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AHHOTaUMA

Hean. B HacTosiliee BpeMst B KIMHUYECKOW NMPAKTHKE aKTHMBHO MCIONB3YIOTCSA 3MYJIbCHU mpornodoia, obnanaronue ObICTPbIM Jei-
CTBUEM, HU3KOH TOKCHYHOCTBIO, JJETKOCTBIO BBE/ICHHSI, KOHTPOJIEM [IIyOUHBI aHECTE3HU U OBICTPHIM BOCCTAHOBICHHEM MALMEHTa OCIIe
Hapko3a. Ha pbIHKe MpeaCTaBIeHbI JICKAPCTBEHHBIE Mpenaparbl Kak HHOCTPAHHBIX, TAK ¥ POCCHHCKMX MPOM3BOAUTEINEH, COleprKaIlne
UMIOPTHBIE (hapMarieBTHYecKue cyocTanunu. Llenbio 1aHHOM paboThI ABIsIACh Pa3paboTKa TEXHOIOTHH TTOTyUYESHHs )KUPOBOW 3MYJIb-
cuu npornodosa A1 HapeHTePANTbHOrO MPUMEHEHHS C MOMOIIBI0 TOMOT€HH3aTOPa BHICOKOTO IaBJICHHS HAa OCHOBE (hapMalieBTHYECKOIl
cyOcTaHnuu mponodosna, MOIyYeHHOW MO0 METOAY aJKWIMPOBAHUSA M MOCIEAYIOIIETo JeKapOOKCHIMPOBaHUS 4-THIpOKCHOEH30IHON
KHUCJIOTBI, @ TAKXKE U3y4eHHE (PH3NKO-XMMHUYECKHX CBOMCTB MOIYYSHHBIX CyOMHKPOHHBIX AMYIbCHHA.

Mertoabl. CyOMUKPOHHYIO 3MYJIBCHIO TIPporogoiia MOIyyaly C TIOMOIbI0 TOMOICHU3aTOpa BBICOKOrO AaBieHus. 3Hauenus pH ompe-
JIeJSUTH ¢ MCIoJIb30BaHHeM pH-merpa, OCHAIEHHOr0 KOMOMHMPOBAHHBIM CTEKISIHHBIM 25eKTponoM. OnpereneHne pa3mepa 4acTuil
¥ J13eTa-I0TeHINAIa CyOMUKPOHHON 3MYJIbCHH IPOBOJMIIN HA JIA3€PHOM aHAIN3aTOPE YaCTHI] METOJIOM AMHAMUYECKOIO CBETOPACCEH-
BAHHS M METOZOM NIEKTPO(POPETHYECKOrO CBETOPACCEMBAHUS COOTBETCTBEHHO. KonnuecTBeHHOE coneprkanus nponogoiia B MOTyyeH-
HO# OMYJIBCHH OTIPEEIISUIN C IIOMOIIBIO BEICOKO 3G (PEKTHBHOM XKHUIKOCTHOMH XpoMartorpaduu.

Pe3yabTarsl. [1lono6paHsl onTHMaNbHBIE TEXHOIOTHYECKHE TapaMeTPhl POIIecca TOMOTeHN3aINH BEICOKOTO JIaBIICHHUS. YCTaHOBIICHO,
YTO METOAMKA BBEJCHHS MACISTHON (ha3bl HAPSIMYIO B TOMOTEHU3AaTOP BEICOKOTO JIAaBJICHUSI OCYIECTBIISIETCS] C MEHBIITMMH BPEMEHHBIMH
U DHEPreTUYECKUMHU 3aTPaTaMU 110 CPABHEHHIO ¢ METOJUKON FOMOIeHU3AIMU C IIPeIBAPUTEIbHON CTa el OIyUeHUs IPeIdMYIbCHUH.
OmnpeneneHo, 4To (HU3MKO-XUMUUECKHE XapaKTePHCTHKU TOMYYEHHBIX CYOMHKPOHHBIX OMYJIBCHH COOTBETCTBYIOT XapaKTEpHCTHKAM,
TPEIbABIAEMBIX OPUTHHATLHOMY Tiperapaty [Tpornodon-JTumypo®.

BeiBoapbl. [Ipeuioxkena TEXHOIOTHS MOTyUSHUSI CyOMUKPOHHOH SMYyIbCHH IIPoro(oa i TapeHTepaabHOro IIPHIMEHEHHNS, OCHOBAH-
Hasl Ha JMCIIEPTHPOBAHUN BOXHOH M MAcCJITHOH (pa3bl ¢ MOMOIIBIO TOMOTEHM3aTOpa BBICOKOTO JaBIEHMs. B pesynsrare mpoBeeHHOTO
HCCIIe0BaHMs OBIIO yCTAaHOBIICHO, YTO BBEACHHE MACIITHOM (pa3bl HAIpsIMyIo B TOMOTE€HH3aTOp BBIcokoro aasnenus npu 20 MIla, a tak-
e JanbHenIee MpoBeieHNe Tporecca aucneprupoanus mpu 60 MIla B TeueHne 8 MUKIOB SIBISETCS ONTHMAIBHBIM JUTS Oy IESHHS
CYOMHKPOHHOH SMYIbCHH TPOTIodosia ¢ TpeOyeMBIMHI XapaKTePUCTUKAMIL.

Kniouesble cnoBa Moctynuna: 04.02.2025
nportodon, Iponodon-JTumypo®, mpemdMyTbens, CyOMHKPOHHAS IMYITbCHS, AopaGoTaHa: 24.03.2025
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Abstract

Objectives. Currently, propofol emulsions are widely used in clinical practice due to their rapid action, low toxicity, and ease
of administration, including control of anesthetic depth and rapid recovery of the patient following anesthesia. The market offers drugs
from both foreign and domestic manufacturers containing imported pharmaceutical substances. The study set out to develop a technology
for obtaining a fat emulsion of propofol for parenteral purposes using a high-pressure homogenizer based on pharmaceutical propofol
obtained by alkylation and subsequent decarboxylation of 4-hydroxybenzoic acid, as well as to study the physicochemical properties
of the obtained submicron emulsions.

Methods. A submicron propofol emulsion was prepared using a high-pressure homogenizer. pH was determined using a pH meter
equipped with a combined glass electrode. Particle size and zeta potential of the submicron emulsion were determined on a laser particle
analyzer using the dynamic and electrophoretic light-scattering methods, respectively. Quantitative propofol content in the resulting
emulsion was determined using high-performance liquid chromatography.

Results. Optimal technological parameters of the high-pressure homogenization process were selected. The method of adding the oil
phase directly into the high-pressure homogenizer is shown to entail lower time and energy costs as compared to the homogenization
method involving a preliminary stage of obtaining a pre-emulsion. The physicochemical characteristics of the obtained submicron
emulsions were subsequently determined to correspond to the characteristics required for the original drug Propofol-Lipuro®.

Conclusions. The proposed technology for obtaining a submicron propofol emulsion for parenteral use is based on dispersion of the
aqueous and oil phases using a high-pressure homogenizer. As a result of the study, it was found that adding the oil phase directly into the
high-pressure homogenizer at 20 MPa, including further dispersion at 60 MPa for 8 cycles, is optimal for obtaining a submicron propofol
emulsion with the required characteristics.
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Pa3paboTka TeXHOorY NoJly4eHnst CyOMUKPOHHOW My ibChM nponodona

C MOMOLLbIO FOMOreHm3aTopa BbICOKOIro AaBJieHUd

I.4. MouwkoB
n op.

BBEOEHUE

IIpornodon (2,6-auu3onponuideHon) — 3TO CHIBHO-
JISUCTBYIOIIMHA aHECTETUK [JIsi BHYTPUBEHHOIO BBE-
JCHUS, KOTOPBIM IIMPOKO MPUMEHSETCS IUIST BBEICHHUS
U TIOJIICp’KaHUs aHECTE3HH, a TAKXkKe IS CelalliH B OT-
JIeJICHUSIX MHTEHCUBHOM Tepanuu [ 1-3].
2,6-/Tumzonponwidenon mpeacraBiseT U3 ceds
MAaCIISTHUCTYIO KUJKOCTh NPU KOMHATHOM TeMIiepary-
pe. 3Hauenue logP anst MONeKyibl 2,6-TUU30MPOITIII-
(beHomna, oTpaxaroiiee ee TUAPOPOOHBIC CBOWCTBA, CO-
craBisieT 4.0, a Ko3pPUIHMEHT pacupeaeIeHUs MEexIy
OKTaHOJIOM M BOJOM paBeH 6761. DTu mokazarenu cBU-
JETENbCTBYIOT O TPAKTHYCCKH TTOJHON HEepacTBOPHMO-
CTH MOJIEKYJIbI B BOJAHBIX PacTBOPax, COOTBETCTBEHHO,
JUTSL BBEeJIeHHS TTporniodosia B OpraHu3M yesioBeKa HeoO-
XOMMO UCTIONB30BaTh Pa3INYHbIe HOCUTENH [4].

IIporodon obnmamaer psgoM  GHapMaKoIOTHIECKUX
3¢ EKTOB: CHIDKACT MO3TOBOW KPOBOTOK, CKOPOCTH
MO3TOBOTO METa0oIN3Ma ¥ BHYTPHUIEPEITHOE TaBICHUE;
JefCTByeT KaKk aHTHOKCHAAHT: ynajsieT cBOOOJHBbIE pa-
JIUKAJIbl ¥ yMEHBIIACT IEPEKUCHOE OKUCICHHE JIUTTHJIOB;
AKTHBHPYET PELENTOPH TaMMa-aMHHOMACIITHOHM KHCIIO-
el (TAMK A) [2, 3].

BrepBbie KTMHUYECKHE UCTIBITAHUS JICKAPCTBEHHOTO
mpenapara B BUJE IMYJIbCHH, cofeprkarieii mpomodor,
npoBoawiuck B 1977 r. OgHako wu3-3a BO3HUKHOBEHUS
aHA(pUIAKTUYECKUX PEaKIid Ha MOJIMITOKCHIMPOBAH-
Hoe KacTopoBoe Maciio (Cremophor EL®), kotopoe uc-
MOJIB30BAJIOCH B KAaUueCTBE PACTBOPUTENS (hapMaleBTU-
YyecKol cyOCTaHIMM, IpemnapaTr ObUT CHAT C phIHKA. Tem
HE MEHEE FCCIIECIOBAHNUS B 00JIaCTH CO3IaHMUs JIEKapCTBEH-
HOTO TIperapara Ha OCHOBE 2,6-THH30IPONMUIpEHONA
npoaomkanuck, U B 1983 1. B EBpone, a 3atem B 1986 1.
B Coemmuennbpix lllTarax Oblma mpenacTraBieHa SMYITb-
CUSl TUIIA MAacjO-B-BOJE, aHECTE3Upylollee AEeUCTBUE
KOTOpPOW OBLIIO aHAJIOTUYHO JIEKAPCTBEHHOMY TIpernapa-
Ty, COZlep KanieMy IOJIMITOKCHIMPOBAHHOE KaCTOPOBOE
Macj0, HO MCKIIOYallo KaKue-Ti0o aHA(HIaKTHICCKUE
peakuuu [5]. B 1989 r. na prinke Coennnennbix [taToB
ObLT TIpeAcTaBneH JunpruBaH® — JIeKapCTBEHHBIN TIpe-
napat JJis BBEACHUS U MOJ/Iep)KaHusl o0IIel aHeCTe3un
y B3pOCTBIX MAIMEHTOB, KOTOPBIM MPEICTAaBIsLT coOOM

November 01, 2024.

dbochonunmuIHy0 IMYIBCHIO JUII BHYTPHUBEHHOTO BBE-
JICHHsI, cojiepKantyto mpornodoir. JaHHbINA JIeKapCTBEH-
HBIU Mpernapar cTai IepBOHAYATIBLHON MOJICIBIO IS 3TO-
rO TUIa JiekapcTB [6].

B Hacrosiee BpeMst Ha ppIHKE MPEICTABICHBI pa3iInd-
HBIC BUBI JICKAPCTBEHHBIX MPEIAapaToB B BUIC IMYITbCHI
Ha OCHOBe TIporiodona, a uMeHHo: IIponodomn-JIumypo®
(Fepmanms), IIponogon-Aren® (Poccus), ITpomogon-
Buneprus® (Poccus), Iponodon® (Kopes), ITpomodomn
®pesennyc® (Ascrpus), Junpusan® (Mramus). Jlannsie
rpemnaparbl Npou3BoasaTCa B Buie 1—2%-HbIX KUPOBBIX
SMYITBCHIA TS TAPEHTEPATLHOTO IPUMEHEHHUs 2, B COCTaB
KOTOPBIX BXOIAT: coeBoe macio (5-10%), cpemHeneno-
yeyHble Tpunmuuepuasl (0-5%), mmuepon (2.25-2.5%),
neunTuH ssnaHblid (1.2%). B kauecTBe MoBEpXHOCTHO-aK-
tuBHBIX BemecTB ([TAB) mpumensirorcst 0.03%-Hb1it Ha-
tpusa onear win 0.04-0.08%-Has onenHoBas Kuciora
u 0.005-0.011%-nb1it HaTpus rugpokcu [6—8].

B Poccuu npousBoncTBO MpenaparoB, CogepKalux
B Ka9eCTBE JCHCTBYIOIIECTO BEIIECTBA IPOIO(OI, OCHO-
BaHO Ha KCIIOJb30BAHHU HMMIIOPTHBIX (hapManeBTHIe-
ckux cyOcranmuid. B jgaHHO#W paboTe Mcmoiab3oBanach
(hapmanieBTHYECKas CyOCcTaHIUs Tporodoia, MoTydeH-
Hasl [0 METOAY AaJKIJIMPOBAHHS M MOCICIAYIOIIEro Je-
KapOOKCHIMPOBaHUS 4-TUAPOKCHOCH30MHOM KUCIOTHI;
CTPYKTypa IMOJYyYSHHOH CyOCTaHIMH Mporodoia mosi-
TBEPIKIICHA C TOMOIIBIO CIIEKTPOCKOIIHHU SACPHOTO Mar-
HUTHOTO pe3onanca (IMP) 'H [9].

[lomy4ennple CyOMHKpPOHHBIC OMYIBCHH  JIOJDK-
Hbl coorBeTcTBOBaTh TpeboBanusaM ODC.1.4.1.0007
15-ro uznanus ['ocynapcrBennoit @apmakonen Poccuii-
ckoit ®epeparun (I'® PO XV)*; cpenumii pasmep da-
CTHII JJOJDKEH cOCTaBIATh MeHee 500 HM B COOTBETCTBUH
c ODPC.1.4.2.0028 I'd PD XV; n3era-moTeHIHAN JI0JI-
el ObITh Oomee +30 MB [10, 11].

Pasmep wacTuil SMyIbCHH SIBISIETCS BOKHBIM Tapa-
METPOM, MOJIFIEPKAHUE MTOCTOSIHHOTO 3HAYEHHS KOTOPO-
ro HeoOXomuMO I olOecrieueHuss CTaOMIBHOCTU WTO-
roBoii iekapctBeHHoOU (opmel [12]. Kpome Toro, macna
B BHJIE OMYJIbCUN JydYllle YCBaWBAIOTCS B OpPraHU3ME,
T.K. BCACHIBAaHWE Macell B KETyJOUHO-KUIICUHBIH TPaKT
MIPOUCXOAUT TOJBbKO B mpucyTcTBUM ITAB [13]. YacTuibl
xe pazmepoMm Oosee 300 HM MOTYT YBEIHYUTH PUCK

Products. Binergia.ru. 2024. URL: https://binergia.ru/en/catalog/products.php. [lata oOpamenus: 01.11.2024. / Accessed

Ipornodon-ITEH®. Armbio.bio. 2017. URL: https:/armbio.bio/catalog/medications_contracts/non-inhalation general anesthetic contract/
propofol_egen. Jlata obpamenus: 01.11.2024. [Propofol-Egen®. Armbio.bio. 2017. URL: https://armbio.bio/catalog/medications_contracts/
non-inhalation general anesthetic contract/propofol egen. Accessed November 01, 2024.]

CN 106565424 A. Preparation method for high-purity propofol. URL: https://patentimages.storage.googleapis.com/36/be/e3/540d7228956dba/
CN106565424A.pdf. lara myonukaruu 19.04.2017. lara obpamenus 12.09.2024. / Published April 19, 2017. Accessed September 12, 2024.

Tocynapcreennas ¢apmakonest Poccuiickoit ®enepanmu. 15-¢ m3n. M.: 2023. URL: https://pharmacopoeia.regmed.ru/pharmacopoeia/
izdanie-15/. Jlara o6pamenust 12.12.2024. [The State Pharmacopoeia of the Russian Federation. 15th Ed. Moscow: 2023. URL: https://
pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-15/. Accessed December 12, 2024.]
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Development of technology for producing submicron emulsion
of propofol using a high-pressure homogenizer

Herman D. Moshkov,
etal.

BO3HUKHOBEHHS KMPOBOH 3MOonuu. J[3era-nmoreHmman
OTIpeeTsieT CTaOMIBHOCTD SMYIIBCHH. YMEHBIICHHE MO-
JUyJsl 3HAUEHUS SIEKTPUUECKOT0 3aps/ia Ha TPaHULIe paz-
JIeJIa MEXK/Ty IBOWHBIM 3JICKTPUYCCKHUM CIIOEM U JAUCIIEP-
CHOHHOM CpeZIO MOJKET YBEJIMUUTH CKOPOCTh arperaiuu
u koanecueHuu [14].

CyOMHKpPOHHBIE SMYIBLCHH MOTYT OBITh TOJYyYEHBI
KaK C TIOMOIIBIO BBICOKODHEPTETUUECKUX, TaK W HU3-
KOOHEPreTUUeCKUX METONOB. BrICOKOIHEpreTruyeckue
METOIIbI MPEJTIOJIAaraloT MPUMEHEHHE MEXaHUYEeCKHX
YCTPOMCTB, KOTOPBIC CO3MAIOT 3HAYHUTEIBHBIC ACCTPYK-
TUBHBIE CHJIBL. B CBOIO ouepeqh, HU3KOIHEPreTHUYECKHe
METOJIbI OCHOBAaHbI HA U3MEHEHUH BHYTPEHHUX Mapame-
TPOB, KOTOPBIE BIUSIOT Ha TUAPOPHIEHO-TATIOPIIHHBIN
OamaHc cucrteM. XOTS HU3KOIHEPreTUUECKUE IOXOIbI
00bgHO Oosiee 3(p(peKTUBHBI U HE BBI3BIBAIOT paspyliie-
HUSI WIH TIOBPEXIICHNST WHKAICYIHMPOBAHHBIX MOJIEKYI,
OHM MMEIOT OIpeJeNiCHHbIE OrpaHUYEHHs, CBS3aHHbBIE
C UCIIONb30BaHUEM KOMIIOHEHTOB. J{J1s1 TOCTHKEHUS cTa-
OMJIBHBIX SMYITBCHI B TAKUX CITydasx TPeOyeTcs! BBICOKas
KOHLEHTpauus: cuHTeTndeckux I1AB, uto orpanununBa-
eT o0nacTb MX TPUMEHEHUs. B KOHTeKcTe moiydeHus
OMYIBCHH TS TTapeHTEPaTbHOTO MPUMEHEHHUS MpPeIIo-
YTEHUE OTAAETCs] BBICOKODHEPreTUYECKUM METOJaM, IIe
MEXaHHYECKOE TUCTICPTUPOBAHUE OCYIIECTBIISETCS C TI0-
MOIIIBI0 TOMOTEHH3aTOPOB BHICOKOTO TAaBJIECHHS, BBICOKO-
CKOPOCTHOT'O MEpeMEIINBaHUs U YIBTPa3ByKOBBIX I'€He-
paropoB. BHemHss Harpyska, mojgaBaeMasi Ha CHCTEMY
(YABTpa3BYKOBBIC BOJHBI W MTOBEHINICHNE AABICHHUS), pa3-
pyLIaeT Kariy 0 HaHOpPa3MepoB, 00pasysl yCTOHYMBBIE,
TEPMOKHHETHYECKUE CTaOUIIbHBIE dIMyNbcrH [ 15-16].

Lenb naHHOW pabOTHI 3aKitodaeTcss B pa3paboTke
TEXHOJIOTUH TOJyYCHUS] CYOMUKPOHHOU AMYIBCHU TIPO-
nodoa Jiysi apeHTePaTbHOTO IPUMEHEHHUS C TIOMOIIBIO
TOMOTEHH3aTOpa BEICOKOTO JAaBICHMUS, a TAKKE B U3yde-
HUU (PU3UKO-XUMHUYECKUX CBOMCTB MOJIYYEHHBIX CyOMU-
KPOHHBIX 3MYJIbCHH.

MATEPUAJIbI U METOAbI

B pabote ObLIM HCTIONB30BAHBI CICIYIOIINE BEIIECTRA!
cyOcTaHIus mponogoa, MoayYeHHass METOIOM aJIKUIIH-
POBaHUS U TOCIEIYIOMIETO AEKAPOOKCUITUPOBAHHS 4-TH-
JIPOKCUOCH30MHOM KUCTOTHI (Acros Organics, benbrust),
coeBoe Macno LIPOID Purified Oil (LIPOID, I'epmanus),
dochomunun suyroro xentka LIPOID E80 (LIPOID,
I'epmanus), onmear Harpust LIPOID Sodium Oleate B
(LIPOID, T'epmanust), cpeqHeleIoYeyHbI TPUIITULIEPU
Lipoid MCT (LIPOID, I'epmanus), runepus (XumMeo,
Poccwus), Boga st uabeknuii (I'd PO XV, @C.2.2.0019).

5

Br10Op MPOIEHTHOTO COMACpXKAHUSA KOMIIOHEHTOB
(Tabm. 1) B cyOMUKpPOHHOW SMYJIBCHH OBIJI OCHOBaH
Ha peLenType OpuruHaibHOro mpemnapara Ilponodon-
JInmypo® 1%3.

JIi1s MOATBEPIKACHUS CTPYKTYPBI (hapMarieBTHIeCKOM
cyocraniuu nponodona (puc. 1), mosryueHHOH anKuiIu-
pPOBaHUEM U MOCIEAYIONUM JIeKapOOKCHIMPOBAHUEM
4-ruIpOKCUOCH30MHON KUCIIOThI, UCIIOJIb30BATIA METO
'H SIMP-cnexrpockoruu. Ha puc. 2 IpuBeeHbI pe3yiib-
TaThl IPOBEJICHHS aHAIIN3A.

Cnexrpsl 'H SIMP niponiodyona, n3MepeHHbIE B TUMe-
tuncynbpoxeune DMSO-d; n nefitepupoBaHHOM XJI0-
podopme CDCly, COOTBETCTBYIOT CTPYKTYpE 2,6-1M130-
MponHI(EeHoa, a TAKKES COBMANAIOT C JIUTEPATyPHBIMU
JaHHbIME [9]. B cniekTpax OYHMILEHHBIX 00pa3LoB Mpo-
noosia CUTHAIBI CTOPOHHUX MTPUMECEH OTCYTCTBYIOT.

Ta6auna 1. CocTaB OpUruHaJIbHOTO Ipernapara
Iponodon-Tumypo®

Table 1. Composition of the original drug Propofol-Lipuro®

KonmnuectBeHHOE copepkanue,
Kommonent
mac. %/mac.
S Quantitative content, wt %/wt
Macnsnas dasa
Oil phase
CpenHenenoueyHblit
TPHUIIHLIEPUT
PHITHEDT 5.0
Medium chain
triglyceride
CoeBoe Macio
. 5.0
Soybean oil
JlenpTun
o 1.2
Lecithin
[Iponodon
portof 1.0
Propofol
Boxnas ¢aza
Water phase
I'munepun
P 25
Glycerol
Oneat HaTpus
. 0.03
Sodium oleate
Bona nis nHbEKIMI
(9C.2.2.0019.15) o 100%
Water for injection Up to 100%
(PA.2.2.0019.15)

Hponodon-JTumypo® 10 mr/ma (1%). Bbraun.ru. B. Braun Melsungen AG; 2024. URL: https://www.bbraun.ru/ru/products/b/propofol-

lipuro10mgml1.html. Jara o6pamenus 05.12.2024. [Propofol-Lipuro® 10 mg/mL (1%). Bbraun.ru. B. Braun Melsungen AG; 2024. URL:
https://www.bbraun.ru/ru/products/b/propofol-lipuro10mgml1.html. Accessed December 05, 2024.]

300 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(4):297-309


http://Bbraun.ru
https://www.bbraun.ru/ru/products/b/propofol-lipuro10mgml1.html
https://www.bbraun.ru/ru/products/b/propofol-lipuro10mgml1.html
http://Bbraun.ru
https://www.bbraun.ru/ru/products/b/propofol-lipuro10mgml1.html

Pa3paboTka TeXHOorY NoJly4eHnst CyOMUKPOHHOW My ibChM nponodona

C MOMOLLbIO FOMOreHm3aTopa BbICOKOIro AaBJieHUd

I.4. MouwkoB
n op.

Puc. 1. Crpykrypa (apManeBTH4ecKoi cyOCcTaHIH
nporogoia

Fig. 1. Structure of the pharmaceutical substance propofol

'H IMP (DMSO-d,, 400 MI'n): § 8.01 (c, 1H, H4),
6.98-6.97 (M, 2H, H3), 6.81-6.77 (M, 1H, H5), 3.33 (remT,
J=69Tn,2H,H2) 1.16 (d,/=6.9 I', 12H, H1).

'H IMP (CDCl,, 400 MI'n): 6 7.19-7.17 (m, 2H, H3),
7.05-7.01 (m, 1H, HS), 4.98 (ym. ¢, 1H, H4), 3.28 (renT,
J=69Tn,2H, H2) 1.39 (d,/=6.9 I'u, 12H, HI1).

8.01
9
9
8
7
7

[IpuroroBnenue CyOMHUKPOHHONW 3MYIBCHH COCTOUT
W3 MPUTOTOBIICHHSI BOAHOM M MacisiHOW (a3 ¢ mocieny-
FOILIEH UX TOMOTEHU3AINEH.

[Ipurorosnenue BogHOH (haszel: B crakaHe 1 cme-
LIMBAJM TOYHbIE HABECKM INIMLEpUHA U OjleaTra HaTpus
C BOZIOH A1 MHBEKIUI. 3aTeM MOJIYYEHHYIO CMeCh I10-
Melajy Ha BOJSHYI0 OaHIo Tpu Temmeparype 55-65°C
U MepeMEeLINBaIN ¢ ITOMOILBIO JIONACTHONW BEpXHENpHU-
BonHoi Memanku «ULABUS-2200D» (ULAB, Poccus)
JI0 TIOJTHOTO PacTBOPEHUSI KOMIOHEHTOB.

[IpuroroBnenne macissHoW (a3pl: B CTakaH 2 OTMe-
PAIM TOYHBIE HABECKH CPETHEIETIOUEUHOTO TPUTTHLIEPH-
Jla ¥ JICIUTHHA, JJaJiee CTaKaH yCTaHABIMBAJIM Ha BOAS-
Hyt0 OaHro nipu Temiieparype 55—-65°C u nmepemMenuBain
C TIOMOIIBIO JIOMIACTHON BEPXHENPUBOAHON MeIanIKh
B TeueHue 45 mMuH. B crakan 3 BHOCWIM TOYHBIE Ha-
BECKH COEBOTO Macia W mporodora, TIIaTeIbHO Tepe-
MEIIMBAJIM B TE€UEHHE 3 MUH MPU CKOPOCTHU BpAIICHUS
BepxHenpuBoaHoi Memanku 500 o6/muH. [locne dero
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J J L1700
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L1500
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1300
L1200
1100
1000
900

—2.5 DMSO-d,

VHTEeHCHBHOCTD, OTH. €.
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T
o
[=3
(=]
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XUMHWYECKUN CIBHT, M.]I.
Chemical shift, ppm

Puc. 2. Criextpsr 'H SIMP apmatieBrrueckoii cy6cTanimu nponodoiia, nogydeHHON aTKuIMpOBAHUEM U TIOCIELyIOIIIM
JIeKapOOKCUINPOBAaHNEM 4-THIPOKCHOSH30HHOM KHCIIOTHI

Fig. 2. "H NMR spectra of the pharmaceutical substance propofol obtained by alkylation and subsequent decarboxylation
of 4-hydroxybenzoic acid

ToHkne xummyeckme TexHonorum = Fine Chemical Technologies. 2025;20(4):297-309 301



Development of technology for producing submicron emulsion
of propofol using a high-pressure homogenizer

Herman D. Moshkov,
etal.

COJICP)KMMOE CTakaHa 3 MPUJIMBAIM K CTaKaHy 2, TONy-
YEHHYI0 CMECh [I€PEMEIINBAJIM B TEUEHUE 5 MUH.

B nannoit pabote cyOMUKPOHHYIO IMYJIBCHIO ITPOIO-
¢dona momyyanu ¢ IOMOIIBI0 TOMOTEHH3AIUN BBICOKOTO
JIaBJIEHUS 110 IByM METOAHKaM.

Metoauka 1. OCHOBBIBasICh Ha JKCIIEPUMEHTAIIb-
HbIX uccienoBanusx [17-19], monxyuenue sMmynbCUU
OCYLIECTBISIN C MpPENBapUTEIbHON cTagueld MOAro-
TOBKH TpeIdMYIbcHH. MacisHylo (a3dy HOPLUUOHHO
MPUJIMBAIU K BOJHOW TPHU MOCTOSHHOM TEpeMelInBa-
HUU C ITOMOUIbIO AUCIEPIUPYIOIUX YCTPOUCTB (BEpX-
HenpusogHas wmemanka «ULABUS-2200D» (ULAB,
Poccus), nucneprarop T25 BASIC ULTRA-TURRAX®
(IKA, Tepmanus) W J1abOpaTOpPHBIA TOMOTCHH3ATOP
[JI-IT 500/30000 (Wiggens, Kutaii)) B TeueHue 5 MuH
JIO TTOJTYYCHHSI BU3yalIbHO OJTHOPOAHON CHUCTEMBI.

[anee mnpoBoawIN IUCHEPTUPOBAHUE MPEAIMYIIb-
CUH, KOTOPOE OCYLIECTBISUIM C MOMOIIBIO TOMOT€HHU3a-
Topa BhIcOKOTO AasneHus “JloHop-3” (Jonop, Poccus).
l'oMorenn3anuio MPOBOANIH TIPH AaBICHUN paBHOM 40,
60, 80, 100 MIla g0 momy4eHus MPOAYKTa C HEOOXOH-
MBIMH Pa3MepaMH 4acTHIl.

Metonuka 2. BogHyro ¢a3y BBOAMIN B TOMOTCHH-
3aTop BbIcOKoro namieHus “Jlonop-3”. Ilpu naBieHun
20 MIla ¢ nomoimplo mmpHUIEeBoro no3aropa (Hunan
Beyond Medical Technology Co., Kutaii) ocyriectsis-
JIY TIof1auy MacisiHOHM (a3bl B BonHYI0 (asy. [Tocne Toro
Kak MacisHast ¢a3a ObLIa MOJIHOCTHIO BBE/ICHA, TIOBHIIIA-
M gaBieHue romorenm3anuu 10 40, 60, 80, 100 MIIa.
JucneprupoBaHue NPOBOAMIN 10 MOJTyYEHHs MPOIYKTa
¢ HEOOXOIMMBIMH pa3MepaMH YaCTHIL.

lomorenm3anuio B 000MX CcIOydasx IIPOBOIIIIN
IIPU  TOCTOSTHHOM TEPMOCTAaTUPOBAaHUU YCTAHOBKHU
Ha ypoBHe 6°C. Temneparypy B Kamepe roMOreHH3a-
LMY U3MEPSUIH B TEUEHUE BCETO HKCIIEPUMEHTA C IIOMO-
mpio Tepmomerpa GEMLUX GL-DT-11 (GEMLUX,
Kwuraif).

Nsmepernne pH OBUIO  BBINIOJHEHO B CO-
OTBETCTBUU c (apmakoreiHoM cTarbeit
O®C 1.2.3.0004 «HMonomerpus» I'd PO XV ¢ npu-
menenueM pH-metpa pH-150MU (mopraruBHEIH,
co 1wTatuBoM) (M3mepumenvraa mexuuxa, Poccus),
OCHAIIEHHOTO0 KOMOMHHMPOBAHHBIM CTEKJISTHHBIM DJICK-
tponom ICK-10603/7 (Mszmepumenvuas mexuuxa,
Poccus).

OnpezeneHye pasMepa 4acTUI] U J3€Ta-NMOTEHIIH-
aja CyOMHKpPOHHOW 3MyJibCcHH TNpoBOaWwIM B LleHTpe
KOJUIEKTUBHOTO Tonb3oBanus PTY MUPDA ¢ nmomo-
bI0 JIa3epHOro aHammsaropa dvactur DelsaNano C
(Beckman Coulter, CILIA).

