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CBOVICTBA 4-HUTPO3OIIMPA30J/IOB C IIEPOTOPAJTIKMIbHBIM
3AMECTUTEIIEM

E. B. Poor"? A. A. Kykymkun®, [I. C. Bonkosa*, K. 0. Kyunna',
T. B. Ilonnenxko', A. B. O6epeHko’

EBrenmit Bnagumuposuy Poor, k.x.H., 3aBenyromuit kadenpoit OXT; Anekceit AmekcanapoBud KykymxkuH,
K.X.H., foueHt; [lapba CepreesHa Bonkosa, M.H.c., acnupanT; Kcemma IOpneBna Kyumna, marucrpanr;
Tarpana BukroposHa ITonnenko, Marucrpant; AHgpeit Buranbesnu O6epeHKo, K.X.H., JOLeHT.

'OTBOY BO «Cubupckuit roCyfapcTBEHHDINI YHUBEPCUTET HAYKM U TEXHONOTMIT VMEHM aKafjeMuKa
M.®. PemetHeBa», 660037, Poccus, KpacHosipckmit kpait, r. KpacHospck, nmpocm. uM. rasetst "KpacHospckui
pabounit’, . 31; kudina.ksusha@ya.ru, polienkot27@mail.ru

2®IBOY BO «KpacHOApCKMit TOCYIapCTBEHHBII MeIMIMHCKITT yHUBEpCUTeT UM. Tipod. B. ®. Boitro- cenerkoro»
Mmunsgpas Poccun, 660022, Poccusa, KpacHospckuit kpaii, . KpacHospcek, yn. Ilaptusana JKenmesHska, m. 1;
rootev@mail.ru

*®TAQY BO «Cubupckuit denepanbhbiit yHuBepcuter», 660041, Poccns, Kpacnospckmit kpait, T. KpacHospck,
up. CBobopHbI, 1. 79; alekseykukushkin@bk.ru, aoberenko@sfu-kras.ru

‘AHOO BO «Yumpepcuter «Cupnyc», HaydHbpII meHTp TpaHCIALMOHHON MeguUVHBL, 354349, Poccus,
KpacHomapckmit  kpait, ¢enepanpHas Tepputopus «Cupuyc», OnuMMOMICKMII —OPOCHEKT, H. 1;
dasha_21_dasha@mail.ru

Knrouesvie cnosa: Annomauus. B pabome uccnedyemcs cmpoerue u GusuKo-xumuseckue cé0iicmea
HUMPO30C0eOUHEHUS; HUMPo30NUPa3sonos ¢ nepdmopankunvHvimu samecmumenamu. Ocoboe 6HUMAHUE
KOHCthanma yoensemcs BAUAHUIO AMOMO8 mopa Ha PUIUKO-XUMUUecKUe CB0Lcea
xucnomuocmu; AMP- coedunenuti u ux xkucnomuocmo. Cywecmeosanue Oumepa 4-Humpo3onupasonos
CNeKmpocKonus; noomeepxcoaemcss  MIK-cnexmpockonueii. IIpu  ycmauoeneHuu  cmpoeHus
xpomamo-macc- PpasmenmayuoHHbIX UOHO8 MAcc-cneKmpa Obll0 NPeononoieHo, 4mo pacnad
cnekmpomempus; coeduHeHUTi COnposoroaemcss a3upuouHosoti nepeepynnupoexoii. Onpedenenrue
nepgmopankunvHvle pKa 0ns cunmesuposanmvix 2udpoKcUUMUHO-B-0UKermoHo8 U HUMPO30NUPA30708
samecmumen nposoounu cnexmpogomomempuneckum memoodom. Onmuueckyr HAOMHOCMb

pacmeopos onpedenanu Ha cnekmpopomomempe. Koncmanmy xucnomuocmu
onpedensinu epagu1eckum u AHATUMUYECKUM Memooamu.

IOnsa uutuposanusa: Poot E.B., Kykyuikun A.A., Bonkosa [I.C., Kyunna K.1O., [Tonnenxo T.B., O6epenko A.B.
CBolicTBa 4-HUTPO3OMMPA30TIOB € TepPTOPATKMUIBHBIM 3aMecTuTeneM // Om Xumuu K mexHono2uu uaz 3a mazom.
2025. T. 6, Bom. 1. C. 8-14. URL: https://chemintech.ru/ru/nauka/issue/5879/view

BBenenue

[Iupason sBnsgercs OAHUM U3 Hambolee PacIpPOCTPAHEHHBIX TIeTePOIVIKINYECKUX
COCNVHEHMII ¥ HallleJl CBOe IIpYMEHEHVe B KadeCTBe IIPOTMBOIPUMOKOBOTO CpefCTBA B
arpONpPOMBIIIIEHHOCTY U Mopaudmkaropa pasnmyHblx Marepuanos [1-3]. Hamame
HUTPO3OTPYIIIbI B TAKOJ MOJIEKYJI€ ITO3BOJIAET IT0/Iy4aTh pa3/IMyHble OpraHNYeCcKIe BeeCTBa,

© E. B. Poor, A. A. Kykymkus, [I. C. Bonkosa, K. 0. Kyunna, T. B. ITomnenko, A. B. O6epenxo, 2025
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MEHSATD X QYHKIMOHATbHBIE TPYIIIBL, TPV 9TOM U3MEeHss1 OMOIOTMYeCKyI0 aKTUBHOCTD [4-7].
[To 3TOJ mpuUuMHE CUMHTE3 M VICCHIeOBaHME CBOVICTB HUTPO3ONMPA30/TIOB C Pa3INYHBIMU
GyHKUMOHATBHBIMYU — IpynmaMy  [8] sABisgeTcss WHTEpeCHON 3ajjauell  CUHTETHYecKON
OpraHM4ecKoyl Xummu. Tak, BBefileHuMe aTOMOB (TOpa B OOKOBYIO ILellb 3aMeIleHHOTO
HUTPO3ONMpPA30la YacTO MCHOIb3YeTCs I TOYHOTO M3MEHeHMS (PU3MKO-XMMUIECKUX
CBOJICTB TaKMX COEVHEHMIl: M3MeHeHNe 3HadeHuil pKa ¢QyHKUMOHAIBHBIX TPYIIL,
HOBBILIEHVE CTAOVIBHOCTH, 9 HEKTUBHOCTY ¥ BOSMOXKHOCTY CEIEKTVBHOTO MCIIOIb30BAHS
BemecTBa [9, 10]. Bce aTo0 cBsI3aHO ¢ BBICOKOT MPOYHOCTHIO cBsi3u C-F 1 ee momsipHOCTBIO.

Panee HaMu ObLIN CUHTE3MPOBaHbI 3(5)-(tnoden-2-un)-4-untpo3o-5(3)-
(rpudropmerwn)-1H-impason, 3(5)-dpennn-4-uutposo-5(3)-(rpudpropmernn)-1H-mmpasorn,
3(5)-(madTammu-2-mn)-4-HuTpo30-5(3)-(TpudTopmernn)-1 H-nupason, CTpoeHre KOTOPBIX He
Ob110 foKasaHo. Llenbio maHHOI pabOTHI SIB/IAETCA [JOKAa3aTeIbCTBO CTPOEHVS M VI3yYeHMe
CBOJICTB NOJYyYeHHBIX paHee HUTPO3OIMPA30TIOB C Iep(PTOPAIKIILHBIM 3aMeCTUTENIEM.
OpHMM U3 CBOJICTB, XapaKTePU3YIOIUX MePy XMMIYECKO aKTUBHOCTY COSVIHEHIS, ABJIAETCS
CIIOCOOHOCTb OTJABaTh NPOTOH, MMeOIIasi KOMMYECTBEHHOE BBIpaXKEHUe depe3 II0Ka3aTeslb
kucnotHocty (pKa). B manHOI paboTe KOHCTaHTY KMC/IOTHOCTY OIpefie/isin rpadpudeckum u
aHAIMTUYECKUM MeTofiaMM. [l [oKas3aTe/lbcTBa CTPOEHVS CHHTE3VPOBAHHBIX COENVMHEHMUI
6bumm 3ammcanbl cnekTpel SIMP 'H, SMP "“C, VK-cnekTpbl, XpoMaTo-Macc-CIIeKTPBbI,
Y®-crieKTpHl 1 OIIpefie/ieHa TeMIlepaTypa IUIaBIeHNs IOTyYeHHBIX IIPa30JIOB.

OcHOBHasA 4acTh

Panee wHamMm HutposumpoBaHumeM f-gukeroHoB 1 (a-c) ¢ mocmepyromieit
IVIKTTOKOH/IeHCalyeil 00pasylomyxcs Non@ToOpMpOBaHHBIX OKCUMOB 2 (a-c) BIepBble ObUIN

HOJTy4eHbl HuTposonupasonsl 3 (a-c) [11] (cxema 1).

o o _ NaNoO, HANNHHO oF
3 R
RJ\/U\CF3 CH,COOH J\H)J\ 3 CZH5OH ﬁ ﬁ/

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

1,2,3a - R=2-tnennn, b - R = Ph, ¢ - R = 2-nHadtun

Cxema 1. Hurposuposanue nompTopupoBaHHbIX 3-A1KeTOHOB

[Tony4yeHHble coenvHeHus 3 (a-C) MPeACTaBIAIT cOO0I KPUCTA/UIBI 3€JIEHOTO Y CUHe-
3€/IEHOTO 1IBETOB.

B Y®-criekTpax cHTE3MPOBAaHHBIX 4-HUTPO30MNPa30/IoB 3 (a-C) IPUCYTCTBYIOT TOIOCHI
norjoueHus B obmactu 713-716 HM, XapaKTepHbIe /1A 1-7* Tepexojia HUTPO3OTPYIIILL.

J1st coenyaenmit 3 (a-c) XxapakTepHbI Tpu TayToMepHBIX popMmbl A, B u C (cxema 1). B To
e BpeMs IS TUAPOKCUMMUHHOro TayroMepa C BosmoxHa E,Z-usomepus (puc. 1).

Puc. 1. E,Z-usomepusi rufpoKcuUMMmHHOrO tayroMepa C coegunennii 3 (a-c)
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CywecTtBoBaHMe  JuMepoB  4-HuUTpo3ommpaszonoB 3 (a-c)  IOATBEP>KAEHO
VMK-cnekrpockonueit. B VK-cnekrpax momydeHHbIX coegvHeHuit 3 (a-c) Habmromarorcs
XapaKTepYCTUYEeCKe IOJIOCHI IIOIVIOLIeHVI HUTPO3OTPYIIBI [UIA Uuc-T¥Mepa B 001acTu
1414-1390 cm'!, a coOTBEeTCTBYIOIINE ITONIOCHL Mpatc-dopmel mpu 1300-1250 cm™! OTCYTCTBYIOT.
I'mppoxcunMuHHoOM rpymnie coepyHennit 3 (a-c) coorBercTByioT mukn 3512-3501 cm™! (NOH),
956-936 cm’ (N-O), B ToXe BpeMs CUTH&I HUTPO3OIPYNIBbI 3apuKCUpOBaH B 00/1acTy
1606-1601 cm', 4yTO TaKXe J[OKa3bIBaeT HAXOXXJeHMe 4-HUTPO30mMpasonoB 3 B Tpex
TayTOMepHbIX popmax (cxema 1).

Ha cnekrpax, momyueHHbIXx MerofoM LCMS, 3aperucTpupoBaHbl HUKU m/z [AA
coenyHeHns 3a — 494.01, 3b - 482.09, 3¢ - 582.12 c nHTeHCUBHOCTBIO 100%, COOTBETCTBYIOIIVE
[YMepaM ITOJTy4eHHBIX HUTPO30MIPA30IoB (puc. 2).

Haxoxpenne pumepa B ¢opme (I) BO3MOXHO M3-3a HamM4Ms HEMOJETEHHON
37IEKTPOHHOJI Tapbl Ha aTOMe a30Ta HUTPO3Orpynmbl coeguHeHnit 3. OgHaKo TeMieparypa
npoBefenns peakyuu (75 °C) Mana [yist pa3psiBa KpaTHolt cBsi3u N=N, ob1ajaoieit sHeprei
420 x/Ix/monb. Takke cBA3M a30T-KUCIOPOJ, CEMUIIOAPHBIE, T.e. HA KAKMIBIN aToOM a30Ta
JIOJDKEH IIPUXOJAUTHCS IIO/HBIN IIOMIOKUTENIbHBIN 3apsAl, II09TOMY 0OpasoBaHMe KpaTHON
KOBQJICHTHOJI CBSI3M MaJIOBEPOATHO. TakyM 06pasoM, CTPyKType AMMepa IpucBoeHa ¢popma

(IT), npexcTaBneHHas Ha puc. 2.

o
N” F.c— N\ ~R Fst\(\\R F.c- N ~R  F,c-A~R

RALCF N-O N-O e N=0 N-O
\ =] oN T Mo | T N-o T =0
—NH - - -

H " H H 0) H
Puc. 2. [IJuMepsl 0Ty4e€HHBIX HUTPO3OIMPA30JIOB 3

[Tpy momomu I'’X-MC saperncrpupoBaHbl MOJIEKY/IAPHbIE MOHDI BCEX CMHTE3VIPOBAHHBIX
4-Hurposonupasonos. Ha puc. 3 mpepcrasieH npeponaraeMblil pparMeHTalMIOHHBIN pacriag
coenuHeHnit 3 (a, b), KOTOPBII MOXKET MPOTEKATh IO TPEM HAINPABICHMUAM /IS KaX/OTO U3
YKa3aHHbIX COeVIHEHUIA.

/ \ CF, CF,

/ \ \ MO NO .\, CF3
S % F W
+ N O -
N

\

l

W .\ o
W\V
Puc. 3. [IpeanonaraeMslit pparMeHTalMOHHBIN pacnaf coenyHennii 3 (a, b)
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[Ipu ycraHOBNIeHUN CTpOeHUA (PparMeHTAIVIOHHBIX MIOHOB OBbIIO IIPEJIION0XKEHO, YTO
pacmaj; coefilHEeHNI1 COIIPOBOKAACTCA a3 PUAVHOBOI eperpynnuposkoit (puc. 4) [10].

. ON . ON
~ 0 V-
CO-co™-C v

Puc. 4. AsupunyHoBas neperpynnuposka 3(5)-(Hadramn-2-m)-4-auTposo-5(3)-(rpudropmernn)- 1 H-nupasona 3¢

[l mokasaTesbCcTBa CTPOEHNS ITONTYYEeHHBIX BelllecTB ObUIY 3amycanbl crektpsl SIMP 'H u
SIMP BC. B SIMP 'H cniektpax 3(5)-(tnoden-2-wmi)-4-autpo3o-5(3)-(tpudropmerw)-1 H-pasorna
3a, 3(5)-benun-4-unrtposo-5(3)-(rpudropmernn)-1 H-nmupazona 3b, 3(5)-(nadrammu-2-m)-4-
HUTP030-5(3)-(Tpudropmernn)-1H-nnpasona 3¢ B obmactu 7.03-8.83 M.z1. 3aperncTpupoBaHbl
CUTHA/IBI aTOMOB BOJIOPOJa apOMATMYECKUX KOJIell, KOTOpble OTHOCATCA K TUEHMIbHOIL,
¢dbeHnnbHOI U HaTAIMHOBOJ TPYIIIIAM, COOTBETCTBEHHO. B 60ree cmaboMm 1mose B 06/1acTut OT
8.83 m.z1. o 15.15 M.z1. 6B OOHAPY>KEeHBI CUTHA/IBI aTOMOB BOZIOPO/ja MMPA30JIbHOTO IVIKIIA.
Teoperuueckoe pacIioyoXXeHye CUTHAJIOB IIPOTOHA COOTBETCTBYET IHOTYyYeHHBIM NAHHBIM.
CTOUT OTMETUTb, YTO B KaXKJOM CIIEKTpe OBIIO OOHapyXeHO 4-KpaTHOe YBeIndyeHue
KOJIYeCTBa IIPOTOHOB, YTO CBSA3aHO C BO3MOXKHOCTBIO KOJIbYATO-1L[EITHO TayTOMEPUIL.

B SIMP “C cnexTpe CMHTe3MpOBaHHBIX BellecTB 3 (a-c) ObUIM OOHApY>KEHBI CUTHAJIBI
BCEX aTOMOB YIJIEPO/ia, HAXOMAIMXCA B MOTyYeHHBIX MOJIEKY/IaX OPTaHNYIECKIX COeVIHEeHIL.
Haubonpiuye xyMudeckme COBUTM MMEIOT NMKM, OTHOCSLIVECS K YE€TBEPTUYHBIM aTOMaM
yriaepona.

Bo Bcex 'H-PC HSQC crmekTpax 4-HUTpO30MMpasosnoB 3 HPUCYTCTBYeT 2 Habopa
CHUTHAJIOB, OTHECEHHBIX K OIITMYECKVM M30MepaM COefIIHEeHNIA.

[l MccmeoBaHNA CBOVICTB IIO/Ty4€HHbIX COeIMHEHNT ObUIM OTIpefie/IeHbl X KOHCTaHThI
kucnotHoctu (pKa).

VccnenoBanye KMCIOTHOCTM [UIA psAfa CUHTE3UMPOBAHHBIX TPUQPTOPCOREPIKAIIX
OKCUMOB [3-IMKETOHOB 2 ¥ 4-HUTPO30IMPA30/IOB 3 MPOBOANUIN CIHEKTPOGOTOMETPUYECKUM
merogoM mpu 25+0,1 °C B docdarHbix OydepHBIX pacTBOpax Hjsf COefMHEHMIT 2 U B
OUTPATHBIX s CTPYKTYp 3 [12-15]. OnTmyeckyo IVIOTHOCTb PacTBOPOB OIpefessiIif Ha
criekTpodoToMeTpe B MHTepBaste At BomH 320-510 HM. Paboyast KOHI[eHTpauusi CIMPTOBBIX
PacTBOPOB UCCIeAyeMbIX coefiuHernit 10 Monb/.

[/t onpenienieHNst aHAIUTUYIECKUX [JINH BOJIH COeMHeHut 2 U 3 Ha criekTpodoTomerpe
noTy4any rpadyk 3aBUCMMOCTY ONTUYECKOIT INTOTHOCTY (D) oT mimHbl BonHEL (A). [Tocre yero
TOTOBWIM cepuio OydepHBIX pacTBOPOB, 3HAYEHME OITUYECKON IUIOTHOCTM KOTOPBIX
OTIpeJiesIsIN 1O JIHE BOMHBI € Dyaxe B 0.2H NaOH (A = 325 um).

[Tonyyennsie pKa coenvHeHuit 2 u 3 npuBefieHs! B TaO/I. 1, B KOTOPYIO [JIsI CPaBHEHUSA
BK/IIOUEHBI C/IefyIOLIVie COeNVHEHN: alleTWIAleTOH, TPUQPTOpaLeTWIAleTOH, COefNHEeHN
1 (a, b), Hesamemjennsit 1 H-nmnpason, 3,5-gumeTnn-4-untpo3o-1 H-nupason n 3-(nadranmu-
1-mn)-4-autposo-1H-niupason [16-21].
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Ta6muua 1. KoHCTaHTBI KMCTOTHOCTI

CoenyHeHne R! R? R? PK.
AnermmaneToH - - - 8.93
TpudTroparerniaeron - - CF; 6.79
la THOdeH-2-11 - CF; 6.35+0.03
2a THO(EH-2-11 NOH CF; 5.61+0.05
1b bennn - CF; 6.54
2b dbennn NOH CF; 5.61+0.03
2c HadTamMH-2-11 NOH CF; 5.87£0.06
IInpason - - - 14.21
JVMeTMITHUTPO30NIMPa30T CHs NO CH; 9.14
3a tnodeH-2-un NO CF; 3.50+0.04
3b bennn NO CF; 3.52+0.04
Hadramuuanrtposonnpason Hadramnu-1-m1 NO - 8.41+0.01
3¢ HaQTaMMH-2-U1 NO CF; 3.74+0.04

B xopne skcnepuMeHnTa NOMy4any 3HAYEHMA MOHM3ALMIOHHOTO OTHOLIEHMA I, KoTopble
IPEeJICTaBIIAI0T COO0I OTHOLIEHNA KOHIJEHTPALVIL HUTPO30IMPA30/IAT-MOHA K KOHIL[EHTPaLuy
HeJVICCOLMMPOBAHHOM (OpPMBI B 3aBUCHMOCTM OT BemmuumH pH pacrBopos. Ilocne sroro
paccunTbiBany 3HadeHus lgl mpu kaxxom 3HadeHuy pH 6ydepHbIX pacTBOPOB He MeHee 5-6 pas
TaK, 4TOOBI OHM IIEPEKPBIBAIM OOTACTb, B KOTOPOJ HUTPO3OIMPA3OJIbl MOHU3UPOBAHbI
HaIlOJIOBUHY.

Ha rpadmxe pma  3-(tmodeH-2-wmn)-4-HnTposo-5-(rpudropmernn)-1H-mmpasona
3aBUCUMOCTS Igl ot pH okasanach MMHEHOI ¢ TAHTeHCOM YITIa HaK/IOHA MPSIMOII, O/IM3KUM K
emvHuLe. ClefoBaTeNbHO, MBI HAOMIOaeM IIPOIeCcC MOHM3ALUM MOJIEKYNI, U 3TOT IIPOLecC
onuceiBaeTcs ypasHenueMm: Igl = pH - pKa.

Tax kak 3HaueHue pKa Io4YTY 4MCIEHHO PaBHO 3HadYeHMIo pH pacTBopa, MOXHO clienaTh
BBIBOJI O IIPYICYTCTBMM IPOTOHMPOBAHHO U IETIPOTOHVPOBAHHON POpM coefiMHeHnit 2 1 3 B
PaBHBIX KOHLIEHTpalAX.

[Iupason sABnAeTca aM(OTEpHBIM COeAVHEHUEM, B KOTOpOM atoM N - IeHTp
OocHOBHOCTH, a NH-rpynmna - xucnornoctu. OgHaxo, sHadeHne pKa He3aMeIeHHOTO MPa3oa
cocraBysier 14.21, 4TO TOBOPUT O OOJBIIEN NPOSBIEHHOCTV KUCIOTHBIX CBOVCTB. VITak,
CpaBHMBaA 3HaueHUA pKa, MOXXHO CielIaTh BBIBOJ] 00 yBe/IM4eHNM KMCTIOTHOCTY COeVHEHMIT,
cofiepkamux (rop, MO CpaBHEHMIO C MX He(PTOPMPOBAHHBIMYU aHAJOramu. Tak, Hampumep,
BBeficHIEe TpUGPTOPMETIIBHOTO 3aMeCTUTeNIA B MOJIEKY1Ty HadTaIMHHUTPO3ONMMpa3osia
3HA4YUTENbHO CHIDKaeT pKa ¢ 8.41 no 3.74. BeefieHMe TUIpOKCUMMUHOTPYIIIBL B COEIVHEHNA

1 (a, b) yBenmmuuBaeT KucnoTHOCTD CTPYKTYp 2 (a, b) Ha = 1.
3akmo4enne

Bb110 M3y4eHO BusiHue TepHTOPUPOBAHHOTO 3aMECTUTENsI Ha KOHCTAHTY KMC/IOTHOCTI
COeIMHEHMI: BBeJeHNME B MOJIEKYlTy 3aMeCTUTeNd, COfiep>Kaliero (Top, IOBBIIIAET
KUCTOTHOCTD BelllecTBa. B pe3y/nbTaTe MCCIEOBaHMII BIIEPBble YCTAHOBJIEHO CTPOEHNE
CUHTe3VPOBAaHHBIX coemyHeHMil 3 (a-c), YCTaHOBJIEHO HaIM4Me MWM30MEPHBIX (opM
OTHOCUTE/IbHO HUTPO3OTPYIIIIBI ¥ 3aMECTUTENEN B 3 U 5 IIO/IO>KEHMSX.
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IKcnepuMeHTalbHAas 4acTh

Coextper 'H, "C JAMP u 'H-PC HSQC 3apeructpmpoBansl B KpacHospckom
perMoHa/IbHOM ILieHTpe KoinektupHoro nosnb3oanua OV KHI CO PAH na ®ypbe-
cnektpomerpe Bruker Avance III ¢ wacroror 600 MIrn (1509 MIn), ocHameHHOM
JyBCTBUTE/IbHBIMI TeIVIeBBIMY 30H/IaMM iaMeTpoM 5 MM 1 1.7 MM. B kadecTBe BHYTpeHHET0O
cranpapra npumerneH TMC.

XpoMaTo-Macc-CneKTpsI morydeHsl Ha mpubopax ISQ 7610 Single Quadrupole GC-MS n
Shimadzu LC/MS-2020. B xauecTBe mogBIOKHOT (asbl IPYMEHSIV METVJIOBBIN cIIupT. Merton
MOHM3auMN — 91eKTpoHHbIi yaap (EI).

VK-cnextpnl perucrpuposamuch Ha MK @yppe-cnexrpomerpe OT-801 (FT-801)
«CVIMEKC» co cnekTpanpHbIM iuanazoHoM ot 450 1o 5700 cm™'.

Y®-cnexTpsl perucrpupoany Ha crekrpoporomerpe HELIOS OMEGA, ocHameHHOM
BO/Ib)pAaMOBO-T/IOTEHHOJ JIaMIIO}, B KBaplLeBBIX KIOBeTaX AMaMeTpoM 1 cM 1pu
KoHueHTparuu 1-10* mosne/n g 200-400 HM u KoHLeHTpanyy 1-10% mons/n g 400-800 HM
B 9TaHOJIE.

Temmepatypbl IIaBlIeHNs ONpefe/siMM B OTKPBITBIX Kamwuisgpax Ha mpubope ITTII
(TY 25-11-1144-76).

Hutposommpasonel ¢ nepdTOpalKMIbHBIM 3aMecTuTesieM 3 (a-c) IOIy4eHBl IO
Mertopuke [11].
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Kniouegvie cnosa: Annomauus. ILlenvio Hacmoawieil pabomvl A6AAEMCA UCCIE008aAHUE NPOLECCA

KomMneKcoobpaszosanue, Komnaekcoobpasosanus 6 ecemepozentoti cucmeme Cu(0)-Cu(Il)-umudaszon-8oda

OKUCIUMENbHAS Knaccuueckum memooom oxucnumenvrozo nomenyuana Knapxa-Huxonvckozo npu

PyHryus, memnepamype 288,15 K u uonnoii cune pacmsopa 1,0 monv/n. Ycmanosnexo, 4mo 6

OKUCTIUMENbHDLLL amoti cucmeme 00pasyromcs cnedyrouue koopourayuortovie coeourenus: [Cu(HL),J*,

nomeHuuan [CuHL(OH)J*, [Cu(HL),(OH)J**, [Cu,(HL),(OH),J*, [Cu,(HL),(OH);J*". IIpouecc
KOMN/IEKCO06PA308aAHUS NpomeKaem 6 00CMamo4Ho wupokom unmepsane pH om
1,0 00 10,5.

Ina puTupoBaHus:

Bo6onasapsoga I.B., Hdasmarmoesa J[x.A., Paxumoa M., I'ypumes M.O., Mupammusoma P. ITporeccst
koMIUtekcoobpaszoBannsa Cu” ¢ umupasonom // Om xumuu k mexHonozuu wiae 3a wiazom. 2025. T. 6, Beim. 1. C. 15-21.
URL: https://chemintech.ru/ru/nauka/issue/5879/view

BBenenue

B mocnmenHme roppl yCIeIIHO pa3BMBaeTcs OMOKOOPAVHALMOHHAs XM, KOTOpas
M3ydJaeT B3aMMOJEVICTBIE MEX/Y OMOMOTMYEeCKY aKTUBHBIMI «MeTa/UIaMI XKV3HI» U He MeHee
AKTUBHBIMYM  JIMTAHJAMY, HANPUMEDP, AMUHOKMUCIOTAMM ¥ TENTUIAMIA.  BakKHbIMU
OMOMOTMYECKMY JIUTAHJAMM SIBJISIIOTCSI MMUMIA30/T UM €r0  IPOM3BOJHbIE, UTPAIOIIINe
3HAYNUTETIBHYI0 OMOXMMMYECKYI0 pO/Tb B CHUCTEMAX, COMEPIKAIMX KOMBLIO MMUJA30/Ma, U
CIIOCOOHBIE JaBaTh C MOHAMM META/UIOB YCTOIYMBbIe KOMIUIEKCHBIE coefyHenws [1-3]. Vicxops us
3TOrO, Iepef; HaMM CTOsUIA 3ajiada — MCCIEHOBATh IIPOLECCH 0OPA30BaHMsI KOOPAMHAIMOHHbIX
coequuennit Cu(Il) ¢ mmMmmasonom.

AHanmu3 [aHHBIX JIATEPATYpbl IIOKAa3bIBaeT, YTO CBENEHMII O MONMSJEPHBIX,
CMeIIaHHOBATIEHTHBIX, TeTEPOBATEHTHBIX KOMIUIEKCax Menu, Bkmodamoumx Cu' n Cu** B

© I'.b. Bobonasapsopna, I[x.A. [Tlapnartiioesa, M. Paxumosa, M.O. I'ypues, ®. Mupamunsona, 2025
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OT XHMHH K TEXHOTOTHH TOM 6, BBINYCK 1, 2025

BOJHBIX PaCTBOPAX Pa3/IMYHbIX IIO/IMIEHTATHBIX INTAHIOB He 0OHapy>keHo. OOpasoBaHye TaKMX
COeVIHEHNIA, TT0-BUIMIMOMY, BO3MOYKHO IIpY BBICOKMX 3Ha4eHUAX pH, a Takke mpu ycrmoBun
COBMECTHOTO IIPVICYTCTBUS B peaKUMOHHON cpene uoHoB Cu** m Cu'. 3amernm, 4to 00
M3y4eHUN IIpoljecca KoMIUleKcooopasoBanusa Cu’’ B BOJHBIX pacTBOPaxX MMU/IA3071a METOZOM
OKVIC/TUTE/IbBHOTO IOTEHI[MA/IA CBeeHM TaK JKe OTCYTCTBYIOT.

V3BectHo [4], uto coemunenus Cu(l) HepacTBOpMMBI MMM MalOpacTBOPUMBI B BOJE, a
coepunenns Cu(Il), B obmem, ycroitumsbl. Coemmuenuss Cu(l) sierko OKUCIAIOTCA U
pasaralTcs npy HeOOJIbIIOM HarpeBaHMM VI BO3JEICTBMUM CBeTa Ha mpomsBogHble Cu(ll).
B pacTBOpax MeX/y BCeMM BO3MOXKHBIMU COCTOSHUAMU Mey YCTAaHABIMBAETCA PaBHOBECHE.
Hanpumep, mpy CONpMKOCHOBEHMM METAa/UIMYECKOVl MeAy C PAacTBOPOM YCTAHAB/IMBACTCS
crefyrolliee paBHOBecCHe:

Cu’y + Cu**(y « 2Cu’ ), (1)

31eCh U Jjajiee: s — TBEPA0e COCTOsIHME, | — )KMIKOe, a st — pacTBOpP.

KoHcTaHTa paBHOBECHS pEakIMH, MPOTEKawomiei mo ypaBHenuio (1), B wacaabHOM
ciIydae JOJDKHA OBITh paBHA:

2
K = £ — 6.04-10~7 monb/x. 2)
Acyz+

Vonpr Cu' mmeror koHdurypammio d'°, a Cu’* - d°, mosTomy cormacHo IpUMHATHIM
IpefiCTaB/IeHNAM [5], B BOZHBIX pacTBOpPAax 3TI VIOHBI CYIECTBYIOT B BUJie aKBAaKOMIUICKCOB
[Cu(H,0)4]* m [Cu(H20)6]*". O Cut xapakTepHbl KOOpAMHALIMOHHBIE uncia 2 u 4, a Cu®* - 4
un 6. Cu(Il) moxer ¢opmupoBarh Kak KaTMOHHBIE, TaK U aHVOHHbIE KOOPAMHALMOHHBIE
COeNVHEeHMSL.

O6paszoBaHMe KOMIUIEKCHBIX YacTHUII B PacTBOpax OOBIYHO IIPOTEKAeT CTYIEHYATo,
IIOCTeTIEHHO MOJIEKY/IbI BOIBI B aKBAKOMIUIEKCE 3aMEIAl0TCs Ha JIurauy [6]. B akBakomiexkce
[Cu(H,O)s)**, Hampumep, NpoMUCXOAMUT ObICTpas BHYTPUMOJIEKYSIpHasA TpaHchopMarysa
TeTParoHaJIbHO CTPYKTYPBI, BCe IIOJIO>KEHMSI CTAHOBATCSA SKBUBAIEHTHBIMM, TaKMM 00pa3soM
OCYIIeCTB/IACTCS OBICTPBII OOMEH JIMTaH/IOB.

OcHoOBHasA 4YacTh

Hamm musydena oxmcnurenbHO-BoccTaHoBuTenbHas cucrema Cu(0)/Cu(ll) meromom
OKVICTIUTEeNNbHOTO noTeHnmana [7, 8]. IIpu aToM Ha 3/1eKTpofie yCTaHaBIMBAETCA ClIefyloliee
paBHOBecue:

Cu** + 2e > Cu(Hg). (3)

B KOOpAMHAIIMOHHBIX COEAMHEHUAX TeTePOLMKINYECKME CTPYKTYPbI, cojep Kalne
VIMIZIa307IbHOE SI/IPO, BBICTYIIAIOT B KaUeCTBe MraHzia. PaccMoTpuM MomeKyy nmmpasona (puc. 1).

4 3 5 1
S {{‘l : Y NH
4
1 N ) 2 B N /) 2
H 3..
Puc. 1. Tayromepus nMmupasona
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Ero obmas ¢opmyna mpepnonaraeT Hajau4ye B MOJIEKYIe IBYX IBOWHBIX CBA3EH M,
BCJ/IE[ICTBME 9TOTO, JBYX BO3MOXXHBIX CTPYKTYp. [IBe CONps>KeHHBbIE JBOVHbBIE CBS3M C
YeTBIPbMS T-3JIEKTPOHAMI JOMOIHSAIOTCS HENOeTIeHHO TTapoil 97IeKTPOHOB IIepBOTO aToMa
a30Ta, 1 BO3HMKAET eflMHas LIeCTHU TT-37IeKTPOHHAs apoMaTiyecKas cucteMa. VIMmuaason Mo>xxer
IPVHNMMATh y4acTiie B PeakLMsAX B BUJie HEMTPAIbHON MOJIEKY/Ibl MM KaTVOHAa (aHMOHA).
BosMo>xHO 00pa3oBaHye KOMITIEKCOB 100 3a CYeT Hemoje/eH oIt mapel asora (3), mmbo 3a
CYeT T-MATUBHOTO B3aMMOJIEMICTBUSA MMUIa30/TbHOTO KOJTbIIA.

KucnorHo-ocHOBHOe paBHOBecue (puc. 2) HeliTpanbHOro nMupaasona (1I) B saBucumoctn
OT NIPUPOABI pacTBOpuUTeNs 1 pH cpenpl caBUraeTcs B CTOPOHY CONPSDKEHHOTO OcHOBaHMA (I),
mm60 B cropoHy compspkeHHOM kucnoTsl (III) wam Momexyna ocraercsa HevrpanpHoit (II).
[TosToMy MMMIA307T SB/IAETCA OYEHDb CUIBHBIM OCHOBAHUEM, C/IeOBAaTe/IbHO, OYeHb CIaboil

G g
H

KMCJIOTO.

N
N H

Puc. 2. KuciotHo-ocHOBHOE PpaBHOBECHKE MM IA3071a

HepaBHoMepHOe pacripefiesieHne 37IeKTPOHHO IUIOTHOCTYU B KOJIbI[e MMMA3071a HaeT
BO3MOXXHOCTb IIPECTAB/IATh OOJbLIOE YUMCIO PE30HAHCHBIX CTPYKTYP C PasInYHBIM
pacrpesienieHieM 3apsiiOB B HEM.

B cucreme Cu(0)/Cu(Il) rereporeHHOe B3aMMOZECTBYE KOMIIOHEHTOB OKVICITUTEIBHO-
BOCCTAaHOBUTE/IbHOI CYICTEMBI IIPEACTAB/IAETCS CTIEAYIOLIVIM BhIpaXKEHUEM:

Cu?t + 2e <> Cu',. (4)

[711 mpoBefieHN s SKCIepUMeHTa MeIHbII 37IeKTPOJ, IpeiBapUTeNbHO aMaTbraMUPYeTCs.
PactBopumocts Menn B prytu mpu 288,15 K cocrasmser 7,9-10° arom.%. Oneprus csasu Cu-Cu
6mm3ka K sHeprym csa3u Cu-Hg, Menp He 00pasyeT ¢ pTYTbhIO IPOYHBIX coeVHeHMit. IIockombKy
9Heprus CBs3ell Mefb-PTYyTb M Me[b-Meflb MMEIT O/Nu3Kye 3HAueH)s, IOTeHIMas
aMajIbraMIPOBaHHOTO METHOTO 9/IeKTPOJa MaJIO OT/IMYAETCS OT IOTEeHI[VaIa YMCTOTo MeTajrIa [7].
Peak1yuio aMayibraMypoBaHHOTO MEJHOTO 9/IeKTPOJia MOYKHO IIPEJICTaBUTD CIEYIOLIIM 00pa3oM:

Cu*" + 2e + Hg <> Cu’(Hg). (5)
VpaBHEHHE OKHCIUTEIBHOTO MOTEHIHANA TPUOOPETACT CIACTYIOIINIA BHI:
Pcu@in/cuHg) = ‘Pgu(n)/Cu(Hg) + v/21g (acyz+/acu(g))- (6)
B pa30aBieHHBIX pacTBOpax 3TO BBIpaXKEHHUE MPUOOPETACT BU/I:
Pcuan/cu(Hg) = <p((,)‘u(11)/Cu(Hg) + v/2lg [Cu**]/[Cu(Hg)]. (7)

B camom O6H.[€M ClIy4qae OKUCIIUTEIbHbBIN IIOTEHI VA 3aBUCUT OT KOHLEHTpaLlUU
KOMIUIEKCOB M JIMIraHJa, QaKTMBHOCTM JOHOB TIUIOPOKCWIA, BOJABI, a TaKXeE I/ICXOHHOﬁ
KOHIIEHTpall MOHOB M€NN (H) B pacTBOpE€ M aTOMOB M€NU Ha IIOBEPXHOCTU aMajIbIaMbl.
OKUCIUTENBHBIN MIOTEHIMIAJI IIPY 3TUX YCITOBUAX 3aBVICUT TO/IBKO OT TpE€X IIEPEMEHHDIX, T.€.

pH = —lgay+; pCh,. = lgCHzL; PCeuan = 19Ccy2+. (8)
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OT XHMHH K TEXHOTOTHH TOM 6, BBINYCK 1, 2025

3aBUCHMOCTb OKMUC/IUTEIbHOTO IOTEHIMana OT KaK[JOTo U3 3TUX IapaMeTpoB IIpU
IIOCTOSIHCTBE BCEX OCTA/IbHBIX OYZIeT BBIPaXKaThbCs KPUBOIL, COCTOALILEN U3 TMHENHBIX YIaCTKOB,
COENVHEHHBbIX IUIaBHBIMM M3rmbamu. Ha KakmoM JMHEHOM y4acTKe COOTBETCTBYIOLIVIX
KPUBBIX JIO/DKHO BBINIO/IHATHCA YCIIOBYME JOMUHMPOBAHNA COOTBETCTBYIOIIETO KOMIUIEKCHOTO
coenyHeHyA. [To HaKIOHAM SKCIIEPYIMEHTAIBHBIX KPUBBIX MOYKHO OIIPENEeUTh 00lIiee KOTIIeCTBO
KOOpAVHVpPOBaHHbBIX /raHoB (L 1 OH) u smepHOCTb KOMIIIEKCOB.

Cnepmyer umeTb B BULy, 4YTO IIPY BBIIIOTHEHUM 3KCIIEPYMEHTOB MOTYT IIPOTEKATh TaKue
IIPOLIECCHI, KaK:

Cu(Hg +e) < Cu' + e + Hg, ©)
Cu' - Cu*t+e, (10)
Cu(Hg) + Cu’* «<2Cu" + Hg. (11)

[Ipu sTom peaknym (9) u (10) uayT TOMBKO B KMCIOiL 0bmacty pactBopoB. KoHcTaHTa
paBHOBecys peakunn (10) paBHa 6,04-107 muiub B MpeasbHOM CiIydae.

Takum  ob6pasom, mpum  wmcrmonb3oBamyu — nomyanementa  Cu(Il)/Cu(0)  mna
HOTEHIVIOMETPUYIECKOTO M3YUeHMsI KOMIUIEKCOOOpa3oBaHMsl B BOJHBIX PacCTBOPaX B IIVIPOKOM
uHTepBate pH 1 KOHIIEHTpaIMil KOMIIOHEHTOB B crcTeMe Hapsay ¢ moHamu Cu(ll) Boamo>xHO
HOsIBJIEHVe HeKOTOPBIX KondecTs 1oHOB Cu(I). 310, mo-BupuMoMy, OyeT BIMATD Ha TeYeHe
IIPOIIeCCOB KOMIUIEKCOOOPA30BaHIIA, a TAKXKe HA Pe3Y/IbTaThl OKCPEAMETPIUYECKMX U3MEpeHNIL.
Hanpumep, npu BBefieHNN B UCCIEAyeMYI0 Cpely MeJHOTO aMa/IbraMIPOBaHHOTO 37IEKTPOJa, B
3aBUICMMOCTY OT YC/IOBMII SKCIIEPVMEHTA, BO3MOXKHO IIOSIB/IEHME HOBBIX OKMC/IUTETbHO-
BOCCTAaHOBUTE/IbHBIX ITAp THIIA:

Cu(II)/Cu(I): Cu** + e & Cu', E°=0,153 B (12)
Cu(I)/Cu(0): Cu" +e < Cu’, E’=0,520 B (13)

CyuecTBOBaHMe OKMC/INTEIbBHO-BOCCTAHOBUTENBHOTO  paBHOBecus (12) MOXHO
YCTaHOBUTbD, €C/IV U3MEPUTD ITOTEHIIA/I Ha IUVIATMHOBOM 3/1eKTpoJie. B pe3ynbTaTe BO3MOXKHOI
peanusanum aneKTpogHoit peakiuu (13), usmepsieMast Be/IM4MHA OKMC/TUTETBHOTO ITOTEHIIAIA
Ha MeJHOM aMaJIbTaMMPOBAHHOM 3JIeKTpojie OyHeT 3HaUMTe/IbHO OT/INYAThCS OT 3HAYEHVS
PaBHOBECHOTO 37IEKTPOJHOTO MTOTEHIIVA/Ia COOTBETCTBYIOILEN 3/IEKTPOXMMMUYECKON peaKLVm:

Cu(II)/Cu(0): Cu** + 2e < Cu’, E’=0,337 B (14)

CormacHo TeOpUn MeTo/Ia OKVC/TUTENBHOTO [IOTEHIMAIa, TO/Ty4eHbI
9KCIIepMMEHTA/IbHble KpUBbIE 3aBUCUMOCTM, YKasaHHble Bbile. CpaBHeHNUe HAKIOHOB
9KCIIEPUMEHTATIbHBIX KPUBBIX (MaTeMaTHIecKas MOfeb nin Matpuia) (Tabm. 1) ¢ YacTHBIMU
IPOVM3BOAHBIMU YpaBHEHNUS OKMCIUTENbHOTO IOTeHIMana (ypaBHeHMe 15) IO3BONNIO
paccymMTaTh YMC/IeHHbIe 3HaYeHMs1 6a3MCHBIX YacTull g s, [ u k (Konnd4ecTBo aTOMOB Mefi,
JIOHOB BOJJOPO/ia, TMTaHAA U IMAPOKCUIBHBIX IPYIII B KOMIIIEKCE, COOTBETCTBEHHO), COCTABUTh
Tab/INILy XMMIYECKOJ MOfie/u nponeccoB obpasosanua Komitekcos Cu(Il) (Ta6. 2).

