aHHbIX C JaHHbBIMMI I/[30(bOpMaMI/[ OUTOXpOoMa P450.

Ta6mima 2. GapMakoKMHeTHIeCKNe TapaMeTPhl UCCTeyeMbIX coeyHeHuil 1-5

Vurnbuposanie
CoenuHeHne
CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
1 + - - - -
2a + - - - -
2b + - - - -
3 + - - - -
4 + - - - -
5 + - - - -
CoKpauleHust: «+» - ABJSIETCS MHIMOUTOPOM, «-» - He SIB/ISIETCS MHTMOUTOPOM.

ITomyyenHble pe3ynbTaThl TAKXKe HAIVIALHO IPEJCTaB/Ie€Hbl Ha PUCYHKE 3, Ha KOTOPOM

panapsl
COOTBETCTBME COENMHEHUI KPUTEPUAM JIEKaPCTBEHHOTO IIOfO0MA IO ILIECTM KIFOYEeBBIM

OTpaKeHbI OMOJOCTYIIHOCTY ~ VICCTIEAyeMbIX — COeMHEHWI, OToOpaKarollye
OMBUKO-XMMUYECKMM CBOJICTBaM, BKmovas aunoduabHocth (ot -0.7 mo +5.0), pasmep
(MonekynapHas Macca oT 150 go 500 r/Monb), monsApHocTb (ot 20 fo 130 A2), pacTBOpUMOCTD
(He 607tee 6), HACBHIIIEHHOCTD (IOJI AaTOMOB yIlepoaa B sp’-rmbpupansanum He MeHee 0.25) u
KOH(OpMaUMOHHYI0 I'MOKOCTb (He Oosee [eBATM Bpamaroummxcsa cBsaseir) [19]. Beuto

OOHapy>KeHO, YTO MOJIEKY/IbI II0 BCeM IIapaMeTpaM IIONAfaloT B HEOOXOAVMYIO 30HY, YTO
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HOATBEp)XX/jaeT IIePCIEKTMBHOCTb MOJIEKYJT B KauecTBe ITOTEHIMATbHBIX OMOJOCTYIIHBIX
areHToB. [IpyrMMm cl1oBaMM, OCHOBBIBAsACh HA JAHHBIX, IPEACTAaBJICHHBIX B Tabmuie 1 u
PUCYHKax 2 U 3, MOXKHO IPEIIIONOXNUTb, YTO coefuHeHus obmaparoT xopoummmu ADME-
CBOJICTBaMM 1 BBICOKOJI OMOZOCTYITHOCTBIO.

LIPO LIPO
FLEX SIZE FLEX SIZE
INSATU POLAR INSATU POLAR
INSOLU INSOLU
1 2a
LIPO LIPO
FLEX SIZE FLEX SIZE
INSATU POLAR INSATU POLAR
INSOLU INSOLU
2b 3
LIPO LIPO
FLEX SIZE FLEX SIZE
INSATU POLAR INSATU POLAR
INSOLU INSOLU
4 5

Puc. 3. PajgapHas guarpaMma OMOROCTYIIHOCTM coefuHeHmit 1, 2a, 2b, 3, 4 u 5. Ha rpaduxax npencrasieHsl
napamerpbl LIPO (munodmnpHocts), SIZE (Mmonexkymsaphas wmacca), POLAR (momsaprocts), INSOLO
(uepactBopmmocTs), INSATU (HeHachinenHocTs) 1 FLEX (koH(OpManmonHas ru6KocTb). 30Ha, OKpallleHHas B
PO30BBII1 L{BET, COOTBETCTBYET U/ea/IbHBIM 3HAYEHNSIM OMOZOCTYIIHOCTH IIPY [IpMeMe BHYTPb; KpPAacHas JIMHUS —
HpsIMOe 3HAYeHe /IS UCCIELyeMOTO COeAVHEH IS
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Takum o006pa3oMm, NpoBemeHHBI in silico aHaMM3 CUHTE3VPOBAHHBIX IPOM3BOIHBIX
3,4-nuruppo-1H-okcasnHo[4,3-a]6eH3uMMza301a BBIABII MX IUTOTOKCUYECKIIT IOTEHIIMAN B
OTHOIIEHN HEPBHOI M [BIXaTETbHON CUCTEM, YTO IpepnosaraeT 3¢p¢GeKTUBHOCTb TaHHBIX
COeIMHEHMII IIPOTUB ITIMOM U pakKa nerkux. OJHOBpeMEHHO IOJTHOE COOTBETCTBME NPaBUITY
JIununckoro, 6maronpusaTHblit ADME-nipoduip 1 cioco6HOCTb GOBUIMHCTBA COeRAMHEHMIT
IPOHMKATh 4Yepe3 reMarosHIedanndeckniti 6apbep MOATBEPXKAAIOT IMEPCIEeKTMBHOCTb UX
fla/IbHENIIer0 pacCMOTPEHMS B KayecTBe IIepOpPa/lbHBIX areHTOB B IIEPBYI0 ouepefb M
TepaIuy OIIyXoJieil LIeHTPaIbHOM HepBHO cucTeMbl. CrlefiyeT OTMETUTb, YTO Takoe in silico
npoguIMpoBaHue MOJIEKYJT MWIpaeT KIOYEBYI0 pO/Nb Ha PpaHHMX JTalax paspaboTKu
HOTEHI[MA/IbHbIX JIEKAPCTBEHHBIX IIpeNnapaToB, IO3BOJAA OTCEMBATb HeIepCHeKTUBHbIE
CTPYKTypbl ¥ ONTMMM3UPOBATb JIMTAHABI MO TPOBEJEHMSA PpeCypCOeMKUX in  Vitro
9KCIepUMEeHTOB. VICIo/1b30BaHNe JAaHHOTO MOZIX0fia 000CHOBATIO LIe/IeCO00Pa3HOCTD JATbHENIINX
Omonmornyecknx McciaefoBaHuil  3,4-purnpgpo-1H-okcasnuo[4,3-al6eHsumMnuasona u
PEKOMEHIOBAaZI0 MX K PpacCMOTPEHMIO B KauecTBe KaHAMJATOB B IOTEHIMA/IbHbIE

ITPpOTMBOOITYXOJIEBbIC aI'€HTDHI.
SKCHCPI/IMCHTa}IbHaH qacTh

OneHKa TOKCUKOTOTMYECKOTO IMTOTOKCUYECKOTO MPpoduiIs KOHAEeHCHMPOBAaHHBIX
NpoM3BOTHBIX OeH3uMuaasona 1-5 in silico.

OLeHKy TOKCUKOJIOIMYECKOTO IIMTOTOKCHYECKOTO MpOo(uas KOH/EHCHPOBAHHBIX
IPOM3BOAHBIX OeH3uMmpazona 1-5 mpoBogwium ¢ moMolpio BeO-cepBepa ProTox 3.0
(https://tox.charite.de). lanHas mporpaMMa UCIIONIb3YeT MO MOJIEKY/IAPHOTO CXOACTBA U
MAIIHHOTO 00y4YeHM /IS IPOTHO3MPOBaHMA 61 IOKa3aTesd TOKCMYHOCTH, TAKUX KaK OCTpast
TOKCMYHOCTb, = OPraHOTOKCMYHOCTb,  KIMHUYECKasd  TOKCUYHOCTb,  MOJIEKY/IAPHO-
uHnnmupymomye coboitus (MIE), ne6narompusathele nocnencrsus (Tox21), a Tawke psp
JPYTUX TOKCUKOTIOTMYECKIX ITOKa3aTesIell M Helle/leBbIX II0Ka3aresieil TOKCMYHoCTH [21].

Onenka ¢apManeBTUYeCKO AKTMBHOCTYI KOHJEHCHMPOBAaHHBIX IPOM3BOTHBIX
6ensummumasona 1-5 in silico.

Anamm3  (apMaKOKMHETMYECKMX  CBOVICTB  KOHJEHCUPOBAaHHBIX  IPOV3BOJHBIX
6eHsummupmasona 1-5 TpoBOAWIM C MCIO/Nb30BaHMEM IIPOTPAMMHOIO  obecIiedeHys
IlIBetirrapcKOro MHCTUTYTAa 6MOMH(OPMATIKY, JOCTYIIHOTO Ha OHJIAH-1opTane SwissADME
(http://www.swissadme.ch) [19].

[Tporpamma SwissADME ocHoBaHa Ha KOMOWHAauuy SMIMPUYECKUX MOJerel,
KO/IMYEeCTBEHHBIX COOTHOILIEHMIT «CTPYKTypa-akTUBHOCTE» (QSAR) m dusuko-xmMmyeckux
[IeCKPUIITOPOB M1 IIPOTHO3MPOBaHMA (PapMaKOKIHETNYECKIX CBOJICTB MajIbIX MO/leKyl1. OHa
VHTerpupyeT anroputmsbl, Takue kak BOLED (mns onenku munoduabHocT! Ha ocHOBe logP),
iLOGP (¢dmsuueckas mMopmenp Ha OCHOBe CBOOOAHOV sHeprum), mpasmna JInmmucky, I'xoce,
Bebepa 1 M1orre 1151 OLIeHKM JIEKapCTBEHHON MOZOOHOCTH, @ TAKXKe MOJIe/IV paCTBOPUMOCTY,
abcopbumn (Bxmouass Caco-2 u P-gp), renaToTOKCMYHOCTY ¥ CHMHTETMYECKO TOCTYITHOCTY
(SAscore). DT MeTOABl OMUPAIOTCA Ha OOIIMpPHbIE 0a3bl MAHHBIX SKCIIEPUMEHTATbHBIX

3HaYeHMII ¥ MAIIMHHOE OOy4YeHue.
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Kondnukr maTepecon

Asmopul 3as1671510mM 06 OMCYMCMBUU KOHPAUKMA UHIMEPecos, mPebyoulezo Packpoimus
8 0aHHOU cmampoe.

OuHaHCHPOBaHNIE

Paboma svinonmena 6 pamkax 20cyoapcmeennozo 3a0aHUS HA OCYulectenerue Hay4HbLX
uccnedosanuti U paspabomox  pedepanvHozo  20cy0ApCmMBeHH020  6100HEemMHO20
006pasosamenvHoz0 yupeioeHUus 6vicuieo 00pasosanus «Apocnasckuti 2ocyoapcmeeHHblll
MmeOuyuHckuti ynusepcumem» Munucmepcmea 30pasooxpanenus Poccutickoii Pedepavuu Ha
2025 200 no meme: «Paspabomka HOBbIX NeKAPCMBEHHBIX NPenaparos 0N MapeemHou
XUMUOMEPANUU OHKONOZUHECKUX 3a00/1e6aHULL HA 0CHOB€ KOHOEHCUPOBAHHBIX NPOU3BOOHIX
6eH3UMUOA3071A C Y37I08bIM AMOMOM A30Ma».

CnMCcOK ICTOYHIIKOB

1. Ersan R.H., Kuzu B,, Yetkin D., Alagoz M.A., Dogen A., Burmaoglu S. 2-Phenyl substituted Benzimidazole
derivatives: Design, synthesis, and evaluation of their antiproliferative and antimicrobial activities. Med. Chem.
Res, 2022, 16(31), 1192-1208. DOI: 10.1007/s00044-022-02900-3.

2. Pham E.C,, Le Thi T.V., Ly Hong H.H., Vo Thi B.N,, Vong L.B., Vu T.T., Vo D.D., Tran Nguyen N.V.,,
Bao Le K.N., Truong T.N. N,2,6-Trisubstituted 1H-benzimidazole derivatives as a new scaffold of
antimicrobial and anticancer agents: design, synthesis, in vitro evaluation, and in silico studies. RSC Adv., 2022,
13(1), 399-420. DOI:10.1039/d2ra06667j.

3. Bansal S., Gaur R., Bhardwaj H., Kumar N., Sharma G.K., Mishra S.S. Synthesis, biological evaluation, and
molecular docking studies of benzimidazole derivatives substitutes as new antimicrobial agents. JDDMC, 2024,
10(2), 54-66. DOI1:10.11648/j.jddmc.20241002.12.

4. Ahmed A.E.R., Hassan Y.A.-E. Benzimidazole derivatives as potential chemotherapeutic agents. Curr. Drug
Ther. 2013, 8(1), 1-14. DOI: 10.2174/1574885511308010001

5. Akhtar W., Khan M.F., Verma G., Shaquiquzzaman M., Rizvi M.A., Mehdi S.H., Akhter M., Alam M.M.
Therapeutic evolution of benzimidazole derivatives in the last quinquennial period. Eur. J. Med. Chem., 2017,
126, 705-753. DOI: 10.1016/j.ejmech.2016.12.010

6. Berynos P.C., Eropos [I.0., YerBeprakoBa A.B., CaBuna JI.JU., 3y6ummHa A.A. AHTM6aKTepuanbHasd
aKTUBHOCTD TAJIOT€H- U HUTPOIIPOU3BOLHBIX OeH3uMupasona B oroutenun Bacillus subtilis. Anumubuomuxu
u xumuomep., 2023, 68(3-4), 19-24. DOI: 10.37489/0235-2990-2023-68-3-4-19-24.

7. berynoB P.C., 3aiimea I0.B., Cokxomos A.A., Eropop [.0., ®unumonoB C.M. Cunres nu
aHTHbaKTepuaabHasA aKTUBHOCTD 1,2,3,4-TeTparunpo- u nupuzno[1,2-a]6ensumunasonos. Xum. gapm. xypHar,
2022, 56(1), 25-31. DOI: 10.30906/0023-1134-2022-56-1-25-31

8. Nandwana N.K., Singh R.P., Patel O.P.S., Dhiman S., Saini H.K., Jha P.N., Kumar A. Design and Synthesis
of Imidazo/Benzimidazo[1,2-c]quinazoline Derivatives and Evaluation of Their Antimicrobial Activity.
ACS Omega, 2018, 3(11), 16338-16346. DOI: 10.1021/acsomega.8b01592.

9. Mohamed B.G., Abdel-Alim A.M., Hussein M.A. Synthesis of 1-acyl-2-alkylthio-1,2,4-triazolobenzimidazoles
with antifungal, anti-inflammatory and analgesic effects. Acta Pharm., 2006, 56(1), 31-48.

10. Huo X., Hou D., Wang H., He B., Fang J., Meng Y., Liu L., Wei Z., Wang Z., Liu F.W. Design, synthesis, in
vitro and in vivo anti-respiratory syncytial virus (RSV) activity of novel oxizine fused benzimidazole derivatives.
Eur. J. Med. Chem., 2021, 224, Article 113684. DOI: 10.1016/j.ejmech.2021.113684.

11. Wang H.,Meng Y., YangJ., Huang H., Zhao Y., Zhu C., Wang C., Liu F.W. Design, synthesis and antitumour
activity of novel 5(6)-amino-benzimidazolequinones containing a fused morpholine. Eur. J. Med. Chem., 2022,
238, Article 114420. DOI: 10.1016/j.ejmech.2022.114420.

91


https://doi.org/10.1016/j.ejmech.2016.12.010
https://doi.org/10.37489/0235-2990-2023-68-3-4-19-24
https://doi.org/10.30906/0023-1134-2022-56-1-25-31
https://hrcak.srce.hr/acta-pharmaceutica
https://hrcak.srce.hr/index.php?show=toc&id_broj=472

OT XAMUH K TEXHONIOT UK gRiTZAReTTIEYIUY TOM 7, BbINMYCK 1, 2026

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Aleksandrova Y., Savina L., Shagina I., Lyubina A., Zubishina A., Makarova S., Bagylly A., Khokhlov A.,
Begunov R., Neganova M. New Dihalogenated Derivatives of Condensed Benzimidazole Diones Promotes
Cancer Cell Death Through Regulating STAT3/HK2 Axis/Pathway. Molecules, 2025, 30(21), 4150.
DOI: 10.3390/molecules30214150

berynos P.C., Anekcanpposa IO.P., Illarmna M.A., Kyuepenko M.B., Ilenesun II.C., Xoxmos A.IL,
HeranoBa M.E. LIUTOTOKCMYHOCTD HOBOTO KOHLEHCHMPOBAHHOTO MPOM3BOZHOIO OEH3MMMAA30/IANOHA B
OTHOILIEHMY JIMHUII KJIETOK OIIYX0JIEBOTO ¥ HOPMa/TbHOTO Ipoucxoxaenus. Acta Biomedica Scientifica, 2025,
10(6), 12-19. DOI: 10.29413/ABS.2025-10.6.2

Sondhi S.M., Rajvanshi S., Johar M., Bharti N., Azam A., Singh A.K. Anti-inflammatory, analgesic and
antiamoebic activity evaluation of pyrimido[1,6-a]benzimidazole derivatives synthesized by the reaction of
ketoisothiocyanates with mono and diamines. Eur. J. Med. Chem., 2002, 37(10), 835-843. DOI: 10.1016/s0223-
5234(02)01403-4.

Sondhi S. M., Rani R,, Singh J., Roy P., Agrawal S. K., Saxena A. K. Solvent free synthesis, anti-inflammatory
and anticancer activity evaluation of tricyclic and tetracyclic benzimidazole derivatives. Bioorg. Med. Chem.
Lett., 2010, 20(7), 2306-2310. DOI: 10.1016/j.bmcl.2010.01.147.

Berynos P.C., CaBuna JI.J1., Acradpesa [I.A. BHyTpuMO/IeKy/IApHOE aMMHNMPOBAHNUE OPHO-HUTPO-Mpem-
QHIIVHOB KaK OJJH 3 ITyTell CMHTe3a KOH/[eHCUPOBAHHBIX IIPOM3BOSHbIX O€H3MMIIIA30/1a C Y37IOBBIM aTOMOM
asorta. Om xumuu K mexHoznozuu wiaz 3a wazom, 2025, 6(1), 22-33. DOI: 10.52957/2782-1900-2025-6-1-22-33
Kydyepenxko M.B., CaBuna JL.IL., Berynos P.C., 3youmuna A.A., I'paueBa E.JI. PermocenekTuBHOCTD
peaxtun SpAr 8-xm0p-3,4-gurapo-1H-[1,4]okcasuno(4,3-a]6eHsummpazona. Om xumuu Kk mexHono2uy wiaz 3a
wazom, 2025, 6(4), 60-71. DOI: 10.52957/2782-1900-2025-6-4-60-71

Balani S.K., Miwa G.T., Gan L.S., Wu J.T., Lee F.W. Strategy of utilizing in vitro and in vivo ADME tools for
lead optimization and drug candidate selection. Curr Top Med Chem. 2005, 5(11), 1033-1038.
DOI:10.2174/156802605774297038

Daina A., Michielin O., Zoete V. SwissADME: a free web tool to evaluate pharmacokinetics, drug-likeness
and medicinal chemistry friendliness of small molecules. Sci. Rep., 2017, 7, Article 42717.
DOI: 10.1038/srep42717

Manikandan P., Nagini S. Cytochrome P450 Structure, Function and Clinical Significance: A Review. Curr
Drug Targets. 2018, 19(1), 38-54. DOI:10.2174/1389450118666170125144557

Banerjee P., Kemmler E., Dunkel M., Preissner R. ProTox 3.0: a webserver for the prediction of toxicity of
chemicals. Nucleic Acids Res., 2024, 52(W1), W513-W520. DOI: 10.1093/nar/gkae303

ITocmynuna 6 pedaxyuio 28.01.2026

Ooobpena nocne peyensuposanus 26.02.2026
IIpunama x onybnuxosaruio 05.03.2026

92


https://doi.org/10.1016/j.bmcl.2010.01.147
https://doi.org/10.1038/srep42717

FROM CHEMISTRY TOWARDS TECHNOLOGY Ellagi 114 VOL. 7, ISSUE 1, 2026

Review article
UDC 662.749.33
DOI: 10.52957/2782-1900-2026-7-1-93-113

THE PHYSICO-CHEMICAL ANALYSIS OF THE MOLECULAR
STRUCTURE OF BINDING AND ELECTRODE PITCHES

R. Yu. Kovalev

Rodion Yuryevich Kovalev, Candidate of Physical and Mathematical Sciences, Scientific Researcher
The Federal Research Center of Coal and Coal-Chemistry of Siberian Branch of the Russian Academy of Sciences,
650991, Kemerovo, Russia, Sovetsky prospect, 18, Kovaleviuhm@yandex.ru

Keywords: Abstract. The paper reviews research on the molecular structure of binder and
coal tar pitch, electrode pitch,  electrode pitches by physicochemical analytical methods. The research
binder pitch, IR spectroscopy, — demonstrates the effect of modifications on changes in the molecular structure of

EPR spectroscopy, NMR binder pitches determined by IR spectroscopy. Additionally, it presents the results
spectroscopy, thermal of studies on the determination of the polyaromatic composition of the pitches.
treatment of pitches, The author performed a comparative analysis of the results of studies on the
mesophase, thermal determination of the structural and group composition of coal and petroleum
oxidation. pitches. Physicochemical methods for determining the mesophase structure of

pitches are described.

For citation:

Kovalev R. Yu. The physico-chemical analysis of the molecular structure of binding and
electrode pitches // From Chemistry towards Technology Step-by-Step. 2026. Vol. 7, Iss. 1. P. 93-113.
URL: https://chemintech.ru/ru/nauka/issue/7073/view

Introduction

The paper describes physicochemical analytical methods for determining the molecular
structure of binding pitches. Electrode pitch grades B1 and B are used as binding agents in the
production of anode paste [1]. The studies [2-4] demonstrate the possibility of producing
electrode pitch directly from coal by thermally dissolving G and GZh grades of coal in the
anthracene fraction (coal-to-solvent ratio = 1:2).

The papers [5-7] experimentally demonstrate the feasibility of using pitches with
increased T, and high-melting-point pitches as binders in the production of carbon materials.
For example, in [5] it is shown that a mixture of high-temperature pitch and petroleum coke
(in a pitch/coke ratio of 25/75) had a plasticity of over 1000 kg-m and a viscosity of 600 kg-m.
It is higher for the electrode pitch in a pitch-coke mixture (25/75) as its the plasticity is 140 kg-m
and the viscosity is 40 kg-m.

The paper [8] demonstrates the possibility of using a binder pitch with a T;, of 103 °C and
modifications based on it. The pitch containing the a; fraction. It is soluble in quinoline but
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insoluble in toluene - yielded a high coke yield. Furthermore, the carbon block obtained by
carbonising this pitch had a high compressive strength [8]. The carbon materials were prepared
from pitch with softening points T, = 209 °C and 124 °C by mixing them with pitch distillates
at 400 °C, followed by carbonisation at T = 900 °C and graphitisation at T = 2700 °C [9].