KonuuecTBeHHOE coneprkanue mpornodoiia B UTOro-
BOM TIPOJIYKTE OMPEAEIISIN C TOMOIIBIO pa3padoTaHHON
paHee METOJIUKH C HCITOJIb30BAHHEM BBICOKOA(P(EKTHB-
HOW >KUAKOCTHOH XpoMarorpaduu Ha cucteme Craiiep

(HIIO Axesunon, Poccusi). B pabore wucmonb3oBain
koJoHKy Luna (Phenomenex, CIIIA), 250 x 4.6 mwm,
3aroyiHeHHy1o copbentom C18(2) ¢ pasmMepoM yacTHIl
5 MkM u pazmepom nop 10 uHm. B kauectBe moaBmxk-
HOU (ha3zel A mcnonb3oBaiu 0.276%-HbBIH pacTBOp Ha-
Tpus Gocdara 01HO3aMELUICHHOTO MOHOTHIpaTa B BOJE
ounieHHo#, pH pacrBopa nosogunu a0 3.0 85%-Hoi
(dochopHoli kHCTOTOH; ToABMKHAS (Paza B — arero-
HUTPHUIL.

Konnentpanuro nponogona (C

nporodona
Te (B I/J1) onpeensuiu 1o hopmyie:

) B penapa-

c Aprp X Wsr
nponodoaa ~

Agt <10

e App; — IUIOMIAAL NUKa Nponodona Ha XpoMaro-
rpamMMe MCIBITYEMOTO PacTBopa; Agp — IJIOmah MHKa
npornogoia Ha XpoMarorpaMMe CTaHIApTHOTO PacTBO-
pa; Wy — HaBecka cTaHjapTa npornogona, .

PE3VJIbTATbI U UX OBCYXXAEHUE

OCHOBHBIM KpPHUTEpPHEM II000pa TEXHOJOTHICCKUX
napaMeTpoB CyOMHUKPOHHOW 3SMYIIbCHUH SIBIISETCS CO-
OTBCTCTBHE KAauecTBa IIOJYUYCHHOTO IIPOAYKTa Kade-
CTBY AMYJIBCHH OpPHTHHANBHOTO Tpemnapara [Ipomodorn-
JIunmypo® 1o mapameTpam: CpeHMH pazMep YacTHII,
pacrpesneieHre pasMepa JacTHIl Mo 00beMy M UHUCIY,
Ji3eTa-IoTeHLHAal.

OpuruHanbpHBIA JIEKApCTBEHHBIH Npenapar Xapak-
TepU3yeTcs Y3KUM, YHHMOJAIBHBIM pPACHpEICICHHEM
pasMepa gacTuil 1o oobemMy u uuciy (puc. 3). CpenHwuii
pasMep 4YacTull B SMYJIbCUU OPUTHMHAIBHOIO JieKap-
cTBeHHOro mpenapara IIponogon-JIumypo® cocraBun
186.2 £ 15.0 am. 3Hauenune a3eTa-mIoTeHIaIa COCTaBU-
7o 35 mB.

ITepBrlit STam pabOTHI 3aKITIOYAIICS B H3YYCHUU BIIH-
SHUS THUIIAa MEXAaHUYECKOro BO3JEHMCTBUSA Ha KauecTBO
MOJIy4aeMoil Makpo3Myibcuu Nponodosa; pes3yinbTaTbl
Ipe/ICTaBICHbI B TA0M. 2.

Kak BuUOHO M3 DOJYyYEHHBIX pe3yJbTAaTOB, IpHU
UCIIOJIb30BAHUM ~ TOMOIEHH3aTopa  J1abopaTOPHOTO
IJI-IT 500/30000 momyyaemasi MakpOdMYJIbCUSI TPO-
nodoa XapakTepu3yeTcss MCHBITHM 3HAUeHHUEM Cpel-
HEro pa3Mepa 4acTUIl U HauOosblIeil CTaOMIbHOCTHIO,
YTO SIBJSIETCS ONTHMAJIBHBIM NSl JalIbHEHIIEro mpo-
BEJICHUS IIpoliecca TOMOI€HU3alUU 0]l BBICOKUM JaB-
JICHUEM.

Jlanee nmopOupanu pexuMbl TOMOT€HH3ALUH T10]] BBI-
COKHMM JIaBJIEHHEM C IpelBapUTEJILHOM cTajgueil momy-
YEHMs NMPEIdIMYIbCUU B COOTBETCTBHU C METOAMKOM 1.
B 1a611. 3 npuBeaeHs! mapaMeTpbl TOMOT€HU3AINH, pac-
IIpeJeNeHUe U CPeIHUE pa3Mephl YacTHLl AJIs OJIydeH-
HBIX YMYJIbCUH.
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Puc. 3. Bun nuddepennuansHoro pacmpeneieHust 00beMHOiT (a) 1 urcinoBoii (b) 1011 4acTHIl 1o pa3mMepam st CyOMHKPOHHOR

SMYJIBCHH OPUTHHAJIBHOTO mpernapara Iponodon-JIumypo®

Fig. 3. Differential distribution of volume (a) and numerical (b) fraction of particles by size for a submicron emulsion

of the original drug Propofol-Lipuro®

Tadmuua 2. XapakTepUCTUKH MaKpOAIMYIbCHUH MPOTogora

Table 2. Characteristics of propofol macroemulsion

Tun CKOpOCTb BpalLIeHUs N
Cpennuii pa3mep
JCIIEPTHPYIOLIETo JMCIIEPTHPYIOLIETro
" o YACTHII, HM Ornrcanne Makpo3MYIIbCUH
yCTpOWCTBa YCTpOWCTBa, 00/MUH A | . |
. . . . verage particle Description of macroemulsion
Dispersing device Rotation speed of the sizge II)I m P
type dispersing device, rpm ’
UYepes 5 MuH nocie 3aBepUIeHUs poLecca TMCIeprupoBaHus
Habmonanocs 00pa3oBaHNe MACISHBIX Kareib
BepxuenpuojHast
Ha MOBEPXHOCTH MaKPOIMYJIbCHU
Menlanka 2200 5350 + 800 . . . .
. After 5 min of completion of the dispersion process,
Overhead stirrer . .
the formation of oil droplets on the surface
of the macroemulsion was observed
UYepes 5 MuH nocie 3aBepUIEHUs IpoLecca TUCIIEPrUPOBaHUs
Habmonanocs 00pa3oBaHNe MACISHBIX Kareib
Mucnepraro HA MOBEPXHOCTH MaKPOIMYJIbCHU
CTICPTATOP 25000 5520 + 500 px POMY. o
Dispersant After 5 min of completion of the dispersion process,
the formation of oil droplets on the surface
of the macroemulsion was observed
O0pa3oBaHKe MACIIHBIX Kalelb Ha TOBEPXHOCTH
T'omorenusarop
o MaKpOIMYIbCHHU He Haboaanoch. [lomyuenHas
11abopaToOpHBI
30000 2140 + 500 MaKpO3MYNbCHsl cTaOmIbHA B TeueHue | 4
Laborato ; i
Y No oil droplets were observed on the surface of the macroemulsion.
homogenizer . .
The resulting macroemulsion was stable for 1 h
[Io pesympraraM SKCOEPUMEHTOB, IPHUBEIECHHBIX OPWUTMHAJIHOTO Tpenapara. Y SMYJbCHi, IOJyYE€HHBIX

B Ta0I. 3, OBUTM CJIENIaHbI CIICTYFOIIUE BBIBOIBL: y KHPO-
BBbIX 3MYJIbCHUH, NOIyYEHHBIX B 3KclepuMeHrax 1-6, 9,
15 u 16, HaOmonaeTcst OMMONAILHOE pacTpe/ielicHUe Ja-
cruIl 1o 00beMy. JKupoBbIE SMYITLCHH, TTOTYYSHHBIE B IKC-
nepumenTax 7, 8, 10-13, 14, 17, xapakTepu3yroTcs y3KuM
YHUMOJIATBHBIM  pacIipeiefiecHueM, HO CpPEIHUI pazMmep
YacTUI[ HE COOTBETCTBYET CpPEIHEMY pa3Mepy YacTHII

B aKcriepuMeHTax 18-20, HaOmomaercss yHUMOTAJIbHOE
pacrnpeneneHre 4acTHIl C HYXKHBIM CPEJHUM pa3MepoM,
YTO COOTBETCTBYET 33/IaHHOMY JIMana3oHy 3HadeHuit. [1pu
9TOM TIO pe3yJbTaraM IMPOBEICHHBIX UCCIICIOBAHIN ObLIO
YCTaHOBIICHO, YTO YBEIIMYEHHE JIABJICHUS U KOIUYECTBA
IIIKJIOB TOMOTCHU3AIIIH HETIOCPEICTBEHHO BIMSET Ha pa3-
Mep YacTHL] KOHEYHOH SMYJIbCUH B CTOPOHY YMEHBIICHHSL.
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Tab6auua 3. [TapamMeTps! rOMOT€HH3AIMN U XapAKTEPHCTHKN SMYIBCHH, MOTydaeMoi o MeToanke |

Table 3. Homogenization parameters and characteristics of the resulting emulsion according to method 1

Temneparypa | KommuectBo | KommuectBo | Kommyectso KomnmuectBo Coeuii
BHYTPH LUKJIOB MIPH LUKJIOB IIPH LUKJIOB MIPH LIUKJIOB ITPH pasi{e
YCTaHOBKH, 40 MIla, mr | 60 Mlla, mT 80 MIla, it 100 MIa, mt qaimu I})IM Pacnpenenenue
Ne °C Number Number Number Number Avera’ . HacTHI]
Temperature of cycles of cycles of cycles of cycles article fize Particle distribution
inside the at 40 MPa, at 60 MPa, at 80 MPa, at 100 MPa, P am ’
unit, °C pes. pcs. pcs. pcs.
Bumonmanbaoe
1 24 2 - - - 655.8+29.9 .
Bimodal
bumopansHOE
2 24 4 - - - 423.3+23.0 .
Bimodal
bumonansHOE
3 23 6 - - - 3349 +25.1 .
Bimodal
bumonansHoe
4 24 8 - - - 320.7+17.9 .
Bimodal
bumonansHoe
5 23 10 - - - 276.4+12.4 .
Bimodal
BumonanbHoe
6 24 - 2 - - 5787+ 15.8 .
Bimodal
YauMonmansHoe
7 24 — 4 - - 4393+ 14.5 .
Unimodal
YHUMOIaJIbHOE
8 25 - 6 - - 370.6 +21.6 .
Unimodal
bumonansHOE
9 25 - 8 - - 307.5+29.4 .
Bimodal
VaHuMonansHoe
10 25 - 10 - - 271.1+£11.2 .
Unimodal
YHuUMoOmaIpHOE
11 25 - - 2 - 264.7£18.9 .
Unimodal
YauMopansHoe
12 27 - - 4 - 223.1+£23.1 .
Unimodal
YHUMOaJIbHOE
13 27 - - 6 - 215.1+21.7 .
Unimodal
YHuMoaansHoe
14 35 - - 8 - 203.8+15.4 .
Unimodal
bumopansHOe
15 34 - - 10 - 198.8 +24.5 .
Bimodal
bumopansHOE
16 29 - - - 2 2434 +£12.3 .
Bimodal
YaumMopansHoe
17 37 - - - 4 203.3+16.8 .
Unimodal
YHUMOaJIbHOE
18 42 - - - 6 191.9+9.4 .
Unimodal
YHuMonansHoe
19 41 - - - 8 180.1 +£11.2 .
Unimodal
VaumMonansHoe
20 42 - - - 10 174.0 £ 12.5 .
Unimodal
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I.4. MouwkoB
n op.

Ha cnenyromem starne paboThl MOIOUPATH PEKUMBI
TOMOTEHHU3AINH TIOf] BBHICOKHUM JABJICHHEM B COOTBET-
CTBUU C MeTonukoi 2. Broj macnsiHOM (Da3el BO Bcex
JKCIIEpUMEHTaX OCYyIIeCTBIsUIM npu Aasinennn 40 MIla.
B Tabi1. 4 npuBeneHbl apaMeTpbl TOMOTEHHU3AIMH, Pac-
MpEeACICHUE U CPEHUE Pa3Mephl YaCTHUIl JJIsl TTOTy4eH-
HBIX AMYJIbCHH.

[To pesynapratam SKCIEPUMEHTOB, TPUBEACHHBIX
B Ta0I1. 4, ObUTH C/ENaHbBI CIE/YIONIUE BBIBOJBL: Y )KHUPO-
BBIX 3MYJIbCUM, MOIYyYEHHBIX B JKclepuMmeHTax 21-23,
26, 30, 33 naOmomaeTcs OMMOJATIbHOE pacrpesieicHue
yactull o 00beMy. JKUpOBBIE AMYIIbCUU, TIOTYYCHHBIC
B aKcniepumenTax 24, 25, 27, 31, 34—40, xapakTepusyoT-
Csl y3KUM YHUMOJIQIBHBIM PacIpeieNiecHIeM, HO CPeTHUI
pa3Mep 4acTull He COOTBETCTBYET CPEAHEMY pa3Mepy ya-
CTHI] OPUTHHAJILHOTO Tpernapara. Y 3MyJiIbCUi, OTy4YeH-
HBIX B 9KcriepuMeHTax 28, 29, 32, HaOIroaaeTcsl yHUMO-
JIATBHOE pacIpe/ielieHne YacTHIl ¢ TPeOyeMbIM CPEIHUM

pa3MepoMm, 4To COOTBETCTBYET 3aJAHHOMY JIHaNa30Hy 3Ha-
4eHHit opurHHaIBEHOTO npenapara Iponodon-JTumypo®.

Takum 00pa3oM ycTaHOBIEHO, YTO 00e pazpaboTaH-
HbIE METOJIMKH TMO3BOJISIOT TOIYYHUTh MPOAYKT C Xapak-
TE€PUCTUKAMU, aHAJIOIMYHBIMU NPEABABISEMbIM K OpHU-
ruHaneHOMy TIpemapary IIpomogon-JIumypo®. Tem
HE MEHee, MPEANOYTUTEILHOM SBISIETCS METO/IMKA 2, pa-
00Ta B COOTBETCTBHH C KOTOPOI COKpAIAET BPEeMs IOy~
YeHHs KOHEYHOro npoaykra. Kpome toro, it JocTuxe-
HUS TpeOyeMBbIX MapaMeTpoB (CPeTHEro pasMepa 4acTHIL
M pacrpelesieHus: pa3Mepa 4acTHll 110 00beMy U YHCITY)
HE0OXOAMMO HCIIONB30BaTh MEHbIIEE AaBJICHUE TOMOTre-
HU3AIMH, B PE3yJbTaTe Yero CPoK CIyXObl pabouux ya-
cTeit mpubopa yBenmumBaeTcs. Ko BceMy mpouemy, mpu
JaBiieHur romoreHu3anuu caoiire 80 MIla mpoucxoaut
HarpeB BHYTPCHHEH KaMepbl YCTAaHOBKH U TPOIYKTa,
YTO MOXKET IIPUBECTH K OKUCIIEHUIO KOMIIOHEHTOB, BXO-
JSIIUX B COCTAB SMYJIbCHU.

Tab6auua 4. [TapamMeTpsl rOMOT€HH3AIMU U XapAKTEPUCTUKU SMYIbCHH, ONTyJaeMOi o MEeToaUKe 2

Table 4. Homogenization parameters and characteristics of the resulting emulsion according to method 2

KonuuectBo
Temneparypa | Komugectso Komnyectso | KomuuectBo F—
BHYTPH MUKJIOB TIPH [IUKJIOB MPH [UKJIOB MIPH .
YCTaHOBKH, 40 MIla, mr | 60 MIla, mr | 80 MIla, mr oz DI, | (CeRu 1o ) Pacnipenenenue
R T YaCTHI], HM
e ¢ DEL? WIlEe BT Number Average particle et
Temperature of cycles of cycles of cycles of eveles si fe Ir)lm Particle distribution
inside the at 40 MPa, at 60 MPa, at 80 MPa, y ?
unit, °C cs cs cs DL L,
s pes. pes. pes. pes.
bumonansHOE
21 24 2 - - 464.6 £25.2 .
Bimodal
bumopansHoe
22 24 4 - - 371.7+22.4 .
Bimodal
bumonansHoE
23 24 6 - — 278.0+23.4 .
Bimodal
YHUMOZAJIbHOE
24 24 8 - — 267.1+17.5 .
Unimodal
YHUMOAanbHOE
25 23 10 - - 2449 + 18.1 .
Unimodal
bumonansHOE
26 25 - 2 - 2492 +£26.9 .
Bimodal
VauMopanpHOe
27 24 - 4 - 2253+17.1 .
Unimodal
YHUMOAAJIbHOE
28 25 - 6 — 202.8 +15.8 .
Unimodal
YHuUMOZAJIbHOE
29 26 - 8 — 185.9 +12.1 .
Unimodal
bumopansHoe
30 25 - 10 - 179.2 +£24.5 .
Bimodal
YHUMOAaJIbHOE
31 25 - - - 210.6 +16.4 .
Unimodal
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Tabmuua 4. IIponomkxenue
Table 4. Continued
Temneparypa | KommuectBo | KomuuectBo | Kommgectso Ko::::;g?o
BHYTpH [UKJIOB MTPH LUKJIOB MPH IUKJIOB MTPU .
YCTaHOBKH, 40 MIla, mT 60 MITa, mt 80 MIla, mr fpH lgi)TMHa’ Cpii:f;up ?zlep Pacrnipenenenue
Ne °C Number Number Number Nurmber Average ’a Hticle eI
Temperature of cycles of cycles of cycles o fl(l: cles v sizge Ir)1m Particle distribution
inside the at40 MPa, | at60MPa, | at80MPa, | _° ooy MPa ’
unit, °C pcs. pcs. pcs. >
pcs.
VHUMOIAIbHOE
32 28 - - - 1958 £11.9 .
Unimodal
BumopansHOE
33 29 - - - 181.3 +21.8 .
Bimodal
VHUMOAaIbHOE
34 33 - - - 175.1+114 .
Unimodal
YHUMOJaIbHOE
35 33 - - 10 - 172.0 £ 15.6 .
Unimodal
VauMopanpHOe
36 30 - - 2 180.9 + 14.4 .
Unimodal
VHUMOIQIbHOE
37 37 - - 4 160.8 +13.1 .
Unimodal
VHUMOOaIbHOE
38 42 - - 6 141.4 £10.6 .
Unimodal
VHUMOAaIbHOE
39 44 - - 8 144.5 +£10.1 .
Unimodal
YHUMOIaIbHOE
40 43 - - 10 139.1+11.8 .
Unimodal

B xauectBe Hamboree ONTHMAaIBHOTO OBIT BEI-
OpaH pe3yJbrar, MoJly4eHHbIH B skcniepumente Ne 29.
ITosry4eHHBIN IPOLYKT XapaKTepU3yeTcsl y3KUM YHUMO-
JANBHBIM pacHpeaesiCHHEeM pa3Mepa JacTHII IT0 00beMy

N
W

20

15

10

O6bemuas monst, %
Differential volume, %

W

1.0 10.0 100.0 1000.0
JluameTp, HM

Diameter, nm

@

" guciy (puc. 4) Co CpeIHUM pa3MEepOM YaCTHI B CyO-
MUKpPOHHOH 3Mynbeun 185.9 + 12.1 M.

[Janee Obutn HapaboOTaHbl 5 cepuil SMYIbCUU TIPO-
modosa B COOTBETCTBHE C YCIOBHSMH JKCIIEPUMEHTA

45
40
35
30
25
20
15
10
5

0

Yucnosas a10s1, %
Differential number, %

1.0 10.0 100.0 1000.0
Juamerp, HM

Diameter, nm

(b)

Puc. 4. Bun nuddepennmansHoro pacnpeeneHust 00beMHoit (a) u urcinoBoii (b) 1ou yacTHIl o pazmepam Juisi CyOMUKPOHHON

SMYJIBCHUH, NTOJIYUEHHOH B 9Kcriepumente Ne 29

Fig. 4. Differential distribution of volume (a) and numerical (b) fraction of particles by size for a submicron emulsion

obtained in experiment No. 29
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I.4. MouwkoB
n op.

Tabauna S. Pesynsrars! onpenenenns pH, KonndecTBeHHOTO coziepkanus mpornodoia u A3eTa-NoTeHnuana

B ITOJTYYCHHBIX Cy6MI/IKp0HHI>IX OMYJIbCHUAX

Table 5. Results of determination of pH, quantitative content of propofol, and zeta potential in the obtained submicron emulsions

Howmep cepun (HOMEp/ KonmgectBenHOE Jzera- Cpennuii pazmep
Pacnpenenenue
JlaTa U3rOTOBJICHHUS) cozeprKaHue, I/J1 . norexuai, MB YaCTUIl, HM S
. o p . .
Series No. (number/ Quantitative content, Zeta potential, Aver:flge particle Particle distribution
date of manufacture) g/L mV size, nm
YHUMOIanbHOE
01/15.05.2023 9.97 7.6 35.0 185.5+1.31 )
Unimodal
YHUMOZaIbHOE
02/16.05.2023 9.75 7.4 353 186.1 +1.42 )
Unimodal
YHumozpaneHoOe
03/17.05.2023 9.78 7.7 34.5 185.9+£1.26 )
Unimodal
YHuMonanpHoe
04/20.05.2023 9.99 7.6 34.6 186.2 £ 1.50 )
Unimodal
YHuMonanbsHoe
05/21.05.2023 9.85 7.6 35.1 184.7 +£1.38 i
Unimodal
Cp. 3Ha4YeHUE
9.87+0.13 7.60 +0.09 34.90 +£0.42 185.68 +0.76 -
Average

No 29, nns KOTOpPBIX OMPEENEHBI CIEAYIOIMUe Mapa-
MeTphl: pH, KOIUYEeCTBEHHOE comepKaHue mporodora
U J3era-noTeHnuan. llomydeHHbIe pe3yabTaThl Mpe.-
CTaBJICHBI B TaOII. 5.

AHanmu3 pe3ynbTaToB MOKa3all, 9TO METOAOM IFOMOTe-
HHU3AIUU BBICOKOTO JIaBJICHHUS BOBMOXKHO MOJIYYaTh BOC-
TIPOHU3BOIUMEIC PE3YIBTATHL

[Mokazarenu kadectBa (pH, kommuecTBEeHHOE CO-
JnepkaHue mporodona U pasMep 4acTull) st 5 Ha-
paboTaHHBIX CcepHil AMYJIbCUU Tporodoyia CcooT-
BETCTBYIOT 3HAUCHUSM, XapaKTePHBIM [UIsl JTaHHOU
JeKapcTBEHHON (hOpMbI. 3HAaUEHUE J3€Ta-IOTCHINAA
cocrasiser 34.9 MB.

3AKJIIOMEHUE

B pesynbrare mpoBeNEHHBIX UCCIEIOBaHUN Oblia
paspaboTaHa TEXHOJOTHs TOJy4YeHHS CyOMUKPOHHON
AMYIbCUU Mpomnodoiia s MapeHTePaIbHOTO pUMe-
HEHHSI C MOMOIII0 TOMOTEHH3aTOpa BHICOKOTO JIaB-
nenus. [IpoBejeHue mpoliecca TOMOTCHH3ALUHU TPHU
nasieann 60 MIla B Teuenme 8 LIMKIOB SABIAETCSA
ONTUMAJBHBIM JUISI TIONYYCHHUS SMYJIbCHH C TpeOy-
€MbIMU XapaKTepI/ICTI/IKaMI/I. OTHI/I‘II/ITGJ’[LH&H qepTa
JaHHOMW TEXHOJOTWH 3aKJIF0YaeTCs BO BBEIECHUH Mac-
JIHOM (ha3bl HANMPSMYIO B TOMOTEHH3ATOP BBICOKOTO

JABJICHUS HETIOCPEICTBEHHO BO BpEMs IpoIiecca JInc-
MEPTUPOBAHHUS.

ODU3UKO-XUMUUECKUE XapaKTEPUCTUKHU I10JIyUYEHHON
CYOMHKPOHHOH 3MYJIbCHU Tporodoyia COOTBETCTBY-
10T OpUrMHanbHOMY Tpenapary IIpomodon-JIumypo®.
VYcpenHeHHOE 3HAYCHHE KOJMUYECTBEHHOTO COAEpKa-
HUs mponioosia B 5 HapaOOTaHHBIX CEPHSX COCTaBH-
70 9.87 £ 0.13 r/n, pH 7.60 + 0.09, n3eTa-moreHIMAaI
3490 + 042 wmB, cpeanmii pasmep uacTuIl
185.68 £ 0.76 HM, pacmpeneneHHe YaCTHI] SIBISETCS
YHAMOJAJIBHBIM JIJISI BCEX IONYYCHHBIX IMYIbCHH.

Bknapg aBTopoB

Bce aBTOpBI IPHHUMAIN aKTUBHOE ydacTHe B 00CyxK/e-
HUH, aHAJIM3€e U pa3paboTKe SKCIEPHMEHTa, 00paboTke
HOJIYYCHHBIX PE3yJIbTaTOB, HAIMCAHWM TEKCTa CTaThH
U ee 00CyKICHUU.
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Abstract

Objectives. Exposure to ultraviolet (UV) radiation initiates a photo-oxidative degradation process in plastics that causes broken chemical
bonds, weight loss, and weakened crosslinking, as well as the formation of free radicals and release of volatile substances. The work aims
to study the influence of UV radiation on polystyrene films containing low concentrations of highly aromatic Schiff bases.

Methods. Utilizing the described casting technique, polystyrene films containing a small quantity of strong highly aromatic Schiff bases
were produced. These films were then subjected to 300 h of UV irradiation. Following irradiation, analyses were conducted on the
infrared spectra, weight loss, and surface morphology of the polystyrene.

Results. The surface of the sheets was initially smooth and free of wrinkles. However, following irradiation, remarkable morphological
changes were observed as the surface became more uneven. Intentional perforations and imperfections introduced into the examined
surfaces were used to indicate the degradation of the polymer matrices.

Conclusions. Highly aromatic Schiff bases act as photostabilizers to significantly reduce the extent of photodegradation in polystyrene
films when compared to films with no additives.
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AHHOTaUus

Heaun. Bosneiicteue ynsrpaduonerooro (YOP) H3mydeHnss ”HUIUUPYET Mpo1ecc GOTOOKUCIUTENBHOM Aerpaaliy IacTMAccC, COIpo-
BOXK/IAIOMIUICS pa3pyIIeHHeM XUMHYECKUX CBsI3€H, BBIJIETICHUEM JICTYInX BEIIECTB, KaK CIECCTBHE, ITIOTEpEei MAcChl, a TaKxkKe 00pa3o-
BaHMEM CBOOOIHBIX paauKkaioB. L{ens paboTsl — ycTaHOBIeHUE BAUAHNSA YD-U3TydeHNs HA MOIUCTUPOIBHBIE TUICHKH, COICpPIKaIIHe
HU3KHE KOHIeHTpanuu ocHoBanui lIndda ¢ pacmmpennoi nemnsio conpsykeHuit.

Mertoabl. C HCIOJIB30BAHUEM TEXHOJIOTUH JIUThS MOJMYYCHBI TICHKH M3 TOJIMCTUPOIA, COJAEpIKAIINE HEOONbIIOe KOJIHYECTBO OCHO-
Banmii llnugda ¢ pacummpennoit nensio conpspkenuil. [Ipocnexeno pnusane Y®-00mydeHNs MOTYYEHHBIX IJICHOK (BpeMsi BO3ACH-
ctBus — 300 9) Ha UX CTPOCHHUE, U3YUYCHHOE METOIOM HH(PPAKPACHON CIIEKTPOCKOITUH, Maccy U MOP(OIOTHIO TOBEPXHOCTH.

Pesynbrarsl. M3Ha4yanbHO I1ajikast U HE CoAepKalias 1e(eKTOB NOBEPXHOCTH MOJIUCTHPOJIbHAS IUICHKA IT0CiIe 00Iy4YeHHs TpeTepIie-
BaJIa 3HAYUTENbHbIC MOP(OIOTHYECKIE H3MEHEHNS U CTAHOBUJIACH HEPOBHOM. CieliaH BBIBOJL O Pa3pyILEHHHU MOJIMMEPHOI MaTPHUIIBL.

BeiBonpbl. [Tokazano, uto ocuoBanus Llndda ¢ pacimpeHHol Henbo conpsukeHnit NeHCTBYIOT Kak (HOToCTabmIn3aTopsl, odecriedrnBa-
IOIIME YMEHBIICHUE CTeNeHH (HOTOerpaJjalliy INICHOK U3 MOJIUCTUPOIIA 110 CPABHEHHIO C CUCTEMaMH, He COEPIKAIUMHU 100aBOK ATHX
COEIMHEHHUH.

Kniouesblie cnoBa MocTtynuna: 11.09.2024
[UICHKH M3 TIOJUCTHPOJIA, HHICKC KApOOHUIBHOM TPYMIbI, (POTOOKUCIICHHUE, HAopa6oTaHa: 24.02.2025
(boTonerpaganys, MEPOXoBaTOCTh MOBEPXHOCTH, ocHoBaHus [udda MpunsTa B neyats: 21.06.2025
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Aging effects on polystyrene thin films containing
high aromatic moiety compounds under UV irradiation

Shahad M. Hussain,
etal.

1. INTRODUCTION

Polystyrene (PS), with a molecular weight of
100000 to 400000 is one of the most commonly used
thermoplastic polymers [1]. It is derived from styrene
polymerizationto formeither foamorsolid final structures.
One of its primary benefits lies in its cost-effectiveness
due to being based on inexpensive feedstock materials.
Furthermore, its low weight and chemical inertness make
it impervious to interact with other chemicals, including
acids and bases [2]. As documented in previous reports,
PS is adaptable to various deposition types [3]. However,
it is also non-biodegradable, flammable, and soluble in
various chlorinated solvents. Despite these drawbacks,
PS has been extensively applied in many commercial
products, from simple packaging to intricate engineering
tasks [4]. The arrangement of phenyl groups along the
polymer chain influences PS’s crystallinity [5]. Due
to random phenyl group positioning, commercially
valuable atactic PS is amorphous, while syndiotactic PS
is crystalline with phenyl groups formed alternately on
both sides of the polymer chain [1].

The main environmental variables affecting the
durability of polymers used in outdoor settings are solar
irradiation, weather patterns, temperature, humidity,
and pollutants. When these factors are compared,
ultraviolet (UV) radiation is generally considered to
be the most significant [6]. Due to high oxygen levels
and the UV sensitivity of microplastics (MPs), multiple
aging processes occur upon their discharge to landfills
or the environment. Some of the steps in these processes
include direct exposure to UV radiation from the sun,
thermo-oxidative breakdown, physical stress, and
biodegradation. The high commercial value of atactic
PS is due to its amorphous structure, which derives from
the randomly positioned phenyl groups. In contrast,
syndiotactic PS has an alternating arrangement of phenyl
groups along the polymer chain, resulting in a crystalline
structure [1].

As a result of aging processes, cracks and fragmentation
are developed within plastic polymers [7, 8]. MPs
constitute tiny fragments of synthetic polymers
discovered in freshwater, marine ecosystems, sediment,
and within living organisms. These particles significantly
threaten aquatic environments and organisms, causing
ecological harm through ecotoxicological pathways [9].

By altering the surface properties of plastic
debris, the above-described processes escalate the
release of intermediary chemical additives including
pigments, antioxidants, flame retardants, stabilizers,
and plasticizers. As a consequence of their discharged
from MPs, such additives introduce harmful chemicals
into marine ecosystems [10]. Moreover, due to their
diminutive size, high hydrophobicity, rugged particle

surfaces, and enhanced mobility, MPs can absorb
various organic pollutants in aquatic environments.
Consequently, there has been a surge in interest
in investigating the potential ecotoxicological
ramifications of MPs as carriers of pollutants [11].
The present work sets out to demonstrate the
efficiency of adding highly aromatic Schiff bases at
low concentrations as photostabilizers as a means of
mitigating the photodegradation of PS films under
extended UV irradiation. This provides another means
to enhance the photostability of polymeric materials
in addition to those presented previously [12—14]. The
described Schiff bases, which function as UV absorbers
and stabilizers, can be incorporated into PS to improve
its resistance to photodegradation. In order to prevent
PS photodecomposition, such stable compounds are
required to have a high concentration of heteroatoms
and aromatic moieties such as phenyl and heterocycles.
In the present study, we demonstrate the effective use
of highly aromatic Schiff bases at low concentrations
as photostabilizers to significantly reduce the
photodegradation of PS films under 300 h UV exposure.
This work contributes to ongoing research on the
photostabilization of polymeric materials.