Ob11iee ypaBHeHE OKMCTUTENBHOTO MTOTEHIVAIIA () /15 MCCTIeOBAHHOM CYCTEMbI MIMeeT BT

o= " += 19lgCO+ ﬁngZZZqﬁqslk qslk[Hb TR afcu@#)?,  (15)
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re:  ¢°

v = 2,303RT/F; q — uncno aromoB Cu(ll) B KOOpAMHAIMOHHOM COeRVMHEHUM (IJepHOCTbH

— CTaHJAPTHBIN OKMUCAUTeNnbHBI moTeHIman, C, - koHueHtpamus Cu(Il);

KOMIUIEKCHOTO COETVIHEHIsT), k — YVCTIO IIPOTOHMPOBAHHBIX IPYIII JIMTAHA, X — 4mcio rpymm LY,
Yy — YNCIO0 KOOPAVHMPOBAHHBIX TMAPOKCWIBHBIX TIPYII, 7 — YMCIO KOOPAVHVMPOBAHHBIX
MOJIEKY/I BOABL, m — 3apspj kooppuHanyonHoro coegyHeHuss Cu(Il), I - umcmo nuranpa B
KOMIUIEKCEe, Y — YVICTIO KOOPAMHVPOBAHHBIX JIMTAHZOB A, V — YMC/IO KOOPAVIHMPOBAaHHBIX
TUJIPOKCUIBHBIX TPYNI, W — YMCIO KOOPAVHMPOBAHHBIX MOJIEKY/I BOABL, N — 3apsf
KOOPAVHAIVIOHHOTO COeVIHEHVSI BOCCTAHOBJIEHHO (POPMBI MeTa/llIa. AKTVBHOCTD BOJIBI JU/IA
JVICCTIeJOBAaHHBIX pa30aB/IeHHBIX PAaCTBOPOB AB/ISIETCS BEINYIMHON TOCTOSHHO U IPUHIIMAETCS
paBHOI egVHULIE.

BenwuuHsl 7, m, u, n ¢ APYrAMH TapaMeTPpaMH CBS3aHBI CIICAYIOIIMMH COOTHOICHUSIMU:

r=6q—2x—y; m=Mn+)gq—x—-y; w=6p—u—-v; n=2p—u—v. (16)

YCTaHOB/IEHO, YTO B MCCIIEOBAHHON CUCTeMe OOpasyIOTCs BCEro IATh KOMIUIEKCOB
(tabm. 1), 4eTblpe M3 KOTOPBIX COfiepKaT TMAPOKCUIbHBIE TPYIIIBI BO BHYTpeHHeN cdepe:
[Cu(HL),J**, [CuHL(OH)]**, [Cu(HL).(OH)[**, [Cux(HL),(OH),]*, [Cu>(HL)(OH)s**. OHun
¢dopmupytorcs u cymectByior uHTepBaie pH ot 1,0 go 10,0. Oco6eHHOCTD 3TOJ CHUCTEMBI
3aK/II0YAETCA B TOM, YTO BCe 00pasyronyecss KOOpAVHAIIOHHBIE COeHEHNA CYIIeCTBYIOT B

II0BOJIBHO y3koM mHTepBaie (0,6 - 2,4 eguunipl pH). [Tporjecc koMIiekcoobpasoBaHus nueT
no pH = 10,5.

Ta6mnua 1. DxcnepuMeHTaNIbHble 3HAYEHN HAKTIOHOB KPMBOIT 3aBUCHMOCTY OKVCIUTENIBHOTO IIOTEHIMANA OT
KOHLIEHTPALMOHHBIX IlepeMeHHBbIX (cTexuoMerpudeckas Marpuua) as cucrembl Cu(0)Hg-Cu(ll)-nmupason-soga
npu temmneparype 288,15 K, I = 1,0; Ceuqp = 1-10° u C;= 1-10? mons/n

Wurepsan ITpenmnonoXuT. cCocTaB KOMIUIEKCOB
KoHncranTa
Ne HaXO0XXeHUs
obpasoBaHus
n/o HAaKJIOHOB II0 pH PpCeum pCL
KOMILIEKCA Pk
mKane pH
1 1,2-32 -2 -V 2v [Cu(HL),J* Bio220
2 3,2-4,8 -2 -V v [CuHL(OH)J* Bioin
3 4,5 - 6,9 -3v -V 2v [Clxl(HL)g(OH)]+ [;10221
4 6,6 - 7,4 -2v - U/2 v [Clzlz(HL)g(()H)z]zJr /320222
5 7,4 - 10,0 -20 - U/2 v [CMZ(HL)Z(OH)3]+ /320223

AHamu3  HAK/JIOHOB  3KCIIEPMMEHTATbHBIX  3aBMCHMMOCTe}l  OT  KaKmoll  u3
KOHLIEHTPALIMOHHBIX IIePeMEHHBIX MO3BOMNI COCTABUTb XMMMUYECKYI0 MOJie/Ib PaBHOBECHUI,
CYLIeCTBYIOLINX B M3y4eHHOI cyucteMe (Tabr. 2).

Tabmuua 2. Xumnudeckas mMopenb paBHoBecuit cucremsl Cu(0), Hg-Cu(ll)-umupason-Bopa npu Temmeparype
288,15 K, I =1,0; Ccyap = 1-10° u C;,= 1-10 Mmonb/n

Cu(II) H L OH
Ne /i CocTaB KOMIIJIEKCA
g s I k
1 1 2 2 0 [Cu(HL),J*
2 1 1 1 1 [Cu HL(OH)J*
3 1 2 2 1 [Cu (HL),(OH)]*
4 2 2 2 2 [CM z(HL)z(OH)z 2+
5 2 2 2 3 [Cu Z(HL)Z(OH)3]+

19



OT XHMHH K TEXHOTOTHH TOM 6, BBINYCK 1, 2025

[Tpexxe 4eM NPUCTYNNTDh K pacyeTy KOHCTAaHT PAaBHOBECHUA WINM JIPYITMX MOHHBIX
paBHOBeCMII B UCCIEAyeMOil  CHUCTeMe,  HeOOXOAVMO  pacCuMTaTb  3HAYEHNA
9KCIIEPVMEHTATIbHON OKVUCINTENbHOM QYHKIVM [9]. ODKcIepuMeHTanbHas OKVC/IUTETbHAsA
¢byHKIVA f'5 BEIYMCIACTCA O SKCIIEPUMEHTATBHO M3MEPeHHBIM 3HAYeHUAM OKVC/IUTEIbHOTO
IIOTEHIIA/Ia, COT/IACHO C/IEAYIOIEMY BbIPaXKEHMIO:

f30 = Cr/C exp(¢_‘po)n/ﬁ, (17)

o

Ifie exp — OCHOBaHME HATypaJbHBIX JIOTapUQMOB, ¢ — IKCIEPUMEHTATHBHO M3MePEeHHOe
3HayeHMe OKJCINUTE/IbHOTO TOTeHIMana, ¢f - Kaxylleecsi 3HaueHMe HOPMAJbHOTO VIIU
CTaHJAPTHOTO OKVMCIUTEIbHOTO IIOTeHIMana, a v = 2,303RT/F.

[IpuMeHeHMe OKMCIUTENbHOV (YHKIMM OCHOBAHO Ha IPUOMVKEHUN TeOPeTUdecKoi
OKMCIUTENbHO QYHKIMM f,° METORXOM MTepaLuy JO COBIAJEHVs C 9KCIIEPUMEHTATbHO f,°
okucnutenbHoit  pynkumeit. Teoperwueckas OKMCIMTeNbHas (YHKIUA  BbIpaXkKaeTcs
ypaBHeHreM (18):

7=, ZZZZqﬁM RIS, VR

B ypaBHeHun (18) IpUHATHL Clepyomue ob6o3HadeHus: v - TeopeTmyeckas
okucmurenbHas pynkuus: C, — konuentpanysa Cu(Il); g — 4mcno aToMoB OKMCIeHHO GOPMBI,
§ — YUCII0 BOZOPOJHBIX MIOHOB, | — 4MC/I0 aTOMOB JINTAHAQ, k — YMCIIO TUAPOKCYIIBHBIX TPYIII,
Pk — 00I1Iast KOHCTaHTa 00pa3oBaHNA KOMIUIEKCA, Gyik — KOHIIEHTPALVIA HONMNALEPHBIX GOPM,
H - o6osHaueHue aToma Bomopona, L — obo3HaueHme nuraHja, # — CTYIEHV MOHM3ALUN
HO/INKapOOHOBOI KUCTOTH, Me — 0603HaYeHMe MeTa/lIa KOMIUIEKCO0OpasoBaTets, Z — 3apsf,
MeTaJUIa VUIU PeOKCIIUIAH/IA, € — YMAC/IO 9TIEKTPOHOB, YYaCTBYIOIIMX B 3JIEKTPOLHOI peaKLnu.

3aBUCHMOCTY 9KCIIEPVMEHTA/IBHON Y TEOPETUYECKO OKMCIUTeIbHON QyHKIMitT oT pH
IIpe/ICTaB/IEHbl Ha PUCYHKe 3.

[Tocrne 8-10 uTepaumuii, T.e. IOCTEKOBATENbHBIX PUOIVKEHNIT, MOXXHO HaiiTH Hanboree
OnM3Kye 3HaYeHVs KOHCTAaHT OOpasoOBaHMs YCTAHOBJIEHHBIX B JCCIEAyeMON CUcTeMe
KOOP/IMHAIIVIOHHBIX COenMHeHu (Tab1. 3).

tatr

1000 -

600 1

200 1
0 T T T T T T T T T T T I*_l o PH
1 14 22 24 26 28 3 32 34 36 38 4 42

Puc. 3. 3aBUCHMOCTU TEOPETUYECKOI U SKCIIEPVMEHTA/IbHOM OKUCIUTENbHON (yHKIMiT oT pH mia cucteMsl

Cu(0)Hg-Cu(II)-nmnpason-soga nupu I = 1.0; Ceuay = 1-10° n C = 1-10 mons/n
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Ta6nuua 3. PaccuntaHHble 3HAYEHM ST MOZIE/IbHBIX TAPaMETPOB KOOPAVHALMOHHBIX COeIMHEHMNI, 06pa3y101_u1/1xc51
B cucreme Cu(0)Hg-Cu(II)-umupason-soga npu temmeparype 288,15 K, I = 1,0; Ceyqp = 1-107 1 Cp = 110 Monb/ 1.

Neni/m CocTaB KoMIITeKca Koncranra 06pasos. Igfgpi v, % pH
1 [Cu(HL).J* 4,99+0,02 24,2 2,2
2 [CuHL(OH)]J* 11,38 +0,02 22,4 3,8
3 [Cu(HL),(OH)J* 2,19+0,02 32,4 5,5
4 [Cux(HL),(OH),J** 6.50%0,02 72,4 7,6
5 [Cux(HL),(OH)s]* 20,69+0,02 100,0 9,2

VccnenoBanms NpOLECCOB KOMIUIEKCOOOpPA3OBaHVA B Pa3IMYHBIX OKUCIUTEIBHO-
BOCCTQaHOBUTE/IPHBIX CHUCTEMax ¥ IIPOBefeHHbIe pacyeTbl IIOKAa3bIBAIOT, 4YTO BBefleHIE
OKMC/IUTEIbHO (YHKIMM 3HAYMTEIBHO YIPOILIAET ¥ YCKOPSET pacyeTdl, 03BO/AeT Oosee
TOYHO OIIPefie/INTh COCTAB KOOPAMHAIMOHHBIX COENMHEHNUII B pacTBOpax, a B CiIydae
reTeposi/IepHOTO U FeTepPOBaJIEHTHOTO KOMIUIEKCOOOPa30BaHMs — OCYLIECTBUTD MPUOIVDKEHE
PABHOBECHDBIX KOHIIEHTpAlMil MeTa/UIOB. PacyeThl CYMTAIOTCA 3aBepLIEHHBIMM, KOTZA
TeopeTudecKas U SKCIepyMeHTa/IbHasA 3aBUCYMOCTI OKMCINTeNbHOI GyHKIVM oT pH Mexay
co60it xopo1uo cornacyorcs. CrefyeT OTMETUTD, YTO IPUMEHEeH)e OKUCTUTETbHOM QyHKIUN
He TOJNbKO YHOOHO [JIA pacyeToB, HO U IIO3BOJAET 0ojiee YeTKO OIpefie/INTb Hadaslo
00pasoBaHusA KOMIUIEKCA OKVICTIEHHOI MM BOCCTaHOBJIEHHON (opmbl MeTamna. [Ipu atom ¢
pocrom pH okucnurenbHast QyHKIMA YMEHBIIAETCS, KOTA B PEaKLMI0 BCTYIAeT OKMC/IEHHAs
dopma Mmerama, a mpu 0Opa3oOBaHUM KOMIUIEKCOB BOCCTAHOBJIEHHON (OPMBI UMCIEHHOE
3HaueHne [ He MEHAETCS WM Bo3pacTaeT [9].

CHnIcOK MCTOYHUKOB

Vapam [I. Metannel xxusun. M: Mup, 1975, 236 c.

AiixropH I'. bnoneoprannyeckas xumusa. M: Mup, 1978, 293 c.

Katpuroxmuit JI., MaeBckas [I. XuMus reTeponKandeckmnx coeguuennit. V3g. Pocrosckoro I'Y, 1975, 315 c.
Pa6unoBuy B.A., XaBun 3.5. Kpatkuit xummndeckuit cupaBo4HuK o xumnu. Knes: Xummst, 1974, 366 c.
Hproya I',, Ilenn P. buoneopranmyeckas xumusa. M: Mup, 1983, 27-45.

AN o

Korron ®., Yunkmacon JIx. CoBpeMeHHass HeopraHmdeckasd xmmusA. Yacte 3. XummsA IepeXOmHbIX
aneMeHTOB. M.: Mup, 1969, 592 c.
Huxonbsckuit B.1I1., ITanpueBckuit B.B., Ilengun A.A., Iky6oB X.M. Oxcpenmerpus. J1.: Xumus, 1975, 305 c.

~

8. sky6oB X.M. IIpumeHeH1e OKCpeAMETpUH B KOMIUIeKcooOpasoBanme. Jymranbe.: Jonum, 1965, 109 c.
KOcynoe 3.H. Ilatrear PT. Ne 1. 297. Cmoco6 ompepesieHMsi COCTaBa M KOHCTaHT 0OpasoBaHMs
KOOpIVHALVIOHHBIX coefuHenmit, 2001.

ITocmynuna 8 pedaxyuio 22.10.2024

Oodobpena nocne peyenzuposanus 20.02.2025
IIpunama k onybnuxosaruto 04.03.2025

21



OT XHMHM K TEXHOTOTHH TOM 6, BBINYCK 1, 2025

Hayunas cmamos
YIK 547.78
DOI: 10.52957/2782-1900-2025-6-1-22-33

BHYTPUMOJIEKY/IAPHOE AMUHVWNPOBAHMUE
OPTO-HUTPO-TPET-AHUJIMHOB KAK OJIIH 13 IIYTEN CUHTE3A
KOHIJEHCVPOBAHHBIX ITPOU3BOJHbIX BEH3VUMUIA30OJ/IA

C Y3/1I0BbBIM ATOMOM A30TA

P.C. Berynos'?, JI.U. CaBuna'?, [I.A. AcradpeBa’

Poman Cepreesuu bBeryHoB, kaHm. xmm. HayK, poueHT; Jlymsa JVinpumamyna CaBMHa, MaryucTpaHT,
Acradbesa [Japusa AneKcaHIPOBHA, CTYIEHT

'®TBOY BO «fIpocmaBckuil TOCYyJapCTBEHHBI MeIMUMHCKNIT yHUBepcuTeT» MuHsnpaBa Poccunm, 150000,
Poccus, SIpocnaBckast 0671acTs, I. SIpociasib, yi. PeBomonuonHas, 5; luizasavina2000@mail.ru

*®I'BOY BO «IpocnaBckuit rocynapcTBeHHslil yHuBepcuret uM. ILT. [lemunosa», 150003, Poccust, IpocnaBckas
ob61acTs, I. SIpocnasb, yi. CoBerckas, A. 14; begunov@bio.uniyar.ac.ru, cherry23_00@mail.ru

Kntouesvie cnosa: Annomauus. B pabome usyuenvl epanuybl NPUMEHUMOCMU pPearyuu
80CCMAHOBUMENVHAS BHYMPUMOTNIEKYTIAPHOTL  BOCCMAHOBUMENIDHOTI  UUKUSAUUU — OPMO-
BHYMPUMOTIEKYTIAPHAS HUMPOAPeH08, COOePHAULUX PA3TULHDIE NpedebHble A3azemepOUUKIbl, O
2emepoYUKIUIAUUS, CUHME3a KOHOEHCUPOBAHHDIX NPOU3BOOHLIX OeH3UMUOA307A C Y37108bIM
OpMO-HUMPO-Mpem-aHununs,  amomom asoma. IIpouecc 6HYMPUMONEKYNAPHOL e2emepouUKTUIAUUL
KOHOeHCUPOBAHHDLE Habndancs npu 6occmanosneHuu  4-(2-numpoapun)-4-mopgonuna u
npou3600HbLe 6eH3UMUOA307IA 1-(2-numpoapun)-4-memunnunepuouna, 6 mo 6pems Kax HAnAu4ue 8

cy6cmpame 4—Memwz—nunepa3uH03020 uuxkna npensamcmaeosano

06p0306aHH}0 KOH()@HCM‘DOSQHHOZO nonuasazemepouuxia.
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OpMO-HUTPO-Mpen-aHWINHOB KaK OIVH M3 MyTeil CMHTe3a KOH/IEHCHPOBAaHHBIX IIPOU3BOJHBIX OeH3MMIA30/1a
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URL: https://chemintech.ru/ru/nauka/issue/5879/view

BBenenue

B opraHmyeckoit XMMMM ¥ CMEXHBIX C Hell JUCHMIUIMHAX — (apMalieBTUYecKoil u
MEIVIVHCKON XMWY — B HacTosllee BpeMs aKTYaTbHON sABIAETCA IpobneMa pa3paboTKyu
HOBBIX TeTE€POLVKINYECKUX COENVHEHMII, KOTOpble, B CWIy CBOETO CTPOEHU:A, OOIafjaioT
PasIMYHBIMM IIEHHBIMM CBOVICTBaMM. B iepBy10 04epenb 3TO OTHOCUTCA K KOHAEHCUPOBAHHBIM
IIPOM3BOAHBIM OEH3MMIJA3071a, COJEPIKAIM aHHE/MTMPOBAHHbIE K VIMUMIA30/Iy IIpefebHbIe

a3areTepoLVK/IbI, KOTOpble IPOSBIAIT IIVPOKWUI CHEKTP OMOTOTMYecKol aKTUBHOCTIL.

© P.C. Berynos, JL.V. CaBusa, [I.A. Actadbesa, 2025
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[laHHBIe TeTepOLMK/INYECKNe COENMHEHMs MHTEPEeCHbl B KadyeCTBe IIPOTMBOOITYXOJIEBBIX
npemnapatos [1-11] (puc. 1).
Ph
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Puc. 1. KonpgencupoBaHHble IPOMU3BOLHbIE OeH3MMUIA30/1a, O0/IaaoI[e GUTOTOKCUYHOCTHIO B OTHOLIEHUN
JIVHWI PaKOBBIX KJIETOK: a — JIEMIKEMIUY, MOJIOYHOII >Kete3bl U erkux; b, ¢ — smunnkos (IGR-OV-1), monouHoi
xene3pl (MCF-7) u ITHC (SF-295) uemoBeka; d — mreriku matku (HeLa) un mpencratensHoit sxenessl (DU145)
yenmoBeka; e —aHemuy OaHKoH; f - MBIIIMHOTO feiiko3a P-388
[ToMyMoO 9TOrO, KOHIZEHCMPOBAaHHbIE IIPOM3BORHBIE OEH3MMUJA30Ta OOHAPY>KMBAIOT
npoTUBOTeIbMUHTHBIE (@) [12], mpoTnBoMuKpobHBIe (b) [13-16], mpotuBorpubkossie () [17, 18],
nportusoBupycHble (d) [19, 20], aHambreTMyeckne 1 MIPOTUBOBOCIATINTE/NIbHbIE (€) CBOJICTBA

[21-22], a TakKe WCIONB3YIOTCI B KadyeCTBe HpPOTUBOs3BeHHBIX cpercts (f) [23] u

B 9H/JOKPVHOJIOTVH JIIs1 Ie9eHUsI BPOXKAEHHOI TUIIepIIIa3ui HafiTIoueIHNKOB (g) [24] (puc. 2).
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Puc. 2. KoHgeHcnpoBaHHble IPOU3BOIHBIE OEH3MMMIA3071a, POSIBIIAONINE PA3IMYHbIe BUIBI OMOMTOTMIECKON

AKTVBHOCTU

CregyeT OTMETUTD, YTO pa3pabOTKa TAaKUX IIPENapaToOB SB/IAETCA CIOXKHON 3ajiadell.
CxeMBl VX CMHTe3a BKIIOYAIOT pas/IM4HbIe CTafuy GOPMIPOBAHNA TeTEPOLKINIECKOTO Afpa
U JanbHermell (QyHKIVOHA/MN3aluy, IT03BOJAIOIIEN IIONTy4YaTb MOJIEKY/IBI C TpeOyeMoit
nepudepuer.

Hanbonee pasHooOpasHBl XUMMYECKVMe IPOIECCH, KOTOpble IPUMEHSIOTCA I

HO/Ty4eHVIs] KOH/IeHCYPOBAaHHO MOJVA/IePHO TeTepPOLIVIK/INYeCKOT! crucTeMbl (cxema 1).
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Cxema 1. Croco6bl cMHTe3a KOHAEHCHPOBAHHBIX MPOM3BOAHBIX OeH3uMmmpasoma: 1 - aHHenmpoBaHMe
mpegenpHoro mukma (a - ¢ obpasosanmem cBsasu C-C; b - ¢ obpasoBanumem cBssm  C-N);
II - BHYTpMMONEKY/IApHasA BOCCTAHOBUTENbHAA LVMKIM3alMA (@ — HUTPOAHWIMAOB; b —HmTpocoenyHeHwmii,

cofiep>Kalux TpenenpHbil asarereporukin); III - okucnmrenbHoe amunmpoBanme; IV - N-apuimpoBaHue
aMuauHOB; V — KOH/eHcanus opmo-(eHnIeHAMaMIHOB C fuanberngami (a — ¢ 06pa3oBaHyeM TPULIMKINIECKNX

coenyHeHui;; b — ¢ o6pasoBaHMeM TeTPALMKINIECKNK COENIHEHNIT)

Bce 1x MO>XHO pa36buTh Ha Tpy rpymibl. K repBoii rpyIime OTHOCATCS METO/bI, OCHOBaHHbIE
Ha aHHETVMPOBAHMM IIPefle/IbHOTO reTepouMkia Kk mmupasony (cxema 1, I) [26-30]. B xope
BBIIIOJTHEHVISI BTOPOJI ITPOMCXOANT popMIpOBaHye MMIa3oabHoro nukia (cxema 1, II-IV) [31-45].
9TO peaknuy BHYTPUMOJIEKYIAPHOTO BOCCTAaHOBUTENbHOTO [31-39] mmm OKMCINTETbHOTO
amyHupoBanus [11, 40-42], a Takke N-apwnmpoBaHus aMuaANHOB [43, 44]. OnmcaHbl Takke
CITIOCOOBI CMHTe3a KOHJCHCHPOBAaHHOTO TeTePOLIVIKINYECKOTO S/Ipa, IPY peansanyy KOTOPbIX
IPOMCXOANT 0OpasoBaHue Cpasy [IByX aHHEMMPOBAHHBIX I€TEPOLMKIOB — IIPefeIbHOTO U
HenpeziennbHOTO (cxema 1, V) [45, 46].

VI3 mpuBeneHHBIX Ha cxeMe | croco0OB CUHTe3a KOH/IEHCMPOBAaHHBIX IPOM3BOIHBIX
6eH3nMupasona 6ojee MEePCIEKTUBHBIM IPEACTAB/ISAETCS METOJ, OCHOBAHHBIM Ha PeaKIuu
BHYTPVMOJIEKY/IIPHOTO BOCCTAHOBUTETBHOTO aMMHMpOBaHuA. IIpemmyiectBa: B OZHOM
peakTope cpas3y IpOTeKaeT HeCKOIbKO IIPOLECCOB — BOCCTAHOBJICHME VM TeTePOLVK/IN3aLVAL.
B utore cokxparaercss KOMMYECTBO OIEpaIVii 3arpy3KM peareHTOB, BBIETEHNSA Y OYMCTKY
IelIeBBIX MPOAYKTOB. CyOCTpaThl IS JAHHOJ peaKkUMy MOTYT OBITh JIETKO ITOJTyYeHbI 13
JlellIeBBIX ¥ IOCTYITHBIX PeareHTOB.

OTta  crTparermss  ObUla  HaMM  paHee  NCIIONb30BaHa  [IA  IOJTyYeHUA
1,2,3,4-terparupponupupol(1,2-a]6ensummupasonos [32]. C Lemplo yCTaHOB/IEHMS TpPaHUI]
IPYMEHVMOCT) JJAaHHOTO crocoba I CUHTe3a APYIMX KOHJEHCUPOBAHHBIX NPOV3BOSHBIX
OeHsuMMpa3ona ObUla IPOBefieHA peaklusA BHYTPUMOJIEKY/LAPHOTO BOCCTAHOBUTE/IBLHOTO
aMVHMPOBAHUs PA3INYHBIX OPMO-HUTPO-Mpem-aHUNINHOB: 4-(2-HUTpo-4-xm0pdennn)-4-
mopdommua (la), 1-(2-Hutpo-4-xnopdenun)-4-mernwnnunepuauaa (1b) m 1-(2-Hurpo-4-
xnopdennn)-4-merunmunepasyna (1c). [JaHHbIe BelecTBa cofepKaay KakK yBeIM4YMBalollye
(coen. 1b), Tak u ymenbpnaromue (coes. 1a,c) 97EKTPOHHYIO IVIOTHOCTh Ha PEAKI[MOHHOM
IIEHTpPe aTOMBI U IPYIIIIbI aTOMOB.
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OcHoOBHasA 4YacTh

BoccTaHOBUTEIBHYIO IeTepOLVIK/IN3ALINIO 0P110-HUTPOIIPON3BOAHBIX 1 (a-c) mpoBopymn
B paHee OTpabOTaHHBIX YCIOBMAX [32]: BoccTaHapnuBarommit areHT — SnCly; BpemMs BHeceHMs
BoccTaHOBUTeNA — 3 4; KoHueHTpauna HCl - 8%; remmepatypa — 80 °C. BoccTaHaBmBaommii
areHT Opajics B KOMMYeCTBe, HeOOXOAVMOM JJI1 BOCCTAHOBJ/ICHVSI HUTPOTPYIIIBL 10 HUTPO30-,
TaK KaK IpeANo/araaoch, YTO UMKIN3ALNA IPOUCXOJUT B pe3y/IbTaTe aTaKyl 3TO TPYIIIbI Ha
METI/IEHOBBIN aTOM yITIepofa reTeponyKia [31].

//\N
SnCly, snCl,, O cl
ey B o B
N -—<— X N Cl — 2a
NS ci _/ 80°C, 3h
N 80°C, 3h ON , N
2 N cl
2c 1 (a-c) N
2b

1a-X=0,b-X=CH-CH;,¢c-X=N-CH;
Cxema 2

AHanm3 cocTaBa IONTYy4YeHHBIX NMPOAYKTOB ¢ nomoupio 'H u *C JIMP cnexrpockonuu,
a TaK)Ke MacC-CIeKTPOMETPUM II0Ka3ajla, 4TO OOpasoBaHMe IIeNE€BBIX TeTePOLMKINIECKUX
CUCTEM TIPOVCXO/VIIO TOMBKO IPU BOCCTAHOBJIEHNN coefnuernit 1a u 1b.

'H SAMP cnexrtp 8-xmop-3,4-puruppo-1H-[1,4]okcasuno(4,3-a]6ensnmupnaszona (1b)
MMeJI XapaKTepHOe JI/Isl HOTOOHBIX coenMHeH N [32] pacrono)keHre CUTHAIOB ann@aTnaecKux
U apOMATUYECKMX MPOTOHOB (puc. 3). B cunbHOMONBHOM 06/1acTH crieKTpa GUKCUPOBATICH

TPU CUTHAJIa YABOEHHOJ MHTEHCUBHOCTY OT 6 amugaTudeckyux MPOTOHOB MOP(OIMHOBOTO
LMK/IA.
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Puc. 3. ®parments 'H IMP crekrp 8-xmop-3,4-gurungpo-1H-[1,4]okcasuuo[4,3-a]6eHsummmasomna (2a)

B 'H AMP cnexTpe paHee MOMy4eHHOro 7-x10p-1,2,3,4-terparugponupnno|l,2-
a]0eH3VMNMIa30/la CUTHA/IBl IIPOTOHOB METWIEHOBBIX TIPYIII TAkoKe MJMeIV [BOJHYIO
MHTEHCUBHOCTH (puc. 4) [31].
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Puc. 4. ®parmentst 'H SIMP criekrpa 7-x10p-1,2,3,4-Terparuaponupuznol1,2-a]6ensumugasona

B ormmume ot SIMP cnekrpoB atux Bemects 'H JIMP cnektp 3-mernn-7-xmop-1,2,3,4-
Terparuaponupuzo[1,2-a]6ensnmupnasona 2b comepskan TONMbKO OfMH BMECTO OXKMIAEMBbIX 3-X
CUTHJIOB yJABOEHHOJ MHTEHCUBHOCTM OT IIPOTOHOB METWIEHOBBIX rpymm (puc. 5,
TOPU30OHTAJIbHASL YacTh cHekTpa). OcTarbHble METWIEHOBBbIE IIPOTOHBI JJaBaly ORMHOYHBIE
curHanbl. OTHeceHUe CUTHANOB anndaTUIecKuX MPOTOHOB ObUIO CHETaHO Ha OCHOBAaHUU
nanHbix 2D 'H-'H NOESY cnekrpa (puc. 5).
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Puc. 5. 2D 'H-'H NOESY cuiekrp 3-meTmn-7-xmop-1,2,3,4-rerparupponnpupo|1,2-a]6ensnmupnasona (2b)

B 2D cmexTpe coenyHenus 2b Habm0OgamCch KPOCC-IMKM B3aMMOJIEIICTBIUS OTHOTO 13

nporoHoB C'H, rpymnmsl ¢ MetuHOBBIM poToHOM H?, MeTmnenoBsiMu H*? 1 apomMaTidecknm
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H°. [Ipyroit mpoToH aT0it MeTmneHoBoit rpynnbl H' nmen xpocc-nmku tomsko ¢ H® u H?2.
OT/IM4Yanuch TaKkxe M0 B3aMMOAENCTBIIO ¢ anndaTniecKumy npotoHamn nporonst H* u H.
H* paBan xpocc-muk ¢ mporoHamy MmetwibHoit m C?H, rpymm, B To Bpemst kak mis H*
Ha0/TI0/1a/I0Ch B3aVIMOJIEVICTBYE C METVW/IbHBIMY U MeTMHOBBIM H’ mporonamu.

[ns obbsacHenns panHbx 'H SIMP ciektpockomny O6bU1 IpoBefieH pacyeT reoMeTpUYecKrx
IIapaMeTPOB MOJIEKY/IbI 3-MeTuI-7-x10p-1,2,3,4-rerparuaponupuno[1,2-a]6ensnmupasona 2a
(puc. 6). Pacuer mpoBogwIM B paMKax Teopuu (YHKIMOHA/NA IUIOTHOCTY C TMOPUAHBIM
00MeHHO-KOppe/ALMOHHbIM yHKIMoHaI0M MeTogoM DFT B3LYP/6-31G** ¢ ncrionb3oBanueM
nporpammbl  ORCA  5.0.4. OnTtuMmsanyuio TreoMeTpUM BBIMONHAMM C MCIO/NIb30BaHMEM
JMCKPETHOI conpBaTalMoHHON Mogmenun SMD. B kadecTtBe conmpBaTHOM 000I0YKYM
ucnosnbsoBam DMSO.

Hl H]' \’ I‘Ig
.. .
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A S

Puc. 6. OnrumMusupoBaHHas MOJIEKyIa 3-MeTw1-7-x10p-1,2,3,4-Terparuaponupuznol1,2-a]6ensumugasona (2b)
merooM DFT B3LYP/6-31G** ¢ ucnonbzosanuem nporpammbl ORCA 5.0.4.

B ontuMmmsumpoBaHHO MoOeKyne 3-MeTwi-7-xnmop-1,2,3,4-teTparupponupupioll,2-
a]6eH3MMIIa3071a OBUIN OIIpefie/IeHbl PACCTOSHIA MeXIy aTOMaMyl Bogopoya. OKasanocs, 4To
nporoust H' u H?, H* u H* 6putn mpocTpaHCTBEHHO COMMKEHbL. PaccTostHme MeXay HUMM
coctaBiso 2.62 A n 2.58 A, coorsercrBenHo. Paccrosuus mexnay aromamu H' n H?, H? n H*,
JUIS1 KOTOPBIX OTCyTcTBOBamm Kpocc-uku B 2D '"H-"H NOESY, 6bu10 3HaunTennpHO 6oblie,
3.78 Au 3.75 A, coorercTBenHO.

IIpm BOccTaHOBNEHMM coenuHeHuA 1¢, copep)Kallero MMUIIEPAa3sVHOBBI  IIUKIL,
o0Opa3oBaHye NPOAYKTa BHYTPUMOJIEKYISPHON IVIKIM3aUMy 2C He IPOVCXOAMIO. AHamm3
COCTaBa PeaKI[MOHHOJ MacChl II0Ka3al Ha/jn4ye B Hell ICXOJHOTO BelecTBa lc, 5-xmop-2-(4-
MeTuInuIepasyu-1-mi)anwmua (3) u 4,5-guxnop-2-(4-metnnnunepasus-1-mn)anmwimHa (4)
B coorHomeHun 1:0.21:0.33. B 'H AMP cmekTpe cMecu Tak)ke NMPUCYTCTBOBAIU CIELOBbIE
KOJIM4eCTBa HEOIpe/le/IeHHOro NMpoAyKTa. Hannume npopykToB X/I0pupoBaHuA OTMEYanoch
HaMU paHee P BOCCTAHOB/IEHUM TTO/JOOHBIX IMHUTPOAPEHOB [47].

BapbupoBaHne yci1oBuil CMHTe3a — MCIO/Ib30BaHMe Pa3/IMYHbIX IPOTOT€HHBIX Cpell — He
IIPUBOAMIO K 00pasoBaHmIo 2-MeT1-8-x10p-1,2,3,4-reTparugponypasuto| 1,2-a]6eHsnmmgasona
(2¢). B peakyoHHOI Macce BCeTzia IPUCYTCTBOBAIN HUTPOCOEAUHEHNE 1¢ ¥ aMIHOIIPOYKTHI
3 1 4. B 3aBMCMMOCTY OT yCTIOBUI MEHATIOCH TONIBKO MIX COOTHOILEHME.

OrcyrcTBue B peakLMOHHONM Macce KOHJIEHCMPOBAHHOTO TeTEPOLMKINYECKOTO
IPOAYKTa, HO-BUJUMOMY, OOBACHANIOCH IPOTOHMPOBAHMEM aTOMa a30Ta TIeTepOLMKIIA,
CBA3aHHOIO C TPEM: AIKWJIbHBIMU 3aMeCTUTENAMU. B pesynbraTe Hanu4MsA Ha HEM IIOJTHOTO
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HOJIOKUTETBHOTO 3apsfia HyK/Ieo(pUIbHbIE CBOJICTBA PEAKIVIOHHOTO LIEHTpPa CHYDKAIUCD,
U TIPOLIeCC BHYTPUMOJIEKY/IAPHON IUK/IN3aLUM He IPOMCXOIL.

B vHAMBUIyaTbHOM BHJie aMUHOCOeVIHEeHNEe 3 ObIIO ITOTy4eHO PV BOCCTaHOBIeHNN 1¢
TiCl; B 10% HCI (cxema 3).

| | A
’ ) ()
[ j TiCls, [ j SnCl,, N
N”  10% HCl N 36% HCI

c c c

"+ H,N

H,N O:N
80°C,

5 min

80°C,

1.5h
Cl

I I !

3 1c 4

Cxema 3

B 'H SIMP cnextpe amnHa 3 (puc. 7) B CUIbHOIIONBHON 00/1aCTH HAOTIOAA/MNCh 2 CUTHAIA
OT 8 IPOTOHOB 4-X MeTWIEHOBBIX Ipyni. CHUTHal YABOEHHOJ MHTEHCHBHOCTY IIPOTOHOB
aMMHOTPYIIIBI B BHUfe IIMPOKOrO CHUHITIeTa BbIXOAmn npu 4.99 M.i. B cmektpe Taxke
IPUCYTCTBOBAIM 3 CUTHA/A OT 3-X apOMaTIYECKIX IIPOTOHOB. bosee 3KpaHMpPOBaHHBIM 13 HIX
6bu1 H, Haxopsaumiicsa B napa-nonoxeunn k NH-rpymnme. B camom crrabom mmosie mpu 6.85 M.i.
¢dukcuposancs nporon H? ¢ J = 8.3 Ty,

3' 2' 3 4
/N - 3H, CH;
HyeC—N N \ / cl
57 6
H—N
\
H
2H, NH,
4H, HY 26
IH, H3 lH, H6 ‘f‘ ] 4H, Ha.,s.,s.,s.
| | |ﬁ|
| I | \ |
|
| | . i | 1 {
| ‘ | | |1 ‘
I [ Moy I a A
i A A | A I
n | an I [ L\ I
| ||‘ ," \ I‘ II‘ T [ /A | \ I
VAL SN e / '\%__// S ~ N
T T T T T T
3 2 2 F 2 @ o
- o o /o - // B o _ N ~ ) B o _
6.85 6.80 6.75 6.70 6.65 6.60 6.55 6.50 5.10 5.00 490 ' 285 275 2.65 255 245 235 225 215 205

M.J.

Puc. 7. ®parmentst 'H SIMP criektpa 5-xmop-2-(4-metunmunepasut-1-mn)anmnnta (3)

Cuntes puxymopanmwnuHa 4 ocymectssm B 36% HCl, ucnmonp3ys B kadecTBe
BoccraHoButens SnCl. B 'H SIMP cniektpe (puc. 8) JaHHOTO COeIMHEHNS], B OTINYME OT aMIHA
3, HaOMIOaNMNCh TONBKO JiBa CUTHA/NA apOMAaTMYeCKUX MPOTOHOB Ipu 6.84 M.A. u 6.97 M.A.
VIX BUA CBUETENIbCTBOBAN O BBEJEHUM 3aMeCTUTeNs B 4-e monokeHue. CUTHaI IPOTOHOB
aMMHOTPYIIIIBI HEMHOTO CMEIIA/ICS B C/IA0OTIONBbHYI0 00/1aCThb crieKTpa mpu 5.09 M.J.
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cl

1H, H¢
' 2H, NH;

]
]
=]

7.00 6.95 6.90 6.85 680 ' 515 5.10 5.05
MLI.

s
-
-

1.82

Puc. 8. ®parmentst 'H SIMP criekrpa 4,5-guxnop-2-(4-metnnnunepasut- 1 -wi)anmwisa (4)

Takum 06pa3oM, BOCCTAaHOBUTENbHYIO TeTEPOIVKIN3ALIO 0pMOo-HUTPO- per-aHUINHOB
MOYXHO VCIIO/Ib30BaTh JUIS IONTy4eHVs KOHJEHCHPOBAHHBIX IPOM3BOAHBIX OCH3MMIMIA30]Ia,
COJiep>KalllX pas3/lIMyHble IIpefe/ibHble a3areTepouukabl. OrpaHuMdYeHNEM IpPUMEHEHU
JIAHHOTO IIpollecca ABJIAETCS Hauu4yue B TeTepOLUKINYeCKOM ¢QparMeHTe cybcTpara
reTepoaToMa, CIIOCOOHOTO IPOTOHMPOBATHCA B XOJie PeaKLIMI BOCCTAHOBJIEHM.

3KcnepumeHTaanaﬂ YacThb

Temneparypbl ImaBneHusa omnpemensymi Ha mpubope PolyTherm A co ckopocTbio
HarpeBaHus 3 °C/muH u He KoppekTupoBanu. Crektpsl SIMP perucrpupoBanyu Ha npubope
«BrukerDRX-400» mnsa pactBopoB JMCO-ds. B xadyecTBe 3Ta/oHa /I OTCYETA XMMIYECKIX
CIIBUTOB MCIIOTb30BA/IV CUTHAJIBI OCTATOYHBIX TPOTOHOB pactBopuresns B 'H AMP (§ 2.5 m.x.)
win B PC SIMP (8 = 39.5 m.z1.). Macc-crekTpbl 6611 3anucanbl Ha mpubope FINNIGAN MAT.
INCOS 50, sneprus anexTpoHHOro nmotoka 70 3B.

O6u1asa MmeTogyka ciHTe3a 8-xm0p-3,4-muruapo-1H-[1,4]okcasnno([4,3-a]6en3umupasona (2a)
3-metun-7-xmop-1,2,3,4-rerparugponupuno|1,2-a]6ensummumgasona (2b)

K pacrBopy 0.0041 monb HuTpocoeguuenus la wiu 1b B 45 mn 8%-noit HCI npu 80 °C
IpMKanbBamy B TedeHue 2 4 pactBop 0.98 r (0.0043 monb) SnCl-2H,O B 45 M 8%-Hoit HCL
3aTeM peaKkLMOHHYI0O CMeCh IepeMemmBany B TedeHue 0.5 4. Ilocme oxmakpeHus
peakuyonHywo maccy obpabareiBa NH4sOH no pH = 8 u skcrparuposanu xmopodopmom.
ITocne otroHku xmopodopMa IONTYyYEHHBI CYXOil OCTATOK IepeKpUCTA/UIM30BBIBAIN B
xnopodopme.

8-xnop-3,4-gurngpo-1H-[1,4]okcasuno[4,3-a]6ensumupazon (2a) Boexog 91%.
Tur. 193-196 °C. Criextp 'H SIMP (400 MI'u, IMCO-de) 6§ 7.64 (m, 1H, H-9, J]=1.9), 7.54 (g, 1H,
H-6, J=8.5), 7.26 (gnm, 1H, H-7, J=8.5, 1.9), 4.95 (¢, 2H, H-1,1), 4.18 (mrT, 4H, H-3,3,4,4,
J=8.4, 5.8, 2.9). Criextp *C IMP (101 M T'i, IMCO-ds) 8 150.44, 143.86, 133.61, 127.02, 122.44,
118.77, 111.82, 65.01, 63.91, 42.62. HRMS: m/z Beraucineno CioH;oCIN,O 209.6516 [M+H]",
HavigeHno 209.6511.
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3-mermn-7-xmop-1,2,3,4-rerparugpomnpuno[1,2-a]6ensummupason (2b). Boxon 92%.
Tur. 127-129 °C. Cnextp 'H SIMP (400 MI'u, IMCO-de) 6§ 7.54 (m, 1H, H-6, J=1.3), 7.45 (&, 1H,
H-9, J=8.4), 7.18 (mn, 1H, H-8, J]=8.5, 1.8), 4.16 - 4.26 (m, 1H, H-1), 3.87 - 3.97 (M, 1H, H-1’),
2.95-3.07 (m, 1H, H-4°), 2.57 - 2.46 (M, 2H, H-4), 2.12 - 2.01 (m, 2H, H-2,2), 1.61-1.75 (™, 1H,
H-3),1.08 (n, 3H, CHj3, J=6.4). Cuextp PC IMP (101 MHz, IMCO -ds) 6 154.13, 144.07, 133.87,
126.64, 121.87, 118.09, 111.59, 42.11, 33.31, 30.14, 27.34, 21.38. HRMS: m/z BbIuucieHo
Ci:HwiCIN, 221.7054 [M+H]*, Haitneno 221.7056.

Meropuka cuHTe3a 5-X10p-2-(4-MeTwInunepasut-1-mwi)anmwinza (3).

K pacrBopy 1 r (0.0039 monb) HurpocoeguHenus 1c B 35 mn 10%-no1t HCI npu 80 °C
BHOCWM 28 M1 15%-Horo pactBopa TiCls B 10% HCI. PeakuyonHyio Maccy mepemerunBamm
5 muH n oxnaxpanu. ITocme yero peakiyonHyio Maccy obpabareiBam NH,OH no pH = 8 u
aKcTparupoBanyu xnopogopmom. ITocse OTTOHKM XIOpodopMa IIONTYyIEeHHbI CYX0l OCTaTOK
MepeKPUCTA/UIN30BBIBAIM B CMeCHU TreKcaHa u xnopodopma. Beixon 91%. T mn. 150-152 °C.
Cnextp 'H SAMP (400 MTI'y, IMCO-ds) 6 6.85 (n, 1H, H-3, ]=8.3), 6.69 (m, 1H, H-6, J=2.5),
6.51 (om, 1H, H-4, J=8.3, 2.5), 4.99 (¢, 2H, NH.,), 2.75 (1, 4H, H-2’,2°,6’,6’, ]=4.8), 2.53 - 2.37
(t,4H, H-3°,3’,5’,5, J]=4.8), 2.21 (¢, 3H, CH3). Cnextp “C JIMP (101 MI'u, IMCO-d;) 6 144.65,
137.67, 128.65, 121.16, 116.27, 113.97, 55.76, 50.88, 46.53. HRMS: m/z Berancneno C;;H;;CIN;
226.7252 [M+H]", naitgeno 226.7250.

Mertopuka cunTe3a 4,5-guxiop-2-(4-MeTwinunepasut-1-mwi)anmwinza (4).