Infrared (IR) spectroscopy is used to determine the molecular structure of pitch;
chromatography is used to determine the composition of polyaromatic pitch compounds
(PAPCs); electron paramagnetic resonance (EPR) spectroscopy is used to investigate the
electronic structure; nuclear magnetic resonance (NMR) spectroscopy is used for structural and
group analysis. The relevance of this study concerns determining the effect of heat treatment or
modification of binder pitches on the molecular structure. It also involves determining the
effect of modifications to binder pitches on their carcinogenic activity.

Of particular interest is the study of the mesophase structure of pitch. According to
Brooks and Taylor [10, 11], a mesophase is observed during the thermal transformation of
carbonisable pitch (Fig. 1).

Fig. 1. The formation and development of a bulk liquid-crystalline phase under suitable conditions [10-12]

A model for the formation of a mesophase (Fig. 1) in naphthalene pitch has been proposed:
(1) - the generation of optically anisotropic spheres in an isotropic matrix, (2) - growth of
anisotropic spheres in an isotropic matrix, (3) — coalescence of anisotropic spheres in an
isotropic matrix, (4) — deformation and destruction of the anisotropic coalesced sphere with the
formation of a three-dimensional liquid-crystalline structure [10-12]. The carbonaceous
mesophase appears to be an intermediate product in the carbonisation process, formed through
the polymerisation of the main compounds in coal pitch [13, 14].

To produce new carbon-based materials, it is necessary to determine their microstructure,
including mesophase structure.

The purpose of this study is to summarise the results obtained using physicochemical
methods to investigate the molecular structure and properties of binding pitches. Therefore, a
review of physicochemical methods for determining the carcinogenic activity of binder pitches
was made. As a result, a comparative analysis of the molecular structure of mesophase pitches
was performed.
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Main body

1. The method of IR spectroscopy. IR spectroscopy was used to investigate the molecular
structures of alternative pitches from coals [2], the binder pitch, and fractions isolated from it
[8], modified pitches in [15, 16], and thermal oxidation products in [21]. The effect of
modifications on the intensity of bands in the IR spectrum of pitches was examined [15, 16].
The study considers the effect of thermal oxidation, and the addition of an anthracene fraction
on the molecular structure of pitches in [21].

Figure 2 shows the IR spectra of coal tar pitch, petroleum pitch, and pitch obtained by the
thermal dissolution of coal.

1 W
M

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2. IR spectra: 1 - coal tar pitch, 2 — petroleum tar pitch, 3 - pitch extracted from coal [2].

The lines at 2854-2923 cm™ and at 1452 cm™ and 1376 cm™ are associated with aliphatic
C-H bonds [2]. Low intensity of C-H vibrations (700-900 cm™) was observed in the aromatic
structure of the pitch extracted from coal, compared with that of coal tar pitch [2]. The low
intensity of these lines indicates a reduced content of PAHs. It is characteristic of the low
carcinogenic activity of the pitch. It defines the potential for extracting pitch from coal as a
method of producing a binder with low carcinogenic activity.

In [8], an analysis was conducted of the molecular structure of pitch with a T}, of 103 °C
and the fractions isolated from it.

The pitch and the fractions isolated from it consisted mainly of aromatic rings and
hydrogen atoms that were not substituted by aliphatic chains. In all pitch fractions, the majority
of lines were observed in the range from 1700 to 700 cm™ [8]. For the a, fraction, the intensity
of the 1600 cm™ line was higher than for the other pitch fractions [8]. High line intensities at
700-900 cm™ are characteristic of the hexane-soluble y-pitch fraction.

In [15, 16], modifications were made to the raw material to reduce the carcinogenic
activity of the pitches. IR spectroscopy was used to investigate changes in the molecular
structure of the modified pitches. Figure 4 shows the IR spectra of medium-temperature pitch
and its modifications with iodine following heating for 12, 24, and 72 hours [10].
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Fig. 3. IR spectra of binder pitch; hexane-soluble fraction (y); fraction insoluble in hexane but soluble in toluene (B);

fraction insoluble in toluene but soluble in quinoline (o) [8].
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Fig. 4. IR spectra of medium-temperature pitch and its iodine-modified derivatives, which were heat-treated for
12, 24 and 72 hours at 373 °C [15].

Figure 4 shows that the IR spectrum of pitch consists mainly of lines associated with the
vibrations of aromatic molecules; a small peak at 2800 cm™ is associated with aliphatic C-H
vibrations [15]. Modification of the pitch with iodine did not result in any significant changes
to the qualitative composition of the pitch’s molecular structure. A decrease in the intensity of
the peak at 2800 cm™ and the disappearance of the band at 1470 cm™ associated with the
bending of the aliphatic CHs, and CH, fragments were observed [15]. Apparently, these
phenomena are not related to the modifying additives. However, they are associated with an
increase in the holding time during heat treatment. There was a decrease in the intensity of the
lines at 700-900 cm™. It may indicate a reduction in the intensity of C-H vibrations in the
aromatic structure. It is prospective for the application of this modification to reduce the PAH
content in the pitch.

For pitches modified with aldehyde, benzaldehyde and furfural, the following IR spectra
were observed (Fig. 5).
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Fig. 5. IR spectra of low-temperature curing pitch (LTCP), its modifications (MsCTP (benzaldehyde-modified),
M;CTP (furfural-modified), MxCTP (aldehyde modification)), the modifying additives furfural-F, benzaldehyde-B,
aldehyde-K and semi-cokes based on them (S-LTCP, S-MsCTP, S-MCTP, S-MCTP) [16].

In the IR spectrum of low-temperature coal tar pitch, CH lines (2790-3000 cm™) and lines
at 1633 cm™ and 1460 cm™ are observed. They are attributed to the aromatic valence vibration
of the C=C bond [17-20]. Upon modification of this pitch with furfural, benzaldehyde,
and aldehyde, a decrease in the intensity of these bands is observed. However, the bands appear
in the 3300-3600 cm™ range, which are attributed to the OH valence vibration [17-20]. A band
also appears at 1028 cm™ due to the stretching of C-O-C bonds [17-20]. Following
modification, a bridged structure emerged, i.e. carboxyl and hydroxyl groups were attached to
the aromatic groups via aliphatic bridges. There was also a decrease in the intensity of the lines
at 700-900 cm”, indicating a reduction in the PAH of the pitches after modification.
A noticeable decrease in the intensities of these lines was also observed for the semi-cokes
obtained from the modified pitches.

The study of the IR spectra of pitch with the addition of an anthracene fraction and the
product of its thermal oxidation is also of great interest.

Figure 6 shows insignificant difference in the spectra in terms of composition. For the
initial pitch, lines were detected at 745-1000 cm™, associated with the C-H bending vibration
in the aromatic structure. The line at 3045 cm™! is associated with the C-H vibrational mode in
the aromatic structure [21]. The line at ~1630 cm! is associated with C=C in the aromatic
structure of the pitch [21].

An increase in the intensity of the lines at 745, 811 and 877 cm™ is observed in the
IR spectrum for the pitch following its thermal oxidation. Furthermore, following thermal
oxidation, there was an increase in the intensity of the line at 1630 cm™, associated with the C=C
vibration, and in the intensities of the lines at 3045 and 2924 cm!, associated with the aromatic
structure. At the same time, an increase in the intensities of the line associated with the aliphatic
structure of the pitch (1473 cm™) was observed.
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Fig. 6. IR spectra for the following materials: A — anthracene fraction, B - coal tar pitch, C - pitch exposed to air
at T =250 °C for 2 hours, D - pitch with 39.10% anthracene fraction added, thermally oxidised at T = 250 °C [21].

However, despite the high aromaticity of the anthracene fraction compared to the starting
pitch, the product obtained had low aromaticity compared to the anthracene fraction [21]. This
is presumably due to the part of the anthracene fraction reacts with the light fraction to form
naphthenic or aliphatic compounds. It may also be related to the presence of a methyl group
associated with the anthracene fraction [21]. For the initial pitch, lines were detected at
745-1000 cm™, associated with the C-H bending vibration in the aromatic structure. The peak
at 3045 cm™ is associated with C-H vibration in the aromatic structure [21]. The peak at
~1630 cm™ is associated with C=C in the aromatic structure of the pitch [21].

2. The method of EPR spectroscopy. EPR spectroscopy is used to determine the number
of paramagnetic centres and the electronic structure of the coal tar pitch binder. Of particular
interest is the effect of thermal treatment of the pitches on the number of paramagnetic centres.
In [22], the concentration of paramagnetic centres for the a- and y-fractions was determined to
be 5:10"7 and 10, respectively. The number of paramagnetic centres increases during thermal
oxidation (360 °C) compared to vacuum distillation of the pitch at high temperatures; a sharp
increase in paramagnetic centres was observed in the a-fraction from 5 to 8 x 10" and in the
B-fraction from 1 to 2*10" [22].

In [15], EPR spectra were obtained as a function of the iodine modification of the initial
pitch at a temperature of 373 °C and for different thermal holding times (Fig. 7).
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Fig. 7. EPR spectra: (a) - a medium-temperature pitch at room temperature; a pitch modified with iodine (I) over
12 hours (b), 24 hours (c) and 72 hours (d) at a temperature of 373 °C [15].

Medium-temperature coal tar pitch produced a weak signal with a width of 0.56 mT at
room temperature [15]. As the exposure time of the pitch mixed with iodine I, was risen, the
width of the EPR spectrum increased to 0.8 mT [15]. The signal intensity rises with increasing
holding time. Extending the holding time in the I, medium increased the content of unpaired
electrons in the pitch. As the heating time of the pitch with I, additives increased, the number
of paramagnetic centres raises. This may be due to halogens, and in this case I, are active
electron donors [15].

In [23], a comparative analysis of the EPR spectra of pitch and pitch-based fibres is
conducted. For the pitch, a spectrum with a narrower width than that of the PEC fibres was
observed. It remained virtually unchanged, with minor variations occurring in the range from
6.0 to 6.15 GHz (0.6 mT) depending on the power supplied to the resonator.

EPR spectroscopy is also used to study electrode pitches containing a mesophase in their
microstructure to investigate its growth during heat treatment. In [24], the concentration of free
radicals in mesophase pitch was determined to be ~1.2-10" g using EPR spectroscopy. The
molecules consist of relatively small aromatic regions linked by aliphatic and aryl bridges [24].
According to [15, 22, 24, 25], for a medium-temperature pitch, upon its further heat treatment
in the temperature range 400-450 °C, with the appearance of mesophases and their subsequent
growth, the content of paramagnetic centres remains unchanged compared to the initial
medium-temperature pitch. In [26], the authors suggested that the appearance of a mesophase
is accompanied by a sharp increase in paramagnetic centres. In the temperature range 420-460 °C,
there was a sharp decrease in the spin-lattice relaxation time [26]. From the data obtained, the
authors in [22] concluded that the emergence of the mesophase in the pitch is caused by the
aggregation of molecular fragments into polycyclic aromatic compounds (a decrease in the number
of paramagnetic centers). This process was accompanied by dehydrogenation (an increase in
the number of paramagnetic centres). These two processes counterbalanced each other.
Therefore, the number of paramagnetic centres remained unchanged [26]. For an electrode
pitch containing a mesophase, EPR spectrum measurements were conducted in [27]. EPR
measurements yield slightly asymmetric signals with a width of 5-10-10"* T; the shape of the
lines approximately corresponds to the Lorentzian form [27].
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3. The method of 'H and "NMR spectroscopy. According to [2], NMR spectra based on
chemical shifts in coal tar pitch and in the thermal dissolution product revealed the presence of
aliphatic groups: 6-7% in the thermal dissolution products; 5-10% in coal tar pitch. Aromatic
carbon exceeds 90% according to *C NMR spectroscopy [2].

In [28], a study was conducted using 'H NMR spectroscopy on petroleum pitch, pitch from
heavy pyrolysis resin, and commercial coal tar pitch. For petroleum pitch, the proportion of
aliphatic hydrogen (0-5 pmm) is 76.9%, and the proportion of aromatic hydrogen (6-9.5 pmm)
is 23.1%. For industrial coal tar pitch, the proportion of aliphatic hydrogen (0-5 pmm) is 14.8%,
and the proportion of aromatic hydrogen (6-9.5 pmm) is 85.2% [28]. This finding may indicate
a low content of PAHs in petroleum pitch.

4. Chromatographic methods of analysis. A chromatographic method is used to
determine the quantitative and qualitative content of polycyclic aromatic hydrocarbons (PAHs)
in pitch. In [29, 30], the PAH composition of pitch was analysed using gas chromatography.
In [29], chromatograms were determined for pitch obtained by low-temperature thermal
oxidation (T = 275 °C) of coal tar over a period of 20 hours (air flow rate 60 L/kg*h).

In the studies under consideration, the following sample heating regimes were selected
for the extraction of PAHs: 1. heating was conducted to a temperature of 250 °C with a holding
time of 30 min [29]; 2. heating took place from 50 to 260 °C with a holding time of 10 min,
heating rate 4 °C/min [30].

Figure 8 shows the chromatograms of the resin and the pitch obtained from it.

18.22 31.42 45.02 58.22 18.22 31.42 45.02 58.22
Fig. 8. Chromatograms of the toluene-soluble fraction of the starting resin (1) and the resulting pitch (2) [29].

Figure 8 shows the pitch contained higher levels of naphthalene (1), phenanthrene (12),
1,2-methylnaphthalene (2, 3), biphenyl (4) and 1-phenylnaphthalene (17) compared with the
resin [29]. The following compounds were completely absent in the pitch: benzo[a]fluorene,
acenaphthylene, dihydroanthracene, benzo[a]anthracene, benzoacenaphthene and perylene.
Indeed, they present in coal tar [29]. Compared with the resin, the content of benzo[a]pyrene
(by approximately 30%), dibenzofuran, methylfluorenes, benzofluoranthen, indene[1,2,3-
cd]pyrene and benzo[1,2,3]perylene decreased [29].

Figure 9 shows the chromatograms of the initial pitch and the pitch after low-temperature
thermal oxidation for 25 hours.
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Fig. 9. Chromatograms of the initial pitch (P) and pitch (AB25) following thermal OXi(;;;‘(])Tl’at 275 °C for 25 hours [30].

Figure 9 shows a decrease in benzo[e]pyrene from 5.9 to 1.47 and a decrease in benzo[a]pyrene
from 9.68 to 1.62 [30]. Quinoline, acenaphthene, fluorene, methylenacenaphthene, and
tetrahydroanthracene disappeared [30]. There was a decrease in phenanthrene from 9.9 to 4,
fluoranthene from 23 to 1.8, and pyrene from 22.0 to 2.0. However, there was an increase in
carbazole from 2.66 to 4.0 and methylphenanthrene from 0.8 to 3.0 [30].

The benz[a]pyrene content following low-temperature thermal oxidation of the pitch
decreased by 90% compared to the initial pitch. Indeed, the benz[a]pyrene content in the pitch
obtained from the thermally oxidised resin decreased by approximately 30%. Therefore, the
method of low-temperature thermal oxidation of pitch is effective in reducing its
benzo[a]pyrene content.

5. Gravimetric analysis of pitches.

One of the earlier studies [31] demonstrated that both the temperature of the maximum
volatilization rate of pitch thermolysis products (Tw) and the temperature range over which the
greatest quantity of volatile matter is released from coals (AT), can also be used to characterise
the thermal stability of coal-based binder pitches.

Based on data [25, 32], it was established by thermogravimetric analysis (TGA) that the
percentage of heat loss for medium-temperature pitch in the 200-500 °C range was 65%.
In [33], TGA analysis of binder pitches revealed that the yield of pitch coke increased with an
increase in the a-fraction of the pitch.

In [9], there is TGA analysis of high-melting-point petroleum binder pitches. Figure 10
presents the thermogravimetric analysis data for binder pitch (BP) with T, = 124 °C,
high-melting-point pitch (HMP) and distillate-modified pitches (MP-1, MP-2, MP-3) [8].

At stage 1 (thermal treatment under atmospheric conditions) (Fig. 10), both SP and VPP
lost up to 5% by mass upon reaching a temperature of 200 °C; the modified pitches lost 7-16%
by mass within the same temperature range [9]. At stage 2 (isothermal treatment under air
atmosphere) (Fig. 10), both SP and the modified pitches underwent rapid mass loss [9]. At stage
3 (thermal treatment in an inert atmosphere), for the VPP pitch, mass loss began at 450 °C and
continued upon reaching a temperature of 600 °C; a loss percentage is 35% [9]. For the SP pitch,
the percentage loss was 65%; for the distillate-modified pitches; mass loss began at 200 °C [9].
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Fig. 10. The extent of the reduction in pitch mass as a function of temperature and time [9].

In [34], TGA was performed on a binder pitch with T, = 115 °C; a high-melting-point
pitch with T, = 235 °C; petroleum binder pitches with T, = 118 and 235 °C. Figure 11 shows the
thermogravimetric curves of the binder pitches.
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Fig. 11. The dependence of the reduction in binder pitch mass on temperature changes [34]: electrode binder (coal
pitch binder with T, = 115 °C); carbores (high-melting-point coal pitch binder with T, = 235 °C); petroleum pitch
binders PP250 and PP118.

Figure 11 shows that the highest percentage of mass loss (~70%) was observed for the coal
tar pitch binder with T, = 115 °C. The percentage of mass loss for the petroleum pitch binder
with T;, = 118 °C was ~60%. For the petroleum pitch binder with T}, = 250 °C, the percentage of
loss was ~55%; the lowest percentage of loss (~40%) was observed for the high-melting-point
coal pitch binder. These results may be attributed to differences in the a-fraction content of
these pitches, as demonstrated in [33].

In [35], TGA analysis showed that the addition of an anthracene fraction to pitch,
followed by heat treatment at 300 °C, increases the percentage of mass loss at temperatures of
250-550 °C.

In [36], TGA analysis showed that the percentage of thermal loss at 350-550 °C was ~40%
for medium-temperature pitch and ~20% for high-temperature pitch. The a and «, fractions of
the pitch are thermally stable; the highest percentage of loss was characteristic of the y fraction
[36]. In [37], TGA analysis showed that as the heat treatment temperature of synthetic pitch
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from the anthracene fraction increased from 400 to 480 °C (duration 5 h); the rate of thermal
loss at T ~ 200-450 °C decreased from 95% to 2%.

6. Microscopic methods for analysing pitches. The mesophase (liquid-crystalline,
anisotropic) microstructure of coal-based pitches is of particular interest for research. In [38],
an analysis of the microstructure of electrode and medium-temperature pitches using
microscopic methods revealed no mesophase spheres in the microstructure. The appearance of
mesophase spheres was observed during the heat treatment of pitches under pressure [39].
During the study of the microstructure of high-temperature pitches, a mesophase structure in
the form of spheres was observed. The maximum number of mesophase structures had an area
of 5 um? the maximum size of the mesophase had an area of 10 um? [39]. The presence of a
mesophase microstructure was observed for products of the thermal dissolution of Grade G
coal in [40]. Mesophase spheres and their growth were observed during the heat treatment of
synthetic mesophase pitch at T > 400 °C; the growth of mesophase spheres was observed as the
duration of the pitch’s heat treatment at 440 °C was increased from 1 to 6 hours [37]. Fig. 12
shows micrographs of the pitch structure during the initiation of the mesophase.

Fig. 12. Formation of the mesophase structure of the pitch [41]: a - initial pitch; b, ¢ — formation of mesophase
spheres (dm.x = 40 pm) and their growth to ~150 pm (at T = 390-420 °C); d, e — coalescence of mesophase spheres
(420-425 °C); f - mesophase structure.

Figure 12(a) shows the microstructure of an isotropic pitch. Upon heating from 390 to
420 °C, mesophase spheres appear. As the temperature rises, the spheres coalesce appears to
form a three-dimensional mesophase structure (Figure 12(e)).

Fig. 13 shows micrographs of the structure of synthetic naphthalene pitch and the
products of its heat treatment at T > 400 °C, as reported in [42].

According to Fig. 13, the initial pitch had an isotropic microstructure (without
mesophase content); the pitch obtained by thermal oxidation of the isotropic pitch contained
mesophase spheres (5%) in its microstructure. Mesophase pitches were obtained at 420 °C
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(for Figure 12¢ - 30 vol.%) and 430 °C for 4-8 hours (Figures 12d-g from 50 to 100 vol.%).
The authors in [42] obtained a continuous isotropic pitch matrix reinforced with pitch
mesophases, as shown in Fig. 12b and Fig. 12c. When the pitch mesophase content increases to
~50 vol.% (Fig. 12d), large mesophase spheres and a partially fused texture are present; the
isotropic pitch remains a continuous phase [42]. With a further increase in the mesophase
content to ~75 vol.%, some isotropic spherical or ellipsoidal mesophases clearly coalesce into
an optically anisotropic continuous phase, as shown in Figure 12e [42]. A pitch with a high
mesophase content of ~98 vol.% exhibits a strongly oriented fine flow texture, as shown in
Figure 12f [42]. A mesophase content of 100 vol.% was also observed, as shown in Figures 12g
and h [42]. In [43], mesophase pitches with the structure shown in Fig. 14 were obtained from
the y+f fraction isolated from the puck by adding polystyrene and heating to 430 °C at
atmospheric pressure.

Fig. 13. Microstructure of the initial pitch (a), pitch with low mesophase content (5 vol. %) (b) - pitch obtained
by thermal oxidation of the initial pitch, and microstructures of pitches obtained by heat treatment of the initial
pitch, demonstrating typical mesophase contents (¢ — 30; d - 50; e — 75; f - 98 and g, h - 100 vol. %) [42].

Fig. 14. Microphotographs of pitches prepared from the y+f fraction and polystyrene: without polystyrene (1);
with 5% polystyrene by weight (2); with 10% by weight of polystyrene added (3); with 15% by weight of polystyrene
added (4); with 20% by weight of polystyrene added (5) [43].
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The mesophase content with a coarse-mosaic morphology in the mesophase pitch
without additives is approximately 74%; in this case, the mesophase was incomplete. Pitch with
a mesophase content of 100% was observed in samples containing 5-20% polystyrene.
This shows that mesophase coalescence improves significantly with the addition of polystyrene.
Polystyrene additives are highly effective, as the formation of a voluminous mesophase occurs
at 5% by weight.

7. X-ray diffraction analysis of pitches.

X-ray diffraction was used to determine the lattice parameters of the mesophase pitch.
According to [25], the ability of the medium-temperature pitch to reflect X-rays at the (002)
and (100) maxima suggests the presence of aromatic rings in the pitch structure, grouped into
so-called clusters. The (002) peak corresponds to the graphite-like phase [25]. In [44], a (002)
peak and two-dimensional (10) reflections were observed for a low-temperature pitch. In [45],
high-melting-point pitches containing a mesophase were investigated. The X-ray diffraction
pattern of the pitch contained (002), (10) and (004) peaks; a line at a scattering angle of 7.5°,
associated with the hydrocarbon phase, was also observed [45].