2. MATERIALS AND METHODS
2.1. Chemicals and devices

The PS used in this study was obtained from
Sigma-Aldrich  chemical company (Gillingham,
United Kingdom). Fourier transform infrared (FTIR)
spectra spanning the range of 4000-400 cm ™' were
acquired using a FT/IR-4200 spectrometer (Jasco,
Tokyo, Japan). The PS films underwent irradiation
at a temperature of 25°C, a maximum wavelength of
365 nm, and an intensity of 6.43 - 1072 ein/dm?-s. This
irradiation process was conducted using a QUV tester,
an accelerated weather meter sourced from the Q-Panel
company (Homestead, FL, USA). The surface of
the PS films was analyzed using a Veeco Instrument
atomic force microscope (AFM) (Plainview, NY,
USA). Scanning electron microscopy (SEM) was also
employed to examine the PS surface. This process,
which utilized an Inspect S50 microscope from the
FEI Company (Czechia, Czech Republic), was operated
at an accelerating voltage of 15 kV. Microscopic
images of the PS surface were captured using a Meiji
Techno microscope (Tokyo, Japan). The thickness of
the PS films was measured to be approximately 40 pm
using a Digital Vernier Caliper 2610 A micrometer from
Vogel GmbH (Kevelaer, Germany). The films were
supported using aluminum plate stands with a thickness
of 0.6 mm from Q-Panel company (Homestead, FL,
USA).
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2.2. Synthesis of the compounds
2.2.1. Synthesis of compound 1

A solution consisting of 5 mL of hydrazine hydrate
(Merck, Germany) and 10 mL of 0.079 mol methyl
benzoate (Merck, Germany) was refluxed for 4 h.
Following this, 8 mL of ethanol was added, and the
mixture was refluxed for an additional hour. After
cooling, the product was separated via filtration and left
to dry in readiness for the next step [15].

2.2.2. Synthesis of compound 2

34 g of benzohydrazide (0.024 mol, Merck,
Germany) was dissolved in 30 mL of absolute ethanol
(Alfa Chemical Co., China) along with 2 g potassium
hydroxide (0.035 mol, Merck, Germany) and stirred
for 15 min. Following this, 2 mL of a 0.033 mol carbon
disulfide solution (Fisher Scientific, MA, USA) was
added and the mixture was continuously stirred for 18 h
until it became homogeneous. Subsequently, 10 mL
of hydrazine hydrate (Merck, Germany) was added to
the potassium xanthate (Merck, Germany) product.
The resulting mixture underwent reflux with stirring,
resulting in a homogeneous solution that is associated
with the release of hydrogen sulfide gas. The reaction was
stopped when the release of hydrogen sulfide ceased (as
indicated by the absence of a reaction with lead acetate
paper). After filtration, the reaction mixture was diluted
with 10 mL of cold water and acidified using concentrated
hydrochloric acid (4lfa Chemical Co., China), resulting
in the formation of a white precipitate [15].

2.2.8. Synthesis of compound 3

The compound 2 (2 mol, 1 g) was combined with
terephthaldehyde (1 mol, 0.3 g, Merck, Germany) in
10 mL of dimethylformamide (DMF, Alfa Chemical Co.,
China), along with two drops of glacial acetic acid
(Alfa Chemical Co., China). The mixture was then
refluxed for 7 h. Following this, the solution was cooled
to prompt the precipitation of the product, which was
then washed with ethanol [15].

2.2.4. Synthesis of compounds 4 and 5

0.5 g of sulfamethoxazole (Merck, Germany, to prepare
compound 4) or methyldopa (Merck, Germany) to
prepare compound 5) along with 0.2 mL triethylamine
(0.001 mol) were dissolved in 10 mL of DMF in two
50 mL round bottom flasks each fitted with a magnetic
stirring bar. The flask was cooled to 0°C for 30 min
while stirring, and then 0.1 mL of 0.001 mol chloroacetyl
chloride was slowly added in small portions. The
mixture was stirred overnight at room temperature
(25°C). Following reaction completion, the mixture
was transferred into ice water, filtered, and the product

was washed with water. The yields were purified using
ether [16].

2.2.5. Reaction of compound 3
with compounds 4 and 5

Compound 3 was dissolved in 10 mL of DMF
in a round bottom flask utilizing 1 mol (0.1 g) of
the compound. Following complete dissolution,
2 mol (0.05 g) of K,CO; was added. Subsequently,
compounds 4 and 5 were added in a total amount of 4 mol
(0.2 g). The mixture was stirred for an extended period and
then transferred into a container of ice water. Following
this, the mixture was filtered and the resulting solid was
allowed to desiccate in readiness for the subsequent
reaction [17]. By this means, compounds 6 and 7 were
prepared.

2.3. Preparation of PS films

5 gram of PS was stirred in 100 mL of chloroform (Merck,
Germany) for 90 min at 25°C. Compounds 6 and 7,
weighing 25 mg and constituting 0.5% of the total weight,
were added to the PS solution. The resulting mixture was
stirred for 30 min at 25°C. The homogeneous mixture
was then poured onto clean glass slides to a thickness of
approximately 40 um and allowed to dry for 24 h at 25°C.

2.4. Accelerated UV weathering

The films were subjected to 300 h of accelerated
UV weathering testing using the QUV tester from
O-Panel company (Homestead, FL, USA). During each
weathering cycle, the films were continuously exposed
to UV radiation having a maximum wavelength of
365 nm and intensity of 6.43 - 107 ein/dm?>-s. Testing
intervals were set at 0, 50, 100, 150, 200, 250, and
300 h of exposure at a temperature of 25°C. After each
duration of exposure, every group underwent extraction
for measurements.

2.5. Monitoring UV degradation
by FTIR spectrophotometry of PS films

Under photolytic conditions, PS degradation occurs,
resulting in the generation of small polymer fragments
containing carbonyl (C=0) groups. The FTIR spectra
of the irradiated PS films were measured at different
irradiation durations. The functional group index (/-_,)
was determined by calculating the absorbance of the
functional group (4._y) and the reference peak (4,)
using Eq. (1) [18, 19].
Ac-o0

leo = 4 (M
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2.6. Weight loss of PS films Table 1. Physical properties of compounds 1-7
The sheets were weighed before irradiation (W) and No. | M,wt% | Yield,% | Color | Melting point, °C
after irradiation at different time intervals (/). The )
o . ! 1 136.15 50 White 112-114
estimation of the polymer weight loss percentage due to
irradiation was calculated using Eq. (2) [19]. 2 192.24 96 White 200-202
W.—W. 3 482.58 61 Orange 300
Weight loss (%) = —>——Lx100. ()
W0 4 329.50 40 Orange 110-112
5 287.50 70 Brown 250
3. RESULTS AND DISCUSSION
6 1069.18 50 Yellow 250
This synthesis process yielded compounds 1-7, which ’ 985.06 63 Brown 130-131
were utilized in the fabrication of PS films. The
compounds were obtained with yields ranging from Compound 1 was synthesized by reacting salt
40% to 96% (Scheme). Table 1 presents the physical with hydrazine hydrate. The synthesis was confirmed
characteristics of compounds 1 to 7. using an FTIR device, which detected a peak at
N-

(o]
Q_{ N,H, H,0, EtOH @_40 _ KOH.CS, @4
—_—
OMe HN-NH, "NaHaH,0, EtOH

1

X o\

2

o <

- Cl (o] T

HzN%i :%s\ NH QLCI o HNOS/’—NH £

e — \
Jw | ° 1 o
_N_ 4 N\O Me
K,CO,
o o o \
HO C'ka HO
X OH — X OH =N
Meé NH, \ Me NH SH N—N_ ¢
HO N HO K& Nz< ; / Y
5 0 rON— HS
N
cl
K,CO; 3
SV (o] S N—N y
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Scheme. Synthesis of compounds 1-7
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1632 cm™! corresponding to the C=N group of the triazole
ring. Two distinct stretching vibration bands additionally
observed at 3294 and 3189 cm! were attributed to the
NH, group. The FTIR spectra of the prepared Schiff base
indicated the disappearance of the stretching band of the
primary amine NH, at 3294 and 3189 cm!. In contrast,
astretching band at 1657 cm™!, associated with the creation
of the imine group HC=N, appeared. Table 2 shows the
FTIR analysis for compounds 2—7, and Fig. 1 shows
FTIR spectra for compounds 2-7. Furthermore,
Table 3 and Figs. 2 and 3 present the 'H nuclear magnetic
resonance (NMR) and '3C NMR characteristic spectra,
respectively, for compounds 2, 3, and 6.

Table 2. FTIR characteristic spectra for compounds 2—7

1

No. Frequency numbers, cm™

3294 and 3189 cm ™! for asymmetric and symmetric
2 [NH,], 3002 cm™! for [C-H] aromatic, 2663 cm™! for
[S-H], 1632 cm™ for [C=N], and 662 cm™! for [C-S]

Table 2. Continued

1

No. Frequency numbers, cm™

3067 cm™! for [C-H] aromatic, 2932 cm™! for [C-H]
3 aliphatic, 2752 cm™ for [S-H], 1657 cm™! for [C=N],
and 688 cm™! for [C-S]

3040 cm™! for [C—H] aromatic, 1620 cm™! for [C=0]
4 of amide, 3332 cm™ for [NH], 2982 and 2930 cm™!
for [C—H] aliphatic, and 715 cm™! for [C—Cl]

1691 cm™! for [C=0] of amide, 3050 cm™! for [C-H]
5 aromatic, 2983 cm ™! [C—H] aliphatic, 1655 cm™!
for [C=N], and 763 cm™! for [C—C]]

1612 cm™! for [C=N] of Schiff base, 1518 cm™!
for [C=N] of triazole ring, 1661 cm™! for [C=0] of amide,
6 1149 cm™! for symmetric [S=0], 1302 cm™!
for asymmetric [S=0], 3058 cm ™! for [C—H] aromatic,
2965 and 2931 cm™! [C—H] aliphatic

1613 cm™! for [C=N] of Schiff base, 1502 cm™!
for [C=N] of triazole ring, 1663 cm™! for [C=0] of amide,
3051 cm™! for [C-H] aromatic, 2991 and 2931 cm™!
[C—H] aliphatic

Table 3. 'H NMR and '3C NMR characteristic spectra for compounds [2, 3, and 6]

No. Structure Chemical shift, ppm
b a N TH NMR shows: & = (7.5 ppm, 8.05 ppm, m)
~N for protons at the aromatic ring, (5.9 ppm, s)
c ¢ / ‘ for NH,, and (10 ppm, s) for SH
2 d f
N 13C NMR shows: & = (166.8 ppm) for carbon at f,
| SH (149.4 ppm) at e, and (128, 128.4, 128.9,
NH, and 130.4 ppm) for carbons at a, b, ¢, and d
i 'H NMR shows: § = (8.02 ppm, s) for protons
at aromatic ring that bonded to C=N, (8.3 ppm, s)
h for HC=N, (14.4 ppm, s) for S-H, and (7.65,
€ 7.66, and 8.06 ppm, m) for protons at aromatic
F ring bonded to 1,2,4-triazole
3 a a o
N ’ b =\ 13C NMR shows: & = (162 ppm) for carbon at c,
‘ N—N=—=C C=—N—N ‘ (165 ppm) for carbon at d, (148.7 ppm)
N=—_ _—N for carbon at e, and (129.3, 135.5, 130.7, 128.4,
a a >d/ and 129.2 ppm) for carbons at aromatic rings
SH HS (a, b, f, g h)
N’i H_ gi‘N
H N—N=EO—C—N—N N
H2C/S S\CH2 TH NMR shows: & = (8.01 ppm, s) for protons
. 0:(:: at aromatic ring bonded to C=N, (8.3 ppm, s)
6 ne HN for HC=N, (4.04 ppm, s) for CH,, (2.3 ppm, s)
© for CH,, and (7.5-8.1 ppm, m) for protons
at aromatic rings
Hﬁl ° N. /N\ NH
t_(o O)J
CHas HaC
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Compound 7

Compound 6

CompouRd 5

Compound 4

Compound 3

i

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm™!

Fig. 1. FTIR for compounds 27
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Fig. 2. "H NMR for (a) compound 2 and (b) compound 3
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| Fig. 3. Continued. 1*C NMR for (b) compound 3
3.1. Chemical structure changes 1.2
The aging of polymer materials entails irreversible 10 =
alterations in their characteristics due to exposure 0.8 PSI+7
to light, heat, ambient air, oxygen, and sun rays. j 0.6 PS 6
A heightened overall impact of weathering occurs
due to the combination of multiple agents in aging 04
processes. Photodegradation of polymers involves 02
both crosslinking and chain scission reactions to
0 50 100 150 200 250 300 350

significantly alter their physical properties. FTIR
spectroscopy has been successfully employed to
analyze the chemical changes occurring during the
UV irradiation period as a means of understanding
photooxidation processes [20]. The carbonyl group
index (/._,) was determined using Eq. (1). The
intensity of the signal corresponding to the absorption
of the C=0 group at 1720 cm ! was significantly
higher following irradiation as compared to before.
Figure 4 illustrates the variations observed in /-_,
as the irradiation time ranged from 0 to 300 h. In
contrast with the blank PS film, films containing
compounds 6 and 7 (0.5 wt %) exhibited reduced
carbonyl group indices after irradiation. The results
demonstrated the successful utilization of these
compounds, particularly compound 6, to enhance the
photostability of the PS films.

Irradiation time, h

‘ Fig. 4. Carbonyl index during UV exposure

3.2. Weight loss of PS films

When subjected to high temperatures and prolonged
UV exposure, polystyrene undergoes a rapid color change
from colorless to yellow and gradually becomes more
brittle. This results in the formation of tiny fragments
and a reduction in overall polymer weight [21]. The
weight loss of PS films exposed to UV irradiation for
a maximum of 300 h was determined using Eq. (2).
Figure 5 illustrates the changes in the weight of the
PS material after exposure to radiation for 300 h. The
polymer experienced significantly greater weight loss in
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the blank PS film compared to the PS films containing
compounds 6 and 7. Compound 6 exhibited the lowest
weight loss.

1.4
1.2
1.0
0.8
0.6
0.4
0.2

Weight loss, %

0 50 100 150 200 250 300 350

Irradiation time, h

Fig. 5. Weight loss percent during UV exposure

3.3. Morphology analysis

An SEM study was conducted on the surface of PS films
to identify any alterations caused by photooxidation in
the various samples. The surface of the films was initially
smooth and devoid of wrinkles. However, significant
morphological changes were observed following
irradiation as the surface of the films became more
uneven [22]. Intentional perforations and imperfections
were additionally incorporated into the surfaces under
investigation to reveal the degradation of the polymer
matrices. Typically, the evaluated specimens grew more
fragile after being exposed to 300 h of irradiation (Fig. 6).

AFM is a commonly used method for studying
the surface structure of polymeric materials [23, 24].
Figure 7 shows the AFM images of the PS film

Fig. 6. SEM micrographs of PS films after 300 h of UV exposure
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Fig. 7. AFM images for PS blank film after 300 h of UV exposure
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| Fig. 8. AFM images for PS films after 300 h of UV exposure

without any compounds, while the PS film with
compounds 6 and 7 after exposure to radiation for 300 h
are depicted in Fig. 8. The presence of black specks can
be attributed to residue originating from the PS matrix.
The surface of the PS film containing compound 6 after
irradiation exhibited a smooth texture.

4. CONCLUSIONS

This study investigated the effects of aging on PS thin
films containing highly aromatic Schiff bases under
UV irradiation. The analysis of the performance using
FTIR spectroscopy, weight loss measurements, and
morphology testing revealed several key findings.
Photostabilization by the synthesized aromatic
compounds, especially components 6 and 7, reduced
PS film photodegradation after 300 h of UV exposure.
FTIR spectroscopy revealed a decrease in carbonyl

4000 29.8142
3500 25.0000
3000
5500 20.0000 PS+6
2000 15.0000 £
1500 10.0000
1000

500 5.0000

q. 0

nm
32.74

0.00

29.81

0.00

group indices in films containing these compounds,
which indicates a reduction in photo-oxidative
degradation compared to the blank PS film. Moreover,
weight loss measurements corroborated these findings
by showing significantly lower weight loss in films with
compounds 6 and 7. In addition to the photostabilization
effects, morphological analyses via SEM and AFM
showed that films containing the aromatic compounds
had smoother surfaces and fewer cracks. These results
highlight the potential of highly aromatic Schiff bases for
use as photostabilizers to reduce PS film photodegradation
and increase UV film durability and longevity.
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AHHOTauunA

Leau. O006UIMTH pe3yabTaThl HCCIIEI0BAHUI U ChOPMYTHPOBATH OCHOBHBIE 3aKOHOMEPHOCTH BIUSHHS HOHOB pe/iKo3eMenbHbIX (P3M)
1 epexoaHbIx MetaioB ([IM) Ha ¢popmupoBanue, $pa3oBblii COCTaB U ONTUYECKHE CBOMCTBA OKCUHUTPHIA ATFOMUHUS (aJloHa).

Pe3yabrarsl. [IpoBeseH aHanu3 JUTEpaTypHBIX AAHHBIX, BKIIOYAsl PE3yJIbTaThl COOCTBEHHBIX HCCIEJOBAaHUN aBTOPOB, KACAIOLLUXCS
aJIOHOB, JernpoBanHblX HoHamu P3M u [IM. Paccmorpeno BinusiHue no6asok P3M u I[IM nHa dopmupoBanue anona u ero ¢as3oBblii
COCTaB M ONTHYECKHE CBOMCTBA.

BuiBoabl. YcraHoBieHO, uTo BBeneHre noHoB P3M u [IM ciocoGceTByeT 00pa3oBaHmio a3kl aIOHA MPH BEICOKOTEMIIEPATYPHOM CHHTE-
3€ U3 OKCHJA U HUTpHJIA aTfoMUHUSL. OKCUHUTPHIHAS MaTpUIla MPOSIBISIET BOCCTAHOBUTENbHbBIE CBOMCTBA Kak B oTHomeHH P3M, Tak
u [IM. JlerupoBanue nonamu P3M mpuUBOIMT K TONYYCHUIO MATEPUANIOB, 00T JAFONIIX JTFOMUHECIICHTHBIMU CBOMCTBAMH B BUJAUMOM
nuaraszone. Jleruposanue nonamu [IM BiusieT Ha MMPUHY 3aNPELISHHON 30HBI aJI0HA KaK MOJIyNpoBoAHUKA. [Ipenesnsl pacTBOpUMOCTH
BCEX METAJJIOB B MaTpUIle aJlOHA HE MPEeBbIIAT 1-2 ar. % OTHOCUTENbHO amtoMHUHHUs. KOHIIEHTpallMOHHOE TyIIeHUE JTIOMUHECIIEHIINU
HaOmonaercs npu coxepxkanun P3M ot 0.1 1o 0.5 at. %.
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Aluminum oxynitrides doped with rare-earth

and transition metal ions

Nailya S. Akhmadullina'*, Aleksey V. Ishchenko?

' A.A. Baikov Institute of Metallurgy and Material Science, Russian Academy of Sciences, Moscow, 119991 Russia

2 Ural Federal University, Yekaterinburg, 620062 Russia

™4 Corresponding author, e-mail: nakhmadullina@mail.ru

Abstract

Objectives. The work set out to summarize the results of the studies of aluminum oxynitrides (AIONs) doped with rare earth (REM)
and transition metals (TM) and to highlight the main effects of REM and TM dopants on the formation, phase composition, and optical
properties of the AION.

Results. The presented analysis of the literature data includes the results of our own studies of the AION doped with REM and TM ions.
The influence of REM and TM additives on the formation of AION and its phase com position, as well as optical properties, was
considered.

Conclusions. It is clearly shown that the doping with REM and TM ions enhances the formation of pure AION phase via high-temperature
synthesis from oxide and nitride. The oxynitride matrix exhibits reducing properties with respect to both REM and TM. Doping with the
REM ions leads to the emergence of luminescent properties in the visible range, while doping with TM ions affects the band gap in AION
as a semiconductor. The solubility limits of all metals in the AION matrix do not exceed 1-2 at. % vs Al. Concentration quenching
of luminescence is observed at REM contents from 0.1 to 0.5 at. %.
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BBEOEHUE

Oxcuj aIIOMHHHUSI B €r0 TPUTOHAJIBHON MOAN(HUKAIUT
a-Al,O;, M3BECTHBIN TakKe KaK KOPYH]I, HAIIEN NIMPO-
KO€ MpUMEHEHHe Onarojapsi CBOei TepMHUUECKOW U XH-
MHYECKOM CTOHKOCTH, a TakKe BBICOKUM (HU3UKO-
MEXaHUIECKNM XapaKTepHUCTHKaM — TBEPIAOCTH H ITPOU-
HocTH [1]. Marepuanom cieayrouero nokoJeHus mo oT-
HOIICHUIO K OKCHJY AJFOMHMHHUS SBISIETCSI OKCHUHUTPU
AJFOMHHUS, TTO-JIPyroMy HaszbiBaeMblii amoHoM (AION).
AnoH u3BecteH npumepHo ¢ 1960—1970 rr., korna ObuIa
MOJTHOCTRIO omnucaHa (a3oBas AuarpamMma TCeBIOOH-
HapHo#t cucrembl AIN-Al,O; [2-5]. Knaccnueckas ¢a-
30Bas JuarpaMma 3TOH CHCTEMbl, IOCTPOEHHAs B MpeJ-
MOJIO’KEHNH, UTO aTMOC(hepoii sIBIsSETCs TOK a30Ta, ObLIa
BIIepBbIe mpencrasieHa B [6]. CormacHO 3TUM JaHHBIM,
QJIOH TPEICTaBISIET COO0M TBEPBII PACTBOP B CUCTEME
AIN-AL,O; ¢ 10CTaTOYHO MKMPOKOH 00IACTHIO TOMOTEH-
Hocth. Paza y-AlON mMeeT KpHCTaNTMYEeCKYIO CTPYyK-
Typy mmuHenbHOro tuma (mp. rp. Fd3m). Kak dasy

nepemennoro cocrasa Alg, . 2,05, N (0 <x <38) ee,
KaK MpaBWJIO, PACCMAaTPUBAIOT B MOJENIN MOCTOSHHBIX
AHMOHOB, Kak ObLI0 mpeanoxkeHo Makkonu [3]. Ee cre-
XHUOMETPHUYECKHI COCTaB B ATOM cliydae (mpu x = 5)
onpezensieTcs opmynoi Aly;0,,Ns (SAIN-9AL,0;).
B sT0l1 MOIIENM IPUHUMAETCS, YTO B KPUCTAJUIMYECKON
pemIeTKe MIMUHETBHON (Pa3bl aHNOHHBIC TO3UIMH IT0JI-
HOCTBIO 3aHSATBI KUCIIOPOJOM U a30TOM, B TO BpeMs Kak
KaTHOHHBIC TMO3UIUK 3aHATHl AIFOMUHHEM M COJIepKar
BakaHcuu. CpaBHUTEIBHO HEJABHO MPOBEICHHOE KBaH-
TOBO-XMMHUYECKOE MOJICIMPOBAHUE MOATBEPIUIIO MpE-
MOJIOKEHUE O CTPYKTYpE TaKOTO THIIAa Kak Hauboee Be-
positHOH [7]. YKa3aHHBI COCTaB COOTBETCTBYET CONEP-
xannio AIN 35.7 mon. % n Al,O, 64.3 mon. %. Jlpyroii
4acTO MPUITUCHIBAEMBIN COCTAB OMUCKIBACTCS (popMyIoi
AlO(N (AIN-2A1,0;) B COOTBETCTBYET CONEPIKAHMIO
AIN 33.3 momn. % u Al,O, 66.7 mon. %. Tounbli cocTas
3aBHCUT OT MCXOIHBIX KOMIIOHEHTOB U METOJla CHHTE3a.
[Momumo y-AlON B crucTeme CyImIecTByeT elle psiji cMe-
IIAHHBIX ~ OKCHUAHO-HUTPHIHBIX (a3, B  KOTOPBIX
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npeodaaeT HUTPH aJTFOMUHUS B KOTOPbIE, TAKUM 00pa-
30M, pacCMaTpHBAIOTCS B KadecTBe MONMHUTHIIOB AIN:
27R (7TAIN-Al,O5),21R (SAIN-AL,0O5), 12H (4AIN-Al,O5)
u npyrue (cumBoiel R 1 H o6o3HayaroT pomOo3apuye-
CKHE W TeKCaroHaJbHBIE (a3bl COOTBETCTBEHHO).
C apyroii CTOpOHBI, CYHIECTBYIOT OKCOHUTPUAHBIE (hazbl
coctasa Al ;O 5N (¢'-AlON, AIN-5A1,0;) n Al,,049N
(¢-AION, AIN-13Al,05,).

Cpenu Bcex mnepeducieHHbIX (a3 umeHHo Y-AION
HACJIEYeT BBICOKYID TEPMHUYECKYI0O W XUMHUYECKYHO
CTaOMIIBHOCTh M MPOYHOCTH KOPYHIA, JOOABISISI K HUM
YCTOHYMBOCTh K BBICOKOCKOPOCTHOMY HArpyXeHHIO,
Onmarojiapsi YeMy | IpHBICKAeT BHUMAaHHE HCCIE0Ba-
Teneil Ha mpoTsokeHUH BoT yxke 50 ser [8, 9]. Cpemn
MHOXECTBAa IIPUMEHEHUI alloHa MOXKHO BBIIEIHUTH TO-
JIydyeHHEe IPO3padHoil KepaMMKH [S5] U HCIIOJIb30BaHUE
B Ka4eCTBE MAaTPHIIBI JTIOMUHO(POPOB TSI H3TOTOBJICHUS
CBETO/IMOJOB, B TOM YHCJIE CBETOAHONOB OENoro cae-
ta (white light-emitting diodes, WLED) [10], koTtopsie
Ha CCTONHSIIHUN ICHb IMOKA3hIBAIOT OOJIee IIUTEIbHBIC
CPOKH CITy>KObI, BEICOKYIO CBETOOTJa4y M HU3KOE dHEp-
ronoTpedieHHe MO0 CPAaBHEHUIO C TPOYUMH HCTOYHHKA-
MH CBETa, a KpoMme Toro, Ooiee skoiormuHsl [11-13].
B Hactosimee Bpemsi komMmepuecku gocTtynHeie WLED
MOTYT OBITh HM3TOTOBIICHBI MyTeM KOMOWHAIMM YW
InGaN c smuccueli B CHHEM AHMAana3oHe CIIEKTPa U Kell-
toro smomuHopopa Y;AlO,, (YAG:Ce) [14]. Onnako
stor Tl WLED nmeet HU3KMI MHIEKC 1IBETONIEPEIAUN
U BBICOKYIO KOPPEJIMPOBAaHHYIO LIBETOBYIO TEMIIEpaTy-
py (KLT) u3-3a OTCYTCTBUSI JOCTATOYHOIO M3ITY4EHUS
B KpacHoOU obmactu [15, 16]. lns pemenus 3Tod mpo-
onembl ObiTH co3nanbl WLED Ha 0CHOBE TpeXIBETHBIX
JTFOMHHO(OPOB M CBETOAMOAOB, U3ITYyUYAIOIIUX B OJNMK-
Hel ynerpaduoneroBoit (Y®P) obmactu. DTOT moaxon
CUMTaeTCsl HamOolee MEepCIEeKTUBHBIM, ITOCKOIBKY Ta-
ke WLED neMOHCTpHUPYIOT OTNIMYHYIO I[BETONIEpENATY
u Hu3Kyto KT npu Beicokoit adextuBHOCTH [17, 18].
AKTyaJbHBIM SBJISIETCS IOMCK HOBBIX JIIOMUHECIIEHTHBIX
MarepuaioB, 00ECHEeYMBAIOIMX CBEUYEHHE B KPACHOM,
CUHEH U 3eJIeHOM 001acTH CIieKTpa.

Anon B ¢opme mopomrka, Kak MPaBUIIO, TOIyYaroT
TNIOCPEJICTBOM peakinu Mexty nopoukamu AIN n Al,O,
C HEKOTOpbIMH J00aBkamMu. Takas peaxiust MOXET
OBITH OCYIIECTBIICHA TIOCPEACTBOM IIIa3MEHHO-TyTOBO-
r0 CHHTE3a, KapOOTePMHUICCKOTO BOCCTAHOBJICHUS WU
€aMopacpOCTPAHSIOIIETOCs  BBICOKOTEMIIEPATYPHOTO
cunTesa [5, 19-21]. [lnst u3roToBICHUS W3AECTUN TOTY-
YeHHBIN TOPOIIOK ajloHa (POPMYETCSI M CIICKAeTCs IpU
temneparypax >1850°C B TeueHue UIMTENBHOTO BpeEMe-
HU B atMocdepe azoTa (IyTeM criekaHus 0e3 JaBIeHNUs),
a TaKkKe ¢ TOMOUIbIO TOPSYEro NPEeCcCOBaHUs, rOPsiuero
M30CTaTUYECKOTO MPECCOBAHMS WIIH PEAKIIMOHHOTO CIIe-
kauus [22]. Taxxe ObUIO MCCIIEIOBAHO MCIIOJIb30BAHUE
MEPEXOMHOTO KHUIKO(PA3HOTO CIIEKAHHS, MPH KOTOPOM

Marepual rmepeMeniaeTcs U3 o0JacTH KHUIKOTO/TBEpaO-
TO COCTOSIHHSI B 00JIaCTh TBEPIOTO PacTBOPA, MOCKOIb-
Ky JKUAKOCTh pearupyeT ¢ ¢azoii AION u BkIouaeTcs
B HEE 110 Mepe yIIOTHEHUs [5, 23].

OKCUHUTPUADbI aJIIOMUHNS,
JiermpoBaHHble uoHamu P3M

OKCUHHUTPU]L aIIOMUHHS MOXKET OBITH JIETUPOBaH MOHA-
MU pa3IMYHBIX METAJIOB JUIS PUAHUS ONIPEICICHHBIX
cBoiicTB. JlermpoBanme wnonamu P3M wucnons3yercs
KaK Juid yiydiieHus (U3NKO-MEXaHHYECKUX Xapakre-
PUCTHK, TaK W JJIsl IPUJAHUS aJOHY JIFOMUHECIICHTHBIX
CBOMCTB. B 4WacTHOCTH, BBEJCHUE B COCTaB aJOHA HMO-
HoB Y3' u La®" cnocobeTByer ynmioTHennio Marepuana
Ha ctaauu cnekanus [24-30]. MapTuH U Jp. UCIIOIb-
3oBanu 0.5 mac. % Y203 B KayeCTBE CIEKaromeH J0-
0aBKM A7 YIUIOTHEHHUS W MOBBILIEHHUS OIHOPOAHOCTH
Ha YPOBHE MHUKPOCTPYKTYpBI ajJlOHA METOIOM ropsiue-
ro npeccoBaHus [24]. AHanmoruuHeiM oOpa3om, Banr
U JIp. IPUTOTOBUIIM Tpo3padnyto kepaMuky AION (tos-
muHOK 2 MM) ¢ ucnonb3oBanuem 0.12 mac. % Y,0,
u 0.09 mac. % La203 B KaueCTBE CIEKAIOMMX J00aBOK,
JIOCTUTHYB mponyckanus ~84% mpu 1100 aM s 00-
pasua ToNuHON 4.2 MM I0CJ€ TOPSYero n3ocTaruye-
CKOI'O IIPECCOBAHUS B TEUEHHE 2 U IPU TEMIIEparype
1900°C [26]. Tem He MeHee, 3Ta KepaMHUKa XapaKTepH-
3yeTcs KPYMHBIMH 3€pHAaMH, MOCKOJIBKY IpH JTAHHON
TeMIepaType pOCT 3epeH IPOUCXOAUT HE TOIBKO 3a CUET
VIUIOTHEHUs, HO W CTUMYyJIupyerca aobaBkamu [27].
B nanpHeiimeM paspaOoTaHHBIH MeTOn OBIT ycoBep-
meHCcTBOBaH [29], u npo3pauHas kepamuka AION ¢ ana-
JIOTUYHBIMU XapaKTEepUCTHUKAMM Oblla IMOJy4YeHa Mpu
Oosiee HU3KOM COJCPKAHUM CHEKAIOUIUX J100aBOK —
0.08 mac. % Y,0; u 0.02 mac. % La,0O5. Jlo6anenne
nornonHutensHo 0.2 mac. % MgO mo3BOJIUIO MONTYYUTh
U3 [TOPOIIIKA aJI0OHA KOMITAKTHBIM MaTepra 00KUrom 6e3
nasienus ipu 1900°C B Teuenue 24 4, mpu 3TOM OTHO-
CUTeIbHAasl IVIOTHOCTh MOJIy4e€HHOTo 00pasia cocTaBuia
99.9% [30]. JI>kuH u Jp. TakKe CIeKalu ajJoH 0e3 JaBiie-
Hust, uenonu3yst 0.08 mac. % Y,05, 0.025 mac. % La, 0,
u 0.1 mac. % MgO B xayectBe n00aBoK. [lomyueHHbII
oOpaser] TonumHONH 1 MM Men nporryckanue ~81% mpu
nmuHe BomHb! 1100 M [25].