K pactBopy 1 1 (0.0039 monb) HUTpocoenuuerus 1c B 35 mi 36%-Hoit HCI mpu 80 °C
npukanbiBamy B TedeHue 1.5 4 2.7 1 (0.0119 monp) SnCl-2H,O B 45 mn 36%-noit HCI. ITocte
Yero peakIMOHHYI0 Maccy oxnaxpaany, oopadareiamy NH4OH pgo pH = 8 n sxcTparuposamm
xnopopopmom.  Ilocnme  orTroHkum  xymopodopMa  IONYyYEeHHBII  CyXOil ~ OCTaTOK
NepeKpUCTa/UIN30BBIBaIM B MeTaHose. Beixom 64%. T mn. 128-131 °C. Cnextp 'H SAMP
(400 MT11, IMCO-ds) 8 6.97 (c, 1H, H-3), 6.84 (c, 1H, H-6), 5.09 (c, 2H, NH.), 2.79 (r, 4H,
H-2°,2°,6’,6’, J=4.8), 2.54 (1, 4H, H-3",3’,5’,5, J=4.8), 2.22 (¢, 3H, CH;). Cnextp “*C SIMP
(101 MI'u, IMCO-ds) § 144.69, 137.68, 128.68, 121.19, 116.32, 113.99, 55.77, 50.88, 46.53.
HRMS: m/z soruncneno C, HsCLN; 261.1703 [M+H]", naitgeno 261.1707.

KBaHTOBOXMMMYECKNE pacyeThl 3/IEKTPOHHOTO CTPOEHUs IMPOBOAWIN C IOMOIIBIO
nporpamMMbl ORCA 5.0.4 B pamkax Teopuy GyHKIMOHAIA IVIOTHOCTY C TMOPUIHBIM OOMEHHO-
KopperAuMoHHbBIM  pyHknmoHamoM (merom DFT B3LYP/6-31G**) m1g  OTKpBITBIX
9JIEKTPOHHBIX 000/1049eK. BiysiHue cpefibl y4UTHIBAIM C IIOMOIIBIO COJIbBATALIVIOHHON MOJENN
C y4eToM 3/1eKTpoHHoI I1oTHOCTH (SMD). B xauecTBe COMbBaTHOI 060/I0YKY VICIIOTb30BAIN
DMSO. [In1s 06paboTKM JaHHBIX, BU3YaIM3alVM, @ TAK>Ke OLIEHKM Me>KaTOMHBIX PacCTOSHUN
OINITVIMM3VPOBAaHHBIX MOJIEKY/I MCIIO/Ib30Bamy nporpammbl 1 ChemCraft [48].

Paboma evinonnena 6 pamxax I'0c3a0aHUS HA OCyulecmenerue HAy4HHbX UCCTe008AHUTI U
paspabomox ®I'BOY BO «Apocnasckuii 2ocydapcmeenHviii MEOUUUHCKUL YHUBEPCUmMem» HA
2025 200 om Munucmepcmea 30pasooxpaverus PP no meme «Paspabomka HO8vix
TIeKAPCMBeHHbIX NPenapamos 01 mapeemHoll XUumMuomepanuy oHKON02U4ecKux 3a001e6aHuil
HA 0CHOBE KOHOEHCUPOBAHHBLX NPOU3BOOHVIX OEH3UMUOA30IA C Y3TI08bIM ATNOMOM A30A».
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Kniouesvie cnosa: Annomauusa. B cmamve uccnedyemcs 6nusHue GyHKUUOHATUSAUUU YenepOOHbLX
yenepoOHuvie Hanompybox (YHT) Ha npounocmmHble c601ictnéa HAHOKOMNOZUMHbIX Kpuozeneil Ha
HaHompy6xu, ocHose nonusurunosozo cnupma (IIBC). Dyuxkyuonanusauus YHT ¢ nomouspio
NOUBUHUNIOBBLI PasuUMHbLIX PYHKUUOHATIDHBIX 2PYNN HANPABNIEHA HA YAydudeHue adze3uu Me#oy
cnupm, Kpuozen, HAHOMPYOKAMU U NOTUMEPHOLL MAmpUyetl, 4o, 6 c6010 0uepedb, MOME CYULECNBEHHO
PYHKUUOHANUAUUS,  NOBBICUMb MexaHuUeckue XApaAKMepucmukyu HNonyveHHux Komno3umos. B xode
KoMno3umHole akcnepumenma Oviiu NposedeHvl Mecmvl HA Npedesl NPOUHOCHU C PASTUHHBIMU
mamepuanvi KOHUeHMPayusmu HeMOOUPUUUPOBAHHDLX, OKUCTIEHHBIX (YHT-COOH),

moouduyuposannvix  nonusununoevim  cnupmom  (YHT-IIBC)  yenepooHwvix
Hanompybox. Pesynomamovt nokasanu, umo eeedenue YHT u YHT-COOH s
kpuoeenesyro mampuyy IIBC npusooum k 3HA4UMenbHOMy y6enuteHur0 HpoUHOCHbIX
ceoticme, 00HAKO CMAMUCMUYECKU 3HAYUMOE PA3Nu4Ue 6 NPOHHOCHHBIX C60LCMeax
komnosumos ¢ YHT u YHT-COOH wabnwoodanoce monvko npu xonuenmpavuu 0,1%.
B mo e epems, ssedenue YHT-IIBC 0o xoHuenmpayuu 0,5% maxie noeviiaem
NPOUHOCMHbLE XAPAKMEPUCUKY KPUO2esiell, 6 MO 8peMs Kak OdnvHeliuiee yéenuyerue
konuenmpayuu YHT-IIBC npusooum K cHuxeHu1o npedena npouHocmu.

s quTpoBaHus:

IMeikun AJL, bopucosa H.H., JKepebuos C.JI. Brusanue ¢QyHKIMOHaIM3aUMM YIIEPOZHBIX HAaHOTPYOOK Ha
[IPOYHOCTHBIE CBOJCTBA HAaHOKOMIIO3MTHBIX KPUOTe/Ieil Ha OCHOBe MOMMBUMHWIOBOTO ciupta // Om xumuu k
mexnonoeuu wae 3a wiazom. 2025. T. 6, Bbim. 1. C. 34-41.URL: https://chemintech.ru/ru/nauka/issue/5879/view

BBengenue

Kpuorenu nonusuamnosoro ciimpra (IIBC) — aTo Mmakpomnopucrsie rerepodasHble renmy,
KOTOpble  (opMMpYIOTCS  IyTeM IpOBeHeHus Ipolecca  KPUOCTPYKTYPUPOBAHMS
(samopakuBaHusA-oTTamBanus) pacrsopa IIBC [1]. Kpmoremm IIBC ob6maparor pspom

YHUKaJIbHbBIX CBOJCTB, TaKIX KaK 6I/IOCOBMCCTI/IMOCTI), HETOKCUYIHOCTD, ITOPUCTOCTD, BBICOKOE
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BOJIOCOJiep>KaHMe, IMPOCTasgs METOAMKA IIONMydeHNUsA, 4TO II03BOJSAET NCIONb30BaTh WUX B
00/1acTAX, CBA3aHHBIX C OMoOMequIMHON [2].

OpHako B HacToAIIee BpeMs IIpYMEeHeHNe TaKUX MaTepyaloB OTPAaHNYEHO VX HU3KIMU
MEXaHUYeCKNMY CBOJCTBAaMM, a MMEHHO OTCYTCTBMeM Tpebyemoit mpounoctu. CBOICTBa
nomy4aeMbIx Kpuoreneii IIBC nerko perynmpyrorcs U 3aBUCAT OT KOHIIEHTPAIMM VICXOZHOTO
pacTBopa I1BC, MOJIEKY/IAPHO MacChI O/IMMepa, KOJIN4YeCTBa LMK/IOB
KPMOCTPYKTYPMPOBAHNA ¥ COCTaBa PacTBOPUTENA. DTU 3aBUCUMOCTU IOPOOHO M3y4eHBI B
psfie Hay4IHbIX paboT JlosuHckoro [1, 3] n B my6mmKamysax 3apyoe>KHbIX aBTOPOB [2, 4-6].

AKTya/IbHBIM HAaIIpaBJIeHNEM B COBPEMEHHON NPUKIATHON XVMNUM ABJIAETCSA IOTydeHre
NO/IMMEPHBIX HAaHOKOMIIO3UTHBIX MAaTepMaloB, KOTOpble IIONYYalOT ITyTeM BKIIOYEHNA B
COCTaB IIO/IMMEPHBIX MaTPUI] HAHOYACTHII, M3MEHAIOIINX SKCIUTyaTallIOHHbIE CBOICTBA.

Ina monmydeHyus HaHOKOMIO3UTHBIX Kpuoreneit IIBC B kadecTBe HamoOMHUTENSA I
KpUOTe/IeBO)l IOJIMBUHIIOBOM MATPMUIBI MCIONb30BAMNCh ONHOCTEHHbIE YI/IEPOJHBbIE
HaHoTpy6ku (OYHT), npencrapnstone co60i NVIMHAPUIECKIIe MOJIEKY/IbI, U3TOTOB/ICHHbIE
U3 CBEpHYTBIX /UCTOB rpadena [7]. bmaromaps cBOMM YHUKaJIbHBIM (U3NYECKUM U
MexaHn4eckuM cporictBaM OYHT AB/A0TCA NepcreKTUBHBIMY KOMIIOHEHTaMI COBPEMEHHBIX
HaHOKOMIIO3UTHBIX MaTepuanos [8].

Beepenne YHT B monuMepHyIo MaTpuily MOXeT CIIOCOOCTBOBATD YIYYIIECHNIO PU3UKO-
MeXaHM4YeCKIX CBOJICTB HAHOKOMIIO3UTHBIX MaTepuanoB. OIHAKO BBICOKAs ITOBEPXHOCTHAS
sHeprua YHT m mx HU3KOe CPOACTBO K IOJIAPHBIM IIOIMMEPHBIM MaTpuUIlaM HPUBOJRAT K
aryioMepanni, YTO0 MOXKeT HeTaTMBHO IOB/IMATb Ha KOHEYHbIe CBOVICTBA KOMIIO3MTa. BakHO
OTMETUTD, 4TO Ji/I NOTy4eHNA Ka4eCTBEHHOTO HAHOKOMIIO3UTHOTO MaTepyana HeoOXOmuMo
obecnieunTh paBHOMepHOe pactpenenenne YHT B o6beme nonnmepHoit MaTpuisr [8].

[Insa yMmeHblIeHMA pPa3MepOB arJlOMepaToB M ycuneHus B3aumopeiictsua YHT ¢
[VICIIEPCYOHHON CpeNoil MCHOb3YIOT J[iBe TPYIIBI METONOB: MeXaHudeckye (Hampumep,
00paboTKa Y/IbTPa3BYKOM) M XuMM4ecKye (IpMBMBKA (YHKLUMOHATBHBIX TPYIIl IyTeM
IIpOBeJleHNsI XMMIYEeCKOl peakiuu). ABTOpsl pabor [9, 10] mokasamyu, 4YTO paBHOMEpPHOE
pacnpemenenne YHT B monumepHON MaTpuile MOXKHO IIONTYyYMTb IIPY COBMECTHOM
JVICTIOTIb30BAaHNY MEXaHMYECKIX METONOB ¢ XMMIYecKoit obpaborkoit YHT.

Ha cerogHAmHMIT IeHb CyIIECTBYeT PAJ MCCIEJOBAHNUI, TOCBAIEHHBIX IIOTyYeHUIO 1
CBOJICTBAM HAaHOKOMITIO3UTHBIX MaTepuanoB Ha ocHose IIBC n YHT [11-14]. ABTOpaMu stux
paboT yCTaHOBJIEHO, YTO HAHOKOMIIO3UTHbIEe MaTepuasl, cogepkauue YHT, nemoHcTpupytor
CBOJICTBA, KOTOPbI€ CYHIECTBEHHO OTIMYATCA OT CBONCTB 4mcroro IIBC. 9t msmeHennsa
obycnosnensl B3anmogeticrsueM YHT ¢ momiMepHOIt MaTpuiielt, YTO IPUBOAUT K M3MEHEHNIO
9KCIUTyaTal[IOHHBIX CBOJICTB O0Opa3llOB, YTO OTKPbIBa€T HOBBIE BO3MOXKHOCTM I MUX
IPVMEHEHMS B pa3/INIHBIX 00/TacTAX.

Llenb paboTs! — oueHUTH BauAHMe pyHkunoHamsanyy Y HT Ha mpouHOoCcTHBIE cBOTICTBA
HaHOKOMIIO3MTHBIX KpJOTe/iell Ha OCHOBE IIO/IMBIHIIOBOTO CIMPTA.

OO6DBeKT uccnefoBaHNsA — HAHOKOMIIO3UTHbIE KPMOTeNN, MOydeHHble 13 15% BOJHBIX
pactBopos IIBC ¢ monekymapHoit maccoit 89000 [la, conepskamme YHT.

[TpegMeT uccenoBaHysA — IpefeN IPOYHOCTY HAHOKOMIIO3MTHBIX KpYOTe/ieil Ha OCHOBE
IIBC/YHT.
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OcHoBHasA YacTh

Hammune YHT B oObeMe HOMMMEpHON MaTpuLbl MOXKET CYIECTBEHHO M3MEHMUTDb
MexaHM4YecKue cBolictBa kpuorernei IIBC, Ho B To xe Bpems crioco6HocTh YHT K arperanun
MO>KeT HEraTMBHO IOB/IMATb Ha XapaKTePUCTUKM IIOIy4aeMOro Marepuana. XuMudecKas
¢dynknyonamsauua YHT npuBoanut k 06pa3oBaHMI0 Ha X HOBEPXHOCTM (PYyHKI[MOHAIBHBIX
TPYyII, KOTOpble MOTYT IIOBBICUTb UX CPOACTBO K IIONMMEPHOI MaTpulie, TeM CaMbIM
CITIOCOOCTBYS JTy4llleMy pacIpeie/IeHNIO ¥ YMEHBIIEHNIO PICKa arjmoMeparuiu [8].

B pesynbrate okucnennsa YHT cMechro KOHIIEHTpMPOBaHHbBIX a30THOI U CEPHON KUCTIOT
B cooTHoueHuy 1:3 6pu1 onyder npoaykT okucnenns (YHT-COOH). Peakius oxucnenus
YHT npuBopgur K  00pasoBaHMIO Ha  IIOBEPXHOCTM  HAHOTPYOOK  IIOIAPHBIX
KUCTIOPOAicofiepKalyX (YHKIVIOHAIBHBIX TPYII, B OCHOBHOM KapOOKCWU/IbHBIX, Haludye
KOTOPBIX HOATBEp)KJaeTcsi CUrHalmoM B obmactu 1732,44 cm' Ha MK-cmexrtpe (puc. 1),
COOTBETCTBYIOIIIEM Ba/lleHTHBIM KonebauusaM cBsasyu C=0 B KapOOKCHUIIbHOII TpyIIIIe.

Taxke yBemuueHme comep)kaHyue KUCTIOpPOfia B IIPOAYKTe OKUCIEHUA ObIIO
3adukcupoBano ¢ momoribio CHNOS-ananu3sa ¢ 4,43% nins YHT go 18,95% mis YHT-COOH.

Aptopam paboter [15] ymamoch mpoBectu peaknyio srepudukamuyu YHT-COOH c
HO/IMBYHWIOBBIM CIIMPTOM, B pe3ynbTaTe KoTopoit mnomyuwmn npopykr YHT-IIBC,
PacTBOPUMBILIL B ropsideil Bofie. ITO MpefoNpesie/AeT Halexk[y Ha JOCTVDKEeH)e MaKCUMAaIbHO
PaBHOMEpHOJ [MCIEPCMM B BOJE [ TIIONy4eHNMSA HAHOKOMIIOSUTHBIX MaTepuasioB.
Cogmepxanme kucmopoga B cuHTesupoBaHHON Momudukanyuyu YHT-IIBC mo maHHBIM
CHNOS-ananmusa Bospocno o0 37,04%, u aTo cBsAzaHo ¢ Hamm4ueM cuyroro ¢ YHT nonmmmepa.
Mornouyenie
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Puc. 1. IK-cnextp YHT-COOH

B xavecTBe HanOMIHNUTENA [IJIA IOIMBUHWIOBON MaTpUILbI, ITOMy4eHHON 13 15% BogHOrO
pactBopa nonumepa, 6butn ucnonb3osansl YHT, YHT-COOH B konmnuectse 0,1; 0,5 u 1% n
YHT-IIBC B kommuectBe 0,55 1 m 2%. Ha puc. 2 mpefcraBieHa 3aBUCHMOCTb IIpefiesia
npoyHocTy HaHoKomno3uTHbIX Kpuoreneit [IBC/YHT ot konnenTtpanun YHT.
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Puc. 2. 3aBucumocTdb mpepienia IpOYHOCTY BOGHBIX HAHOKOMITO3UTHBIX Kpuoreneit Ha ocHose 15% IIBC/YHT
or KoHleHTpauym YHT

V3 puc. 2 BujiHO, 4TO yBe/nmdeHue npefiena npoydocty npu BeefeHun YHT B 15%
IIO/IVBMHMJIOBYIO MaTpUILy B KomdecTse 1% cocraBuio npuMepHo B 15 pas ¢ 0,17+0,07 MIla
1o 2,64+0,12 MlITa.

Hamane monApHBIX (YHKIVOHAABHBIX Ipynn Ha nosepxHoctu YHT mpusogmr k
YAY4LIEeHHOMY paclipefle/IeHMI0 HaHOYacTUI[ B IOMAPHBIX cpemax. IIpepgmosaraercd,
yro BBefieHne YHT-COOH npuseper k ee 60/bleMy yBeIMYEHUIO IIPOYHOCTHBIX CBOJICTB
Kpuoreneii Ha ocHoBe IIBC mo cpaBHeHMIO ¢ McHONMb30BaHMeM opuruHanbHbix YHT.
Il IpOBEpKM TUIIOTe3bl ObUIM IIOTy4eHbl HAHOKOMIIO3UTHbBIE KPUOTeIN U3 BOAHBIX 15%
pactBopoB IIBCsg, copmepkamme YHT-COOH. PesynbTaThl MCHBITAaHMII Ha IIPOYHOCTD
IIpeJCTaBIeHbl Ha puC. 3.

Ha6mogam, yro yBemmdyenue xoHueHtpauyy YHT-COOH mnoslmaer mIpoYHOCTHBIE
XapaKTePUCTUKM MaTePUaIOB, OJHAKO CpaBHUTeNbHbIN aHamm3 Bauaana YHT nu YHT-COOH
Ha IIpefie/l IPOYHOCTY HAHOKOMITO3UTOB ITOKA3a/l, YTO CTATUCTUYECKM 3HAYMMOE pasjndine B
IIPOYHOCTHBIX XapaKTEePUCTUKAX (PUKCUPOBANIOCh NpM KOHIeHTpaumm HaHowactui 0,1%,
OHAaKO B O0OJacTM IIOBBIIIEHHBIX KOHI[EHTpaluil HaHOTpyOok (0,5%; 1%) pasmuuna B
IPOYHOCTY OKa3a/IMCh He3HAUNTEe/IbHBIMU (pUC. 4).

IIpeaennpounocti, MIIa

0 0,2 0,4 0,6 0,8 1

Konnentpauusa YHT-COOH, %o
Puc. 3. 3aBucumocTp IIpefena IIPOYHOCTYM BOGHBIX HAHOKOMIIO3WTHBIX KpMOTeleil Ha OCHOBe
15% IIBC/YHT-COOH ot xonnentpanym Y HT-COOH
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Puc. 4. CpaBHeHue mpefiela IPOYHOCTY BOJHBIX HAaHOKOMIIO3MTHBIX Kpmoreneil Ha ocHoe 15% IIBCg
npy pasnuyHbix Mopudukamax YHT: 1 - 0%; 2 - 0,1%; 3 - 0,5%; 4 - 1%

C mopudunuposannpiMun YHT-IIBC ymanock momydnTbh HAHOKOMIIO3UTHbIE KPMOTeIN
u3 BogHOrO 15% pactBopa II1BCsy ¢ KoHIleHTpanusaMy HaHodacTuy 0,5%; 1% u 2%. PesynbraTsl
(U3MKO-MeXaHNYeCKUX VCIIBITAHNIT IPVBEIeHbI HA PUC. 5.
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Puc. 5. 'padpuk 3aBUCHMOCTHU IIpefesia IMPOYHOCTM BORHBIX HAHOKOMIIOSUTHBIX KpMOTeneil Ha ocHoBe 15%
IIBCso/ YHT-IIBC ot xornenTpauyy YHT-IIBC

CornacHo rpaduky (puc. 5), mpemen MPOYHOCTYM MaTepPUAIOB IOBBICMICS C POCTOM
koHueHtpanuyu YHT-IIBC mo 0,5% moutu B 3 pasa, ¢ 0,17+£0,07 MIla no 0,48+0,03 MIla.
Opnako panbHeree yBennuenue copepxanusa YHT-IIBC go 2% npuBOAUT K MOHVDKEHUIO
IIPOYHOCTHBIX XapaKTepucTuk fo 0,11+0,05 MITIa.

BriBoabl

Xumnyeckass pyHKIMOHAIN3AINA YITIEPOAHBIX HAHOTPYOOK C MCIONTb30BaHMEM CMeCH
KOHLIEHTPMPOBAHHBIX CEPHOI ¥ a30THOJM KUCIOT, a TaKXe peakuusa OSTepuduKanmum
OKIJIC/ICHHBIX YI/IEPOJHBIX HAHOTPYOOK C IMOVMBVMHUIOBBIM CIVPTOM 3HAYNMTE/IbHO YIYYIIAIOT
pacnpezenenne HaHOYACTUI] B IOJLAPHON SUCIIEPCUOHHOMN cpefie. BBelieHne OpurnHaabHbIX U
OKMC/IEHHBIX YITIEPOLHBIX HAaHOTPYOOK B KpPUOT€/NIEBYI0 BOAHYIO 15%-HYI0 IOVMBMHUIOBYIO
marpuiy (IIBCg) IpMBOAMT K IOBBINIEHNMIO IIpefie/ia IPOYHOCTM 0OpasIioB IIPUMEPHO
B 14-15 pas npu KoHIeHTpauuy HanomHuTend 1%. CraTmcTudeckyu 3Ha4MMOE pasinyne B
IIPOYHOCTHBIX XapaKTEPUCTUKAX HAHOKOMIIO3UTHBIX KPMOTeIeil, COEP>KalX OPUTMHA/IbHbIE
Y OKVICTIEHHbIE YITIePOZHble HAHOTPYOKM, HAOIIOfAeTCs NMMIb IIPY HU3KOJM KOHLIEHTpALMu
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(0,1%). IIpm BBICOKMX KOHILIEHTpPAIVAX paslInNyMs B IPOYHOCTHBIX CBOMCTBAX CTAHOBATCA
CTAaTUCTUYECKV HE3HAUMMBIMI. BBefeHMe yIIepofHBIX HAaHOTPYOOK, MOAV(UIMPOBAHHBIX
IO/IMBUHMIOBBIM ~ CIIMPTOM, TIPUBOAUT K YBEIMYEHMIO IIPOYHOCTHBIX XapaKTEPUCTUK
IpaKTUYecKN B 3 pasa npu KoHneHTpauyuu 0,5%, OgHAKO IpyM JajlbHENIIEM yBeIMYeHUU
cofiep>KaHusA HAOIIOfaeTcs 3HAUYMTEIbHOE CHIDKEHNe IIpefieNia IPOYHOCTH. IlomydeHHbIE
pe3ynbTaThl CBUJIETENBCTBYIOT O BO3MOXXHOCTM JOCTVDKEHMA MaKCUMaJIbHBIX MeXaHNYEeCKUX
CBOJICTB C JCIIO/Ib30BaHMEM OPWTVHA/IbHBIX VM OKJC/IEHHBIX YIJIEPOZHBIX HaHOTPYOOK, UTO
OTKpBbIBaeT WYyTM I JAIbHENIINX WCCIeOBaHMII B OOTacTM HACTPOVKM CBOJICTB
HaHOKOMITO3UTOB.

SKCHCPI/IMCHTa}IbHa}I qacTh

B pabore 6e3 HOMOMHUTENIBbHON OYMCTKM WCIIO/Nb30BAIN C/IEAYIONYe BellecTBa:
IIONIVBUHUJIOBBINL CIUMPT C MOJEKynIApHoy Maccoir 89000 [Ja co cremeHbr rupponmsa
O-aumnbHeIX rpymn 99% (Sigma-Aldrich, CIIIA); omHOCTeHHbIE YIepoAHbIE HAaHOTPYOKM
puameTpoMm 1,6+0,4 HM, IJIMHOI > 5 MKM U COfiep>KaHueM yriepopa = 93% B Buje OCHOBHOTO
koMmroHeHTa  (Sigma-Aldrich, CIIIA); asorHas kucnora, 70% BORHBII PacTBOP
(Sigma-Aldrich, CIIIA); cepras xucnora, 98% Bopubli pactBop (Peaxum, Poccus);
1,3-gunuknorekcuakapoopuyumug (DCC) (Sigma-Aldrich, CIIIA); 4-nuMeTnIaMMHONIMPUANH
(DMAP) (Sigma-Aldrich, CIIIA); runpoxcubensorpuason (HOBT) (Sigma-Aldrich, CIIIA);
aeton (Peaxmm, Poccus); mmmermncynbdokcup (IMCO) (Sigma-Aldrich, CIIA);
IVICTU/UIMPOBAHHASA BOJA.

Memoouka nonyueHus HAHOKOMNOZUMHBIX Kpuozeneli HA OCHO8e NONUBUHUTIOB020
cnupma u yenepooHvLx HAHOMPYOOK

Hasecky YHT pesunTerpupoBany B AUCTUIIMPOBAHHOM BOJie B Te4eHue 15 MUHYT 1Of
lleTICTBMEM Y/IbTpa3BykoBoro romoreHmsatopa Q500 (Qsonica, CIIIA) ¢ BbIXOZHON
MourHocTbio 500 Br, wacrotoit 20 xI'y m ammntypoit kone6aunit 20%. K mosmydeHHOI TeMHO
nucnepcun pobasmsmm HaBecky cyxoro IIBC u nepememmBamy npu HarpeBanuu po 95 °C mo
¢dhopMmpoBaHNA OFHOPOLHOI cycrieH3nu. [Tocie 4ero momy4eHHYI0 cMeCh pacIpefierisii MexXIy
JIByMsI CTeKIaMI ¢ GUKCUPOBAHHBIM 3a30poM 1 MM, BbIfiepKuBanu mnpu Temueparype -40 °C B
Te€4eHMe 24 4acoB U 3aTeM IIOCTEINIEHHO pasMOPKUBa/IN B TedeHMe 24 4acOB IIPY KOMHATHOM
Temneparype. O6pasipl IOABEpramy OFHOMY LMKIY KPMOCTPYKTYPMPOBAHMS, IOCNIE Yero
OTMbIBa/IN JUCTU/UIMPOBAHHOI BOJOJ OT OCTaTKOB HecuuToro nonumepa u YHT B Teuenue
CYTOK.

Oxucnenue yenepooHvix HaHOMPY6OK

Hasecky YHT wmaccoit 0,3 r o6pabaTbiBamum cMmecblo, cocrosmeir u3 10 M
KOHIIEHTPVPOBAHHOJT a30THOM ¥ 30 MJI1 KOHIIEHTPVPOBAHHOU CepHOIT KMCTIOT (B COOTHOIIeHNN 1:3).
Peaxuuio mpoBopwiu B TedeHue 6 4acoB B YIbTpa3ByKoBoil BaHHe «Camdup» ¢ pabodeit
gactoroit 35 k['u. [TpopykT okucnennst oTGUIbTPOBBIBAIY, IIPOMbIBAIY AUCTUAUIPOBAHHON
BOJI0M1 1O HEVITPA/IbHO Cpefibl ¥ CYIUM/IN Ha BO3[IyXe O IIOCTOAHHON MacChI.

DYHKUUOHANUIAUUS YeriepOOHBIX HAHOMPYOOK NOTUBUHUTIOBYIM CHUPIOM

Haseckn 0,4 r DCC; 0,066 r DMAP; 0,13 r HOBT pactBopsimu B 15 mn JIMCO.
K pactBopy nobasmnsanm HaBecky okucneHHbIx YHT maccoir 0,166 T, a 3aTeM IIOTy4eHHYI0 CMeCh
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obpabaTplBanmy yIbTPa3sBYKOM B Y/IbTpa3sByKoBoil BaHHe «Camndup» B TedeHme 1 daca.
[lanee B peakI[MOHHYIO CMeCh J00aBILsAIM pacTBOp, cocTosmumii u3 0,166 r [IBC n 10 mn IMCO
¥ IIPOJ0/DKa/M 00pabaThIBaTh YIbTPAa3BYKOM B TedeHye 24 4acoB. [TomydeHHYI0 TEMHYIO CMeCh
neHTpudyrupoBamy Ha ckopocty 7200 060poToB B MuHyTy. OcaxjeHne MOgpUIYPOBAHHBIX
YHT mnpoBogwmm myTeM po0aBjeHNsA ameToHa B CYIIEPHATaHT, OYMCTKY oOpasia
OCYLIEeCTB/IS/IN PAacTBOPEHMEM B Tropsdell Bofie C MOCTeAYIOLMM IIPOBefieHNeM Ipoliecca
[Manu3a B TeueHMe 3 CYTOK M OCaK[eHUEeM B alleTOHe. BhImaBIIMil OCafloK IPOMbIBAIN
aIleTOHOM U CYHIM/IV Ha BO3JIyXe /IO IOCTOSIHHOM MacChl.

Hccnedosarue mexanu4eckux c60icme HAHOKOMNO3UMHDBLX Kpuozeset

MexaHirdecKye CBOJICTBa MOTYYeHHbIX MaTepHa/IOB OLIEHMBA/I B YCIOBUAX OSHOOCHOBHOTO
pactsbkeHnss B coorBeTcTBum ¢ ISO 37:2017 mpm rtemmeparype 37 °C. O6pasusl misa
VICCIIeIOBaHMsI TOTOBMIN Ha BRIpyOHOM npecce ZCP 020 (Zwick GmbH & Co. KG, I'epmanns)
B ¢opMe IpSMOYTONbHBIX IVIACTUH C VICIIOIb30BaHMEM HOXa CIenuanpHoit ¢popmer B083,
cootBeTcTBYyIOIero ctanpapry 1SO 37:2017 (n = 7-8) 6e3 y4era BbIOOpa HaIpaBJIeHUs BBULY
M30TPOIIHBIX CBOJICTB MaTepuasa, TOMIIMHY U3Mepsau TonmuHomerpoMm — TP ¢ mpenenom
pomyctuMoit norpemrHocty £0,01 MM ¢ IpyoKUMHBIM ycuneM He 6oree 1,5 H. VicenegoBanne
IIPOBOJVIIV Ha YHUBEPCAIbHOI MCIBITaTeNbHOM ManHe cepum Z (Zwick GmbH & Co. KG,
I'epMaHusA) IpM UCIIONIB30BAaHNY JAaT4YMKa C HOMUHATbHON cutoit 50 H, BeiOpanHas cKOpoCTbh
nepemelenusa Tpasepchl 50 Mm/MuH. Ilpesen mpoyHocTM MaTepuana OLIEHMBAIM 11O
MaKCYMa/IbHOMY HallpsDKeHMIo Ipyu pactspkernvy (MIla) ¢ ydeTom mromagy monepedyHOro
cedeHMss obpasna. Ympyro-gepopMaTMBHbIE CBOJCTBA OOpasioB  OLEHMBAIM  IIO
OTHOCUTE/IbHOMY YIJIMHEHNIO, CKOPPEeKTMPOBAaHHOMY C Yy4eTOM XapakTepa paspylleHNA
06pasuos (%), u moxymo KOHra, paccunTaHHOMY B Ualla3oHe YATMHEHUS HeOOXOAVIMOTO IS
noy4deHns koHeuHoro n3genus (0 go 125% ypnHeHns).

MK-cnexkmpockonus

MK-cnexktpor YHT perucrpupoamm Ha JK-cekrpomerpe «VMudpamom OT-08»
(JIromexc, Poccus) ¢ mcmonb3oBaHueM HPUCTaBKY MHOTOKPAaTHOTO HAPYLIEHHOTO IIOTTHOTO
BHYTPEHHET0 OTpaxeHns ¢ mpu3moit n3 ZnSe. [Tpo6st YHT pactupanuch ¢ 6poMMUCTBIM KameM
B Mukpocrynke. VIK-ciekTpnl peructpuposanu B amuanazone 4000-500 cm! ¢ paspenieHneM
4 cm™ u1 BpeMeHeM HaKOIUIeHN:A — 256 CKaHOB.

CHNOS-ananus

Copnep>xaHue yIaepofa, BOMOPOMiA, Cepbl M KUCIOPOJA OIpefie/iA  MEeTO/IOM
BBICOKOTEMIIEPAaTypHOTO OKMCIEHMs Ha aBTOMAaTMYeCKOM 9JIeMEHTHOM aHalms3aTtope
ThermoFlash 2000 ¢pupmer ThermoScientific (CILIA).

Cmamucmuveckuii aHanu3 0aHHbIX

CraTucTM4ecKnii aHann3 AaHHBIX TpoBoAwWIM ¢ ucnonb3oBanueM GraphPadPrism 8.0
(GraphPad Software, CIIIA). HopManbHOCTb pacIipefielieHUsl OLEHUBAIM II0 KPUTEPUIO
Konmoroposa-CmupHoBa. 1A HOpManbHO pacnpefieieHHbIX nepeMeHHbIx ANOVA ¢
arloCTepPMOPHBIM TeCTOM WCIIO/NIb30BANCA M/ OIpefeNeHNsA pasiIndmii MeXAy TIpyIIaMMu.
[l151 HeHOpManbHO pacHpefie/IeHHbIX IepeMeHHbIX TecT Kpyckama-Yommica ucnonbsoBancs
JULSA OTIpefie/IeHNsA PasIdIMii MeX/y IpynaMiu. Pe3ybTaTsl ObIUIM IpeficTaB/IeHbl INO0 B BUTIE
CpeIHero sHa4YeHN: U CTaHJAPTHOTO OTKJIOHEHNsI, 1160 B BUJie Me[VMaHbl I ME>KKBAPTUIBHOTO
[MaTa30Ha, I7ie 3TO YMECTHO. Pasnmmunsa cunTami craTucTudecky 3HauyMbIMy mpu p < 0,05.
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"TamKUKCKNIT HalMOHAIbHBI YHUBepcuTeT, 734025, Pecrry6nka Tamkukucray, 1. Jymanb6e, np-kT Pymgakuy, 17.
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"HMM TapKMKCKOTO HALMOHAIBHOIO VHuBepcurera, 734025, Pecnybimka Tamxukmcran, r. [yianGe,
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Kntoueswvie cnosa: Annomauusa. KucnomHo-ocHo8Hble C80UCMBA NUMOHHOU KUCIOMbL U3Y4eHbl
nomeHUUOMemMpus, MemoOoM NOMeHUUOMEMPUUecK020 mumposanus npu memnepamype 298 K u
TUMOHMAS KUCTIOMA, koHuyenmpayuax C(H;Cit(OH)) 0,01 u 0,02 monv/n. YcmarosneHo, umo
KOHUeHmMpayus, pesynomameoi NOMeHUUOMeMPU4ecK020 Mumposanus  3a8ucam om
KOHCMAaHMbL UOHU3AUUU, KOHUEHMPAY UL BEULECNE U BpeMeHU YCMAaH06/IeHUs PasHo8ecHo20 3HaveHus pH
pH, duccoyuuposannas mumpyemozo pacmeopa. Ilokazano, 4mo HOMeHYUOMEMPUUECKUM MemodoMm
popma, moeym Ovimv onpedeneHvt Mpu KapOOKcunvHvle 2Pynuvl TUMOHHOL KUCIOMbL,
HeOUCCOUUUPOBAHHAS komopvim coomeemcmeyrom pKi,l, pK.2 u pK,3. 3nauenus noxasamenei
(monexynsapuas) popma, KOHCMAHM OUCCOUUALUY TUMOHHOU Kucnomul 075t koHuenmpavuu 0,02 monv/n

Pynxyuonanvrvie epynnvt  cocmasnsgiom 2,75; 4,45 u 5,82. JIng o6eux uzyueHHvix KOHUEHMPAUUL TUMOHHOLL
KUCTIOMbL NOCMPOeHbl OUAZPAMMbL pacnpedesieHUs OUCCOUUUPOBAHHBIX POPM.
CoenacHo nomyueHHbiM OAHHLIM, KPUéble pacnpedeneHus ¢ MNOBvbIULEHUEM
KOHUEHMPAayuu KUCI0moL cmeusaromcs no wixane pH nanpaso.

s quTpoBaHus:

Mupamunsona @., Paxumosa M., daizynnosoma O.0., Jasnatmoesa [x.A., Bobonasapsona I'b. Bnusanue
KOHI[EHTPALVJ IMMOHHOJ KMUCTIOTBI Ha ee AMCCOLMIPOBAaHHbIe ¥ HeAyccoumpoBaHHubie popMel // Om xumuu K
mexHonoeuu wae 3a wiaeom. 2025. T. 6, Boi1L. 1. C. 42-47. URL: https://chemintech.ru/ru/nauka/issue/5879/view

I'mppokcuKapOOHOBBIE KMC/IOTHI BCTPEYAIOTCA B IpUpOfie U OOMTAfal0T BBICOKOI
Ouonormyeckoy akTuBHOCTBIO [1, 2]. Hampumep, nuMOHHas KKUCIOTa  SABJISETCS
OMYHKIMOHAIBHON C/IOXKHOI Ol-OKCMKAapOOHOBON KucnoToit. OHa COEep>XUT B CBOEM
cocraBe 4YeTblpe (PYHKI[VOHAJIbHbIE TPYNIBL: TPU KapOOKCWIbHbBIE ¥ OHY IMAPOKCUIBHYIO
TPYIIY, 33 CYET KOTOPOJI OTMEYAETCA YCUIEHNE KMCTOTHBIX CBOJICTB.

Hambomnee BakHad XapaKTepUCTMKAa KMUCIOTBI — 3TO 3HAYeHME ee KOHCTAHTBI
ICCOLMAIINM, XapaKTepH3yIolllee PeaKIMOHHYIO CTIOCOOHOCTD 1 MCIIOb3yeMOe /ISl pacyeToB

© ®. Mupamunsopa, M. Paxumosa, 3. ®. Qaiisynnosona, [x. A. [lapnarioesa, I'. b. Bo6onasapsopa, 2025
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paBHOBecuit. Kpome TOro, 3HaueHMs KOHCTaHT JAMCCOLMALVM  HOIONHAIT  6asy
TepMOAVHAMUYECKNX JAHHBIX PACUeTHBIX BE/INYMH.

V3ydeHne paBHOBeCHII IUAPOKCHKApOOHOBBIX KIC/IOT B BOJHOI cpefie 0c000 BayKHO LA
¢$u3MuecKol ¥ aHAIMTUYECKO XMMUI, HO 9TOT acIeKT MCCIefloBaH Mano. B ymreparype
OOBIYHO IPUBOAATCA TONBKO TPY 3HAUYEHMA KOHCTAHT AMCCOLMAIVM JMMOHHONM KVC/TOTBL:
pK.l, pK.2 u pK.3, mostomy uyacro mumyr eé ¢opmyny kak Hs;Cit(OH). Takme manHbIe
NpUBOAATCA B paborax [3, 4]: pK.l = 3,13, pK.2 = 4,71, pK.3 = 6,21 (c ucnonbp3oBaHueM MeTOfa
criektpooromepun); pK,1 = 3,02, pK,2 = 4,68 u pK,3 = 6,18 (MeTOZOM OTEHIVIOMETPUI).

Ilenbio maHHOV pabOTHI SIB/ISAETCS M3Y4eHNe KIMCIOTHO-OCHOBHBIX CBOJVICTB JIMMOHHOI
KJCIOTBI METOZOM MOTEHLMOMeTpudecKoro TuTposanus npu T = 298,15 K u KoHIeHTpanun
0,02 Mo7Ib/1 M CpaBHEHME VX C TIOMyYEHHbIMM PaHee JaHHbIMM Iy KoHLeHTpanuu 0,01 Monb/.
PesynpraTel  OyAyT WMCHONb30BaHBI B  fJaJbHENIeM TIpM WM3Y4eHMM IIPOLECCOB
KoMmIuiekcoobpasoBanus B cucreme Fell-Fe-H;Cit(OH)-H,O.

[l sKCcIIepuMeHTOB ObITa UCIIO/Ib30BaHa KPUCTA/UINYECKast IMMOHHAA KUCTOTa MapKiu
«X.4.», JOTIOIHUTE/IbHAsA O4MCTKa He mpooamiachk. PactBop KOH rorosumm n3 ¢ukcanana.
HyxHoe IOCTOSHHOe 3Ha4YeHUe MOHHON CUIBI PacTBOpa IOAJEP>KMBANOCh JOOABIEHNEM
NaNO;. Konnentpanus aToil conyu ompezensinack BeCOBBIM MeTofoM [5, 6]. Bce pacuers
OCYIIIeCTBJIEHBI Ha KOMIIbIOTepe 110 porpamme Excel [7, 8].

[ToreHuyoMeTpryecKre M3MepeHNsI IPOBOAVIN C IOMOIIBI0 MOHOMepa «IDKOHMKC-
Oxkcnepr-001». IIpubop kammbpoBancs no 6ydepHBIM pacTBOpaM B IKCIEPVUMEHTAIbHBIX
YCIOBUSAX NpU MOHHON cute pabodero pactBopa I = 0,1 mons/n (NaNQOs). Turposanue
nposefieHo pactBopoM KOH. 3nauenmsa pH pactBopa MMMOHHON KUC/IOTBHI M3MEHANCH B
3aBUCHMOCTH OT IPWINTOTO 0ObeMa IIe/I0UM, IPVUBE/IeHbI B Ta0I. 1.

B xoopamuarax dpH/dV-Vr nocrpoena kpusas auddepenianbHOro TuTpoanus (puc. 1).
Ha Hell Touka 9KBMBaJIEHTHOCTY COOTBETCTBYeT MaKCUMYyMY KPUBOII U I03TOMY OIIpefie/iseTcs
C BBICOKOJI TOYHOCTbIO. TOYKa SKBUBA/JIEHTHOCTM M MaKCUMyM KpPMBOI COOTBETCTBYIOT
KOHCTaHTe MOHM3aLMy C HauOONbIIMM 3HaueHMeM. Y JIMMOHHOJ KWUCIOTBI 3HaYeHMs
IIOC/IefJOBaTe/IbHBIX KOHCTAHT AMCCOLMAIINMY BIIO/IHE CXOJHBI, I03TOMY Ha KPMBOJ TUTPOBaHMA
OTZie/IbHbIE CTYIIEH! He 3aMeTHBI [9].

dpH/dV

12 -

10 1

8 4

6 -

4 4

2 4

. ek a i & & VKGH
0 N T L T T T T
0 3,4 7,8 10,8 13,6 15,4 16,6

Puc. 1. T'padpuueckas puddepeniyanpaad kpupas TTpoBany mMoHHOM kicnotsl — HsCit(OH), Cxon = 0,2 Mob/n
npu Temneparype 298,15 K n Cusciony = 0,02 Monb/i1.
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Tabnuua 1. 3aBucumocts 3Havuenuit pH pacrBopa numonHOM Kncaorsl or o6bema KOH mpu T=298,15 K;
Csciom = 0,02 1 I = 0,1 Monb/m.