Figure 14 shows X-ray diffraction patterns for mesophase pitch and mesophase pitches
obtained by modification with polystyrene [43].

26 (°)
Fig. 15. X-ray diffraction patterns of mesophase pitches obtained from the +y fraction of coal tar pitch and
polystyrene by heating to 430 °C [43].

Figure 15 shows that as the mesophase increased, the interplanar spacing doo
decreased from 3.45 to 3.43 A. At the same time, the packing size L. increased. This may be due
to the fact that, as a result of reactions during heat treatment (T > 400 °C) of the modified pitch,
the number of alkyl groups attached to the aromatic rings increased from 23 to 36 [43].
An increase in the intensity of the (002) peak was also observed; the (10) and (100) peaks had
low intensity [43].

8. Spectral methods for determining the mesophase structure of pitches.

8.1. The method of IR spectroscopy.
Mesophase pitches were investigated using IR spectroscopy in [43, 46].
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Wavenumber (cm™)

Fig. 16. IR spectra of mesophase pitches based on the y+p fraction and polystyrene: 1 - mesophase pitch obtained
without additives; 2 - mesophase pitch obtained with a 5% additive; 3 — mesophase pitch obtained with a 10%
additive; 4 - mesophase pitch obtained with a 15% additive; 5 - mesophase pitch obtained with a 20% additive by
mass [43].

An increase in the mesophase content in the pitch leads to rise in the intensity of the line at
1600 cm™; an increase in the intensity of the lines associated with aliphatic groups (2920 cm!,

2850 and 1380 cm™).
Figure 17 shows the IR spectra of the mesophase granules.

30 min

S0 rmim

SO rreim

120 rvim

| I | I I I
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Fig. 17. IR-Fourier spectra of the freshly prepared starting material and the stabilised product in the form of
mesophase carbon granules (without carbon black) at 270 °C at various time points [46].
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The starting material had lines at 1600, 1440, and 900-700 cm™ (Fig. 17). The first two
lines are attributed to aromatic C=C and methylene hydrogen in-plane bending. The line at
900-700 cm™ corresponds to out-of-plane aromatic C-H bending [46, 48]. The intense
methylene-hydrogen bending line at 1440 cm™ (Fig. 17) is due to a significant number of
naphthenic rings. Stabilisation at 270 °C without holding time evidently did not alter the
intensity of these lines. Stabilisation for 30 minutes yielded new lines in the 1730-1650 and 1250 cm
regions (Fig. 17). They are attributed to C=0, in particular to ketone, aldehyde, carboxylic acid
functional groups, and C-O and O-H lines [47]. Lines at approximately 1735 and 1770 cm
(Fig. 17), attributed to ester and anhydride functional groups [46,47], appeared after a
60-minute stabilisation period, accompanied by a further increase in intensity at 1710 and
1600 cm™ (Fig. 17). This indicates the formation of an ester and anhydride molecular system
with deeper oxygenation and oxidative polycondensation [46-48]. Longer stabilisation periods
of 90 and 120 minutes steadily increased the intensity of these lines, particularly at 1730-1650 cm™.
It suggests the formation of ketone, aldehyde and carboxylic acid functional groups is
predominant [46].

8.2 The 'H NMR spectroscopy method.

In [43], an analysis was conducted of "H NMR spectra for mesophase pitches obtained by
modification with polystyrene. Table 1 shows the NMR spectral data as a function of the
component content in the starting material and the growth of the mesophase.

Table 1. Analysis of 'H NMR spectroscopy data for mesophase coals obtained from the y+f fraction with
polystyrene additives; MP-0 is pitch without polystyrene additives; MP-5, MP-10, MP-15, MP-20 - mesophase
pitches obtained by adding 5, 10, 15 and 20% polystyrene to the initial raw material [43].

Name Hag, % H,, % H;g, % H,, %
MP-0 88.0 4.4 6.4 0.9
MP-5 84.0 4.5 10.6 0.9
MP-10 81.4 8.7 9.7 0.8
MP-15 78.9 14.2 6.0 0.4
MP-20 66.7 16.0 16.8 0.5

Using '"H NMR spectroscopy, the molecular compositions were determined based on
chemical shifts: 6.5-9.5 ppm - aromatic hydrogen (Har); 2.1-4.5 ppm - aliphatic hydrogen at
the « position (H.); 1.1-2.1 ppm  aliphatic hydrogen at the p position (Hf), and 0.5-1.1 ppm
- aliphatic hydrogen at the , position (Hy) respectively [42]. The aromatic hydrogen content
decreases as the proportion of polystyrene in the starting material increases and as the
mesophase increases. However, this is accompanied by an increase in the H. and Hy contents.
The majority of alkyl groups ranged from a-methylene to aromatic rings [42]. This result is
consistent with the IR spectroscopy findings (Fig. 16).

In [42], '"H NMR spectroscopy revealed a decrease in the intensity of aromatic hydrogen
as the mesophase content increased from 50% to 98%. At a mesophase content of 98%, there is
a decrease in aromatic hydrogen and an increase in the content of aliphatic hydrogen in the
B-position compared to the initial isotropic pitch. It may indicate an increase in naphthenic
structures for the mesophase naphthalene pitch.
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8.3 The method of combination scattering spectroscopy (CS spectroscopy).

An analysis of the molecular structure of mesophase synthetic pecs based on naphthalene
was conducted by IR spectroscopy [49]. An intense line at 1580 cm™ (the G band for graphite)
and a broad D band (defect) at 1350 cm™ were observed [49]. There were also observed lines at
1609, 1248, 1288 and 1376 cm™. It can be explained by the specific structure of the mesophase
pitch and the characteristics of the raw material from which it was obtained.

In [50], an analysis was performed of the FT-IR spectra of mesophase pitches (MP, MP-10
and MP-20) obtained by heat treatment at T > 400 °C of a product based on pitch from ethylene
resin with polystyrene additives. As the amount of additives increased, the percentage of
mesophase content in the pitch increased. Figure 18 shows the IR spectra of mesophase pitches.

MP-10

MP-20

0 200 1000 1500 2000

Wavenumber (cm™)

Fig. 18. CR spectra for the mesophase pitches MP (no additives), MP-10 (10% additives) and MP-20 (20%
additives) [50].

Figure 18 shows the G band at around 1600 cm™ and a broad, complex band lying between
1150 and 1500 cm’, the typical wavenumber ranges for the D band [50]. The relative intensities
of the D and G bands are 4.136 for MP, 6.417 for MP-10 and 7.272 for MP-20; the width of the
1600 cm™ band (Fig. 18) for MP, MP-10 and MP-20 is approximately 45, 75 and 85 (Fig. 18)
respectively. IR spectroscopy results show that there are more alkyl groups in the mesophase
pitches of MP-10 and MP-20 than in MP [50].

Discussion

According to IR spectroscopy, the molecular structure of petroleum pitches [2, 8, 15, 16, 21]
consists mainly of aromatic compounds with a lower content of aliphatic compounds. The IR
spectroscopy data are confirmed by NMR spectroscopy.

According to IR and NMR spectroscopy, petroleum pitch binders have a low PAH
content [2, 28]. It correlates with [34], combining mass spectrometry with UV spectroscopy. As
a result, petroleum pitches had a low PAH content compared to coal-based binder pitches.
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In [16], pitches modified with formaldehyde, benzaldehyde, and furfural reduced
proportion of aromatic compounds; the number of hydroxyl and carboxyl groups had
increased. According to IR spectroscopy, the molecular structure of the modified pitch had a
bridged structure and corresponded to that of a phenolic resin. The phenols and PAHs present
in the pitch reacted via polymerisation with the aldehydes, ultimately forming phenolic resins
[16]. This modification method can be used to produce a binder with a reduced benz[a]pyrene
content.

For the low-temperature pitch (250 °C) of thermal oxidation, IR spectroscopy revealed an
increase in the intensities of lines associated with the molecular structure of PAH [21]. A decrease
in the intensity of these lines was observed upon modification of the anthracene fraction of the
pitch followed by further low-temperature thermal oxidation [21].

To study the composition of PAHs, chromatographic methods of analysis are used. They
are effective ones for reducing benz[a]pyrene at the low-temperature oxidation of
medium-temperature pitch, where the benz[a]pyrene content can be reduced by 90% [30].
Presumably, at thermal oxidation temperatures up to 300 °C, the benz[a]pyrene molecules were
destroyed or separated along with volatile substances and light components of the pitch or resin,
thereby reducing its content in the final product.

Coal tar pitches modified with I, showed a tendency towards an increase in the amplitude
of their EPR spectra (Fig. 7). It is due to L, is an electron donor, and as the heating time
increased, electrons were transferred to the pitch molecules, yielding various radicals. Their
number increased, as evidenced by the growth in the amplitude and width of the EPR spectrum
(Fig. 7). As the number of unpaired electrons increased, the relaxation time decreased and the
amplitude of the EPR spectrum increased (Fig. 7). Unmodified pitch had a low EPR spectral
amplitude, and the spectral width was 0.6 mT [15].

The electrode pitches lack mesophase spheres in their microstructure. Mesophase spheres
and their growth are observed during the heat treatment of pitch at T > 400 °C. According to
XRF, NMR, IR, and FTIR spectroscopy, the growth of the mesophase in the pitch was
accompanied by an increase in the content of aromatic carbon and aliphatic hydrogen. For
example, as the addition of polystyrene to the y+p fraction of the pitch increased, a fully-fledged
three-dimensional mesophase appeared (Fig. 14). This was accompanied by a change in the
molecular structure. According to IR spectroscopy, there was an increase in the intensity of
lines associated with aliphatic compounds. It correlates with the NMR analysis data. The
increase in the number of aliphatic groups, compared to aromatic groups, may be attributed to
the influence of modifying additives on the initial pitch product. As a result of pyrolysis,
polystyrene molecules (alkyl and other radicals) were released and attached to the pitch product
molecules during heat treatment. Most of the detached radicals may range in structure from
a-methylene groups to aromatic rings [43]. As the number of additives increased, the content
of aliphatic hydrogen raises, as indicated by the NMR spectra. The presence of a greater number
of alkyl groups and other radicals forms a closer interaction with the low-molecular-weight
components of the mesophase pitch and improves its properties. A mosaic structure in pitches
without additives [43] appeared upon heating coal pitch to T = 430°C. In the IR spectrum for
pitch with a mosaic structure (Fig. 16), a line at 2920 cm™ is observed, which is attributed to the
aliphatic C-H valence band; C=C lines are also present (peak at 1600 cm™, Fig. 16), and lines
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in the range from 700 to 800 cm™ (Fig. 16). They are associated with bending vibrations in the
aromatic structure. There is also a line at around 1400 cm™ (Fig. 16). It is associated with
bending vibrations of the aliphatic structure. It can be assumed that, when preparing the
mesophase pitch without the use of additives, the initiation of the mesophase occurred in an
isotropic system during heating of the pitch to 430 °C, without the formation of large spherulites
or complete structural ‘disorder’. Presumably, under these conditions, mesophase nuclei appear
in the isotropic system. It apparently transforms into spherulites of insufficient size and located
at a certain distance from one another. As the temperature rises above 400 °C, these spherulites
coalesce with one another and form a mosaic structure. When additives are introduced followed
by heat treatment, the number of mesogens increases, and the number and size of the
spherulites rise. They coalesce, resulting in the formation of a fully developed three-dimensional
mesophase structure. At the same time, the molecular structure of the pitch changes, and the
number of aliphatic compounds attached to aromatic compounds increases. A similar result
was observed during the modification of petroleum pitch with polystyrene followed by heat
treatment in [50]. Furthermore, according to [41, 42], the growth of the mesophase was
accompanied by an increase in the secondary a, fraction.

Due to its maximum «; fraction content and maximum T,, mesophase pitch cannot be
used as a binder, but can be used as a raw material for the production of needle coke [50].

Conclusion

Information is presented on the molecular structure of various pitches derived from
experimental data obtained previously in studies using IR, NMR, and EPR spectroscopy. Using
EPR spectroscopy, it was established that thermal oxidation leads to an increase in the number
of paramagnetic centres in the pitch; a particularly large increase in paramagnetic centres
occurred in the a-fraction. The chromatographic analysis is an effective method for
determining PAH content. An analysis of the literature has identified the possibility of reducing
the benz[a]pyrene content in pitch by low-temperature thermal oxidation. Methods for
identifying the mesophase structure of pitch and for investigating the molecular structure of
mesophase pitches are discussed.

Funding

The study was performed within the framework of the state assignment of ‘Federal
Research Centre of Coal and Coal Chemistry of the Siberian Branch of the Russian Academy of
Sciences’ project No. 124041100047-4.

Conflict of interest
The authors declare no conflict of interest in financial or any other sphere.

References

1. Utkin Y.A., Yanko E.A., Soloveichik E.Y., Strakhov V.M. Assessing coal pitch as a binder in anode
production. Coke Chem., 2012, 55(9), 342-346. DOI: 10.3103/S1068364X12090098.

110



FROM CHEMISTRY TOWARDS TECHNOLOGY Ellagi 114 VOL. 7, ISSUE 1, 2026

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kuznetsov P.N., Marakushina E.N., Buryukin F.A., Ismagilov Z.R. Production of alternative pitches from
coal. Chemistry for Sustainable Development, 2016, 24(3), 325-333. DOI: 10.15372/KhUR20160307 (in Russian).
Kuznetsov P.N., Obukhova A.V., Kuznetsova L.I.,, Buryukin F.A., Pavlenko N.I., Kolesnikova S.M.,
Kamensky E.S., Perminov N.V. Thermal dissolution of GZh coal in various paste-forming agents. Solid Fuel
Chemistry, 2018, 5, 20-26. DOI: 10.1134/50023117718050067 (in Russian).

Kuznetsov P.N., Perminov N.V., Kuznetsova L.I., Buryukin F.A., Kolesnikova S.M., Kamensky E.S.,
Pavlenko N.I. Thermal dissolution of coals of various metamorphic grades in tetralin and the anthracene
fraction of coking tar. Solid Fuel Chemistry, 2020, 2, 3-11. DOI: 10.31857/50023117720020073 (in Russian).
Sherryuble V.G., Seleznev A.N., Apalkova G.D. Viscoplastic properties of masses based on pitches with
different softening point. Chemistry of Solid Fuel, 2003, 5, 17-21 (in Russian).

Yanko E.Ya. Investigation of quality of anode mass prepared on high-temperature pitches. Tsvetmet, 1981, 12,
73-76 (in Russian).

Itskov M.L., Svoboda R.V., Frolov V.I. Impact of softening temperature of binding materials on operational
characteristics of anode mass. Tsvetmet, 1983, 12, 33-35 (in Russian).

Cho J.H., Kim M. L, Ji K,, Im S. Study of the Molecular-Weight Distribution of Binder Pitches for Carbon
Blocks. ACS Omega, 2021, 6(15), 10180-10186. DOI: 10.1021/acsomega.1c00323.

Cho J.H., Im S. Fabrication of Binder Pitches Allowing for Low-Temperature Formation and High Coking
Values and Examination of Mechanical Properties of Artificial Graphite Blocks Made of Binder Pitches. ACS
Omega, 2022, 7(9), 7845-7852. DOI:10.1021/acsomega.1c06750.

Brooks J., Taylor G. The formation of graphitizing carbons from the liquid phase. Carbon, 1965, 3(2),
185-193. DOI: 10.1016/0008-6223(65)90047-3.

Taylor G. Development of optical properties of coke during carbonization. Fuel, 1961, 40(6), 465-72.

Yuan G. Cui Z. Preparation, Characterization, and Applications of Carbonaceous Mesophase: A Review.
Liquid Crystals and Display Technology, 2019, 1-20. DOI: 10.5772/intechopen.88860.

Lewis I. Thermal polymerization of aromatic hydrocarbons, Carbon, 1980, 18(3), 191-196. DOI: 10.1016/0008-
6223(80)90060-3.

Lewis I. Chemistry and development of mesophase in pitch. J. Chim. Phys., 1984, 81, 751-758.
DOI: 10.1051/jcp/1984810751.

Miyajimaa N., Akatsua T., Ikomab T., Itob O., Randc B, Tanabea Y., Yasudaa E. A role of charge-transfer
complex with iodine in the modification of coal tar pitch. Carbon, 2000, 38(13), 1831-1838.
DOI: 10.1016/50008-6223(00)00022-1.

Sun M., Wang L., Zhong J., Yao Q., Chen H,, Jiao L., Hao Q., Ma X. Chemical modification with aldehydes
on the reduction of toxic PAHs derived from low temperature coal tar pitch. J. Anal. Appl. Pyrolysis, 2020, 148,
104822. DOLI: 10.1016/j.jaap.2020.104822.

Sun M., Ma XX, Lv B, Dai X.M., Yao Y., Liu Y.Y., Zhao X.L. Gradient separation of >300°C
distillate form low-temperature coal tar based on formaldehyde reactions. Fuel, 2015, 160, 16-23.
DOI: 10.1016/j.fuel.2015.07.029.

Sun M., Ma X.X,, Yao Q.X., Wang R.C., Ma Y.X., Feng G., Shang J.X., Xu L., Yang Y.H. GC-MS and
TG-FTIR study of petroleum ether extract and residue from low temperature coal tar. Energ. Fuel, 2001, 25,
1140-1145. DOI: 10.1021/ef101610z.

Sun M., Zhang D., Huang M.H., Chen J., Tang X., He C., Ma X.X. Properties and carbonization behavior of
asphalt modified with the THF-soluble fraction of a coal liquefaction residue. Petrol. Sci. Technol, 2017, 35,
674-680. DOI: 10.1080/10916466.2016.1271811.

Cao G.P., Chen W.],, Liu X.B. Synthesis and thermal properties of the thermosetting resin based on cyano
functionalized benzoxazine. Polym. Degrad. Stabil, 2008, 93, 739-744. DOL: j.polymdegradstab.2007.10.002
Svitilova J., Machovic V., Kolar F. 9,10-bis(chlormethyl)anthracene-curing agent of coal tar pitch. Acta
Geodyn. Geomater, 2006, 3(2), 57-62.

Fialkov A.S. Electronic paramagnetic resonance in coal tar pitch. Chemistry of Solid Fuels. 1967, 2, 108-110 (in
Russian).

Bliznyuk, A.A., Berveno, V.P. Changes in the nanostructure and paramagnetic properties of pitch during fibre
formation. Polzunovsky Vestnik, 2008, 3, 141-144 (in Russian).

111



FROM CHEMISTRY TOWARDS TECHNOLOGY Ellagi 114 VOL. 7, ISSUE 1, 2026

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Delhaes P., Rouillon J.C., Fug G., Singer L.S. Physical properties of a magnetically-oriented carbonaceous
mesophase. Carbon, 1979, 17(6), 435-440. DOI: 10.1016/0008-6223(79)90030-7.

Privalov V.E., Stepanenko M.A. Coal pitch. Moscow: Metallurgiya, 1981. 208 p. (in Russian).

Fialkov A.S., Tyan S., Samoilov V.S., Smirnov B.N. Formation of the mesophase and EPR spectra during
low-temperature carbonisation of graphitising substances. Proceedings of the Academy of Sciences of the USSR,
1971, 198(3), 649-650 (in Russian).

Drake]. A. G., Jones D. W., Masonu C. R. Mesophase from Electrode-binder Coal-tar Pitch: An Appraisal of
Structural Techniques. J. Chem. Tech. Biotechnol, 1981, 31, 535-540. DOI: 10.1002/jctb.503310172.

Gorovoy V. O., Kolosov A. D., Kondrat’ev V. V., Doshlov O. I. Studies of the characteristics of compounded
pitch by chromatography-mass spectrometry and NMR of carcinogenic activity. OP Conf. Series: Earth and
Environmental Science, 2020, 579, 012092. DOI: 10.1088/1755-1315/579/1/012092.

Bermejo J., Fernandez A.L., Prada V., Granda M. Menéndez R. Monitoring the synthesis of new pitches from
coal tar and its fractions by chromatography and related techniques. J. Chromatogr. A, 1999, 849(2), 507-519.
DOI: 10.1016/S0021-9673(99)00608-1.

Dominguez A., Blanco C., Santamaria R., Granda M., Blanco C.G., Menéndez R. Monitoring coal-tar pitch
composition changes during air-blowing by gas chromatography. J. Chromatogr. A, 2004, 1026(1-2), 231-238.
DOI: 10.1016/j.chroma.2003.11.067.

Wallouch R.-W., Murty H.N., Heintz E.A. Pyrolysis of coal tar pitch binders. Carbon, 1972, 10(6), 729-735.
DOI: 10.1016/0008-6223(72)90080-2.

Moskalev I. V., Tiunova T. G., Kiselkov D. M., Petrovich A. P., Valtsifer V. A., Strelnikov V. N. Synthetic
pitches based on the anthracene fraction of coal tar. Coke and Chemistry, 2014, 11, 19-29 (in Russian).
Hatano H., Suginobe H. Improvement and control of the quality of binder pitch for graphite electrodes. Fuel,
1989, 68(12), 1503-1506. DOI:10.1016/0016-2361(89)90287-1.

Apicella B., Tregrossi A., Stanzione F., Ciajolo A., Russo C. Analysis of Petroleum and Coal Tar Pitches as
Large PAH. Chemical engineering transactions, 2017, 57, 775-780. DOI: 10.3303/CET1757130.

Moskalev 1. V., Kiselkov D. M., Abaturov A. L. Formation of an isotropic microstructure in pitch.
1. Mechanism for producing isotropic pitch based on mixtures of the anthracene fraction with coal tar pitch.
Coke and Chemistry, 2020, 10, 29-42 (in Russian).

MoskalevI. V., Kiselkov D. M., Abaturov A. L. The effect of coking conditions for industrial high-temperature
pitch on the microstructure of the resulting pitch. Coke and Chemistry, 2020, 9, 19-33 (in Russian).

Petrov A.P., Abaturov A.L., Moskalev 1.V., Kiselkov D.M., Yakushev R.M. Pressure-assisted thermal
treatment of the anthracene fraction. Coke and Chemistry, 2016, 8, 24-37 (in Russian).

Ovchinnikova S. A., Cheshko F. F., Pityulin I. N., Karchakova V. V. Study of the microstructure of electrode
coke from OJSC “Zaporozhkoks’. Coke and Chemistry, 2010, 1, 34-38 (in Russian).

Lapina N. A., Starichenko N. S., Ostrovsky V. S. The mesophase in high-temperature pitch and its effect on
the properties of synthetic graphite. Coke and Chemistry, 2012, 9, 22-24 (in Russian).