Benenune B cocraB anona apyrux P3M, a Taxxke
Hekotopeix IIM, B mepsyto ouepenr Mn*', wucrmosnb-
3yeTcss Ui TpUAaHus 00pasily JFOMHHECIICHTHBIX
cBoiicts [31, 32]. Jleruposanue nonamu Eu?* nmossomnser
MOJy4aTh JIIOMUHO(OPBI cHHE-3eNieHoTo cBeTa. KukkaBa
¢ coaBT. [33] cooOmwiM O CHHTE3e IOMHHO(POPOB
AION:Eu?" mocpeacTBoM a30THPOBAHHS aMMHAKOM OK-
CHU/Ia AJTFOMHUHUS, IPUTOTOBICHHOTO U3 HUTpPATa aJlFOMH-
HUSI 30JIb—TelTb METOIOM C T0OAaBICHUEM HHUTpPaTa €Bpo-
nus. CHHTE3 BKIIIOYA CTaJMU a30THUPOBAHUS, KOTOpOe
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nposoxamwiock mpu 1200-1500°C, u mocT-06xura B TOKE
azora mpu 1700°C. Tlopomku ¢ comepxanmeM Eu?"
1 u 3 mo. % noka3zanu JBa MakCUMyMa B criekTpe (poTo-
momunecteHmu (OJI) mpu 475 n 520 HM, HCTOYHUKOM
KOTOPBIX, MIPENOJI0KHTENBHO, ABsnack Gasa EuAl,O,.
B nanbHeiiem co-erupoBaHHble TIOMUHOMOPHI cOCTa-
Ba AION:3% Eu®"/10% Mg?" 6111 HOTyueHsl METOI0M
TBEpAO(pa3HOTO CHHTE3a HEMOCPEACTBEHHO U3 KOMMEp-
ueckux nopomkos Al,O; u AIN mocpeznctBom oOxura
B Toke azora rpu 1800°C [34]. [ToryueHHble TroMUHODO-
pbI B ciektpax DJI neMOHCTpHUPOBAIIN IUPOKYIO OJIOCY
ucnyckanus B unrepsaie 430—-620 HM ¢ MaKCUMyMOM
okosto 490 HM TIpH JUTMHE BOJHBI BO30YKIAIOIIEro M3-
nydyerns 310 am. [1pu 3TOM OBLTO YTOYHEHO, YTO OCHOB-
HOI eBponmiiconepxkameil ¢a3oil B oOpas3lax aqoHOB,
nerupoBaHHbIX noHamu Eu??, sensercs daza amomuna-
Ta eBPOIHS COCTaBa EuA112019. O0pas1pl CO CXOMHBIM
COCTABOM U CBOWMCTBaMHU C COJIEpKaHUEM Eu?t B8 0.6%
n 0.8% OBIIM MPUTOTOBJICHBI MOCPEICTBOM KapOOTep-
MHYECKOI0 BOCCTAaHOBUTEIBHOIO a30THPOBAHUS OKCHIA
amomunus [35]. [omyuyennsie o0pasubl 3¢deKkTuBHO
B030y)kaanuch YD-cBeToM ¢ umnHoM BostHbI 350—410 HM
Y IMEIIU TT0JIOCy ucnyckaHnus B cekrpe PJI ¢ Mmakcumy-
MOM 0OkoJi0 495 HM. ABTOpaMHU ObUIM TaKKe OIpesesie-
Hbl JIMHAMHUYECKUE XapPAKTEPUCTHKH ITFOMUHECIICHIIUH
U U3y4Y€Ha 3aBHCHMOCTb MHTEHCUBHOCTHU JIIOMHHECLIEH-
e B nuanaszone temmeparyp ot 80 go 500 K. Dddexr
TEMIEPaTypHOTO TYIICHHS JIIOMUHECICHIIMH HaOIo-
naics B mHTepBatie 200—500 K. B [36] Obutr mosrydeHsbl
aHayorm4yueie pe3yasrarbl. Jliromuropopsr AION:x%Eu
(x = 0.25-1.00) nokazanu aBE OCHOBHBIX ITOJIOCHI HC-
myckanusi B crekrpe ®DJI ¢ makcumymamu mpu 410
1 475 uM. UHTEHCUBHOCTD IOJOCKHI 475 HM mocTuraia
maro npu x = 0.25% u Bblle, BEPOSTHO, BCIEICTBUE
JIOCTHKEHHS TIpeieNia PacTBOPUMOCTH HoHa Eu’™ B Ma-
tpunie AION. MatencuBHOCTB Mo10¢h! 410 HM TUHEITHO
pocna ¢ yBenmueHneM conepxanus Eu?t, 4to, B 0cHOB-
HOM, ObLIO 00ycnoBieno Bknanom haser EuAl;,0 .
Hamu Obutn mpoBeneHbl JeTajibHble UCCIeI0BaHUA
umnynbcHOU KatonomomuHecueHniun (MKJI), a Tax-
ke OJI ans mmpokoro psiia JTFOMHHOPOPOB HA OCHOBE
aJIOHOB, JIErMpOBaHHBIX MOoHaMu P3M. Bbu1 paszpabo-
TaH METOJ| CMHTE3a, OCHOBAHHBIM HA B3aUMOJCHCTBUU
amop¢noro Beicokoaucnepcuoro Al,O; ¢ AIN B ToKe
azora Oe3 mapieHus npu Temmeparype 1600—-1750°C.
Amopubii BeicokonucnepcHbii Al,O, monyyanu KoH-
TPOJIMPYEMBIM THAPOIM3OM M30IIPONOKCHIA ATFOMUHUSA
Al(OiPr)3 B CMECH M30IPOMAHOI-BO/A B NMPUCYTCTBHH
JIMMOHHOW KHCJIOTHI ¢ J00aBKO# arerara maruus (co-
nepxanue Mg?* cocrapnser menee 1 at. % OTHOCHTEN-
HO QJIIOMUHUS) C MOCIEAYIOUIEH CYIIKOW M 00XHUIOM
Ha Bo3nyxe. Mcmosip3oBaHHE TOITYYEHHOTO TaKUM 00-
pasom A1203 HO3BOJISIET U30eKaTh HEOOXOAUMOCTH I10-
BBIILIEHHOTO JIaBJIE€HUs a30Ta (IOCTaTOYHO HEOOJBIIOro

TOKa N2 OJ1 JIaBjicHUEM B 1 aTt™), TOOUTHCS CHIOKECHUS
TeMIieparypsl cuHTe3a Ha BenuunHy oT 100 mo 350°C,
a TaKXKe COKPaTHTh BPeMsl BRICOKOTEMIIEpaTypHOil 00pa-
6otku 10 1-2 4. Kpome Toro, jserupyrommii noH (WiIH
HOHBI) MOT'YT OBITh BBEICHBI B (pOpME BOJIO- MIIH OPTaHO-
PacTBOPUMBIX COCAMHEHUHN Ha CTAJNU CHHTE3a U30IPO-
MOKCHIA AIFOMHHUS, TMO3BOJISISE B HEKOTOPBIX CIyYasx
pemuTh MpoOIIeMy TUIOXOH TOMOTCHH3AIIMH CMECH IPH
MAJIBIX COMCPIKAHUSIX JISTUPYIOUIMX HOHOB. [Ipu momo-
1 pa3paboTaHHOTO METo/a OB CUHTE3HUPOBAHBI aJI0-
HEI, TerupoBannbie noHamu Eu?t, Ce3 [37] u TH>* [38],
a TaKKe IIeTHMpOBaHHBIE Tapamu HoHoB Eu?'/Ce’?,
Eu?"/Tb*" u Ce**/Tb3* [39].

Jleruposannsie nonamu Eu?" u Ce3" anons momyya-
JH ABYMsI CII0COOaMHU — C MCIIOJIb30BAaHHEM B KaueCTBE
nucTouYHMKa MOHOB P3M COOTBETCTBYIOIIMX OKCHIOB,
J00aBIsIEMBIX K CMECH aMOP(HOTO BEICOKOIUCIIEPCHO-
ro Al,O; u AIN, u anerunaueronaros P3M, kotopsie
MCIIONB30BANUCh Uit Jeruposanus Al,O;, KOTOpBIH
Jlayee MOJBEPraliCsl BBHICOKOTEMIICPATypHOMY OOKHUTY
B TOKe a30ta B cMecu ¢ AIN [37]. Conepsxanue Eu?" Ba-
pwupoBanock B uaTeppane 0.025-1.0 at. %, a Ce>" —
0.025-0.2 at. %. OOXHUT TPOBOIMIN MPH TEMIEpaTy-
pe 1600°C B teuenue 2 4. Bce monydeHHbIE 00pa3Ifbl
AION:P3M mpenctaBusioT co00it cMeCH OKCHHUTPHIA
amomunns Al;O(N, kopynna a-Al,O; n mpumeceit AIN
u amomunatoB P3M. Cogxepkanue 3Tux ¢a3 3aBUCUT
OT KOHIICHTPAIlUU W TPUPOMALI JETUPYIOIUX HOHOB
u nponenypbl cuHTe3a. [Ipu momydenun AION:P3M
Hanpamyto u3 Al,O, AIN u Eu,05 unu CeO, npu Beex
KOHLIEHTpauusax uoHoB P3M conepkaHue mpUMeCHBIX
(a3 He mpesbimaeT 5-7 06. %. Hanportus, B cimydae
npeaBapuTenbHOro eruposanus Al,O; anetnnanero-
naramu P3M 1pu Maneix xoHnenTpanuax Eu?t u Ced"
¢aser Al,O; u AIN X0Ts ¥ ABIAKOTCA MEHOPHBIMH, OJI-
HAKO UX HEJb3s pACCMATPHUBATh B KAYECTBE IPHUMECHBIX,
MOCKOJIBKY UX COJICPIKAHHE JOCTHTAET ICCITKOB 00. %o.
[Ipu yBemmuenun kounentpamumit Eu?* u Ce3* o onpe-
nenenHoro ypoBHs (0.2 u 0.1 at. % cOOTBETCTBEHHO)
coJiep>kaHue MUHOPHBIX (ha3 pe3ko cHuxkaercs. s ce-
puii, mosydeHHsIX ¢ ucnonszoBanneM Eu,O; u CeO,,
HAaUMCHBIICEC COICPIKAHUE TMpHMecei HaOmomaeTcs
nipu 6uskux copepskanusx Eu?t u Ce3* coorercTen-
HO, a cofiep’KaHUe MPUMECeH 3aMeTHO HIDKE IO CpaB-
HEHUIO C CEPHUSIMHU, MMONyYCHHBIMH C HCIIOIb30BAHUEM
Eu(acac); n Ce(acac),. Ilpu nanpHelimem ysennde-
Hun KoHnentpamuii Eu?" n Ce*' mabmonaercs o6pa-
3oBanne amomunaros P3M EuAl;,0,4 n CeAl; 0.
Oo6pasoBanue (P3M)A1x0y O0OBIYHO COIMPOBOXKIAETCS
yBenuueHueM conepkanus AIN. MoxHO Mpeanono-
JKHUTh, 9TO (PUTYpaTUBHAS TOYKA CMENIAeTCsS B 00IaCTh
tpoiinbix cucteM AION + CeAl|,0,4/EuAl,0,4 + AIN
B pesynbrare pacxomoanus Al,O; Ha oOpasoBanme
(P3M)A1x0y.
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Puc. 1. Criexrpst UKJT anonos, neruposannsix Eu?' ¢ ucrnons3opanuem Eu,0; (a) n Eu(acac), (b) (Boctpousseneno us [37]).

Konnenrparms eBponus B 00pa3uax yka3aHa Ha rpadukax B at. %

Fig. 1. Pulsed cathodoluminescence (PCL) spectra of Eu?"-doped AION prepared with Eu,05 (a) and Eu(acac), (b).
The concentration in at. % of Eu ions is shown near the curves (reprinted from [37])

Crektper  UKJI 06pasmoB cepuif, MOTy4EeHHBIX
¢ ucnonksoanueM Eu,0; u Eu(acac);, npencrapienst
Ha puc. 1. [na obGeux cepuil HaOMIONAIOTCS LIUPOKUE
MOJIOCH! CIIOXHOM (hOpMBI C MAaKCHMyMOM B JHamaso-
He 422-505 HM B 3aBHCHMOCTH OT KOHIICHTPAIIUA EuZ*
U THIA TpeKypcopa. Hambonplryro HHTEHCHBHOCTH
B 00euX cepusx JEMOHCTPUPYIOT 00pasIlbl C Couepika-
uuem Eu?™ 0.5 at. %. Crextpsr UKJI 06pa3iioB ¢ KoH-
LIEHTpaluei Eu?* 0.4, 0.5 u 1.0 ar. % UMEIOT TUIOCKYIO
BEPILIMHY BCJIEJCTBHE HACHIIIEHUS (POTOMIPUEMHUKA TPU
u3MepeHuu (puc. 1a).

B cnexrpax MKIJI o0pa3uoB cepuu, MpUrOTOBJIEH-
HOH ¢ ucnonb3oBanueM Eu,O, Habmonar0Test SpKO BbI-
pakeHHbBIE TIOJOCHI d—>f-TIOMUHECIICHITUT Eu?" ¢ mak-
cuMyMoM B oOmactu 495510 HM npu KOHIEHTPALHSIX
Eu?" or 0.4 10 1.0 ar. % (puc. la). Ilpu ysenuuenuu
KOHIICHTPAIUU Eu?t ¢ 0.025 10 1.0 at. % MaKCUMYM
IOJIOCHI JIIOMUHECLICHLIMU TIPeTepIieBaeT 0aTOXpPOMHBII
CABHI 3a CUET YBEJIMYEHHsS] WHTEHCHUBHOCTH CBEUCHUS
Eu?' Ha ¢one momoc coGCTBEHHOH IMMPOKOMOTOCHOH
momunecuenuu AION u npumeceii a-Al,O5 [40]
u AIN [41], MakCUMyMbI KOTOPBIX JIEKaT B IUANa30HE
400420 am. Crekrpst MKJI cepun 006pasios, mogydeH-
HBIX ¢ Mcnonb3oBanneM Eu(acac),, omnyarorest ot pac-
CMOTpPEHHBIX BbIlIE (puc. 1b). UTHTEHCUBHOCTH AIMHUCCUU
00pasioB, MONYYEHHBIX C HCTONb30BaHueM Eu(acac),,
HWKE 4eM JJ1s1 00pa31oB, CHHTE3UPOBAHHBIX C HCIIOJb-
3oBanHueM Eu,O;. [lpu yBennyeHUH KOHIEHTPAIUH Eu?*
HanOOJbIIass MHTEHCHBHOCTE JIIOMHHECIICHITNH HaOITio-
naetcs npu cofepxkanuu HoHoB Eu?t B 0.5 ar. %, kak

1

U Juist 00pas3loB, MPUTOTOBICHHBIX C HCIOIb30BAHUEM
Eu,0;, onnako monocel d—f-THOMUHE CIICHITIH EuZ*
MIPOSIBIIIIOTCS B BUJE LIMPOKOTO IUI€Ya IOJIOCH C MaK-
cuMmyMmoM okoso 450 uM. Ilocneanss moxeTr ObITH 00-
yCIOBJIEHA Ne(PEeKTaMi KPUCTAJUTHUCCKOH CTPYKTYpHI
A1506N, MIPEJICTABISIONUMHU COOON BaKaHCUH B aHUOH-
HOM mozpeteTke ¥ HeHTpbl Oy- 1 (V, =0y )-Tumnos [42].
Bxianx B Hee Taxoke 1aeT COOCTBEHHAsI SMUCCHUS TIPUME-
ceii o-Al,0, [40] u AIN [41].

Crnektpsr  MKJI cepun 00pasmoB, MOIy4EeHHBIX
¢ ucnonp3oBanueM Eu,Os, mpu comepkannn Eu®' me-
Hee 0.1 ar. % u cHekTpbl BceX 00pasloB, MONTYyYCHHBIX
¢ ucnonb3oBanueM Eu(acac); MOXKHO omucarh Kak CyM-
My monoc uciyckanus AIN (400, 475 u 600 um [41])
u F-uentpos B o-Al,O; (410420 num) [40]. Moxuo
MPEIONOKUTh, YTO TOAOOHBIE NIe(heKThl CYIIECTBYIOT
u B AI;O(N.

CpaBHUTEJILHO HEJaBHO OBbLIO BBIIIOJHEHO TEOpe-
TUYECKOE HCCIIEIOBAHUE TE€OMETPHUYECKOH M DIEKTPOH-
HOM CTPYKTYPBI U €€ CBSI3U C ONTHUYECKIMH CBOWCTBAMU
y-AION, neruposanHoro uonamu Eu?’ [43]. Pacuerst
ObUTM BBITMOJIHEHBI TPU TOMOIIM MPOTPAMMHOTO TaKe-
ta CASTEP!. Jlns cTpyKTyphl ajloHa HCITOJIb30BaIach
MOJIeNTh TIOCTOSHHBIX aHHOHOB [3]. Aumomsl Eu?’ mo-
TyT 3aHUMaTh OHO U3 4 BO3MOXKHBIX MOJOKEHHUH: Te-
TpasdApuIecKue MO3UITIHI VA104 u VAIO3N U OKTaIpH-
YyecKue VA106 Hu VAIOSN. Pacuersl mokaszanm, 4To IS
1oHOB Eu?" MpeanouTuTeNbHBIMU SABIAIOTCS OKTadIpH-
ueckue nosunmn V, OsN. TlapameTps pemerku n 00bem
NpUMUTHBHON s4eikn Eu Al,,  O,,Ng yBennuuparorcs

https://www.castep.org/. [lara oopamenus 11.06.2025 r. / Accessed June 11, 2025.
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OKCVIHVITpVID,bI aNIlOMUHNA, NermnpoBaHHbIE NOHaMU
penko3emMesibHbIX 1 nepexogHbiX MeTasiJioB

H.C. Axmagynnuxa,
A.B. NweHko

¢ poctoM copepxkanus Eu?". B pacueTHOM criekTpe mo-
momenus OJI Al,;0,,Ns, neruposannoro Eu?", natmro-
najach MHTEHCHUBHAS I10JI0CA B auarasoHe 275-425 am
C MakCHMyMoM TpH 335 HM, KoTOpas Oblla OTHECEHa
K JIeKTPOHHEIM Tepexonam 4f'—4f%5d! B mone Eu?",
U TOJIOKEHUE KOTOPOU JIOCTATOYHO XOPOILIO COIIaCyeTCst
C OKCIIEPUMEHTAJIbHBIMU JTaHHBIMU. HpI/I 9TOM, OJAHAKO,
HEOOXOIMMO YUHTHIBATh, YTO PACUETHI B paMKaX TEOPUHU
(yHKIMOHAA DIOTHOCTH IPUBOIAT K CUCTEMAaTHIECKO-
My 3aHIKEHHUIO IIMPUHBI ONTHYEeCKO 1eiu. B manHom
ciydae pacuetsl nanu BenmnuuHy 4.03 3B s menernpo-
BAHHOT'O aJIOHA, B TO BPEMsI KaK IKCIIEPHMEHTAIBHO OIIpe-
JIETICHHOE 3HAUCHUE COCTaBIsAeT 6.2—6.5 3B [44, 45].

Criextpbl UKJI cepwuii 00pa3nioB, MOJTYYEHHBIX C HC-
nonb3oBanneM CeO, u Ce(acac)y [37], npencrasieHbl
Ha puc. 2a u 2b. [lnsa obeux cepuii Habmiomaercs IMIu-
pOKasi 1mojoca CIOXHOH (OPMBI ¢ MAKCHMYyMOM OKOJIO
450 gMm. Haubosmpiiasgs HMHTEHCHUBHOCTH JIIOMHUHECIECH-
MM JOCTUraeTcs Ui obpasioB ¢ comepxkannem Ce’'
0.1-0.15 ar. % B cepum 00pa3LOB, IMOIYICHHBIX C HC-
nonb3oBanneM CeO,, u st o0pasua ¢ CopepKaHueM
Ce3" 0.125 ar. % B cepuu 06Pa3IIOB, MOTYYEHHBIX C HC-
none3oanneM Ce(acac); (puc. 2¢ u 2d). B cmekrpax
00pasios, Nojy4eHHbIX ¢ ucnonbsoBanueM CeO,, npu
coJiepyKaHUN Ce3* 0.1-0.2 at. % uabimonaercst BBIPAYKEH-
Hasl T10J10ca d—/-TFOMHHECIICHIINT Ce3te MaKCHMyMOM
okoito 450 M. B TO e Bpems 11t 00pa3IoB, NONyYeH-
HBIX ¢ ucnosb3oBanueM CeO,, TpU CopepKaHUK Ce3*
menee 0.1 ar. % cnexrpsl MKJI aHamoruuHel cekrpam
00pasIoB cepuid, MOMYyYEHHBIX C UCTIONb30BaHueM Eu, 0,
u Eu(acac),, mpu coneprxanun Eu?" menee 0.1 at. %. D10
O3HAUYaeT, YTO LEHTPHI JIOMUHECHCHIINH BO BCEX JTHX
o0paslax UMEIT OJJMHAKOBYIO IIPUPOLLY.

_
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B nenom, Hanbomsmias uaTeHcuBHOCTH MIKJT HaOmIIO0-
naercs s oOpasIos, NeruposaHHbX Eu’, B wacTHO-
ctu, pu cozepxannn Eu®t 0.5 ar. %. VIHTeHCHBHOCTB
UKJI o6pasuos, neruposanueix Ce>', cymecTseHHO
HWXKe (10 Topsiaka). Mcmonb3oBaHWE OKCHJIOB B Kade-
CTBE UCTOYHMKA MOHOB P3M naer irydmine pe3ynsraTbl
M0 CPaBHEHHIO C WCIIOJIb30BAHHEM COOTBETCTBYIOIIUX
aIeTUIIAIICTOHATHBIX KOMITJICKCOB.

Crenyer otmetuth, uto Ce’" penko mcmombsyercs
B KayeCTBE CaMOCTOSTEIILHOTO aKTHBATOPa JIOMHUHEC-
LCHIUU B OKCHHUTPUAHBIX MaTPHUIIAX M TOPA3IO0 JaIle —
KaK CeHCHOMIM3aTop, Mpexkie BCero, s uoHoB Eu?"
u Tb3" (cm. manee). POTONMOMUHECIIEHTHEIE U PajIHO-
JIOMUHECIICHTHBIE CBOICTBA ajlOHA, JIETHPOBAHHOTO
nonamu Ce’', ommcansl B pabote [46]. AnoH, cocTaB
KoToporo onucan aropamu Kak AlO, ¢N 45:Ce, tne
x = 0.005, 0.01, 6pu1 nomyuen obxurom cmecei Al,O,
1 AIN ¢ no6aenennem Y,O, B KQYECTBE CHIEKAKOLIEN 10~
6asku u CeO, B Toke asora npu 1780°C B Teuenue 2 u.
[Ipo3paunble 00pa3iel OBUIM OOpPA30BAHBI XOJIOTHBIM
M30CTaTUYECKUM IPECCOBAHMEM IIOJYYEHHOTO MOPOIL-
Ka ¢ nocneayrommm odxurom pu 1900°C. B cnextpax
BO30YXKJICHHS 00pa3IoB HaOIrOaeTCs MoJoca TMOIIo-
menusa OJI ¢ makcuMyMoM 0KkoJ10 325 HM, a B CIIEKTpax
UCILyCKaHUsl — I10JI0Ca C MaKCUMyMOM okosio 405 HMm.
VoHnzanmonHasi COUHTWULIHS B MTOTYYEHHBIX 00pas-
[aX MOATBEPKACHA C UCTIOIF30BAHIEM HCTOUHHKA H3ITY-
uenns 137Cs (661 x3B), oHaKo 60IbIIAS MIMPHUHA 3aTIpe-
IICHHON 30HBI W HEIOCTATOYHAs, [0 MHEHUIO aBTOPOB,
koHnentpanus Ce>" MPUBOAAT K HHU3KOMY CBETOBOMY
BBIXO/Y. B [CJIOM, NAaHHBIC PE3YJIbTAThl IMMOATBCPIKAAIOT
HEeBBICOKYIO d(dekTuBHOCTs HoHOB Ce’" Kak akTHBa-
TOPOB JIIOMUHECLECHIIMU B ayioHe. M3 paboThl HesiceH
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Puc. 2. Cniexrpst UKJT anosos, neruposanneix Ce>' ¢ ucrons30BaHHeM CeO, (a) u Ce(acac); (b). Konuenrpanus nepus B o6pasuax

yKa3aHa Ha Tpadukax B aT. % (BocmpousseneHo u3 [37])

Fig. 2. PCL spectra of Ce**-doped AIONs prepared with CeO, (a) and Ce(acac), (b). The concentration in at. % of Ce ions is shown

near the curves (reprinted from [37])
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aKTyaJIbHBI COCTaB OKCHHHUTPHIA AJIIOMHHUS, T.K. CO-
crae AlO ¢(N, 43 HE cooTBeTCTBYeT HU Y-AlON, Hu 011
HOW W3 mpoumx (a3, ONMHCAHHBIX B IICEBIOOWHAPHON
cucreme AIN-Al,O,. Boree Toro, 3asBieHHBIH COCTaB
HE COOTBETCTBYET M ITPHUBEICHHBIM 3arpy3KaM HCXOAHBIX
KOMITOHEHTOB.

B mocnentee necsaTUICTHE aKTUBHO M3Y4YarOTCsl JIFO-
MHUHECIICHTHBIC CBOWCTBA aJOHOB, JIETHPOBAaHHBIX HO-
namu Tb?*, KoTopbIe MO3BONAIOT MOTyYaTh TOMHHOMO-
PBI CO CBEYCHUEM B 3€JICHOM 00iacTu crekrpa. byayun
3((HEKTHBHBIM AKTHBATOPOM JIFOMHHeCHeHInH, Tb3",
TEM HE MEHEe, Yallle BCero MCIOIb3yeTCsl B IMape ¢ Ka-
KMM-THO0 CeHCHOMIM3aTopoM — Kak npasuio, Ce’'.
[TpuunHON sBJISIETCS BBICOKAS CTOMMOCTH TepOus, KO-
TOpasi, BO MHOTUX CIIydYasX, JICIAeT €ro CaMOCTOSITEIb-
HOE€ KCIOJIb30BAHNE YKOHOMHYCCKH HEOOOCHOBAHHBIM.
Tak, B pabote [47] ObuUIM W3ydYeHBI CBOWCTBA aJIOHOB,
nerupoBanHbiX Tb3' (a Taroke comerupopammpix Th>*
u Ce’"), IpUroTOBIEHHBIX BOCCTAHOBUTEIBHBIM a30-
THPOBAaHUEM CMeECeil OKCHJIIOB A1203, CeO, m Tb407
u HUTpHuaa amoMuHus AIN. ABTOpBI YCTaHOBIUIH, YTO
B 00pasmax AION:Ce3* KOHIICHTPAIIMOHHOE TYIICHHE
(DOTOTFOMIHECIICHITNH HAYWHACTCS TPU KOHIICHTPAIIIH
Ce3" cepimie 1 at. %, B To Bpems kak ayist Th3" kputuue-
ckast koHIeHTpauus coctapiseTr 0.5 at. %. B cnekrpax
normornienus AION:Tb3" HabmonaroTcs 1Be OCHOBHBIE
nostocel ipu 270 u 300 HM, OTBeuaronUe CIUH-pa3pe-
urennomy nepexony 4f 8—4f75d" B wone Th>". B crek-
TpE M3IYICHUS IMEIOTCS 4 y3KHe HHTCHCUBHEIC ITOJIOCHL,
COOTBETCTBYIOIINE MEPEX0aM C 5D4 YPOBHSI Ha ypOB-
HU 7F6 (485 HM), 7F5 (543 Hm), 7F4 (580 M) n 7F3
(619 um) B none TH>*.

Hamu Takoke ObLIH CHHTE3MPOBAHBI AJTOHEI, JIETUPO-
BanHble noHamu Th3" [38]. OGpasusl ¢ comepKaHHEM
Tb3* or 0.025 10 0.5 ar. % OTHOCHTEIBHO ATFOMHHHS
OBUIM MOJYYEHBI IBYXYAaCOBBIM OOXKHIOB B TOKE a30Ta
cmecelt amopduoro BeicokoaucnepcHoro Al,O,, AIN
u Tb203. Hccnenosanue (azoBoro cocraBa 3TUX 00-
pasuoB nokazano, uto AION sBisierca OCHOBHOU (a-
301 BO Beex cyudasx. B o6pasuax ¢ comepxanmem Th3"
B 0.025, 0.1 m 0.5 ar. % umnenTUdHUIMpyeTcs (B HE3HA-
YUTEJIbHBIX KOJIMYECTBax) (paza ajnoHa, OOOramieHHO-
ro asorom, cocraa ALLO;N.. Ilpu conepxanun Tb**
0.1 at. % n 6onee oTMedaeTcst 00pa3oBaHUE MPUMECHBIX
KOJIMYeCTB (a3 COOTBETCTBYIOIINX AITIOMHHATOB — IIC-
posckura TbAIO; u rpanara Tb;AlL;O,,.

Crexrpsl UKJT u ®JI momydeHHBIX 00pa3IioB aJIOHOB,
nerupoBaHHbIX MoHamu Tb3', ¢ comepxkanmem Tep6us
ot 0.025 o 0.5 at. % npencrasiens! Ha puc. 3. [Ipu co-
JIep KaHuH Th3* 0.025 ar. % B cnektpax MKJI nabmrona-
IOTCSI IBE IIHPOKHUE TTOJIOCHI ¢ MAaKCUMyMaMH OKoto 400
1 595 HM, KOTOpbIE MO’KHO OTHECTH K JIFOMHUHECLEHIIUN
nedextoB B mpuMecHoi ¢ase AIN [41]. B ocranbHbIX
oOpasnax cojepxanne AIN okaspiBaeTCsl HIDKE (MU

OH BOOOIIIEe HE HACHTH(UIIUPYETCs), U B ciekTpax MKJI
OIIMCAHHBIE TIOJIOCHI HE 00HAPYKUBAIOTCS.

B cmekrpax HMKJI Bcex ocrajbHBIX 00pa3ioB
AION:Tb3" mabmomaercst cepus IOJIOC, OTBEYArOINAs
BHYTPHUIICHTPOBBIM  AJIGKTPOHHBIM  f—f Tepexoaam
B nonax Tb3', ¢ makcumymamu oxomo 380, 415, 438,
457, 488, 541, 586 u 621 uM. B yacTHOCTH, ITOJIOCHI
¢ Makcumymamu oxono 488, 541, 586 u 621 uM coot-
BETCTBYIOT Mepexoiam 5D4—>7F 5»J=6,5,4mu3 coor-
BETCTBEHHO, a MOJOCHI C MakcuMymamu okosio 380,
415, 438 u 457 um — nepexonam °D;—"F , J=6, 5, 4
u 3 [48, 49]. Haubounpl1yto MHTEHCUBHOCTh B CIIEKTpax
HKIJI nmeer nosnoca ¢ MakcuMmymoM okojio 541 uwm, oT1-
Beuaromas nepexony *D,—’Fs, B To BpeMsi Kak ronoca
C MakCUMyMOM OKoJIo 457 HM, OTBeyarolias Mepexomny
5D3—>7F3, BEIpaKCHA KpaifHe ciabo. MakcumaabHas
MHTETpabHAsi HHTCHCUBHOCTD JIFOMHHECIICHITH 00pa3-
o8 AION:Tb?" gocTuraercs npu KOHIEHTPAIUU HOHOB
Tb3* B 0.2-0.4 ar. %.