Ne Vxon, MJT PH Crkon Chisciton) Ne Vxon, M PH Ckon Chisciton

1 0 2,323 0 0,02 28 11,6 5,582 0,0116 | 0,016233766
2 0,4 2,411 | 0,0004 0,01984127 29 12,0 5,699 0,0120 0,016129032
3 0,8 2,509 | 0,0008 0,019685039 30 12,4 5,825 0,0124 | 0,016025641
4 1,4 2,660 | 0,0014 0,019455253 31 12,8 5,942 0,0128 0,015923567
5 1,8 2,755 | 0,0018 0,019305019 32 13,2 6,074 0,0132 0,015822785
6 2,0 2,807 | 0,0020 0,019230769 33 13,6 6,215 0,0136 0,01572327
7 2,4 2,914 | 0,0024 0,019083969 34 14,0 6,392 0,0140 0,01562500
8 3,0 3,074 | 0,0030 0,018867925 35 14,4 6,613 0,0144 0,01552795
9 3,4 3,186 | 0,0034 0,018726592 36 14,6 6,760 0,0146 | 0,015479876
10 4,4 3,487 | 0,0044 0,018382353 37 14,8 6,970 0,0148 0,015432099
11 5,0 3,678 | 0,0050 0,018181818 38 15,0 7,297 0,0150 0,015384615
12 54 3,797 | 0,0054 0,018050542 39 15,2 8,398 0,0152 0,015337423
13 5,8 3,917 | 0,0058 0,017921147 40 15,3 9,360 0,0153 0,015313936
14 6,4 4,097 | 0,0064 0,017730496 41 15,4 9,700 0,0154 | 0,015290520
15 6,8 4,212 | 0,0068 0,017605634 42 15,5 9,973 0,0155 0,015267176
16 7,2 4,323 | 0,0072 0,017482517 43 15,6 10,208 | 0,0156 | 0,015243902
17 7,8 4,482 | 0,0078 0,017301038 44 15,7 10,407 | 0,0157 | 0,015220700
18 8,0 4,536 | 0,0080 0,017241379 45 15,8 10,564 | 0,0158 0,015197568
19 8,4 4,655 | 0,0084 0,017123288 46 16,0 10,849 | 0,0160 0,015151515
20 8,8 4,761 | 0,0088 0,017006803 47 16,2 11,055 | 0,0162 0,015105740
21 9,2 4,875 | 0,0092 0,016891892 48 16,4 11,206 | 0,0164 | 0,015060241
22 9,6 4,991 | 0,0096 0,016778523 49 16,6 11,320 | 0,0166 | 0,015015015
23 10,0 5,109 | 0,0100 0,016666667 50 16,8 11,402 | 0,0168 0,014970060
24 10,4 5,228 | 0,0104 0,016556291 51 17,2 11,538 | 0,0172 0,014880952
25 10,8 5,351 | 0,0108 0,016447368 52 16,8 11,402 | 0,0168 0,014970060
26 11,2 5,470 | 0,0112 0,016339869 53 17,2 11,538 | 0,0172 0,014880952
27 11,4 5,525 | 0,0114 0,016286645

Onumem snexkrpomutudeckyto mucconmanyio H;Cit(OH) (nmumonHOM KucmoTel) B
BOJJTHOM pacTBODE:

H;Cit(OH) <> H:Cit(OH) + H*, Ka
HzClt(OH)(—) HClt(OH)2 + H*, Ka
HCit(OH)* <> Cit(OH)* + H*, Kas

[To xOMIbBIOTEpHBIM IIpOrpaMMaM BbIYMCIEHbI BenmmunHbl pKal (2,75+0,06), pKa2
(4,45+0,05) n pKa3 (5,82+0,08).

C ucnonp3oBaHMeM CIeAYOMINX ypaBHEHNUI flajlee OIpefie/ieHbl MOJIbHBIE JOMM (OopM
JIMMOHHO KUC/IOTHI:

[H*]®?
aAn =
7 [H*]3 + [H*]?Kay + [H*]Kg1 2 + Kg123
[H+]3Ka1
al =

[H*]? + [H*]?Kgq + [HY K12 + Ka123
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0l2=

az =

[H*]°Ka1 2

[H+]3Ka1,2,3

[H*]3 + [H*]?Kay + [HY K12 + Kg123

[Tory4eHHbIe pe3y/IbTaThl IPUBEREHBI B TAO. 2.

[H*]? + [H*]?Kgy + [H]Kg12 + Ka123

TOM 6, BbINYCK 1, 2025

HmarpaMMa pacopeneneina MOJIbHbBIX J:[O)Ief/i Ppa3IMYHbIX (bOpM amncconmangmnm

JIVIMOHHOM KMC/TOTHI Ipu ee KoHIeHTpauyu 0,02 Mosib/ 7 (puc. 2) mOKa3bIBaeT, 4TO B MIHTEPBajIe

pH 1.0-6.0 obpasyercs anmonnas ¢opma H,Cit(OH), xoHcTaHTa Aucconmanum KOTOPOIL

paBHa 2,75%0,06. Crenenp ee HakomaeHus cocrasnseT 78%. 3atem B uHTepBane pH 3,0-7,6

dopmupyercs HCit(OH)*, ee koHcranTa pamcconyanuy paBHa 4,45+0,05. ITponentHoe

cofiep>kaHye maHHON ¢opMel coctasnseT 71,3%. Kucnora naxopurcsa B Buge Cit(OH)* npnu

pH 4,4-8,6. KoncranTta amcconyanum pasHa 5,82+0,08. MakcumanbHOe cofiep)KaHMe 3TON

dbopmer kucmotet paBao 100% (tabm. 3).

Tabmmma 2. 3HayeHMA MONBHBIX Homeit (%) MONEKYIAPHON M VOHHBIX (OPM JIMMOHHON KMCIOTBI IIpU

Cusciton) = 0,02 Monb/m.

pH Qo o o o3 pH o ol (o7 a3

1,0 | 9,83E-01 | 0,017472 6,2E-06 8,75673E-11 6,0 | 6,49E-06 | 0,0115473 | 0,409712 | 0,578733971
1,2 | 9,73E-01 | 0,0274109 | 1,54E-05 | 3,45082E-10 | 6,2 | 1,94E-06 | 0,0054607 | 0,307077 | 0,687460187
1,4 | 9,57E-01 | 0,0427568 | 3,81E-05 | 1,35209E-09 | 6,4 | 5,51E-07 | 0,0024609 | 0,219329 | 0,778209342
1,6 | 9,34E-01 | 0,0661079 | 9,34E-05 | 5,25114E-09 | 6,6 | 1,51E-07 | 0,0010677 | 0,150818 | 0,848113805
1,8 | 8,99E-01 | 0,1008598 | 0,000226 | 2,01242E-08 6,8 | 4,01E-08 | 0,0004504 | 0,100837 | 0,898712352
2,0 | 8,49E-01 | 0,1508987 | 0,000535 | 7,56285E-08 7,0 | 1,05E-08 | 0,0001863 | 0,066102 | 0,933711946
2,2 | 7,79E-01 | 0,2195988 | 0,001235 | 2,76459E-07 | 7,2 | 2,70E-09 | 7,603E-05 | 0,042755 | 0,957168807
2,4 | 6,89E-01 | 0,3079162 | 0,002744 | 9,73717E-07 | 7,4 | 6,89E-10 | 3,076E-05 | 0,027410 | 0,972558813
2,6 | 582E-01 | 0,4120872 | 0,005821 | 3,27332E-06 | 7,6 | 1,75E-10 | 1,237E-05 | 0,017472 | 0,982515755
2,8 | 4,66E-01 | 0,5225594 | 0,011699 | 1,04264E-05 7,8 | 4,42E-11 | 4,956E-06 | 0,011096 | 0,988899410
3,0 | 3,52E-01 | 0,6258321 | 0,022205 | 3,13659E-05 8,0 | L1I1E-11 | 1,981E-06 | 0,007030 | 0,992968341
3,2 | 2,51E-01 | 0,7086301 | 0,039849 | 8,92112E-05 8,2 | 2,81E-12 | 7,908E-07 | 0,004447 | 0,995552241
3,4 | 1,70E-01 | 0,7614329 | 0,067863 | 0,000240786 | 8,4 | 7,06E-13 | 3,153E-07 | 0,002810 | 0,997189224
3,6 | 1L,LI0E-01 | 0,7792399 | 0,110071 | 0,000618972 | 8,6 | 1,78E-13 | 1,257E-07 | 0,001775 | 0,998224752
3,8 | 6,78E-02 | 0,7604606 | 0,170246 | 0,001517318 | 8,8 | 4,46E-14 | 5,006E-08 | 0,001121 | 0,998879189
4,0 | 3,97E-02 | 0,7061851 | 0,250564 | 0,003539309 | 9,0 | 1,12E-14 | 1,994E-08 | 0,000707 | 0,999292535
4,2 | 2,20E-02 | 0,6209591 | 0,349191 | 0,007817412 | 9,2 | 2,82E-15 | 7,94E-09 | 0,000446 | 0,999553508
4,4 | 1,15E-02 | 0,5140699 | 0,458165 | 0,016256316 | 9,4 | 7,08E-16 | 3,161E-09 | 0,000282 | 0,999718238
4,6 | 5,64E-03 | 0,3990271 | 0,563641 | 0,031695845 | 9,6 | 1,78E-16 | 1,259E-09 | 0,000178 | 0,999822202
4,8 | 2,59E-03 | 0,2900939 | 0,649439 | 0,057881340 | 9,8 | 4,47E-17 | 5,011E-10 | 0,000112 | 0,999887810
50 | 1,11E-03 | 0,1978261 | 0,701914 | 0,099147919 | 10,0 | 1,12E-17 | 1,995E-10 | 7,08E-05 | 0,999929210
52 | 4,50E-04 | 0,1268088 | 0,713098 | 0,159642846 | 10,2 | 2,82E-18 | 7,943E-11 | 4,47E-05 | 0,999955334
54 | 1,71E-04 0,07647 0,681539 | 0,241819334 | 10,4 | 7,08E-19 | 3,162E-11 | 2,82E-05 | 0,999971817
5,6 | 6,12E-05 | 0,0433462 | 0,612281 | 0,344311146 | 10,6 | 1,78E-19 | 1,259E-11 | 1,78E-05 | 0,999982218
58 | 2,06E-05 | 0,023073 0,51654 0,460366613
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o. %

cit™

o, %
1

0,8 | 0,8

06 0,6 A
04 0,4 A

02 | 02 1

pH

0 PPPPPeS . 0 :
1,00 3,00 5,00 7,00 9,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00 8,00 9,00

Puc. 2. 3aBucumocts copepxanya Gopm nmuMoHHOM Pumc. 3. JIuarpaMma pacnpepneneHus Cofep>KaHNsA
¢opm mMoHHON KkmcnoTel oT pH  pactBOpa
npu T = 298,15 K; Ckon = 0,2 u I = 0,1 momb/m;
KpuBble OTHOCATCA, MOMb/M: 1 — Chsciony = 0,01;

2 — Cuscion = 0,02.

xucnotel oT pH pacrBopa npu Cusciony = 0,02 Momb/1.

VI3 mpepCTaBIeHHOTO PYCYHKAa BUJJHO, YTO C M3MEHEHMEM KOHIL[EHTPAL[UV JMMOHHON
KVCTIOTBI KPUBBIE iUIarpaMMbl pacIipefie/ieHisi CMELIAloTCs B CTOPOHY 607X 3HaueHnit pH
(puc. 3). Kpome Toro, 10 IMarpaMmam pacrpefie/ieHNs olpefie/IeHbl MaKCUMa/IbHble MOJIbHBIE
romy popM TMMOHHOJ KMCIOTHI 1 00671aCTV X JOMUHUPOBaHusA (Tab. 3).

Ta6muna 3. UncnenHble 3HaueHMsI T0rapupMOB KOHCTAHT AVCCOLMALIAN VI MAaKCUMA/IbHON CTE€IIeH) HaKOIUIeHMs
JIMMOHHOM KMCTOTHI B 3aBucuMocTy oT pH mpn Chsciony = 0,02 Monb/i1.

Ne, O6mnactp Wonnas PHuax 3HaveHnue Ig Makc. creneHb HaKoIL, .,
n/n TOMUH II0 ¢dopma KOHCTaHTBI %
mkane pH IUCCOIMALIN
1 1,0-4,4 H;Cit(OH) - - -
2 1,2-6,0 H,Cit(OH) 3,6 2,75 77,9
3 3,0-7,6 HCit(OH)* 5,2 4,45 71,3
4 4,4-9,6 Cit(OH)* 8,6 5,82 100
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"HarmoHabHBII nccegoBaTenbckuit Hikeroponckmii rocysapcTBeHHblit yHuBepcuteT M. H.J. Jlo6aueBckoro,
603022, Poccus, r. Hyoxumit Hosropop, npoci. 'arapuna, fi. 23; daria.m.zimina@yandex.ru

2I/IHCTMTyT Xumum BbIcOKouMcThIX Bewects uM. I'.I'. IleBaTbix Poccuiickoit akagemuy Hayk, 603950, Poccus,
r. Hioxnmit Hosropog, yn. TponunanHa, 49.

Kntouesvte cnosa: Annomauus. IIpedcmasnenv pesynvmamot pabom
mempaxuc(mpugdmopgpocdpun) 10 nonyueHu0 00pasuo8 BbiCOKOUUCO20 mempakuc(mpugmopdocdur)
HUKeA, NPUMech, OUCUNTIAYUL, HUKeIA. Memoodamu XPOMAMO-Macc-cnexmpomempuu u
enybokas ouucmxa, Koagpduyuenm Macc-chekmpomempuu ¢ UHOYKIMUBHO — CBA3AHHOU  N7A3MOL
pasdenenus. 0XaAPAKMePU308aH NPUMECHDIL ITEMEHMHBLTL U MOTEKYTAPHBITE COCNAB

UCX00H020 U ouuUienHoz0 06pasuos. IIpu nposedenuu npoyecca npu
ckopocmu nepeeonku 80 mxn/mun u done ombopa 50% codepucarue
TUMUMUPYEMbIX NpuMecell XUMUHECKUX d7IeMeHO8 Kese3d, Meou u
kobanvma Haxooumcs Huxce 0.01 ppm, codepyanue PF;, CH.CL u
yene00opo0os Ha yposre n-107 + n-107° mon.%.

i nuTupoBaHNA:

3ummua .M., Tpoumu O.IO., Cosun A.IO., Oronkosa II.A., Ilotamos A.M. Ilony4yeHue BBICOKOYMCTOTO
terpakuc(rpudpropdochun)uuxens // Om xumuu k mexronoeuu waz 3a wazom. 2025. T. 6, Boim. 1. C. 48-54.
URL: https://chemintech.ru/ru/nauka/issue/5879/view

BBenenue

Huxkens cocrout us msatu crabuabHbIx m3oTomoB °*®Ni, Ni, S'Ni, ®Ni, ®Ni, Taxxke
M3BECTHBI pajyoakTuBHble u30Tonbl *Ni (112 10° stet), ®Ni (10 et) u *Ni (6,08 gueit) [1, 2].
VI30TOMBI HUKe/IS IPUMEHSIIOTCS KaK CTAPTOBBIII MaTepuasl B CUHTe3€ Pas3NIHbIX HYK/IUOB:
®Ni n *Ni - mna nonydenns *'Cu u *Cu [2-4], “Ni - gna nonyuenns *’Co [5], ®Ni - npu
CUHTe3e PpafMOaKTMBHOrO wu3oToma “Ni [If KOMIIAKTHBIX MCTOYHMKOB IIMTAHUS
MMKPOBATTHOJ MOIIJHOCTM C JOJNTUM CPOKOM CIYXObI [5, 6]. VIHAMBMAya/NbHBIE M30TOIIBI
HUKeJIsl TaKXXe MOTYT IIPe/ICTaB/IATh (YHJaMEHTATbHbIN MHTepeC IS U3y4eHNs M30TOIIHBIX

3¢ (deKTOB B KOHCTPYKIMOHHBIX MaTepuanax (2, 7].

© [I.M. 3umnna, O.10. Tpoumn, A.IO. Cosun, I1.A. Otonkosa, A.M. [Totanos, 2025
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JlJ1s1 Iony4eHMsI M30TONOB HUKENIS METOMOM YIbTPAlleHTPUQYTMPOBaHUA B KadecTBe
pabodero BeljecTBa 6/1arofaps BBICOKOMY JaB/ICHMIO IIapa, OTHOCUTEIBHON XVIMMUYECKON U
TEPMUYECKON  YCTOWYMBOCTY, MOHOM3OTONMHOCTM ¢Topa u dQocdopa MCHONMb3YeTCSA
terpakuc(rpudropdocdnn) Hukens Ni(PF;), [6, 8-10].

[l ykasaHHBIX o6macrtelt npuMeHeHMs HeooxoauM Ni(PF;), BBICOKOI YMCTOTBI, OFHAKO
uHpopMmanuss o mnpumecHoM coctaBe Ni(PFs);, MeTogax ero oumncCTkM ¥ IIOTydeHUU
BBICOKOYJICTOTO BellleCTBAa B HAYYHOII IMTepaType OTCYTCTBYeT. VIMeeTcs ogHa MyOmuKanys o
KaueCTBEHHOM IIPMMECHOM cocTaBe IapoBoil ¢aspl obpasua Ni(PFs)s, momydennoro mo
peakuyy Hukens ¢ ¢propunom dpocdopa (III) [11]. OcHOBHBIMY MOJIEKYIAPHBIMY IPUMECIMU
B Ni(PF:); ABIANTCA yI/IeBOZOPOABI, TamoreHuabl ¢ochopa U CMeEIIAHHBIE ATKWUI-
¢dropdochrHOBBIE TPOM3BOAHBIE HUKENs, OFHAaKOo B pabore [11] He mnpuBopMTCA
KO/IMYEeCTBEHHOE COfiep)KaHMe YKa3aHHBIX IIpUMeceil, TaKKe He MCCIefl0OBaH IPUMECHBIN
3JIEMEHTHBIII COCTaB BEIlleCTBA. B CBA3M ¢ 3TVMM M3y4eHMe IPYIMECHOTO COCTaBa, OTyYeHNe U
XapakTepusanys BBICOKOUNCThIX 00pasuoB Ni(PF;)saBnsercs akTyanbHOI 3agadeit.

[Tpumecn B Ni(PFs); MOXXHO paspmenuTh Ha 4YeTbIpe TIPYIIBI, KaXjas U3 KOTOPBIX
IpefnosaraeT MHAVBYAYaIbHbIe IOAXOMbI /IS MCCTIENOBAHNA 1 BbIETeHNA.

K nmepBoii rpymnme OTHOCATCS IPUMeCH XMMIYECKIX 37IEMEHTOB — CXOKMX II0 CBOJICTBAM
MEeTaJ/UIOB I HEMETAJUIOB, 00/Ia[jaloIIX BBICOKMM CPOACTBOM K HuKemo. B [11] npu ananmmse
o6paslia HUKe/IsI MEeTOIOM MacC-CIIeKTPOMETPUY C MHAYKTUBHO cBsidaHHOI 1w1asmoii (VICII-MC)
YCTQaHOBJIEHO, YTO HayMOONbIIMII IPUMECHBI BK/IAJ, BHOCAT CJIeAyIOLIMe XUMIIecKye
anemeHTHI (Mr/kr): Fe (236 + 8), P (mo 58 + 6), Cu (16.0 + 2.0), As (29.0 + 2.0), Ag (11.1 £ 0.3),
Sb (11.0 + 1.0), Bi (10.9 £ 0.3), Co (7.0 £ 2.0) [12]. J/InMuUTHpPYEMBIMYU IIPUMECSIMM B M30TOIAX
HUKeJIA ABJIAITCA Mefib, XeJe30, KoOanbT [13], M30TOIMbI KOTOPBIX BCTYNAIOT B ITapajIle/IbHbIe
panyoNpeBpaleHNA U 3aTPA3HAIOT II0JTy9aeMble IieIeBble HYK/IM/BL.

Peakuns nmonmydenus Ni(PFs)sBemercs B uzbbiTke Tpudropuga docdopa, oH ABIAETCA
OCHOBHBIM 3arpsA3HAIIIMM IPEKypcOpOM ¥ OTHOCUTCA KO BTOPON TpyIle IpUMecerl.
Tpudropun docdopa obmasaer gaBneHNneM HACBIIEHHBIX TapoB 6onee 1-10* MM PT. CT., YTO
HETaTUBHO CKa3bIBAeTCs HA IpoIlecce yIbTpaleHTpudyruposanus [7], mosromy nprumech PF;
asnaerca g Ni(PFs), muvurupyemoit. [Ina ounctkn Ni(PFs), or tpudrtopupga docdopa
VICIIO/IB3YIOT IVICTVJULALIVIOHHBIN METOJ, ¥ METOJ, Ta30BOJI CeIapaly Ha KacKaze neHTpudyr [7].

K TpeTbeii rpymie npumeceii OTHOCATCS Npefe/IbHbIe I apOMaTU4eCKIie YITIeBOJOPOJEL,
UX TPOM3BOAHBIE ¥  TAJIOTEHYITIEBOLOPOABI,  HaiuMuyMe  KOTOPBIX  OOYC/IOB/IEHO
COofiep>KaHNeM JIJaHHBIX IIpuMecell B ICXO[IHBIX BelllecTBaxX. VX copepykaHye BapbupyeTcs Ha
ypoBHe n-10~ - n-10* macc.%. JlaHHbBIe IpUMecH MOTYT BCTYNAThb B PeaKLU C HUKETIEM,
npu 3ToM BbITecHAS PF; m o6pasya xommiekcel Bupa Ni(PFs);(PF,OR) n Ni(PF;)s(PF2R)
(R - yrneBogopopHblil pagyukan) [11]. YMeHblIeHre KOMMYeCcTBa JaHHBIX IpUMeceil CHUSUT
BEPOATHOCTDb IOTYYEHNUA CMENIAaHHBIX (PTOp(OCcHUHOBBIX-YIIEBOLOPOSHBIX KOMIIEKCOB,
Ha/I4yie KOTOPBIX HETaTVBHO B/IMSAET Ha MIPOLIeCcC yIbTpalleHTpUQyrupoBaHms.

YeTBepTyI0 IPYIITy COCTAB/IAIOT IIPYMECH PACIPOCTPAHEHHBIX (IIOCTOSHHBIX) ra3oB (O, Ny,
Ar v 1p.), HalmM4Me KOTOPBIX yBe/INYMBaeT o0lljee JaB/IeH)e CMecH U CHIKaeT 9 peKTMBHOCTD

M30TOIIHOTO pa3feieHnsd.
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Vcxops n3 pUsMKO-XMMUYECKUX CBOVICTB OCHOBBI M PACCMOTPEHHBIX IIPUMeceil, MOXXHO
IPEeJIIONOXNATD, YTO AVCTVWIULALVIOHHBINI METOJ, fABJIAETCA IEPCIEeKTUBHBIM /I OYVICTKYU
Ni(PF;),. Llenbio paboTs! AB/sIETCS ONpefe/ieHNe paBHOBECHBIX KOO PUIVIEHTOB pasfieneHus
XupkocTb — map s cucreM Ni(PFs), — nmpumech u monmydeHne o6pasijoB BBICOKOYVICTOTO

Ni(PF;), mUCTUMIIALMOHHBIM METOIOM.
OcHOBHasA YaCTh

[ns1 mpoBeneHMs ONBITOB IO AUCTWUIALVIOHHON oumcTKe ucrnonb3oBamn Ni(PFs)s,
IIOJTYYeHHBIN 10 peakuyy HuKensd u Tpudropuaa pocdopa mo MeTonvKe, MpeyIo>KeHHOI B
pabore [14]. Ina nonydeHns BbIcOKouncroro obpasua nccnepyemsiit Ni(PFs), sarpyxxamu B
aMITy/ly U3 MOJMOJIEHOBOTO cTeKna obbeMoM 150 cM® M HpOBOAWIM AUCTWUIALMIO IIPU
temneparype 298 K co ckopocrpio ucnapenns 8.0 + 0.2 MKJI/MUH ¢ 0TOOPOM Lie/IeBOJ CpefHeit
¢pakunn. ITomydeHHBIe 00pa3Lbl MCCIEHOBAIN METOJOM XPOMATO-MacC-CIIEKTPOMETPUM C
ucronb3oBaHueM mpubopa Agilent 6890/MSD 5973N. Bsox mnpo6bl mpoBopmmm ¢
VICIIO/Ib30BaHVMEM BaKyyMUPYeMOJl CHUCTeMbl [O3MpOBaHMs, MO3MpPOBaHMe MpoOBI B
XpoMarorpapuyeckylo KOMOHKY OCYIIECTB/IS/I aBTOMAaTMYECKMM JIBYXIO3MI[MOHHBIM
Kpa"oM-go3aropoM Valco EH2C6WEZPH-CERS.

CopeprkaHye MOJIEKY/IAPHBIX IIpUMeceil B ICXOZHOM ofpaslie 1 obpaslie, HOTy4YeHHOM
HOC/Ie UCTWUIALMOHHON OYNCTKM, ONPeNe/sUI METOJOM XPOMAaTO-MacC-CIIeKTPOMETPUNL.
PesynbraThl onpeseneHys IpecTaBIeHbl B Tabmuiie 1. VI3 Tabmuiis! BULHO, YTO KOHIIEHTPAIVs
IpyuMeceil BapbupoBanach B AmamasoHe n-10~° - n-107' mom.%, mpu aTOoM HabMIOAAIOCH

CYIIECTBEHHOE CHIMIKEHNE KOHIIEHTpal anMeceI?[.

Tabmuma 1. CopepkaHMe MOJNEKYIAPHBIX IIpUMeceil B VICXOOHOM U ouniieHHoM obpasuax Ni(PF;), u
HOTy4eHHbIe K09 PUIMEHTDI pasfeNieHus XUAKocTb — nap s cucreM Ni(PF;), — mpumecs

CopeprkaHue B MICXOFHOM Copeprkanne B IIOTyIEHHOM
ITpumecn . . a
o6pasie Ni(PF3)s, Mmon.% obpasie Ni(PF)s, Mor.%
PF; 0.632 3.2:10° 26.3
n-CsHi, 0.149 6.5:10* 3.6
CH,CI, 0.601 1.1-10* 3.1
i-CsHis 0.015 1.8-10* 1.2
3-aTmireKcan 0.003 3.1-107 2.0
3-MeTmareKcan 0.002 5.0-107° 2.0
Ni(PF;)s(PF,OC,Hs) 0.147 1.1-10° 3.7
n-C;Hs 0.007 9.7:107 1.8
2,2-IUMETU/ITeKCaH 0.009 7.7-10* 2.0

OO61ast MobHas [0S YKa3aHHBIX IIPUMeceil B MOTyYeHHOM o0pasije He IpeBBIIIaeT
5-1072%, maccoBas gonsa Ni(PF;),cocrasnser 6omee 99.998%.

CogmepxaHme TpuMecell XUMWUYECKUX 3IEMEHTOB OMNpEeNe/s/IM METOLOM Macc-
CIIEKTPOMETPUM € MHAYKTUBHO CBSI3aHHOJ IIA3MOJI ¢ IOMOIIBI0 OJHOKO/IIEKTOPHOTO Macc-

CIIEKTpOMeTpa BBICOKOTO paspelleHNs ¢ MHAYKTUBHO cBsA3aHHOM mrasmoit ELEMENT 2 [15].
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PesynbpraTl ompepenieHus mpepcraBieHbl B Tabmuie 2. KoHIeHTpanus npumeceit

BapbMpPOBaIach B Auanasone n-10° - n-10' ppmw.

Ta6muua 2. CofeprxaHie pyuMeceit XMMIYeCKIX 37IEMEHTOB B MICXOXHOM 1 ounieHHOM obpasiax Ni(PF;),

Vicxopmuoe CopepsxaHue B Vcxomgnoe Copep>xaHue B
ITpumecs cofiepKaHe, [IO/Ty9eHHOM IMpumecs cofiepKaHIte, [IO/Ty4eHHOM
ppmw obpasiie, ppmw ppmw obpasie, ppmw
Al 0.6 0.1 Mo 0.01 <0.004
As 0.03 0.001 Na 2 <1
B 0.5 <0.05 Nb 0.005 <0.001
Ba 0.03 <0.02 Pb 0.002 <0.001
Bi 0.002 <0.00003 Sb 0.001 <0.001
Cd 0.004 <0.001 Si 20 0.3
Cd 0.05 0.002 Sr 0.05 0.003
Co 0.01 0.005 Ta 0.006 0.002
Cr 0.005 <0.001 Te 0.04 0.002
Cu 0.06 <0.01 Ti 0.1 0.005
Fe 0.1 <0.01 Tl 0.0005 <0.0003
Ga 0.05 0.002 U 0.00002 <0.00003
In 0.003 <0.001 \% 0.1 <0.005
Lu 0.003 <0.002 W 0.003 <0.002
Mg 0.2 <0.03 Zn 0.05 0.01
Mn 0.002 <0.001 - - -

[Ipn cpaBHeHMM [aHHBIX M3 TAaOMMIBI 2 MOXXHO CHENaThb BBIBOJ O CYI[ECTBEHHOM
CHIDKEHUN COfiep>KaHNA BCEX IPUMeCe XMMIYECKUX 97IEMEHTOB, B TOM YMCJIE TMMUTVPYEMBIX
IIpyMece XKeje3a v MeJ.

OmnbITel 1O oOIpefeneHNI0 3HaYeHMit 3¢p¢eKTMBHOro KoadduumeHTa paspgeneHns
Xupkoctb — map B cucreMe Ni(PFs); - mpumecu npoBOmMIM MeTOJOM peleeBCKON
IVICTVUIALIMM Ha YCTAaHOBKE, CXeMa KOTOpPOJI IpuBefeHa B paboTe [16]. OCHOBHBIMM y37aMu
YCTAaHOBKM SABJIAIOTCA CTEK/IAHHAsA aMIIy/la C MOJE/IbHOVM CMEChI0O ¥ MAarHUTHONM MeIaIKOi,
IOMellleHHast B TEPMOCTAT, U1 IIPMEMHBII 6a//IOH, OX/Ia>KHAAaeMBblil XUAKUM a30ToM. CKOPOCTh
JCIIapeHM MOJENbHOM CMeCH PeTyIMpOBaIy pY IOMOILIY BEHTWIA TOHKOM PeryJIMpOBKA U
KOHTPO/IMPOBA/IN 110 IOKa3aHUAM 00pas3iioBoro Bakyymmerpa BO 11201. OnbIThl IpOBOAIIN
npu Temmeparype 298 K, mpogo/mKuTebHOCTD ONBITOB cocTabsAna 5-300 muH. CocTas cMecen
OIIPEENANN METONOM XPOMATO-MaCC-CIIEKTPOMETPUML.

3HavyeHnA 5PPeKTUBHBIX KOIPPUINEHTOB pas3fe/leHNs )XIIKOCTb — Iap o AJIA CUCTeM
Ni(PF;), — npumecu paccuntsiBanu o ¢opmyie Penes [16, 17]:

X G
Xo (V()) '
rie Vo, X, V, x — 00beM >KMAKOCTM ¥ KOHIIEHTpauMs NPMMeCU B IIEPErOHHOI Kojbe MO0
IIEPETOHKN U IIOCJIE TIEPETOHKY COOTBETCTBEHHO.

I'padmxn 3aBucumoctu a¢pdexTrBHOTO Koadduuyenta paspeneHus OT OOPATHOIN
ckopocTy ucnapenus misa pspa npumeceit B Ni(PFs), mpepcraBnensr Ha puc. 1. 3HayeHme
PaBHOBECHOTO 0 HAaXOAWIM IyTeM OKCTPANO/ANUM  3aBUCUMOCTH 3¢ (eKTUBHOTO
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Koo duimenTa paspesieHusas OT OOpPAaTHOM CKOPOCTM NCIApeHMs K HYJIEBOM CKOPOCTH

JCIapeHu .
4,5 A A A A
A
4,0 A
O O
D
3,5 O
; 3.0 A X X
3 x % B X X
2,5 © X
st gﬁ ONi(PF3)3(PEF20C2HS)
2,0 i n-C5H12
Ai-C5H12
1,5 gé X CH2C12
0 ﬁ K42 2-TuMeTMITeEKCaH
0,00 2,00 4,00 6,00 8,00 10,00 12,00
1/L, cm/MuH

Puc. 1. 3aBucumocts adpdexrrBHOrO KoadduimenTa pasgenenns nap — >kuakoctb B cucreme Ni(PF;), - mpumecn
OT 06paTHOI CKOpocTH uctapenus 1/L

[lns momydenus o6pasnos BbicokourcToro Ni(PFs); mpuMeHsm MHOTOKpaTHYIO
IIepeTOHKY MICXOJHOI CMeCy ¢ OTOOpOM MOpLMITl AUCTWIIATA U KyboBoro ocrarka [16, c. 58].
ITpu meperonke uccnemoBanmu pacrpenenenne npumeceit neHtana u Ni(PF;);(PF;OR) B
3aBUCUMOCTH OT fonu otrobpanHoro BetiectBa. Vcxomusiit Ni(PF;), o6bemom 100 Myt 3amuBanu
B CTEK/IAHHYIO aMIIyJy M IEePeroHAnyu npu temmepartype 298 K B oXmaKaeMyro >KUIKUM
a3oToM mpueMHylo ammyny. Ilocne or6opa okomo 10 cM® XXUJKOCTM NPUEMHYI0 aMIyIy
OTCOe[VHS/IM U 3aMEHS/IV Ha CJIeAyIolylo. B pesynbraTe ObUIM MOTy4eHBI [1ecATbh 00pa3lioB
Ni(PF;), B Buse fByxa3HOi CHCTEMBI 1 TBEPAbI/ HEITETYYMil IOPOIIKOOOPasHBIN OCTATOK.
CoctaB XugKoil ” TapoBoit (a3 o00pasLoB OIpefesuIn MeTOLOM XPOMAaTO-Macc-
CHEKTPOMETPUMN.

ITo pesymbraTaM uCCNeOBaHMA CTPOWINM KpUBbBIE PpacHpefe/ieHNs IpuMeceil B
3aBMCUMOCTH OT O/IM OTOOPAHHOTO BelleCTBa, KOTOPbIe IPUBeieHbI Ha PUC. 2.

CornacHo puc. 2 BUIHO, 4TO ONTMMAJIbHON CXeMOJ IpOBefeHUsA Ipoliecca sABIAeTCA
ot6op 20 - 30% ¢paxuuii, oborameHHbIX O0JIee IeTydnMM IpuMecsiMy, Beigenenue 30 — 40%
Ie/IeBBIX CpefHUX (PppaKimil ¥ JaIbHeNmmii 0TOpoc KyOOBBIX PppaKIyil.

TBepablil OCTaTOK pacTBOPs/IM B pa3OaBJIeHHON a30THONM KucmoTe Mapku «XU»,
IIOJTyYeHHBIN PacTBOP BBICYIINBa/IN Ha TAHTATIOBO Mo 10KKe npu TeMiiepaTtype 300 °C, mocre
Yero OIpefie/isIi 9JIEMEHTHBII COCTaB METOJJOM J1a3epHOi Macc-cruekrpoMerpun (JIMC) Ha
Macc-crekrpomerpe DMAJI-2 mo MeTofMKe, TpUBeeHHOIT B pabore [18]. D/1eMeHTHBI cOCTaB

TBEPAOTO OCTATKA IIPECTaBJIeH B Tabmuie 3.
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-1 ©C5HI12 Ni(PF3)3(PF20C2HS5)

<o

-0,1 0,1 0,3 0,5 0,7 0,9 1,1
Houast oTO0pa

Puc. 2. 3aBucumocts norapupma KOHIEHTPALMU IPUMECH OT JOMM OTOGPAHHOTO BELIECTBa IS CHCTEMBI
Ni(PF;)s - mpumecn

Ta61mua 3. PeBy}IbTaTbI aHa/n3a HEJIETYy4€ro OCTaTKa

IneMeHT C,at.% IneMeHT G, at.%

B 0.05 Cl 0.08
C 3.6 K 0.1
(0] > 30 Ca 0.007
Na 0.05 Ti 0.01
Mg 0.0007 Mn 0.008
Al 0.02 Cr 0.08
Si 12 Fe 0.4

S 0.04 Co 0.0005
Cu 0.002 - -

K] Ta6)II/IHbI 3 BUAHO, YTO OCHOBHBIMI XMMMNYE€CKVIMU 3JIEMEHTAMMI B COCTAaBE HETIETYIETO
OCTaTKa ABIAIOTCA KUCIOPO[, erMHI/[ﬁ[ n yriepog. Hanuune sTux XuMmIeCcKnx 371eMEHTOB
IIO3BOJIAET IMPENIIONIOXKNUTD, 9TO OCHOBHBIM COCTAB/IAIOIIVM OCTAaTOK COCAVMHEHNEM ABJIAETCA

SiO,, NCTOYHMKOM KOTOPOTO CIIY)KUT CTeK/IsTHHASA alllaparypa.
BrIBOBI M peKOMeHAIN

MeToOM pe/eeBCKOl AUCTWUIALMK OIpefe/eHbl Ko3(pQUIMEHThl pasfe/leHNsa
XUAKOCTD — map A npumeceit PFs, n-CsHy,, CH,CL, i-CsHia, 3-aTmnrekcaH, 3-MeTwIrekcaH,
Ni(PF;);(PF,OC,Hs), n-C;Hie, 2,2-pumermirexkcad. [JVCTWUIAIVOHHBIM METOAOM IIONTy4eH
obpaser; Beicokoumcroro Ni(PF;), ¢ comepskaHumeM MOJEKYIApHBIX IpuMeceil ¢ropupa
¢docopa, guxmopmeraHa, ankanos, Ni(PF;);(PF,OC,Hs) na yposre n-10° - n-10° mom.% u
HpyMeceil XMMUYeCKUX 97IEeMEHTOB Ha ypoBHe n-10' - n-10° ppmw.
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Kniouesvie cnosa: Annomayus. B pabome nposedena cepuss IKcHepuMeHInos no Hoy4eHuo nexos
KAMEHHOY20/IbHbLL NeK, ¢ nosviuiennoii memnepamypoii pasmsevenus T, = 110-120 °C memodom
mepmMOoOKUCIeHUe, HusKomemnepamypHozo mepmooxucnenus (0o 300 °C) anexmpooHoeo

memnepamypa pasmseueHus, — KamenHoyzonvHozo neka kamezopuu B (T, = 91 °C). Onpedenervt ycnosus

8bIX00 neka, PPAKUUOHHDITL  MEPMOOKUCTIEHUS, NPU KOMOPLIX NOLyveHvl OaHHvie munvl nekos. Taxice

cocmas, ces3yIouiuil nex. YCMAHOBMeHbl  3ABUCUMOCIU  MEMNEPAMYpPyl  PASMSZHEHUS U BbIXO0bL
NPOOYKIMO8 MePMOOKUCTIEHUS O ONUMENbHOCIU NPOUECcCa U CKOPOCMU
pacxoda 8030yxa.

T nuTHpoBaHMA:
Kosanes P.1I0. BmisaHmMe TepMOOKMCTIEHNA 3/I€KTPOJHOTO TIeKa Ha ISMEHEHM I €T0 COCTaBa 1 CBOCTB // Om xumuu
K mexHonozuu wiae 3a wazom. 2025. T. 6, Boim. 1. C. 55-64. URL: https://chemintech.ru/ru/nauka/issue/5879/view

BBenenmne

KaMeHHOYTO/IbHBIIT TIeK - OCTaTOK PasrOHKM KaMEHHOYTOIbHON CMOJIBI Ha (pakiym
(nerxas ¢paxkuma (T < 170 °C); denonbHas ¢paxnua (T = 170-210 °C); nadrammHOBasA
¢pakmua (T = 210-230 °C); mornmorurenpHass ¢pakuus (T = 230-270 °C); aHTpaneHoBas
¢dpakuna (T = 270-360 °C); xkamenHoyronbHbii 1ek (T < 360 °C)). VsydyeHne cTpyKTyphl U
CBOJICTB KAMEHHOYTO/IBHOTO I1eKa, METOJOB €T0 IOTy4eHMs MMeeT 60/IbIie IePCIeKTUBbI /L1
IIO/Ty4eHVSI HOBBIX TEXHOJIOTHII B IIPOM3BOAICTBE /IEKTPOJFHOTO ITeKa [1].

OCHOBHOe TIpMMEHeHMe KaMEeHHOYTOJIbHBIX IIeKOB — CBSA3YIOIIee I 3/M1eKTPOFHBIX
M3fle/IMil ¥ aHOJZHOM Macchl. B KadecTBe CBA3YIOIEro I/Is aHONHONM Macchl IPUMEHSIOT B
OCHOBHOM 3/IeKTPOJHbIe Ieky Kateropuit b1, B [2]. Borbiyio nepcnekTBy MMeEIOT B KauecTBe
CBA3YIOLIETO, IIeKM C IIOBBIIIEHHON TeMIlepaTypoit pasmardenua 1, > 100 °C nun
BBICOKOTEMIIEpPAaTypHBIe IeKN. 3a pyOeKOM B KauecTBe CBA3YIOIIErO JIA aHOMHOV MacChl
npumensercsa nek ¢ T, = 110-115 °C [3, 4]. [laHHBII TUII CBA3YIOLIETO XOPOIIO ceOs
3apeKOMEHJ0Ba/ll B TIOMyYeHMM ISJIEKTPOZIOB U AHOAHONM MAacChl COITIACHO pe3y/IbTaTaM,
IIpefICTaB/IeHHBIM B paboTe [4].

B paborax [5-7] ycTaHOB/IEHO, YTO IE€KM C IOBBILIEHHOI TEMIIEPATYpOil pasMArdeHus

CHIDKAIOT pa3pyliaeMOCTb aHOI[HOIU/[ MacCCbl, a MMECEHHO /I II€CKOB C TeMHepaTypoﬁ[
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pasmardenna T, =100-110 °C aHopHasd Macca MMeeT MaKCUMMyM IIPOYHOCTM CXKaTuA I
MUHVMMYM V[EIbHOTO 3/IEKTPUYECKOTO CONPOTUBJIEHUA. IJKCIEPUMEHTA/IbHO II0KAa3aHO B
paborax [5-7], uro s mekos ¢ T, = 110-120 °C 3HaYeHMe BA3KOCTY OBIIO BBILIE IO CPABHEHNIO
C 9/IEKTPOAHBIMU IIeKaMU. YCTaHOBJIEHO, 4To npu T = 140 °C 14 JaHHBIX TUIIOB IIeKa
npoucxogut poct Baskoctu ¢ 200 po 500 Ila-c, a TarkKe yBennyeHMe MOBEPXHOCTHOTO
HaTsDKeHU ¢ 46 mo 48-10° H-M u noBbllIeHMe BBIXOHa KoKca ¢ 87 0o 90,6% [5-7]. Ina mmekos ¢
T, = 105-120 °C cogmepxanme o, u -ppaxumit, onpenenAOLVX BKYIE CBOVICTBA IeKa,
MIMeJIO MaKCUMajIbHble 3HadeHus [5-7]. Takke coracHO McCIefOBaHMAM aBTOPOB B paboTax
[5-7], cHMKeHMe TIPOYHOCTY /ISl TAHHBIX IIEKOB CBS3aHO C pOCTOM a-pakiuu. B pabore [8]
IIOKa3aHO, 4YTO INMXTa [JIA AaHOJHONM Macchl, IIPeACTaBlIeHHas B BUJe IEKOKOKCOBOI
KOMIIO3MLIMJ HAa OCHOBE CBSA3YIOLIETO M3 BBICOKOTEMIIEPATypPHOTO IIeKa, MMe/Ia BBICOKYIO
IVIACTUYHOCTb M BA3KOCTb IIO CPABHEHUIO C IEKOKOKCOBBIMIU KOMIIO3UIIVIAAMU Ha OCHOBE
3/IEKTPOHBIX TIEKOB.

CymiecTByeT MHOXKECTBO paboT, IOCBAIIEHHBIX NOTYy4eHNIO JaHHBIX ITeKoB. B paborax
[9, 10] mex-cBsA3yOIIee MOTy4eH METOJOM TePMUYIECKOTO OKUC/IEHN I aHTPAIleHOBOI ppaKLnm
¢ nob6askamu yrien 25 (8,3%) n [I (4,8%). Ilexn umenu temuneparypsl pasmsrdenus 111 °C -
JUIS TIeKa, TTOJTy4eHHOTO M3 aHTpalleHoBoi ¢pakiyy ¢ fobaBkamu yrisa mapku 2B, u 120 °C -
JUIs TIeKa ¢ go6aBkamu yrisa mapku I [9, 10].

B pa6ore [11] momy4yeHn mex-cBasywomee ¢ T, = 112 °C MeTofOM TepMMYECKOTO
OKIVICTIEH!A KaMEeHHOYTOJIbHON CMOJIBI C JOOaBIeHNEM pPe3VHOBON KpOLIKM -5% II0 Macce.
B pa6ore [12] mex cBssyromee ¢ T, = 114 °C, a = 43,7, ay = 7,8 OTy4eH 9KCTParupoBaHeM
yrna DK B aHTpaneHOBOM Macie B cooTHomieHuu 1/2. B pabore [13] momydeHbl meknm
CBA3YIOLIME METOJOM TepMudeckoro pacrBopenus yrieit I' m JK B aHTpameHOBOM Macie ¢
HOC/IeAyIoLM TepMookucnenreM. Kpome toro, nomydes nek ¢ T, = 119 °C u3 yrina mapku ['n
nek ¢ Tp = 111 °C n3 yra mapku JK coorBetcTBeHHO [13].