Cherkasova T. G., Subbotin S. P., Vasilyeva E. V., Nevedrov A. V., Lapin A. V., Solodov V. S., Vetoshkina
V.S. Analysis of the feasibility of producing mesophase pitch using the thermal dissolution of coals. Technology
of Organic Substances: Proceedings of the 84th Scientific and Technical Conference of Academic Staff,
Research Fellows and Postgraduate Students, dedicated to the 90th anniversary of the Belarusian State
Technological University and Belarusian Science Day (with international participation). 2020, 215-218 (in
Russian).

Mochalov V.V.,, Pistrova P.D., Zaidis E.G. Osobennosti nizkotemperaturnoj karbonizacii pekov razlichnoj
stepeni kondensirovannosti [Features of low-temperature carbonation of pitches of various degrees of
condensation] // Koks i himiya [Coke and chemistry]. 1985. Vol. 1, pp. 31-35. (in Russian).

Yuan G., Xue Z., Cui Z., Westwood A., Dong Z., Cong Y., Zhang J., Zhu H., Li X. Constructing the bridge
from isotropic to anisotropic pitches for preparing pitch-based carbon fibers with tunable structures and
properties. ACS Omega, 2020, 5(34), 21948-21960. DOI: 10.1021/acsomega.0c03226.

Cheng X., Zha Q., Li X., Yang X. Modified characteristics of mesophase pitch prepared from coal tar pitch by
adding waste polystyrene. Fuel Processing Technology, 2008, 89(12), 1436-1441. DOI: 10.1016/j.fuproc.2008.07.003.

112



FROM CHEMISTRY TOWARDS TECHNOLOGY Ellagi 114 VOL. 7, ISSUE 1, 2026

44.

45.

46.

47.

48.

49.

50.

Sozinov S. A., Popova A. N., Ismagilov Z. R. A study of the morphology and structure of Carboniferous pitch.
Chemistry for Sustainable Development, 2023, 31(2), 255-262. DOI: 10.15372/KhUR2023463 (in Russian).
Vasyutinskaya A.G., Aldashev R.A., Korolev Yu.M., Mansurov Z.A. X-ray diffraction analysis
of pyrolysis products obtained from resins extracted from low-temperature carbon blacks. Neftekhimiya, 2000,
40(1), 58-61 (in Russian).

Wang Y.G., Chang Y.C,, Ishida S., Korai Y., Mochida I. Stabilization and carbonization properties of
mesocarbon microbeads (MCMB) prepared from a synthetic naphthalene isotropic pitch. Carbon, 1999, 37,
969-976. DOI: 10.1016/S0008-6223(98)00292-9.

Drbohlav J., Stevenson W.T.K. The oxidative stabilization and carbonization of a synthetic mesophase pitch,
part I: The oxidative stabilization process. Carbon, 1995, 33, 693. DOI: 10.1016/0008-6223(95)00011-2.
Silverstein RM, Bassler GC, Morrill TC. Spectrometric identification of organic compounds. New York, 1991, 481.
Dumont M., Chollon G., Dourges M.A., Pailler R., Bourrat X., Naslain R., Bruneel J.L, Couzi M. Chemical,
microstructural and thermal analyses of a naphthalene-derived mesophase pitch. Carbon, 2001,40, 1475-1486.
DOI: 10.1016/S0008-6223(01)00320-7.

Cheng X.L., Zha Q.F., Zhong ]J.T., Yang X.J. Needle coke formation derived from co-carbonization of
ethylene tar pitch and polystyrene. Fuel, 2009, 88, 2188-2192. DOI: 10.1016/j.fuel.2009.05.006.

Received 07.11.2025

Approved after reviewing 18.02.2026
Accepted 04.03.2026

113



FROM CHEMISTRY TOWARDS TECHNOLOGY I3 114 VOL. 7, ISSUE 1, 2026

Scientific article
UDC 54-386:546.654:547.831.7
DOI: 10.52957/2782-1900-2026-7-1-114-124

LANTHANUM(III) COMPLEX WITH 8-OXYQUINOLINE: SYNTHESIS,
SPECTRAL PROPERTIES, AND BIOLOGICAL ACTIVITY PROFILE

A.A. Shubina, T.N. Orlova

Anna Alexandrovna Shubina, Student; Tatyana Nikolaevna Orlova, Candidate of Chemical Sciences, Associate Professor
P.G. Demidov Yaroslavl State University, Sovetskaya St., 14, Yaroslavl, Russia, 150003;
annashubinal 00@gmail.com, eagle0802@mail.ru.

Keywords: Abstract. The research examines the coordination of lanthanum(III) compound with
8-oxyquinoline, 8-oxyquinoline. The article analyses the synthesis method resulted in the formation of
IR spectroscopy, a yellow fine-crystalline precipitate. The structure and nature of ligand coordination
electron spectroscopy, with the metal ion were confirmed by physicochemical methods (electron and
lanthanum, complex vibrational spectroscopy) and semi-empirical quantum chemical calculations

formation, coordination (MOPAC//PM7). Electronic spectroscopy records a significant bathochromic shift
number, complex (AA=72 nm). It indicates the formation of a stable complex. The research reveals the
stability, PASS-online. dependence of the complex stability on the pH of the medium, and identifies the its
optimal pH range of 7.0-8.0. The theoretical part of the research includes quantum
chemical modeling to evaluate the redistribution of electron density, and visualise the
optimised geometry of the molecule. Moreover, computer analysis of biological activity
and pharmacokinetic parameters (ADME-Tox) indicates the potential value of the
synthesized complex as a compound with a modified and improved biological activity

profile.
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Introduction

8-hydroxyquinoline (8-quinolinol) is an asymmetric six-membered ring ligand [1]. It is
one of the most well-known universal chelating agents [2] in analytical practice [3], photonics,
and photophysics [4]. By coordinating with metal ions (Cu**, Be**, Mg**, Bi**, Ni** etc.) through
the oxygen of the hydroxyl group and the nitrogen of the quinoline ring [5], it forms very stable
complex compounds [6] (see Scheme 1). Their logarithms of stability constants (depending on
pH and solvent used) could reach Ig f = 20-22 [7]. Moreover, the presence of a phenolic group
gives 8-oxyquinoline high reactivity in electrophilic aromatic substitution [8], diazotization,
and the ability to participate in rearrangements [9].

© A.A. Shubina, T.N. Orlova, 2026
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Scheme 1. Complex formation of 8-oxyquinoline with metals.

Its high chelating ability has attracted the interest of researchers (beginning in the 20th
century) in studying the biological properties of this ligand and its complexes [10]. Its antifungal
and antibacterial properties have been studied most extensively [11]. This ability is explained
by the binding of metal ions as cofactors of microbial enzymes into a stable complex [12]. Thus,
8-oxyquinoline and its derivatives are widely used in medicine as local antiseptics [13], as well
as in agriculture for plant protection [14].

Nowadays, scientists consider 8-oxyquinoline and its complexes to be promising
anti-cancer drugs and agents against human immunodeficiency virus, leishmaniasis, and
schistosomiasis [15]. Although researchers from different countries have experimentally
observed the antibacterial and cytotoxic activity of transition element complexes with
8-oxyquinoline and its derivatives [16-19]. However, the issue of compound interaction with a
specific biological target has not yet been sufficiently studied.

Purpose of the paper

The purpose of this study is to synthesise, investigate the spectral and analytical
characteristics, and profile the possible biological activity of the La(III) complex with
8-oxyquinoline.

Experimental part

To synthesise the compound under study, we used the following reagents: isopropyl
alcohol, chemically pure 99.8% (EKOS-1 AO, Russia), 8-oxyquinoline, chemically pure
(LenReaktiv AO, Russia), lanthanum nitrate hexahydrate, chemically pure (LenReaktiv AO,
Russia).

Method for synthesising a La(III) complex with 8-oxyquinoline. 0.43 g of lanthanum
(IIT) nitrate was dissolved in 5 ml of distilled water with constant magnetic stirring. We added
0.14 g of 8-hydroxyquinoline, previously dissolved in 5 ml of isopropyl alcohol to the resulting
solution. After 2-3 minutes, a yellow fine crystalline precipitate was observed; it was filtered and
washed with distilled water and isopropyl alcohol, then dried in an oven for 2 hours at 60°C.
The product weight is 0.19 g; the yield is 68%. The resulting compound is easily soluble in
DMSO, DMFA, and acetonitrile, moderately soluble in chloroform, and very slightly soluble in
distilled water, and 96% ethanol [20].
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®
Main body

Electronic spectra were recorded using a PE 5400-UV spectrophotometer (EKROSHIM
OO0, Russia); infrared spectra were recorded using a Spectrum 65 device (Perkin Elmer).

Interpretation of the IR spectrum data (see Figs. 1, 2) showed that the compound obtained
did not have a peak at 3047 cm™ corresponding to the hydroxyl group. This confirms its
participation in coordination. The spectra of the ligand and complex also contain key bands of
the quinoline nucleus at 1620-1940 cm™ for valence vibrations C=N, C=C, as well as
out-of-plane aromatic vibrations C-H in the range 900-650 cm™. Table 1 presents a more
detailed comparative analysis.
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Fig. 1. IR spectrum of 8-oxyquinoline (ligand)
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Fig. 2. IR spectrum of La(III) complex with 8-oxyquinoline
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Table 1. Wavelengths in the IR spectrum of 8-oxyquinoline and the La(III) complex with 8-oxyquinoline

o Ligand wave Complex wave .
Vibration mode o 0 Interpretation
numbers, cm numbers, cm
1244.9 (high
v(C-0), phenolic ] ( '8 1233.8 coordination via ~-OH with deprotonation
intensity)

participation of the heterocyclic N quinoline
C=N, v(C=C) 1624.8 1600.5 nucleus in coordination; redistribution of
electron density

neighboring redistribution of charges in the quinoline
. 1592.3; 1579.2 1600.5; 1569.0 . .
aromatic modes nucleus during complex formation
3047.1 et
complete
O-H (medium ) P coordination via -OH

. . disappearance
intensity)

fingerprint area,

EEIPTL 636.9 657.0 indicator of metal-ligand bonding

La**-0, La**-N

Additionally, the structural changes occurred when La** was added to the solution are
confirmed by the electronic spectrum (see Fig. 3): a bathochromic shift from Am.a=307 nm to
Ama2=379 nm is observed during complex formation. Thus, the formation of coordination
bonds reduces the energy gap between the HOMO (highest occupied molecular orbital) and the
LOMO (lowest unoccupied molecular orbital). It is accompanied by the appearance of charge
transfer bands.

08 |
0.7

06 4

054

11 2

02

0,1

0

280 330 380 430 480

A, HM
Fig. 3. Electronic spectrum of 8-oxyquinoline (curve 1) and the complex compound La(IIT) with 8-oxyquinoline
(curve 2).

The coordination number of the lanthanum (III) complex with 8-oxyquinoline was
determined using the molar ratio method. The dependence of the optical density of the solution
at Anax=379 nm on the ligand concentration (C.) at a constant complexing agent concentration
(Ck) was studied - see Table 2.

Table 2. Absorption of complexing agent (La**) and 8-oxyquinoline ligand solutions by saturation method

V of La** V of 8- inoli La**):n(8-
Measurement © .a © . oxyquinonne n( a. ) n.( V(H,0), | Viotan
solution solution C = 0.05 M, oxyquinoline), A
No. ml ml
C=0.01 M, ml ml mole

1 1 0.2 1:1 0.8 2 0.432
2 1 0.4 1:2 0.6 2 0.836
3 1 0.6 1:3 0.4 2 1.108
4 1 0.8 1:4 0.2 2 1.159
5 1 1 1:5 0 2 1.161
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The equivalence point on the graph showing the dependence of solution absorption on
the ratio of ligand to complexing agent (see Fig. 4) is equal to 3. Thus, the complex is formed in
a ratio of 1:3.

........................

0 : 2 3 1 5 6
ligand to complexing agent ratio

Fig. 4. Graph showing the dependence of absorption of solutions containing ligand and complexing
agent n(La*"):n(8-oxyquinoline)

The spectrophotometric method was used to determine the stability range of the
coordination compound at different pH values. A series of solutions of the 8-oxyquinoline
complex with a constant concentration of the test substance (C=2.1-10° M) was prepared;
double-distilled water was used as the solvent. Buffer solutions with the required pH values in
the range of 3.0-10.0 were prepared based on individual buffer systems (acetate for 3.0-5.0,
ammonia for 9.0-10.0). In the neutral range (pH 7.0-8.0), the use of commonly available buffer
systems was limited due to their unsuitability: acetate buffer (pK., = 4.76) does not have
sufficient buffer capacity at pH > 6; ammonia buffer (pK. = 9.25) does not have sufficient buffer
capacity at pH < 8.5 [21]. In the pH range of 6.5-8.5, the pH value was maintained by directly
adding small amounts of diluted HCl or NaOH solutions (C = 0.1 M) to the test solution
containing the background electrolyte (KNOs, C = 0.1 M). Control of pH was performed using
a potentiometric method. The resulting solution was thermostated at a temperature of 25.0+0.1
°C for 30 minutes to establish equilibrium; then the optical density values were determined.

We measured the absorption at Amix=379 nm for each of the solutions. Their decrease
relative to the maximum indicates low stability of the complex at this pH value. Table 3
summarises the experimental data.

Table 3. Absorption of complexing agent (La**) and 8-oxyquinoline ligand solutions by saturation method

Sample No. pH Buffer system System buffer range A
1 3.0 Acetate 3.6-5.6 0.217
2 4.0 Acetate 3.6-5.6 0.351
3 5.0 Acetate 3.6-5.6 0.396
4 6.0 Acetate 3.6-5.6 0.547
5 7.0 pH adjusted with HCl or NaOH - 0.671
6 8.0 pH adjusted with HCl or NaOH - 0.699
7 9.0 Ammonia 8.2-10.2 0.526
8 10.0 Ammonia 8.2-10.2 0.422

The graph showing the dependence of absorption on pH for the lanthanum complex with
8-oxyquinoline has a bell-shaped curve (see Fig. 5).
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Fig. 5. Graph showing the dependence of the pH of a solution containing a La(III) complex with 8-oxyquinoline
on the absorption value at Ayox=379 nm

In an acidic environment, the concentration of H* ions is high; the ligand is protonated.
This is a process that competes with complex formation:

[La(C9H6NO)3] + 3H* > La** + 3CoH,;NO*

In an alkaline environment, starting at pH=38, there is a tendency for La** ions to hydrolyse
and form first finely dispersed and then larger agglomerates of lanthanum (III) hydroxide. It
also disrupts the integrity of the coordination compound:

[La(C9H6N0)3] +30H > La(OH)3l + 3CoH¢NO"

Studying the dependence of lanthanum(III) complex stability with 8-hydroxyquinoline
on the pH of the medium is important in terms of the prospects for biomedical application of
this compound [22]. Thus, it is possible to forecast the stability and probability of complex
destruction. It leads to the release of La’* ions and ligands ensuring targeted drug delivery [23].

We obtain the theoretical data on complex formation. Geometry optimisation was performed
(see Figs. 6 and 7), quantum chemical calculation of charges, and the energy gap between
HOMO and LOMO using the semi-empirical RM7 method in the MOPAC program [24].
Structures were visualised using ChemCraft v. 1.6. [25].

AEiigana=|Enomo-Eromo|=|36.0628-30.8269|=5.2359 eV
AEcomplex=|Enomo-Eromo|=|36.0310-32.3806|=3.6504 eV
AEtota= AEligand' AEcomplex:1-5855 eV

¢ T

N
(o
(=Y
W

(L]
~
=
N

Fig. 6. Optimised geometry of the 8-oxyquinoline molecule: Luyerage (C-H)=1.09 A, Lyerage (C-C)=1.41 A, [(O-H)=1.00
A, I(C-N)=1.37 A, Z(H-0-C)=40.3°.
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1 o 2 13

Fig. 7. Optimised geometry of the La(III) complex with 8-oxyquinoline: Lerage (C-H)=1.08 A, Lyerage (C-C)=1.38 A,
I(La**-0)=2.27 A, I(La**-N)=1.86 A, I[(C-N)=1.41 A, £(0O-La-N)=81.2°.

A study of the charges on 8-oxyquinoline and its lanthanum derivative atoms showed a
redistribution of electron density. It is also confirmed by a comparison of C-C bond lengths
(their decrease in the case of coordination bonding with the metal) and coordination not only
through the hydroxyl group, but also through the nitrogen of the quinoline ring (see Table 4):
a more negative charge is observed on nitrogen (Aqx=0.453; Aqo=0.426), and a positive charge
on lanthanum (qL.=+1.359). Deprotonation of the ligand forms a stable chelate compound.

Table 4. Charges on 8-hydroxyquinoline and La(III) complex with 8-hydroxyquinoline

Ligand Complex
Atom number Atom type Charge Atom type Charge
1 C -0.271 C -0.300
2 C -0.068 C -0.077
3 C +0.292 C +0.393
4 H +0.156 H +0.150
5 o -0.448 O -0.874
6 C -0.226 C -0.252
7 C +0.012 C +0.010
8 H +0.161 H +0.158
9 C -0.013 C +0.040
10 H +0.182 H +0.175
11 N -0.373 N -0.826
12 C +0.054 C -0.042
13 C -0.218 C -0.144
14 C -0.103 C -0.197
15 H +0.174 H +0.119
16 H +0.167 H +0.153
17 H +0.163 H +0.157
18 H +0.358 La +1.359

Analysis of possible biological activity profile in the PASS Online program [26] for
8-hydroxyquinoline and its coordination compound with lanthanum showed the following (see
Tables 5 and 6).
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Table 5. Analysis of the biological activity profile of 8-hydroxyquinoline

P, Activity
0.920 Glycosylphosphatidylinositol phospholipase D inhibitor
0.917 Anti-seborrheic effect
0.910 Carboxypeptidase inhibitor
0.910 Pullulanase inhibitor

Indeed, 8-hydroxyquinoline is a chelating agent. The main mechanism of antibacterial
activity of this molecule is the binding of metals as a part of the active center of vital enzymes
of microorganisms. Thus, carboxypeptidases (P.,=0.910), lysostaphin (P.=0.884), and
pullulanase (P,=0.910) show an antibacterial effect by destroying proteins or carbohydrates in
the cell. At the same time, glycosylphosphatidylinositol phospholipase D (GPI-PLD; P,=0.920)
cleaves the anchors to hold proteins to the membrane. 8-hydroxyquinoline also has
anti-seborrheic activity (P.=0.917), affecting the function of the sebaceous glands.

When 8-hydroxyquinoline binds to lanthanum, the molecule is stabilised due to the
structural changes discussed earlier. The profile of biological activity shifts towards antioxidant
defense enzymes (P. = 0.948 - glutathione thiolesterase, P.=0.920 — monodehydroascorbate
reductase), and signaling proteins, including nicotinic and acetylcholine receptors (P.=0.900).
It indicates a decrease in redox activity and shows more selective interactions of the compound
with protein targets while maintaining the antimicrobial properties of the parent ligand.

Table 6. Analysis of the biological activity profile of the La(III) complex with 8-hydroxyquinoline

P, Activity
0.948 Glutathione thiolesterase inhibitor
0.932 Glycosylphosphatidylinositol phospholipase D inhibitor
0.920 Carboxypeptidase inhibitor
0.920 Monodehydroascorbate reductase (NADH) inhibitor
0.907 Pullulanase inhibitor
0.900 Antagonist of nicotinic and acetylcholine receptors (a6p3p4a5)

Using program [27], we investigated the dependence of the distribution coefficient in the
octanol-water system (log P) on pH for the lanthanum complex with 8-hydroxyquinoline and
for the initial ligand (see Fig. 8). Analysis of the function graphs showed higher bioavailability
of the coordination compound in an alkaline environment (pH=9-15) compared to the initial

substance.
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Fig. 8. The graph of log P dependence on pH for the ligand (curve 2) and the complex compound (curve 1).
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Using the Swiss ADME service [28], we tested the research objects for bioavailability
based on a number of formal criteria [29-30]. These criteria allow us to evaluate adsorption and
assess the potential of a drug based on a number of parameters, including pharmacokinetic ones
(see Table 7). Both the ligand and the complex are capable of penetrating the blood-brain
barrier (BBB), adsorbed in the gastrointestinal tract, and comply with Lipinski's, Weber's, and
Ethan's rules. Abbott's bioavailability index has a value of 0.55; it is the same for both
compounds [31], further confirming compliance with Lipinski's rules. The La(III) complex with
8-hydroxyquinoline penetrates the skin 0.76 cm/s faster than the original ligand.

Table 7. Analysis of the biological activity profile of the La(III) complex with 8-hydroxyquinoline

Parameter Parameter value for The value of the parameter for the La(III)
8-hydroxyquinoline complex with 8-hydroxyquinoline
Molecular weight 145.16 g/mol 283.06 g/mol
Gastrointestinal absorption High indicator High indicator
Ability to permeate the blood- N N
brain barrier (BBB)
Rate of penetration through the
okin 5.75 cm/s 6.51 cm/s
Compliance with Lipinski's rule + +
Gouze filter - -
Weber filter + +
Egan filter + +
Miiegge filter - +
Abbott bioavailability index 0.55 0.55
Conclusions

A La(IIT) complex with 8-hydroxyquinoline was synthesised. Analysis of IR spectra and
quantum chemical calculations (MOPAC 2016 // PM7) confirmed the coordination of the
metal with the ligand via the phenolic oxygen and nitrogen of the quinoline ring. The
absorption maximum of the resulting coordination compound in the electronic spectrum was
Ama=379 nm, wave numbers in the IR spectrum: v(C-0)=1233.8 cm™, v(C=C)=1600.5 cm,
V(Ar)=1569.0 cm, v(La**-O, La**-N)=657.0. Additionally, the participation of heteroatoms in
coordination was confirmed by a change in charge during complex formation: Aqn=0.453;
Aqo=0.426. The energy gap was AEww= 1.5855 eV. A study of the dependence of absorption on
pH showed that the complex is most stable in a neutral environment (pH = 7.0-8.0). This is
consistent with its chelate nature and resistance to hydrolysis and protonation. Moreover,
La(III) complex with 8-hydroxyquinoline is a more selective and potentially less toxic analogue
of the original ligand, retaining the useful biochemical properties and possessing improved
physiological parameters. This makes it promising for further biomedical research.
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Introduction

For many decades, sulphur-containing heterocycles have attracted the interest of
researchers in various fields of chemistry due to their unique properties. It facilitates the
conversion of functional groups for the synthesis of biologically active compounds. These
heterocycles are found in many antimicrobial drugs, including penicillin. Sulphur-containing
heterocycles are widely used in the manufacture of disinfectants, antibiotics, antioxidants, dyes,
and pigments. Additionally, they play an important role in the pharmaceutical industry [1].

Quinones are promising dienophiles as they possess a variety of biological properties,
including antimicrobial and anti-inflammatory activity. Structural modifications of quinones
enable the synthesis of new compounds with improved pharmacological properties [2-4].