B cnextpax ucmyckaaus ®J1 o6pasros AION:TbH3*
HaOMIONAIOTCSl  BCE  TIOJIOCHL,  3apETUCTPUPOBAHHBIE
B criektpax UKIJI (puc. 3b u 3c), a Takke TOMOTHUTEIb-
Has HepazpemenHas B UKJI monmoca ¢ MakcuMmymMom OKo-
710 470 HM, OTHOCSIIASICS K IEPEXOTY 4D5—>7F5. B criek-
Tpax Bo30yxneHus PJI (BDJI) obnapyxkuBaeTcs psin
rmosioc ¢ Makcumymamu okoso 220, 230, 260 u 285 HM,
KOTOpble MOXKHO oTHecTH K 4f8—4f75d! mepexomam
B nonax Tb>",

B cnekrpax ucnyckanus @JI B 3aBUCUMOCTH OT AJIH-
Hbl BOJHBI BO30Y)XKIEHHSI BEPOSTHOCTH 3JIEKTPOHHBIX
nepexonos °D,—'F , u °D;—F ; otmuatores (puc. 3b,
KpuBble /| W 2). AHaJOTHYHBIM O0pa3oM BeayT ceOs
n cnektpel BOJI. Ilpu peructpaunn crnekrpos BDJI
i monoc 543 u 415 HM npounb CHEKTPOB U3MEHS-
ercs. Jomunupyronieit B criekrpax BAOJI s nepexonos
5D4—>7F ; CTaHOBMTCS M0JI0CA C MaKCMMyMOM OKOJIO
220 uwm, a ans nepexonos *Dy;—’F ; monoca ¢ Makcumy-
MoM okoJ1o 230 uM (puc. 3b, kpusbie 3 u 4).

Crnekrpsl @JI u BOJI 006pa3LioB ¢ BBICOKUM COAEP-
xanueM Tb3" umeror Hekotopbie omiHums. Tak, criekTp
B®JI ob6pasma AION:0.4 ar. %Tb (puc. 3c, kpusas 7)
Taxxke obycnobnen 4f8—4f75d! nepexonom (cruu-pas-
pewennsiii nepexon 'F,—’D)) B monax Tb>*, Ho or-
JTMYaeTcsl HaJMIHEeM WHTEHCHBHOW IOJOCH BO30YX-
JEHUsT C MaKCUMyMOM OKkojio 270 HM, OTHOCSIIEHCS
K CIIMH-3AIIPEIICHHOMY IIEPEXOLY 7F6—>9D ;> U LIUPOKO#
OeccTpykTypHOU oOnacteio B jauanazone 300400 HwM.
V3kue monockr B criekrpax dJI AION:0.4 ar. %Tb tak-
Ke obycinosnensl nepexogamu °D,—'F, u *D;—'F;
B nonax Tb3". Illupokas monmoca ¢ MaKCHMyMOM B paii-
oHe 400 HM MOXET TPHUHAIJIEKATH COOCTBEHHOW IIIO-
muHecrieHInu AION wiM TIOMHUHECHEHIIUN TIPUMECH
AIN [50], koTopble HaurHAIOT 3P HEKTUBHO BO30OYK1aTh-
cst Hroke 250 HM. YKa3aHHBIC BBIIIE Pa3INIUs B CIICKTPax
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®JT u BOJT 06pasios AION:Tb>" ¢ HU3KMM U BBICOKHM
comepxanreM noHOB Tb>" MoryT 6BITH CBA3aHEI ¢ -
(heKTOM KpOocc-perakcaluy MCKTPOHHBIX BO30YKICHUH
(°D3,’F¢—°D,,’F,)) [48, 50] mexity GrusieKaiiuMu no-
namu Tb>* B Marpune AION.,

WoHBI ApyTuX peaKo3eMeNbHBIX METAJIIOB JI0 HelaB-
HEro BPEMEHH MPAKTUYECKU HE HCIOJIb30BAIUCH B Ka-
YeCTBE JICTHPYIOIIUX Ui OKCHHUTPHIOB ATIOMHUHMS.
B 2009-2012 rr. xoyutektuB aBTOpoB U3 lllanxaiickoro
HHCTUTYTa KEPaMHKH OMHKCAIIU al-KOHBEPCHIO HH(pa-
kpacHoro (MK) wsmydenus ¢ jumHOW BoiHBI 980 HM
B allOHAaX, JIerupoBaHHEIX MoHamu Er’' ¢ no6asnennem

(©

Puc. 3. (a) Crexrpsr ucnyckanusi UKJI o6pasinos A15O6N:Tb3Jr ¢ conepxkanneM Tb>" or 0.025 at. % 10 0.5 at. %; (b) crekTpsI
®JI u Bo30yxnerus OJI (BDJT) odpasua A1506N:Tb3+ ¢ conepxkanneM Tb3* 0.1 at. % (1, 2 — cnextpsl OJI npu Bo3OYKACHHH
B nonocax 231 u 220 uMm; 3, 4 — crektpbl BOJI a5 mosnoc momuHeceHun B 543 u 415 um); (¢) crekrpsl OJI u BAOJI o6pasna
AlLLON:Tb*" ¢ conepxannem Tb>* 0.4 ar. % (5, 6 — cnextpsl DJI npyu Bo30ykAeHNH B ronocax 233 u 270 Hu;

7 — cnextp BOJI qyis nonock! itoMuHecieHIMU 543 HM) (BocripousBeneHo u3 [38])

Fig. 3. (a) PCL emission spectra of A1506N:Tb3+ samples with a Tb>" content ranging from 0.025 at. % to 0.5 at. %;

(b) photoluminescence (PL) and photoluminescence excitation (PLE) spectra of an AlSOéN:Tb3+ sample with a Tb*" content

of 0.1 at. % ({ and 2 are the PL spectra upon excitation at 231 and 220 nm; 3 and 4 are the PLE spectra for luminescence bands

at 543 and 415 nm); (c) PL and PLE spectra of an AlSOéN:Tb3+ sample with a Tb3" content of 0.4 at. % (5 and 6 are the PL spectra
upon excitation at 233 and 270 nm; 7 is the PLE spectrum for the luminescence band at 543 nm) (reprinted from [38])

Mg?" [51, 52]. Bbin U3ydeHbI allOHBI C COIEPKAHHEM
Er3" 10 3.0 mon. %. [Tonmyuennbpie 00pa3Ipl MOKa3aIH
WHTEHCHBHOE 3€JI€HO€ M KpPacHOE CBEUEHHE C MaKCH-
MymaMmu B criekrpax @JI oxono 548 u 666 HM, KOTOpbIE
SIBIIOTCS pesynbTatoM nepexonos *S,,/2H,, ,—5)
U 4F9/2—>4I]5/2 COOTBETCTBEHHO. VM3MEHssI KOHILIEHTpa-
IMIO JIETMpOBaHus HOHOB Er’", MoxHO HacTpouTs TIpe-
oOyajlaroIui BT JFOMHHOPOPOB Onaromapsi mepe-
KpecTHOl penakcaunu tuna *F, ,—4Fg ) 1 4Fg 1, .
IIpu coBmectHOM neruposanuu Er’*, Mg?* na6mona-
nock ymmpenue nonoc B criekrpax @JI [51]. [To nanasiM
penrreHodasooro anammza (PDA) pactBopuMOCTB
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noHoB Er*' B marpune AION yBenuuuBasach mpu Jo-
6aBnennn Mg?", a B crekrpax ®JI HabMIONATOCH YIIIH-
penue nonoc. MUHTEHCUBHOCTH MOJIOCH! KPACHOTO H3ITY-
ueHHMs BO3pacTalna MpU YBeIUYeHHH cofepskanus Mg?"
1o 0.6 mon. %, a npu JanbHeimemM 100aBICHHN Mg2+
y6bIBama. ABTOPBI HPENONOKHIM, 4TO BBeAeHHe Mg
J10 ONpeJIeNIeHHOTO TIpesiena obserdaet BHeapenne Er3™
B pemetky AION ¥ MOHW)KaeT ee CUMMETPHIO 3a CYET
(OpMHUPOBAHUS KHCIOPOIHBIX BaKAHCHH, YTO U IPHBO-
JIUT K YCUJICHUIO KPACHOTO U3JTYYCHHS 32 CUET MepeHoca
sHepruu. [1o 1oCTH)EeHNN KpUTHYECKON KOHUEHTpaluu
Mg?" HaumHaeT mpeBamupoBaTh YPMEKT TYIIEHHS JIO-
MUHECIICHIIY Ha 00pa3yronmxcs aeexrax.

AJIOHBI, IETMPOBAHHBIE TOJBKO MOHaMH Er’*, 6wuin
nojy4yeHsl B padbote [53]. ABTOpBI OTMETUIIM JBOWHYIO
poub 5pOust Kak cnekaromen no6asku (B popme Er,0O,)
W akTuBaropa QuyopecteHnuu. [Ipu Bo30yKAeHUN U3ITy-
YeHHeM ¢ JUIMHOM BoHbI 980 HM B cniekTpax DJI Hadmto-
JIAJTMCh paHee OINMCAHHBIC 3eJICHAst M KpacHas MOJIOCHI,
a TaKKe MoJjoca ¢ MaKCHMyMOM OKoJio 845 HM, oTBeda-
romas mepexony *S;,/2H,,,—*,5,. B HK-cexrpax
ucnyckanus AION:Er3" nabmonanach HHTEHCHBHAS T10-
J0ca ¢ MakcUMyMoM Tipu 1534 HM, COOTBETCTBYIOIIAS
nepexoy 4113 /2—>4115 /5 BCIIEIICTBUE OE3bI3ITyYaTENbHOIO
nepexoma “ly;,—"l;, U an-KOHBEPCHOHHOTO WU3Iyye-
Hus Tipu 845 HM.

HccnenoBanre anoHOB, JISTHPOBAHHBIX HOHAMHU IIIU-
poxoro psiga P3M, Brmovas Sc, La, Pr, Sm, Gd, Dy, Er,
1 Yb, OBUIO BBITIOJIHEHO HECKOJIBKO JIeT Ha3ajJ B YHH-
Bepcutere Enrnam (Yeungnam University, Pecry6nuka
Kopest). Bce mepeuncicHHBIC 31€MEHTHI HCIIOIB30Ba-
JIHCH B ()OpPME COOTBETCTBYIOIINX HUTPATOB, & TAKIKE OK-
CHJIOB B KAYECTBE CIICKAIOIIUX J00ABOK JJIsI MTOIYUYCHUS
MPO3pavyHbIX aJIOHOB [54]. ABTOpBI HCTIOIB30BAIN COOT-
HOILIEHUE A1203:A1N =9:2.503 BMecTO 9:5 11 HOBBILIE-
HUSI CIIEKaeMOCTH 3a CYET CO3IaHUS JONONTHUTEIBHBIX
KaTUOHHBIX BaKaHCHﬁ, METaJlZIbl BBOJAHUJIUCH B KOJIHYEC-
ctBe 0.2 mac. %. /IByxcTaamiiHoe criekaHue Mo JAaBiie-
HUEM a30Ta 70 2 aTM. npu temneparypax 1610-1650°C
u 1940°C mo3BOAMIIO MOMYyYUTHh OTHO(A3HBIE 00pa3Ibl
v-AlON. Hau6omnbnryro 3¢ heKTHBHOCTH ITPOIEMOHCTPH-
poBan Pr B popme Hutpara. K coxaneHuro, aBropamu
He OBUIO MPOU3BEJCHO HUKAKUX U3MEPEHHI ONITHYECKUX
CBOMCTB, OIHAKO CPAaBHHUTEIHHO HEAABHO TEM K€ KOII-
JICKTUBOM H3y4YCHBI (DOTONFOMHHECIICHTHBIC CBOHCTBA
00pa31oB aJoOHOB, JIETMPOBaHHBIX MOHaMH Sm u Yb,
XOTSI M B O4CHb OTPaHUYCHHOM 00BbeMe [55]. B criekrpax
B030yxaenus ®JT AION:Sm?" Habmonanack ocHOBHas
0J10Cca ¢ MaKCUMyMoM okoi1o 340 HM, KoTopast 00ycIIOoB-
nena mepexonoM 4f%—4f35d', a B cnekTpax mcmycka-
HUS — y3KHUE IOJIOCHI ¢ MaKCUMyMaMu okojio 690 (oc-
HOBHag 1osioca), 700 u 730 HM, OTBeUaroIue nepexoaam
SD,—"F, rae J = 0.1 u 2 coorBeTcTBEHHO. B criekrpax
Bo3Oyxaeaust DJI AION:Yb*" umeercs omma momoca

¢ MakcuMyMoM Okosio 333 HM, oOyclOBJIeHHas Tepe-
XOZIOM 1SO—>7F7/2T2g, KOTOPOH COOTBETCTBYET IIONIOCA
B CIIEKTPE HCIyCKaHHUA C MaKCUMYMOM OKOJO 435 HM,
BO3HHKAIOIIIAsl BCJIEJCTBHE 00paTHOTO miepexoaa. Takum
o6paszom, momuHOpops! AION:Sm3* oTHOCATCS K IMFO-
MuHO(OpaM KpacHoro ceeta, a AION:Yb3" — cunero.

JlerupoBaHue OKCHHUTPHUIHBIX MaTEPUATIOB HOHAMHU
nByx P3M ogHOBpeMEHHO B MOCiEIHEE BPEMS BHI3bIBA-
eT Bce Oonplnii uHTepec. Ecnu marepuan jgerupoBaH
JIByMs pasHbIMM MOHamu P33, To oauH M3 HUX Urpaer
pOJb aKTUBaTopa, OOCCICUMBAIOIICTO H3ITyYCHHE CBE-
Ta, a JIPyroil — CeHCHOWIN3aTOpa, CIIOCOOCTBYIOIIETO
MIOTTIONICHHUIO BO30YXaaromero cera. DPPEeKTHBHBIHI
MIEPEeHOC YHEPTUU MEXIY IBYMS THIIAMH MOHOB METal-
JIOB TAKOKe BayKEH JJIsl ceHCHOmnu3upytouiero 3ddekra.
OOBIYHO TIEPEHOC DHEPTUH IMPOUCXOAMUT TOCPEICTBOM
JIUTTONb-TUITONBHBIX FIUIH JIUITONh-KBAAPYIONBGHBIX B3a-
umozeiicTeuit. Ilapa Eu?'/Ce?' wacto wmcmoms3yercs
JUISE COBMECTHOTO JICTUPOBAHUS HUTPHIIHBIX MarepHa-
JI0B, TIOCKONIbKY Toj1oca u3nmydenus Ce>' B nocrarounoit
Mepe MepeKphIBAETCS C MON0Coi Bo3OyxkmeHns Eu?'.
Hanpumep, SrSi,O,N,, nerupoBaHHbIA HOHAMH Eu?*
1 Ce3" (Sr8i,0,N,:xEu?*,yCe®*; x = 0-0.04, y = 0-0.04),
JEMOHCTPUPYET 3EJICHO-KENTOE CBEYEHHE B CIIEKTpax
@JI ¢ makcumymoM okosto 540 um [56, 57].

Hamwu ObutH 1orydeHbl 00pasIibl alIOHOB, JISTHPOBAH-
ueIX oHamu Eu?™ n Ce3*, cocraa AION:xEu?",yCe3™;
x=0.25:y=0.01,0.025,0.04 1 0.08; y =0.025: x = 0.1,
0.25, 0.4 u 0.8 [39]. OGpa3Mpl ABJIAIOTCS MPAKTUICCKH
OIHO(a3HBIMHU, OCHOBHAS (Da3a MOKET OBITH OITUCAHA KaK
Al;O(N, npucyTcTByIOT CiienioBbie KonudecTsa 0-Al,O4
u AIN. B crnexrpax MKJI HaGnromaercs mupokasi He-
asieMeHTapHas nojoca (puc. 4a u 4b). Makcumym 1o-
JIOCBI pacrofioxkeH npu ~405 HM ¢ TIeYyoM B JUara3oHe
450-550 am. [Tomoca anmpokcUMUpPYETCsT ABYMST TIOJIO-
camu — Oosee y3kol ¢ MakcuMyMoM okouto 401 HM, Ko-
TOpasi COOTBETCTBYET Tepexonam Sd—4f B nonax Ce’™,
u OoJiee MUPOKOW ¢ MAKCHMYyMOM OKoJIO 447 HM, KOTO-
past cOOTBETCTBYeT nepexogaM Sd—4f B nonax Eu?*.

ITonoxenune makcumyma mnosaocsl B crekrpax MKII
cn1abo 3aBHCUT OT cojiepskanus HoHOB Eu’', a mmre-
rpajbHasi ”HTCHCUBHOCTD JIFOMHHECIICHIIH H3MCHSICTCS
npu u3MeHenuu conepxanus Eu?" u Ce3'. ITpu conep-
xanuu Bu?™ 0.25 ar. % HamGosibluas MHTEHCHBHOCTD
nabmonaercs npu conepxkannu Ce>* 0.04 ar. %. C apy-
Toif CTOPOHBI, TIpU (HUKcHpoBaHHOM coepxkanun Ce>*
0.025 at. % HanbomblIas HHTEHCUBHOCTL HAOIIOIAETCs
npu cofepxkanuu Eu?" 0.1 ar. %. Yeemuuenue comep-
xanus Eu?" mpUBOUT K YMEHBIIEHHIO HHTEHCHBHOCTH
nonoc kak Eu®’, tak u Ce’. Hamporus, poct comep-
xanus Ce>" yMeHbIIaeT HHTEHCHBHOCTH Honockl Eu?*
¥ YBEIMYHBAET HHTEHCHBHOCTH monockl Ce3™, mosromy
00111251 ”HTEHCUBHOCTD JIIOMHHECIICHITNH TAaK)KE YBEJH-
YHBACTCSL.

332 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(4):324-343



OKCVIHVITpVID,bI aNIlOMUHNA, NermnpoBaHHbIE NOHaMU

H.C. Axmagynnuxa,

PEeOKO3EMESbHBIX N MEPEXOAHbIX METANI0B A.B. NweHko
90000 90000 . 2+ 3+
AlOgN:xEu2", 0.025Ce [l y=0010  AlSOgN0.25EuT, yCe
80000 - 80000 \
5 5 FA
(&) ()
= 70000+ x=0.10 = 70000 \V
S C
=< 60000 + = o 60000
= =
= Z 50000 4 = Z 50000
5 : S
e .8 40000 e .8 40000
g = o =
<§%3 30000 4 §%§ 30000
[ o
20000 20000 ‘
= = |
10000 10000 )/
0 — T T T T “ = O-M T T T l%
300 350 400 450 500 550 600 650 700 300 350 400 450 500 55 600 650 700
JlmMHa BOJIHBL, HM JlmMHa BOJIHBL, HM
Wavelength, nm Wavelength, nm
(@) (b)
270 310 280 340 430
B r PR i —(I)em. at 525 nm
o © ——(2) exc. at 340 nm
5 r 5 ——(3) em. at 435 nm
- 365 ~ 0.8 - ——(4) exc. at 280 nm
= 3 o =3
S < S <
2 5 > <
5 £ 0] 5 E
: 2 22 00
SER=! = .8
= soF 22
& =
=3 | E8 04
5 = 270 § =
£ E £ E
g2 )
gz 8% 02
o o
S S
s =
& Eu**  Cet Eu?* g
jent =
0 T T T T 1 r T T T 0 T T T T T T T T T 1
200 250 300 350 400 450 300 400 500 600 700 200 250 300 350 400 450 500 550 600 650 70

JlmuHa BOTHBI, HM
Wavelength, nm

©

JlnHa BOJTHBI, HM
Wavelength, nm

(d)

Puc. 4. (a) Cniexrpst UKJI 06pasuos Al;O N:xEu?*,yCe3*: x = 0.1, 0.25, 0.4, 0.8; y = 0.025; (b) cniexrpst UKJI 06pasios
Al,ON:xEu?* yCe*": x = 0.25; y = 0.01, 0.025, 0.04; (c) Cniexrpst BOJI n J1 o6pasua Al;ON:0.25Eu?",0.01Ce3";
(d) ciexrper BOJI n J1 o6pasua Al;O,N:0.25Eu?",0.04Ce3" (Bocnpousseneno u3 [39])

Fig. 4. (a) PCL spectra of samples A1506N:xEu2+,yCe3+: x=0.1,0.25, 0.4, 0.8; y = 0.025; (b) PCL spectra of samples
Al;ON:xEu?* yCe*": x = 0.25; y = 0.01, 0.025, 0.04; (c) PLE and PL spectra of Al;ON:0.25Eu*,0.01Ce* sample;
(d) PL and PLE spectra of Al;ON:0.25Eu?*,0.04Ce* sample (reprinted from [39])

B cnekrpax B®JI (puc. 4c) MOXKHO BBLACTUTH TPH
JTMara3oHa, COOTBETCTBYIOIIUE BO30YXKIECHHIO pPa3HbIX
nonoc crekrpoB DJI (puc. 4d). [lomoca DJI ~405 uHM
a¢hdexTuBHO BO30YXIaeTcst B auanazoHe 245-320 Hwm.
[Hupoxkas monoca ¢ MmakcumymoM 455 um 3 dekTnBHEe
BO30YyKaaeTcs HIKe 245 HM 1 B quanazone 320—450 HM.
®opma crextpos BDJI obpasna ¢ comepxkanuem Ce’"
0.04 at. % oTu4aeTcsi OT 00pa3IoB ¢ COACPKAHUEM Ce3t
0.01 ar. %. OTHOCHTENbHBIE UHTEHCUBHOCTH IIOJIOCHI
B030y>kaeHus 280 HM u iosnockl DJI 405 HM Makcumab-
upl ju1st AlSOGN:0.25Eu",0.04Ce>". Ananus cnekrpos
@JI u BOJI no3BoisIeT 3aKII0YNTh, YTO HaOIOmacMbIe

MOJIOCHI OTHOCATCA K mepexonaM Sd—4f B moHax Eu2*
u Ce3". D10 moaTBepikmaeTcs M paHee MONYYEHHBIMH
pe3yIpTaTaMu IJIs AJIOHOB, JISTUPOBAaHHBIX HOHaMU P3M
onHoro Buaa [35, 37, 58—60]. OnHako MaKCUMyM IOJIO-
¢l BO3Oykmenns Ce’" B momydeHHBIX HaMH 00pa3Lax
CIBUHYT II0 CPAaBHEHHIO C TAKOBBIM JIJISI ITOJIOCHI B CIICK-
tpe Ce3", mpecraBnennsM B padote [60], 13-3a BO3MOXK-
Horo mepeHoca »Heprun Ce3"—Eu?*. Takum o6pazom,
B JIaHHOM CiIydae HaOIlFOmaeTcsi CEHCHOMITU3UPYIOMIHI
sddexr Ce’" B ornomennu Eu?'. [TpeamnonoxurensHo,
OCHOBHBIM ITyTE€M MEpPEHOCA PHEPTHH SIBISIETCS Oe3bI3-
JTy4aTeIbHOEC  TUITONb-TUIIONBHOS — B3aHMOJCHCTBHE,
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BO3MOKHO, C HEKOTOPBIM BKJIQJIOM JIUITOJIb-KBaAPYIIOJb-
HBIX B3aNMOJCHCTBHH.

CoBceM HeIaBHO MOX0KUM CIOCOO0M ObUT MOIy4eH
pan momuHOMOpOB cuHero cseta Y-AlON:yCed" xEu?*
(y = 0-0.025, x = 0-0.01) 1 u3y4yeHa ux GpoOTOIFOMHUHEC-
ueHms [61]. st HuX Taxke ObLI NPOJEMOHCTPUPOBAH
sbdexr cencubunmzanuu uonos Eu?’ momamm Ce’';
nepenada sHeprun or Ce’" x Eu?' moxrsepsxmaercs
3HAYUTEIBHBIM TEPEKPHITUEM MEXKIY CIEKTPOM H3Iy-
genms y-AION:0.025Ce>" (A, = 285 HM) 1 cieKTpoM
B0o36yxeHus y-AION:0.004Eu”* (A = 400 nm). Kax
U ONHMCAHO BBIIIE, MEPEHOC SHEPrHH, B OCHOBHOM,
OCYNIECTBISICTCS 3a CUeT Oe3bI3Ty4aTesIbHBIX JHIOJb-
JIMTIONBHBIX B3anMonencTBuid. Kputnyeckoe paccros-
HHe TIepeHoca SHEPruM ObUIO OHpeeneHo Kak 25.45 A
M0 JIaHHBIM KOHIIGHTPALIMOHHOTO TYIICHUS JIFOMUHEC-
neHnuu. [IpeacraBieHHbIE Pe3yabTaThl ITOKA3aild, YTO
momuaodopsl  y-AION:Eu?",Ce3* moryr paccmarpu-
BaThCs B KAUECTBE MEPCIIEKTUBHBIX KaH/IUAATOB Ha POJIbh
CHHEH KOMITOHEHTHI B TETUIBIX OETIBIX CBETOAMOIAX TIOJI-
HOTO CIIEKTpa.

Ce*" takke JOBONBLHO YaCTO NMPHUMEHSETCS B Kade-
ctBe cencuOmmmsaropa mns Tb3*. B paGore [59] mro-
mutodop AlOGN:0.5%Ce*,0.67%Tb>" 6bu1 nomyuen
a30TUPOBAaHUEM 30JIs, MPUTOTOBJICHHOTO M3 HHUTPAaTOB
COOTBETCTBYIOIINX METAJUIOB. B ero cmekrpe mcmycka-
Hust OJI, moryuyeHHOM TIpU BO30YKICHHH CBETOM C TN~
HOI BOJHBI 275 HM, HAOIIOAAIUCH 4 OCHOBHBIX ITOJIOCHI
¢ MakcuMmymamu okoro 485, 540, 580 u 625 uM, KOTO-
pbI€ COOTBETCTBYIOT [IEPEX0aaM 5D4—>7F 7 B HOHax b,
rne J = 6,5, 4 u 3 coOOTBETCTBEHHO. MIHTEHCUBHOCTH
MOJIOCH ¢ MaKCUMyMOM OKojio 540 HM Juist oOpasia
ALLON:0.5%Ce**,0.67%Tb>" okasanacs B 10 pa3 Bbuie,
gem s obpasua AlLON:0.67%Tb*". Yeenunuenne co-
nepxanus Tb3™ 10 1 Mon. % He NPHUBENO K yBETHUECHHUIO
WHTEHCHBHOCTHU TIOJIOC B CIEKTPE UCITYyCKAaHUs, a IpHU
conepxkanun Tb3" 3 mon. % oHa cHU3MIAch B 5 pas.
Takum 06paszom, 6110 J0KazaHo, uto Ce’t aengercs ad-
dexTuBHBIM cencuOmIM3aTopoM ans Tb>*. OcHOBHBIM
MEXaHU3MOM TIepeHOCa YHEPTHHU SBJISIOTCS, M0 BCEeH BU-
JTUMOCTH, TUTIOJNTb-TUITOFHEIC B3aUMOICHCTBHSI.

AHanornyHbIe pe3yJbTaThl ObLIH IONYYCHBI B pa-
6ote [47]. JomomHuTensHO OBUIO MOKa3aHO, 4YTO (-
(PEeKTUBHOCTH TIEpPEHOCA PHEPTHH TpeBHIIacT 98% mpu
colepKaHUU Tbh3* 3 Mo %, XOTSI KOHIICHTPAIMOHHOE
TYIIEHUE TPUBOJIUT K CHUKESHUIO IMUCCUH B LIEJIOM.

Tb?* Takkxe MoxkeT OBITh ceHCHOMWTH3MpOBaH Eut,
Hanpumep, B ALLON:0,2Eu>* xTb*" (x = 0-0.5) [62].
Xots 3(h(eKTUBHOCTH MEPEHOCA SHEPTUN HE MPEBBIIIA-
na 25%, mpuYuHOM, CKOpee Bcero, ObLIIO HU3KOe oOIiee
coZIepKaHHe JICTUPYIONTHX HOHOB. OCHOBHOM MEXaHU3M
MepeHoca dHepruu — Oe3bI3ydaTesbHbIe JAUIIONb-1H1-
MOJTBHBIC B3aMMOJCHCTBHS, KPUTHUCCKOE PACCTOSHUE
nepenoca — 6.49 A. Marepuaisl npeacTapisior coboit

JTFOMUHO(OPHI 3€JIEHOTO CBETA, UX CIEKTP HMCIYCKaHUS
@JI, nony4eHHbIH TIpU BO30YKJICHUU CBETOM C JIJTMHOM
BOJIHBI 330 HM, IIpencTaBIsieT COO0M CyMMYy CIIEKTPOB,
06ycioBieHHbIX HoHamMu Eu?’ u Th3™,

Hamu Takxe O0butn nzydens criektpbl OJ1 u UKJT 06-
pastoB AION:xTb3* yCe?" (x = 0.4%, y = 0.01-0.08%),
KOTOPBIC 6I)IJ'II/I MIPUTOTOBJICHBL AHAJIOTUYHBIM
AION:xEu?* yCe3" crocobom [39]. TTo nanueM PDA,
Bee oOpasubl coxepxkar AlSON B kauecTBe OCHOB-
HOM (ha3pl, a BTOPOCTENEHHbIC (ha3bl, MPHUCYTCTBYIO-
mye B TPUMECHBIX KOJMUYCCTBAX, MPEACTABICHBI He-
KOTOpBIMU JIpyrumu mionumophamu anoHoB (AlgO;N,
Al;,0,sN u 1p.). Anmromunarel TepOus u uepus oOHapy-
JKCHBI HE OBLIH.

Crnektpsl UKJI u cnextpel BOJI/®JI o6pasuos
ALLON:xTb**,yCe®" npencrasnenst Ha puc. 5. B crek-
Tpax MCIYCKaHWs HAOIIOMAIOTCs y3KHE MOJOCH C MaK-
cumymamu okoio 380, 415, 439, 460, 472, 485, 540, 582
u 620 HM, KOTOpbIE COOTBETCTBYIOT BHYTPHULIEHTPOBLIM
f—f mepexomam B monax Tb3'. Kak u B ciyuae ano-
HOB, JIESTMPOBAHHEIX TONbKO MoHaMu Th3™ [38], momockr
¢ MakcuMyMamu okoio 485, 540, 582 u 620 um cooTBeT-
crBytor nepexozam °D,—7F , J=6, 5,41 3, a 380, 415,
439, 460 u 472 um — nepexogam "D, —'F , J = 6, 5,
4,3 u 2 [48, 49]. [Tonoca BRICOKOW WHTEHCHUBHOCTH TIe-
pexonos °D;—'F ; HaGnronaercs B criekrpax ®JI Tonb-
KO TIPH CEJICKTUBHOM BO30YXICHHHU, KaK TO OBLIO TO-
Ka3aHO paHee s JIIOMUHO(OPOB A1506N:Tb3H [38].
HaunGonpmyro naTeHCHBHOCTH B cniekTpax MKJI umeer
nonoca nepexoza °D,—'F, npu 542 M. [lupokue mo-
nocsl d—f-nepexonos B nonax Ce>" He HabmonamnCk.
Veenuuenue conepxanus Ce’" mpuBoauT K yBenuue-
HUIO HHTETPATbHON HHTEHCUBHOCTH ITOJIOC, OTHO CSIIIUX-
cst k Tb3*. CoBOKyNmHOCTB 3THX (haKTOB SCHO yKa3bIBaeT
Ha 3(QQEeKTUBHBIN Oe3bI3ITyUaTeIbHBIN MIEPEHOC IHEPTUN
or Ce’* k Th3".

Taxoke 6b1TH TTONTydeHs! 06pasisl AION:xTb3",yEu*
(x = 0.4%, y = 0.1-0.8%). Kak u BO Bcex OCTaIbHBIX
clyudasx, BoccTaHopieHus Tb3" me wmaGmomanocs,
a Bocctanosienue Eu’’ B Eu?' Geuto momusiM. Bcee
obpasusr AION:xTb3* yEu?" conepxar AlLON B kade-
CTBE OCHOBHOH (ha3bl M KOPYH] B KaueCTBE HMPUMECH.
Kpome Toro, B o6pasumax AION:xTb3",yEu?" npucyr-
CTBYET HEKOTOpO€ Komm4ecTBO (asel EuAl;,0 4, uTO
yKa3bIBaeT Ha HemojHoe pacTBopenue Eu?’ B marpune
AION.

Crekrper UKJI ALLON:xTb** yEu** npencrasie-
HBl Ha puc. 6. HaOmomaemble y3KHE IOJIOCHI UMEIOT
MakcuMyMmbl okoiio 415, 437, 485, 540, 582 u 620 um
W CBs3aHbl C BHYTPHUIICHTPOBBIMH f—/-IIepexoaMu
B nonax Tb3', kak ommcano Beime. ITonoca ¢ Makcu-
MyMoM okojio 380 HM, HaOmomaemas i oOpasIoB
AION:Tb3*/Ce3*, 3nech He mpeicTaBIeHAa H3-32 HEPEKPHI-
THSI IUPOKON aCUMMETPHUYHOH MOJIOCOH ¢ MAKCUMYMOM
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—— () Cnexrpsl BOJI/ PLE spectra

—— () Cnexrpsl BOJI/ PLE spectra
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Puc. 5. (a) UKJI ciexrpst 06pasios Al;ON:xTb**,yCe3"; cnexrper BOJI (b) u @JI (¢) 06pasuor Al;ON:xTb3*,yCe®*

(BocnpoussezneHo u3 [39])

Fig. 5. (a) PCL spectra of Al;ON:xTb3* yCe*" samples; PLE (b) and PL (c) spectra of ALLON:xTb?*,yCe** samples

(reprinted from [39])

oxoJio 410 HM ¥ MONYIIUPUHON 66 HM, KOTOpas CBsI3aHa
¢ d—f-nepexomamu B Eu?". MHTerpanpHas MHTEHCHB-
HOCTB JIFOMUHECIICHIINHU, 00YCIIOBIICHHOW HOHAMH Tb3",
o4yeHb c1a60 3aBHCHT OT KoHueHTpamuu Eu?". B To
JKe BpeMs HaOIMIOAeTCsl KOHIICHTPAIIMOHHOE TYIICHHE
momuHectenuu Eu?t, MakcuMabHas MHTEHCHBHOCTD
JIOCTUTAETCS MPU COACP)KAaHUU Eu2* 0.3 ar. %.