Cregyer TakKe OTMETUTb IEpCIEKTVBBI IOTY4eHVS IHMEeKOB-CBA3YIOMIMX M3 CMOJIbI
nonykokcoBanus. B pabore [14] momyden nek ¢ T, = 120 °C, a = 34,8% u oy = 0,2% MeTom0M
IVCTU/UIALMN CMOJIBI NTOTyKOoKcoBaHusA 10 410 °C u BpIep>KKOI IIpYU JAaHHOI TeMIlepaType B
TedeHMe 4aca. ENVHCTBEHHBIM HEJOCTaTKOM MAHHOTO IeKa ObUI BBICOKMII BBIXOJ JIETY4MX
BelecTB 64% [14]. B pabore [15] MeTO[OM TEPMOOKMCIIEHUs CMOJBI HOTYKOKCOBAaHMS B
teyenne 30 MMH pacxopi Bosfyxa 20 JI/Kr momydeH mek-ceasymomee ¢ T, = 104 °C ¢
copiep>kaHueM Oens[a]nupena B 20 pa3 HIDKe, YeM Y KAMEHHOYTO/IbHOTO 3/IEKTPOJIHOTO ITeKa.

Oco0bli1 MHTEpeC U MepCIeKTUBY NPUMEHEHN B Ka4eCTBe CBA3YIOLIETO NPeNCTaB/IsAI0T
IeKV, IOJTyYeHHble CMeIIeHNMeM IIPOAYKTOB KOKCOXVMMUIYECKOV MPOMBIIIIEHHOCTY C
Hedrenpopykramu. B [16-19] mokasano, 4To HedTsHble M HedTeKaMEHHOYTO/NbHBbIE IEKY
VIMEIOT HU3KOe cofepkaHye OeH3[a]mypeHa 1Mo CpaBHEHMIO C KAMEHHOYTO/NBHBIMMU IT€KaMIU.
B pabore [19] momydeHsl cBsi3yioue HepTeKaMeHHOYTONbHbIE IeKM, ek ¢ T, = 116 °C
HOJTy4eH IIpU CMeIIeHNY KaMeHHOYTOIbHOro 1 HedTAHOTro B cooTHoueHun 70/30, a mek c
T, = 119 °C nony4yeH B COOTHOLIEHMM KOMIOHEHTOB 55/45. B pabore [20] momydeH mex ¢

Tp = 110 °C B pesynbraTe CMelleHNA KaMEHHOYTO/IbHOJ CMOJIbI M TSXKEJIOV CMOJIBI MUPO/IN3a
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85:15% c puctmwwranuen fo 410 °C u nocnenyroomum Tepmookucnenuem npu T = 275 °C B
Te4eHMe 4-X 4acOB ¥ CKOPOCTBIO PAcXofia BO3jgyxa 26,4 JI/KT.

B paborax [7, 21] mnexku-cBAsymoue IONy4aaX METOLOM TEPMOOKVCICHUS
CpefHeTeMIlepaTypHbIX IekoB. B pabore [22] mek ¢ T, = 111 °C mnomyyamu
TepMoIlpenaprpoBanneM (TemrepaTtypa mpouecca 410 °C, mmmrenpHOCTh 3 4Yaca) Ieka ¢
TeMIlepaTypoil pasmardenus 65,8 °C mpu HU3KOTEMIIEPAaTypHOM TE€PMOOKMUC/IEHUY JAaHHOTO
IIeKa B Te4eHMe 3 4acoB, B pe3y/IbTaTe ObUI IIO/Ty4eH IIeK ¢ TeMIepaTypoit pasmsardenus 117 °C.
PesynbTaThl yKasbIBaOT Ha MPEMMYIIECTBO METO/Ia TEPMOOKICIIEHNS CPeIHETEMIIEPATYPHOTO
IeKa HaJl APYITUMM METOIaMU B ITO/TyYeHNM N1eKOB-CBA3YIOLUX.

CnepyeT ynenuTb BHUMaHUe MOTY4eHUIO JAHHBIX IIEKOB C IIOMOILbI0 T€PMOOKUC/IEHNA
HU3KOTEMIIePAaTYPHBIX MM MATKUX ITeKOB. B pabore [23] MeTOZOM TepMUYeCKOTO OKMC/IEHVS
HU3KOTeMIepaTypHoro neka ¢ Tp = 46 °C B TedeHne 4 yacoB npu temneparype 350 °C nmonryueH
nek ¢ T, = 112 °C u copepxanueM « = 37,1%. [JlaHHbIE pe3yIbTaThl TOKA3BIBAIOT IEPCIIEKTUBY
HOJTy4eHNs NeKOB-CBA3YIOLUX METOIOM TePMUYECKOTO OKMCIeHNS HU3KOTEMIIePaTypHBIX U
CpefiHeTeMIIepaTypHBIX MIEKOB.

B nanHOIt pabore OymeT IpoBefeH psAf SKCIEPUMEHTOB IO HU3KOTEMIIEPATYPHOMY
TE€PMOOKMCIEHUIO 37IEKTPOJHOTO IeKa KaTeropuu B fna nonyuenns nexkos ¢ T, = 110-120 °C.
/3BecTHO, YTO IIpY JAHHOM THUIIEe TEPMOOKIC/IEHSI CHIDKAETCS Coflep>KaHue OeH3[a|mipena B
KOHEYHOM IIPOAYKTe COITIACHO pesynbrataM pabor [24, 25]. [laHHBIe YTBEp>KIEHUS
OIIpefie/IA0T aKTya/IbHOCTh pabOTHI.

BriepBble ompefieieHbl ONTMMA/bHbIE YCIOBUA MOAY4eHUs IIeKa C IIOBBIIIEHHOI
T, = 110-120°C myreM TepMOOKMUCIIEHMA 3/1€KTPOJHOrO IleKa Kareropum B. Bmepsbie
YCTaHOBJIEHBI 3aBUCUMOCTH T}, 1 BBIXO[JOB IIOTy4aeMbIX IIEKOB OT JUIMTEIbHOCTU M CKOPOCTY
pacxofia BO3[yXa IIpM TEPMOOKNCIEHMM 3/IEKTPOJHOro Ieka Kareropum B. Ilpusenennble
BBIIIIE YTBEP>KJEHNS ONIPefe/IAl0T HOBU3HY IaHHOM pabOTBhI.

Llenu dannoti pabomot: I1omydnTh 3aBUCUMOCTM BBIXONOB II€KOB M MX TeMIIEPaTyphl
pasMArdeHus OT AJIMTEIbHOCTY HU3KOTeMIIepaTYPHOTO TePMOOKIUC/IEHNA 3/IEKTPOJHOrO I1eKa
Kareropun B. Omnpenennutb ycroBusA, HOpyU KOTOPbIX METOJJOM HMU3KOTEMIIEPATYPHOTO
TE€PMOOKMC/IEHNA 3/IEKTPOJHOTO IIeKa KaTeropuy B Mo>xHo nomyunts neku ¢ Tp = 110-120 °C.
OnpenenuTb AaHHble TEXHMYECKOTO aHaAM3a [Jid IOAYYEHHBIX I€KOB C IIOBBILIEHHOI

TEMIIEPATYPON pasMATYECHNUA.
Onucanne MaTepnanos, SKCIEPUMEHTAIbHON YCTAHOBKM M METO0B MICCTIEOBAHA

B panHoll pabore meky OymyT TepMOOOpabaThIBaThCA IIOJ] BO3ZENICTBMEM BO3[yXa Ha
yCTaHOBKe, ITOKAa3aHHOI Ha puc. 1. PaHee JaHHaA ycTaHOBKA MCIIO/Ib30BAIACD J/IA MTOTyYeHUA
BBICOKOTEMIIEPAaTYpHOTro IieKa B paboTax [26, 27].

I[Tex moMentany B UMIVMHAPUYECKUI peakTop 00'beMOM 4 J1, BBICOTOI 15 ¢M, ;uaMeTpoM
10 cMm (5). Bosayx nmopaBasncs komnpeccopoM (1) 1 IpoxXoan 4yepes UWIMHAPUIECKYIO TPYOKy
(4) mmameTpoM 9 MM I OKVC/IEHUS ¥ IepeMelIVBaHNs PacIUIaBJIeHHOTO IIeKa C OTTOHKOI
nuctAToB. 1oy neiicTBueM Bo3ayxa 13 Tpyoku (4) IpOVCXOAUIO TEPMOOKUCIIEHNE TIeKa, U

OTpa6OTaHHbI€ ra3bl-IUCTUUIATDBI YOATANVICD U3 PEAKTOPA.
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Puc.1 Cxema yCTaHOBKM ITO TePMOOKVCIIEHUIO TTeKa [27].

1 - xoMmmpeccop; 2 — poTaMeTp; 3 — 3NMeKTpudecKasd Iedb; 4 — LMIMHApPUYECKas TPyOKa I/ OKUCIIEHWS;
5 — QWIMHAPUYECKUI peaKTop C IPUKPEIUICHHOI K HeMy BUHTaMM KPBIIIKOIL; 6 — TepMOIIapa; 7 — OTBOfiHAA Tpyba
IIs BBIXOZIA OTPAOOTAHHBIX [A30B U AUCTIUIATOB; IPUEMHUK JUCTWIATOB; 8 — XOMOAWIBHMK; 9 — COOPHUK
DUCTUIIATOB; 10 — TepmoperynarTop; 11 — mex.

Vcnonb30Bascs 3/1eKTpOAHbIN KaMeHHOYTO/IbHBI IeK Kateropyn B (AO «Anrait-Koke»)
¢ temneparypoil pasmardenus 1, = 91 °C. IIpoBefieHbl cepuy 9KCIEPUMEHTOB C PasHBIMU
IIUTEIbHOCTAMM IIpOllecca TEPMOOKMC/IEHUS [0 MAaKCHMaJbHOM TeMIlepaTypbl IIpoliecca
300 °C u cxopocTsamu pacxoma Bo3gyxa Q (pacxom Bo3fyxa pacCUMTHIBAIN IO CIERYIOIIEN

)
dopmyrne: q = < TAe t = [TUTeNbHOCTD TEPMOOKIC/IEHIS, M —MacCa HABECKM TeKa).

/13 pe3ynbTaTOB QpaKIMOHHOTO COCTaBa IIOTY4E€HHBIX IIEKOB OIpe/e/IeHbl ITapaMeTphI
IPOAYKTOB TEPMUYECKOTO OKMUCIEHNUA 3JeKTPOJHOro Imeka Kareropum B. Temmepatypy
pasmardeHus T, HOTyuyeHHBIX IEeKOB olpefensnum 1o Merofy «KombIlo 1 crepkeHb»
(TOCT 9950-83), a copeprkaHMe HEPACTBOPUMBIX B TOJYO/lIe BeLIeCTB o-(PaKkIyuy II0
I'OCT 7847. Copep>kaHye HepaCTBOPMMOJ B TOIyOJIe Y XMHOMUHE &;-PPaKLMA ONpemesin
no 'OCT 10200 meronom nentpudyrupoBanusa. Copepxkanue a,-GpaKkiyy ONpefe/siu 110
cnenywomein GopMmyne: d; = a — @¢;. TeXHUYeCcKuil aHAIM3 MPOBOAVIN IO W3BECTHBIM
MeTOAVKaM, BbIXoj, neTyunx BemjecTB X ompegnenamu no 'OCT 9951-73, 301bHOCTb IEKOB
onpepensamm no FOCT7846-73.

ITonyyeHne MeKoB C NOBBINIEHHOMN TEMIIEPATYPOIi PasMATIeHNA

OKCIEPYMEHTBI TI0 IOTyYEHUIO IIEKOB C IOBBIIIEHHON TeMIepaTypoll pasMATdYeHusA
T, = 110-120 °C nposBogunuch Ha ycraHoBKe puc. 1. [lnd momydeHus meka MCIO/Nb30Bajach
HaBecka m = 250 r. HayanbHaa Temneparypa skcrepuMmeHTa — 25-27 °C, Ipu JOCTVDKEHUN
TemIrepaTypbl Harpesa 260 °C mopaBanca BO3AyX ¢ KoMmmpeccopa. OKmcamurTenbHass TpyoOka
HaxXo[uIach B HENOCPeJCTBEHHOM KOHTaKTe C oOpasioM. B ombITax mpomcxopmio
HepeMeIlBaHNe C BO3LYXOM pAacIUIaBIEHHOTO IIeKa, YTO 00ecreuyrBano OZHOPOLHOCTDb
JICXO[THOTO TIPOAYKTAa. 3aflaHbl CKOPOCTU pacxofia Bosgyxa Q pasuble 40; 70; 100 n/4ac.
[TomyueHb! 3aBUCHMOCTH BBIXOIOB IeKa W OT IINTe/TbHOCTY IIPOIiecca TepMOOKUCIeHNs (puc.
2).
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W,%
99
Rz = 0,0882
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R2= 0,998
M
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R?=0,9916 ’2
90
t,MUH
87
0 20 40 60 80 100

Puc. 2. 3aBucumMocTb BBIXOfIOB IleKa W IIOC/Ie HM3KOTEMIEpaTypHOTO TEPMOOKNCIEHNUSA OT AIUTENIbHOCTH
Impoliecca I pasHbIX CKopocTeli pacxofia Bo3fgyxa: 1 — Q =40 n/4; 2 - Q=70 1/4; 3 - Q = 100 n/4.

V3 puc. 2 BUAHO, 4TO C yBeIMYEHNEM [IMTEIBHOCTA TEPMOOKMUCIEHUA IPOVCXONNUT
yMeHbLIEH)E BbIXO/a MeKa. Taxoke BbIXOJ IIeKa YMEHbIIA/ICA C yBEIMYEHMEM CKOPOCTH Pacxoja
BO3Jyxa. MuaumanbHoe sHadenne W = 92,5% coorserctBoBano Q = 100 y1/9 n gmuTe1bHOCTI
60 muH. IIpn paurenbHOCTAX mponecca t > 40 MmuH 3aBucumocty it Q = 70 u 100 n/9
(kpuBble 2 M 3) MOHOTOHHO YOBIBamyM, U 3aBUCHMOCTb OT JUIMTETBHOCTY ObIIa JMHEHOI.
3aBucumoctb W pna Kpmbol 1 mmena peskuit cmaj npu t = 60 MMH, CBA3aHHBIA C
yMmeHbleHreM 3HadeHua W ¢ 96 10 93% nipu yBemmuenun JnuTeIbHOCT 10 90 MuH.

Il mogpo6HOro MccaefoBaHMs PAcCCMOTPUM 3aBMCHMMOCTD BBIXOfja IIeKa OT pacxofia
Bo3jyxa. Ha puc. 3 mpefcrasieHa 3aBMCMMOCTD BBIXOJA TI€Ka II0C/I€ HU3KOTEMIIEPATYPHOIO
TEPMOOKMCIEHMA OT pacxojia Bo3jyxa q.

97 1 W, %
96
95
94

93

R2=0,9997
q./kr

92

80 130 180 230 280 330 380 430

Puc. 3. 3aBucuMocTb BBIXOZIOB Ieka W IIOC/Ie HUSKOTEMIIEPaTyPHOTO TEPMOOKIUCTIeHUs (JIUTeNbHOCTD 1 4) oT
pacxopa BO3ayxa q.

N3 puc. 3 BUAHO, 4TO BBHIXOA IeKOB W IIpM TEPMOOKUC/IEHMM 3JIEKTPOJSHOTO IIeKa
Kareropunu B B Teuenue 1 9aca mmHelHO yMeHbImasnca ¢ 96 no 92,5% npu yBenm4eHnn pacxoja
Bo3zayxa ¢ 160 go 400 n/kr.
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Ha puc. 4 IIpe€ncTaBi€Ha 3aBUCUMOCTDb Tp OT J/IUTEJIbPHOCTU TEPMOOKNCIIEHNA.

Tp,°C
3
116 2
110 //1
104
98
92
t, MMH
86
0 20 40 60 80

Puc. 4. 3aBMcUMOCTD TeMIeEpaTypbl pasMATYeHMs IMPOAYKTOB HU3KOTEMIIEPATYPHOTO TEPMOOKUCIEHMS OT
murenbHOCTY nponecca: 1 - Q=40 n/42 - Q =70 11/9; 3 - Q = 100 n/4.

W3 puc. 4 Bupen peskuit poct T, o1 91 g0 103 °C gt Q = 40 n/u m o 104 °C pma Q = 70
u 100 n/4. YBenmuuenue T, ot 104 mo 106 °C npu gymtenbHOCTY OT 12 1o 30 MyH c1abo 3aBuceno
OT CKOpOCTHU pacxofa Bosayxa. [ia Q = 100 1/9 u yBenM4eHUn JIUTeIbHOCTU Ipoliecca Jo
60 MyH Habmopaercs peskuit poct Tp go 116 °C, B To Bpemsa kak npu Q = 40 n 70 /4
TeMIepaTypbl pasmArdeHus coctasmsumm 110 n 111 °C coorBercTBeHHO. [Ipn yBenmdyenun
pmuTenbHocT ¢ 60 mo 90 MmuH mpoucxopguno ysenmdenue T, go 115 °C mpu Q = 70 n/u4.
Hna nansoi purenbHocTy ipu Q = 40 n1/4 T, cocraBnana 112 °C.

Takoke [/ leTaIbHOTO PAacCMOTPEHMUs M3MeHeHMiT 3HaueHus T, OT cKopocTu pacxopa
BO3JIyXa CiefiyeT oOOpaTUTh BHMMaHMe Ha 3aBUCUMOCTD OT BeIMYVMHBI pacxofa Bo3ayxa. Ha puc.
5 TmpencraBleHa 3aBUCMMOCTb 1, IOCe HU3KOTEMIIEPATypHOIO TEPMOOKMUCICHNA
37IeKTPOJHOro neka B oT pacxozna Bo3fyxa q.

117 | T,,°C

116
115
114
113
112
111

110
q,n/Kr

109

0 100 200 300 400 500
Puc. 5. 3aBucuMocCTh Tp A1 IIEKOB II0C/I€ HU3KOTEMIIEPATYPHOTO TEPMOOKMCICHUA (JITII/ITC)'IIJHOCTIJ 1 ‘{) OoT
pacxopa Bo3ayxa q.
V3 puc. 5 BupHO, uTo 3HadeHue T, ysemmuusanoch ¢ 110 °C go 116 °C npu yBenmdeHnn
pacxopa Bospyxa ¢ 160 mo 400 n/Kr mpu TEpMOOKMCIEHNM 3TEKTPOSHOTO IeKa Kareropumu B
B TeueHMe 1 Jaca.

60



OT XHMHM K TEXHOJIOTMH TOM 6, BINYCK 1, 2025

[Tonyyensl MHTepecyole Hac MEKM Ipy TepMOoKucaeHun 90 MUH CO CKOPOCTBIO
pacxona Bo3gyxa 40 n/4 (mek Bri) u 70 n/4 (nex Br:). VI mexu Brs, Bry m Brs monmyuennsie
TE€PMOOKMCIEHVEM IJINTEIbHOCTDIO 60 MIH, CO CKOPOCTAMU pacxofia Bosayxa 40, 70 u 100 /4.

Ta6muma 1. [laHHbIe I1eKOB, II0Ty9eHHBIX HU3KoTeMIlepaTypHbIM TO cpeflHeTeMIIepaTypHOro IeKa

Ne Hassanue | t, MUH ‘ Q, /g ‘ W, % T, °C o1, % X, %
1 OneKTpoAHbl ek B 91 7,5 53,0
2 Br 90 40 93,0 112 7,6 49,6
3 Br, 90 70 91,2 115 7,5 45,1
4 Brs 60 40 96,0 110 7,5 49,8
5 Bty 60 70 94,2 111 7,6 45,3
6 Brs 60 100 92,5 116 7,5 45,5

Kak BupgHO m3 Tabn. 1, comepxaHme oi-ppaknum A BCeX IIEKOB OCTaBalIOCh
IOPAaKTUYECKM HEM3MEHHBIM II0 CPAaBHEHMIO C VCXO[HBIM 3/IeKTPOJHBIM II€KOM BHe
3aBMCUMOCTM OT CKOPOCTM pacxoja BO3fyXa U AIUTEIbHOCTM mpouecca. [nda meka Br
OTIpefieTIs/IN COfiepKaHue a-(ppaKkuyi. Y CTAHOBJIEHO, YTO IO CPAaBHEHMIO C MICXOTHBIM IIEKOM,
poct a-¢pakuyn (poct ar-ppakuum ¢ 26,8 o 34) O6bUT HeBBICOKMM OT 34,3 mo 41,5%.
Poct a,-¢ppakuyy B CBOI0O oOuepefb YBEIMYMBAET CyMMapHOe 3HauYeHMe [3+a,-(paKimii,
OTIpeie/IAIOLINX BSKYIIVE CBOJICTBA ITEKOB.

Bpixop nerydux Bemects X yMeHbinanca ¢ 53,0% po ~ 49% mra Br m Bt mpu
tepMookucineruu ¢ Q = 40 /4. Taxxe 3HaueHne X yMeHbIIANIOCh € 53 1o ~ 45% miia BTy, BTy 1
Brs mpm Tepmooxkmcnenmn ¢ Q = 70 m 100 /4. 3HayeHme 30/IBHOCTM B IIpOLEcce
TEpMOOKVC/IEH)sI He MEHATIOCh M OCTaBa/IOCh MIEHTUYHbIM 3HAYEHMIO JI/I ICXOJHOTO TIeKa ~
0,15%.

IIexn Bt; u BTs momy4anm nmpy MUHMMAIbHONM MINTENbHOCTM 60 MMH, HO C BBICOKON
CKOPOCTBIO pacxofia Bo3ayxa 70 u 100 n/4. Yeenmdyenne Q mo 70 n 100 11/9 gaeT BO3MOXXHOCTb
nonmy4yaTb meku ¢ Tp = 115 °Cu T, = 116 °C npu coxpaiennn t o 60 MuH.

O6cyxaeHne 1 3aKII0YeHIe

PaccmoTpuMm 3aBucuMocTb M3MeHeHus T, OT [INTeIbHOCTM HMU3KOTEMIIEPATypHOTO
TepMookucnenns (puc. 4). Ilpu pmurensHoCcTH t = 12 MMH IPOUCXOAUT pe3Koe yBenmndenue T,
no 104 °C. Taxxke poct T, o Bemuun 101 °C u 103 °C Habromancs npyu TepMOOKIUCIIEHNN [0
T =275 °C, B nepBoM ciydae 3a BpemA t = 5 MuH u Q = 40 71/4, BO BTOpOM c/Iy4ae 3a t = 3 MUH
n Q = 10071/9 cooTBeTCTBeHHO. [l/I1 Ieka B IIEpBOM CiIy4ae cofiep>kaHue o-Qpakium
yBEIMUYMBANOCh ¢ 34 10 37%, a cofepKaHue o, yBeIM4InBanoch ¢ 26,5% 5o 29,5%.

ITexn ¢ T, = 110 °C u 111 °C nony4eHbl IpyY HU3KOTEMIIEPATYPHOM TEPMOOKNCIIEHUN
pnuTenbHOCThI0 60 MyH npu Q = 40 u 70 1/4. YBenuuenue Q ot 40 go 70 n/4 11 JTaHHOTO
nepuoja TEPMOOKMCIEHNA TNPUBOAMIO K YBEIMYEHNIO WMHTEHCUBHOCTM pPasMeENIVBaHUA
PacIUIaBJIeHHOTO IIeKa, OTAENEeHNI0 [UCTWUIATOB (0O 4YeM MOXeT CBUMIETE/IbCTBOBATD
yMeHblIlIeHe BbIxofa meka W ¢ 96 mo 94% (puc. 2) 1 yMeHBIIEHNIO BBIXO/IA JIETY4NX BEIIeCTB
X (cMm. Tabn. 1)), HO He CITIOCOOCTBOBAJIO YBENMYEHUIO IHTEHCUBHOCTY XMMIYECKUX PeaKIvii.
Vicxops m3 aToro ana mosbilleHus T, mid mpopykTa TepMookucneHus nmpu Q = 70 /4
TpebyeTcs yBemMdeHue JyIMTeNbHOCTY TepPMOOKUCIeHN t ¢ 60 go 90 MuH.
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YBenuuenue t go 90 mun mia Q = 70 1/4 npuBoguio K yBenundennto T, mid meka Br,
(T, =115 °C) no cpaBHeHnio ¢ nekom Bry (T, = 112 °C), monyuennom npu Q = 40 n/u.
YBemuenne Q o 100 /4 obecreunBano sPpPeKTUBHOCTD pa3MeNIMBAHNUA PaCIUIaBIeHHOTO
TIeKa U CIIOCOOCTBOBAIO YBEMMYEHIIO YIC/IA PeaKLnii y>a, B ra3oBoii (pase (cormacHo [28, 29]),
4YTO NpUBOAMIO K yBenumdeHunto T, go 116 °C B koHeuHOM npoaykre Brs. OTcyTcTBUE pocTa
a1-(ppaKIyM CBA3AHO C TeM, YTO IIPU HU3KOTEMIIEPATYPHOM TePMOOKVICIIEHN He IIPOVICXOUT
paspbiBa C-C cBsA3eil M HeT BO3MOXXHOCTY IPOTEKAaHNMs peaKLMil B XKIAKOI (ase clemyrolero
THIA S>>, NPUBOAALIINX K 3aMETHOMY POCTy BTOPMYHONM «)-(PpakIvy, CBA3AHHON C
Me3o¢asoit [28, 29]. AHamOIMYHBIA pe3y/lIbTaT HAONMIOJANCSA paHee NP TEPMOOKNCIICHUN
9/IEKTPOJIHOTO Teka B myTeM mopaum Bo3fyxa K IeKy 4yepe3 OKMCIMTENbHBIN y3en B [30].
CormacHo pesynbrataM pabor [30, 31], poct T, B mporjecce TepMOOKMC/IEHNsT ObIT CBSI3aH C
yBeIMYeHNEeM &-pPaKLINM ¥ YMEeHbIIEHNEM BbIXO/a JIeTY4MX BelecTs X.

[ToBpimenne pacxona Bosgyxa ¢ 160 mo 400 y1/Kr mpy TePMOOKUC/IEHUY TEKTPOJHOTO
neka Kateropuy B ymeHbIano BeIxog meka ¢ 98 mo 92% (puc. 3) u mpuBOAWIO K YMEHbIIECHNIO
BBIXOJja JIeTy4uXx BewecTB X ¢ 49 1o 45%.

BriBonb1

1. IlomydeHa 3aBUCMMOCTb TeMIEpAaTypbl pasMATYEHUA IPOAYKTOB (IIEKOB)
TEPMOOKMC/IEHN 97IEKTPO/IHOTO IIeKa KaTeropuu B oT gnuTenbHOCTY Mpoliecca.

2. YcranoBneHo, uto T, yBenmumBaeTcs, a BbIXOJ IIeKa YMEHbIIAETCA IPY YBeIUYeHUN
pacxofia BO3/lyXa TEpMOOKMCIEH)A 3IeKTPOJHOTO TeKa B.

3. OnpepeneHnl ycnoBusA NnomydeHns mnekos ¢ T, = 110-120 °C myTeM TepMOOKUC/IEHUA
3JIEKTPOJHOTO TeKa Kareropun B.

4. OKCHepMMEHTAaJlbHO  II0Ka3aHO, YTO y  IIeKOB, IIOJYyYE€HHBIX  IIOCTIE
HI3KOTEMIIEPAaTyPHOTO T€PMOOKMUC/IEHNA IeKa KaTeropuu B, He mpoumcxonuno yBennueHus
cofiepKaHUA «;-Ppaknuy IpYM yYBeINYEHUN BpeMeHU TepMOOKUCIeHMs #o 90 MUH, HO
IPOUCXOAIO yBenmdeHue T,

5. ITomyyen mek ¢ T, = 112 °C n copmepxanueM «-ppakuym 41,5% c moMouIbio
HU3KOTEMIIEPATYPHOTO TEPMOOKMC/IEHNA ITeKa KaTeropuu B.

6. Ilex ¢ T, = 116 °C monmy4yanu npyu MUHUMAJIbHONM IIUTeNbHOCTM 1 4Yac, HO Ipu
MaKCMMaJIbHOJ CKOPOCTM pacxoja Bosayxa 100 /4.

Paboma evnonuena 6 pamkax eocyoapcmeentozo 3adanus PIGHY «Pedepanvruiii
uccnedosamenvckuti ueHmp yens u yenexumuu Cubupckoeo omoenernus Poccuiickoti akademuu
Hayk» npoexm Ne 1022041700072-4.
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Kniouesvie cnosa: Annomayus. IIpednosxen cnoco6 azpeeauuy 4acmuy, Memanau4eckol meou 6
OuagpaezmenHulil H00600HDIE  KOMIOUOHBIX B00HBIX PACBOPAX MO0 Oelicmeuem no0800H020 OuappazmerHo20
Dpaspso, medv, KOANOUOHAS paspsoa (IT[]P), 6036ys#daemozo 6 38yko8om duanasoHe uacmom. Paccmomperut
cucmema, HaAHOUACULbL mexanusmol 8030eticmeus II[JP Ha KOANOUOHVITI PACMBOp Memannu4ecKoli

MeOu, cmabunu3UupoSaHHbL N08epXHOCMHO-akmusHoimu éeutecmeamu (ITIAB).
IToxazano, umo amu MexaHusmvl mozym Ovimb 0060/ILHO COMHOIMU U
MHO202PAHHBIMU, BKTTIOHAIOUUMY 6 CeOS IHepzermuyeckoe, eu0PoOUHAMUUECKOE,
XUMUYECKOe U TIeKMPOXUMULECKOe 8030elCBUS KAK HA 4ACMULbL MeOU, MAK
u Ha monexynvi IIAB. BwuisicneHno, umo 6 pe3ynvmame KpamxocpouHo20
Naa3MeHHO020 6030elicCBUS HA PACE0P YOAeMC Y6eNUdUmy pasmepvl 4acmuy,
melu 6 cpednem 6 2-2,5 pasa. IIpu OnumenvHom 8030eticmeuu naa3mvl Ha
PAcmeop KONOUOHAS CUCIEMA PA3PYUAENCS, U 6 NpedenbHOM CLyHae Moxem
oazxce HAOOO0AMbCs 00pA308aHUE OKUCTIO8 MeJU.

s quTpoBaHus:

Curanos [I.B., lllabanosa A.A., [Tpoursin A.A., Moumns VI.A. MunennspHas 9KCTPaKLMsA MeAM C UCIIO/Ib30BaHeEM
MOBEPXHOCTHO-aKTUBHBIX BewecTB ([TAB) // Om xumuu k mexuonozuu waz 3a wazom. 2025. T. 6, Bpi. 1.
C. 65-73. URL: https://chemintech.ru/ru/nauka/issue/5879/view

BBenenne

MunemnisapHas SKCTpakUusa TpPeACTaBlIseT Cco00il OTHOCUTENBHO HOBBIL MeTOf,
pasfie/ieHNus BeIeCTB, OCHOBAHHBIN Ha JCIONb30BAHNM MOBEPXHOCTHO-aKTVBHBIX BEIeCTB
(ITAB). B wacTHOCTM, 3TOT NOAXOJ HAIlleJl IIMPOKOE INpMMEHEHVe /I M3O/ALUY MOHOB
MeTalIoB (3apoyibIiieil HOBOII (pasbl) 13 BOFHBIX pacTBOPOB [1, 2]. C pasBUTIEM 9KOTTOTMYECKY
0e30IacHBIX MPOLECCOB MUIIE/UIAPHASA SKCTPAKLMA CTAHOBUTCA Bce 6o/iee BOCTpeOOBaHHOI
a/IbTepHATIBOI TPAAVLIMOHHBIM MeTO/jaM M3BJIedeH s Biarogaps BbIcokoit addeKTrBHOCTI
¥l OTHOCUTE/IBHOI IPOCTOTE MULIeUIAPHAs SKCTPAKIMsl MIOHOB METa/UIOB HAIlIA IPUMeHeHIe
B aHA/IMTUYECKOI XVIMIY, @ TAK)Xe B BOIOIIOATOTOBKE M OYNMCTKE CTOYHBIX BOJ [3, 4]. B manHOI
paboTe MulLe/UIAPHAs OSKCTpPakKLusA ObUIa MCIONb30BaHA I CTAOMIM3ALVM BOJHBIX
KOJ/UIOVMIHBIX PacTBOpoB Menu. Ilpu arom mpepmosnaranoch, 4To 3¢¢eKThl IIa3MEHHOTO
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BO3/Ie/ICTBMA Ha 3Ty CUCTEMY CIIOCOOHBI IPMBOAUTD K YKPYITHEHMIO YacTHIl MEM B pacTBOpe.
B oTOil TexHO/MOIMM BaKHOEe 3HadeHMe MMelT dvacTunbl [IAB, KoTopble CHUKAIOT
TIOBEPXHOCTHOE HATsDKeHUEe MeX(asHBIX TpaHNI, HAKAIUIMBAasACh Ha 3TMX rpaHunax. ITAB
Jle/IATCA Ha TPV OCHOBHBIX KaTETOPUM B 3aBUCUMOCTH OT 3apsAfa MX IMipodMIbHONM TOMTOBKIL:

1. Anmonnsle ITAB - romoBka nMeeT OTpMLIATEeTbHBIN 3apsAx. OJTo Hambojee
pacnpoctpanenHblie u3 Bcex ITAB. K aroit rpynme ITAB oTHOCAT maypuacyabdar HaTpusa u
naypercynbdar HaTpyusa. OTMedaeTcss VX BBICOKAas aKTMBHOCTb, OT/IMYHBIE OYMIIAIONIVE U
MOIOIIME CBOJICTBA. B Ma/IbIX KOHIIEHTpalVAX Oe3BpeHbI /I YelOBeKa.

2. Katnonnnle IIAB - romoBka mMeeT MOnOXUTeNbHBIN 3apsaf. K aroit rpynne ITAB
OTHOCAT LETPUMOHMA OpoMuj, OEH3a/IKOHUA XJIOPWH, LEeTWINMPUAMHWUIL XIOpUA U Ap.
9TO OT/IMYHbIE AHTMMUKPOOHBIE BeIeCTBA, CIIOCOOHDBIE HENTpanu30BaThb OTPUIIATeTIbHbIC
3apsgbpl. OOBIYHO OHY He COBMeCTMMBI ¢ aHMOHHbIMMU [IAB, Tak kak Moryr o6pasoBbIBaTh
HEPaCTBOPMMBIE OCA[IKIA.

3. Henonnnle ITAB - HeT 3apsifa Ha rol0oBKe, I0O3TOMY OHM HeliTpanbHbl. [IpumMeps
Takux [TAB: mommcop6aThl, 3TOKCMIMPOBAHHBIE CIMPTHI, OTOK-COMOMMMEpPDI (HaNpuMep,
Pluronic), Tpuron X-100. K ocobennocrssm takux IIAB oTHOCAT TO, 4YTO OHM XOpOLIO
SMYIBIMPYIOT Macaa M OKUPBI, WCIONb3YIOTCA B IMIIEBOMI U KOCMETMYECKOI
IPOMBIIIJIEHHOCT, MEHbIlle CKJIOHHBI K 00pasoBaHMIO IIeHBI, YeM apyrue IIAB, xopomro
paboTaioT B mypokoM guanasone pH u coBMectuMsl ¢ gpyrumu tunamu [TAB.

ITox TONOBKOJ MOBEPXHOCTHO-AKTMBHOTO BEIleCTBA ITOHMMAIOT IUAPOMIIbHYIO YacTh
Monekynbl. Taxoke ormerum, 4to ITAB cocToAT M3 ABYX OCHOBHBIX 4acTeil: TMApodoO6HOTO
«XBOCTa» U TUAPOGUIbHOI «TONMOBKM». To ecTb, TuapodwIbHasd roloBKa - 3TO Ta 4YacTb
MOJIEKYJIBI, KOTOPas B3aMOZeCTBYeT ¢ Bojoii. [1o cyTu, ronoska onpepenser kak [IAB 6yner
B3aJMOJIE/ICTBOBATh C BOJONM M JPYIMMU BellecTBaMy. XOpoIlas pacTBOPUMOCTb B BOfie U
CIIOCOOHOCTb ~ B3aMIMOJIEJICTBOBATb C  Pa3IMYHBIMM  IIOBEPXHOCTAMU fienmaoT ITAB
3pQEeKTUBHBIMU B Pa3IMYHBIX IPUIOKEHNAX, OT MOIOIUX CPEACTB O OMOMERMIIMHCKAX
npyuMeHeHnit [5].

JIns ycnemHoi peanusanyuy METOOMKM SKCTPaKLIMM MeV M3 KOJJIOMJHOTO pacTBopa ¢
ucronb3oBaHyeM [TAB Ba)XHO NIOHMMATb OCOOEHHOCTV MMIE/UIAPHONM CXEMBI 3KCTPAaKIIVIL.
MunennapHaa SKCTpakiusa OCHOBaHa Ha crocobHoctn IIAB ¢dopmmposats arperats,
HasbIBaeMble MUILE/ITIAMM, KOTOPbIE MOIJIOIIAIT MOHBI META/ZIOB MOCPENCTBOM DPa3/INYHbBIX
BUIOB B3aMMOJEVICTBUII, BK/IIOYas MOHHBIE, [UIOIb-AUIONbHBIE U IUAPOPOOHbIE.
Oco6eHHOCTb JaHHOTO MeTO/ja 3aK/II0YAETCA B BOSMOXKHOCTHU SKCTPAKIMM 6€3 NCIIONb30BaHUA
OPraHMYEeCKMX PAcCTBOPUTENEN, YTO MMHUMM3MPYET UX BIMAHME Ha OKPY)KAIOLIYI0 Cpefy.
Bopuble pactBopbl I[IAB mnpm KOHIeHTpanuu Bblllle KPUTUYECKON KOHIEHTpaluu
MUIIe/UI000pa30BaHysA 0OpasyloT MUIIE/UIbI, KOTOPble CTAaHOBATCS CIIOCOOHBI 3aXBaTbIBATh
VIOHbI MeTaj/IoB. VIOHBI MeTa/IoB B3aMMOJENCTBYIOT C HOJAPHBIMM WM 3aps>KEHHBIMU
rpynmnamu [TAB, HaxopAIMMICS B 06/71aCTV «TOTIOBBI» MUILIE/JIB, Y MHKAIICY/IUPYIOTCS BHYTPU
ruzipodobHO yacTu. CTaTnyecKas M AMHAMMYECKAsA CTAOMIbHOCTb MUIIE/T OIpefie/iieTcsa
pasmMuHBIMKM (AKTOpaMy, KOTOpble BIUAIT Ha MX (OPMMPOBaHNME M YCTONYMBOCTH B
pacTBopax. TU MOHATUA OTHOCATCA K TEPMOJAVMHAMIYECKON ¥ KMHETNYECKO YCTOYMBOCTI
MULEJITT COOTBETCTBEHHO.
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Cratuyeckas, WIM TePMOAVHAMMYECKas, CTAaOWIBHOCTD MULEUI OIpefe/sieTcs
paBHOBeCeM MeXJy CBOOOIHOJ SHeprueyl B3aMMOJECTBUSA COCTAB/ISIOINX MUIIE/UIBI
MOJIEKY/I U UX B3aMOJeNcTBMeM C pacTBopureneM. OCHOBHBbIE (aKTOPBI, BAMAIONIE Ha
CTaTUYECKYI0 CTaOUIBHOCTD, BK/IIOYAIOT:

1. Kputnyeckyto koHueHTpauyio Muremnioobpasosanns (KKM) - arto KoHIeHTpauys
ITAB, npu xoropoit mureisl HaunmHaooT (popmmposarbcsa. Yem Hmwke KKM, Tem Bblmre
TepMOJVIHAMIYEeCKas CTaOMIbHOCTb MUIIE/UIbI, TAK KaK OHA jIerde 06pasyercs.

2. BaumopeiictBua mMexpy monekynamu I[IAB — aTo ruppodobHbIe B3aMoOpeicTBuA,
BOJOPOJHbIE CBA3M U Cuabl BaH-mep-Baanbca Mexpy xsocramm ITAB, a Takxke
3/IEKTPOCTaTNYECKIEe B3aIMOeIICTBUS MeX/y TOJIOBKAaMI I PaCTBOPUTEIEM.

3. Temnepatypy u noHsywo cuny. IloBpiieHne Temmneparypsl MoxeT yMeHbIINTb KKM,
M3MeHsIs, TAKUM 00pasoM, CTaTMYeCKyI0 CTabMIbHOCTD. VIOHHas cula pacTBOpa TakXe BIMSET
Ha CTaOVM/IM3ALMIO 3apsDKEHHBIX MULIE/T, CIIOCOOCTBYS 9KPaHMPOBAHMIO 3apsifia.

JlvHamMydeckas, WiV KUHeTH4YecKas, CTabMIbHOCTb MMUIIe/UI CBA3aHA C BPEMEHHOIN
YCTOMYMBOCTBIO MULIE/I/I B paCTBOPE 1 UX peaKiiyeil Ha U3MeHeHUs ycaoBuii cpefibl. OCHOBHbBIE
(akTOpBI BKITIOYAIOT:

1. Konuenrpanuto ITAB. Ilpu xonnenrtpanusax sbime KKM mpucyrcrBue 601bIoro
qyc/la MMULE/UL fe/laeT X obpasoBaHye 1 pacmap 6ojmee BO3MOXKHBIMU ¥ YCTONYMBBIMU CO
BpeMeHeM.

2. PaBHOBecre o6MeHa MeXXy MOHOMEpaMy U MUIle/UIaMI. []e/1o B TOM, 4TO MMI[eJUIBI
HAXOJATCA B JVHAMMYECKOM paBHOBecUM C OfMHOUYHbIMM Mosekynamu ITAB. CkopocTb
obMeHa MeX/y MULIe/UIAaMI 1 MOHOMepaMJ B/IUAET Ha KMHETIYECKYIO0 CTaOMTbHOCTD.

3. BnusAHme BHEIIHUX yC/lIoOBMil. VIsMeHeHMsA TemmepaTypsl, JaBneHus wi pH moryr
paspyllaTh MUILIE/UIbI MM M3MEHATb IMHAMUYECKOe paBHOBECHUE, BIMAA Ha UX YCTOIYMBOCTD.

Takum o6paszom, craTmyeckass CTaOWJIBHOCTb B OOJIbILENl CTENEHU OIpefe/saeTcs
TePMOJVIHAMIYECKMMY (PaKTOpaMM 1 paBHOBECHEM, TOTAA KaK AMHAMMUYecKas CTabMIbHOCTD
CBsI3aHA C BPEMEHHON YCTOMYMBOCTBIO UM CKOPOCTbIO M3MEHEHUA COCTOSHMA MULENT B
OIIpefie/IeHHBIX YC/TOBUAX.

ITocTaHOoBKa 3aJa4yu 1 OMICaHME IKCIIePUMEHTATbHON YCTAHOBKI

s cTabuamsanyy COCTOSHUS KOJJIOUIHOM CUCTEMBI BOIa — Meb ObII MCIIOIb30BaH
katuonHblt [TAB unerwmnupupuuanit xmopup (IIIX): CisH3NCsHsCl dannbii I[TAB 6bi1
YCIIEIHO MCIIO/Ib30BaH B 9KCIEPMMEHTAX C MOHaMU psfa MeTamwioB [6]. PaccmarpuBaemast
KOJUTOU/{HASI CUCTeMa SIB/ISIETCSI CBOEOOPA3HBIM IOCTABLIVKOM Meay B HaHOPOpMe, KOTOpast
o61azaeT yHUKAIbHBIMM CBOJICTBAMU II0 CPAaBHEHUIO C MeZIbI0 B Makpodopme, 4TO Hemaer ee
VIHTEPECHOJI /I pa3/IMYHbIX HAYYHBIX ¥ TEXHOIOTMYECKUX NIpUMeHeHu 1 (7], Hanpumep:

1. Menp B HaHOdOpMe XapaKTepm3yeTCsl MOBBINIEHHON IUIOLIAIbI0 IIOBEPXHOCTHU
OTHOCKUTEJIbHO 00beMa, YTO YBEIMUIMBALT €€ PEaKIVIOHHYIO CIIOCOOHOCTD U Jie/IaeT MOJIe3HO B
KaTajmse.

2. Hanowactuipl Meny oO0/MafaloT PasIMYHBIMU ONTUYECKUMM CBOVCTBAMM W3-32
I/IA3MOHHOTO MTOBEPXHOCTHOTO Pe30HAHCA, KOTOPbI MOXKET OBITh UCIIONTb30BaH B CEHCOPAX U
OMOMeUIIVHCKUX IIPUIOKEHNSIX.
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3. VisBecTHO, 4YTO Meib XapaKTepU3YeTCs BBICOKON  3/IeKTPONPOBOJHOCTBIO,
a B HaHO(OpMe OHa MO>KET [JeMOHCTPUPOBATh M3MEHEHHbIE 3/EKTPOIIPOBOSAINE CBOICTBA,
YTO MOXKET OBITD I10/IE3HO B MUKPOITEKTPOHMKE U HAHOTEXHOJIOTUSX.