Derivatives of 2H-thiopyran are of particular scientific interest, as they constitute the
main structural elements of a number of natural compounds with fungicidal and
pharmacological activity. The number of pharmaceutical preparations containing thiopyran
derivatives. For instance, tazorotene is the main component of a crema used to treat psoriasis
and acne; dorzolamide is used as an antiglaucoma agent [5]. The presence of double bonds and
divalent sulphur in the structure of these compounds makes 2H-thiopyranes promising
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chemicals for the synthesis of skeletal sulphur-containing heterocycles [6]. Therefore,
a priority task is to develop methods for synthesising these compounds from readily
available starting materials and study their biological activity. A typical representative of these
is 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano[2,3-g]thiochromene-5,10(5aH,10aH)-dione.

Main body

2H-thiopyran derivatives are obtained from «,f-unsaturated ketones and dienophiles via
the Diels—Alder heterocyclic reaction. The reaction procedure depends on the number of stages
involved: in the one-step variant the reaction is conducted by heating in toluene at atmospheric
pressure [7]; in the two-step variant it is conducted by boiling in benzene at atmospheric
pressure [8]. Lavesson’s reagent is used as the activating agent (Fig. 1).

R, R, R, R
R
Ry Y0 4 Ry” >8R,
)
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e o) P_$ CH,

§

Fig. 1. Schematic diagram of the synthesis of thiopyranes via the Diels-Alder reaction.

1,4-benzoquinone was used as a dienophile in the synthesis of 2,4,7,9-tetraphenyl-
4,4a,9,9a-tetrahydrothiopyrano[2,3-g]thiochromene-5,10(5aH,10aH)-dione. In cycloaddition
chemistry, 1,4-benzoquinone is widely used both as a dipolarophile and as a dienophile. In
[4+2] cycloaddition reactions, the processes can proceed chemoselectively, interacting with
both C=0 carbonyl groups and C=C double bonds. However, reactions with various 1,3-dienes
and heterodienes proceed via a C=C double bond addition mechanism [9].

A single-reactor method [7] was tested for the synthesis of 2,4,7,9-tetraphenyl-4,4a,9,9a-
tetrahydrothiopyrano[2,3-g]thiocromene-5, 10(5aH,10aH)-dione via a Diels-Alder heterocyclic
reaction of chalcone, Laveson’s reagent, and 1,4-benzoquinone as the dienophile. The reaction
was conducted at a temperature of 65-70 °C in a water bath, with continuous stirring, at
atmospheric pressure, in toluene as the solvent for 4-6 hours at the following molar ratios:
chalcone: Laveson’s reagent: 1,4-benzoquinone = 1:0.5:0.5; 1:0.5:1; 1:0.5:2. (Fig. 2).

o
o

AR ISy
Fig. 2. Schematic diagram of a single-reactor synthesis of 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano[2,3-

glthiochromene-5,10(5aH,10aH)-dione.
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Analysis of the reaction mixture by thin-layer chromatography revealed the absence of
the product. The likely reason for this is competitive interaction between the sulphurising agent —
Laveson’s reagent — and 1,4-benzoquinone.

To prevent interaction between the Laveson reagent and 1,4-benzoquinone,
a two-step synthesis of 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano[2,3-g]thiocromene-
5,10(5aH,10aH)-dione was attempted using a two-stage method [8]. In the first stage, a mixture
of chalcone and the Laveson reagent was boiled in benzene for 1-1.5 hours until a dark blue
solution of the thiochalcon dimer formed as a result of the thionation of the a,-unsaturated
ketone. In the second stage, 1,4-benzoquinone was added to the solution of the thiochalcone
dimer and boiled for an hour (reaction monitored by TSC). The reaction was performed at the
following molar ratios: chalcone: Laveson’s reagent: 1,4-benzoquinone = 1:0.5:0.5; 1:0.5:1;
1:0.5:2. (Fig. 3)

lo) Ph S
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Fig. 3. Schematic diagram of a two-stage synthesis of 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano|2,3-
glthiochromene-5,10(5aH,10aH)-dione.

Performing the synthesis using this method at the following molar ratios: chalcone:
Laveson’s reagent: 1,4-benzoquinone = 1:0.5:1; 1:0.5:2 resulted in significant osmolisation of
the product. By altering the molar ratio of chalcone: Laveson’s reagent: 1,4-benzoquinone to
1:0.5:0.5, a selective reaction was achieved and the target product was formed.

The structure of the obtained 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano(2,3-
glthiocromene-5,10(5aH,10aH)-dione was confirmed by IR, 'H NMR and “C NMR
spectroscopy. These methods are highly informative in determining the composition and main
structural fragments of the molecule. However, they do not allow its spatial configuration to be
defined.

To determine the most probable molecular configuration, quantum- chemical modelling
was performed using the ORCA software, version 6.1.0 [10-12], using the DFT method, the
REVPBEO (an updated version of the PBEO method) [13, 14] with the Grimme D4 dispersion
correction [15, 16] in a valence-split triexponential 3{ basis set with def2-TZVPD polarisation
functions [17-19]. The calculations used approximations of Coulomb interactions and
exchanged HF integrals by the RIJCOSX method [20] in the Def2/] basis set [21].
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Six configurations of the synthesised 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano(2,3-
glthiocromene-5, 10(5aH,10aH)-dione, and their thermodynamic parameters were calculated
for a temperature of 298.15 K. Table 1 presents the results.

Table 1. Calculation of thermodynamic parameters for 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano|2,3-

glthiocromene-5,10(5aH,10aH)-dione at a temperature of 298.15 K.

Item Total energy, AG,
n/a Molecule configuration Eh gy H, Eh S, Eh G, Eh K/mol
Ph O
H 4 Ph
1 -2335.515405 -2334.940103 0.089324 -2335.0294280 19.10
Ph H
2 -2335.501754 -2334.925784 | 0.089518 -2335.015302 60.05
3 -2335.515671 -2334.938928 0.091183 -2335.030112 21.17
4 -2335.520967 -2334.944525 0.093650 -2335.038176 0
5 -2335.517607 -2334.940573 0.092304 -2335.032877 13.91
6 ~2335.519495 | -2334.943094 | 0.092192 | -2335.035286 7.58

The thermodynamic stability of the particles was compared based on the Gibbs free
energy of formation at 298.15 K. A zero value was assigned to isomer 4 (Table 1), which has the
lowest Gibbs free energy. This isomer also corresponds to the lowest total energy value.

According to Gibbs’s principle of energy minimisation, this structure will predominantly
be formed during the reaction, as it possesses the highest thermodynamic stability compared
with alternative structures. Figure 4 presents the configuration.

Molecular docking and the PASS-Online programme are used to assess the biological
activity.

Molecular docking is a tool in structural biology and medicinal chemistry that enables the
prediction of interactions between small molecules and macromolecules, such as proteins [22,
23]. The result of molecular docking is the determination of the binding affinity of the ligand
for the receptor. The binding affinity of a compound for a protein is a critically important
parameter that determines its potential biological activity. High affinity may indicate more
effective binding and, consequently, a more pronounced therapeutic effect [24-27].
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Fig. 4. The most stable configuration of 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano([2,3-g]thiochromene-
5,10(5aH,10aH)-dione.

GABA; receptors, being the metabotropic receptors, play a key role in modulating
neurotransmission. The GABAg) protein is one of the subunits of this receptor. The interaction
of GABAg) with various ligands may affect the neuropathological conditions such as epilepsy,
anxiety disorders, and schizophrenia. Therefore, the investigation of potential inhibitors or
modulators of this receptor using molecular docking is of high scientific interest [28].

We performed molecular docking of the synthesised 2,4,7,9-tetraphenyl-4,4a,9,9a-
tetrahydrothiopyrano([2,3-g]thiocromene-5,10(5aH,10aH)-dione with the GABAg) receptor.
The affinity of this compound was assessed using the AutoDock Vina programme [29, 30].
The result showed an affinity of -8.7 kcal/mol, indicating a strong binding to the protein.

Fig. 5 shows the position of 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano(2,3-
glthiocromene-5, 10(5aH,10aH)-dione within the protein molecule relative to the position of
the previously studied baclofen molecule.

Fig. 5. The position of 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano[2,3-g]thiocromene-5,10(5aH,10aH)-dione
within the GABAg() protein molecule.
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In addition to affinity, assessing the toxicity of compounds is very important. Many
quinone derivatives possess significant biological activity. However, they may also exhibit toxic
effects. Approaches based on molecular docking can be used to predict potential toxicity, which
is critically important for the early stages of drug development. For example, analysing the
interaction of quinones with enzymes associated with toxic metabolic pathways can help
identify the risks of use of these compounds in clinical practice [31].

A toxicity assessment was performed using the ProTox-3.0 software (Prediction of
Toxicity of Chemicals) [32]. The analysis revealed that the substance belongs to toxicity class 4
and is relatively safe.

Furthermore, to identify the potential biological activities of the compound synthesised,
computational analyses were conducted using the PASS-Online software. The PASS software
package employs Bayesian probability methods to determine the biological activity of the
selected compound [33]. The results of the calculations showed a high probability of the
compound’s activity in various biological systems. In particular, the Pa value was 0.865 for the
inhibition of complement factor D, indicating the substance’s significant potential in
modulating immune responses. A Pa value of 0.828 was also obtained for the inhibition of
aspulvinon-dimethylallyltransferase, suggesting its potential for use in the treatment of diseases
associated with metabolic disorders. Finally, a Pa value of 0.817 indicates activity as an inhibitor
of testosterone-17-dehydrogenase. It provides the prospects for the use of this compound in
endocrine therapy.

Potential protein targets for the synthesised compound were identified using the new
Galaxy Sagittarius protein-ligand docking protocol, available on the Galaxy Web server [34-36].
Molecular mechanics methods in the MM2 force field were applied for the preliminary
optimisation of the compounds’ 3D structures. It improves the geometry and the minimisation
of energy. Docking was performed in two modes: prediction of binding affinity and
re-evaluation using docking.

During the docking process, a large number of potential ligand configurations are
generated. Some of them are immediately discarded due to collisions with the protein molecule.
The remaining options are assessed using an evaluation function. It takes the current position
of the ligands as input and returns a numerical value reflecting the probability that this position
corresponds to a favourable binding. Modern docking algorithms use three main types of
evaluation functions: force field-based, empirical, and statistical ones. Most of these are based
on the principles of molecular mechanics force fields and estimate the interaction energy within
the binding site. The various components of the docking solution’s energy can be represented
by the equation:

AGbind = AGsolvent + AGconf + AGint + AGrot + AGt/l: + AGvib-
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Fig. 6. The position of 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano[2,3-g]thiocromene-5,10(5aH,10aH)-dione
in protein targets.

Table 2 presents the docking results for ten target-ligand complexes, including the
minimum binding free energy values (AGy;,q) and the highest estimates of protein-ligand
interactions.

Table 2. Results of protein-ligand docking using Galaxy Sagittarius, based on Galaxy Web, for the compound
2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano[2,3-g]thiocromene-5,10(5aH,10aH)-dione.

Pre-docking
Protein identifier Protein identifier asses.sme.nt of Free binding Overall a.sses.sment
PDB ID UniProt ID p.roteln—h.gand energy,. kcal/mol of Proteln—.llgand
interactions (Dockingscore) interactions
(Predockscore)
6bmm Q5W0Z9 0.060 -4.709 476.894
6bw5 QI3IS, 0.075 -4.709 476.763
Q9H3H5
6btq P13497, P13497 0.047 -4.709 476.185
los2 P39900, P39900 0.059 -4.709 475.644
lhna P28161 0.053 -4.708 476.185
2hi4 P05177 0.048 -4.708 475.644
3a73 P02768, P02768 0.051 -4.708 475.934
1s0j Q13370, Q13370 0.056 -4.708 476.359
2n27 PODP23 0.066 -4.708 477.416
3rpn Q9Y2Q3, Q9Y2Q3 0.062 -4.707 476.946

The predicted protein targets are identified by their Protein Data Bank (PDB) and
UniProt IDs. Thus, this compound can be considered a promising candidate for screening in
the search for new therapeutic agents for the treatment of cancer.

Experimental part

In this study, we used commercially available reagents: 1,4-benzenediol, analytical grade
(GOST 19627-74), potassium dichromate, analytical grade (GOST 4220-75), sulphuric acid,
analytical grade (GOST 4204-77), chloroform, analytical grade (TU 2631-066-44493179-01),
anhydrous calcium chloride (TU 6-09-4711-81), anisole, high purity, (TU 6-09-11-1430-80),
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phosphorus pentasulphide, (GOST 7200-78), acetophenone, (GOST 16307-79), benzaldehyde,
(GOST 157-78), sodium hydroxide, high purity, (GOST 4328-77), benzene, high purity,
(GOST 5955-75), dichloromethane, high purity, (TU 20.14-295-44493179-2022), diethyl ether,
technical grade, (TU 2600-001-43852015).

Thin-layer chromatography was performed on ‘Sorbfil TLC-P-V-UV’ plates, using a
mobile phase of petroleum ether : ethyl acetate = 3:1. The IR spectrum was recorded using a
Perkin Elmer ‘Spectrum Two’ Fourier transform infrared spectrometer fitted with a total
internal reflection (TIR) accessory. The 'H and “C NMR spectra were recorded on a Bruker
DRX 400 NMR spectrometer. DMSO-ds was used as the solvent. High-resolution mass spectra
were recorded using a SCIEX TripleTOF 5600+ instrument with electron spray ionisation, a
capillary voltage of 4.5 kV in positive ion mode, and a mass scan range of m/z 100-1000 Da.

We performed molecular docking of the synthesised 2,4,7,9-tetraphenyl-4,4a,9,9a-
tetrahydrothiopyrano[2,3-g]thiocromene-5,10(5aH,10aH)-dione with the GABAg) receptor
on the following stages. In the first stage, the ligand was imported as a three-dimensional
structure via an SDF file from PubChem and optimised using the Ligands Input tool in
AutoDock (AD) 4. The second stage involved the preparation of the protein molecule.
The structure of the GABA3) protein was obtained from the Protein Data Bank (PDB) [37].
The *.pdb file was converted to *.pdbqt format using MGL tools. Prior to docking, polar
hydrogen atoms were added to the receptor molecule. A three-dimensional affinity grid was
then designed, centred on the geometric centre of the target protein (coordinates x = 54,y = 54,
z = 84). In the final stage, the protein and ligand interacted. The PyMol visualiser was used to
analyse the interaction. It allows us to examine the docking of the protein and ligand molecules.
Upon completion of the docking process, the best conformation was selected from the set of
obtained variants, corresponding to the densest cluster with the lowest binding energy.
The number of conformation variants for the search was set to 500.

The synthesis method for 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano[2,3-
glthiochromene-5,10(5aH,10aH)-dione has been developed A 10-ml conical flask, fitted with
a stirrer, a reflux condenser, and a calcium hypochlorite tube was charged with 0.25 g of
chalcone (1.2 mmol), prepared according to the method described in [38], 0.243 g of Lavesson’s
reagent (0.6 mmol), prepared according to method [39], and 5 ml of benzene, and the mixture
was boiled for 1.5 hours until a dark blue solution of thiochalcon dimer was formed.
Next, 0.0648 g of 1,4-benzoquinone, prepared according to the method described in [40], was
added to the reaction mixture and the mixture was boiled for a further hour. The completion
of the reaction was monitored by thin-layer chromatography. To isolate the target product, the
solvent was removed under vacuum, and the residue was purified by column chromatography
on silica gel using dichloromethane as the eluent. The resulting resinous residue was triturated
with a minimal amount of diethyl ether until crystallisation; the precipitate was filtered off.
The product was a pale pink powder. The purity of the target product was confirmed by
thin-layer chromatography, R = 0.62. Yield is 22.8 mg (7%). Tma: = 193-195 °C. IR-spectrum,
v/em™: 3081 — 3026 (C-H); 1617.5 (C=C); 1593.97, 1490.22 (Ar); 1685.17 (C=0); 1231.23
(C-CO-C); 693.09 (Ca=C). NMR spectrum 'H (400 MHz, DMSO-ds, §, ppm, J, Hz ): 8.02
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(d, 2H, Ar, ] = 8.8); 7.70 (t, 1H, Ar, ] = 7.3); 7.63 — 7.48 (m, 5H, Ar); 7.49 - 7.33 (m, 6H, Ar);
7.26 (t, 3H, Ar, J = 7.2); 7.23 - 7.09 (m, 3H, Ar); 6.93 - 6.86 (m, 2H, Ar); 6.42 (d, 2H,
CH-C-Ph, ] = 6.5); 4.97 (dd, 2H, CH-C=0, J = 11.3, 4.5); 4.74 (d, 2H, CH-Ph, J = 11.3); 4.26
(dd, 2H, CH-C=0, ] = 6.6, 4.4). NMR spectrum *C (100 MHz, DMSO-ds, §, ppm): 198.50 (2C),
139.86, 139.60, 138.27, 136.69, 134.10, 133.57, 129.19, 129.16, 128.75 (2C), 128.53 (2C), 128.47
(2C), 128.35 (2C), 128.22 (2C), 128.11 (2C), 127.54 (2C), 127.22 (2C), 125.92 (2C), 120.61 (2C),
49.08 (2C), 44.13 (2C), 42.27 (2C). Mass-spectrum (ESI), m/z: found for CssH200,S, [M+H]*:
557.1603, calculated for CssH10,S, [M+H]*: 557.1609.

Conclusions

A synthesis method for 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano(2,3-
glthiochromene-5,10(5aH,10aH)-dione has been developed. The most stable stereoisomer has
been identified. Molecular docking with the GABAg,) receptor was performed, resulting in an
affinity of -8.7 kcal/mol. It indicates a strong binding to the protein. A toxicity rating of Class 4
was determined, indicating its relative safety. Computer calculations were performed using the
PASS-Online programme, which revealed a fairly large number of variants with a Pa value
above 0.8. Thus, 2,4,7,9-tetraphenyl-4,4a,9,9a-tetrahydrothiopyrano[2,3-g]Jthiocromene-
5,10(5aH,10aH)-dione can be considered a promising candidate for further in vitro biological
testing.
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Abstract. The paper presents a comprehensive study of feasibility and effectiveness of using
solid carbon residue (pyrolysate), obtained through the low-temperature pyrolysis of worn
car tyres, as a functional filler in rubber compound formulations based on
butadiene-nitrile rubbers (BNK) of the BNKS-18AMN and BNKS-28AMN grades.
The issues of polymer waste disposal and search for cost-effective alternatives to traditional
grades of carbon black produced from fossil raw materials provide the relevance of the
research. It examines the physicochemical properties of pyrolytic carbon, including its
particle size distribution and surface activity. Using vibroreometry (MDR-2000),
equilibrium swelling, and physical-mechanical testing, a comparative analysis was
conducted of the vulcanization kinetics and properties of vulcanisates containing
pyrolysate, compared with reference compounds filled with P 803 carbon black, kaolin, and
chalk. Pyrolysate specific surface chemistry and high ash content (including zinc oxide and
sulphides) affect significantly on the induction period and the rate of vulcanisation, acting
as a filler and as a secondary activator of the cross-linking process. Therefore, the
optimisation of dispersion and vulcanising group provide an effective replacement of
low-activity fillers and partially replace semi-active carbon black without any significant
deterioration in the performance characteristics of the rubbers. The research offers
prospects for the development of resource-saving technologies in the manufacture of rubber
products.
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Introduction

The growing amount of waste from polymer materials — and, in particular, worn-out car
tyres — is one of the most serious challenges facing modern civilisation. It affects both the
environmental and economic aspects of sustainable development. Car tyres are complex,
multi-component composite products based on a cross-linked (vulcanised) polymer matrix.
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The three-dimensional spatial network formed by strong sulphur bonds (mono-, di- and
polysulphide) confers unique elastic and mechanical properties, thermal stability, and chemical
resistance on the material. However, these make the tyres extremely resistant to natural
biological degradation and environment [1-3].

Under natural conditions, the degradation period for tyre rubber can exceed a century; as
aresult, landfill sites for such waste become sources of increased fire risk and infectious diseases.
Furthermore, the disposal of tyres constitutes a wasteful use of the valuable hydrocarbon
resources expended in their production. In this context, recycling minimises environmental
damage and serves a source of secondary raw materials - ‘urban mining’ [4, 5].

Among the existing methods of waste treatment (recycling, mechanical crushing into
fines, incineration with energy recovery, and regeneration), pyrolysis — the process of thermal
decomposition of organic compounds in an oxygen-free environment — takes a special place.
It allows the material to be returned to the chemical cycle by breaking down the polymer chain
into low-molecular-weight fractions: pyrolysis gas (a mixture of H,, CHy, etc.), a liquid fraction
(a mixture of hydrocarbons, analogous to synthetic oil), and a solid carbon residue (char or
pyrolytic carbon black - Cb,;) [6, 7]. This solid residue is of greatest interest to the rubber
industry. It has the potential to close the carbon cycle by being reintroduced into the production
of new rubber compounds.

The tyre pyrolysis process is a complex series of parallel and sequential radical reactions
involving decomposition, isomerisation, cyclisation, and carbonisation. The chemical
composition and structure of the resulting solid residue depend on the temperature regime and
the heating rate [1, 2, 8].

When rubber is heated above 300 °C, thermal dissociation of the S-S and C-S bonds
begins. The energy of these bonds (approximately 270 kJ/mol) is lower than that of the C-C
bonds in the main chain (approximately 350 kJ/mol). It destroys the vulcanization structure
and leads to the degradation of the macromolecules in natural (NK) and synthetic rubbers.
There are two main temperature ranges are used for the pyrolysis of worn tyres:
low-temperature pyrolysis (450-550 °C) - the rubber matrix undergoes its main
decomposition; medium- and high-temperature pyrolysis (>600 °C). The rise of temperature
intensifies the processes of secondary cracking and gasification of carbonaceous deposits.
This results in the cleaning of the pore surfaces and increasing in the specific surface area of the
solid residue. However, graphitisation of the structure may occur, reducing the surface activity
of the material [2, 6].

The solid carbon residue from rubber pyrolysis (CB,) differs fundamentally from
conventional industrial carbon black. Industrial carbon black is synthesised ‘from zero” from
gaseous or liquid feedstocks via incomplete combustion (the ‘bottom-up’ method). CB, is a
composite consisting of primary carbon black aggregates, initially incorporated into tyre
rubbers, modified by carbonaceous rubber decomposition products and enriched with
inorganic components (ash) [4, 7, 9].