Crekrpsl @JI u BDJI, 3anucanHbie B pexxume Qiy-
OpECIIEHIINY, B OCHOBHOM COCTOST W3 IIHPOKUX IIO-
J10C, KOTOpble OTHOCATCA K 4f<s5d-mepexomam B Eu?*
(puc. 6b). Ionoca B cnekrpax BOJI mpencrasinseT co-
0ol cymMMy JIByX TIOJIOC C MakCUMyMamH OKoiio 260
u 300 am. B cnexrpax @JI nabironarorcs ABe MIUPOKUE

MOJIOCHI ¢ MaKCUMyMaMHu okoJio 395 u 455 um. CriekTpbl
@JI, 3anucanHble B pexume GpocdopecueHuu (puc. 6¢),
COCTOSIT U3 Y3KHUX T0JIOC, CBSI3aHHBIX C f—/-IIepexoiamMu
B Tb3*, kak onucano Beite. IIpy 3TOM MUpPOKHUE TOTIO-
chl, mpunuckiBaeMble Eu?’, He HaGmionarorcs. B crek-
Tpax ¢ocdopecuenmu BAOJI oOHapyx)uBaeTcs MIMpo-
Kast mosioca B quana3one 250—400 HM, nmpunuceiBagMast
nepexonam 4f—5d B Eu?", 4to sicHO yKa3bIBaeT Ha mepe-
Hoc smeprun Eu?'—Tb3", omgHako s>ddexTnBHOCTS Ta-
KOTO IIepeHoca CHIDKeHa. BeposiTHas mpuirHa 3aKiIr09a-
eTcs B TOM, 4TO CyMMAapHasi KOHI[eHTparus HoHoB Th3"
u Eu’" npeBbliaeT KOHIEHTPAIMOHHBIH Mpeses Tyle-
HMS B OTJIMYUE OT 0OPa3LoB A1506N:Tb3+,Ce3+.
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Puc. 6. (a) Cniexrps MKJI 06pasnos Al;O(N:0.4Tb3* yEu?"; cnexrps ®JI u BOJI o6pasua Al;ON:0.4Tb3*/0.3Eu?",
3amucaHHble B pexnMax pimyopecueHnuu (b) u pocdopecnenuun (c) (BocnpousseneHo u3 [39])

Fig. 6. (a) PCL spectra of samples Al;O,N:0.4Tb3* yEu?"; PL and PLE spectra for Al;O N:0.4Tb3*/0.3Eu?* sample
recorded in fluorescence (b) and phosphorescence (¢) modes (reprinted from [39])
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3aBepiias TaHHBIA pa3gen HEOOXOAWMO OTMETHTh,
9TO pa3pabOTaHHBIA METO]] TIO3BOJISIET JIETKO U BOCIIPO-
M3BOJIMMO T0JIy4aTh aJIOHbI, JIETHPOBAaHHBIE KaK OIHUM,
Tak U ABYMs pa3HbIMU TUnamMu MOoHOB P3M, koropsle
MOTYT HCIIONB30BaThCSl B KAa4eCTBE JIIOMHHO(POPOB.
[TonyyeHHble MaTepuanbl JIEMOHCTPUPYIOT HUHTEHCHUB-
HYIO KaToJ0- U ()OTONIOMHUHECICHIINIO B IIHPOKOM JH-
arra3oHe JUIMH BOJH, KOTOpask MOXET OBITh HAaCTPOCHA
IIyTeM BapbUPOBAHUS JIETHPYIOLIETO WM JIETUPYIOMIUX
MOHOB, a TAKXKE UX COJICPXKaHUS B MaTpuue anoHa. Jlis
MOJTYYCHHBIX 00pa3lioB HAOMOMAIOTCS dPPEKTH CCHCH-
OMIM3alui U KOHLEHTPAIIMOHHOTO TYLIEHHS, KOTOPbIE
JIOJDKHBI OBITh YYTEHBI MPH BBIOOPE ONTUMAIIBHOTO CO-
cTaBa JUlsl TeX WIN UHBIX 3a]a4.

OKCUHUTPUAbI AJIIOMUHMUS,
nernpoBaHHbie noHamu N

Jlo HefaBHEro BpeMEHM JIaHHBIC O CHCTEMaxX Ha OCHO-
BE OKCHHUTPHUIA AIOMUHHMS, coAepKammux HOoHbI [IM,
ObLIM BechbMa OrpaHUYeHbl. VCKIIIOUeHHE COCTaBIIAIN
aJIOHBI, JITHPOBAHHbIE HOHAMH MapraHua [31, 63—-66],
KOTOpBIEC TPEACTABISIOT cO00# JTFOMHHODOPHI 3€JICHO-
rO CBETa C Y3KOM MOJIOCOM UCIyCKaHUsA. XapaKTEpHbIN
Buj criekrpoB BOJI u ®JI o6pasuos y-AION:xMn2"
(x = 0.03-0.15), momyuennbix obxurom cmeceit Al,O;,
AIN u MnCO; ¢ n06aBieHHEM OKCHIIOB WM KapOo-
HATOB IIEJIOYHO3EMEJIbHBIX W IICTOYHBIX METAJIOB
JUTsI KOMITGHCAIIMH 3apsiiia mpejcTaBiieH B padore [31].
CrnekrpajibHble XapaKTePUCTUKHU BCEX 00Pa3lOB BECh-
Ma CXONIHBI, 332 HMCKIIIOYCHHMEM HWHTEHCHUBHOCTH (iry-
opecuennun. Criekrp ®BJI (A, = 510 uM) cocromT
M3 HECKOJIBKUX I0JIOC ¢ MakcumyMamu mipu 340, 360,
380, 424 u 445 um [31], xoTOpBIE COOTBETCTBYIOT II€-
pexozam ¢ OCHOBHOTO ypoBHs SA, Ha yposHu *T,(*P),
YE(*G), 4T2[4E(4G), A(*G)] m 4T2(4G) COOTBETCTBEH-
HO. Bce 9Tu mepexoibl 3anpenieHsl Mo CIUHY U YeTHO-
CTH, TIO9TOMY HHTEHCHBHOCTH COOTBETCTBYIOIINX IIO-
noc B cunekrpax BOJI u @JI takxke cHuxeHbl. CriekTp
@JI nokasblBaeT y3Kyl0 IIOJOCY C MaKCUMyMOM IIpU
510 M (A, = 445). V3kas nonoca B 3€J€HOM 00macTH
CHEKTpa ABJIAETCA XapaKTepHoM a1 nona Mn?' Benen-
ctBue nepexona T, (*G)—°A . Kpome Toro, nurencus-
HOCTH NIOJIOC B crieKTpe PJI MOHOTOHHO YBEIUYUBAIOTCS
¢ poctoM conepxkanus Mn?" u ocTHraoT MakcuMyma
mpu x = 0.07, mociie yero HaONOAaeTCs KOHIIEHTPAIU-
OHHOE TYIIICHHE JIIOMUHECIICHIINH. B 11emom, ¢ yBennde-
HHUEM X PacCTOSHHE MeKTy HoHamu Mn”" cokpamiaercs,
YTO MPUBOAUT K CHIKEHHIO CKOPOCTH M3ITy4aTeIbHOTO
Mepexoa U YBEIMUCHHUIO CKOPOCTH O€3BI3ITydaTeIbHBIX
MIEPEX0/I0B 3a CUET Kpocc-pejakcaluu. Belunciennoe
KPUTHUYECKOE PACCTOSHHE MEXAy HOHAMH MapraHia
coctaBuio 8.3 A, uto cymecTBeHHO GONMBIIE paccTos-
HUSL, JIOMTyCKAaIOIIero 0OMEHHBIE B3auMoIeucTBus (5 A).

Amnanu3 3aBucumocTH Ig //x ot 1g x (tne / — uHTEHCHB-
HOCTB JIIOMHUHECIIEHIINHN, X — COJIEPKaHHEe aKTHBATOPA)
MoKa3aj, 4yTo HauboJsiee BEPOSATHBIM MEXaHU3MOM Iiepe-
HOCa DHEPTUU SBISIOTCS JIUIONb-AUIIONBHBIC B3aHMO-
NEeHCTBUS.

IlepBoe cooOuienne 00 alloHax, JIETUPOBAHHBIX
Cr’" mosisunocs B 2020 1. B pabore [67]. Ioporku
y-AION:Cr3* ¢ conepxannem Cr’* or 0.25 mom. %
o 1.25 mon. % ObLIM MOMy4YeHBI BBICOKOTEMIIEpaTyp-
HBIM 00YKUTOM COOTBETCTBYIOIIMX OKCHAOB U AIN B ar-
Mocdepe azora. [lopomky mogyIeHHBIX MaTEPHUAIOB CO-
CTOSIT U3 OIHOPOAHBIX YACTHUI] FeKCaroHajIbHON (OpMBbI
paszmepoM ot 50 no 100 um. ITo nanueiM PDA onu npen-
crasaroT coboit y-Al;O N, npumechbix das ve HaOmHO-
naercs. [1o JaHHBIM PEHTIEHOBCKOM (POTOANIEKTPOHHON
cnexkrpockonnu (POIC) xpom mpucytcTByeT B (hop-
Me 1oHoB Cr3" B OKTa’IpHuecKoM OKPY/KEHHH aTOMOB
KHCIIOpPOAA, T.€. JIM0O 3aMellaeT aJlOMUHHUIA B COOTBET-
CTBYIOIIMX MO3ULKSAX, TMOO0 3aHMMaeT BakaHcuu V, O,
B cnekrpax B®JI HabmromaroTcs iBe MUPOKHE WHTCH-
CUBHBIE IOJIOCHI ¢ MakcuMyMaMu okoJio 430 u 588 Hwm,
KOTOpbIe MOTYT OBITh OTHECEHBl K d—d-mepexonam
4A,(2F)—*T | (*F) u *A,(?F)—*T,(*F) cootBeTCTBEHHO.

VY3Kkast MHTEHCUBHAA I10JI0Ca B CIIEKTPE HCIyCKaHUS
®JI (A, = 588 HM) ¢ MakcuMyMoM Tipu 693 HM OTHO-
cures k nepexony 2E(2G)—*A,(*F)), a mmpoxas nonoca
¢ MakcUMyMOM IipH 720 HM, IPEANOIOKUTENBHO, 00Y-
cIIoBJIeHA e(heKTaMu MaTpHIIbI aJoHa.

CoBceM HENaBHO HAMH OBUIH MPOBEICHBI HCCIEIO0-
BaHUs AJOHOB, JIETMPOBAaHHBIX HMOHAMHU TUTaHa [68],
koOanbTa [69] u xenesza [70]. Kak m oOpasibl anoHOB,
JIETUPOBaHHBIX MOHaMu P3M, WX momydanam BBICOKO-
TEeMIIePaTypHBIM OOKHIOM CMecedl aMOpP(pHOTO BBICO-
KOJTUCTIEPCHOTO OKCH/Ia aJIFOMUHHUS A1203 u AIN B TOke
a3oTa I0J1 IaBJieHUEM B | aTM. B TeueHHUE 2 9 MPH TEM-
nepatype 1750°C. B cnyyae kobajbra 0CyIIeCTBIsIIOCH
MpeJBApUTEIFHOE JITUPOBAaHHME OKCHJA AFOMHUHUS
¢ ucnonb3zosanneM Co(OAc), - 4H,O [33]. B ciryuae Tu-
TaHa U XkeJie3a COOTBETCTBYIOLIME OKCUIbI 100aBIISUIUCH
nenocpenctBenHo k cmecu Al,O; u AIN. Conepxanue
IIM cocrasisio ot 0.01 at. % 1o 5.0 at. % oTHOCUTENE-
HO QJTFOMHHUSL.

Cornacuo nanueiM POA, Bce 00pasiibl anoHa, JIeru-
POBAaHHOTO THUTAHOM, TIPEICTABISIOT COOOW TNpaKTHUe-
cku unctbie Y-AlsO(N [68]. O6pasusl ¢ 0.05-0.2 ar. %
TUTaHa cofepkar B KadecTBe mpumecun AIN (Menee
2 00. %). Obpasus! ¢ conepskanneMm tutana 0.5 atr. %
u Oojee comepkar B KadectBe mpuMmecu TiN, mpudem
€ro coziepKaHhe PacTeT ¢ POCTOM OOIIEro COAEpKaHUS
tutana. MaTepecHo, uro maxe obOpaser ¢ 0.05 ar. %
TUTaHA HE COJNCPKHUT B KAaYECTBE IPHUMECHOH (a3l Ko-
pyHaa. OObIYHO AJIs TOJAaBIICHUs 00pa30BaHUs KOpPyH/a
npu cunTtese y-AlON BBomsaT noust Mg?' B xonmudecTne
ot 0.5 g0 10 ar. %. 13 5T0Oro MOKHO 3aKJIIOYHUTH, YTO
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TUTaH 3()(EKTUBHO CHIOCOOCTBYEeT 00pa3oBaHHIO (a3bl
7-Al;O¢N, npu 5TOM Npezen €ro pacTBOPUMOCTH B Ma-
TpHLE ajoHa JiexuT B auanazoHe ot 0.2 mo 0.5 ar. %.
I[To pmanapiM P®OC, moHBI THTaHA 3aHUMAIOT OKTa-
npuveckre mo3unuu B cTpykrype AION, oOpa3sys 3Be-
ubst [TiNg], [TiIO N, _ ] u [TiO¢], KoTOpBIE KOJIMYECTBEH-
HO cooTHocsaTcs kak 39:38:23. Hurtpup turana TiN,
10 TAaHHBIM CIIEKTPOCKOIHH KOMOMHAIIMOHHOTO pacces-
HUSI, BEPOSTHO, 00pa3yeT TOHKYIO IUICHKY Ha TIOBEPXHO-
CTH YaCTHII aJI0HA.

B cnexrpax nomomenus B YO- U BUAUMOM Juana-
3oHax 06pasnoB AION:Ti3", momyd4eHHBIX pacyeTHBIM
METOJIOM C WCIOJIb30BaHHEM BbIpakeHUs: KyOenku—
Mynka [71] u3 cnekTpoB nugdy3HOTO OTpaKECHUs, Ha-
OmonaeTcst MoJjI0ca MOTIOMEHUS] ¢ MAaKCUMYMOM OKO-
7o 255 HM, KoTopas sBisercs TUnuYHOW ans AION
U CBs3aHA C DJICKTPOHHBIMH IEPEXOlaMH B JIe(eKTax
tuna V,, [72]. Hannuue B CrieKTpax MOIIOMIEHHUS SIPKO
BBIPOKCHHOTO Kpasi (DYyHIAMEHTAJIbHOTO IOTIOIICHUS
TIO3BOJIMJIO OIIEHUTH ONTHYECKYIO IMUPUHY 3arpernieH-
HO¥1 30HBI £ o MeTozIoM Tayma [73] ¢ mocneayromiei Kop-
PEKIMell CIEeKTPOB MOTIONIeHHs. bbiio oOHapykeHO,
qT0 Eg MeHsIeTCs B mpenenax ot 5.68 g0 5.72 »B npu
WU3MCHEHHH COJICPYKAHUS TUTAHA.

Crextpsl MKJI Bcex 00pa3noB MOTYT OBITH NpEn-
CTaBJICHBI CyMMOH YETBHIPEX II0JIOC CBEUCHHS C MaKCH-
mymamu nipu 393, 483, 602 u 765 um (puc. 7). I[lomocer
¢ MakcuMymamu okojio 393 u 483 HM, BEpOSITHO, OT-
HOCSITCS K COOCTBEHHBIM Je(eKTaM THIA BIIEKTPO-
HEWTpanbHbIX KomiuiekcoB [V”, —30°(]. Ilocnennue

paspymialoTcsi NpH  PEHTTCHOBCKOM  OOJIYYECHUU
400 _
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——(2) 0.05Ti Z3
. —(3)0.ITi 12 EY
B ——(4) 0.2Ti 5 5 a0
= 3004 ——(5)0.5Ti %
S5 ——(6) ITi gg®
= ——(7) 2.5Ti £ 2o 0\
S —_— i 5=
= g (8) 5Ti £ 2l o\o
£ 5 200 E T—o—— o
0 = H ] 1 } J
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g~ (©)
e
E 100 4 Ti3t

T
500

JlmvHa BOJTHBI, HM
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(2)

MNutencusnocts UKJI, yen. en.

1 00pasyroT 3apsHkeHHbIE JIEPEKTHBIE COCTOsHUA V", |,
30°, [V AI—O°N]2* u [V",—20°\]" [72]. Dnekrponnble
MePEeX0/Ibl, BOSHUKAIOLIUE U3 ITUX Ae()EKTOB, MPOSIBIIS-
FOTCS. HECKOJIBKMMHU TI0JI0CaMU HM3JIyYEHUS! B CIIEKTPax
HectexuoMeTpudeckux coequHennid AION. OpmHako
npupofa coOcTBeHHOH momuHecueHuu B AION Bce
elIe OCTaeTcs JMCKYCCHOHHOW. MHTEpecHO MpHu 3TOM
OTMETHUTB, UTO C YBEIMUCHHEM CONICPYKAHUS THTAHA HH-
TEHCHUBHOCTH 3TUX I0JI0C CHUkaeTcs. [1o Bceil Bugumo-
CTH, 3TO CBA3aHO, IO KpaiHel Mepe 0T4acTd, C yMEHb-
[ICHUEM YHCIIa COOCTBCHHBIX JIe(DEKTOR.

[Monocel ¢ makcumymamu nipu 602 u 765 HM Oonee
y3KHE W MOTYT OBITh OTHECEHBI K Aedekram, o0yciIoB-
JCHHBIM HajmmgueM mpuMmeceil. CoequHeHHs, comep-
Kallie MoHbl Mn?', 4acTo BCTpeyaroTCs KaK HEKOH-
Tponupyemas mnpumech B AIN, duro oOycrmaBiuBaer
MIOSIBIICHUE KPACHOM ITOJIOCHI CBEUCHHS C MAaKCHMyMOM
okono 600 um [74], a HeOombmioe kommuecTBo AIN
ompenensiercs MetogoM PDA B m3yueHHBIX 0Opasiax.
Urto kacaeTcs MOI0CH ¢ MAKCHMYMOM OKOJIo 765 HM —
OHA MOXeT OBITh OTHeceHa 6o k noHam Ti’" B MaTpu-
e Al,O; [75], dasa KOTOPOro TaKkxke ONPENETAETCS Kak
npuMecHas, 6o k nonam Fe?’, koTopble Takke MOTyT
OBITH AaKTHUBHEI B 3TOH YacTu cnekrpa [76, 77].

VYBen4eHue coJepKaHus TUTaHa MPUBOAMT K BbIpa-
JKCHHON TCHACHINH CHIDKCHUS MHTCHCUBHOCTH JIIOMH-
HecueHnuu AION B 1ienom, a Takke KakIOH H3 MOJI0C
B OTAETHHOCTH, BEPOSATHO, 3a cyeT 0Opa3oBaHUS Bce
6oupmrero konmuuecTsa TiN, HMEIOIIETr0 BEICOKOE ITOTTIO-
menue B YO- u BUAMMOI yactsax crekrpa [78], Ha mo-
BepxHocTH yacTui AION.

400 o0 o AION:0.01Ti
o (1) Honoca 1/ Fit Peak 1
350 70 (2) Honoca 2 / Fit Peak 2
I (3) Honoca 3 / Fit Peak 3
300 4 (4) onoca 4 / Fit Peak 4
5 —— Cymma / Cumulative Fit Peak
<
é‘ 250
% 200
=
3)
g 150
100
50
0-

2.0 2.5 3.0 35 4.0

Oneprus, 5B
Energy, eV

(®)

Puc. 7. (a) Cnexrpsr UKJI o6pazioB AION:Ti; (b) pasnoxenue cuexrpa MKJI o6pasia AION:0.01Ti Ha 4 rayccoBBI MOJOCHL
(c) 3aBucUMOCTh HHTErpasIbHON HHTeHCUBHOCTH IKJI 0T 00111ero conepskanus TutaHa (BocnpousBeneHo u3 [68])

Fig. 7. (a) PCL spectra of the AION:Ti samples; (b) decomposition of PCL spectrum of AION:0.01Ti by 4 Gaussian bands;
(c) dependence of integral PCL intensity on the total titanium content (reprinted from [68])
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O6pasie AION:Co Ob1TH ITOJTYYEeHBI BBICOKOTEMITS-
paTypHBIM O0XHTOM cMecedl aMOp(HOro BBICOKOIHC-
nepcHoro okcuaa amomunus Al,O, npeaBapuTensHo
nerupoBanHoro noHamu Co. B kadecTBe HMCXOMHOTO
BemectBa ucnonb3osancs Co(OAc),-4H,0) n AIN
B TOKe a3ora moj naBienueMm B 1 arm. mpu 1750°C
B TeueHue 2 4 [69]. ComepxaHue KoOAIBTa COCTABIISIIO
ot 0.01 10 5.0 aT. % OTHOCHUTEIBHO AJIOMHUHHUS.

Bo Bcex obpasinax AION:Co dasza Al;O(N sisiercs
OCHOBHOH 1o maHHBIM PDA. B o0pasiax ¢ copepkaHu-
em kobanera ot 0.01 10 0.5 at. % conmepkutcst HeOOIb-
mast npumechk AIN. B o6pasuax ¢ conepxanuem Kodasb-
ta 1.0 m 2.5 at. % oOHapyXuBaeTCs HOBas MPUMECHas
¢aza, KOTOpasi CTAaHOBUTCS EIWHCTBEHHOH MPUMECHIO
B oOpasue AION:5.0%Co. WpentudunupoBarb 3Ty
¢azy He ynanock. KopyH/ B kKauecTBe MPUMECHOH (a3bl
He OOHapyXeH Aake NMPH MHHUMAJIHHOM COJCPKAHUU
koOanbTa (0.01 ar. %), Kak ¥ B cay4ae C JISTHPOBaHUEM
MOHAMH THTaHa.

HUccnenosanue oopaznoB AION:Co metomom PODC
mokasaio, uto crnektpsl Al 2p u O 1s nomHOCTBIO CO-
BIIAJIAIOT ¢ TaKOBBIMU iisi 00pa3ioB AION:Ti. CriekTpbl
OCHOBHOTO YpoBHS N 1S IEMOHCTPHPYIOT HECKOIBKO
nukoB. OcHoBHOM muK (396.5 3B), mo-BuanMOMY, COOT-
BeTcTBYeT CBs3u Al-N [79], XOTsI U CABUHYT B CTOPOHY
MEHBINUX JHEpruil cBs3u. [1om00HBIH HU3KOIHEPIreTH-
YeCKHUil cABUT HAaOII0aJICs paHee JIsi MHOTOUHCIIEHHBIX
cucTeM, coaepxkaiux cpsizu tuna Me—N—-O, Hanpumep
Ti—-N-O [80]. Bropoii nuk MoxeT ObITh 00yCIOBJICH 00-
pazoBanuem cBsizeit Co—N

OnTuyeckas IIMPUHA 3apeNeHHON 30HBI B 00pasiiax
AION:Co, kak u B ciydae AION:Ti, Opu1a olieHeHa MeTO-
nom Tayia ¢ nocnenyroneil Koppekuuen CeKTpoB MOIIo-
menus. Benuuuna E o BAPBUPOBATIACH B MPE/IENaX OT 5.72
110 5.84 3B nipu n3MeHeHHH cojiepyKaHus KoOalTbTa.

Croextpet WKJI  mpUroTOBICHHBIX — 00pa3ioB
AION:Co npezacrasnensl Ha puc. 8. J{is Bcex oOpas-
IIOB HAOIONAIOTCS TPH IIMPOKHE MOJOCHI CBEUCHUS
¢ mMakcumymamu okosio 476, 595-600 u 750-760 Hwm.
Oo6pazenr AION:0.05%Co nemoHcTpupyeT Hambolee
sapkoe cBeueHne. C yBeIMUYCHHEM KOHIICHTPAIINU KO-
OasibTa HMHTEHCHUBHOCTb BCEX TMOJOC YMEHbBIIAETCS.
[Tonoca ¢ makcumymom 0ko10 480—500 HM MOXKET OBITh
npunucana aedexram CTpykrypbl tHna [V”,~30°],
a TIoJIOChI ¢ MakcuMyMamu okosto 600 u 765 HM — npu-
MECHBIM SMUCCHOHHBIM 1eHTpamM Mn?" u Ti** unu Fe?*
COOTBETCTBEHHO, KaK ¥ B CITydae 00pasIoB, JeTHPOBAH-
HBIX TUTaHOM [68, 72].

O0pasiesl AION:Fe3* Gbum MOTy4YEeHBI BBICOKOTEM-
MePaTypHBIM OOXKHUTOM CMece amMOp(HOT0 BBICOKO-
JIACTIEPCHOTO OKCHJIA aJTFOMHHUS A1203, AIN un FezO3
B TOKE a30Ta IO/ IaBJI€HUEM B | aTM. B TeueHue 2 4 npu
temneparype 1750°C [70]. Conepxanme Fe3' cocras-
110 oT 0.01 mo 5.0 ar. % OTHOCHUTENILHO AJIFOMUHUA.
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Puc. 8. UKJI cniexrpsl 06pa3noB AION:x%Co, x = 0.01-5.00
(BocmpousBeeHo u3 [69])

Fig. 8. PCL spectra of AION:x%Co, x = 0.01-5.00
(reprinted from [69])

WuaunmpoBanue audpakTorpaMM MOTYYEHHBIX 00pas-
IIOB ITOKa3BIBACT, YTO OCHOBHBIC PE(IIEKCH COOTBETCTBRY-
10T (ase Al;ON ¢ nebomnbmioii npumecnro AIN. Kpome
AIN Bo Bcex o0Opasnax MpUCYTCTBOBAJA AOMOIHUTEb-
Has (aza, WICHTUPHUIMPOBATH KOTOPYIO HE YIAIOCh.
Oobmiee comepxanne AIN W HeHICHTHPHUIUPOBAHHOMN
(ba3el He mpeBbImIano 5 00. %. Kak u B cimydae neruposa-
aust nonamu Ti m Co, MUHUMaJIBHOE COIEpKaHHe JKere-
3a (0.01 at. %) yxe no3BoJIAET OJaBUTh (POPMHUPOBAHUE
dassr a-Al,O;.

OnTHdeckas IMHPWHA 3alpeIieHHoil 30HBI B 00-
pasuax AION:Fe, onenennas Meronom Tayna ¢ Kop-
peKIMell CIEeKTPOB MOMIOIICHHS, ToKa3ana 3HaYeHUs
B mHTepBane 5.76-5.88 3B. Cnekrpsr MKJI obpa3-
o AION:Fe3" (puc. 9) comepskaT mHUpOKHe TONOCH
JIIOMUHECIEHIIMM C MakcuMyMamu okoio 495, 595
n 760 um. CaMoil MHTEHCUBHOM »MHccUEN oOJiama-
eT obOpasen ¢ MHHHAMAJIbHBIM COACPKAHHEM IKele-
3a — AION:0.01%Fe. Cnextper UKJI moryt ObITH
aNMIpPOKCUMHUPOBAHBl UYETHIPEMS IIONOCAMH C Mak-
cumymamu okosio 398, 492, 602 u 738 um. Ilomoca
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OKCVIHVITpVID,bI aNIlOMUHNA, NermnpoBaHHbIE NOHaMU
penko3emMesibHbIX 1 nepexogHbiX MeTasiJioB

H.C. Axmagynnuxa,
A.B. NweHko
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Puc. 9. (a) Ciexrpsr UKJI o6pasiioB AION:Fe; (b) pasnoxenue ciiekrpa MUKJI o6pasma AION:0.01Fe Ha 4 rayccoBBI MOIOCHI,
(c) 3aBECUMOCTBH HHTEHCUBHOCTH TTonioc B, B2, B3 u BS ot obmiero conepkanus xeme3a (BocmpomnsseneHo us [70])

Fig. 9. (a) PCL spectra of AION:Fe samples; (b) decomposition of PCL spectrum of AION:0.01Fe by 4 Gaussian bands;
(c) dependence of the intensity of B1, B2, B3, and B5 bands on the total iron content (reprinted from [70])

C MakCUMyMOM OKOJI0 398 HM OTHOCHUTCS K H3Jly4a-
TenbHBIM nepexonam B AIN [72]. Tlomoca ¢ Mmakcumy-
MOM 0K0JIO 492 HM SBISIETCS CIEACTBHEM W3IIYUCHUS
nedexros tuna [V”, ~30°\]. [lonocel ¢ makcumyma-
MHu okojio 602 u 738 HM OTHOCATCS, MO BCEH BUIU-
MOCTH, K U3IyUEHHUIO TIPUMECHBIX HOHOB (BO3MOXKHO,
Mn?" u npyrux).

Pe3ynbrarsl IpOBENEHHBIX MCCIIEJOBAaHUI aJOHOB,
JIETUPOBaHHBIX MOHamu [IM, mo3BonuaM onpeneanuThb
coctogHue MoHoB IIM B mMaTpuuax ajloHOB U Mpene-
JIbl PaCTBOPUMOCTH, BJIIMAHUEC TMPUPOABI U KOHICH-
Tpanmu [IM Ha onTHYecKyr0 MIMPUHY 3alpenieHHON
30HBI U JIIOMUHECLIEHTHBIE CBOMCTBa, KOTOpPbIE B CIIy-
gae AION:Ti, AION:Co u AION:Fe ompenenstorcs,
npexzie Bcero, JAedekramMu cOOCTBEHHOW CTPYKTYpBI
aJyoHa.

3AKJTIOMEHUE

OKCUHHTPHUIIBI AJTFOMHHHUS (AJIOHBI) W TPEXkKIE BCETO
y-AION, cocTaB KOTOpPOro, Kak IIPABHJIO, OMHUCHIBAIOT
popmymnoii Al,;0,,Ns unn Al;ON, sBrstores nepernek-
TUBHBIMH MaTepHallaMH HE TOJBKO JUTS W3TOTOBJIICHUS
CTEKOJ BBICOKOH IIPOYHOCTH, HO U KaK MaTPHIII JTFOMU-
HO(opoB. OCHOBHBIE METO/BI TTOJTYUYCHUSI OKCHHUTPUIOB
QIIOMHUHHUS BKIIFOYAIOT MPSIMOE BBICOKOTEMIEPATYPHOE
B3aUMOJICHCTBUE OKCUA i HUTPHUIA AFOMHHUS, TIPSIMOE
a30TUPOBaHUE U KapOOTEPMHUYECKOE BOCCTAHOBJICHHE-
a30THpOBaHuE. AJOHBI JIerupytoTcst nonamu P3M u [IM
KaK C IENbI0 YITYYIICHUs] CIIEKaeMOCTH U IMOBBINICHUS
(PU3UKO-MEXaHUIECKUX XapaKTEPUCTHK, TaK U JUIS MpU-
JIaHUsI OTIpE/IeNIEHHBIX ONTUYECKNX CBOMCTB. Ha ceroa-
HSIIHUA JICHb UMEIOTCSl CBEICHUS 00 WCIIOIb30BAaHHU
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B KaueCTBE CIEKAOIIUX T00aBOK OKCHIOB M IPYTHX CO-
enunenuit Mg, Y, La, Sc, La, Pr, Sm, Gd, Dy, Er, u YD.
Jis mpuaaHus IFIOMUHECIIGHTHBIX CBOWCTB Yalle BCEro
ucnonbsyiores Eu?t, Tb>" u Mn?", a takxe, B HeKoTO-
peix crydasx, Ce3™, Er?*, Sm3*, Yb>* u Cr3*. JIpoiinoe
neruposanue nonamu Eu?'/Ce3", Tb3/Eu?* u Tb3*/Ce?*
MO3BOJISIET MOJICTPANBaTh IIBET CBEYCHUs TIOMUHODOPA,
a TaKKe TO3BOJIICT, HAIpUMEpP, TIOHU3HUTH COICPIKAHUE
B JIOMHHO(Opax TepOus — OJHOro M3 Hambosee Jo-
porux P3M — Onaromaps a¢dekry cenHcubunmszanmu.
Jleruposanue nonamu Ti, Co u Fe xots u He npuaaer
JFOMHUHECIICHTHBIX CBOWCTB, OJHAKO OOJIEr4aeT CHHTE3
U MPOIECCUHT aJIOHOB.
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Abstract

Objectives. This study aims to synthesize strontium hexaferrites having a high level of chromium substitution (SrFe,, ,Cr O, g, x = 0-6)
and investigate their structural, morphological, and magnetic properties.