4. B HaHOQOpMe MeIb MOXKET IeMOHCTPUPOBATD YIy4llleHHbIe MeXaHIYeCKe CBOJICTBA,
TaKie KaK BBICOKas TBEPHOCTb M YCTOMYMBOCTb K M3HOCY, Oarofapsi 3epHOrPaHMYHOMY
YIIPOYHEHMIO U APYIUM 3¢ deKTaM, XapaKTepHBIM Ji/IsI HAHOCTPYKTYPUPOBaHHBIX MAaT€PHUA/IOB,
COXpaHsIs IPY 3TOM BBICOKYIO TEIUIOIPOBOJHOCTb.

5. HaHo4acTuIpl Mefy IpOSIBIIAIOT BbIpa)KeHHbIE aHTUMMKPOOHBIE CBOVICTBA M MOTYT
UCITONIb30BAThCsI B MeAMIMHe (KOCMETONMOrnM) /Il VHUYTOXKEHWsI OaKTepuil M BUPYCOB,
CIIOCOOCTBYSI 3a)KMB/ICHNIO PaH.

[TocnenHee 3 MpUBeLEHHBIX BBIIIE CBOICTB MeiM B HAHOGOPME MOCTY>KITIO IPEMETOM
JIAHHOTO MCCAEeNOBAaHNUA. YUUTHIBAasi, 4YTO BEI[eCTBO B HaHOQOpME MOXKET WUMETb U
TOKCUKOJIOTMYECKIIT OTTEHOK IPU BO3IENCTBMM HA TKAHM >KMBBIX OpraHusmoB [8], Obita
[IOCTaB/IeHa 3ajavya pas3paboTaTbh TEXHOMOIMI0 YKPYIIHEHMs Pa3MepOB YacTUI] MeIM B UX
BOJHBIX KOJUTOMIHBIX PacTBOPAX C IIe/IbI0 HaXOXK/JeHNs OalaHca MeXXy 6aKTepyoIorndecKoit
aKTMBHOCTBIO IIPENapaToB Ha UX OCHOBE U VX HEOTArONPUSITHOTO BO3IENCTBMs Ha TKaHU
JKUBBIX OPTaHU3MOB.

[TpuroToBieHne KO/UIOMAHBIX PACTBOPOB Me[y MPOBOAMIOCH 1o Metonuke [9]. ITocre
IIPUTOTOBJIEHUsI PACTBOPOB OHM BBICTAVBAINCh B TeYEHUE CYTOK, IIOC/IE YEro MOABEPraliiCh
BO3JIEVICTBMIO TOABOAHOrO amadparmenHoro paspspa (IT[IP). Buemmnmit Bup sdeviku
nuadparMeHHOro paspsifia oKasaH Ha puc. 1.

Puc. 1. BuenrHuit Bup, siaeifku A/t 00pabOTKY KO/UIOMAHOTO BOGHOTO pacTBopa Menu B ITJIP: 1 — yronbHbI KaTOf,
2 — aHop B Bujie fuadparmol

Ona ObUTa BBINONTHEHA U3 OPraHMYECKOTO CTEKIa, MMe/la IpO3pauyHble CTEHKI.
C IpOTMBOIONIOXKHBIX CTOPOH SIYeliKM ObUIM BMOHTMPOBAHBI 9MeKTPOABL: 1 — KaTof B BUAE
3a0CTPEHHOIO YTOJNBHOTO CTep>KHA, 2 — aHOA B Buje AnadparMeHHOTro 3/IeKTPOfa.
K anexTpomam nogBofuIoch epeMeHHOe BHICOKOBOJIBTHOE HAIpsDKeHNe. Paspsap saxurancsa
HEIIOCPEICTBEHHO B pacTBOpe. B  KauecTBe MCTOYHMKA MUTAHMUA MCIIOTb30BAJICSI
BBICOKOBOJIbTHBI TeHepaTop, paboTaoluii Ha 9actoTe 75 KI'I] ¥ TO3BOJIAIOIMIT PETy/IPOBaTh
BBIXOZIHOE HampshKeHMe B auanasone 0,8-2,5 kB. Bpems 06paboTky 6b110 PUKCHPOBaHHBIM U
coctaBnno 20 MyH. Pabodee HampspkeHMe IOAOMPAanoch M3 COOOPaKEHUIT OTCYTCTBUSA
CUIBHBIX (DIYKTyaluii pacTBOpa M MOffiep>KaHMs IPU 9TOM HEU3MEHHON TeMIIepaTyphl.
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Tak Ha IPOTsDKEHMM BCETO IKCIEPMMEHTaA 110 00paboTKe pacTBOpa TeMIIepaTypa HaXOAM/IACh
B [MamasoHe oT KoMHaTHOI 1o 35 °C.

Ha puc. 2 nmokasansl BHeurHnit Bup auadparmbl guaMeTpoM 1 MM (I) M KOHCTPYKLIMSA
a”opa ¢ guadparmoit 0,5 MM (2). JIydie pe3ynbTaThl oKasana KOHCTPYKIVS, IOKa3aHHas Ha
puc. 2 op udpoit «2». [fuadparma 6bi1a BHIIIOTHEHA 13 CTEK/ISTHHOTO CTAKAHYMKA, B KOTOPOM
ObUIO OpraHN30BaHO OTBepcTye AraMeTpoM 0,5 MM.

Puc. 2. Koxcrpykuun guadparmer suamerpom 1 M. (1) u anogHoro 6710Ka ¢ guadparmoit 0,5 Mm. (2)

Vsuytpu k orBepctmio (puadparme) ObUI IOABENEH TOHKWIT 3a0CTPEHHBIN MeJHBIN
CTep>XeHb ¢ MaKCMMaJIbHO BO3MOXKHOJN CTEIeHBIO 3aTOUKM. IIpy 9TOM MeIHBIN 37IeKTPOJ] He
BBIXOJVJI 32 TIpefiebl fyadparmsl.

Matepuan cTep)XHs B aHOJHOM O/10Ke ObII BBIOpPAaH M3 COOOPaKEHNA OTCYTCTBUA
3arpsA3HEHUI pacTBOpa IIOCTOPOHHUMMU mpuMecsaiMu. CTOUT OTMETUTb, YTO B IIpoIiecce
006paboTKM HaOTIONANOCh He3HAa4yNTe/IbHOe O0pasoBaHue IeHbl ¥U3-3a mpucyrcrBus I[TAB.
JlaHHBII Ipo1iecc ObUI MUHMMU3VPOBAaH, HO IOTTHOCTBIO OT HETO 130aBUThCA HE YaBalIoCh, TaK
KaK M3BECTHO, YTO IIEHOOOpa3oBaHMe ABJIsIeTC XapakTepHbIM i I[TAB xatnoHHOrO THma [2].
Brenrumit Bup paspsApga npu o6paboTke pacTBOpa B Halllel A4elike TOKa3aH Ha pIuC. 3.

Puc. 3. Buemnwit Bup IIJIP B sdeiike (CBedeHMe >KEITO-KPACHOIO OTTEHKOB JIOKAIM30BAIOCh B PacTBOpPE B
HEIIOCPeNCTBEHHOI O6/IM30CTH OT Ayadparmbl)

Pe3ynbTaThl M UX 06CyKaeHme

Vcnonp3oBaHne TIUIasMbl JyId pelleHNs IIOCTaBI€HHON 3ajauM II0Ka3aJo CBOIO
apdekTnBHOCTb. B 6Gormee paHHMX paborax IUIasMa JCIO/Ib30Balach HaMM AJIsI KOHTPOJA
coflep>KaHus TIpuMecell B cocTaBe Omonormuecknux crpykryp [10]. Takum o6pasowm,
IUTa3MEeHHblEe TEXHOJNOTMM U IUIa3MOXVIMMA IIPEACTaB/LIOTCA BeCbMa IePCIEKTHBHBIMU
TeXHONOTVAMN. B HameM cny4ae, [ YCIELIHOTO pelIeHMs IIOCTAB/ICHHON 3ajiauy
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HeoOXouMo ObIIO NPOAHAMM3NMPOBATh MeXaHM3MbI BosfeiicTBuA II[JP Ha Ko/moMpHbBIN
pacTBOp MeTa/IM4ecKoi Mein, crabummsuposaHHbiii [IAB. B 061em, He0OX0IMO yIUTHIBATD
JIOCTAaTOYHO 0O0JbIIOe KOMMYecTBO (PaKTOpOB, Hambosiee BaXKHBIMM M3 KOTOPBIX SIBJISIOTCS
9 (313410119

1.  Oueprermueckoe BozjelicTBue. [logBOAHBIN paspsx TeHepUpyeT CUIbHOE
9MIEKTPUYECKOE II0/I€ M JIOKAJIbHOE IOBBIIIEHNE TEMIIEPATYPhl, YTO MOXXET NPUBOIUTDL K
MI3MEHEHVIO CTPYKTYPBI M CBOVICTB KOJJIOMJHOTO pacTBOpa. Takme M3MeHeHUs MOTYT BIUATDH
Ha pasMep 1 GopMy JacTUI] M.

2. T'mppopmHaMmyeckoe Bo3feiicTBue. PaspApn cospjaer ypgapHble BOJHBI U
TypOy/IleHTHBIEe IIOTOKYM B >KUAKOCTY. OTM MeXaHM4eckyue 3PQeKTbl MOTYT NPUBOAUTH K
arperanmy Wiy, Ha060poT, AUCIIEPTMPOBAHMIO YaCTUL] B PaCTBOPE, B 3aBUCUMOCTH OT CJIBI I
HaIlpaBJIEHN A BO3JEIICTBUA.

3.  XmmMmdueckoe BO3JelicTBuE. BhICOKas TeMIeparypa 1 9HEpreTUYecKOe BO3JIEVICTBIE
MOTYT IPMBOJIUTD K MI3MEHEHMAM XMMUYECKUX cBoicTB ITAB. 9T0 MOXeT IposABIATbCA Yepes
pasno>KeHye MOJIEKY/T IOBEPXHOCTHO-aKTVBHBIX BELIECTB.

4. DNIeKTpOXMMMUUYECKOe BO3JIEVICTBUE. Paspan MOJXET VHULIMMPOBATDH
9/IeKTPOXMMIYECKIe PeaKUNM, KOTOPble MOTYT MOAMGUIMPOBATh IIOBEPXHOCTM YaCTUI[ U
B/IMATH Ha UX CTAOMIBHOCTD U B3auMoneiicteue ¢ ITAB.

5. HecTabunusaius KO/UIOUTHONM CUCTEMBI, M3HAYaTIbHO CTabuan3npoBaHHoit [TAB.
IToBepXHOCTHO—aKTVMBHbIE BEllleCTBA UTPAIOT KTI0UEBYI0 POJIb B CTAOM/IM3aLNU KOJUIOUTHOTO
pacTBopa, IpefoTBpalad arperanuo Jactull Menu. Ilox BospeiicTBMeM paspsfia MOJIEKYIIbI
ITAB MoryT mopiBepraTbcs CTPYKTypPHBIM M3MEHEHNAM, YTO JO/DKHO IPUBOANTD K OCTabIeHII0
UX CTaOM/IM3VPYIOIIMX CBOVICTB.

ITU NPOLECCHl MOTYT NPOMCXOAUTb OJHOBPEMEHHO M BIMATH [PYr Ha JIpyra, M KX
HeoOXO#MMO OBUIO YYMTBIBATb IIPY IIOCTAHOBKE SKCIIEPVMMEHTa M aHAIM3e IMOTyYeHHBIX
pesynbraroB. [lo HameMy MHEHUIO, JOCTATOYHO Ba)KHBIM (PAKTOPOM ABIIAETCA MOAVPUKAIA
ITAB nop meiictBuem I1]1P. PaccmoTpum ero 6oee nogpo6Ho.

LleTnnmupuanHMil XIOpIf, KaK yXe ObIIO CKa3aHO paHee, ABJIAETCSA KaTMOHAKTVMBHBIM
ITAB, copepXalMM YeTBEPTUYHBII AMMOHMEBBINI MOH, KOTOPBII MOXKET IOABEpPraTbCs
PasNoXeHNIo MOoJ, JIelICTBMeM 3/IeKTpUUeCcKoro paspspa, B yactHoctu IIIIP. Taxoit paspsan
IPUBOANT K 00Pa30OBaHMUIO B BOJHBIX CpefiaX aKTMBHBIX YacTHIL: MOHOB (1) 1 pagukanos (2):

H,O - H"+ OH, (1)
H,O - H' + OH", (2)

KOTOpble MOTYT B3aMMOJENCTBOBAaTb C OPTAaHMYECKUMMM MOJIEKyJTaMM, BbI3bIBasA MUX
pasnoxxenne. Kpome toro, cam IITIX B Boze mucconuupyert (3):

C16H33NC5H5C1 - (C161_I33I\IC5H5)+ + CI-. (3)

OcHoBHbBIe MeXaHN3MBbI pa3noxkeHusA LIITX MOXXHO IIpefiCTaBUTD CIeAYIOMUM 00pa3oM:

1. PapgukanbHOoe pasnoxeHue. [WUIPOKCUI-MOHBI MOTYT B3aMMOJENCTBOBATb C
QIKVWIDHOV TPYIINON LeTWINVPUANHNSA, TPUBOAS K OTPBIBY BOZOPOAa M 0OOpa3sOBaHMIO
pagukana (4):

(C16H33NC5H5)+ + OH —~ (C16H32NC5H5)' + H,O. (4)
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OTa peakys MOXKeT OBITb YacTbIO Ipoliecca CBOOOTHO-PaIMKaIbHOTO OKVICTIEHWS VTN
JIPyroro pajayKanbHOro MexaHusMma. He MCKIIOUEHO, YTO Hajiee Liellb MOXKET PaspblBaTbCs C
o6pa3oBaHMEeM MEeHbIINX GParMeHTOB.

2. OxkucnurenbHoe pasnoxenue. Pagukansr OH® MOTyT HanpAMYIO OKMCIATD aIKMA/IbHYIO
Ilellb 10 CIVPTOB MIM KapOOHOBBIX KUCIOT. Takke BO3MOXXHO OKNMC/IEHME aToMa as3oTa
HVPUAMHOBOTO IMKJIA, YTO MO>KET IPUBECTY K Pa3pbIBy KOJbLia ¥ OOPa3sOBaHMUIO aMUHOB U
Ipyrux GparMeHTOB.

3. Peakiuu ¢ aktuBHbIMM (opMamMu Kucnopoga. Obpasyromyecs B Ipolecce paspssa
aKTVBHBIe (OpPMBI KUCIOpOAa, Takme Kak 030H (O;) m cymepokcup (O;), ToXe MOryT
crroco6cTBOBaTH pasnoXxeHuo IIAB, 0coOeHHO BO3/eiiCTBYs Ha MMPYUAVHOBOE KOJIBIIO.

Takum ob6pasom, II[IP BronmHe MOXXeT NPUBOAUTH K [ieCTAOMIN3ALMY KOJIOMTHOM
CUCTeMBI U, KaK CJIeICTBME, K YKPYIIHEHMIO YacTUIl Meay B pacTBope. Ha puc. 4 mokasaHs
MuKpodoTorpadgum dacTui; Meau, OCeBUIMX Ha CTEK/ISHHON IwiactuHke o (1) n moce (2)
o6pabotknu B ITJIP. YacTuiis! ocefjanu Ha IIACTUHKY B pe3y/IbTaTe eCTEeCTBEHHOTO MCIIAPEHNs
JKVJIKOCTY IIPY KOMHATHOJ TeMIlepaType.

Puc. 4. Vinmocrpanys pasMepoB 4acTUI] MeJV, TIOTy9€HHbBIX Ha CTEK/IAHHBIX MOJIOKKaX: 1 — Mo obpabotku B IT/1P;
2 - mocre o6paborku B ITIP (Mukpodororpadmm cenaHsl Ipy OGMHAKOBOM YBEIINIEHNN)

Ananus mukpodororpaduii, IpefcTaBIeHHbIX Ha PUC. 4, TOKa3bIBAET, YTO IO 06pabOTKM
B [1]IP Ha cTeK/ie BUHBI INIIb OT/AE/IbHbIE YACTUIIBI MEMM, B TO BpeMsI KaK Iocie 00paboTKu B
paspsze UX KOMMYECTBO PE3KO BO3POC/IO. DTO JaHHBIE ONTUYECKUX M3MEPEHNII, 13 KOTOPBIX
CJIeflyeT, 4TO JIA C/Iy4das, IOKa3aHHOTO Ha pUC. 4 O HUPpoit «1», KOMMIECTBO OTHOCUTEIBHO
KPYIIHBIX YaCTUI] He3HAYUTETbHO, ¥ OCHOBHAs 4YacThb Me[y IpeACTaBlIeHa 4YacTUI[AMU B
HAaHOMETPOBOM finamnasoHe. B neHTpe atoit pororpadun (puc. 4, nudpa 1) MOXXHO HaOTIOZATH
CKOIUIEHME YacTUI[, HO MbI CYMTaeM, YTO 3TO niib 3¢hEeKT arperauyy paspo3HEHHBIX
JacTM4eK MeJiy, TIOTYYMBIINIICS IIPYU BBICYIIVBAHNUM CTEK/IIHHOM IVIACTVHKM. B pacTBope oHU
OyZyT TIpencTaBleHbl OT/AebHbIMI YacTuiiamMu. HesHauntenpHble OHOBBIE 3aTeMHEHMsI Ha
M3006paXKeHUAX PUC. 4 COOTBETCTBYIOT «BbIcoxIIeMy» ITAB. C 1e/bio yMeHbLIEHN KOTNYeCTBa
ITAB Ha rOTOBBIX [/IS1 ICCTIEIOBAHNUS CTEK/ISTHHBIX IUIACTMHKAX OHY aKKYPaTHO IPOMBIBA/INCH
B BapMaHTe KalleJIbHOTO OPOLIEHNs HMOBEPXHOCTM B TedeHue 30 muH. IIpu Takmx pexmmax
IPOMBIBAHNs M€[b OCTaBaIach Ha IIOBEPXHOCTH CTEKIIA.
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PesynbraThl MccnemoBaHusA ¢ UCIONb30BaHMEM aATOMHO-CIIOBOI MuKpockommy (ACM)
II0Ka3ajy, 4TO [0 0OpabOTKM B IUIa3Me CpeHUII pasMep YacTul] cocTaBisyI 45-60 HM, B TO
BpeMs Kak rocie obpaborku B IIJIP wactuipr ykpynusmich go 120 uM. EcTecTBeHHO, 3TO
CpelHMe pa3Mepbl YacCTUI], Cpefy KOTOPBIX IPUCYTCTBOBAIM ¥ Oojee KpyIHBIE, HO
MHOTOKpAaTHbIe CKaHBI Pas3JINYHbIX 00pa3lloB ITOATBEPAVIIN BbIIIENPYBEIeHHbIC TEH/CHIIL.
Pasmeppl wacTuiy ompemeqsmMCh NPy IOMOILIY INTaTHOTO IPOTPaMMHOTO OOecIiedeHNs
YCTaHOBKM aTOMHO-CHUJIOBOJ MUKpOocKommy «Nova v.1.0.26».

3akmoueHe n PE€KOMEHJATNMN 10 VICIO/Ib30BAHNIO PE€3yIbTAaTOB

bbuto mokasaHo, 4To ¢ ucnonb3oBaHueM [1JP BO3MOXXHO BIUATb Ha pa3Mepsl YaCTHI]
Megu B BOJHOM KO/UIOMJHOM  pacTBope. VI3HayalbHO  KO/UIOMAHAsA  CUCTEMa
CTabMIM3MPOBAIACh C UCIONb30BaHeM [TAB — et mupuaMHIS XI0PHU/A, OTHOTO U3 CAMBIX
VICCTIE[JOBAaHHBIX ¥ 0e30IacHBIX BellecTB 3Toil Karteropuy [11, 12]. B munemnsapuoi
9KCTPAKLMM, KaK MPaBWIO, YYacTBYIOT noHbl Megu (Cu®*), BCTymas B 97IeKTPOCTATIIECKOE
B3aMMOJIEVICTBHE C IIOJIOKUTENIbHO 3apsKeHHbIMM rooBKamy muuerur HIIX. ITponecc moxer
IPOTEeKAaTh ¥ dYepe3 KOMIUIEKCOOOpasoBaHMe. BHYTpM MUIE/UIAPHOI CTPYKTYPbI MOXKET
IPOMCXOUTh KOMIIEKCOOOpasoBanue Mexay Cu’* u mmpupuanesbiMu rpymmamu. O6bI9HO
MUIIe/UIBL 00pas3yIoT MOCTAaTOYHO IUIOTHBIE CTPYKTYPBI, 4TO CIIOCOOCTBYeT 3(QeKTUBHON
M30/SIUY  MOHOB MeTa/Ula M TIPefOTBPALEHMI0O WX arperanyy. I[IpMMeHuTEeNIbHO K
MeTa/UTNYeCKOI Me[iy 9TV MeXaHM3Mbl HAUMHAIOT PaboTaTh BBUIY TOTO, YTO MeJIKIE YaCTUIIbI
MeaV (HAaHOCTPYKTYpPBI) OKa3bIBAIOTCA BCETAA 3apsKeHHBIMU U cxeMy B3anmopericteusa LIIX ¢
MeTa/UTNYEeCKOIl MeJbl0 MOXXHO 3alicaTh 4yepe3 MeXaHM3M ajcopbryy katuona III1X Ha
MOBEPXHOCTI Meu:

Cu(s) + (C16H33NC5H5)+ > [CU(C15H33NC5H5)+]ads. (5)

ITporjecc yKpymHeHNUs YacTUIl MefjY B PacTBOPAX CBs3aH C paspylIeHNeM KOIOUTHOM
CUCTeMBI M arperaiyeil Megu B Oosee KpynHble obpasoBaHMs. [laHHBIN 93¢ deKT ABsAeTCs
VHTEPECHBIM, TaK KaK II03BOIUT pa3paboTaTh TEXHOTOTMIO M3TOTOB/IEHMS aHTUCENTUIECKUX
PacTBOPOB, B KOTOPBIX TepameBTM4ecKMil 3¢ ¢deKT OyaeT HapsMyo 3aBUCETb OT pasMepoB
JacTUIl Meau B XXnaKoit ¢ase. Ha coBpeMeHHOM pBIHKe yyKe MMEIOTCS IOf00HbIe IIperaparthl
Ha OCHOBe cepebpa [13], ojHako 3aMeHa B X COCTaBe cepebpa Ha Mefib II03BO/IUT CYLLeCTBEHHO
CHUBUTb UX CTOMMOCTD, a, CIefJOBAaTe/IbHO, ¥ BOCTPEOOBAHHOCTD TUX IIPENapaToB B CBOEM
cermeHTe pbiHKa [14]. ViccmemoBanusi B 9TOM 00/1acTy NMPOJO/DKAIOTCS VM HAlpaB/IeHHBI Ha
OINITVIMM3ALIIO SKCTPAKIVY C I1eJIbI0 CO3[aHNsA O0Iee SKOMOTMYEeCKY YMCTHIX Y 9KOHOMMYECKI
BBITOJIHBIX TE€XHOJIOTMIL.
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Introduction

Pyrazole is one of the most common heterocyclic compounds and used as an antifungal
agent in agro-industry and as a modifier of various materials [1-3]. The presence of a nitroso
group makes it possible to obtain various organic substances, change their functional groups,
while changing their biological activity [4-7]. Therefore, the synthesis and study of the
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properties of nitrosopyrazoles with different functional groups [8] is an interesting issue of
synthetic organic chemistry. Thus, the introduction of fluorine atoms into the side chain of
substituted nitrosopyrazole is often used to precisely modify the physicochemical properties of
such compounds: changing the pKa values of functional groups, increasing the stability,
efficiency and the possibility of selective use of the substance [9, 10]. It is due to the high strength
of the C-F bond and its polarity.

Previously, we synthesised 3(5)-(thiophen-2-yl)-4-nitroso-5(3)-(trifluoromethyl)-1H-
pyrazole, 3(5)-phenyl-4-nitroso-5(3)-(trifluoromethyl)-1H-pyrazole, 3(5)-(naphthalene-2-yl)-
4-nitroso-5(3)-(trifluoromethyl)-1H-pyrazole; their structure was not proved. The purpose of
this study is to prove the structure and study the properties of previously obtained
nitrosopyrazoles with perfluoroalkyl substituent. One of the properties characterising the
measure of chemical activity of a compound is the ability to donate a proton through a
quantitative expression of the acidity index (pKa). In this study, we determined the acidity
constant by graphical and analytical methods. To prove the structure of the synthesised
compounds, 'H NMR, "C NMR, IR spectra, chromato-mass spectra, UV spectra were recorded
and the melting point for the obtained pyrazoles was determined.

Main body

Previously, we obtained nitrosation of 3-diketones 1 (a-c) followed by cyclocondensation
of the resulting polyfluorinated oximes 2 (a-c) for the first time nitrosopyrazoles 3 (a-c) [11]

(Scheme 1).
o o _ NaNo, H2N NH,*H,0
R
RJ\/U\C GHyCO0H J\ﬂ)k 3 CHoH W ﬁ
HN—
1 (a-c)

2 (a-c)
3(a c)

1,2,3 a- R =2-thienyl, b - R = Ph, ¢ - R = 2-naphthyl
Scheme 1. Nitrosation of polyfluorinated f3-diketones

The obtained compounds 3 (a-c) are green and blue-green coloured crystals.

The UV spectra of the synthesised 4-nitrosopyrazoles 3 (a-c) contain absorption bands in
the region of 713-716 nm, characteristic of the n-7* transition of the nitroso group.

Compounds 3 (a-c) are characterised by three tautomeric forms A, B, and C (Scheme 1).
At the same time, E,Z-isomerisation is possible for the hydroxyimine tautomer C (Fig. 1).

HO N-OH
I I
R CF; == R CF
\ O/ 3 \ :

Fig. 1. E,Z-isomery of the hydroxyimine tautomer C of compounds 3 (a-c)

The existence of dimers of 4-nitrosopyrazoles 3 (a-c) was confirmed by IR spectroscopy.
Characteristic nitroso group absorption bands for the cis-dimer in the region of 1414-1390 cm™
are observed in the IR spectra of the obtained compounds 3 (a-c); the corresponding bands of
the trans form at 1300-1250 cm™ are absent. The hydroxyimine group of compounds 3 (a-c)
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corresponds to the peaks at 3512-3501 cm™ (NOH), 956-936 cm™ (N-O). At the same time, the
signal of nitroso group was recorded in the region 1606-1601 cm™. This also proves the presence
of 4-nitrosopyrazoles 3 in three tautomeric forms (Scheme 1).

The spectra obtained by LCMS showed m/z peaks for compound 3a - 494.01, 3b - 482.09,
3c - 582.12 with an intensity of 100% corresponding to the dimers of the obtained
nitrosopyrazoles (Figure 2).

The presence of the dimer in the form (I) is possible due to the presence of an undivided
electron pair on the nitrogen atom of compound 3 nitroso group. However, the reaction
temperature (75 °C) is low to break the N=N multiple bond with an energy of 420 kJ/mol. Also,
nitrogen-oxygen bonds are semipolar, i.e. each nitrogen atom should have a full positive charge;
the formation of a multiple covalent bond is unlikely. Thus, the dimer structure has been
assigned the form (II) shown in Fig. 2.

NH_N NH-N NH-N NH_N
(0] \ \
N” F3C/§2\R Fsc&}R Fsc&(\R F3C/§R\R
R_ACF N-O N-O L N=0 N-O
\ T oM T No = N-O T .N=O0
—NH - - - =
R R R R
I \\_-CF; [ \\_CF; 1 \\_-CF; \\_-CF;
L H 0} H h B H m H h

Fig. 2. Dimers of obtained nitrosopyrazoles 3

The molecular ions of all synthesised 4-nitrosopyrazoles were recorded by gas
chromatography - mass spectrometry. Fig. 3 shows the putative fragmentation decomposition
of compounds 3 (a, b); they can proceed in three directions for each of the indicated compound.

NO NO
7\ CF, CF
. CF
/s\ N, ~F /s\ N CF, NO N\, —CFs
\ g \ H S \ . _
- _ . \ F

Fig. 3. Expected fragmentation decomposition of compounds 3 (a, b)

When determining the structure of fragmentation ions, it was assumed that the
decomposition of compounds is accompanied by aziridine rearrangement (Fig. 4) [10].

Fig. 4. Aziridine rearrangement of 3(5)-(naphthalene-2-yl)-4-nitroso-5(3)-(trifluoromethyl)-1H-pyrazole 3¢
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'H NMR and "C NMR spectra were recorded to prove the structure of the obtained
substances. The hydrogen atom signals of the aromatic rings, belonging to thienyl, phenyl and
naphthalene groups, were recorded, respectively in the '"H NMR spectra of 3(5)-(thiophen-2-
yl)-4-nitroso-5(3)-(trifluoromethyl)- 1 H-pyrazole 3a, 3(5)-phenyl-4-nitroso-5(3)-(trifluoromethyl)-
1H-pyrazole 3b, 3(5)-(naphthalene-2-yl)-4-nitroso-5(3)-(trifluoromethyl)-1H-pyrazole 3¢ in
the region 7.03-8.83 ppm. Signals of hydrogen atoms of the pyrazole cycle were detected in a
weaker field in the region from 8.83 m.d. to 15.15 ppm. The theoretical location of the proton
signals is consistent with the data obtained. Indeed, a 4-fold increase in the number of protons
was detected in each spectrum. It is associated with the possibility of ring-chain tautomerism.

The signals of all carbon atoms located in the obtained molecules of organic compounds
were detected in the NMR "C spectrum of synthesised substances 3 (a-c). The peaks related to
quaternary carbon atoms have the largest chemical shifts.

Two sets of signals referred to the optical isomers of the compounds are present in all
"H-C HSQC spectra of 4-nitrosopyrazoles 3.

To investigate the properties of the obtained compounds, it is necessary to determine their
acidity constants (pKa).

A number of synthesised trifluorine-containing oximes of p-diketones 2 and
4-nitrosopyrazoles 3 were investigated for their acidity by spectrophotometric method at
25+0.1 °C in phosphate buffer solutions for compounds 2 and in citrate buffer solutions for
structures 3 [12-15]. The optical density of the solutions was determined on a
spectrophotometer in the wavelength range 320-510 nm. The working concentration of alcohol
solutions of the studied compounds is 10* mol/l.

To determine the analytical wavelengths of compounds 2 and 3, we obtained a
dependence diagram of optical density (D) on wavelength (1) on a spectrophotometer. After
that we prepared a series of buffer solutions; their value of optical density was determined by
wavelength with D.x in 0.2N NaOH (4=325 nm).

Table 1 shows the obtained pKa of compounds 2 and 3; the following compounds are
included for comparison: acetylacetone, trifluoroacetylacetone, compounds 1 (a, b),
unsubstituted 1H-pyrazole, 3,5-dimethyl-4-nitroso-1H-pyrazole, and 3-(naphthalene-1-yl)-4-
nitroso-1H-pyrazole [16-21].

Table 1. Acidity constants

Compound R! R? R3 pK.
Acetylacetone - - - 8.93
Trifluoroacetylacetone - - CF; 6.79
la thiophene-2-yl - CF; 6.35+0.03
2a thiophene-2-yl NOH CF; 5.61£0.05
1b phenyl - CF; 6.54
2b phenyl NOH CF; 5.61£0.03
2c naphthalene-2-yl NOH CF; 5.87+0.06
Pyrazole - - - 14.21
Dimethylnitrosopyrazole CH; NO CH; 9.14
3a thiophene-2-yl NO CF; 3.50+0.04
3b phenyl NO CF; 3.52+0.04
Naphthalene-nitrosopyrazole | naphthalene-1-yl NO - 8.41+0.01
3c naphthalene-2-yl NO CF; 3.7440.04
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We obtained the values of ionisation ratio I during the experiment. They represent the
ratios of nitrosopyrazolate ion concentration to the concentration of the undissociated form
depending on the pH values of the solutions. We then calculated IgI values at each pH value of
the buffer solutions at least 5-6 times. They overlapped the region with the half nitrosopyrazoles
ionisation.

The dependence of IgI on pH was found to be linear on the diagram for 3-(thiophen-2-
yl)-4-nitroso-5-(trifluoromethyl)-1H-pyrazole with the tangent of the slope of the straight line
close to one. Consequently, we observe the process of molecules ionisation. This process is
described by the equation: Igl = pH - pKa.

Since the value of pKa is almost numerically equal to the pH value of the solution, one
can conclude the presence of the protonated and deprotonated forms of compounds 2 and 3 in
equal concentrations.

Pyrazole is an amphoteric compound with the N atom is the majority centre and the NH
group is the acidity centre. However, the pKa value of unsubstituted pyrazole is 14.21. This
indicates a greater occurrence of acidic properties. Therefore, by comparing the pKa values, the
acidity of fluorine-containing compounds is increased compared to their non-fluorinated
analogues. For example, the introduction of a trifluoromethyl substituent into the naphthalene
nitrosopyrazole molecule significantly reduces pKa from 8.41 to 3.74. The introduction of a
hydroxyimino group into compounds 1(a, b) increases the acidity of structures 2(a, b) by = 1.

Conclusion

We have studied the effect of perfluorinated substituent on the acidity constant of
compounds: introduction of a fluorine-containing substituent into the molecule increases the
acidity of the substance. The structure of the synthesised compounds 3 (a-c) has been
determined for the first time, the presence of isomeric forms with respect to the nitroso group
and substituents at the 3 and 5 positions has been established.

Experimental part

The 'H, »C NMR and 'H-"C HSQC spectra were recorded at the Krasnoyarsk Regional
Centre for Collective Use of Federal Research Center Krasnoyarsk Scientific Center of the
Siberian Branch of the RAS on a Bruker Avance I1I 600 MHz (150.9 MHz) FTIR spectrometer
equipped with sensitive helium probes with diameters of 5 mm and 1.7 mm. TMS has been
applied as an internal standard.

Chromato-mass spectra were obtained on ISQ 7610 Single Quadrupole GC-MS and
Shimadzu LC/MS-2020 instruments. Methyl alcohol was used as mobile phase. The method of
ionisation is electronic impact (EI).

We recorded the IR spectra on a SIMEX FT-801 (FT-801) FT-IR spectrometer with a
spectral range of 450 to 5700 cm™.

We recorded UV spectra on a HELIOS OMEGA spectrophotometer equipped with a
wolfram-halogen lamp in 1 cm diameter quartz cuvettes at a concentration of 1-10* mol/L for
200-400 nm and a concentration of 1-10 mol/L for 400-800 nm in ethanol.
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We determined melting temperatures in open capillaries on a PTP instrument (TU25-11-

1144-76).

10.

11.

12.
13.

14.
15.

16.

Nitrosopyrazoles with perfluoroalkyl substituent 3 (a-c) were obtained previously [10].
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Keywords: Abstract. The purpose of the study is to investigate the complexation process in the
complexation, oxidative heterogeneous Cu(0)-Cu(Il)-imidazole-water system by the classical Clark-Nikolsky
function, oxidative oxidation potential method at a temperature of 288.15 K and a solution ionic
potential. strength of 1.0 mol/L. The authors found the formation of the following coordination

compounds in this system: [Cu(HL),**, [CuHL(OH)J**, [Cu(HL),(OH)J*,
[Cu(HL),(OH),J*, [Cux(HL),(OH);]**. The complexation process proceeds in a
rather wide pH range from 1.0 to 10.5.
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Introduction

Recently biocoordination chemistry began to develop rapidly. It studies the interaction
between biologically active ‘metals of life’ and equally active ligands, such as amino acids and
peptides. They play a significant biochemical role in systems containing the imidazole ring and
are able to give stable complex compounds with metal ions [1-3]. Therefore, the purpose of the
research was to investigate the formation of coordination compounds of Cu(II) with imidazole.

According to the analysis of the literature, there is no information on polynuclear, mixed
valence, heterovalent copper complexes including Cu* and Cu** in aqueous solutions of various
polydentate ligand. The formation of such compounds, apparently, is possible at high pH
values, as well as in the presence of Cu?*and Cu* ions in the reaction medium. Moreover, there
is no information about the study of Cu** complexation in aqueous solutions of imidazole by
the oxidation potential method.
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Conforming to [4], Cu(I) compounds are insoluble or sparingly soluble in water, while
Cu(II) compounds are generally stable. Cu(I) are easily oxidised and decomposed when derivatives
undergo slight heating or light exposure of Cu(Il) derivatives. Eventually, an equilibrium in
solutions between all possible states of copper is established. For example, when metallic copper
contact to solution, the following equilibrium is formed:

Cuo(s) + Cu2+(z) > 2Cu*(5t>, (1)

Hereinafter: s is the solid state, [ is the liquid state, a st is the solution.
The equilibrium constant of the reaction proceeding according to equation (1) should be
equal to:

2
Ay +

K= = 6.04-10"7 mol/l ®)

Acy2+

Cu* ions have d'° configuration, and Cu** - d°. Therefore, according to the ideas [5] in
aqueous solutions these ions exist as aquacomplexes [Cu(H,O)s]* and [Cu(H,O)s]**. Cu* is
characterised by coordination numbers of 2 and 4; Cu2" is characterised by 4 and 6. Cu(II) can
form both cationic and anionic coordination compounds.

The formation of complex particles in solutions usually proceeds in a stepwise manner.
Indeed, the water molecules in the aquacomplexes are replaced by the ligand gradually [6].
For instance, a rapid intramolecular transformation of the tetragonal structure occurs in the
[Cu(H;0)s)*+ aquacomplex. All positions become equivalent; a rapid exchange of ligands takes
place.

Main body

We have studied the redox system Cu(0)/Cu(Il) by the oxidation potential method [7, 8].
In this case, the following equilibrium is formed at the electrode:

Cu** + 2e > Cu(Hg). (3)

In coordination compounds, heterocyclic structures containing an imidazole core act as
ligand. We consider the imidazole molecule (Figure 1).
5 1

4 3
; (\{‘l : / NH
4
. N) 2 = N/) 2
H 3..
Fig. 1. Tautomerism of imidazoles

Its general formula suggests the presence of two double bonds in the molecule and, as a
consequence, two possible structures. Two conjugated double bonds with four n-electrons are
combined with an unshared pair of electrons of the first nitrogen atom. A single six n-electron
aromatic system is formed. Imidazole can participate in reactions as a neutral molecule or as a
cation (anion). It is possible to form complexes either due to the unshared nitrogen pair (3) or
due to m-dative interaction of the imidazole ring.

The acid-base equilibrium (Figure 2) of neutral imidazole (II) depends on the nature of
the solvent and medium pHj it shifts towards conjugated base (I), towards conjugated acid (III)
or the molecule remains neutral (II). Therefore, imidazole is a very strong base but a very weak
acid.
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H+
e N

e g
H

Fig. 2. Acid-base equilibrium of imidazole

The non-equal distribution of electron density in the imidazole ring makes it possible to
represent a large number of resonance structures with different charge distributions in it.
In the Cu(0)/Cu(Il) system, the heterogeneous interaction of the redox components is
represented by the following equation:
Cu** + 2e > Cu’). (4)

The copper electrode is pre-amalgamated for the experiment. The solubility of copper in
mercury at 288.15 K is 7.9-10° atomic %. The Cu-Cu bonding energy is close to the Cu-Hg
bonding energy; copper does not form strong compounds with mercury. Since the bond
energies of copper-mercury and copper-copper bonds have close values; the potential of the
amalgamated copper electrode does not differ much from that of the pure metal [7]. The
reaction of the amalgamated copper electrode can be represented as follows:

Cu* + 2¢ + Hg < Cu’(Hg). (5)
The oxidation potential equation has the following form:

Peu(in/cu(Hg) = (pgu(ll)/Cu(Hg) + v/2lg (aCu2+/aCu(Hg))- (6)

This expression has the form of the following in dilute solutions:

Peulin/cu(Hg) = (pgu(ll)/Cu(Hg) + v/21g [Cu®*]/[Cu(Hg)]. (7)

In the most general case, the oxidation potential depends on the concentration of the
complexes and ligand, the activity of hydroxyl ions, water, and the initial concentration of
copper (II) ions in solution and copper atoms on the amalgam surface. The oxidative potential
under these conditions depends only on three variables, i.e.

pH = —lgay+; pCHZL = lgCHzLI pCeuan = lgCeyz+. (8)

The dependence of the oxidation potential on each of these parameters, with all others
constant, will be represented by a curve consisting of linear sections connected by smooth
bends. The dominance condition of the corresponding complex compound should be fulfilled
at each linear section of the corresponding curves. The total number of coordinated ligands
(L and OH)), the nuclearity of the complexes, and the number of coordinated ligands L can be
determined using the slopes of the experimental curves.

Therefore, such processes may occur as:

Cu(Hg + e) «> Cu* + e + Hg, )
Cu' e Cu* +e, (10)
Cu(Hg) + Cu** «<2Cu" + Hg. (11)

Meanwhile, reactions (9) and (10) proceed only in the acidic area of solutions.
The equilibrium constant of reaction (10) is 6.04-107 only in the ideal case.
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Hence, when using the Cu(II)/Cu(0) half-element for potentiometric study of
complexation in aqueous solutions in a wide range of pH and concentrations of components,
some amounts of Cu(I) ions may occur in the system along with Cu(II) ions. This will probably
impact the course of the complexation processes and the results of oxredmetric measurements.
For example, when introducing a copper amalgamated electrode into the medium under study,
new redox couples of the type are possible (depends on the experimental conditions):

Cu(II)/Cu(I): Cu** + e « Cu, E°=0,153 B (12)
Cu(I)/Cu(0): Cut +e < Cu’, E°=0,520 B (13)

The occurence of redox equilibrium (12) can be proved by measuring the potential at the
platinum electrode. As a result of the possible electrode reaction (13), the measured value of the
oxidation potential at the copper amalgamated electrode will be significantly different from the
value of the equilibrium electrode potential of the corresponding electrochemical reaction:

Cu(II)/Cu(0): Cu* + 2e « Cu’, E’°=0,337B (14)

According to the theory of the oxidation potential method, the experimental curves of
dependence indicated above were obtained. Comparison of slopes of experimental curves
(mathematical model or matrix) (Table 1) with partial derivatives of the oxidation potential
equation (Equation 15) allowed us to calculate numerical values of basis particles (g, s, [ and k,
respectively, the number of copper atoms, hydrogen ions, ligand, and hydroxyl groups in the
complex), make a table of the chemical model of Cu(II) complexes formation (Table 2).

The general equation of the oxidation potential ¢ for the system studied is as follows:

q S l k _1
1 1
Q= <p°+§19lgC0+§19ngZZZq aslk qslk [H,_, L~ ]Qh Q[Cu(2)+] (15)
T 0 0 0

where: ¢° is the standard oxidation potential, C, is the concentration of Cu(Il);
v = 2.303RT/F; q is number of Cu(II) atoms in the coordination compound (nuclearity of the
complex compound), k is number of protonated ligand groups, x is number of L” groups, y is
number of coordinated hydroxyl groups, r is number of coordinated water molecules, m is the
charge of the Cu(II) coordination compound, / is the number of ligands in the complex, u is the
number of coordinated ligands A, v is the number of coordinated hydroxyl groups, w is the
number of coordinated water molecules, 7 is the charge of the coordination compound of metal
reduced form. Water activity for the dilute solutions studied is a constant value and is assumed
to be equal to one.
The values of r, m, u, n with other parameters are related by the following relations:

r=6q—2x—y; m=Mn+)q—x—y; w=6p—u—v; n=2p—u—v. (16)
Hence, only five complexes are formed in the studied system (Table 1); four contain
hydroxyl groups in the inner sphere: [Cu(HL).)**, [CuHL(OH)J**, [Cu(HL).(OH)J*",
[Cuz(HL):(OH)]*", [Cuz(HL):(OH)sJ**. They are formed in the pH range of 1.0 to 10.0.
The specific feature of this system is characterised by the existence of all formed coordination

compounds in a rather narrow interval of (0.6 - 2.4 pH units). The complexation process
proceeds up to pH = 10.5.
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Table 1. Experimental values of slopes of the oxidation potential curve dependence on concentration variables
(stoichiometric matrix) for Cu(0)Hg-Cu(II)-imidazole-water system at temperature 288.15 K, I = 1.0; Ceyp = 1:10°
and C;=1-10% mol/l

Interval of Presumed composition of the complexes ,
Item L Complex formation
n/a finding slopes pH PpCeua pC. constant By
on the pH scale ‘ &
1 1.2-3.2 -2v -v 2v [Cu(HL),* Bio220
2 32-438 -2v -v v [CuHL(OH)]* Brotii
3 4.5-6.9 -3v ) 2v [Cu(HL),(OH)]* Bioz21
4 6.6-7.4 -2v -v/2 v [Cuy(HL),(OH),}** B20222
5 7.4-10.0 -2v -v/2 v [Cux(HL),(OH)s]* Ba0223

Analyses of the slopes of the experimental dependences on each of the concentration
variables allowed us to construct a chemical model of the equilibria existing in the studied
system (Table 2).