The ash content makes up 10-20% of the mass of CB,, with a key role in its performance
as a filler. The main components of the ash are zinc oxide (ZnO) and zinc sulphide (ZnS).
They are formed as a result of the transformation of vulcanisation accelerators, as well as silicon
dioxide (SiO,), and calcium compounds. The presence of these chemically active compounds
on the surface of carbon particles forms a specific ‘surface chemistry’ capable of influencing the
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kinetics of sulphur vulcanisation, accelerating or slowing down the cross-linking reactions

depending on the conditions [10, 11].

Among the various types of synthetic rubbers, a distinct group is formed by
butadiene-acrylonitrile rubbers (BNR, NBR), which are copolymers of butadiene and
acrylonitrile (AN). The presence of polar nitrile groups (-C=N) in the macromolecule
determines the unique set of properties possessed by BNC vulcanisates: high resistance to
aliphatic hydrocarbons (oils, fuels), enhanced adhesion to various substrates, and good physical
and mechanical properties [12, 13].

The low activity of CBp is tested in rubber compounds for rubber goods. Its formulations
include low-activity fillers, typically added in large quantities. The most common elastomeric
compounds used in the manufacture of rubber goods are those based on butadiene-nitrile
rubbers.

The specific nature of the interaction between fillers and the polymer matrix is
determined by the polarity of the matrix. Non-polar rubbers (NK, SKI, SKD, BSK) interaction
with the carbon filler is determined primarily by Van der Waals dispersion forces and physical
chain entanglement. However, BNK have dipole-dipole interactions and the possibility of
hydrogen bonding between functional groups on the filler surface and polar groups of the
rubber [12, 13].

When using solid pyrolysis products in a BNC, two competing factors should be
considered:

1. Affinity for carbon surfaces: The carbon nature of CB, ensures compatibility with the
hydrophobic regions of the polymer chain (butadiene units).

2. Effect of ash components: Polar inorganic inclusions (ZnO, SiO,, CaCOs) in the
pyrolysate may interact specifically with nitrile groups, altering the mixture’s rheology and the
kinetics of matrix formation.

Formulation of the research objective

Despite the considerable amount of research into tyre pyrolysis, the practical application
of the solid residue in critical rubber compounds remains limited. The main limitations are the
instability of the CB, composition, high ash content, and the presence of incomplete
decomposition products (resins) on the surface. They block active sites and prevent effective
interaction with the rubber.

The existing literature data indicate that CB, has a contradictory effect on rubber
properties: in some cases, a reinforcing effect is observed, similar to that of semi-active carbon
black grades; in others there is a sharp decline in strength and elasticity. The effect of pyrolysis
products on the vulcanisation kinetics of blends based on polar rubbers, such as BNK.
It remains a particularly understudied area as the presence of residual sulphur and zinc oxide
in the filler can significantly distort standard cross-linking mechanisms.

The purpose of this study is to systematically investigate the kinetic patterns of
vulcanisation and the evolution of the physical and mechanical properties of rubber compounds
based on tyre pyrolysis residue (TPR) when traditional fillers (P 803 carbon black, kaolin, and
chalk) are partially or completely replaced by solid carbon residue from tyre pyrolysis. Special
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attention is paid to analysing the correlations between the filler composition, the vulcanisation
parameters, and the macroscopic properties of the material.

Objects and methods of research

Characteristics of the raw materials

Industrial grades of Russian-made butadiene-nitrile rubbers are widely used in the rubber
industry for the manufacture of oil- and petrol-resistant products. They were selected as the
polymer matrix (binder) [12-14]:

1. BNKS-18AMN: Synthetic butadiene-acrylonitrile rubber with an acrylonitrile content
of 17-20%. It is characterised by high frost resistance (glass transition temperature of
approximately -50 to -55 °C) and satisfactory oil resistance. The ‘M’ index indicates softness
(low Mooney viscosity); ‘H’ indicates the use of a non-darkening antioxidant 8.

2. BNKS-28AMN: Rubber with a natural rubber content of 26-30%. It offers a balanced
combination of oil resistance, heat resistance, and elasticity. It is used in the production of
general and specialised rubber goods (culffs, gaskets, sleeves) [15].

Traditional materials were used as reference fillers to compare the effectiveness of the
pyrolysate:

o Technical carbon P 803 (equivalent to ASTM N880/N990) [16]: A low-activity
furnace-grade technical carbon obtained by the thermal oxidation of liquid hydrocarbon
feedstock. It is characterised by a low specific surface area (12-18 m?/g) and a low structural
index (oil absorption of 60-75 cm?/100 g). It ensures high bulk density and improves the
processing properties of the mixtures.

« Kaolin (Al,05-25i0,-2H,0): A natural aluminosilicate and inert, light-coloured filler
reduces the cost of mixtures and increases stiffness.

« Natural chalk (CaCOs): An inert filler added to reduce costs and control rheological
properties.

Test material (subject of the study): Solid carbon residue from tyre pyrolysis (hereinafter
- pyrolysate or CB,). The material was obtained by low-temperature pyrolysis (450-500 °C) of
a mixture of worn car tyres in an experimental rotating horizontal cylindrical reactor. In [17],
the physicochemical characteristics of the liquid pyrolysis fraction obtained in this reactor were
presented. This study investigates the potential for using the solid carbon fraction. Before being
added to the rubber compounds, the product underwent preliminary processing: removal of
the steel cord, coarse crushing, and subsequent fine grinding in an impact disintegrator to
improve dispersion. Table 1 shows the particle size distribution of the pyrolysate, determined
by sedimentation turbidimetry using an FSH-4 automatic photosedimentometer (Russia). The
average particle size was 6.7 pm.

Table 1. Dispersion of ground pyrolysate

Equivalent sphere diameter Mass fraction of particles
Less than 20 um 87
Less than 10 ym 52
Less than 5 ym 19
Less than 1 um 1
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The chemical composition of the pyrolysate is characterised by a high ash content (12-15%,
predominantly ZnO, SiO,, Ca and S), the presence of a carbonaceous matrix (80-85%) and
residual sulphur (1.5-2.5%) [1, 2, 6].

Methodology for the preparation of rubber compounds

The rubber compounds were prepared in the laboratory using an Lb 320 160/160 mixer,
in accordance with standard mixing procedures for butadiene-nitrile rubbers. The temperature
of the rollers was maintained within the range of 30-50 °C to prevent premature vulcanisation
(scorching), given the high activity of the natural rubber during mechanical processing [13, 14].

The order of adding the ingredients (mixing mode) was as follows:

1. Rubber plasticisation (formation of a continuous skin on the front roller).

2. Addition of activators (zinc oxide, stearic acid) and dispersants.

3. Additives (carbon black, pyrolysis residue, kaolin, chalk) should be introduced in small
batches to ensure even distribution and wetting of the particle surfaces by the rubber.

4. Addition of plasticisers.

5. Addition of the vulcanising group (sulphur, accelerators: Altaks, Kaptaks, DFG,
thiuram, etc.) during the final stage of mixing.

After mixing, the rubber compounds were sheeted and left to cure for 24 hours to allow
internal stresses to relax before testing.

Methods for studying vulcanisation kinetics

A range of physicochemical and mechanical analytical methods was used to comprehensively
assess the effect of pyrolysate on the properties of elastomeric composites [10, 14, 18].

Key method for study the kinetics of vulcanisation was vibroreometry [19] on a rotorless
rheometer MDR-2000 (Moving Die Rheometer). The principle of operation is based on
measuring the torque required to maintain harmonic vibrations of the lower half-form
containing the sample at a specified temperature and frequency. However, the upper half-form
remains stationary and is fitted with a torque sensor.

During the test, rheometric curves (the relationship between torque S' and time t) were
recorded. It allows us to determine the following critical process parameters:

e ML (minimum torque, N-m). Indicates the viscosity of the rubber compound at the test
temperature prior to the onset of vulcanisation. This indirectly indicates the extent of physical
interaction between the rubber and the filler, as well as the processability of the mixture.

e Mu (maximum torque, N-m). It is proportional to the shear modulus of a fully cross-
linked vulcanised product. It serves as a measure of the density of cross-links and the stiffness
of the material.

o AM = My - M.. A difference in torque that correlates with the chemical density of the
vulcanisation matrix.

o L/t (start time of sub-vulcanisation). The time taken for the torque to increase by 1 or
2 units relative to M. It determines the induction period of the reaction and the workability of
the mixture (the time until premature setting begins).

o to (optimal vulcanisation time). The time to reach 90% of maximum vulcanisation
(Moo = ML + 0.9(Mu - My)). This is the key technical parameter for determining the
vulcanisation conditions for the products.

140



A&ROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 7, ISSUE 1, 2026

» Vulcanisation rate (Rv). It is defined as the tangent of tangent line angle inclination to
the rheometric curve on a linear section of the main curing period (Cure Rate Index, CRI).

The kinetic analysis was performed in an isothermal regime at temperatures of 143 °C,
150 °C, 160 °C and 170 °C. It enabled the activation energy of the vulcanisation process (E.) to
be calculated using the Arrhenius equation.

To assess the structural parameters of the vulcanised network (cross-linking density), the
equilibrium swelling method was used in a thermodynamically favourable solvent (toluene).
The theoretical basis of the method is the Flory-Renner equation. It relates the degree of
polymer swelling to the density of the network nodes [10, 14, 18].

The following parameters were determined:

« Mass fraction of the sol fraction (S). The proportion of uncross-linked polymer that can
be extracted with a solvent.

o Equilibrium swelling degree (Q..). The maximum amount of solvent absorbed by the
sample.

« The volume fraction of rubber in the swollen gel (V).

o The average molecular weight of the chain segment between the network nodes (M.),
calculated using the formula:

173 W
_ P (v -%) (1)
© (1 -V) + V4 xV?

where pj, is polymer density, V; is molar volume of the solvent, y is Huggins ‘polymer-solvent’
interaction parameter.

This method makes it possible to distinguish between the contributions of physical
interactions (interactions, adsorption on the support) and chemical cross-links to the overall
structure of the material.

Methods for investigating the physical and mechanical properties of rubbers

This paper presents a standard set of tests used to evaluate the elastic-deformation,
strength, and special properties of technical rubbers based on butadiene-nitrile rubbers [20, 21].
Table 1 presents the methods used to investigate the physical and mechanical properties of
rubbers, their main characteristics, and application. The rubber compounds, vulcanised at an
optimum temperature of 151 °C using standard methods [22-24], were subjected to testing.

Study results

The experimental programme involved a systematic assessment of the effectiveness of
replacing traditional P 803 carbon black fillers with solid carbon residue (pyrolysate) in various
BNK-based formulations.

The first series of experiments investigated a base formulation based on BNKS-18 AMN
rubber, designed for critical rubber products operating under fairly hard conditions.
The control mixture contained 103 parts by weight of P 803 technical carbon per 100 parts by

141



FROM CHEMISTRY TOWARDS TECHNOLOGY VOL.7, ISSUE 1, 2026

weight of rubber. The effect of partially replacing the P 803 technical carbon with pyrolysate
was evaluated.

Upon the addition of the pyrolysate, the following trends were observed in the changes to
the rheometric characteristics.

As the proportion of pyrolysate increased, a slight change in the mixture’s viscosity was
observed. At a 50% replacement level, an increase in the AM index and the maximum
vulcanisation rate (Ry) was defined. This indicates an improvement in cross-linking efficiency.
The reason for this effect is the chemical composition of the ash fraction of the pyrolysate.
The ash contains a significant amount of zinc oxide (ZnO) and residual sulphur migrating into
the rubber matrix and acting as additional activators and cross-linking agents. It enhances the
action of the main vulcanising group [1, 10, 11]. At the same time, a reduction in the onset time
of sub-vulcanisation was observed. This confirms the hypothesis regarding the catalytic activity
of impurities in the pyrolysate. The presence of unreacted residues of accelerators and active
sites on the surface of CB, reduces the activation energy for the onset of the sulphur addition
reaction. It is a critical factor for the processing technology. It increases the risk of scorching
(premature vulcanisation). According to swelling degree studies, rubbers with the solid carbon
residue from tyre pyrolysis (a secondary product content of approximately 30 wt.% or ~25% of
the total filler content) are characterised by a degree of chemical cross-linking at the reference
level.

The results of physical and mechanical tests on vulcanised compounds (Table 2) show
that pyrolysate is not an equivalent substitute for P 803 carbon black. It is partially substituted;
a decrease in the stress at 100% elongation; the tensile strength is observed. At the same time,
other parameters, such as relative elongation at break, tear resistance, hardness and rebound
elasticity, change insignificantly according to statistical analysis. Therefore, they meet the
standards for stress and strength. Moreover, the introduction of pyrolysate as a partial substitute
for P 803 provides the retention of the property profile by utilising the synergistic effect of the
ash components with the main vulcanising system.

Table 2. Physical and mechanical properties of rubber compounds based on BNKS-18 AMN rubber

) Ratio of technical carbon P 803 to carbon
. Average value and coefficient .
Indicator o residue, % by mass
of variation
120:0 112.5:7.5 105:15
Relative stress at 100% Average, MPa 7.56 6.99 4.16
elongation fig K, % 3.04 4.01 3.04
. ) Average, MPa 10.12 8.64 7.17
Relative tensile strength f,
K, % 2.01 2.10 2.01
) ) Average, % 162 140 218
Relative elongation at break ¢,
K., % 8.05 5.05 8.05
) Average, kN/m 19.5 15.2 23.1
Tensile strength B
Ks, % 14.5 3.5 15.1
Average, rel. units 72.4 74.1 70.9
Shore hardness &
K., % 1.3 1.4 3.7
Average, % 34.5 34.8 31.3
Rebound elasticity £5 2
K., % 7.9 7.8 6.6
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In the next series of experiments, the possibility of partially replacing P 803 technocarbon
in the mixture with the more polar BNKS-28 AMN rubber was investigated. The following data
were obtained (Table 3).

Table 3. Physical and mechanical properties of rubber compounds based on BNKS-28 AMN rubber

) Ratio of technical carbon P 803 to carbon
. Average value and coefficient .
Indicator o residue, % by mass
of variation
103:0 97:6 90:13
Relative stress at 100% Average, MPa 0.96 1.17 1.21
elongation fig Ko, % 4.5 34 2.6
. . Average, MPa 4.96 4.92 4.72
Relative tensile strength f,
K., % 3.3 7.3 3.9
. . Average, % 504 473 441
Relative elongation at break ¢,
K., % 4.7 5.2 5.4
. . . Average, KN/m 20.6 10.7 11.8
Relative residual elongation
Ks, % 2.2 4.5 2.1

Therefore, use of pyrolysate in rubbers based on more polar rubber is more effective.
An increase in the tensile strength at 100% elongation and a decrease in the residual elongation
are observed. The relative elongation at break decreases slightly and agrees with the standard
limits. According to statistical analysis, parameters have changed insignificantly. Furthermore,
compounds under study contain carbon black, chalk, and kaolin. These can be partially replaced
without any significant change in the physical and mechanical properties.

Vulcanised compounds with the chalk replaced by pyrolysate demonstrated higher
hardness and elastic modulus values maintaining an acceptable level of strength. Pyrolysate can
effectively replace mineral fillers, acting as a semi-reinforcing agent rather than merely an inert
diluent. However, to implement such a substitution in practice, a significant adjustment to the
vulcanising system (reducing the content of sulphur and accelerators) is required to prevent
under-vulcanisation.

Discussion of study results

The experimental data obtained clearly indicate that the solid product of tyre pyrolysis is
not an inert component. Its effect on the kinetics of vulcanisation can be described by a
‘dual-action’ mechanism:

1. During pyrolysis, part of the sulphur bound in the sulphide bridges of tyre rubber is
not removed as H,S or mercaptans. It remains in the structure of the solid residue as inorganic
sulphides (ZnS) or sulphur chemically bound to carbon. Under re-vulcanisation conditions at
temperatures of 150-160 °C, sulphur can undergo exchange reactions and participate in the
formation of new cross-links.

2. A high ZnO content (up to 4-5% by mass of the pyrolysate) plays a critical role. In the
classical mechanism of sulphur vulcanisation, zinc oxide reacts with stearic acid to form zinc
stearate. Otherwise, they then form active complexes with the accelerator and sulphur. The
introduction of pyrolysate effectively increases the concentration of the activator in the system.
Furthermore, as the ZnO in the pyrolysate is distributed at the molecular level or in the form of
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nanoparticles within the carbon matrix. Its reactivity may be higher than that of crystalline ZnO
introduced separately.

These factors explain the observed reduction in the t,1 time and the increase in the
vulcanisation rate. To describe the kinetics of the process, autocatalytic models of the Kamal-
Surur type are used. The rate constants depend on the concentration of the pyrolysate as a
source of catalytic sites.

The reduction in strength properties when replacing P803 carbon black with pyrolysate
is due to several physicochemical factors:

1. Sedimentation analysis and electron microscopy data show that pyrolysate particles
have a wide range of sizes, including fractions larger than 10-40 pum. In rubber, such large
agglomerates act not as reinforcing fillers but as stress concentrators (structural defects),
initiating crack growth during deformation. For effective reinforcement, the particle size must
be comparable to that of carbon black (<100 nm for aggregates).

2. The surface of pyrolytic carbon is often covered by a layer of amorphous carbon (coke)
formed during the decomposition of the oil and additives. This layer blocks the active functional
groups (hydroxyl, carbonyl) for interaction with the polar nitrile groups of the BNK.
The absence of strong interphase interaction leads to delamination of the matrix from the filler
under load (de-vetting effect), which reduces strength.

3. High surface polarity, caused by ash (SiO,, ZnO), may prevent the carbon part of the
matrix from being wetted by the non-polar segments of the rubber. Although, for BNK this
effect is less significant due to the polymer’s inherent polarity.

Based on the patterns identified, the following steps are required to transform the
pyrolysate from a cheap filler (diluent) into a functional component:

o Use of jet mills or wet grinding to break down agglomerates to the submicron level.

o Acid treatment (HCI, H,SO,) to remove excess ash. This will expose the carbon surface,
increase the specific surface area (BET), and raise the content of active oxygen groups

« When using raw pyrolysate, the dosage of the main vulcanising group (sulphur and
accelerators) should be reduced in terms of the pyrolysate’s ‘internal reserve’; vulcanisation
retarders (PVI) should be introduced to control the induction period.

Conclusion

The study conducted concludes the following:

Pyrolysate can be used as an effective substitute for low-activity mineral fillers (chalk,
kaolin) and as a partial substitute for semi-active carbon black (P 803) in dosages of up to 20%
by mass without any significant loss of the performance properties of oil- and petrol-resistant
rubbers. The use of pyrolysate is more effective in rubbers based on nitrile-rich rubbers.

The introduction of pyrolysate significantly alters the vulcanisation kinetics, acting as a
secondary activator. The results in a reduction in the induction period and an increase in the
cross-linking rate necessitates the adjustment of the vulcanising group composition (reducing
the content of accelerators, introducing sub-vulcanisation inhibitors).
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At low loading levels, the pyrolysate promotes the formation of a dense vulcanisation

network due to the participation of its own active components (S, ZnO).

For industrial implementation, preliminary preparation of the pyrolysate is required.

It includes fine grinding to remove fractions that act as stress concentrators.

Overall, the use of solid pyrolysis products in natural rubber-based compounds is a

promising area. It enables the implementation of circular economy principles, reduces

production costs, and addresses the issue of tyre waste disposal.
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Keywords: Abstract. The paper discusses the efficiency of recuperative heat exchangers.
heat exchangers, Thermodynamic efficiency has been selected as the measure of efficiency for
thermodynamic recuperative heat exchangers. The authors present diagrams of experimental setups
efficiency, heat transfer,  designed to investigate energy utilisation efficiency for various heat transfer agents flow
direct flow, counter- patterns in ‘tube-in-tube’ and shell-and-tube heat exchangers. A methodology and
flow, heat balance procedure for determining the thermodynamic efficiency of heat exchangers are

presented. The authors found that, in a counter-flow configuration, the thermodynamic
efficiency is 5-10% higher than in a direct-flow one. At the specified heat transfer fluid
flow rates, the thermodynamic efficiency of a tube-in-tube heat exchanger is 25-30%
higher than that of a shell-and-tube. The experimental data obtained will subsequently
enable the appropriate selection of heat exchanger type and the rational design of heat
transfer agent flow patterns. It depens on the specific operating conditions of the heat
exchanger, thereby significantly improving process efficiency.
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Introduction

Energy saving is a key factor in the country’s economic development [1]. The issues of
increasing energy efficiency and reducing energy consumption in manufacturing are a priority,
as technological processes and operations in the oil refining, petrochemical, chemical, food,
pharmaceutical, microbiological and metallurgical sectors are characterised by high energy
consumption. To assess energy efficiency, it is necessary to have reliable indicators that can be
used to compare actual results with the maximum potential for energy savings. In recuperative
heat exchangers, heat transfer from the hot medium to the cold medium occurs across a
partition wall. Moreover, it is a complex process due to a number of factors [1, 2]. Accurate
calculation and assessment of the energy efficiency of heat exchangers are crucial for optimising
production processes and reducing operating costs. Recently, the exergetic method of
thermodynamic analysis has become widely used in the assessment of heat transfer efficiency.
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It enables a more in-depth analysis of the process, improves understanding of the underlying
mechanisms, and reduces the costs of heat transfer agents. The exergetic efficiency of a
shell-and-tube heat exchanger, as determined by this method, makes it possible to analyse the
qualitative aspects of the process of converting heat into energy, identify its causes, calculate
losses in thermal efficiency, and propose ways of eliminating them, thereby improving the
efficiency of the device [3].

For many years, experimental research has been conducted in the research laboratories of
the Department of Chemical Engineering Processes and Equipment at Yaroslavl State Technical
University, Yaroslavl, Russia on spray apparatus and gas-liquid reactors utilising ejection gas
dispersion. In experimental systems, during studies of hydrodynamics and mass transfer in
gas-liquid reactors with gas-liquid ejection dispersion, the liquid was circulated repeatedly
through the nozzle bypass line and ejectors by pumps [4, 5]. Indeed, during the process it was
heated to high temperatures. Therefore, a heat exchanger (shell-and-tube or ‘tube-in-tube’) was
installed on the recirculation line to cool the fluid. The choice of heat exchanger was based on
the heat exchanger currently available in the laboratory.

The purpose of this study is to determine experimentally the thermodynamic efficiency
of heat exchangers (shell-and-tube and ‘tube-in-tube’ types), and compare the two main heat
transfer agents flow patterns: direct flow and counter-flow.

Main body

Heat exchangers in chemical and oil refining plants make up about 40% of the total weight
of equipment, due to the need to supply or remove heat from the process [6].