Methods. The synthesis was carried out using the solid-phase reaction method at a temperature of 1400°C. The impact of chromium
substitution for iron on the phase, structure, morphology, and magnetic characteristics was studied using powder X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy, and vibrating-sample magnetometry.

Results. XRD analysis confirmed the development of single-phase samples having a hexagonal space group P6,/mmc. An increase in Cr

concentration leads to a decrease in unit cell parameters, due to the smaller ionic radius of Cr>*. The surface morphology of the samples
consists of bulk crystallites a few microns in length. Substitution with Cr results in decreased saturation and remanent magnetization.

Conclusions. Pure samples of Cr-substituted strontium hexaferrite were synthesized. The linear dependence of the investigated structural
parameters on the Cr concentration confirms the Cr substitution into the hexaferrite solid solution by Vegard’s law. In addition to
structural parameters, magnetic characteristics were obtained for hexaferrite solid solutions. Saturation and remanent magnetization
dependencies were shown to significantly decrease with Cr concentration, while coercive force varies in a complex dependence on Cr
concentration. The sample with x = 1 has the highest product of coercive force and saturation magnetization, indicating its suitability for
permanent magnet application.
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AHHOTaUMA

Iesm. Pabora HaleleHa Ha CUHTE3 CTPOHIIMEBBIX TeKCa()epPUTOB C BHICOKOH CTENEHbIO 3aMEIICHN Kelle3a XPOMOM H HCCIIeJOBAaHNE
UX CTPYKTYPHBIX, TEPMHUUYECKHX, MOP(OIOrHUECKUX U MATHUTHBIX CBOWCTB.

MeTtoabi. CuHTE3 00pa3IoB MPOBOIMICS MO TBepaodasHOMy MeTony mpu Temmeparype 1400°C. BiusiHue 3aMelieHus Keae3a XpoMoM
Ha (ha3oBbIif COCTAB, CTPYKTYPY, MOP(OIOTHIO U MarHUTHBIC XapaKTEPUCTUKH CHHTE3UPOBAHHBIX TeKca)epPUTOB MCCIICIOBAHO METO-
JTaMH PEHTTCHOBCKON TU(PAKIMU, CKAHUPYIOIIECH ICKTPOHHONH MUKPOCKOTIUH, SHEPTOAUCIIEPCUOHHON PEHTICHOBCKOM CIIEKTPOCKOITHU
1 BUOPAIHOHHON MarHUTOMETPHH.

Pe3ynbTarhl. AHamM3 METOJIOM PEHTTCHOBCKOW JU(PAKINK TOKa3all, YTO MONTyUYSHHbIC 00pa3ilbl OJJHO(A3HBIC 1 COOTBETCTBYIOT T€K-
CarOHaNIbHOM CTPYKTYpE C MPOCTPAHCTBEHHON rpymnmoi P6,/mmc. C poCTOM KOHIIEHTPAIMK XPOMa Pa3MEPhl 3JIEMEHTApHOH SUeiKu
YMEHBIIAIOTCS, YTO HPOMCXOIHUT H3-32 MEHBIIEr0 HOHHOTO paxuyca noHa Cr3*. Mopgolorus HoBepXHOCTH 00pa3IoB MOKA3HIBACT TIPH-
CYTCTBHE KPYITHBIX YacTHUII, pa3MEPOM B HECKOJIbKO MUKPOH. 3aMEeIIeHHE JKeJle3a XPOMOM MPUBOJIUT K CHUKEHUIO OCTATOYHOW Hamar-
HUYEHHOCTH Y HAMAarHMYE€HHOCTH HACHIIIECHUSI.

BeiBoabl. OnHodasnsie 00pa3nsl Cr-3aMenIeHHbIX CTPOHIUEBEIX TeKcad)eppUTOB MOTyUeHBI TBepAo(da3HEIM MeTonoM. CTpYKTypHEIE
rapaMeTpsl 00pa3oB JIMHEHHO 3aBUCAT OT KOHIeHTpanuu Cr, 9TO MOATBEP)KIAeT 3aMEIleHHe XPOMOM B TBEP/BIX pacTBOpax rekca-
(beppuroB u3-3a cobmoneHus npasmwia Berapga. B momonHeHne K CTPYKTypHBIM HapaMeTpaM, W3y4eHbl MAaTHUTHBIE XapaKTePUCTH-
KH TBEPABIX pacTBOPOB. [t 0CTaTOUYHON HAMarHNYEHHOCTH W HAMATHUYCHHOCTH HACBHIICHNS HAOMIOaeTCs 3HAYNTEIEHOE CHIDKCHHE
¢ poctoM koHneHTparuu Cr. KospruTuBHas cria HOCUT CIOXKHBINH XapakTep 3aBUCHMOCTH 0T KoHIeHTpanuu Cr. O6paser co CTeIeHbI0
3amenieHus x = 1 obnazaeT HanOOIBIIMM IPOM3BEACHIEM HAMAarHUUCHHOCTH HACBHIIEHNS U KOSPIUTUBHON CHIIBI, YTO TTOJUCPKUBACT
€ro IPUMEHUMOCTb B KaU€CTBE IIOCTOSIHHOIO MAarHuTa.

KnioueBble cnoea MocTtynuna: 18.11.2024
Oopab6oTaHa: 24.01.2025

MpuHata B neyatb: 23.05.2025

rekcaeppUTHl CTPOHIUSL, CTPYKTYPa, PEHTIEHOBCKas TH(PAKINs, CKAaHUPYIOIIast
ANIEKTPOHHAsE MUKPOCKOIIHS, T depeHIanbHas CKaHUPYOas KaJJOpHMETPHS,
BHOpAIMOHHAsT MAaTHUTOMETPHSI

Anga uMTnpoBaHusa

Zykova A.R., Kovalev A.L., Sherstyuk D.P., Zhivulin V.E., Taskaev S.V., Vinnik D.A. Cr-substituted M-type hexaferrite solid solutions with
high level of substitution. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(4):344-356. https://doi.org/10.32362/2410-6593-2025-20-
4-344-356

INTRODUCTION

Ferrites are an important class of materials, playing

hexaferrite (BaFe ,0,5) was the first investigated
M-type hexaferrite. This material was used in

a significant role in magnetic applications and high
frequency electronics [1-5]. Among them, a subclass
of M-type hexagonal ferrites has attracted the research
attention due to their unique properties: a Curie
temperature of about 450°C, a high corrosion resistance,
low production costs, a magnetocrystalline anisotropy
of 17.5 kOe, and low dielectric loss [6-9]. Barium

permanent magnet manufacturing along with strontium
hexaferrite  (SrFe ,0,y), which is more easily
manufacturable, as well as offering higher coercivity (H,)
and remanence magnetization (M), which are important
permanent magnet characteristics [10].

Barium and strontium hexaferrites are still used
for permanent magnet manufacturing, however,
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due to the interest in the M-type hexagonal ferrites
structure, proposed hexaferrite applications include
photocatalysis [11, 12] and electromagnetic interference
shielding [13-15]. Many different hexaferrite solid
solutions have been synthesized and investigated using
various methods. Mono- or polysubstituted BaFe,,0,,
with Sr [16], Al1[17], Ca [18], Ti [19], Mn [20], Ni [21],
Gd [22], Cr [23], etc. atoms have been reported, as well
as high entropy solid solutions [24-26].

In the scientific literature on hexaferrite, relatively
few works have focused on partially Cr3* substituted
barium hexaferrite [27-32]. From analyzing these
sources, it can be seen that Cr3" substituted barium
hexaferrite was earlier synthesized by sol—gel [27-31]
and solid-state [32] methods. In the works [27-29], the
level of Cr3*substitution (x) varies from 0.25 to 1, while
the synthesis temperature lies in the range from 850 to
1000°C. However, the obtained samples were subject
to impurity constraints, consisting not only in the target
BaCere(lzfx)O19 phase, but also in a-Fe,O; [27] and
Cr,05 [28, 29]. In work [28], the authors were able to
obtain single-phase samples of BaCere(lz_x)O19 with
x(Cr) = 0.1-0.8. An increase in Cr concentration was
shown to lead to lower saturation magnetization and
higher coercive force values. Single-phase samples were
also obtained in [31], where x(Cr) =0, 0.5, 1.0, 2.0. The
synthesis of pure barium hexaferrite with x(Cr) = 2 by
the solid-state method was reported in the work [32]; the
synthesis process was carried out for 3 h at a temperature
of 1300°C.

Concluding the literature review, it becomes clear that
the synthesis of single-phase of partially Cr-substituted
barium hexaferrite remains problematic. Meanwhile,
strontium hexaferrite has not been investigated in
terms of Cr substitution. At the same time, an interest
in Cr-substituted hexaferrites could be identified in the
analyzed publications.

The present study set out to obtain single-phase
samples of M-type Sr hexaferrites SrFe(lzﬂc)Cr)CO19 with
x from 0 to 6 and investigate their magnetic, structural,
and morphological properties.

MATERIALS AND METHODS
Sample preparation

The samples were prepared using solid-state synthesis.
Iron oxide (Fe,0;), chromium oxide (Cr,O;), and
strontium carbonate (SrCO;) were used as initial
components for synthesis. All of the components were
reagent-grade (Reahim, Russia). They were weighed
at a given stoichiometric ratio and ground in an agate
mortar (Rushim, Russia). Table 1 shows the chemical
formula of the samples as well as the mass content of the
initial components.

Table 1. Compositions of the initial mixture

Mass ratio of the initial
No. | Chemical formula components. g

SrCO,4 Fe,0, Cr,0,
1| StFe,, Cr, <0, | 13374 | 83183 | 03442
2| StFe,,Cr,0, 13398 | 7.9706 | 0.6897
3| StFe, Cr; 0y, | 13421 | 7.6216 | 1.0363
4 | SrFe,,Cr,0, 13445 | 72714 | 13842
5 | StFe,Cr, 0,4 13468 | 69199 | 1.7332
6 | SrFe,Cri0, 13492 | 65673 | 2.0836
7 | StFegCr, 0,4 13516 | 62133 | 24351
8 SrFeyCr, 0,4 1.3539 5.8582 2.7879
9 | SrFe,Cr, 0, 13563 | 55017 | 3.1419
10 | StFe,Cr 0, 13587 | 5.1441 | 34972
11| StFe, (Crs 0,4 13612 | 47851 | 3.8537
12 | SrFe,Cr0,, 13636 | 44249 | 42116

After grinding, the mixture was pressed into tablets
with a diameter of 8 mm and a height of 5 mm using
a hydraulic laboratory press FFMP-15T (KARALTAY,
Russia) and a metal mold with a force of 5 t/cm?.

The samples were placed on a platinum substrate and
sintered in a self-made tube furnace with silicon carbide
heaters. Solid-state synthesis lasted for 5 h at 1400°C.

Phase, structural, microstructural,
and elemental analysis

The samples obtained through chemical reaction were
studied via powder X-ray diffraction (XRD) analysis
(Ultima IV powder diffractometer with CuKa radiation,
Rigaku, Japan), scanning electron microscopy (SEM),
and elemental microanalysis.

The phase content and cell parameters were studied
at 25°C. The unit cell parameters were calculated
by the Rietveld method using the PDXL software
(Rigaku, Japan) application. The chemical composition
and microstructure images were examined using the
scanning electron microscope JEOL JSM-7001F
(JEOL, Japan) with an energy dispersive X-ray
fluorescence spectrometer Oxford INCA X-max 80
(United Kingdom).
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Histograms of the distribution of grain sizes were
created by using Imagel] (National Institutes of Health,
USA) and Origin (OriginLab Corporation, USA)
software.

Magnetic analysis methods

In order to determine the magnetic parameters,
a Quantum Design PPMS® VersaLab vibrating-sample
magnetometer (USA) with a magnetic field strength
up to 30 kOe at temperatures from 50 to 300 K was
used.

RESULTS AND DISCUSSION
XRD analysis

The phase composition and unit cell parameters of
the samples were determined through powder X-ray
diffraction. Figure 1 shows the XRD patterns of single-
phase samples. The red strips represent the data for
unsubstituted strontium hexaferrite SrFe ,0,y [33].
Figure 1 shows that the reflections in the XRD patterns
of the samples correspond to pure SrFe,,0,, from the
ICDD® database! with the hexagonal space group
P6;/mme. On the presented magnified capture of
XRD patterns (Fig. 2), it can be clearly observed that the
peak positions are shifting to the higher 20 angle with the
introduction of Cr into the hexaferrite.

Unit cell parameters for each obtained solid solution
were obtained by indexing the XRD patterns (Table 2).

When Fe in strontium hexaferrite is substituted with
Cr, the values of unit cell parameters monotonically
decreasing with x (Fig. 3). Since the ionic radius

5. SrFey sCr, O\

4. SrFe, ,Cr,0O
SR || N TN Y

3. SrFey 5Cry 5049
TN T

2. StFe, Cr 0,4 :

Al Li M i O

It
1.Sr1~“eH_SCr0_50lgll L M
AN = - *

SrFe ;0 :
1 hul | N N

Intensity, a.u.

ICDD 39-1433 | ‘ |J.I| |
T \I‘ Il \|I| [ A \II|I L |||I [T T

10 20 30 40 50 60 70 80
26,°
(@)

Table 2. Unit cell parameters of the obtained solid solutions

Sample Cell sizes Cell
composition @l velTEns 17,
a, A ¢, A A3

SrFe;,0,4 [34] 5.8840 | 23.0500 | 3.9174 690.403
SrFe;,0, 5.881(2) [ 23.049(9) | 3.9192 | 690.43(5)
StFe;; Cry 0,y [5.875(3)|23.015(1) | 3.9174 | 687.8867(1)
SrFe,,Cr 0,4 5.874(3) [ 23.007(1) | 3.9167 | 687.441(6)
SrFe, sCr; 50,4 | 5.870(4) | 22.983(5) | 3.9153 | 685.746(2)
SrFe ,Cr,044 5.868(1)22.968(1) | 3.9141 | 684.897(2)
StFey sCr,y O, | 5.864(4) | 22.944(2) | 3.9126 | 683.281(1)
SrFeyCr0 4 5.858(2)22.930(3) | 3.9143 | 681.519(4)
StFeg sCry O, | 5.858(8) [ 22.919(6) | 3.9124 | 681.102(2)
StFegCr,0 4 5.857(6) | 22.875(3) | 3.9055 | 679.748(1)
SrFe, sCr, O,y |5.853(1) | 22.843(6) | 3.9028 | 677.627(1)
SrFe,CrO0 4 5.852(2) [ 22.828(3) | 3.9009 | 677.075(1)
StFes sCrg O,y [5.847(1)| 22.794(2) | 3.8984 | 674.858(2)
SrFe,Cr,0)4 5.845(8) 22.776(3) | 3.8966 | 673.849(7)

of Cr’" (0.615 A, CN = 6) is smaller than that of Fe>* (0.645 A,
CN = 6)?, the unit cell and its parameters decrease with x.

12. SrFe Cr O 4 l
[t M

11. SrFeg sCrs 5O g L

10. SrFe,Crs0,,

ml.ll A

AN
MLU i

9. SrFe, Cr, O
—— o e
8. StFeyCr,0,4 :
SO | NPT W R N
] :
<G T TR U SN
[ :

ICDD 39—14||33 | |
Il Ll L

Intensity, a.u.

\lh| ||I| | Al ‘I||\I L ‘I\M I .||I| L
10 20 30 40 50 60 70 80
20, °

(®)

Fig. 1. XRD patterns of SrFe,  Cr O, system: (a) x = 0-2.5; (b) x = 3-6

1" The International Centre for Diffraction Data (ICDD®). https://www.icdd.com/. Accessed July 15, 2024.

2

Imperial College London, Radii for All Species. http://abulafia.mt.ic.ac.uk/shannon/radius.php. Accessed July 15, 2024.
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Fig. 2. XRD patterns of SrFe |,  Cr O, system (x =0, 3, 6)
magnified image

The linear dependence indicates Vegard’s law,
which confirms the formation of the substitutional solid
solutions.

Surface morphology and elemental
composition

The surface morphology of the samples is represented
by a multitude of differently oriented crystallites
merged together, some of them showing hexagonal
morphology. Figures 4a—41 show SEM images of each
sample.

Table 3. Elemental composition of the samples

0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 40 4.5 5.0 5.5 6.0
X(Cr)

Fig. 3. Dependence of the unit cell parameters a, ¢, and V
onx in SrFe(lzﬂc)Cer19

From the particle size distribution shown in the
histograms, it is evident that particle size is not strongly
dependent on the degree of Cr substitution. However,
among all the samples, the sample with x = 6 stands out; at
this rate of substitution, a maximum of 9.4 um is observed.
Results of elemental analysis are presented at Table 3.

Magnetic properties

Hysteresis loops for SrFe:(lzﬂc)CrXO19 (x = 0-06) solid
solutions are shown in Figs. 5 and 6. By visually
analyzing the hysteresis loops, we can conclude
that Cr concentration (x) increases the coercive
force (H), while residual magnetization (M)
and saturation magnetization (M,) both decrease.

Elemental composition of the obtained samples, At. %
No. Theoretical chemical formula Resulting chemical formula
Sr e Cr
1 StFe,, sCr O} 1.00 11.26 0.74 StFe;; 5,Cr;y 740}
2 SrFe,,Cr,0,, 1.00 10.84 1.16 StFe; ¢4Cry 16019
3 StFe sCr, 5Oy 1.00 10.30 1.70 StFe 50Cr; 70019
4 SrFe,Cr,0,4 1.00 9.82 2.18 StFeq ¢,Cr, 1501
5 SrFey <Cr, ;0,4 1.00 9.26 2.74 StFeq ,Cr, 1,014
6 SrFeyCr0 4 1.00 8.72 3.28 SrFeg 5,Cry 5,401
7 SrFeg sCry O 1.00 8.32 3.68 SrFeg 3,Cr; 4501
8 StFeyCr 044 1.00 7.84 4.16 StFe, ¢,Cry 14019
9 | StFe,Cr, 0,9 1.00 7.47 4.53 SrFe; 47C1, 53019
10 SrFe,CrO 4 1.00 6.60 5.40 SrFeg ¢0Crs 4001
11 SrFeg sCrs 5O g 1.00 6.23 5.77 SrFeg 53Cr5 4,04
12| SrFe,Cry0,y 1.00 5.85 6.15 SrFes §5Cr6.15019
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Fig. 4. SEM images of SrFe(lzﬂf)O19 ceramic samples. x = (g) 3.5; (h) 4.0; (i) 4.5; (j) 5.0; (k) 5.5; (1) 6.0
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While this correlates with the data given in [28], the coercive
force values for BaFe , sCr, ;0,4 and SrFe , sCr; O,4 are
notsimilar at the same level of substitution; this dissimilarity
may be attributed to the coercive force being influenced by
the nature of the bivalent ion. Since applying 30 kOe to
the samples did not cause saturation or the magnetization
value to keep increasing, the law to approach saturation
was applied. According to the Stoner—Wohlfarth model, M
can be determined by plotting magnetization (M) against
1/H? (Eq. 1) and then extrapolating the linear plot to a zero
value of 1/H? (Fig. 7).

The effective magnetic anisotropy constant (K g)
can also be determined from this graph by calculating
the slope value to determine parameter B (Eq. 2). From
this parameter, the value of the magnetic anisotropy
field (H,) can be derived (Eq. 3).

B
M=Ms‘[1—mj, (1)
15B
Ketp =My -y~ 2)
K
Ha=2-Lff' 3)

S

The values of M, and H_ are determined from hysteresis
loops (Figs. 5 and 6). The values of M are presented in
Table 4; K 4 and H, values are presented in Table 5.
With a temperature decrease, H decreases but M_ and M,
increase. M and M linearly depend on the Cr concentration
(Figs. 9 and 10). H_ does not fit perfectly to the linear
dependence, but demonstrates a more complicated fit. This
could be caused by the complex Cr3" ion substitution for
Fe3" ions in different Wyckoff positions.

—(D)x=0
—(2)x=05
50— (3)x=1.0
o — @x=15
2 (5)x=2.0 ==
e —(6)x=25 e
8 (7)x=3.0 A e
5 0 ——7/ i
.% / 13
§D
= z — (10)x=45
50 — (I1)x=5.0
(I2)x=55
(13)x=6.0

230000 20000 —10000 0 10000 20000 30000
Magnetic field, Oe

Fig. 5. Hysteresis loops of SrFe(lz_x)Cer19 (x=0.5-6.0)
for solid solutions at 300 K

— D)x=0
—(2)x=05
0 —3)x=10
& {—@x=15
g S)x=2.0
o —(6)x=2.5
£ o (7)x=3.0
<
N
=3 =
s /‘*‘*"’“% — (& x=35
Y —(9)x=4.0
= = — (10)x=45
-50 —(II)X:SO
(I12)x=55
—(3)x=6.0
230000 20000 —10000 0 10000 20000 30000

Magnetic field, Oe

Fig. 6. Hysteresis loops of SrFe(lzjc)Cr)(O19 (x=10.5-6.0) solid
solutions at 50 K

Table 4. Magnetic parameters of SrFf:(1 27)()Cr)6019 (x = 0-6) solid solutions

300 K 50K
x (Cr)
M, emu/g M, emu/g H_, Oe M, emu/g M, emu/g H_, Oe
0 67.90 21.03 610 99.76 5.95 95
0.5 66.14 28.49 2868 94.19 28.69 1105
1.0 41.04 21.02 5414 71.25 35.90 5245
1.5 51.93 24.09 2683 77.30 34.00 2553
2.0 46.48 22.44 4514 71.41 33.36 4050
2.5 36.58 18.19 4204 58.61 28.33 4247
3.0 32.79 16.85 6491 54.68 27.47 6216
35 37.27 15.97 2282 54.32 20.66 1596
4.0 22.18 11.74 5061 40.46 21.22 4804
4.5 11.33 6.09 6201 22.44 12.23 5935
5.0 13.34 7.26 5771 26.59 15.05 5537
5.5 9.12 491 7037 19.20 11.12 6575
6.0 7.37 3.89 6800 16.73 9.93 6278
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4_ ~——
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eff H_, Oe eff H_, Oe . . . o
emu/g-Oe & emu/g-Oe 2 Fig. 8. Field cooling at 500 Oe magnetization curves
of SrFe(lz_x)CrXO19 (x = 0-6), solid solutions
0 0.70 20756 0.94 18773
0.5 0.75 22742 0.96 20465
1.0 0.69 33399 1.17 32900
100 0 0K
1.5 0.74 28618 1.00 25908 | e —0K
2.0 0.71 30736 1.03 28783 80 °
in [ ®
2.5 0.59 31991 0.90 30756 20 -
g 60 °
e o
3.0 0.53 32504 0.88 32028 < "
40 4 = °
3.5 0.47 25024 0.60 22055 ="
®
4.0 0.37 33543 0.67 33051 204 " .
n [ ]
[ ]
4.5 0.20 34696 0.38 33550 0 "
0.0 05 1.0 1.5 20 25 3.0 3.5 40 45 50 55 6.0
5.0 0.23 34999 0.44 33395 X(Cr)
5.5 0.17 36561 0.33 33964 Fig. 9. Dependence of saturation magnetization (M)
on Cr content at 50 and 300 K
6.0 0.14 37108 0.29 34377
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Fig. 10. Dependence of remanent magnetization (M,)
on Cr content at 50 and 300 K

The replacement of Fe by Cr in hexaferrite strontium
leads to complex changes in the magnetic structure,
which ultimately reduces the saturation magnetization
of the material. This change can be explained in terms
of the replacement of Fe* (5 uB) ions by less magnetic
Cr3" (3 uB) ions in octahedral and tetrahedral positions,
which results in a decrease in the total magnetic moment
per unit volume of material to weaken exchange
interactions.

CONCLUSIONS

SrFe(lz_x)Cer19 solid solutions with x up to 6 were
synthesized using the ceramic method. Average
crystallite sizes varied from 5.6 to 9.4 um. The purity
of the samples was verified using XRD analysis:
all obtained samples consists only of crystal
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AHHOTaUus

Hesmn. MccnenoBars cocrosiaue nonu-N,N-gumetnn-N,N-muammnammonnii xinopuaa (IIIMJJAAX) B BOAHBIX pacTBOpax W peakIuu
oOMeHa aHMOHOB TOJMAJICKTPOINTA ¢ AHHOHAMH HEOPTaHMYECKUX KHCIIOT; OLEHUTH BIMSHUE KHCIOTHOCTH, OCHOBHOCTU M TPUPOIBI
kucnot H, X, Ha cOCTOAHME MONTMMEDP-KOJIIOUIHOTO KOMILIEKCA B BOHBIX PaCTBOPAX.

Mertoabl. Mcnonb30Baliich METObI TOTEHIIMOMETPUH, IMHAMUYECKOTO CBETOPACCEsHUs, MHYPAKPACHON CIEKTPOCKOIMH M CIIEKTPO-
CKOTIMH SA€PHOT0 MarHUTHOTO PE30HAHCA.

Pe3yabTarbl. YCTaHOBIICHBI OCHOBHbBIE 3aKOHOMEPHOCTH, BIMsAOLIME HAa cocTosiHue nonuuiekrpoiuta [IJIM/IAAX B BOoaHBIX pacTBO-
pax 1 XapakTepUCTUKH OOMEHHBIX IPOLIECCOB C YYaCTHEM aHHOHOB HEOPTraHUUECKHUX KUCIIOT. [loKa3aHo, YTO MOJIUMEPHBIH dIEKTPOIUT
MMIAMIAAX HaxoquTcst B BOJHOM PacTBope B popMe HENMPOTEKaeMbIX MOIMMEPHBIX KITyOKOB, MPEICTABISIIOLIMX OO0 MOIMMepHbIe
COJIbBAaTHO-Pa3/ICICHHbIC HOHHBIE Taphbl. YCTaHOBICHO Haiaudue oOMmeHa annoHa Cl™ monmaiextponuta Ha moH OH™ Boxsl win aHu-
oHbl X"~ HEOPraHMYECKUX KHUCIOT ¢ 00pa3oBaHHEM mHonumep-KoutonaHbix komiiekcoB (ITKK) co 3BeHbsiMu momvMepHoii ey, co-
JIepIKaLUX pa3InuHble POTUBOAHUOHBI. OOMEH aHHOHOB NPOTEKAET MPEUMYILECTBEHHO Ha TIOBEPXHOCTH IOJMMEPHOro KiyOKa, 4To
OrpaHHYMBAET CTENEHD 3AMELIEHHS AHMOHOB U 3aBUCUT OT CUJIbI, IPUPOJIBI U OCHOBHOCTH KucnoT H, X, . Yeranosnena cBssb CTenenu
3aMeIleHHsT aHHOHOB X'~ MOJMMEPHOro KiyOka u mpodnoctu odpasyrorerocs [TKK ¢ sHTanbmueid conpBaraiii HEOPraHMUSCKUX KHC-
gor H X, .

BeiBonbl. YcranosieHo, uTo nonmMepHsli anexrporut [1IM/IAAX Haxomurcest B BOZHOM pacTBOpe B (opMe HENPOTEKAEMbIX MOJIH-
MEpHBIX KIYOKOB, NPEACTABISIONIX COOOM IOIMMEpHBIE CObBATHO-pa3/elIeHHbIe HOHHBIE TMapbl. Pesynsrarom obmena anmona Cl™
nonuatekTponuta Ha noH OH™ Bojs! mitnt annoHs! X"~ HeopraHHYeCKHUX KHCIIOT siBisieTcst oopazosanue [TKK co 3BeHbsIME TOTHMeEpHOH
LIeTH, COZIEPIKAIIUX pa3IMYHble IPOTHBOAHHOHBI. OOMEH aHMOHOB IPOTEKAaeT Ha ITOBEPXHOCTH MOJMMEPHOTo KIyOKa M IpenMylle-
CTBEHHO ¢ yuyactHeM annmoHa OH™ monmsnekrponnTa. YCTaHOBIIEHA CBSI3b MEXKAY COCTOSIHMEM HoMMMepHbIX KiyOkoB ITIMJIAAX,
CTEMEHBIO 3aMELIEHHS AHUOHOB C PAa3IMYHbIM DK, ¥ CTENIEHBIO CONbBATAIIMU KUCIIOT. CTENEHb 3aMEIEHHs aHHOHOB KUCIOT X"~ yMeHb-
IIAETCsl C MOHMKEHUEM CHITBI KucioTel H, X, 1 3apsijiom oOpasyromerocs anuona B psay HCIO, > HCl>HNO, > HBF, > HSO}, H,PO,
U XapaKTepHU3yeTcs CYIIeCTBEHHBIM N3MEHEHHEM Pa3MepoB KiIyOka MeICHHOH Mo/b! JBrkeHHs noimdiektpoinTa [TKK, s kotopsix
BenuuuHa kodpdurmenta muddysuu ysemuumpaercs ot 3.0-10713 10 1.3-10710 cm%/c, uT0 COOTBETCTBYET yMEHBIIEHHUIO CTEMEHH ac-
colpanuy 3BeHseB nonmmmepHoro kiryoka [TIKK B Tom xe psy. CTenens 3aMenieHust aHHOHOB X' MOJIMMEPHOro KiIyOKa W IPOYHOCTD
o6pasyromerocst [IKK cum06aTHO yMeHbIIaeTCsl ¢ HOHM)KEHNEM CTEIIEHH COJIbBATAI[MN HEOPTaHMIEeCKUX KHCIIOT B BOJIE.

KnioueBblie cnoBa

INAMIAAX, notenipomerpudeckoe TutpoBanue, MK-cnexrpockomnus, Moctynuna: 26.10.2024
SIMP-CIIEKTPOCKOIHUS, JMHAMHYECKOE CBETOPACCESHHE, OOMEH aHHOHOB XJIOpa AopaboTtaHa: 27.03.2025
MOJIUBJICKTPOJIUTA, HCOPraHUYECCKHUEC KUCJIOTHI. TIOJITUMEP-KOJIJIOUIHBIC KOMILJICKCHI, anHﬂTa Brneyartb: 16.06.2025

1 dy3ust HOIUMEPHBIX KITYOKOB

© 9.H. l'onybeBa, A.B. Kpbinos, T.A. YeboTapesa, 2025 357


https://doi.org/10.32362/2410-6593-2025-20-4-357-371
https://www.elibrary.ru/QNESUI
mailto:golubeva.ya.n@gmail.com
mailto:allylnmr@yandex.ru

Interaction of poly(diallyldimethylammonium chloride) Yaroslava N. Golubeva,
with inorganic acids Alexander V. Krylov, Tatyana A. Chebotareva

Anga uMTMpOBaHUNA

Tomy6esa S1.H., Kpeos A.B., Ueborapea T.A. B3anmoneiicTBre monuIuMeTHIARALIIIAMMOHUE XJIOpUIa C HEOPTaHMYECKIUMHU KUCIIO-
Ttamu. Toukue xumuyeckue mexnonozuu. 2025;20(4):357-371. https://doi.org/10.32362/2410-6593-2025-20-4-357-371

RESEARCH ARTICLE

Interaction of poly(diallyldimethylammonium chloride)
with inorganic acids

Yaroslava N. Golubeva™, Alexander V. Krylov™, Tatyana A. Chebotareva

MIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies), Moscow, 119454
Russia

™ Corresponding authors, e-mail: Yaroslava N. Golubeva, golubeva.ya.n@gmail.com, Alexander V. Krylov, allylnmr@yandex.ru

Abstract

Objectives. The study set out to investigate the state of poly(V,N-diallyl-N,N-dimethylammonium chloride) (polyDADMAC) in aqueous
solutions and the exchange reactions of polyelectrolyte anions with anions of inorganic acids, as well as to assess the effect of the acidity,
basicity, and nature of H, X acids on the state of the polymer-colloidal complex (PCC) in aqueous solutions.

Methods. Potentiometry, dynamic light scattering, infrared spectroscopy, and nuclear magnetic resonance spectroscopy methods were
used.