Table 2. Chemical model of the equilibria of the Cu(0),Hg-Cu(II)-imidazole-water system at 288.15 K, I = 1.0;
CCu(H) =1-10%and CLZ 1-102 mol/l

Item n/a Cu(ll) i L OH Composition of the complex
g s 1 k
1 1 2 2 0 [Cu(HL),J**
2 1 1 1 1 [Cu HL(OH)]*
3 1 2 2 1 [Cu (HL),(OH)]*
4 2 2 2 2 [Cu»(HL),(OH).J*
5 2 2 2 3 [Cu>(HL),(OH)s]*

Before calculating the equilibrium constants or other ionic equilibria in the system under
study, it is necessary to calculate the values of the experimental oxidation function [9]. The
experimental oxidation function f’ is calculated in terms of the experimentally measured values
of the oxidation potential, according to the following equation:

2= CT/C exp(<p—<p°)n/z9, (17)
(0]

where exp is the base of natural logarithms, ¢ is the experimentally measured value of the
oxidising potential, ¢’ is the apparent value of the normal or standard oxidising potential,
and v = 2.303RT/F.

The application of the oxidation function is based on approximating the theoretical
oxidation function f by iteration until it coincides with the experimental £.” oxidation function.
The theoretical oxidation function is expressed by equation (18):

fT B 1/C {ZZZZQquzk qslk[Hb n]“n ]qh q[Me(Z e)+] (18)

The following terms are used in equation (18): f’r is theoretical oxidation function: C, is
the concentration of Cu(Il); g is the number of atoms of the oxidised form, s is the number of
hydrogen ions, [ is the number of ligand atoms, k is the number of hydroxyl groups, S« is the
total complex formation constant, G is the concentration of polynuclear forms, H is the
designation of the hydrogen atom, L is the designation of the ligand, 7 is the ionisation steps of
the polycarboxylic acid, Me is the designation of the metal of the complexing agent, z is the
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charge of the metal or redox ligand, e is the number of electrons involved in the electrode
reaction.

Figure 3 shows the dependences of the experimental and theoretical oxidation functions
on pH.

It is possible to find the closest values of the formation constants of the coordination
compounds established in the investigated system after 8-10 iterations, i.e. successive
approximations (Table 3).

tafr

1000 1

600

200 T

0 M. P S VY

1 14 22 24 26 28 3 32 34 36 38 4 42

pH

Fig. 3. Dependences of theoretical and experimental oxidation functions on pH for Cu(0)Hg-Cu(II)-imidazole-
water system at I = 1.0; Ceuqp = 1-10? and C;, = 1-10 mol/1

Table 3. Calculated values of model parameters of coordination compounds formed in the Cu(0)Hg-Cu(II)-
imidazole-water system at a temperature of 288.15 K, I = 1.0; Ccuqp = 1-10° and C; = 1-10 mol/L

I;e/? Composition of the complex Constant of formation g Qs % pH
1 [Cu(HL),J* 4.99+0.02 24.2 2.2
2 [CuHL(OH)J* 11.38 £0.02 224 3.8
3 [Cu(HL),(OH)]* 2.19+0.02 324 5.5
4 [Cu,(HL),(OH),J** 6.50£0.02 72.4 7.6
5 [Cu,(HL),(OH);]J* 20.69+0.02 100.0 9.2

The studies of complexation processes in various redox systems show a significant
simplification and acceleration of calculations by the introduction of the oxidation function,
a more accurate determination of coordination compounds composition in solutions, and, in
the case of heteronuclear and heterovalent complexation, an approximation of equilibrium
metal concentrations.

It allows us to determine the composition of coordination compounds in solutions more
precisely, and, in the case of heteronuclear and heterovalent complexation - to approximate
metals equilibrium concentrations. Calculations are considered complete when the theoretical
and experimental pH dependences of the oxidation function are in good agreement with each
other. Moreover, the use of the oxidation function is not only convenient for calculations.
However, it also allows us to determine complex formation initiation of the oxidised or reduced
form of the metal more clearly. At the same time, the oxidation function decreases with
increasing pH when the oxidised form of the metal participates in the reaction. Indeed, the

numerical value of {* does not change or increases when complexes of the reduced form are
formed [9].
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Keywords: reductive  Abstract. The paper examines the applicability limits of the intramolecular reductive

intramolecular cyclisation reaction of ortho-nitroarenes containing various limiting azagetherocycles for
heterocyclisation, the synthesis of condensed benzimidazole derivatives with a nodal nitrogen atom.
ortho-nitro-tert- The process of intramolecular heterocyclisation occurred during the reduction of
anilines, condensed 4-(2-nitroaryl)-4-morpholine and 1-(2-nitroaryl)-4-methylpiperidine. At the same time,
benzimidazole the presence of the 4-methyl-piperazine cycle in the substrate prevented the formation of
derivatives a condensed polyazaheterocycle.
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Introduction

Nowadays, the issue of development of new heterocyclic compounds is a topical issue in
organic chemistry and related disciplines — pharmaceutical and medicinal chemistry. These
compounds possess various valuable properties due their structure. First of all, it refers to
condensed benzimidazole derivatives. They contain the limited azaheterocycles annelated to
imidazole demonstrating a wide range of biological activity. These heterocyclic compounds are
interesting as anticancer drugs [1-11] (Fig. 1).
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Fig. 1. Condensed benzimidazole derivatives w1th cytotoxicity against cancer cell lines: a - leukaemia, breast and
lung; b, ¢ - human ovarian (IGR-OV-1), breast (MCF-7) and CNS (SF-295); d - human cervix (HeLa) and prostate
(DU145); e - Fanconi anaemia; f - murine leukaemia P-388
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Furthermore, condensed benzimidazole derivatives are found to have antihelminthic (a) [12],
antimicrobial (b) [13-16], antifungal (c) [17, 18], antiviral (d) [19, 20], analgesic, and
anti-inflammatory (e) properties [21-22]. They are also used as anti-ulcer agents (f) [23] and in
endocrinology for the treatment of congenital adrenal hyperplasia (g) [24] (Fig. 2).
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Fig. 2. Condensed benzimidazole derivatives with various biological activities

However, the development of such drugs is challenging procedure. Their synthesis
includes various stages of heterocyclic core formation and further functionalisation. It allows
ones to obtain molecules with the required periphery.

The chemical processes used to produce a condensed polynuclear heterocyclic system are
the most diverse (Scheme 1).
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Scheme 1. Methods of condensed benzimidazole derivatives synthesis: I - annelation of the limit cycle
(a - with formation of C-C bond; b - with formation of C-N bond); II - intramolecular reductive cyclisation
(a - nitroanilides; b - nitro compounds containing the limit azagetheterocycle); III - oxidative amination;
IV - N-arylation of amidines; V - condensation of ortho-phenylenediamines with dialdehydes (a - to form

tricycliccompounds; b - to form tetracyclic compounds).

They can be classified into three groups. The first group includes methods based on
annelation of the limit heterocycle to imidazole (Scheme 1, I) [26-30]. In the second group, the
formation of the imidazole cycle occurs (Scheme 1, II-IV) [31-45]. These reactions are
intramolecular reductive [31-39] or oxidative amination [11, 40-42] as well as N-arylation
reactions of amidines [43, 44]. Methods of synthesis of condensed heterocyclic nucleus are also
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described; it causes the formation of two annelated heterocycles at once - a limit and an
unsaturated one (Scheme 1, V) [45, 46].

The method based on the reaction of intramolecular reductive amination seems to be
more promising among the methods of synthesis of condensed benzimidazole derivatives
shown on Scheme 1. The advantages are that several processes (reduction and
heterocyclisation) are performed in one reactor at once. As a result, the number of reagent
loading, isolation, and purification of target products is reduced. Substrates for this reaction can
be readily obtained using cheap and available reagents.

We have previously used this strategy to prepare 1,2,3,4-tetrahydropyrido[l,2-
a]benzimidazoles [32]. To determine the limits of applicability of this method for the synthesis
of other condensed benzimidazole derivatives, we conducted the intramolecular reductive
amination reaction of various ortho-nitro-tert-anilines: 4-(2-nitro-4-chlorophenyl)-4-
morpholine (1a), 1-(2-nitro-4-chlorophenyl)-4-methylpiperidine (1b) and 1-(2-nitro-4-
chlorophenyl)-4-methylpiperazine (1c). These substances contained both atoms and groups of
atoms increasing (Compound 1b) and decreasing (Compound 1a, c) the electron density at the
reaction centre.

Main body

The reductive heterocyclisation of ortho-nitro derivatives 1 (a-c) was conducted under
previously established conditions [32]: reducing agent was SnCl,; reducing agent application
time was 3 h; HCI concentration was 8%; temperature was 80 °C. The reducing agent was taken
in the amount necessary to reduce the nitro group to nitroso-, since it was assumed that
cyclisation occurs as a result of the attack of this group on the methylene carbon atom of the
heterocycle [31].

SnCl SnCl,, [ OK\N‘Q\G
2y n ,
Y 8%HCI 8% Hel \/4\N
_N ~>< X N cl | 2a
NS cl N 80°C, 3h
N 80°C, 3h , N
O,N o
2c 1 (a-c) SN

2b
1aX=0,bX=CH-CH;, ¢X=N-CH;

Scheme 2.

Analysis of the composition of the products obtained by 'H and “C NMR spectroscopy
and mass spectrometry showed the formation of the target heterocyclic systems upon reduction
of compounds 1a and 1b.

The "H NMR spectrum of 8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (1b)
had a characteristic arrangement of aliphatic and aromatic proton signals typical for similar
compounds [32] (Fig. 3). Three signals of doubled intensity from 6 aliphatic protons of the
morpholine cycle were recorded in the strong-field region of the spectrum.
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Fig. 3. Fragments of 'H NMR spectrum of 8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-
a]benzimidazole (2a)

The proton signals of methylene groups also had double intensity in the 'H NMR
spectrum of the previously obtained 7-chloro-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole
(Fig. 4) [31].
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Fig. 4. '"H NMR fragments of the spectrum of 7-chloro-1,2,3,3,4-tetrahydropyrido[1,2-a]benzimidazole

In contrast to the 'H NMR spectra of these substances, the 1H NMR spectrum of
3-methyl-7-chloro-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole 2b contained only one
instead of the expected 3 signals of doubled intensity originating from protons of methylene
groups (Fig. 5, horizontal part of the spectrum). Other methylene protons gave single signals.
The attribution of aliphatic proton signals was made based on 2D '"H-"H NOESY spectrum data
(Fig. 5).

Interaction cross-peaks of one of the C1H? group protons with the methylene proton Hs,
methylene H** and aromatic H® were observed in the 2D spectrum of compound *. The other
proton of this methylene group H" had cross peaks only with H’ and H**. The H* and H*
protons also differed in their interactions with aliphatic protons. H* gave a cross-peak with
protons of the methyl and C*H, groups, while interaction with methyl and methine H? protons
was observed for H*.
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Fig. 5. 2D 'H-'"H NOESY spectrum of 3-methyl-7-chloro-1,2,3,3,4-tetrahydropyrido[1,2-a]benzimidazole (2b)

To explain the '"H NMR spectroscopy data, the geometrical parameters of the molecule
3-methyl-7-chloro-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole 2a were calculated (Fig. 6).
The calculation was performed using density functional theory with hybrid
exchange-correlation functional with the DFT method B3LYP/6-31G** using ORCA 5.0.4
software. Geometry optimisation was performed using a discrete SMD solvation model. DMSO
was used as a solvate shell.
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Fig. 6. Optimised molecule of 3-methyl-7-chloro-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole (2b) by DFT
B3LYP/6-31G** using ORCA 5.0.4 software.

The distances between hydrogen atoms were determined in the optimised molecule of
3-methyl-7-chloro-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole. The protons H' u H? H? u
H* were spatially close. The distance between them was 2.62 A and 2.58 A, respectively.
The distances between H" u H?, H?-H*, atoms, for which no cross-peaks were present in
2D 'H-'H NOESY, were much larger: 3.78 A and 3.75 A, respectively.

No formation of the intramolecular cyclisation product 2¢c occurred upon reduction of
compound 1c containing the piperazine cycle. Analysis of the composition of the reaction mass
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showed the presence of starting substance 1c, 5-chloro-2-(4-methylpiperazin-1-yl)aniline (3)
and 4,5-dichloro-2-(4-methylpiperazin-1-yl)aniline (4) in the ratio 1:0.21:0.33. The '"H NMR
spectrum of the mixture also contained trace amounts of the undetermined product.
The presence of chlorination products was noted earlier in the reduction of similar
dinitroarenes [47].

Varying the synthesis conditions and using different protogenic media did not cause the
formation of 2-methyl-8-chloro-1,2,3,4-tetrahydropyrazino[1,2-a]benzimidazole (2c). Nitro
compound 1c and amino products 3 and 4 were always present in the reaction mass. Only their
ratio varied depending on the conditions.

The absence of the condensed heterocyclic product in the reaction mass was apparently
explained by protonation of the nitrogen atom of the heterocycle bound to three alkyl
substituents. Therefore, the nucleophilic properties of the reaction centre decreased and the
intramolecular cyclisation process did not occur.

Individually, amino compound 3 was obtained by reduction of 1¢ TiCl; in 10% HCI

(Scheme 3).
| | I
N N N
[ ] TiCl,, [ ] SnCl,, [N]
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Scheme 3.

Two signals from 8 protons of 4-methylene groups were observed in the 'H NMR
spectrum of amine 3 (Fig. 7) in the strong-field region. The signal of the doubled intensity of
the amino group protons in the form of a broad singlet was released at 4.99 ppm. The spectrum
also contained 3 signals from 3 aromatic protons. The more shielded of the two was H*, which
was in the para-position to the NH, group. The H? proton with J = 8.3 Hz was fixed in the

weakest field at 6.85 ppm.
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Fig. 7. '"H NMR fragments of the spectrum of 5-chloro-2-(4-methylpiperazin-1-yl)aniline (3)
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Dichloroaniline 4 was synthesised in 36% HCl using SnCl, as a reducing agent. As compared
to amine’, only two signals of aromatic protons at 6.84 ppm and 6.97 ppm were observed in the
1H NMR spectrum (Fig. 8) of this compound. Their appearance indicated the introduction of
a substituent in the 4th position. The proton signal of the amino group shifted slightly to the
weak-field region of the spectrum at 5.09 ppm.
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Fig. 8. '"H NMR fragments of the spectrum of 4,5-dichloro-2-(4-methylpiperazin-1-yl)aniline (4)

Thus, the reductive heterocyclisation of ortho-nitro-tert-anilines can be used to prepare
condensed benzimidazole derivatives containing various limiting azagetheterocycles. A limitation
of the process is the presence of a heteroatom in the heterocyclic fragment of the substrate
protonating during the reduction reaction.

Experimental part

We determined the melting points on a PolyTherm A device at a heating rate of 3 °C/min
and did not adjust. We recorded NMR spectra on a Bruker DRX-400 for DMSO-d; solutions.
We used the signals of residual solvent protons in 'H NMR (8 2.5 ppm) or in *CNMR (8 = 39.5 ppm)
as a reference for counting chemical shifts. Mass spectra were recorded on a FINNIGAN MAT
instrument. INCOS 50, electron flux energy 70 eV.

General procedure for the synthesis of 8-chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-
a]benzimidazole (2a) 3-methyl-7-chloro-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole (2b)

We added a solution of 0.98 g (0.0043 mol) of SnCl2-2H20 in 45 mL of 8% HCI to a
solution of 0.0041 mol of i compound i, or 1b in 45 mL of 8% HCI at 80 °C for 2 h.
The reaction mixture was then stirred for 0.5 h. After cooling, the reaction mixture was treated
with NH,OH to pH 8 and extracted with chloroform. After distillation of chloroform,
the resulting dry residue was recrystallised in chloroform.

8-Chloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole (2a) Yield is 91%.
Ther. 193-196 °C. 'H NMR spectrum (400 MHz, DMSO-ds) § 7.64 (d, 1H, H-9, ]J=1.9),
7.54 (d, 1H, H-6, J=8.5), 7.26 (dd, 1H, H-7, J=8.5, 1.9), 4.95 (s, 2H, H-1,1), 4.18 (dtt, 4H,
H-3,3,4,4, ]=8.4, 5.8, 2.9). ?C NMR spectrum (101 MHz, DMSO-ds) § 150.44, 143.86, 133.61,
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127.02, 122.44, 118.77, 111.82, 65.01, 63.91, 42.62. HRMS: m/z calculated C,;H;,CIN,O
209.6516 [M+H]*, found 209.6511.

3-Methyl-7-chloro-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole (2b). Yield is 92%.
Tmee. 127-129 °C. '"H NMR Spectrum (400 MHz, DMSO-ds) § 7.54 (d, 1H, H-6, J=1.3),
7.45 (d, 1H, H-9, J=8.4), 7.18 (dd, 1H, H-8, J=8.5, 1.8), 4.16 — 4.26 (m, 1H, H-1), 3.87 — 3.97
(m, 1H, H-1°), 2.95 - 3.07 (m, 1H, H-4"), 2.57 - 2.46 (m, 2H, H-4), 2.12 - 2.01 (m, 2H, H-2,2),
1.61-1.75 (m, 1H, H-3), 1.08 (d, 3H, CHs;, J=6.4). Spectrum “C NMR (101 MHz, DMSO -ds)
0 154.13, 144.07, 133.87, 126.64, 121.87, 118.09, 111.59, 42.11, 33.31, 30.14, 27.34, 21.38.
HRMS: m/z calculated C;,H,4CIN, 221.7054 [M+H]*, found 221.7056.

Methods for the synthesis of 5-chloro-2-(4-methylpiperazin-1-yl)aniline (3).

We added 28 mL of a 15% solution of TiCI3 in 10% HCI to a solution of 1 g (0.0039 mol)
of nitro compound ;. in 35 mL of 10% HCl at 80 °C. The reaction mixture was stirred for 5 min
and cooled. After cooling, the reaction mixture was treated with NH,OH to pH 8 and extracted
with chloroform. After distillation of chloroform, the resulting dry residue was recrystallised in
a mixture of hexane and chloroform. Yield is 91%. Tmee. 150-152 °C. 'H NMR spectrum
(400 MHz, DMSO-ds) 8 6.85 (d, 1H, H-3, ]=8.3), 6.69 (d, 1H, H-6, ]=2.5), 6.51 (dd, 1H, H-4,
J=8.3, 2.5), 4.99 (s, 2H, NH,), 2.75 (t, 4H, H-2",2’,6’,6’, ]=4.8), 2.53 - 2.37 (t, 4H, H-3",3’,5’,5,
J=4.8), 2.21 (s, 3H, CHj3). *C NMR spectrum (101 MHz, DMSO-ds) § 144.65, 137.67, 128.65,
121.16,116.27,113.97, 55.76, 50.88, 46.53. HRMS: m/z calculated C,;H,,CIN; 226.7252 [M+H]",
found 226.7250

Methods for the synthesis of 4,5-dichloro-2-(4-methylpiperazin-1-yl)aniline (4).

We added 2.7 g (0.0119 mol) of SnCl2,120 in 45 mL of 36% HCI to a solution of 1 g
(0.0039 mol) of nitro compound 1s in 35 mL of 36% HCIl at 80 °C for 1.5 h. After cooling, the
reaction mixture was treated with NH,OH to pH 8 and extracted with chloroform.
After distillation of chloroform, the resulting dry residue was recrystallised in methanol. Yield
is 64%. Tmer. 128-131 °C. '"H NMR spectrum (400 MHz, DMSO-ds) 6 6.97 (s, 1H, H-3),
6.84 (s, 1H, H-6), 5.09 (s, 2H, NH,), 2.79 (t, 4H, H-2",2’,6’,6, ]=4.8), 2.54 (t, 4H, H-3,3",5’,5’,
J=4.8), 2.22 (s, 3H, CHj3). *C NMR spectrum (101 MHz, DMSO-d;) § 144.69, 137.68, 128.68,
121.19, 116.32, 113.99, 55.77, 50.88, 46.53. HRMS: m/z calculated C;1HisCLN;
261.1703 [M+H]*, found 261.1707

We performed quantum chemical calculations of the electronic structure using the
ORCA 5.0.4 software within the density functional theory with hybrid exchange-correlation
functional (DFT B3LYP/6-31G** method) for open electron shells. The effect of the medium
was considered using an electron density solvation model (SMD). DMSO was used as a solvate
shell. We used software and ChemCraft [48] for data processing, visualisation, and estimation
of the interatomic distances of the optimised molecules.

The work was performed under the State Assignment for research and development of
Yaroslavl State Medical University for 2025 from the Ministry of Health of the Russian Federation
on the topic ‘Development of new drugs for targeted chemotherapy of oncological diseases based
on condensed benzimidazole derivatives with a nodal nitrogen atom’.
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Keywords: Abstract. The paper investigates the effect of carbon nanotube (CNT) functionalisation on
carbon the strength properties of nanocomposite cryogels based on polyvinyl alcohol (PVS).
nanotubes, The functionalisation of CNTs using different functional groups focuses on improving the
polyvinyl alcohol,  adhesion of nanotubes and polymer matrix. It can significantly improve the mechanical
cryogels, properties of the obtained composites. During the experiment we performed tensile strength
functionalisation,  tests with different concentrations of unmodified, oxidised (CNT-COOH), and polyvinyl
composite alcohol modified (CNT-PVS) carbon nanotubes. Hence, the introduction of CNTs and
materials CNT-COOH into the PVA cryogel matrix causes a significant increase in the strength

properties. However, a statistically significant difference in the strength properties of
composites with CNTs and CNT-COOH was only at a concentration of 0.1%. At the same
time, the introduction of CNT-PVC up to a concentration of 0.5% enhances the strength
characteristics of cryogels. The further increase in the concentration of CNT-PVC causes a
decrease in the tensile strength.
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Introduction

Polyvinyl alcohol (PVA) cryogels are macroporous heterophase gels formed through
cryostructuring (freeze-thaw) process of PVA solution [1]. PVA cryogels have a number of
unique properties such as biocompatibility, non-toxicity, porosity, high water content, and
simple production methods. Therefore, they are widely used in biomedicine [2].

However, the current application of such materials is limited by their poor mechanical
properties, namely the lack of the required strength. The properties of the resulting PVA
cryogels are easily adjustable and depend on the concentration of the PVA stock solution, the
molecular weight of the polymer, the number of cryostructuring cycles, and the solvent
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composition. A number of scientific papers by Lozinskii [1, 3] and publications by foreign
authors [2, 4-6] have studied these dependencies in detail.

The production of polymer nanocomposite materials is a trend in modern applied
chemistry. They are obtained by introducing nanoparticles into polymer matrixes to change
their operational properties.

To obtain PVA nanocomposite cryogels, we used single-walled carbon nanotubes
(SWCNTs) as a filler for cryogel polyvinyl matrix. They appear as cylindrical molecules made
of coiled sheets of graphene [7]. SWCNTs are promising components of modern
nanocomposite materials due to their unique physical and mechanical properties [8].

The introduction of CNTs into the polymer matrix can improve the physical and
mechanical properties of nanocomposite materials. However, the high surface energy of CNTs
and their low affinity to polar polymer matrices allows their agglomeration. It can negatively
affect the final properties of the composite. Indeed, to obtain a high-quality nanocomposite
material, it is necessary to ensure a uniform distribution of CNTs in the volume of the polymer
matrix [8].

Two groups of methods are used to reduce the size of agglomerates and enhance the
interaction of CNTs with the dispersion medium: mechanical (e.g., ultrasound treatment) and
chemical (grafting of functional groups by chemical reaction) one. According to the authors [9, 10],
a uniform distribution of CNTs in the polymer matrix can be obtained by combining
mechanical methods with chemical treatment of CNTs.

Nowadays, there are a number of studies on the preparation and properties of
nanocomposite materials based on PVA and CNTs [11-14]. The nanocomposite materials
containing CNTs exhibit properties that differ significantly from those of pure PVC. These
changes are due to the interaction of CNTs with the polymer matrix. It causes changes in the
operational properties of the samples and provides new opportunities for their application in
various fields.

The purpose of this study is to evaluate the effect of CNT functionalisation on the strength
properties of polyvinyl alcohol-based nanocomposite cryogels.

The object of the study is nanocomposite cryogels prepared of 15% aqueous solutions of
PVC with a molecular weight of 89000 Da containing CNTs.

The subject of the study is the durability limit of PVC/CNT-based nanocomposite

cryogels.
Main body

The presence of CNTs in the polymer matrix volume can significantly change the
mechanical properties of PVC cryogels. At the same time, the aggregation ability of CNTs can
negatively affect the characteristics of the obtained material. Chemical functionalisation of
CNTs causes the formation of functional groups on their surface. These groups can increase
their affinity to the polymer matrix and contribute to better distribution and reduce the risk of
agglomeration [8].

We obtained the oxidation product (CNT-COOH) by oxidation of CNTs with a 1:3
mixture of concentrated nitric and sulfuric acids. The oxidation reaction of CNTs causes the
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formation of polar oxygen-containing functional groups, mainly carboxyl groups, on the
surface of nanotubes. Their presence is confirmed by the signal in the region of 1732.44 cm™ on
the IR spectrum (Fig. 1), corresponding to the valence vibrations of the C=0O bond in the
carboxyl group.

Also an increase in the oxygen content of the oxidation product was recorded by CHNOS
analysis from 4.43% for CNTs to 18.95% for CNT-COOH.

The authors of [15] performed the esterification reaction of CNT-COOH with polyvinyl
alcohol, resulting in the product CNT-PVC, soluble in hot water. It allows us to assume the
formation of the most uniform dispersion in water to obtain nanocomposite materials.
The oxygen content with the synthesised CNT-PVC modification increased to 37.04%
according to CHNOS analysis. It is due to the presence of the polymer cross-linked with CNTs.
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Fig. 1. IR spectrum of CNT-COOH
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CNTs, CNT-COOH in amounts of 0.1; 0.5 and 1% and CNT-PVC in amounts of 0.5; 1
and 2% were used as filler for the polyvinyl matrix obtained from a 15% aqueous polymer
solution. Figure 2 shows the dependence of the tensile strength of PVC/CNT nanocomposite
cryogels on the CNT concentration.
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Fig. 2. Dependence of strength of aqueous nanocomposite cryogels based on 15% PVC/CNT on CNT
concentration
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Fig. 2 shows the increase in tensile strength by introducing CNTs in 15% polyvinyl matrix
in the amount of 1% was about 15 times from 0.17+0.07 MPa to 2.64+0.12 MPa.

The presence of polar functional groups on the surface of CNTs causes an improved
distribution of nanoparticles in polar media. Generally, the introduction of CNT-COOH would
cause an even greater increase in the strength properties of PVC-based cryogels compared to
the use of the original CNTs. Nanocomposite cryogels from aqueous 15% PVCss solutions
containing CNT-COOH were prepared to test the hypothesis. Figure 3 summarises the results
of the strength tests.

Indeed, raise of the concentration of CNT-COOH increases the strength characteristics
of the materials. However, a comparative analysis of the effect of CNTs and CNT-COOH on
the ultimate strength of nanocomposites showed a statistically significant difference in the
strength characteristics at a nanoparticle concentration of 0.1%. At the same time, the
differences in strength were insignificant in the range of higher nanotube concentrations (0.5%;
1%) (Fig. 4).
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We were able to obtain nanocomposite cryogels with modified CNT-PVCs from aqueous
15% PVCso solution with nanoparticle concentrations of 0.5%; 1% and 2%. Figure 5 shows the
results of physical-mechanical tests.
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Fig. 5. Dependence of the strength of aqueous nanocomposite cryogels based on 15% PVCg/CNT-PVC on the
concentration of CNT-PVC

According to the diagram (Figure 5), the tensile strength of the materials raised with
increasing CNT-PVC concentration up to 0.5% almost 3 times, from 0.17+0.07 MPa to
0.48+0.03 MPa. However, further increase in CNT-PVC content up to 2% causes a decrease in
strength properties to 0.11+0.05 MPa.

Conclusions

Chemical functionalisation of carbon nanotubes using a mixture of concentrated
sulphuric and nitric acids and the esterification reaction of oxidised carbon nanotubes with
polyvinyl alcohol significantly improves the distribution of nanoparticles in the polar
dispersion medium. The introduction of original and oxidised carbon nanotubes into cryogel
aqueous 15% polyvinyl matrix (PVCs) causes an increase in the tensile strength of the samples
by about 14-15 times at a filler concentration of 1%. A statistically significant difference in the
strength characteristics of nanocomposite cryogels containing original and oxidised carbon
nanotubes can be observed only at low concentration (0.1%). The differences in strength
properties become statistically insignificant at high concentrations. The introduction of carbon
nanotubes modified with polyvinyl alcohol causes an increase in strength characteristics by
almost 3 times at a concentration of 0.5%. However, with further increase in the content, a
significant decrease in the tensile strength is observed. The results obtained indicate the
possibility to achieve maximum mechanical properties using original and oxidised carbon
nanotubes. This provides opportunities for further research towards tuning the properties of
nanocomposites.

Experimental part

We used the following substances without further purification: polyvinyl alcohol
with a molecular weight of 89000 Da with a degree of hydrolysis of O-acyl groups of 99%
(Sigma-Aldrich, USA); single-walled carbon nanotubes with a diameter of 1.6+0.4 nm,
length > 5 um, and carbon content > 93% as the main component (Sigma-Aldrich, USA); nitric
acid, 70% aqueous solution (Sigma-Aldrich, USA); sulphuric acid, 98% aqueous solution
(Reakhim, Russia); 1,3-dicyclohexylcarbodiimide (DCC) (Sigma-Aldrich, USA);
4-dimethylaminopyridine (DMAP) (Sigma-Aldrich, USA); hydroxybenzotriazole (HOBT)
(Sigma-Aldrich, USA); acetone (Reakhim, Russia); dimethyl sulphoxide (DMSO) (Sigma-
Aldrich, USA); distilled water.
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Methodology for preparation of nanocomposite cryogels based on polyvinyl alcohol and
carbon nanotubes

We disintegrated the CNT suspension in distilled water for 15 min under the action of
ultrasonic homogeniser Q500 (Qsonica, USA) with an output power of 500 W, frequency
20 kHz, and oscillation amplitude 20%. We added a weight of dry PVC to the obtained dark
dispersion and stirred by heating to 95 °C until a homogeneous suspension was formed. After
that, we divided the obtained mixture between two glasses with a fixed gap of 1 mm, incubated
at -40 °C for 24 hours, and then gradually thawed for 24 hours at room temperature. We treated
the samples with one cycle of cryostructuring, after that we washed with distilled water from
the residues of uncrosslinked polymer and CNTs for a day.

Oxidation of carbon nanotubes

We treated a 0.3 g CNT suspension with a mixture consisting of 10 mL of concentrated
nitric acid and 30 mL of concentrated sulfuric acid (1:3 ratio). We performed the reaction for
6 hours in a Sapphire ultrasonic bath with an operating frequency of 35 kHz. We filtered the
oxidation product, washed with distilled water to neutral medium, and air dried to constant
weight.

Functionalisation of carbon nanotubes with polyvinyl alcohol

We dissolved suspensions of 0.4 g DCC; 0.066 g DMAP; and 0.13 g HOBT in 15 mL
DMSO. We added a 0.166 g weight of oxidised CNTs to the solution, and then the resulting
mixture was ultrasonically treated in a Sapphire ultrasonic bath for 1 hour. We then added a
solution consisting of 0.166 g of PVC and 10 mL of DMSO to the reaction mixture and
continued ultrasonic treatment for 24 hours. The resulting dark mixture was centrifuged at
7200 rpm. We conducted the precipitation of modified CNTs by adding acetone to the
supernatant. We purified the sample by dissolution in hot water followed by dialysis process for
3 days and precipitation in acetone. We washed the precipitate with acetone and dried in air to
constant weight.

Investigation of mechanical properties of nanocomposite cryogels

We evaluated the mechanical properties of the obtained materials under uniaxial tensile
conditions according to ISO 37:2017 at 37°C. We prepared samples for the study on a ZCP 020
punching press (ZwickGmbH&Co. KG, Germany) in the form of rectangular plates using a
specially shaped knife B083. It conforms to ISO 37:2017 (n = 7-8) without considering the
choice of direction due to the isotropic material properties. We measured the thickness with a
thickness gauge - TP with an error tolerance limit of £0.01 mm with a clamping force not
exceeding 1.5 N. We conducted the study on a universal testing machine Z series
(ZwickGmbH&Co. KG, Germany) using a transducer with a nominal force of 50 N, the selected
traverse speed of 50 mm/min. We assessed the ultimate strength of the material by the
maximum tensile stress (MPa) considering the cross-sectional area of the sample. We evaluated
the elastic-deformational properties of the samples by relative elongation corrected for the
fracture pattern of the samples (%) and Young's modulus calculated in the range of elongation
required to obtain the final product (0 to 125% elongation).

IR spectroscopy

We recorded the infrared spectra of CNTs on an Infralum FT-08 infrared spectrometer
(Lumex, Russia) using a multiple disturbed total internal reflection attachment with a ZnSe
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prism. We grinded CNT samples with potassium bromide in a microstocke. IR spectra were
recorded in the range 4000-500 cm™ with a resolution of 4 cm™ and an accumulation time of
256 scans.

CHNOS-analysis

We determined the content of carbon, hydrogen, sulphur, and oxygen by high-temperature
oxidation on an automatic elemental analyser ThermoFlash 2000 manufactured by
ThermoScientific (USA).

Statistical analysis of data

We performed statistical analyses of the data wusing GraphPadPrism 8.0
(GraphPadSoftware, San Diego, CA, USA). We assessed the normality of the distribution using
the Kolmogorov-Smirnov criterion. An ANOVA with a posteriori test was used for normally
distributed variables to determine differences between groups. We used the Kruskal-Wallis test
for non-normally distributed variables to determine differences between groups. We have
presented results either as mean and standard deviation or median and interquartile range
where it is appropriate. We considered differences to be statistically significant at p < 0.05.
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form, undissociated of the titrated solution. The potentiometric method determined three carboxyl groups
(molecular) form, of citric acid corresponding to pK,1, pK.2, and pK,3. The values of citric acid
functional groups dissociation constants for 0.02 mol/L concentration are 2.75, 4.45, and 5.82.

The authors constructed the distribution diagrams of dissociated forms for both
studied concentrations of citric acid. According to the data obtained, the distribution
curves shift to the right on the pH scale with increasing acid concentration.
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Hydroxycarboxylic acids occur in nature and have high biological activity [1, 2].
For example, citric acid is a bifunctional, complex o-oxycarboxylic acid. It contains four
functional groups: three carboxyl groups and one hydroxyl group increasing its acidic
properties.

The most important characteristic of an acid is the value of its dissociation constant.
It characterises the reactivity and is used for equilibrium calculations. Furthermore, the values
of dissociation constants additionally complete the thermodynamic data base of the calculated
quantities.

The study of hydroxycarboxylic acid equilibria in aqueous media is particularly important
for physical and analytical chemistry. However, this aspect has not been widely researched.
Only three values of the dissociation constants of citric acid are usually given in the literature:
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pK.l, pK.2, and pK.,3. Therefore, it is common to write its formula as H;Cit(OH). Such data are
given in [3, 4]: pK,1 = 3.13, pK,2 = 4.71, pK.3 = 6.21 (using the spectrophotometric method);
pK.1 = 3.02, pK,2 = 4.68 and pK,3 = 6.18 (using the potentiometric method).

The purpose of this study is to investigate the acid-base properties of citric acid by
potentiometric titration at T=298.15 K and a concentration of 0.02 mol/l and compare them
with previously obtained data at a concentration of 0.01 mol/l. The results will be used in further
study of complexation processes in the system Fe"-Fe''-H;Cit(OH)-H,O.

Crystalline citric acid of ‘CP’ grade was used for the experiments; no additional
purification was performed. We prepared the KOH solution from fixanal. We kept the ionic
strength of the solution constant by adding NaNO; We determined the concentration of this
salt by weight method [5, 6]. All calculations were performed on a computer using Excel
programme [7, 8].

We conducted potentiometric measurements using the ionometer ‘Econix-Expert-001".
We calibrated the instrument using buffer solutions under experimental conditions and the
ionic strength of the working solution I=0.1 mol/l (NaNOs). We performed the titration with
KOH solution. The pH values of the citric acid solution are varied according to the volume of
alkali added and given in Table 1.

Table 1. Dependence of pH values of citric acid solution on the volume of KOH at T=298.15 K; Crsciom=0.02 and
1=0.1 mol/L

Ne Vkon, ml pH Ckon Cusciton) Ne Vxon, ml pH Ckon Chisciton)

1 0 2.323 0 0.02 28 11.6 5.582 0.0116 | 0.016233766
2 0.4 2.411 | 0.0004 0.01984127 29 12.0 5.699 0.0120 | 0.016129032
3 0.8 2.509 | 0.0008 0.019685039 30 12.4 5.825 0.0124 | 0.016025641
4 1.4 2.660 | 0.0014 0.019455253 31 12.8 5.942 0.0128 | 0.015923567
5 1.8 2.755 | 0.0018 0.019305019 32 13.2 6.074 0.0132 | 0.015822785
6 2.0 2.807 | 0.0020 0.019230769 33 13.6 6.215 0.0136 0.01572327
7 2.4 2.914 | 0.0024 0.019083969 34 14.0 6.392 0.0140 0.01562500
8 3.0 3.074 | 0.0030 0.018867925 35 14.4 6.613 0.0144 0.01552795
9 34 3.186 | 0.0034 0.018726592 36 14.6 6.760 0.0146 | 0.015479876
10 4.4 3.487 | 0.0044 0.018382353 37 14.8 6.970 0.0148 | 0.015432099
11 5.0 3.678 | 0.0050 0.018181818 38 15.0 7.297 0.0150 | 0.015384615
12 54 3.797 | 0.0054 0.018050542 39 15.2 8.398 0.0152 | 0.015337423
13 5.8 3.917 | 0.0058 0.017921147 40 15.3 9.360 0.0153 0.015313936
14 6.4 4.097 | 0.0064 0.017730496 41 15.4 9.700 0.0154 | 0.015290520
15 6.8 4.212 | 0.0068 0.017605634 42 15.5 9.973 0.0155 | 0.015267176
16 7.2 4.323 | 0.0072 0.017482517 43 15.6 10.208 | 0.0156 | 0.015243902
17 7.8 4.482 | 0.0078 0.017301038 44 15.7 10.407 | 0.0157 | 0.015220700
18 8.0 4.536 | 0.0080 0.017241379 45 15.8 10.564 | 0.0158 | 0.015197568
19 8.4 4.655 | 0.0084 0.017123288 46 16.0 10.849 | 0.0160 | 0.015151515
20 8.8 4.761 | 0.0088 0.017006803 47 16.2 11.055 | 0.0162 | 0.015105740
21 9.2 4.875 | 0.0092 0.016891892 48 16.4 11.206 | 0.0164 | 0.015060241
22 9.6 4.991 | 0.0096 0.016778523 49 16.6 11.320 | 0.0166 | 0.015015015
23 10.0 5.109 | 0.0100 0.016666667 50 16.8 11.402 | 0.0168 | 0.014970060
24 10.4 5.228 | 0.0104 0.016556291 51 17.2 11.538 | 0.0172 | 0.014880952
25 10.8 5.351 | 0.0108 0.016447368 52 16.8 11.402 | 0.0168 | 0.014970060
26 11.2 5.470 | 0.0112 0.016339869 53 17.2 11.538 | 0.0172 | 0.014880952
27 114 5.525 | 0.0114 0.016286645
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We plotted the differential titration curve in dpH/dV-VT coordinates (Fig. 1).
The equivalence point corresponds to the maximum of the curve; it is determined with high
accuracy. The equivalence point and the maximum of the curve correspond to the ionisation
constant with the highest value. The values of the consecutive dissociation constants of citric
acid are quite similar. Therefore, the individual steps are not noticeable on the titration curve

[9].
dpH/dV

12 4

10 A

Vxon

O_IIIIII & e & &
T T T T T

0 3,4 7.8 10,8 13,6 15,4 16,6

Fig. 1. Graphical differential titration curve of citric acid-H;Cit(OH), Ckon=0.2 mol/l at 298.15 K and
Chsciom=0.02 mol/L

We describe the electrolytic dissociation of Hscion) (citric acid) in aqueous solution:

H;Cit(OH) <> H,Cit(OH) + H, Ka,
H,Cit(OH) <> HCit(OH)* + H*, K.,
HCit(OH)* <> Cit(OH)* + H*, K3

Using computer programmes, we calculated the values of pKa; (2.75+0.06), pKa: (4.45+0.05),
and pKa; (5.82+0.08).
We next determined the mole fractions of the citric acid forms using the following

equations:
[H*]?
a =
7 [H*]P + [H*]2Ka1 + [H*]Kg1 2 + Kg123
B [H*]*K 44
T THY R + [H 1Ky + [H¥1Kq1 + Kar2
X = [H+]3Ka1,2
27 [HY]3 + [H*]2K,y + [H*]1Kg12 + Ka123
[H*1*K 4123
0{3 -

[H*]3 + [H*]?Ka1 + [HY K12 + Kg123

The results are presented in Table 2.

109



FROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 6, ISSUE 1, 2025

Table 2. Values of mole fractions (%) of molecular and ionic forms of citric acid at Csciom=0.02 mol/L

pH Olo o o2 o3 pH Olo (031 o2 ol3

1.0 | 9.83E-01 0.017472 6.2E-06 8.75673E-11 | 6.0 | 6.49E-06 | 0.0115473 | 0.409712 | 0.578733971

1.2 | 9.73E-01 0.0274109 1.54E-05 3.45082E-10 | 6.2 | 1.94E-06 | 0.0054607 | 0.307077 | 0.687460187

1.4 | 9.57E-01 0.0427568 3.81E-05 1.35209E-09 | 6.4 | 5.51E-07 | 0.0024609 | 0.219329 | 0.778209342

1.6 | 9.34E-01 0.0661079 9.34E-05 | 5.25114E-09 | 6.6 | 1.51E-07 | 0.0010677 | 0.150818 | 0.848113805

1.8 | 8.99E-01 0.1008598 0.000226 | 2.01242E-08 | 6.8 | 4.01E-08 | 0.0004504 | 0.100837 | 0.898712352

2.0 | 8.49E-01 0.1508987 0.000535 | 7.56285E-08 | 7.0 | 1.05E-08 | 0.0001863 | 0.066102 | 0.933711946

22 | 7.79E-01 0.2195988 0.001235 | 2.76459E-07 | 7.2 | 2.70E-09 | 7.603E-05 | 0.042755 | 0.957168807

24 | 6.89E-01 0.3079162 0.002744 | 9.73717E-07 | 7.4 | 6.89E-10 | 3.076E-05 | 0.027410 | 0.972558813

2.6 | 5.82E-01 0.4120872 0.005821 3.27332E-06 | 7.6 | 1.75E-10 | 1.237E-05 | 0.017472 | 0.982515755

2.8 | 4.66E-01 0.5225594 0.011699 | 1.04264E-05 | 7.8 | 4.42E-11 | 4.956E-06 | 0.011096 | 0.988899410

3.0 | 3.52E-01 0.6258321 0.022205 | 3.13659E-05 | 8.0 | 1.11E-11 | 1.981E-06 | 0.007030 | 0.992968341

3.2 | 2.51E-01 0.7086301 0.039849 | 8.92112E-05 | 8.2 | 2.81E-12 | 7.908E-07 | 0.004447 | 0.995552241

34 | 1.70E-01 0.7614329 0.067863 | 0.000240786 | 8.4 | 7.06E-13 | 3.153E-07 | 0.002810 | 0.997189224

3.6 1.10E-01 0.7792399 0.110071 0.000618972 | 8.6 1.78E-13 | 1.257E-07 | 0.001775 | 0.998224752

3.8 | 6.78E-02 0.7604606 0.170246 | 0.001517318 | 8.8 | 4.46E-14 | 5.006E-08 | 0.001121 | 0.998879189

4.0 | 3.97E-02 0.7061851 0.250564 | 0.003539309 | 9.0 1.2E-14 | 1.994E-08 | 0.000707 | 0.999292535

4.2 | 2.20E-02 0.6209591 0.349191 | 0.007817412 | 9.2 | 2.82E-15 | 7.94E-09 | 0.000446 | 0.999553508

44 | 1.15E-02 0.5140699 0.458165 | 0.016256316 | 9.4 | 7.08E-16 | 3.161E-09 | 0.000282 | 0.999718238

4.6 | 5.64E-03 0.3990271 0.563641 | 0.031695845 | 9.6 | 1.78E-16 | 1.259E-09 | 0.000178 | 0.999822202

4.8 | 2.59E-03 0.2900939 0.649439 | 0.057881340 | 9.8 | 4.47E-17 | 5.011E-10 | 0.000112 | 0.999887810

50 | 1.11E-03 0.1978261 0.701914 | 0.099147919 | 10.0 | 1.12E-17 | 1.995E-10 | 7.08E-05 | 0.999929210

52 | 4.50E-04 0.1268088 0.713098 | 0.159642846 | 10.2 | 2.82E-18 | 7.943E-11 | 4.47E-05 | 0.999955334

54 | 1.71E-04 0.07647 0.681539 | 0.241819334 | 10.4 | 7.08E-19 | 3.162E-11 | 2.82E-05 | 0.999971817

56 | 6.12E-05 0.0433462 0.612281 | 0.344311146 | 10.6 | 1.78E-19 | 1.259E-11 | 1.78E-05 | 0.999982218

58 | 2.06E-05 0.023073 0.51654 0.460366613

The diagram of mole fraction distribution of different forms of citric acid dissociation at
its concentration of 0.02 mol/l (Fig. 2) shows the formation of the anionic form H,Cit(OH) in
the pH range of 1.0-6.0; its dissociation constant is 2.75+0.06. Its accumulation rate is 78%.
Subsequently, HCit(OH)? is formed in the pH range of 3.0-7.6; its dissociation constant is
4.45£0.05. The percentage content of this form is 71.3%. The acid is in the form of Cit(OH)* at
pH 4.4-8.6. Its dissociation constant is 5.82+0.08. The maximum content of this form of acid is
100% (Table 3).