The nature of the temperature changes in the heat transfer fluids across the surface of the
recuperative heat exchanger depends on their flow pattern. The simplest flow configurations
are: direct flow and counter-flow (Fig. 1).

he—s h—s
C ————— - C

i a
L ,

a b

Fig. 1. Heat transfer fluid agent patterns: a — direct flow pattern, b - counter-flow pattern

The efficiency of a heat exchanger is determined by a number of factors, including the
design of the unit itself, the flow pattern of the heat transfer agents, and the operating
conditions. Selecting the optimal heat exchanger design is a complex task. It is resolved by
conducting a technical and economic comparison of several unit sizes in relation to the specified
conditions or on the basis of optimisation criteria [1, 7].
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The heat transfer fluid flow rates are denoted as follows: cold G. (kg/s) and hot G, (kg/s).
The temperature of the heat transfer fluids changes from the initial temperature (index i) to the
final temperature (index o) as a result of heat exchange.

Heat balance of the apparatus:

Gcccté + thhtfil = Geecté + thhtﬁ + Qioss»
where Q.4 is the heat loss to the environment, W;
tl, tﬁ, t2,tp is the temperature of the cold and hot heat transfer fluid at the inlet and outlet

of the heat exchanger, respectively, °C.
After transforming the equation, we obtain

GuepAty = GecAte + Qposs OF Qp = Qc + Qioss)

where Aty, =t} —t2, Ac = t2 — tL.

The last equation shows that the amount of heat released by the hot heat transfer fluid
(Qp) is equal to the sum of the heat absorbed by the cold heat transfer fluid (Q.) and the heat
lost to the environment (Q;ss)-

In this case Q;yss = 0, we have Q,, = Q. and G,cpAt, = G.c At .

The thermal load of the unit is equal to the amount of heat transferred from the hot to the
cold heat transfer fluid:

Q = Geco(t2 — th) = Guen(th — t0).

The thermodynamic efficiency of a heat exchanger is the ratio of the amount of heat
transferred to the cold fluid in that heat exchanger to the amount of heat transferred in a heat
exchanger with an infinitely large heat transfer surface area and the same inlet conditions. The
efficiency of a heat exchanger is determined using the formula [1, 3]:

-t

bl — 1t

The operating characteristics and flow patterns (direct flow and counter-flow) of
recuperative heat exchangers can be compared in terms of the heat transfer efficiencies
achieved:

E direct

j =

Ecounter

I. Determination of the thermodynamic efficiency of ‘tube-in-tube’ heat exchangers

Fig. 2 shows a diagram of the experimental apparatus. The ‘tube-in-tube” heat exchanger
is connected to a piping system. Cold water flows through the inter-tube (annular) space in a
single direction. Hot water flows through the tube space (inner tube). By opening or closing
valves 1-4, direct-flow and counter-flow configurations of the heat transfer fluid flow are
achieved. Table 1 presents experimental data. Table 2 presents the properties of the heat transfer
fluids at average temperatures of the hot and cold fluids. Table 3 presents the results of
calculations to determine the thermodynamic efficiency of the ‘pipe-in-pipe’ heat exchanger.
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Thermocouples (T1-T4), connected to a resistance temperature transducer, are used to
measure the initial and final temperatures of the heat transfer fluids. The signal from the
temperature transducer is fed into the computer programme. Heat transfer fluid flow rates are
measured by rotameters P1 and P2. The specific heat capacity of water within the operating

temperature range is 4190 J/(kg-K).

Key specifications of the ‘tube-in-tube” heat exchanger:

Inner pipe diameter dyy; X Sy = 27 X 3 mm;
Outer pipe diameter D¢ X 8yyqy = 48 X 4 mm;
Total length of the heat exchanger L = 6 m;
Heat transfer surface S = 0.452 m?;

Thermal conductivity coefficient 4,,4;; = 46.5, W/(m-K)

Table 1. Results of experimental studies to determine the thermodynamic efficiency of a ‘tube-in-tube’ heat

exchanger.
Flow diagram for | Heat transfer agent i Lo i 0 pav pav E
heat transfer agents flow rate, kg/s h h ¢ ¢ h ¢

0.16 66.7 49.3 8.9 29.6 58.00 19.25 0.358

Direct flow 0.32 66.7 50.4 8.9 27.3 58.30 18.10 0.321

0.47 66.7 51.5 8.9 25.6 59.10 17.35 0.289

0.16 66.7 50.2 8.9 31.8 58.40 20.45 0.396

Counter-flow 0.32 66.7 51.0 8.9 28.9 58.85 19.00 0.346
0.47 66.7 51.8 8.9 26.3 59.25 17.60 0.304

The calculations were performed as follows

a) Velocity of the hot heat transfer agent v, m/s —

G 4G

vy = =
2
d?
nn
Ph—Fx

b) Velocity of the cold heat transfer agent v., m/s -

G

pn - 3.14-0.0212°

4G

U, =

4

150

<11Di2nn ndgut> " pn-3.14 - (0.042 — 0.0272)
P -
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c) the Reynolds number of the hot heat transfer agent,

VOL. 7, ISSUE 1, 2026

Re = 17hdinnph-
Hn
Table 2. Properties of heat transfer agents
Heat Average Thermal
Direction of Dynamic viscosity | Density p, conductivity Prandtl's
flow transfer | temperature, u, Pa's kg/m? coefficient A, criterion Pr
agent tavy
W/m-K

58.00 0.4832 983.9 0.5609 3.61

2 Hot 58.30 0.4810 983.8 0.5612 3.59

% 59.10 0.4752 983.4 0.5620 3.54

.§ 19.25 1.0238 998.1 0.5186 8.27

s Cold 18.10 1.0534 998.2 0.5168 8.54
17.35 1.0736 998.3 0.5156 8.72

58.43 0.4801 983.7 0.5613 3.58

% Hot 58.85 0.4770 983.5 0.5618 3.56

L._i 59.25 0.4741 983.3 0.5622 3.53

% 20.45 0.9942 997.9 0.5169 8.06

8 Cold 19.00 1.0300 998.1 0.5182 8.33
17.60 1.0668 998.2 0.5160 8.66

d) The Reynolds number of the cold heat transfer agent,

_ deepf
Ky '

Re

The equivalent diameter of the annular space in a ‘tube-in-tube’ heat exchanger was:

4 <7TDi2nn _ 7ngut>

4

de =

7TDL'nn + T[dout

e) Nusselt's criterion Nu [8-10]:

If Re < 2320

Nu = 1.55 (Re-Pr-Z> (

If 2320 < Re < 10000

If Re > 10000

1/3

>0.25
Hwall

Nu = 0.008 - Re®? - Pr043,

= Dipn — dyye = 0.04 — 0.0027 = 0.013 m.

e) The heat transfer coefficient is calculated using the following equations:

0.25
Nu = 0.021 - Re%8 - pr-043 ( )
Pryau
Nuh)\h
o = ,
" dinn
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f) Thermal resistance of the wall [9]:

Swaur 0.003 1 m?-K
Erwau = A_” + Moad1 + Tload2 = 46.5 + 2 11600 = 0.000237 W )
wa .

where 75441, Toaqz 1S the thermal resistance on the hot and cold heat transfer agent side,
respectively.
g) The heat transfer coefficient is calculated using the following equation:

1

1 1°
a—h+27'wau+a—c

K =

1) The value

K-S K-0452 W
W G-4190 K

Table 3. Results of calculations to determine the thermodynamic efficiency of a ‘tube-in-tube’ heat exchanger.

~ [P} ()
9] L o () Q O = = -~
= - S 1S o |ls 5|5 3 = S8
= T2 |8 2% & R R Z 12z |5 § s 2 é
£ S E|SE|SE|sE|ces|c |88 |85 |8 =
] - - o - UV O v 9 U O o 9 o 9 [P Yo) s} 3
= S =2 |l3 S |2 wm|L P S m|o PG P |5 |E ~
= <2 ISE|E|ES|IECS|IEC & |85 |8Y| wpn
8 » | & & Y g =R = 5 B 5 & |8 E | T % o o Mlg
o0 — = O < o =] (= o (= o @ o =& © g o —
< o0 “— b0 = e v a »w o w 2B »w £ o g Q g = L
g2 |8 | |8 |8 |L£E5 |23 |a¢8 |2 8|8 5
T o |zalze|eflec|9E |3 92 9287 ¢
g 22|22 |55 |58 |25 |£8 58|52 |E g
= E E |3 E |® <= | &3 % < ZQZ) S22 |23 |5 A
< - > + L (S - = = O - = 159
= E2|ES|E2|E8 |84 |88 |
0.16 0.470 0.234 | 20097 | 2971.4 | 101.0 26.5 |2697.2 | 1057.3 | 643.7 |0.43399 | 0.904
0.32 0.940 0.469 | 40375 | 5775.8 | 176.1 489 [4705.5 | 1942.9 | 1037.1 [0.34963 | 0.928
0.47 1.381 0.689 | 60016 | 8323.6 | 2404 68.5 | 6433.8 |2718.1 | 1315.2 |0.30187 | 0.951

I1. Determination of the thermodynamic efficiency of a shell-and-tube heat exchanger

The diagram of the experimental apparatus is similar to that of used to study the
‘tube-in-tube’ heat exchanger (Fig. 2). A shell-and-tube heat exchanger has been installed to
replace the tube-in-tube heat one. Table 4 presents experimental data. Table 5 presents the
properties of the heat transfer fluids at average temperatures of the hot and cold fluids. Table 6
presents the results of calculations to determine the thermodynamic efficiency of the
‘pipe-in-pipe” heat exchanger.

Key parameters of the shell-and-tube heat exchanger:

Inner pipe diameter d ¢ X Syqu = 14 X 2 mm;

Housing diameter D, = 200 mm;

Total length of the heat exchanger L = 0.5 m;

Heat transfer surface S = 1.34 m?;

Thermal conductivity coefficient A,,4;; = 17.5, W/(m-K)
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Table 4. Experimental data from studies on the determination of the thermodynamic efficiency of a shell-and-tube
heat exchanger.

Flow diagram for heat | Heat transfer agent " [0 . ro pav pav E

transfer agents flow rate, kg/s h h ¢ ¢ h ¢

0.16 66.7 55.8 8.9 23.5 61.25 | 16.20 | 0.253

Direct flow 0.32 66.7 57.0 8.9 22.0 61.85 | 1545 | 0.227

0.47 66.7 58.2 8.9 20.2 62.45 | 14.55 | 0.196

0.16 66.7 56.0 8.9 25.2 61.35 | 17.65 | 0.282

Counter-flow 0.32 66.7 57.6 8.9 23.1 62.15 | 16.00 | 0.246

0.47 66.7 59.2 8.9 21.5 62.95 | 1520 | 0.218

The calculations were performed as follows
a) Velocity of the hot heat transfer agent v, m/s -

G 4G
vy = =

o, Kby, Pr-3.14-0017-61
b) Velocity of the cold heat transfer agent v, m/s -
~ G ~ 4G
YT TaDZ mdZ,\  pn 314 (0.22—61-0.014%)
Pr{™2 ~ "3
c¢) The Reynolds number of the hot heat transfer agent
— 17hdinnph
T
d) The Reynolds number of the cold heat transfer agent,
vrd
Re = 1S ePs .
Hr

The equivalent diameter of the inter-tube space in the shell-and-tube heat exchanger was:

D}  mdZ,,
4( Z "4 ") _ D—dZm 0270014261

e = Do + dyuen. Dnt dowen . 024001461~ 0266
Table 5. Properties of heat transfer agents.
o Heat Average . . Thern?al.
Direction of Dynamic Density p, conductivity Prandtl's
flow transfer | temperature, viscosity 1, Pa's kg/m’ coefficient A criterion Pr
agent tav t 5 ’

W/(m-K)
61.25 0.4601 982.3 0.5635 3.4210
% Hot 61.85 0.4560 982.0 0.5644 3.3850
= 62.45 0.4520 981.7 0.5654 3.3500
é 16.20 1.1054 998.4 0.5138 9.0145
a Cold 15.45 1.1270 998.5 0.5126 9.2121
14.55 1.1540 998.5 0.5111 9.4605
61.35 0.4594 982.3 0.5637 3.4147
é Hot 62.15 0.4540 981.8 0.5649 3.3674
o 62.95 0.4486 981.4 0.5662 3.3197
E 17.05 1.0817 998.3 0.5151 8.7989
8 Cold 16.00 1.1110 998.4 0.5135 9.0654
15.20 1.1342 998.5 0.5123 9.2764
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e) Nusselt's criterion Nuy,:
If Re < 2320

1/3 M 0.25
Nu = 1.55 (Re ‘Pr- —) (—) .
L Hav

1f 2320 < Re < 10000
Nu = 0.008 - Re%? - Pr043,
If Re > 10000

Pr )0.25

Nu = 0.021 - Re?8 - pr043 (
Prg,

e) The heat transfer coefficient is calculated using the following equations:

Nuh}\h
o = ,
" dinn
_ Nuch,
o, = i
f) Thermal resistance of the wall

Swau 0.003 1 m?-K
era” = m + Tload1 + Toad2 = 46.5 + 2 11600 = 0.000237 W .

g) The heat transfer coefficient is calculated using the following equation:

1
K =

1 1’
o T 2 Twau + o
i) The value

K-S K-134 W
W G-4190 K

Table 6. Results of calculations to determine the thermodynamic efficiency of a shell-and-tube heat exchanger.

- = oS
2 - S + = - o [} o

o | L & o 3 o) —_— =] [

o |z 2l s s glg |2 |y

[9) < e | Qo <l O =

5 | g g Sg | |E5]S2 |&&| 28| ¢ \
= : = %m o & g A L Z °c 3 © = L y
3 < » S H«a—» OE o o Qo = a| o ¢ 'S 3
E |8 | 2% |88 |58 |88 58 |8&%5§&%|Eo
S|ZE| =R |29 |28 2528 |39 29|89 2
= N =T o G :

o o = S & EH g o E,_‘E;_‘ S 5| & 5 UNE ~ .
v = 8 O 2 8 =N 2 8| 3 @ D < | T o = by -
lee| g8 |52 | 8% | 5% 2% |gE| 82 |25 | %
s |2 8| =5 ¢ LS5 |85 |28l 25 | 23| ° 8 Z = 2
Y o o P o = =~ & |3 &l =2 & o = R = =
17} o « Om g"" o = g 8| 9 B F e = = = fan
(=} > + g B I = L o= g © ® < - <
s | 5 =z T8 |5 |28 288|258 % A
58 g <& | < |22 z<=a | B<]| & &
"ET) 2 L [ Y () “c's‘ — m

g | > 2 = = = = g g

as] > I = = = T =

321.1 | 1283.7 | 239.2 |0.4782 | 0.879
83.8 |405.0 | 1614.8 | 296.3 | 0.2961 | 0.923
953 [460.9 | 1832.0 | 333.1 |0.2266 | 0.960

,_
N
-
o
N
o
9]

0.16 |0.0340 | 0.0073 726.2
0.32 | 0.0681 | 0.0146 1465.5
0.47 |0.1000 | 0.0214 | 2171.5 | 492.1

(O8]
=~
W
—
I N9
[NSHNSHIEN|
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Based on the results of experimental studies to determine the thermodynamic efficiency
of heat exchangers, the following relationships j = f (%) have been plotted (Figure 3).
0,97 r
0,96 }
0,95
0,94 }
093 }
i 092 F
091 }
0,9 F
0,89 }
0,88 }
0,87 : : : : : ,
0,2 0,25 0,3 0,35 0,4 0,45 0,5

K.S/w

Fig. 3. Experimental data for determining the thermodynamic efficiency of heat exchangers: ® - ‘tube-in-tube’
type; » — shell-and-tube heat exchanger.

Conclusions

1. Thermodynamic efficiency has been chosen as the measure of performance for
recuperative heat exchangers.

2. There was made a comparison of the thermodynamic efficiency of recuperative heat
exchangers for two heat transfer fluid flow patterns: direct flow and counter-flow. In counter-
flow systems, thermodynamic efficiency is 5-10% higher than in direct-flow systems.

3. At the specified heat transfer fluid flow rates, the thermodynamic efficiency of a tube-
in-tube heat exchanger is 25-30% higher than that of a shell-and-tube heat exchanger. This can
be explained by the fact that, in a ‘tube-in-tube’ heat exchanger, the flow mode of the heat
transfer agents in the tube and inter-tube spaces is transitional or turbulent. It provides high
heat transfer coefficients.

4. Experimental relationships have been obtained j = f (%) When the values % of the

ratioj are small, they tend towards one.
5. The choice of heat exchanger depends on the specific conditions. It is necessary to
ensure the flow of the heat transfer agents in a turbulent mode within the tube and shell spaces.
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Introduction

Pyrimidines is a well-known class of heterocyclic compounds. They have attracted
considerable attention due to their wide range of pharmaceutical and synthetic properties.
They possess important therapeutic and pharmacological properties and are the most
commonly used heterocycles in medicinal chemistry. Their derivatives are widely occurred in
nature and have antimalarial [1-3], antibacterial [4, 5], antifungal [6, 7], anti-HIV [8], antiviral
[9, 10], antitumour [11], and antiparasitic [12] activity.

According to research, derivatives of dihydropyrimidine-2(1H)-ones may also be used as
antihypertensive agents [13] and a;-adrenergic antagonists [14]. In this regard, the
development of methods for synthesising new dihydropyrimidine-2(1H)-one derivatives and
the investigation of their beneficial properties, with a view to producing safe and highly effective
medicinal products, are the most crucial tasks in modern chemistry.

Nowadays, the development of promising pharmaceutical substrates is typically
performed using one-pot synthesis methods. For instance, the Biginelli reaction [15] enables the
synthesis of 3,4-dihydropyrimidine-2(1H)-ones via a three-component condensation.
Furthermore, the introduction of a steric group into this class of heterocyclic compounds has

© Zh.V. Chirkova, A.S. Karandeeva, N.A. Bogdanova, E.NN. Makarushko, E.V. Volkov, M.V. Samorodova, 2026
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led to the discovery of a number of substances possessing biological properties that are
beneficial to humans [16]. Latter can be achieved by vinylene-aldol condensation of the Biginelli
products with aldehydes, using iron(III) as a catalyst [17].

Over the past few years, the use of iron-catalysed multi-component reactions has
increased significantly. This is primarily due to their availability and the low cost of the catalyst.
Such reactions are generally non-toxic, stable, and environmentally friendly [18, 19]. Applying
these reactions to methyl (E)-styryl-pyrimidine-5-carboxylates makes it possible to expand the
range of compounds of this class and obtain substances with specific desirable properties.

Main body

The starting compounds used were methyl-substituted 4-aryl-6-methyl-2-oxo-1,2,3,4-
tetrahydropyrimidine-5-carboxylates 1(a-d), synthesised via a one-pot three-component
condensation based on the classic Biginelli reaction [20].

Structures 1(a-d) reacted with aromatic aldehydes 2(a-c) in the presence of catalytic
amounts of FeCl;-6H,O (20 mol.%). The reaction was conducted in acetonitrile under reflux for
24 hours. As a result, new methyl (E)-styryl-pyrimidine-5-carboxylates 3(a-g) were obtained
in yields of up to 49% (Scheme 1). Table 1 shows results for compounds 3(a-g).

CHs
0.0 R4 H__O
Hscm FeCly (20 mol. %) 12
—
HN_ _NH +
hig R,

0 bl

1(a-d) 2(a-d)

3(a-g)
1: R, =H (a), R, = Cl (b), R, =F (¢), R; = Me (d); 2: R, = 4-Cl (a), R, = 4-F (b), R, = 4,5-Cl (c);
3:R;=H,R;=4-F(a); R, =Cl, R, =4-Cl (b); R, = Cl, R, =4-F (¢); R, = F, R, = 4-F (d); R, = F, R, = 4,5-Cl (e);
R = Me, R, =4-Cl (f); R; = Me, R, =4-F (g).
Scheme 1

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

Ne Coupling 3 Ry, R; Yield, %
1 a Ri=H,R;=4-F 33
2 b R;=CL R;=4-Cl 21
3 c R;=ClL R;=4-F 27
4 d Ri=F,R;=4-F 49
5 e Ri=F,R;=4,5-Cl 41
6 f R;=Me, R, =4-Cl 28
7 g R, = Me, R, = 4-F 15

The resulting compounds 3 were purified by recrystallisation from isopropyl alcohol.
The structure of the resulting compounds was confirmed by a combination of spectroscopic
analytical methods. In the IR spectra of compound 3, absorption bands were observed for the
NH approximately at 3226 cm™, the C=0 - at 1687 cm™, the C=C - at 1635 cm™, C-O-CH; -
at 1230 cm™', and benzene ring vibrations — at 1601 cm™. In the mass spectra obtained by
electron impact for the three synthesised compounds 3, a molecular ion was observed (Fig. 1).
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Fig. 1. Mass spectrum fragment of compound 3¢

In the "H NMR spectra of the synthesised compounds, characteristic doublets of trans-
protons at the double bond are observed in the range 7.40-7.54 m and 7.84-7.91 m with a
chemical shift of 16.7 Hz; a weakly split signal of the 1-NH proton in the region of 9.20-9.30 m
and of the OMe group in the region approximately at 3.60 m. The complete assignment of the
hydrogen signals of the 3d product was made on the basis of data from two-dimensional
NOESY correlation spectroscopy (Fig. 2).
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Fig. 2. NOESY spectrum fragment of compound 3d
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The NOESY spectrum shows symmetrical cross-peaks from the hydrogen atom of the
1-NH group, the proton of the double bond closest to the pyrimidine ring, the signals from the
H-4 atom, the proton of the 3-NH group, and the ortho-protons of one of the aromatic
substituents. In addition, weak cross-peaks from the second proton are observed at the double
bond with the ortho-protons of the second aromatic ring. In the *C NMR spectra of the
synthesised compounds, signals from all carbon atoms are observed.

Conclusions

A preparative method for the synthesis of new substituted (E)-styrylpyrimidine-5-carboxylates
based on the aldol condensation of 4-aryl-6-methyl-2-o0x0-1,2, 3,4-tetrahydropyrimidine-5-
carboxylates with aromatic aldehydes, catalysed by ferric chloride has been developed. The
structures of all the synthesised compounds have been confirmed by a combination of
physicochemical analytical methods.

Experimental part

We recorded IR spectra in reflected light on a Spectrum Two PerkinElmer spectrometer
at 700-4000 cm™. We recorded the 'H and *C NMR spectra using a Varian Unity Plus 400 MHz
instrument (at 400 MHz and 100 MHz respectively) in DMSO-d; solutions at 30 °C. The solvent
signals were used as internal standards for the 'H NMR (8H = 2.50 ppm) and “C NMR
(6C = 39.50 ppm) spectra. The assignment of the proton signals in the 3d bond was performed
using two-dimensional NMR spectroscopy ("H-'H (NOESY)). We recorded mass spectra on a
FINNIGAN MAT.INCOS 50 mass spectrometer at an ionisation voltage of 70 eV and an
ionisation chamber temperature of 100-220 °C (IOC RAS, Moscow, Russia). We conducted
elemental analysis in the analytical laboratory of INEOS RAS, Moscow, Russia, on a
PerkinElmer 2400 unit. We determined the melting temperature using a Biichi M-560 melting
and boiling point apparatus. We monitored the progress of the reaction by thin layer
chromatography on Silufol 254 UV plates using hexane - ethyl acetate eluent.