According to the figure, as the concentration of citric acid changes, the distribution curves
shift towards higher pH values (Fig. 3). Furthermore, the maximum mole fractions of citric acid
forms; their dominance areas were determined using the distribution diagrams (Table 3).
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Fig. 2. Dependence of citric acid forms content on Fig. 3. Distribution diagram of citric acid form

solution pH at C u3ciom=0.02 mol/l. content on solution pH at T=298.15 K; Cxon=0.2 and
I=0.1 mol/l; curves refer, mol/l: 1 - cusciom=0.01;
2 - Crscitom=0.02.

Table 3. Numerical values of the logarithms of the dissociation constants and the maximum degree of citric acid
accumulation as a function of pH at Cusciom=0.02 mol/l.

Ne, Dominance Tonic PHusax Value of Ig Max. accumulation

item area on the pH form dissociation rate, o, %

n/a scale constant
1 1.0-4.4 H;Cit(OH) ] - ]
2 1.2-6.0 H,Cit(OH) 3.6 2.75 77.9
3 3.0-7.6 HCit(OH)* 52 4.45 71.3
4 4.4-9.6 Cit(OH)* 8.6 5.82 100
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Introduction

Nickel consists of five stable isotopes **Ni, “Ni, ¢'Ni, ®Ni, *Ni; there are also known
radioactive isotopes of *’Ni (112 10° years), ®Ni (10* years) and **Ni (6,08 days) [1, 2]. Nickel
isotopes are used as starting material in the synthesis of various nuclides: *'Ni u *Ni for the
synthesis of *'Cu and *Cu [2-4]; “Ni for the synthesis of *’Co [5]; ®*Ni for the synthesis of
radioactive isotope Ni for compact power supplies of microwatt power with a long lifetime [5, 6].
Individual nickel isotopes may also be of fundamental interest for studying isotopic effects in
structural materials [2, 7].

Tetrakis(trifluorophosphine) nickel Ni(PF;), is used as a working substance for the
production of nickel isotopes by ultracentrifugation due to high vapour pressure, relative
chemical and thermal stability, and monoisotopicity of fluorine and phosphorus [6, 8-10].

For these applications Ni(PF;); of high purity is required. However, there is no
information on the impurity composition of Ni(PFs),, methods of its purification and obtaining
of high-purity substance in the scientific literature. Indeed, there is one published paper on the

© D.M. Zimina, O.Yu. Troshin, A.Yu. Sozin, P.A. Otopkova, A.M. Potapov, 2025
112


https://chemintech.ru/ru/nauka/issue/5879/view

MROM CHEMISTRY TOWARDS TECHNOLOGY Eeyla: ee1] 4y VOL. 6, ISSUE 1, 2025

qualitative impurity composition of the vapour phase of the Ni(PF;), sample obtained by the
reaction of nickel with phosphorus (III) fluoride [11]. Hydrocarbons, phosphorus halides, and
mixed alkyl-fluorophosphine derivatives of nickel are the main molecular impurities in
Ni(PF;).. However, the quantitative content of these impurities is not presented in [11], nor is
the impurity elemental composition of the substance investigated. Hence, the study of the
impurity composition, obtaining and characterisation of high-purity Ni(PF;), samples is an
urgent task.

Impurities in Ni(PFs)s can be divided into four groups. Each group requires individual
approaches for investigation and isolation.

The first group includes impurities of chemical elements — similar metals and non-metals
with high affinity to nickel. In [11] by inductively coupled plasma mass spectrometry (ICP-MS)
analysis of a nickel sample the following chemical elements (mg/kg) make the largest impurity
contribution: Fe (236 + 8), P (go 58 £ 6), Cu (16.0 + 2.0), As (29.0 £ 2.0), Ag (11.1 + 0.3),
Sb (11.0 £1.0), Bi (10.9 £ 0.3), Co (7.0 = 2.0) [12]. The limiting impurities in nickel isotopes are
copper, iron, and cobalt [13]. Their isotopes enter into parallel radioconversions and
contaminate the obtained target nuclides.

The reaction of Ni(PF;), production is performed in excess of phosphorus trifluoride. It is
the main polluting precursor and refers to the second group of impurities. Phosphorus
trifluoride has a saturated vapour pressure of more than 1-10* mmHg. It negatively affects the
ultracentrifugation process [7]; the PF; impurity is limiting for Ni(PF;),. Distillation and gas
separation methods on a cascade of centrifuges are used for purification of Ni(PFs)s of
phosphorus trifluoride [7].

The third group of impurities includes limiting and aromatic hydrocarbons; their
derivatives and halogen hydrocarbons. Their presence is determined by the content of these
impurities in the initial substances. Their content varies at n-10° - n-10™* wt.%. These
impurities can react with nickel, displacing PF; and forming complexes such as
Ni(PF;);(PF,OR) and Ni(PF;);(PF;R) (R is a hydrocarbon radical) [11]. Reducing the amount
of these impurities will decrease the probability of obtaining mixed fluorophosphine-
hydrocarbon complexes. Their presence negatively affects the ultracentrifugation process.

The fourth group consists of impurities of common (constant) gases (O, N», Ar, etc.).
Their presence increases the total pressure of the mixture and reduces the efficiency of isotopic
separation.

Therefore, the physicochemical properties of the base and the considered impurities
assume the distillation method is promising for the purification of Ni(PFs)s. The purpose of this
study is to determine the equilibrium liquid-vapour partition coefficients for Ni(PF;)s -
impurity systems and to obtain samples of high-purity Ni(PF;), by distillation method.

Main body

We used Ni(PFs), obtained by the reaction of nickel and phosphorus trifluoride according
to the procedure proposed in [14] for distillation purification experiments. To obtain a high
purity sample, we loaded the Ni(PF;), under study into a 150 cm® molybdenum glass ampoule
and distilled at 298 K with an evaporation rate of 8.0 + 0.2 pL/min with the target middle
fraction taken. We examined the obtained samples by chromatography-mass spectrometry
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using an Agilent 6890/MSD 5973N. We performed sample introduction using a vacuum-
operated pipetting system. We dosed the sample into the chromatography column using a
Valco EH2C6WEZPH-CERS automatic two-position dosing tap.

We determined the content of molecular impurities in the initial sample and the sample
obtained after distillation purification by chromatography-mass spectrometry. The results are
presented in Table 1. The table shows varying of the impurity concentration in the range of
n-10° to n-10" mol%, with a significant decrease in impurity concentration.

Table 1. Molecular impurity content in the initial and purified samples of Ni(PF3), and obtained liquid-vapour
partition coefficients for the systems Ni(PF;), - impurity

Impurity Content in the initial Content in the obtained o
sample Ni(PF;),, mol.% sample Ni(PF;);, mol.%

PF; 0.632 3.2:107 26.3
n-CsHji, 0.149 6.5:10™ 3.6
CH.Cl, 0.601 1.1-10* 3.1
i-CsHy, 0.015 1.8-10™* 1.2

3-ethylhexane 0.003 3.1-10° 2.0
3-methylhexane 0.002 5.0-10 2.0
Ni(PF;);(PF,OC,Hs) 0.147 1.1-10° 3.7
n-C;His 0.007 9.7-107 1.8
2,2-dimethylhexane 0.009 7.7-10™* 2.0

The total mole fraction of the above impurities in the obtained sample does not exceed
5-1073%; the mass fraction Ni(PF;),is more than 99.998%.

We determined the impurity content of chemical elements by inductively coupled plasma
mass spectrometry using an ELEMENT 2 single-collector high-resolution inductively coupled
plasma mass spectrometer [15]. The results are presented in Table 2. The impurity
concentration varied in the range of n-10~ - n-10' ppmw.

Table 2. Impurity content of chemical elements in the initial and purified samples Ni(PF;),

. Initial content, | Content in the obtained . Initial content, | Content in the obtained
Impurity Impurity
ppmw sample, ppmw ppmw sample, ppmw

Al 0.6 0.1 Mo 0.01 <0.004

As 0.03 0.001 Na 2 <1

B 0.5 <0.05 Nb 0.005 <0.001

Ba 0.03 <0.02 Pb 0.002 <0.001

Bi 0.002 <0.00003 Sb 0.001 <0.001

Cd 0.004 <0.001 Si 20 0.3

Cd 0.05 0.002 Sr 0.05 0.003

Co 0.01 0.005 Ta 0.006 0.002

Cr 0.005 <0.001 Te 0.04 0.002

Cu 0.06 <0.01 Ti 0.1 0.005

Fe 0.1 <0.01 Tl 0.0005 <0.0003
Ga 0.05 0.002 U 0.00002 <0.00003

In 0.003 <0.001 \% 0.1 <0.005

Lu 0.003 <0.002 Y 0.003 <0.002
Mg 0.2 <0.03 Zn 0.05 0.01
Mn 0.002 <0.001 - - -
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According to the data from Table 2, there is a significant reduction in the content of all
impurities of chemical elements, including the limiting impurities of iron and copper.

We performed experiments to determine the values of the effective liquid-vapour
partition coefficient in the system Ni(PF), - impurities by the method of Rayleigh distillation
on the unit; the scheme is given in [16]. The main units of the apparatus are a glass ampoule
with a model mixture and a magnetic stirrer placed in a thermostat and a receiving cylinder
cooled with liquid nitrogen. We regulated the evaporation rate of the model mixture by fine
adjustment valve and monitored by the exemplary vacuum gauge BO 11201. We conducted
experiments at a temperature of 298 K, the duration of experiments was 5-300 min.
We determined the composition of the mixtures by chromatography-mass spectrometry.

We calculated the values of effective liquid-vapour partition coefficients a for Ni(PF;), -
impurity systems using the Rayleigh formula [16, 17]:

X 14 a—1

o=
where V,, x,, V, x is the liquid volume and impurity concentration in the distillation flask before
distillation and after distillation, respectively.

Fig. 1 shows the dependence of the effective partition coefficient on the inverse
evaporation rate for a number of impurities in Ni(PF;),. The value of equilibrium a was found
by extrapolating the dependence of the effective partition coefficient of the inverse of the
evaporation rate to the zero evaporation rate.

ﬁ
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Fig. 1. Dependence of the effective vapour-liquid partition coefficient in the Ni(PF;), - impurities system on the
inverse evaporation rate 1/L

To obtain samples of high-purity Ni(PF;), we applied multiple distillation of the initial
mixture with selection of portions of distillate and cube residue [16, p. 58]. During distillation,
we investigated the distribution of impurities of pentane and Ni(PF;);(PF;OR) as a function of
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the fraction sampled. We poured 100 mL of initial Ni(PF;), into a glass ampoule and distilled it
at 298 K into a liquid nitrogen-cooled receiving ampoule. We removed the receiving ampoule
after taking about 10 cm® of liquid and replaced it with the next ampoule. Ten samples of
Ni(PF;), as a two-phase system and a solid non-volatile powdery residue were obtained.
We determined the composition of liquid and vapour phases of the samples by
chromatography-mass spectrometry.

According to the results of the study, we constructed impurity distribution curves
depending on the fraction of the sampled substance as it shown in Fig. 2.

The figure shows that the optimal scheme of the process is the selection of 20 - 30% of
fractions enriched with more volatile impurities, separation of 30 - 40% of the target middle
fractions, and further rejection of cube fractions.

We dissolved the solid residue in dilute ‘CP’ grade nitric acid and dried the obtained
solution on tantalum substrate at 300 °C. Then we determined the elemental composition by
laser mass spectrometry (LMS) on an EMAL-2 mass spectrometer according to the procedure
given in [18]. Table 3 presents the elemental composition of the solid residue.

-0.5
1 O C5HI2  OINi(PE3)3(PF20C2HS)

= <
1.5 3

LgCnp

-0.1 0.1 0.3 0.5 0,7 0.9 L1
Proportion of selection

Fig. 2. Dependence of the logarithm of the impurity concentration on the fraction of the sampled substance for
the Ni(PF;), - impurity system

Table 3. Results of non-volatile residue analysis

Element C, atomic% Element C, atomic%
B 0.05 Cl 0.08
C 3.6 K 0.1
(0] > 30 Ca 0.007
Na 0.05 Ti 0.01
Mg 0.0007 Mn 0.008
Al 0.02 Cr 0.08
Si 12 Fe 0.4
S 0.04 Co 0.0005
Cu 0.002 - -
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According to Table 3, the main chemical elements in the composition of the non-volatile

residue are oxygen, silicon, and carbon. The presence of these chemical elements suggests SiO,

as the main constituent compound of the residue sourced from the glass apparatus.

Conclusions and recommendations

We have determined liquid-vapour partition coefficients for impurities using the

Rayleigh distillation method PFs, n-CsHi,, CH,Cl, i-CsHi,, 3-ethylhexane, 3-methylhexane,
Ni(PF;);(PF,OC;Hs), n-C;Hie, 2,2-dimethylhexane. Using the distillation method, we obtained
a sample of high-purity Ni(PF;); with the content of molecular impurities of phosphorus
fluoride, dichloromethane, alkanes, Ni(PF;);(PF,OC,Hs) at the level of n:10* - n-10° mol% and
impurities of chemical elements at the level of n-10' - n-10° ppmw.
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Introduction

Coal tar pitch (CP) is a residue of coal tar separation into fractions: light fraction
(T <170 °C); phenolic fraction (T = 170-210 °C); naphthalene fraction (T = 210-230 °C);
absorption fraction (T = 230-270 °C); anthracene fraction (270-360 °C); coal tar pitch (T < 360 °C).
The study of the structure and properties of coal pitch and the methods of its production has
great prospects for obtaining new technologies in the production of electrode pitch [1].

Coal pitch is mainly used as a binder for electrode products and anode mass. Electrode
pitch of categories B1, C are mainly used as a binder for anode mass [2]. Pitches with an
increased softening point T, > 100 °C and high-temperature pitches have great prospects as a
binder. Internationally, pitch with T, = 110-115 °C is used as a binder for anode mass [3, 4].
This type of binder performed well in obtaining electrodes and anode mass according to the
results presented in [4].

According to [5-7], pitch with increased softening temperature reduces the destructibility
of the anode mass, namely, for pitch with softening temperature T, = 100-110 °C, the anode
mass has a maximum of compressive strength and a minimum of specific electrical resistance.
It was experimentally shown in [5-7], that the viscosity value was higher for pitches with
T, = 110-120 °C compared to electrode pitches. Indeed, for these types of pitch at T = 140 °C
there is an increase in viscosity from 200 to 500 Pa-s, an increase of the surface tension from
46 to 48-10° N-m, and an increase of coke yield from 87 to 90.6% [5-7]. For pitches with

© R. Yu. Kovalev, 2025
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T, =105-120 °C, the content of a, and S-fractions, determining the binding properties of the
pitch, had the maximum values [5-7]. Also according to [5-7], the decrease in strength for these
pitches is related to the increase in the a;-fraction. According to [8], the charge for anode mass,
presented as a pecocoke composition based on a binder made of high-temperature pitch, had
high plasticity and viscosity in comparison with pecocoke compositions based on electrode
pitch.

There are many works devoted to obtaining these pitches. In [9, 10], the binder pitch was
obtained by thermal oxidation of anthracene fraction with additives of 2B (8.3%) and D (4.8%)
coals. Pitches had a softening point of 111 °C for the pitch obtained using anthracene fraction
with additives of coal type 2B, and 120 °C for the pitch with additives of coal type D [9, 10].

In [11], a pitch-binder with T, = 112 °C was obtained by thermal oxidation of coal tar by
adding rubber crumb -5% by mass. In [12], a binder pectic with T, = 114 °C, « = 43.7, a1 = 7.8,
was obtained by extraction of fatty gas coal in anthracene oil in a 1/2 ratio. In [13], binder pitch
was obtained by thermal dissolution of gas and fatty coals in anthracene oil followed by thermal
oxidation. Furthermore, a pitch with T, = 119 °C was obtained using gas grade coal and a pitch
with T, = 111 °C using fatty grade coal, respectively [13].

The prospects of obtaining binder pitches using semi-coke tar should also be noted.
In [14], a pitch with T, = 120 °C, & = 34.8% and a; = 0.2% was obtained by distillation of
semicoke resin to 410 °C and holding at this temperature for one hour. The only disadvantage
of this pitch was the high volatile yield of 64% [14]. In [15], a binder pitch with T, = 104 °C with
benz[a]pyrene content 20 times lower than that of coal electrode pitch was obtained by
thermooxidation of semicoking resin for 30 min at an air flow rate of 20 I/kg.

The pitches obtained by mixing products of coke-chemical industry with petroleum
products are of particular interest and prospective application as a binder. In [16-19] it was
shown, that petroleum and petroleum-coal pitches, have low benz[a]pyrene content compared
to coal pitch. In [19], binder oil-coal pitches were obtained. Pitches with T, = 116 °C were
obtained by mixing coal and oil in the ratio 70/30, and pitches with T}, = 119 °C - in the ratio of
components 55/45. In [20], a pitch with T}, = 110 °C was obtained by mixing coal tar and heavy
pyrolysis tar 85:15% with distillation to 410 °C followed by thermooxidation at T = 275 °C for
4 h and air flow rate 26.4 1/kg.

In [7, 21], binder pitches were prepared by thermoxidation of medium-temperature
pitches. In [22], a pitch with T, = 111 °C was obtained by thermal preparation (process
temperature 410 °C, duration 3 h) of pitch with softening point 65.8 °C with low-temperature
thermooxidation of this pitch for 3 hours. As a result, a pitch with a softening point of 117 °C
was obtained. The results indicate the advantage of the medium-temperature thermal oxidation
method over other methods in obtaining binder pitches.

Particular attention should be given to obtaining these pitches by thermal oxidation of
low temperature or soft pitches. In [23], a pitch with T, = 46 °C was obtained with T, = 112 °C
and a = 37.1% by thermal oxidation of a low-temperature pitch with Tp = 46 °C for 4 h at
350 °C. These results show the prospect of obtaining binder pitches by thermal oxidation of
low-temperature and medium-temperature pitches.

In this study a number of experiments on low-temperature thermo-oxidation of electrode
pitch of category B to obtain pitch with T, = 110-120 °C will be performed. This type of thermal

120



A&ROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 6, ISSUE 1, 2025

oxidation reduces the content of benz[a]pyrene in the final product according to the results in
[24, 25]. These statements determine the relevance of the study.

For the first time the research determined the optimal conditions for obtaining pitch with
increased T, = 110-120 °C, by thermo-oxidation of electrode pitch of category B. Moreover, for
the first time the authors established the dependences of T, and yields of obtained pitches on
duration and air flow rate at thermo-oxidation of electrode pitch of category B. The above
statements define the novelty of this research paper.

The purposes of this study are to obtain dependences of pitch yields and their softening
point on the duration of low-temperature thermo-oxidation of electrode pitch of category B.
We have to determine the conditions under which low-temperature thermo-oxidation of
electrode pitch of category B can produce pitch with T, = 110-120 °C. We plan to determine the
technical analysis data for the obtained pitches with increased softening point.

Description of materials, experimental setup and research methods

In this study, the pitches will be heat-treated under air in the unit shown on Fig. 1.
Previously, this unit was used to produce high-temperature pitch in [26, 27].

Fig. 1 Scheme of the installation for thermal oxidation of pitch [27]. 1 - compressor; 2 - rotameter; 3 - electric
furnace; 4 - cylindrical tube for oxidation; 5 - cylindrical reactor with a cover attached to it by screws; 6 -
thermocouple; 7 - outlet pipe for exhaust gases and distillates; distillates receiver; 8 - refrigerator; 9 - distillates
collector; 10 - thermoregulator; 11 - pitch.

We put the pitch in a cylindrical reactor with a volume of 4 litres, height of 15 cm,
and diameter of 10 cm (5). Air was supplied by a compressor (1) and passed through a
cylindrical tube (4) 9 mm in diameter to oxidise and mix the molten pitch with distillate
extraction. Under air action from the tube (4) the thermo-oxidation of the pitch took place and
exhaust gases-distillates were removed from the reactor.

We used electrode coal pitch, category B (AO ‘Altai-Koks’, Russia) with softening
temperature T, = 91 °C. The authors conducted a series of experiments with different durations
of the thermo-oxidation process up to the maximum process temperature of 300 °C and air flow
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rates Q (air flow rate was calculated by the following formula: ¢ = %, where t is the duration

of thermal oxidation, m is the mass of pitch suspension).

We determined the parameters of thermal oxidation products of B category electrode
pitch based on the results of fractional composition of the obtained pitches. We defined the
softening temperature T of the obtained pitches by the method ‘Ring and rod’ (GOST 9950-83),
and the content of a-fraction insoluble substances in toluene by GOST 7847. The content of
ai-fraction insoluble in toluene and quinoline was ascertained according to GOST 10200 by
centrifugation. The a,-fraction content was determined using the following formula a; = a - a1.
We performed technical analysis according to known methods and establish the yield of volatile
substances X according to GOST 9951-73, ash content of pitch was determined according to
GOST7846-73.

Production of pitches with increased softening point

Fig. 1 shows the experiments on obtaining pitches with increased softening temperature
T, = 110-120 °C. A suspension of pitches m = 250 g was used for the pitch. The initial
temperature of the experiment was 25-27 °C; air from the compressor was supplied to reach the
heating temperature of 260 °C. The oxidation tube was in direct contact with the sample.
The molten pitch was mixed with air during the experiments, ensuring homogeneity of the
initial product. The air flow rates Q are set equal to 40; 70; 100 I/hour. We obtained dependences
of the pitch yields W on the duration of the thermal oxidation process (Fig. 2).
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Fig. 2. Dependence of pitch yields W after low-temperature thermo-oxidation on process duration for different
air flow rates: 1 - Q=401/h;2-Q=701/h; 3- Q =100 I/h.

Fig. 2 shows that with increasing duration of thermo-oxidation there is a decrease in the
pitch yield. Also the pitch yield decreased with increasing air flow rate. The minimum value of
W =92.5% corresponded to Q = 100 1/h and duration of 60 min. At process durations t > 40
min, the dependencies for Q = 70 and 100 1/h (curves 2 and 3) were monotonically decreasing
and the dependence on duration was linear. The W dependence for curve 1 had a sharp decline
at t = 60 min, associated with a decrease in W value from 96 to 93% when the duration was
increased to 90 min.
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For a detailed study, we consider the dependence of the pitch yield on the air flow rate.
Fig. 3 shows the dependence of pitch yield after low-temperature thermooxidation on air flow
rate q.
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Fig. 3. Dependence of pitch yields W after low-temperature thermooxidation (duration 1 h) on air flow rate q.
Fig. 3 shows that the yield of W pitch at thermo-oxidation of electrode pitch of category B

during 1 hour linearly decreased from 96 to 92.5% at increasing air flow rate from 160 to 400 1/kg.
Fig. 4 shows the dependence of Ty on the duration of thermal oxidation.
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Fig. 4. Dependence of softening temperature of low-temperature thermo-oxidation products on process duration:
1-Q=401/h;2-Q=701/h;3-Q = 100 l/h.

Fig. 4 shows a sharp increase of T, from 91 to 103 °C for Q = 40 I/h and up to 104 °C
for Q = 70 and 100 I/h. The increase of T, from 104 to 106 °C for durations ranging from 12 to
30 min was weakly dependent on the airflow rate. For Q = 100 1/h and increasing the process
duration to 60 min, a sharp increase of T, to 116 °C was observed, while at Q = 40 and 70 1/h
the softening temperatures were 110 and 111 °C, respectively. When the duration was increased
from 60 to 90 min, there was an increase in T, to 115 °C at Q = 70 1/h. T, was 112 °C for this
duration at Q = 40 I/h.

Also the detailed consideration of the changes in the value of T, from the air flow rate
requires attention to the dependence on the value of the air flow rate. Fig. 5 shows the
dependence of T, after low-temperature thermal oxidation of electrode furnace B on the air
flow rate q.
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Fig. 5. Dependence of T}, for pitches after low-temperature thermooxidation (duration 1 h) on air flow rate q.

Fig. 5 shows that the value of T}, increased from 110 °C to 116 °C when the air flow rate
increased from 160 to 400 1/kg during thermo-oxidation of electrode pitch of category B for 1 hour.

We obtained the pitch of our particular interest by thermooxidation for 90 min at an air
flow rate of 40 1/h (pitch Br1) and 70 1/h (pitch Br;). And pitches Brs, Brs and Brs obtained by
thermal oxidation with 60 min duration, with air flow rates of 40, 70, and 100 1/h.

Table 1. Data of pitches obtained by low-temperature TO of medium-temperature pitches
Ne Name | tmin | QUh | W% T,, °C o, % X, %
1 Electrode pitch B 91 7.5 53.0
2 B 90 40 93.0 112 7.6 49.6
3 BT, 90 70 91.2 115 7.5 45.1
4 BT; 60 40 96.0 110 7.5 49.8
5 BTy 60 70 94.2 111 7.6 45.3
6 Bts 60 100 92.5 116 7.5 45.5

Table 1 shows that the a;-fraction content for all pitches remained almost unchanged
compared to the original electrode pitch regardless of the air flow rate and process duration.
The content of .-fraction was determined for BT pitch. Compared to the initial pitch, the
increase of « fraction (increase of «, fraction from 26.8 to 34) was low from 34.3 to 41.5%.
The growth of a,-fraction in turn increases the total value of f+a,-fraction. It determines the
binding properties of pitch.

The volatile yield X decreased from 53.0% to ~ 49% for Br; and Brs when thermo-oxidised
with Q = 40 I/h. Also, the value of X decreased from 53 to ~ 45% for Brs, Brs and Brs during
thermo-oxidation with Q = 70 and 100 1/h. The value of ash content did not change during
thermo-oxidation and remained identical to the value for the initial pitch ~ 0.15%.

We obtained Br, and Brs pitches at a minimum duration of 60 min but with high air flow
rates of 70 and 100 I/h. Increasing Q to 70 and 100 1/h makes it possible to obtain pitches with
Ty, =115°Cand T, = 116 °C while reducing t to 60 min.

Discussion and conclusion

We consider the dependence of the change of T, on the duration of low-temperature
thermo-oxidation (Fig. 4). A sharp increase of T, up to 104 °C occurs at duration t = 12 min.
Also the increase of T}, to the values of 101 °C and 103 °C was observed at thermo-oxidation to
T =275 °C ( in the first case for the time t = 5 min and Q =40 I/h, in the second case for t = 3 min
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and Q = 100 I/h, respectively). The content of the « fraction increased from 34 to 37% for the
first case for pitch, while the a, content increased from 26.5% to 29.5%.

Pitches with T, = 110 °C and 111 °C were obtained by low-temperature thermo-oxidation
of 60 min duration, at Q = 40 and 70 I/h. Increasing Q from 40 to 70 1/h for this period of
thermooxidation causes an increase in the intensity of stirring of molten pitch and separation
of distillates (as can be evidenced by the decrease in the yield of pitch W from 96 to 94% (Fig. 2)
and a decrease in the yield of volatile substances X (see Table 1)). However, it does not change
the intensity of chemical reactions. Therefore, to increase T, for the thermo-oxidation product
at Q = 70 1/h, an increase in the thermo-oxidation duration t from 60 to 90 min is required.

Increasing t to 90 min, for Q = 70 I/h resulted in an increase of T}, for Br, pitch (T, = 115 °C)
compared to Br pitch (T, = 112 °C) obtained at Q = 40 I/h. Increasing Q to 100 /h ensured the
stirring efficiency of the molten pitch and promoted the growth in the number of y>a; reactions
in the gas phase (according to [28, 29]), leading to an increase of T}, up to 116 °C in the final
product Brs. The absence of growth of the a;-fraction is due to absence of C-C bond breaking
during low-temperature thermooxidation; there is no possibility of reactions in the liquid phase
of the following type B->a,>a; leading to a noticeable growth of the secondary a;-fraction
associated with the mesophase [28, 29]. A similar result was observed previously in the
thermo-oxidation of electrode pitch B by supplying air to the pitch through an oxidation unit
in [30]. According to [30, 31], the growth of T, during thermo-oxidation was associated with
an increase in the a; fraction and a decrease in the yield of volatile substances X.

Increasing the air flow rate from 160 to 400 1/kg during thermo-oxidation of electrode
pitch of category B decreased the yield of pitch from 98 to 92% (Fig. 3) and reduces the yield of
volatile substances X from 49 to 45%.

Conclusions

1. The authors obtained the dependence of softening temperature of products (pitch) of
thermo-oxidation of electrode pitch category B on the duration of the process.

2. T, increases and the yield of pitch decreases with reducing air flow rate of
thermooxidation of electrode pitch B.

3. The authors have determined the conditions for obtaining pitch with T, = 110-120 °C,
by thermo-oxidation of electrode pitch of category B.

4. Experimentally shown that the pitches obtained after low-temperature thermo-
oxidation of B category pitch did not increase the content of a;-fraction with increasing the
time of thermo-oxidation up to 90 min, but there was a growth of T,

5. A pitch with T, = 112 °C and a-fraction content of 41.5% was obtained by low-
temperature thermo-oxidation of B category pitch.

6. A pitch with T, = 116 °C was obtained at a minimum duration of 1 h but at a maximum
air flow rate of 100 I/h.

The work 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. 1022041700072-4.
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Keywords: Abstract. The research proposes a method of aggregation of metallic copper particles in
diaphragm underwater  colloidal aqueous solutions under the action of underwater diaphragm discharge
discharge, copper, initiated in the sound frequency range. This paper considers the mechanisms of the
colloidal system, underwater diaphragm discharge effect on a colloidal solution of metallic copper
nanoparticles stabilised by surface-active agents (surfactants). According to the research, these

mechanisms can be quite complex. They include energetic, hydrodynamic, chemical,
and electrochemical effects on both copper particles and surfactant molecules.
Moreover, as a result of short-term plasma exposure to the solution it is possible to
increase the size of copper particles on average by 2-2.5 times. The colloidal system
degrades under prolonged exposure of the solution to plasma, and in extreme cases one
can even observe the formation of copper oxides.
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Introduction

Micellar extraction is a relatively new method for the separation of substances. It is based
on the use of surface-active substances (surfactants). In particular, this approach has found wide
application for the isolation of metal ions (nucleates of a new phase) from aqueous solutions [1, 2].
With the development of environmentally friendly processes, micellar extraction is becoming
more popular as an alternative to traditional extraction methods. Micellar extraction of metal
ions has been used for analytical chemistry as well as for water and wastewater treatment due
to its high efficiency and relative simplicity [3, 4]. In this study, we used micellar extraction to
stabilise aqueous colloidal copper solutions. It was assumed that the effects of plasma treatment
on this system can cause the enlargement of copper particles in solution. Surfactant particles
are important in this technology because they reduce the surface tension of interfacial
boundaries by accumulating at these boundaries. Surfactants can be divided into three main
categories depending on the charge of their hydrophilic head:
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1. Anionic surfactants - the head group has a negative charge. They are the most common
of all surfactants. Sodium lauryl sulphate and sodium laureth sulphate belong to this group of
surfactants. They are characterised by their high activity, excellent cleaning and detergent
properties. In low concentrations they are harmless to humans.

2. Cationic surfactants - the head group has a positive charge. This group of surfactants
includes cetrimonium bromide, benzalkonium chloride, cetylpyridinium chloride, etc.
These excellent antimicrobial agents are capable of neutralising negative charges. They are
usually not compatible with anionic surfactants as can form the insoluble precipitates.

3. Non-ionic surfactants have no charge on the head group; they are neutral. Examples of
such surfactants are polysorbates, ethoxylated alcohols, block copolymers (e.g. Pluronic),
Triton X-100. The properties of such surfactants include emulsifying oils and fats well, being
used in the food and cosmetic industries, being less prone to foam formation than other
surfactants, working well over a wide pH range and being compatible with other types of
surfactants.

The head group of a surfactant is considered to be the hydrophilic part of the molecule.
Moreover, those surfactants consist of two main parts: a hydrophobic ‘tail’ and a hydrophilic
‘head’. In other words, the hydrophilic head group is the part of the molecule that interacts with
water. Essentially, the head group determines surfactant interaction with water and other
substances. Good solubility in water and the ability to interact with various surfaces make
surfactants effective in a variety of applications ranging from detergents to biomedical
applications [5].

It is important to understand the peculiarities of micellar extraction scheme for successful
implementation of copper extraction technique from colloidal solution using surfactants.
Micellar extraction is based on the ability of surfactants to form aggregates called micelles.
They adsorb metal ions through various types of interactions including ionic, dipole-dipole,
and hydrophobic ones. This method minimises their impact on the environment and includes
the possibility of their extraction without using organic solvents. Aqueous solutions of
surfactants at a concentration above the critical micelle formation concentration create
micelles; they become capable of capturing metal ions. Metal ions interact with polar or charged
surfactant groups located in the ‘micelle head’ region and are encapsulated within the
hydrophobic part. The static and dynamic stability of micelles is determined by various factors
affecting their formation and stability in solutions. These concepts refer to the thermodynamic
and kinetic stability of micelles, respectively.

The static (thermodynamic) stability of micelles is determined by the equilibrium
between the free energy of interaction between the molecules composing the micelles and their
interaction with the solvent. The main factors affecting static stability include:

1. Critical micelle concentration (CMC) is the surfactant concentration at which micelles
begin to form. The lower is CMC, the higher is the thermodynamic stability of the micelle
because it is easier to form them.

2. Interactions between surfactant molecules are hydrophobic interactions, hydrogen
bonding, and van der Waals forces between surfactant tails, and electrostatic interactions
between head groups and solvent.
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3. Temperature and ionic strength. An increase in temperature can reduce CMC and
change their static stability. The ionic strength of the solution also affects the stabilisation of
charged micelles by promoting charge shielding.

The dynamic (kinetic) stability of micelles is related to the temporal stability of micelles
in solution and their response to changes in environmental conditions. The main factors
include:

1. Surfactant concentration. At concentrations above CMC, the presence of a large
number of micelles makes their formation and disintegration more possible and stable.

2. Exchange equilibrium between monomers and micelles. Micelles are in dynamic
equilibrium with single surfactant molecules. The rate of exchange between micelles and
monomers affects the kinetic stability.

3. Impact of external conditions. Changes in temperature, pressure, or pH can degrade
micelles, alter the dynamic equilibrium, and change their static stability.

Hence, static stability is more determined by thermodynamic factors and equilibrium,
whereas dynamic stability is related to the temporal stability and rate of change of micelle state
under certain conditions.

Problem statement and experimental equipment description

The cationic surfactant cetylpyridinium chloride (CPC) was used to stabilise the state of
the water-copper colloidal system: CisH3:NCsHsCl. This surfactant has been successfully used
in experiments with a number of metal ions [6]. The considered colloidal system is a kind of
supplier of copper in nanoform; it has unique properties compared to copper in macroform,
making it interesting for various scientific and technological applications [7]. For example:

1. Copper in nanoform is characterised by an increased surface area relative to volume.
It increases its reactivity and makes it useful in catalysis.

2. Copper nanoparticles have different optical properties due to plasmonic surface
resonance. It can be used in sensors and biomedical applications.

3. Copper is known to be highly conductive; in nanoform it can exhibit modified
conductive properties. It can be useful in microelectronics and nanotechnology.

4. Copper in the nanoform can demonstrate improved mechanical properties, such as
high hardness and wear resistance, due to grain boundary hardening and other effects
characteristic of nanostructured materials. At the same time, high thermal conductivity is
retained.

5. Copper nanoparticles demonstrate significant antimicrobial properties and can be used
in medicine (cosmetology) to kill bacteria and viruses, promoting wound healing.

The subject of this study is the last of the above mentioned properties of copper in the
nanoform. Indeed, substance in nanoform can also have a toxicological effect on tissues of living
organisms [8]. Therefore, the purpose was to develop a technology for enlarging the size of
copper particles in their aqueous colloidal solutions to find a balance between the
bacteriological activity of preparations based on them and their adverse effects on tissues of
living organisms.
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Preparing colloidal copper solutions was performed according to the method [9]. After
preparation of the solutions, they were incubated for a day; then they were exposed to
underwater diaphragm discharge (UDD). Figure 1 shows the appearance of the diaphragm
discharge cell.

Fig. 1. Appearance of the cell for treatment of colloidal aqueous copper solution in UDD:1 - carbon cathode,
2 - anode in the form of a diaphragm

It was made of organic glass and had transparent walls. Electrodes were mounted on
opposite sides of the cell: 1 - cathode in the form of a pointed carbon rod, 2 - anode in the form
of a diaphragm electrode. An alternating high-voltage voltage was applied to the electrodes.
The discharge was ignited directly in the solution. A high-voltage generator operating at a
frequency of 75 kHz and allowing to regulate the output voltage in the range of 0.8-2.5 kV was
used as a power source. The treatment time was fixed — 20 min. We selected the operating
voltage due to the absence of strong fluctuations of the solution and maintaining a constant
temperature. Therefore, the temperature was in the range from room temperature to 35 °C
during the whole experiment on solution treatment.

Figure 2 shows the appearance of a 1 mm diameter diaphragm (1) and the design of an
anode with a 0.5 mm diaphragm (2). The best results were shown by the structure shown on
Fig. 2 under number 2’. The diaphragm was made of a glass cup with the formation of the hole
with a diameter of 0.5 mm.

Fig. 2. Structures of a 1 mm diaphragm (1) and an anode block with a 0.5 mm diaphragm.

A thin pointed copper rod with the highest possible degree of sharpening was placed to
the hole (diaphragm) from the inside. At the same time, the copper electrode did not go beyond
the diaphragm.
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The rod material in the anode block was chosen due to the absence of contamination of
the solution with external impurities. However, slight foam formation was observed during the
treatment process due to the presence of surfactants. This process was minimised but was not
completely eliminated since foaming is a characteristic of cationic type surfactants [2]. Fig. 3
shows the appearance of the discharge when the solution is treated in our cell.

Fig. 3. Appearance of UDD in the cell (yellow-red glow was localised in the solution in the vicinity of the diaphragm)
Results and discussion

The use of plasma has shown its efficiency. In earlier studies, we used plasma to control
the content of impurities in the composition of biological structures [10]. Thus, plasma
technologies and plasma chemistry seem to be very promising technologies. To successfully
solve this problem, it was necessary to analyse the mechanisms of the effect of UDD on the
colloidal solution of metallic copper stabilised by surfactants. In general, it is necessary to
consider a large number of factors, the most important are the following:

1. Energy effects. Underwater discharge generates a strong electric field and a localised
temperature rise. It can cause the changes in the structure and properties of the colloidal
solution. Such changes can affect the size and shape of the copper particles.

2. Hydrodynamic effects. The discharge provides shock waves and turbulent flows in
the liquid. These mechanical effects can cause the aggregation or, conversely, dispersion of
particles in the solution, depending on the strength and direction of the impact.

3. Chemical effects. High temperature and energetic impact can cause the changes in
the chemical properties of surfactants. This can occur through the decomposition of surfactant
molecules.

4.  Electrochemical effects. The discharge can initiate electrochemical reactions to
modify particle surfaces and affect their stability and interaction with surfactants.

5.  Destabilisation of a colloidal system initially stabilised by surfactants. Surfactants
play a key role in stabilising the colloidal solution by preventing aggregation of copper particles.
Surfactant molecules can undergo structural changes under the impact of discharge. It can cause
weakening of their stabilising properties.

These processes can occur simultaneously and affect each other. Therefore, it was
necessary to take them into account when setting up the experiment and analysing the results
obtained. In our opinion, modification of surfactants under the action of UDD is a rather
important factor. We consider it in details.
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Cetylpyridinium chloride is a cationic active surfactant containing a quaternary
ammonium ion. It can be decomposed by electric discharge, in particular by UDD. Such a
discharge causes the formation of active particles in aqueous media: ions (1) and radicals (2):

H,0 - H* + OH, (1)
H,0 - H* + OH", )

which can interact with organic molecules, causing them to decompose. In addition, CPC itself
dissociates in water (3):

CisH33NCsHsCl > (C16H33NC5H5)+ + CI-. (3)

The main decomposition mechanisms of CPC can be visualised as follows:
1. Radical decomposition. Hydroxide ions can interact with the alkyl group of
cetylpyridinium. This causes hydrogen abstraction and formation of a radical (4):

((:161_13.3.1\IC5H5)+ + OH —~ (C15H32NC5H5)' + H,O0. (4)

This reaction may be part of a free-radical oxidation process or other radical mechanism.
It is possible that the chain may be further broken to form smaller fragments.

2. Oxidative decomposition. OH" radicals can directly oxidise the alkyl chain to alcohols
or carboxylic acids. Oxidation of the nitrogen atom of the pyridine cycle is also possible.
This can cause a ring breaking and the formation of amines and other fragments.

3. Reactions with reactive oxygen forms. Reactive oxygen forms produced during
discharge, such as ozone (Os) and superoxide (O;’), can also contribute to the degradation of
surfactants, especially affecting the pyridine ring.

Hence, UDD may cause the destabilisation of the colloidal system and, as a consequence,
to the enlargement of copper particles in solution. Fig. 4 shows microphotographs of copper
particles deposited on the glass plate before (1) and after (2) treatment in UDD. The particles
precipitated on the plate as a result of natural evaporation of the liquid at room temperature.

Fig. 4. Representation of copper particle sizes obtained on glass substrates: 1 - before UDD treatment;
2 - after UDD treatment (microphotographs were taken at the same magnification)

Fig. 4 shows the analysis of microphotographs: only single copper particles are visible on
the glass before treatment in UDD; their number has increased dramatically after treatment in
the discharge. The above are the data of optical measurements. Indeed, for the case shown in
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Fig. 4 under ‘1’, the number of relatively large particles is insignificant, and the main part of
copper is represented by particles in the nanometre range. In the centre of this photograph
(Fig. 4, number 1) a cluster of particles can be observed. However, we consider it as the effect
of aggregation of dispersed copper particles obtained by drying the glass plate. They will be
represented by individual particles in solution. The slight background darkening in the images
of Fig. 4 corresponds to the ‘dried” surfactant. To reduce the amount of surfactant on the glass
plates prepared for the study, they were gently washed by drip irrigation of the surface for
30 min. Copper remained on the glass surface under such washing conditions.

According to atomic force microscopy (AFM) results before plasma treatment, the
average particle size was 45-60 nm, while after UDD treatment, the particles enlarged to
120 nm. Obviously, they are average particle sizes, among which larger particles were present,
but multiple scans of different samples confirmed the above trends. The particle sizes were
determined using the in-house software of the atomic force microscopy unit ‘Nova v.1.0.26’.

Conclusion and recommendations on the results application

Therefore, UDD might influence the size of copper particles in aqueous colloidal solution.
Initially, the colloidal system was stabilised using cetylpyridinium chloride - one of the most
studied and safest substances in this category [11, 12]. In micellar extraction, copper ions (Cu**)
are usually involved, entering into electrostatic interaction with positively charged head groups
of CPC micelles. The process can also proceed by means of complexation. Within the micellar
structure, complexation between Cu®* and pyridinium groups can occur. Usually micelles form
rather dense structures. It effectively isolates the metal ions and prevent their aggregation. In
the case of metallic copper, these mechanisms work due to the charge of small copper particles
(nanostructures). The scheme of interaction of CPC with metallic copper can be shown through
the mechanism of adsorption of the CPC cation on the copper surface:

CU(S) + (C16H33NC5H5)+ -> [CU.(C16H33NC5H5)+],;,15. (5)

The process of copper particle coarsening in solutions is associated with the colloidal
system breakdown and aggregation of copper into larger formations. This effect will ensure the
development of a technology for antiseptic solutions preparation. The therapeutic effect of these
solutions will directly depend on the size of copper particles in the liquid phase. Similar
silver-based formulations are already available on the modern market [13]. However, replacing
silver with copper in their composition will significantly reduce their cost and, consequently,
the demand for these drugs on their market segment [14]. These researches are prospective and
focused on optimising extraction to the development of more environmentally friendly and
cost-effective technologies.
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