The synthesis methods and physicochemical properties of compounds 1(a-d) are
described in [20].

Method for obtaining 3(a-g)

A mixture of dihydropyrimidine 1(a-d) (1 mmol), a substituted aromatic aldehyde 2(a-d)
(2 mmol), iron(III) chloride hexahydrate (0.2 mmol) and acetonitrile (15 mL) was boiled under
reflux for 24 h; after the reaction was complete, the mixture was diluted with water (50 mL),
the precipitate was filtered off, washed with water, and dried in air. It was recrystallized in
isopropanol.

3a Methyl (E)-6-(4-fluorostyryl)-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate:
yield is 941 mg (33%), Ter. is 242-243 °C. IR spectrum, v/cm™: 3234 (N-H), 2948 (vCHs),
1685 (C=0), 1630 (C=C), 1595, 1582, 1504 (CC in Ph), 1228 (C-F), 1093 (v C-O-CH,),
975 (C-H in trans-CH=CH). NMR-spectrum '"H (DMSO-ds, §, ppm, J/Hz): 3.62 (s, 3H, OMe),
5.26 (d, 1H, J=3.5, H-4), 7.21-7.31 (m, 5H, Ph), 7.35 (t, 2H, J=8.4, H-3",5”), 7.47 (d, 1H, J=16.7,
C(a)-H in CH=CH), 7.58 (dd, 2H, J=8.4, 5.5, H-2",6”), 7.83 (s, 1 H, 3-NH), 7.88 (d, 1H, J=16.7,
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C(b)-H in CH=CH), 9.23 (s, 1H, 1-NH). Found (%): C, 68.17; H, 4.86; N, 7.95. C,H,FN,Os.
Calculated (%): C, 68.26; H, 4.92; N, 8.02.

3b Methyl (g)-4-(4-chlorophenyl)-6-(4-chlorostyril)-2-oxo-1,2,3,4-tetrahydropyrimidine-
5-carboxylate: yield is 586 mg (21%), Tmer. 236-237 °C. IR spectrum, v/cm-1: 3226 (N-H),
2948 (v CH?), 1687 (C=0), 1635 (C=C), 1601 (CC in Ph), 1227, 1097 (v C-O-CHs), 976 (C-H
in trans-CH=CH). Spectrum NMR 'H (DMSO-ds, §, ppm, J/Hz): 3.61 (s, 3H, OMe), 5.25 (d, 1H,
J=3.2, H-4),7.30 (d, 2H, J=8.5, H-3,5’), 7.42 (d, 2H, ]J=8.5, H-2’,6’), 7.46 (d, 1H, J=16.6, C(a)-H
in CH=CH), 7.48 (d, 2H, J=8.5, H-3",5”), 7.54 (d, 2H, J=8.5, H-2”,6”), 7.90 (d, 1H, J=16.6,
C(b)-H in CH=CH), 7.93 (br.s., 1H, 3-NH), 9.31 (s, 1H, 1-NH). Spectrum NMR “*C (DMSO-ds,
S, ppm): 51.38,53.23,101.48, 120.20, 128.13 (2C), 128.58 (2C), 128.85 (2C), 129.04 (2C), 132.03,
133.55, 133.79, 134.80, 142.99, 144.97, 152.27, 165.47. Found (%): C, 59.57; H, 4.00; N, 6.95.
C2H16sCLN,Os. Calculated (%): C, 59.51; H, 3.99; N, 7.03.

3¢ Methyl (E)-4-(4-chlorophenyl)-6-(4-fluorostyril)-2-oxo-1,2,3,4-tetrahydropyrimidine-
5-carboxylate: yield is 745 mg (27%), Tmer. 220-221 °C. IR spectrum, v/em™: 3226 (N-H),
2950 (CH3), 1688 (C=0), 1634 (C=C), 1226 (C-F), 976 (C-H in trans-CH=CH). Spectrum
NMR 'H (DMSO-ds, §, ppm, J/Hz): 3.61 (s, 3H, OMe), 5.26 (d, 1H, J=3.5, H-4), 7.22 (t, 2H,
J=8.3, H-3”,5”), 7.31 (dd, 2H, J=8.3, 5.4, H-2",6”), 7.47 (d, 1H, J=16.8, C(a)-H in CH=CH),
7.50 (d, 2H, J=8.5,H-3’,5"), 7.58 (d, 2H, J=8.5, H-2’,6’), 7.85 (d, 1 H, J=16.8, C(b)-H in CH=CH),
7.93 (s, 1H, 3-NH), 9.30 (br.s., 1H, 1-NH). Spectrum NMR "*C (DMSO-ds, §, ppm): 51.37, 53.22,
101.15, 116.0 (d, 2C, Jer=21.5), 119.35 (d, Jer=2.9), 128.14 (2C), 128.59 (2C), 129.30 (d, 2C,
Jcr=8.6), 132.03, 132.48 (d, Jcr=3.5), 134.00, 143.05, 145.16, 152.33, 162.52 (d, Jcr=247.2), 165.52.
Found (%): C, 62.10; H, 4.17; N, 7.24. C,0H,sCIFN,Os. Calculated (%): C, 62.01; H, 4.19; N, 7.28.

3d Methyl (E)-4-(4-fluorophenyl)-6-(4-fluorostyryl)-2-oxo-1,2,3,4-tetrahydropyrimidine-
5-carboxylate: yield is 1.362 g (49%), Tmer. 223-224 °C. IR spectrum, v/cm™: 3240 (N-H),
2953 (v CH;), 1680 (C=0), 1631 (C=C), 1606 (CC in Ph), 1224 (C-F), 1095 (v C-O-CHs;),
972 (C-H in trans-CH=CH). Spectrum NMR 'H (DMSO-ds, §, ppm, J/Hz): 3.62 (s, 3H, OMe),
5.26 (d, 1H, J=3.5, H-4), 7.18 (t, 2H, J=8.8, H-3’,5"), 7.27 (t, 2H, J=8.8, H-3",5”),7.31 (dd, 2H,
J=8.5, 5.5, H-2’,6’), 7.47 (d, 1H, J=16.6, C(a)-H in CH=CH), 7.58 (dd, 2H, J=8.5, 5.5, H-2”,6”),
7.84 (d, 1H, J=16.6, C(b)-H in CH=CH), 7.90 (br.s., 1H, 3-NH), 9.26 (br.s., 1H, 1-NH).
Spectrum NMR *C (DMSO-ds, 6, ppm): 51.33, 53.13, 101.47, 115.30 (d, 2C, Jcr=21.5), 115.97
(d, 2C, Jer=21.5), 119.39 (d, Jer=3.1), 128.19 (d, 2C, Jex=8.6), 129.26 (d, 2C, Jor=8.6), 132.48
(d, Jer=3.1), 133.88, 140.36, 144.97, 152.34, 161.41 (d, Jor. =246.5), 162.21 (d, Jer=246.5), 165.55.
Found (%): C, 64.86; H, 4.35; N, 7.56. C,HcF2N,Os. Calculated (%): C, 64.79; H, 4.42; N, 7.62.

3e Methyl (E)-6-(3,4-dichlorostyryl)-4-(4-fluorophenyl)-2-hydroxy-1,2,3,4-
tetrahydropyrimidine-5-carboxylate: yield is 1.306 g (41%), Tmei. 248-249 °C. IR spectrum,
v/em™: 3238 (N-H), 2949 (vCHs), 1669 (C=0), 1626 (C=C), 1604 (CC in Ph), 1218 (C-F), 1091
(v C-O-CHs), 975 (C-H in trans-CH=CH). Spectrum NMR 'H (DMSO-ds, 8, ppm, J/Hz):
3.61 (s, 3H, OMe), 5.26 (d, 1H, J=3.5, H-4), 7.18 (t, 2H, J=8.8, H-3",5’), 7.31 (dd, 2H, J=8.8, 5.0,
H-2),6"), 7.40 (d, 1H, J=16.7, C(a)-H in CH=CH), 7.52 (dd, 1H, J=8.4, 2.0, H-67), 7.69 (d, 1H,
J=8.4, H-57),7.73 (d, 1H, J=2.0, H-2”), 7.89 (d, 1H, J=16.7, C(b)-H in CH=CH), 7.92 (br.s., 1H,
3-NH), 9.28 (br.s., 1H, 1-NH). Spectrum NMR "*C (DMSO-ds, §, ppm): 51.43, 53.17, 102.23,
115.34 (d, 2C, Jer=21.7), 121.88, 127.06, 128.22 (d, 2C, Jcr=8.3), 128.76, 131.17, 131.22, 131.70,
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132.45, 136.79, 140.23 (d, Jor=3.3), 144.52, 152.25, 161.44 (d, Jor=243.8),165.45. Found (%):
C, 57.03; H, 3.59; N, 6.65 C2H1sCLFN,Os. Calculated (%): C, 57.09; H, 3.52; N, 6.62.

3f Methyl (E)-6-(4-chlorostyril)-2-oxo-4-(p-tolyl)-1,2,3,4-tetrahydropyrimidine-5-
carboxylate: yield is 811 mg (28%), Tmelt. 209-210 °C. IR spectrum, v/cm™: 3221 (N-H),
2951 (v CHs), 1692 (C=0), 1631 (C=C), 1094 (v C-O-CHs), 974 (C-H in trans-CH=CH).
Spectrum NMR 'H (DMSO-ds, §, ppm, J/Hz): 2.24 (s, 3H, Me), 3.60 (s, 3H, OMe), 5.23 (d, 1H,
J=3.4,H-4),7.11 (d, 2H, J=8.5, H-3’,5°), 7.16 (d, 2H, J=8.5, H-2°,6’), 7.48 (d, 2H, J=8.2, H-3”,57),
7.54 (d, 1H, J=16.7, C(a)-H in CH=CH), 7.59 (d, 2H, J=8.2, H-2",6”), 7.70 (s, 1H, 3-NH),
7.91 (d, 1H, J=16.7, C(b)-H in CH=CH), 9.22 (s, 1H, 1-NH). Found (%): C, 65.88; H, 5.00;
N, 7.32. C;;H1sCIN,Os. Calculated (%): C, 65.91; H, 4.99; N, 7.28.

3g Methyl (E)-6-(4-fluorostyryl)-2-oxo-4-(p-tolyl)-1,2,3,4-tetrahydropyrimidine-5-
carboxylate: yield is 421 mg (15%), Tmelt. 220-221 °C. IR spectrum, v/cm™: 3229 (N-H),
2951 (v CHs), 1687 (C=0), 1634 (C=C), 1598, 1586, 1507 (CC in Ph), 1227 (C-F),
1099 (v C-0O-CH3), 974 (C-H in trans-CH=CH). Spectrum NMR 'H (DMSO-ds, §, ppm, J/Hz):
2.26 (s, 3H, Me), 3.60 (s, 3H, OMe), 5.22 (d, 1H, J=3.4, H-4), 7.14 (d, 2H, J=8.4, H-3",5"), 7.17 (d,
2H, J=8.4, H-2’,6’), 7.26 (t, 2H, J=8.6, H-3",5”), 7.46 (d, 1H, J=16.6, C(a)-H in CH=CH),
7.57 (dd, 2H, J=8.6, 5.6, H-27,6), 7.84 (s, 1H, 3-NH), 7.85 (d, 1H, J=16.6, C(b)-H in CH=CH),
9.21 (s, 1H, 1-NH). Spectrum NMR "C (DMSO-ds, 6, ppm): 20.63, 51.26, 53.48, 101.81, 115.85,
116.06, 126.09 (2C), 129.06 (2C), 129.17, 129.26, 132.52, 132.55, 133.63, 136.63, 141.17, 144.67,
152.49, 165.64. Mass-spectrum (EI, 70 eV), m/z (L., %): 388 [M]*(23), 386 [M]*(72), 329 (35),
327 (100), 275 (59), 59(10). Found (%): C, 68.84; H, 5.23; N, 7.65. C2;H1sFN,0s. Calculated (%):
C, 68.41; H, 5.29; N, 7.63.
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Introduction

The benzimidazole ring in the molecule structure is a bioisosteric analogue of indole and
purine nuclei. It contributes to the substance's broad spectrum of biological activity [1-5].
Modification of the 1,2,5,6-positions of benzimidazole with various substituents, ranging from
simple atoms or small groups to complex or cyclic fragments, significantly affects their
biological activity [6]. The presence of an imidazole-annulated terminal heterocycle has a
greater effect. Such condensed benzimidazole derivatives with a nodal nitrogen atom possess
high antimicrobial [7, 8], antifungal [9], antiviral [10], antitumour [11-13], and
anti-inflammatory activity [14, 15]. Therefore, the study of the structural diversity of
substituted benzimidazoles is a topical issue of medicinal chemistry.

Previously [16, 17], we synthesised a benzimidazole derivative containing a morpholine
ring fused at positions 1 and 2 and functionalised it in an SzAr reaction. As a result, a number
of 3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole derivatives were obtained, including do
not described in the literature (Fig. 1).

NO,
(//\ N //\ N //\ N
\/4 NI a N4 a
\\I \N \N
1 2a 2 b NOZ
NO, Br Br
N
\/& 0\/4 Cl \/4 Cl
NN N Ny
3 0, N 5
4 NO,

Fig. 1. Structure of 3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole derivatives: 8-chloro-3,4-dihydro-1H-
[1,4]oxazino[4,3-a]benzimidazole (1), 7-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (2a),
9-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (2b), 7,9-dinitro-8-chloro-3,4-dihydro-1H-
[1,4]oxazino[4,3-a]benzimidazole (3), 7-bromo-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (4)
and 7-bromo-9-nitro-8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (5)

To assess the potential use of these compounds for the development of active
pharmaceutical substances by in silico methods, we assessed the cytotoxic profile and
pharmacokinetic parameters — absorption, distribution, metabolism, and excretion (ADME) —
of the synthesised compounds.

Main body

To predict the cytotoxic activity of the synthesised molecules and assess the effects of
structurally similar compounds described in the literature, an in silico cytotoxicity prediction
procedure was performed using the ProTox 3.0 web server.
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According to the ProTox 3.0 database, all compounds are highly likely to have a
significant effect on the nervous and respiratory systems, but with varying degrees of toxicity.
The probability of a toxic effect on the nervous system for compounds 1, 2a, 2b, 4, and 5 was
0.87, 0.57, 0.55, and 0.87, respectively. The probability value for substance 3 was below the
acceptable range. The probability of a toxic effect on the respiratory system for compounds 1,
2a, 2b, 3, 4, and 5 was 0.94, 0.79, 0.79, 0.77, 0.92, and 0.78, respectively.

Compounds 1, 2a and 4 were characterised by a toxicity level of 4; compounds 2b and 3
were characterised by a toxicity level of 3. Compound 5 proved to be the most toxic, possessing
a 2nd degree of oral toxicity.

The predicted median lethal doses (LDs) for 1, 2a, 2b, 3, 4, and 5 were 1000 mg/kg,
1500 mg/kg, 91 mg/kg, 91 mg/kg, 1000 mg/kg, and 10 mg/kg, respectively. Nevertheless, the
position of the nitro group is altered in compounds 2a and 2b; the LDs, is significantly lower
for compound 2b.

Thus, based on the data obtained using the ProTox 3.0 web server, compounds 1, 2a, 2b,
3, 4 and 5 may potentially have an antitumour effect against brain and lung tumours.

Indeed, for a drug to be effective, the active molecule should reach the target site in the
body in sufficient concentration and remain in a bioactive form for the duration required to
produce the desired biological effects. The drug development process involves the early
assessment of pharmacokinetic parameters during the candidate screening phase. However, the
number of compounds under study is high and access to physical samples is limited [18].

To assess the potential of the synthesised molecules as drug candidates, an analysis of
their pharmacokinetic properties was conducted using software available on the SwissADME
online portal [19].

To visualise the results of the study into the pharmacokinetic properties of the
compounds, Figure 2 shows the ‘Boiled egg’ predictive models. This model enables the
assessment of passive absorption in the gastrointestinal tract and the penetration of potential
drugs into the brain by calculating their lipophilicity and polarity.

Based on the calculated data, the value of the topological polar surface area (TPSA) - a
descriptor used to characterise the ability of drugs to penetrate cells and cross biological barriers
- ranged from 27.05 A? to 118.69 A2 which falls within the acceptable range. As a result, all
compounds can be formulated for oral use due to their high rate of absorption in the human
gastrointestinal tract. Furthermore, all compounds except for compound 3 were predicted to be
capable of crossing the blood-brain barrier, as indicated by the presence of points in the yellow
region. This clearly suggests they could be used for therapeutic intervention in cases of
malignant tumours of the central nervous system. The data obtained correlate with the results
from the previous experiment, in which the probability of toxic effects on the nervous system

was below acceptable levels, specifically for compound 3.
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1 2a
2b 3
4 5

Fig. 2. The ‘Boiled egg’ model for predicting the passive absorption of compounds in the gastrointestinal tract
(white area) and their penetration into the brain (yellow area). The blue dots indicate molecules that are predicted
to be substrates of P-glycoprotein and are therefore actively transported out of the brain or into the lumen of the
gastrointestinal tract. If a molecule is not a substrate for P-glycoprotein, the corresponding point is coloured red.

Furthermore, the results of the calculations for the key pharmacokinetic parameters,
presented in Table 1, show the molecule fully complies with Lipinski’s rule, falling within the
range of parameters expected for a pharmaceutical product, and also has a good predicted
bioavailability index (0.55).
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Table 1. ADME parameters and bioavailability of the test compounds 1-5
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Compound MW (g/M) Donors Acceptors TPSA, A2 Log Po/v BA
1 208.64 0 2 27.05 1.92 0.55

2a 253.64 0 4 72.87 1.29 0.55

2b 253.64 0 4 72.87 1.27 0.55

3 298.64 0 6 118.69 0.65 0.55

4 287.54 0 2 27.05 2.54 0.55

5 332.54 0 4 72.87 1.88 0.55

Abbreviations: MW - molecular weight (less than 500 daltons); donors — number of hydrogen bond donors (no
more than 5); acceptors — number of hydrogen bond acceptors (no more than 10); TPSA - total polar surface area
(no more than 150); Log Po/v - octanol-water partition coefficient (not more than 5); BA - bioavailability
assessment.

We also analysed the data obtained regarding the inhibitory potential of molecules against
cytochrome P450 (CYP) isoenzymes. It plays a key role in phase I metabolism, primarily in the
liver [20]. As shown in Table 2, all the compounds tested demonstrate predictable inhibitory
activity exclusively against the CYP1A2 isoform; inhibition of other clinically relevant isoforms
(CYP2C19, CYP2C9, CYP2D6, CYP3A4) is not predicted. This finding suggests a minimal risk
of significant adverse effects (in particular, cardiovascular and neuroleptic effects, and increased
myotoxicity) associated with these cytochrome P450 isoforms.

Table 2. Pharmacokinetic parameters of compounds 1-5

Compound Inhibition
CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
1 N - - _ :
2a + _ i - :
2b + B - - :
3 N - - : :
4 N - - : :
5 N - - : :

Abbreviations: ‘+” acts as an inhibitor; ‘-” does not act as an inhibitor.

Figure 3 also clearly represents the results obtained. It shows the bioavailability radars for
the compounds under study. It illustrates the compounds’ compliance with drug-likeness
criteria across six key physicochemical properties, including lipophilicity (from -0.7 to +5.0),
size (molecular weight from 150 to 500 g/mol), polarity (from 20 to 130 A?), solubility (no more
than 6), saturation (proportion of carbon atoms in sp’ hybridisation of at least 0.25), and
conformational flexibility (no more than nine rotating bonds) [19]. The molecules agree with
all the necessary criteria, confirming their potential as bioavailable agents. Based on the data
presented in Table 1 and Figures 2 and 3, we assume the compounds possess good ADME
properties and high bioavailability.

Thus, an in silico analysis of the synthesised 3,4-dihydro-1H-oxazino[4,3-a]benzimidazole
derivatives revealed their cytotoxic potential against the nervous and respiratory systems.
It suggests these compounds may be effective against gliomas and lung cancer.
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4 5

Fig. 3. Radar chart of the bioavailability of compounds 1, 2a, 2b, 3, 4, and 5. The graphs show the parameters
LIPO (lipophilicity), SIZE (molecular weight), POLAR (polarity), INSOLO (insolubility), INSATU (unsaturation),
and FLEX (conformational flexibility). The pink area corresponds to the ideal bioavailability values for oral
administration; the red line indicates the actual value for the compound under study.

At the same time, full compliance with Lipinski’s rule, a favourable ADME profile, and
the ability of most compounds to cross the blood-brain barrier confirm the promise of their
further investigation as oral agents, primarily for the treatment of central nervous system

tumours. Those in silico molecular profiling plays a key role in the early stages of drug candidate
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development, enabling the elimination of unpromising structures and the optimisation of
ligands before resource-intensive in vitro experiments are conducted. The use of this approach
demonstrated the value of further biological studies on 3,4-dihydro-1H-oxazino[4,3-
a]benzimidazole and suggested that these compounds are the candidates for potential

anticancer agents.
Experimental part

In silico assessment of the toxicological and cytotoxic profile of condensed
benzimidazole derivatives 1-5.

The toxicological and cytotoxic profiles of the condensed benzimidazole derivatives 1-5
were assessed using the ProTox 3.0 web server (https://tox.charite.de). This program uses
molecular similarity models and machine learning to predict 61 toxicity indicators, such as
acute toxicity, organotoxicity, clinical toxicity, molecular initiating events (MIE), adverse effects
(Tox21), a number of other toxicological endpoints, and non-target toxicity parameters [21].

In silico assessment of the toxicological and cytotoxic profile of condensed
benzimidazole derivatives 1-5.

The pharmacokinetic properties of the condensed benzimidazole derivatives 1-5 were
analysed using software from the Swiss Institute of Bioinformatics, available on the SwissADME
online portal (http://www.swissadme.ch) [19].

The SwissADME program is based on a combination of empirical models, quantitative
structure-activity relationships (QSARs), and physicochemical descriptors for predicting the
pharmacokinetic properties of small molecules. It integrates algorithms such as BOLED (for
assessing lipophilicity based on logP), iLOGP (a physical model based on free energy), the
Lipinski, Ghose, Weber and Muegge rules for assessing drug-like properties, the models for
solubility, absorption (including Caco-2 and P-gp), hepatotoxicity and synthetic accessibility
(SAscore). These methods rely on extensive databases of experimental data and machine
learning.
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