Results. The main factors affecting the state of the polyDADMAC polyelectrolyte in aqueous solutions were determined along with the
characteristics of exchange processes involving anions of inorganic acids. The polymer electrolyte polyDADMAC is shown to exist in
an aqueous solution in the form of impermeable polymer coils, representing polymer solvent-separated ion pairs. The CI™ anion of the
polyelectrolyte is exchanged for the OH™ ion of water or the X"~ anions of inorganic acids to form PCCs with polymer chain links and
various counteranions. The exchange of the anions takes place mainly on the surface of the polymer coil, which limits the degree of
substitution of anions and depends on the strength, nature, and basicity of the H, X acids. A relationship was found between the degree
of substitution of the X"~ anions of the polymer coil and the strength of the resulting PCC with the enthalpy of solvation of inorganic
acids H X .

Conclusions. The polymer electrolyte polyDADMAC exists in an aqueous solution in the form of impermeable polymer coils, which are
represented by polymer solvent-separated ion pairs. The exchange of the CI™ anion of the polyelectrolyte for the OH™ ion of water or the
X"~ anions of inorganic acids results in the formation of PCCs with polymer chain links and various counteranions. The exchange of the
anions, which takes place on the surface of the polymer coil, mainly involves the OH™ anion of the polyelectrolyte. A relationship was
identified between the state of polymer coils of polyDADMAC, the degree of substitution of anions with different pK,, and the degree of
acid solvation. The degree of substitution of the X"~ anions of acids, which decreases with a decrease in the strength of the H, X, acid and
the charge of the resulting anion in the series HCIO, > HCI > HNO, > HBF, > HSO,, H,POy,, is characterized by a significant change
in the size of the coil of the slow mode of motion of the PCC polyelectrolyte. Here, the increased diffusion coefficient from 3.0-10713
to 1.3-10710 cm?/s corresponds to a decrease in the degree of association of the links of the polymer coil of PCC in the same series. The
degree of substitution of the X"~ anions of the polymer coil and the strength of the forming PCC decrease symbatically with a decrease
in the degree of solvation of inorganic acids in water.
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B3anmoperictene nonnanMeTunananiniaMmmoHuin xnopmaa
C HeopraHM4eckuMm K1McroTaMm

9.H. Flonybesa,
A.B. Kpbinos, T.A. HeboTapeBa

BBEOEHUE

TTomumepHnsiit anekTpoaut nonu-N,N-qumerun-N,N-au-
ammwiammonnid xnopun (IJIMJIAAX) (puc. 1) oTHO-
CUTCSl K MOHHBIM JKUAKOCTSIM M MMEET IIHPOKOE IpaK-
TUYECKOe W OHOJIOTMYecKoe NpUMEHEHHEe, KaK Koary-
TSTHT/(QIOKYISHT B BOJOOYUCTUTENBHBIX COOPYKEHHSIX
(manpumep, nonmanekrponut BITK-402) nnm B coctae
HEOPTaHO-MOJMMEPHBIX THOPUIHBIX MaTepPHUajIOB Ha €ro
ocHose [1, 2].

[lepexonq K MNPUMEHEHUIO TIEJIEBbIX WIM IONH-
MEPHBIX  HEOPraHWYEeCKUX TUOPUAHBIX  Marepua-
noB (ITHI'M) [3—5] npuBOANT K HOBBIIICHUIO MOJICKY-
JIIPHOM Macchl U pa3Mepa KoaryJisiHTa, 4YTO YBEJIUIUBAET
3(h(eKTUBHOCTh OYHCTKH IO CPABHEHUIO C TPaJULIU-
OHHBIMH HEOPTaHWYECKUMH KOAryTHPYIOUIUMH COJIsi-
mu [5]. Crnenyer Takke ormetuth, uto [THI'M Gomee
YCTOMUYMBBI K BO3AEHCTBUIO TeMIiepaTypsl U pH B TexHO-
JIOTWH OYUCTKU CTOYHBIX BOT [4].

[TonuaeKTpoanThl HA OCHOBE IOJIMMEPHBIX YETBEP-
TUYHBIX aMMOHHMEBBIX coeauHenuii (HAC) sBistoTcs
3¢ heKTHBHBIMU OMOLMIHBIMH areHTaMH M IPUMEHS-
I0TCS B MEJUIIMHE, OMOJIOTHH [6] M MUTIIEBOW TPOMBIIII-
neHHoctu [1], a Takxke B METOAE MOCIONWHON cOOpKH
MOJIMMEPHBIX CJIOEB Ha MMOBEPXHOCTH FUAPOKCHIOB Me-
Tamios [1].

B nacrosiee Bpems B 1. Crepnutamak B Poccuu Ha
ocHoge [IIIM/IA AX npou3BoaUTCS €AMHCTBEHHBIHN MTPO-
OYKT — MOJURJIEKTPOIUT BOJOPACTBOPUMBIA KaTHOH-
Hbii Mmapku BITK-402 — ju1st BOMOOYHUCTKY TIPUPOTHBIX
M CTOYHBIX BOJ. JTO JOCTAaTOYHO BSI3KOE MaJlONpO3pau-
HOE BEIIECTBO C OTHOCUTEJILHO BBICOKOM MOJIEKYIIAPHOI
Maccoit 250-350 k/la. JIxoboe mo0aBieHUE KUCIOT MU
CoOJIel K pacTBOPY MOJMMEpa MPUBOJHUT K €ro BhICAIHU-
BAaHUIO, YTO IIOATBEP)KICHO HAaMHU 3KCIIEPUMEHTAJILHO
B JaHHOH pabore. ITpomykT ¢ MosekynspHOl maccoil
20-70 x/la, uconp3yeMblii B HacTosiel padore, obna-
JIaeT BBICOKOW OHMOIIMIHOW U TIEHETPUPYIOICH aKTHBHO-
CTBIO, UTO MOJATBEPKACHO OPHUIIUAIBHO: OH PEKOMEH/IO-
BaH JJIsl MPUMEHEHUS B MEIUIMHE, JAe3UH(EKTOIOTHI
(cpencto nesnnpunmpyromee « VOLAVELA») u cenb-
cKkoM xo3siiicTBe (mpenapar «Matpuua Pocray, 3amu-
meH natentoM P® [7]). TlpousBoauTeneM npemnaparos
spisieTcst dupma AO «llenma Texnonoeuu» (Poccwust),
pa3paboTUMK M MPOU3BOAMUTEIb OWOJOTMUECKH AKTHB-
HBIX 9KOJOTMYECKH O€30TaCHBIX BBICOKOMOIIEKYIISIPHBIX
COEMHEHUH, COBMECTHO U 110 331aHUI0 KOTOPOM BBIIIOJI-
HEHa HacTosIas padora.

IMupoxoe mnpumenenne IIJIMJIAAX Haxomur
B CEJIBCKOM XO3SMCTBE Kak A(PPEKTHBHBIN cypdaKTaHT,
MIPOSIBISAIOUN  CTPYKTYPHUPYIOIIMA M YBIIAKHSIIOIIUN
3¢ deKThl IS MOUYBBI, MOCKOIBKY CHOCOOHOCTH TOJH-
NEKTPOJINTA K IUCCOLMALMU ITOBBIIIAET 0CMOTHYECKOE
JaBJIGHUE U, CIIEOBATENIbHO, HAIOJIHIEMOCTh BOION

kanmuuisipoB nouBsl. [IJIMJIAAX nposiBiisier Xopoiine
TPAHCIIOPTHBIE CBOMCTBA ISl JOCTABKHM IHUTATEIIBHBIX
KOMIIOHEHTOB M COJISH TI0 cTeOITI0 pacTenuii [8].

2N

H;C CH;

cr

Puc. 1. Crpykrypa I[IJIMJAAX

Fig. 1. Structure of poly(N,N-diallyl-N,N-dimethylammonium
chloride) (polyDADMAC)

Baxuyto poib B 3(hQEKTHBHOCTH KOarysstHTOB/(uio-
KYJISITHTOB MI'PAlOT pasMepbl MPOTUBOAHUOHOB. [10 MHe-
HUIO aBTOpOB padot [9, 10], 3amena mansix woHoB Cl™ u
SO%{ Ha 00BEMHBIH HEOPTaHMYESCKHI aHUOH (Hampumep,
CHJIMKAaTHOMN TpyTIbI SiO%‘) B cocrase I[ITHI'M mnpuso-
IUT K OOpa30BaHHIO HEOPTaHWIECKOTO ITOIMMEpP-KONI-
nouanoro komrekca (ITKK) ¢ Gonmee xpymnHoit mone-
KyJSIPHOM CTPYKTYpOM, YTO IPUBOIUT K IIOBBIIICHHIO
arperanuoHHON CIOCOOHOCTH KOAryisHTa C OJHOBpE-
MEHHBIM CHM)KEHHEM €ro KOHIeHTpauuu. Britouenue
IMIMIAAX [8] miu nonuakpuiamuaa [9] B coctas He-
OpTaHO-OPTaHNYECKUX THOPUIHBIX MaTepHalioB YIIyd-
1aeT CIoCOOHOCTh arperalyy AUCIEPCHBIX YacTHIl 10
MOCTHUKOBOMY MEXaHH3MY.

B nureparype nmpakTHYecKd OTCYTCTBYIOT JaHHBIE
10 BIMSHUIO pa3Mepa U MPUPOIbl IPOTUBOAHUOHOB X"~
Ha CTereHb 3amenieHus aHuoHoB Cl™ B MOTMMEpHBIX
YAC, 3a HCKIIOYEHHEM HCIIOJIL30BaHUSI HOHHO-OOMEH-
HBIX CMOJI HOJMMEPHBIX CTHPOJI-IUBUHUIOCH30IbHBIX
annonntoB AH-31, AB-17-84C, AB-2-84C c npusu-
ThiME ammoHueBbiMU rpyrmmamu (NHJ, N(CH,)3) s
yaaneHus: psja HEOpraHMYeCKUX aHWOHOB W3 BOJHBIX
cpen [11, 12].

3aMeTHO OOJIblle HCCIENOBAHUN ITOCBAIIEHO 00-
MEHY aHHMOHOB B MOHOaMMOHHEBBIX COEAMHEHHUSX,
KOTOpBIE MIUPOKO MPUMEHSIOTCS B aHHOHOOOMEHHOM
JKCTpPaKLUMU LBETHBIX M PEAKO3EMEIbHBIX MeTall-
70B [11-13]. DPPeKTHBHOCT IKCTPAKIUU BO MHOTOM
ONpENENAETCS JOCTYTHOCTBIO KATHOHHOTO 1eHTpa N
VYcranosneHo [13—15], uTo aHMOHOOOMEHHAs dKCTpaK-
U TUAPOMUIBHBIX JIByX3apsAJHBIX aHHOHOB BBICILIHU-
mu YAC, nHanpumep, OpOMHIOM TPUHOHMIIOKTACIIH-
nammonus (THOJIA) mpoTekaeT He3HAYUTENBHO, YTO
CBS3aHO CO CTEPHYECKOH IOCTYNHOCTHIO OOMEHHOTO
LIEHTpAa.

B paGorax [15-17] ompeneieHbl  BETHYHHBI
KOHCTAaHT oOMeHa aHMOHOB X'~ Ha CTaHAApTHBINA
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annoH Cl” B aByxda3HOW cHUCTEeME BOAAa—TONIYOJ, YTO
MO3BOJIIIO pacmupuTh psa [odmericTepa st aHHOHOB:

ClO, >SCN™>BF, >1">NO; >Br ~ClI" >
>Ac” >807 >F >H,PO, >C,07 >HCO; > (1)
>HPO; >COj >PO; >OH .

[Tonmy4yeHHBIH psit 3PPEKTHBHOCTH 0OMEHA MTOKa3bI-
BACT, YTO KOHCTAHTa O0MEHA B PSAY LIS MHOTO3apsITHO-
ro aHHOHA YMEHBIIACTCS ¢ YBEIMYCHUEM 3apsiia UOHA,
410 00BsSICHEHO aBropamu padoT [13, 18] conmpBaranueit
X"~ MOIIeKyJIaMH BOIIBI U, KaK CJICICTBHE ITOTO, YMEHbB-
HICHUEM pKa JJI1 OJHOMMCHHBIX I10 IICHTPAJIbHOMY aTo-
MY aHHOHOB:

H,PO, > HPO? > PO3". )

N3yyenne noHOOOMEHHBIX paBHOBECHH aHHOHOB X'~
nipu ammonueBoM teHtpe THO/IA B peaknusix 3kcTpak-
LMY U3 BOAHOMN Cpelsl B TOXyOJ HOATBEP)KAAET, YTO MO-
JIOKCHHE aHUOHOB B OOMCHHOM DpsiIy OIpEneIsieTcs He
TOJIBKO CHJIOH COOTBETCTBYHOIIMX Kucnor pK, wist H, X,
HO ¥ DHEPTHSIMH THApaTali aHnoHoB kuciot [13, 18].
Jis CUIBHBIX M CPeJHMX 10 CHJIE MUHEPAJbHBIX KHC-
JIOT pa3HMIla B CBOOOJHBIX DHEPIUsX T'MJparaliuyd aHHuo-
HOB JIOMHHHUPYET HaJ Pa3HHUIECH B CBOOOTHBIX DHEPTHUSIX
COJIBBATAIMM A30THOTO LeHTpa N, 4TO MOATBEpPIKIAET-
csl JIMHEHHON KOoppemnsiueld 3aBUCUMOCTH KOHCTaHTBI
noHHoro ooMena InK(X"/2CIl") B mByxdas3Hoil cucteme
BO/Ia—TOITYOJT OT SHEPTUH THpaTalMi aHHOHOB X"~ B BOZIE.

3aMeTHOE pasznuure aOCOMIOTHBIX 3HAYCHUH KOH-
CTaHT PaBHOBECHsI C PAaCUETHBIMU 110 TEOpUU DUreHa—
Hencu—Pamcu—®Dyocca  aBropel  [19]  oOBsicHSIOT
paszimuuueM S(PQPEKTOB MOHHON acCOlUaIH, TO €CTh
o0pa3oBaHHEM  COJBBATHO-PA3JACICHHBIX  HOHHBIX
nap (CPUII) B BomHO#l m opranuueckoir ¢aszax [14].
VYeenuuenue npounoctu CPUII ¢ ymeHblieHUEM pa3me-
pa aHMOHA NPUBOAUT K YBEIMUYEHHUIO KOHCTAHT HOHHOTO
obmena K(An?/2CI).

PeakImoHHy10 CIIOCOOHOCTH OPTaHMUYECKUX HJICK-
TPOJIUTOB MOKHO BapbHpOBaTh, KOMOWHHUPYS pa3-
JUYHBIC KAaTHOHBI WM AaHUOHBL Pa3paboTaHbl 3JeK-
TPOJMTHI, COCTOSANIME W3 KPYIHBIX OPraHUYECKUX,
ACUMMETPUUHBIX KaTMOHOB, TakUX Kak 1,3-guanku-
TUMHJA300UH,  |-ankuinupunuHui,  l-ajaxwinupa-
30JIMH, TETPaalKHUIAMMOHUN — KaTHOHBI W aHHUOHBI
HF,, HCOO™, CH;COO™ [20], BF,, PF,, CF;SO; unn
N(SO,CFy), [21, 22], 1-5Tuni-3-MeTHIMMUIA30IHMHO-
BB xyopamoMunar (EMImAICI,) [20].

B otnmume oT opraHndecknx pacTBOpUTENEH cyliie-
CTBEHHO MEHbIIIE U3y4YeH 0OMEH aHMOHOB P aMMOHHE-
BBIX LIEHTpax B BOAHbIX pacTBopax YAC u MoauMepHbIX
YAC, xoTopble HaXOIAT MHUPOKOE MPAKTUIECKOE MTPHME-
HEHHE.

Bricokas ruapodUIbHOCTD 3apsDKCHHBIX YETBEPTHY-
HbIX aMMOHMeBBIX Tpyn [TIJIMJIAAX criocoOcTByeT BbI-
COKOI pacTBOPHMOCTH TIOJIUMEPA B BOJIE, & €T0 PACTBOPHI
MIPOSIBIISIIOT CBOMCTBA CHMJIBHBIX TOJIMANEKTPOIUTOB [ 1].

M3BecTHO, 4TO BCE PACTBOPUTENH C TOUYKH 3PCHHUS
B3aUMOJICHCTBUSL C TIONIUMEPOM OTJIHYAIOTCS CBOUM
TCPMOJANHAMHNYCCKUM KAUCCTBOM H JCJIATCA Ha TEp-
MOAWHAMHUYECKH XOPOIIHUE, HICalbHBIC U IUIOXHE, YTO
OTIPEICISICTCSl MPEANOYTUTEIBHBIM B3aUMOACHCTBHEM
MOJMMEP-PaCTBOPHUTEND B XOPOIIEM PACTBOPHUTEINE HIIH
B3aUMOJICHCTBHEM ITOTUMEP-TIOIMMED B TNIOXOM PACTBO-
purene. B TepMoIMHAMUYECKH XOPOIIEM PacTBOPHUTEIIE
JMHEHHAs MaKpOMOJICKYJIa CTPEMHUTCS NPUHATH KOH-
(hopmarmro Tak Ha3pIBAEMOT0 HAOYXIIIEro MOJTMMEPHOTO
KiryOKka (puc. 2a), 10 Mepe YBEJIMYEHHUs COJIEHOCTHU Cpe-
JIbI KITYOOK coxumMaeTcs (puc. 2b).

B m1oxux pacTBOPUTENISIX MM B IIPHCY TCTBUH HEOPTaHH-
YECKUX COJICH TOMMMEpHBIC KITyOKH COKUMAFOTCS Y TIPUHU-
MaroT 0oJiee KOMIIAKTHYFO KoH(opMarro ooysst [ 19, 23].

AHAJIOTHYHBIN d3PPEKT CIKATHS ITOJIMMEPHOTO KITyOKa
JIOJDKCH HAOJIONAThHCSI U TIPH BBEACHUH HU3KOMOIICKYIISIP-
HBIX HEOPTaHUYECKUX M Opranuveckux conei (Me, X, )
(puc. 2b) u OyyeT onpenessIThes Kak KOHIIEHTPAITUEH 110~
JIMBJIEKTPOIIMTA, TaK M KUCIIOTHOCTHIO K, coneoOpasyro-
mux kucaor (H, X ). He MeHee BaxHyt0 poiib B KOH(OP-
MaIU{ MTOJIMMEPHOTO KIyOKa WrpaeT BeTHMIMHA HOHHON
CHWJIBI CpeJibl, YTO MOATBEPKACHO B padorax [20, 24-27]
Y TI0Ka3aHo B Halei padoTe.

B citydae mjeanbHBIX TATa-pacTBOPUTEINCH, KITyOOK
UMeeT KOH(DOPMALIUI0, COOTBETCTBYIONIYIO KITyOKY, O~
YUHAIOLEMYCS CTaTUCTUKe [aycca.

[To mHEHHIO aBTOPOB [26] YCIOBHUSIM TATa-pacTBOPH-
TeJst COOTBETCTBYeT BoAHbIN pacTBop 1 M NaCl u ypas-
Henne Mapka—Kyna—XayBuHka:

[n]=1.12-1074M032, 3)

e [n] — xapakTtepucTHdeckasi BI3KOCTh MOJINMEPHON
LEmU ¢ MOJIEKYIsIpHOH Maccoit M. Cremyer Takke
Y4ECTh 3aBUCHUMOCTb COCTOSIHUS MOJIMMEPHONW MOJIEKY-
JIBI OT €€ KOHIIeHTparuu [24]. Bennunna xapakTepucTa-
YECKOH BSI3KOCTH [N], onpenesneHHas B 3aJaHHOM HUHTEP-
Bajie KOHLEHTpAaIUH, XapaKTepu3yeT MJIOTHOCTh 3aIl0JI-
HEHHS PacTBOpPA CETMEHTaMH (TIETIIIME) MaKpOMOJICKYJT
WIM KOHLIEHTPALHUIO, MPHU KOTOPOH HPOMCXOIUT mepe-
KpBIBaHUE MTOJTUMEPHBIX 0J1000B. 3HaUCHUE MPEICTbHBIX
KOHIIEHTpaIIHii Tlepexoaa u3 pasbasirennoro C* K momy-
pas6asnennomy C' u KoHLeHTpupoBanHomy C . pac-
TBOPY 3aBHUCHUT OT MOJIEKYJIAPHON Macchl M, KOHIEH-
TpalMy IOJURJIEKTPOJIUTa M KauecTBa PacTBOPUTENI,
OIpeNeNsIoIuX 00beM MOJUMEpPHOro Kiyoka (puc. 3).
Takum 00pazoM, CTPYKTypa pacTBOpa MOJIUDIEKTPOIIH-
Ta MEHSIETCS OT COZIEPIKAaHMS «IIOJIMMEp B BOJE» K «BOZA
B MIOJIMMEPE» NPU KOHIIEHTPUPOBAHUHU PaCTBOPA.
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@

(b

Puc. 2. Kordopmanus kayoka [IJIMIAAAX (0.3 M), nomydeHHass METOIOM MOJIEKYISIPHON JUHAMHUKH B cmitoBoM rore OPLS
(Optimized Potential for Liquid Simulations) (MoieKyIs! BOJBI OITyIIIEHBI ISl HAIISITHOCTH): (2) B GecconeBoil cucteme;

(b) ¢ 2 M KBr [22]

Fig. 2. Conformation of the polyDADMAC coil (0.3 M) as determined by the molecular dynamics method in the OPLS (Optimized
Potential for Liquid Simulations) force field (water molecules are omitted for clarity) (a) in a salt-free system or (b) with 2 M KBr [22]

2R

lgn

E Cery
Igc

i Cery

(a) (b)

(d

Puc. 3. Cxema pazbasneHHoro (a), moypasodasieHHoro (b) u koHeHTprpoBaHHOTO (¢) pacTBopoB. (d) 3aBucumocts Ign = f(lgC).

2R — ruIpoaHaMHUYECKUH AUaMeTp CBEpHYTO MOJUMEPHOH Lenu

Fig. 3. Schemes of (a) dilute, (b) semi-dilute, and (c) concentrated solutions. (d) Dependence Ign = f{1gC). 2R is a hydrodynamic

diameter of the folded polymer chain

KonnenTparms monnmepa B cirydae pa3daBICHHBIX
pacTBOPOB [IOCTATOYHO HU3KA, M MOJUMEPHBIC ICMU
CYIIECTBYIOT pasleibHO Apyr oT apyra. [lomumep-
MOJMMEPHOE B3aMMOJCHCTBHE WrPacT Mallyl0 pOIib,
¥ MMEHHO JUIs TaKuX pPacTBOPOB oOmpeneneHsl M
INAMJAAX B GONBIIMHCTBE UCCIEIOBAHUN 110 YpaBHE-
Huto Mapka—Kyna—Xaysunka (3).

Touku kpoccosepa C*, C**u C*** (puc. 3d) nocrarou-
HO XOpoIlo ¢pukcupyrores Ha 3aBucumMoctu Ign = f(1gC),
49TO OBUIO TIOATBEPXKIACHO B pabotax [24, 26] s aaH-
HOTO TOJHAICKTPONIUTA, W 3HAYCHUS TOUYEK KPOCCOBEepa
C/IBUTAIOTCSI B OOJIBIIYIO CTOPOHY C YBEJIHUYCHHUEM KOH-
[CHTPALIUH COTH. DTy K€ TCHACHIIHIO MPOSIBISIET U pas-
Mep HOIUMEPHOTO KITyOKa.

SKCNEPUMEHTAJIbHAAA YHACTb

OGopynoBaHMe n METOOUKU
npUroToBneHusa oopasuoB

Hcxonubie BemiecTBa. VICXOMHBII BOIHBIA PacTBOP
NAMJAAX ¢ MaccoBoit foneii monumepa o = 52% u Bsi3-
kocThio 25000 mlla-c momyden roMoamuIiiIbHON KOHICH-
cauueit N,N-numetun-N,N-auaniniaMMOHUI XJIOpUaa
B IIPUCYTCTBUH Nepcynbdara aMMoHus u.j.a. (Scharlab,
HWcnanwust) B maboparopuu kadeapbl Gu3nueckod XUMUAN
PTY MUPDA no metonuxe [7]. Ouenka M, o6pasua mo-
JIURIIEKTPOSIUTA MPOBEICHA 10 YpaBHEHUIO (3) ¢ yueToM
COZiepXKaHHsl HEOPraHUYECKUX coueil; M cocraBiser
npubmmsurensHo ~20-25 k/la. Ouenennoe 3nauenne M,
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MOYKHO CUMTATh MPUOIMKEHHBIM, T.K. [0 Mepe Jo0aBIie-
HHUS B BOJHBIN PAaCTBOP KUCJIOT WA COJIEH HEOpraHuye-
CKHX KHCJIOT, Kak OyIeT IOKa3aHOo Jaliee, MPOUCXOIUT
M3MEHEHHE COCTOSIHUS MOJIMMEpPa B pacTBope. PacTBopbI
[MIMIAAX npurotaBiIuBaivCh ¢ UCTIOIB30BAHUEM JIH-
cTUITMPOBaHHOM Bozbl H,O 1-ii kareropuu ¢ yzenbHOM
ANIEKTPONPOBOAHOCTHIO 4—5 MKCM/CM B COOTBETCTBUU
cTOCT P 58144-2018".

Jnsa  wuccnenoBanus ObUIM  BBIOPAHBI  PAacTBO-
per IIJIMJIAAX c KOHLUEHTpauusMM B JHalla30HE
0.06-0.3 M (0.67-3.35 mac. %), 4TO COOTBETCTBYET pe-
JKUMY TI0JTypa30aBIeHHOTO PacTBOpa, B KOTOPOM MOXHO
OXKHUJIaTh KaK HeOOMbIlME TOJIMMEpHbIe KiIyOku Oe3 3a-
IETUICHUS, TaK W KITyOKH OOJIBIIIOTO pa3Mepa ¢ 3arieriie-
HueMm [22, 23].

VY4uuTeiBas BHICOKYI0 pH-4yBCTBHTEIBHOCTh IMOJIHI-
JIEKTPOJINTA, UCXOIHBIA paCTBOP MOJIMIIEKTPOIUTA IIPEJI-
BapUTEIbHO CTAHAAPTU30BAIM OOPaOOTKOW TBEpPABIM
aanoHuToM AB-17-84C (Cmonst, Poccus) B OH-hopme
1o pH 12. enounyro Gpopmy it KpaTKOCTH 0003HAYNM
kak IIJIMIOAA-OH. Hns nomyuenus ITJIMJIAA-OH
MepBOHAYAIBLHO TBepAbIH aHHOHUT AB-17-84C o6paba-
teIBasicst 3 M pactBopom NaOH B cTekiIstHHOM cTakaHe
B TeueHue 60 muH. Ilocie 3TOro aHMOHUT MHOTOKpar-
HO IIPOMBIBaJICA BOJOW 10 HeWTpasbHOro 3HaueHust pH
JUIsL yAaJIeHUs OCTATKOB 1IEJI0YM U COJIeH aHMOHA XJI0pa.
B nonyuennsiii anuonutr AB-17-84C B OH-dopme 10-
6asmsm pacteop [IJIMJIAAX u mepemenmuBaiu B Te-
genue 60 muH 10 goctmwkenus pH 12. Konnenrparuio
nony4yeHHoro pactBopa IIJIMIAA-OH yrounsnu rpa-
BUMETPUYECKUM METOZOM IO BBICYHIEHHOMY OCTaTKy
pacTBopa B CYIIMIFHOM BaKyyMHOM IIKaQy.

PeaxTuBbl. B kauecTBe KUCIOT ObLIM BHIOpAHbI paz-
JUYHBIC OJHOOCHOBHBIE: XJopHas (4., 60%), comsHas
(x.9., 35%), azorHas (x.4., 65%), TerpadropdopHasd
(4., 40%), cynbpamuuoBas (4., 99.5%); MHOTOOCHOB-
HBIC: cepHad (oc.4., 93.5%), oprodocdopHas (4., 85%);
MIOJTMOCHOBHEIC: HomHas (4., 98%), GopHas (4., 99%)
KHUCJIOTHI ITpon3BojcTBa Komnanuu XUMMEJ], Poccus.
TUTPBl KHUCIOT KOHTPOJIMPOBAIUCH IO TUTPY ILEIO-
9H TOCYZapCTBEHHOTO CTAaHIAPTHOTO oOpasma (cTaH-
napt-tutp, 0.5 N, XUMMEJ], Poccus)

Cuektpsl 'H s1epHOr0 MarHMTHOIO pe30HAH-
ca (IMP) peructprpoBaiv Ha UMITYIILCHOM IITHPOKOTIO-
mocHoM Dypee-cnektpoMerpe SAMP co cBepxmpoBoas-
muM MarauToM System AVHD600 (Bruker BioSpin AG,
CIIIA). TlpouyHo ajcopOMpPOBaHHBIC MOJEKYIBI BOJIBI
B IIJIMIAAX 3arpynustor perucrpauuio SAMP, T.k.
TpelyroT pacTopenus nonumepa B D,O. Jlns nepesona

IMIAMIAAX u3 BoaHOTO pactBopa B pactBop D,O mc-
MOJTb30Bajiach CHENUANFHO pa3paboTaHHAs METOAH-
ka. PactBop oOpasma momuanekrponuta [IJIMIAAX
B H,O (2 mu1) nomemand B CTEKIAHHYIO BHaly Ha
I5 MJI W KOHLEHTPUPOBAJIM B HACTOJIBHOM KOHILIEH-
tparope CentriVap 7310031 (Labconco Corporation,
CIIIA) c¢ BriIwYeHHBIM HacocoM RVS  (Edwars,
BenmkoOpuTaHus) Ipu TpafieHTHOM MOBBIIICHUU TEM-
neparypsl 10 55°C. Ilo Mepe BblmapuBaHus, 100aBIIs-
Jach HOBas mopuus oOpasia. BeimapuBanue mpoBoIuIN
JI0 CyXOT0 OCTaTKa 1 MOJTy4YE€HHBIN MOJIUAIEKTPOIIUT Cpa-
3y pacTBOpsUIU B jeiTepupoBanHoii Bone (99.8 mac. %)
nns peructpamuu 'H SIMP-cniextpos. Ilpu Gonee Bbi-
COKHX 3HA4YCHUSIX TEMIIepaTypbl HaOIIOmanIoch pasio-
JKEHHE TOJMDIIEKTPOSIUTa C TOSABICHUEM XapaKTepHOIro
3araxa MeTUJIAMHHOB, YTO COIIACYeTCs C JJAHHBIMH Pa-
oot [27].

HNudpaxpacubie (UK) cnekTpbl 00pa3LoB B KU1-
KOM 1 TBepao# Gopmax peructpuposanics Ha UK-Dypee
cnektpomerpe Agilent Cary 630 FTIR (Agilent, CILIA)
METOZOM HapyLIEHHOTO IOJHOTO BHYTPEHHEro oTpa-
xenns B auanasode 4000—-350 cm ! mpu crmexTpans-
HOM paspemennn <2 cMm !. O6pab6orka MK-crexrpos
MPOBOIWIIACH C TIOMOIIBIO TPOrPAMMHOTO 00ECIICUCHUS
«Agilent» MicroLab.

Teepupie oOpasubl [TIJIMJIAAX © MOJIMMEPHBIX
KOMIUIEKCOB Ha €ro OCHOBE IOJIyYajHd BBICYIIMBAaHH-
€M B BaKyyMHOM cymmibHOM Inkagy BV-50 (Being,
Kwurait) B Teuenue 180 mun mpu temmeparype 80°C.
Hcnonb3oBanue TBEpAbIX 00pa3LOB MOCIe MPUMEHEHUS
KoHIleHTpaTtopa CentriVap HEBO3MOXKHO M3-32 aKTHBHO-
IO TIOIJIONICHUS ITAPOB BOJBI 00E3BOKECHHBIM 00pa3IioM
MOJIMAJIEKTPOIIHUTA.

CrnekTpbl JUHAMHYECKOT0 cBeTopacce-
suusa  (JACP) perucrtpupoBaimch Ha  npubope
Photocor Compact-Z (@omoxkop, Poccus). MomHocTh
638-HM TEpMOCTAOMIBHOTO TOITYIPOBOAHUKOBOTO Jia-
3epa cocrasisiia 25 MBT. 3mepenne pazMepoB 4acTuil
B KOHLIEHTPUPOBAHHBIX M MAJONPO3PAYHBIX CHUCTEMax
MPOBOIMIIOCH METOJIOM OOPATHOTO PACCESTHUS IO YIIIOM
160° mpu moctosiHHOM Temmeparype 25°C. Ananm3
CUTHAJOB MPOBOJAMWICS BCTPOCHHBIM KOPPEIATOPOM
Photocor FC st aBTO- M KPOCCKOPPETSIIMOHHBIX H3Me-
penuit. O6pabdotky crekrpoB JICP mpoBonmimu B mpo-
rpaMMHOM KoMintiekce «Dynal.S» dpupmer @omoxkop.

IMoTeHnmoMeTpuYecKkoe THUTPOBAHUE TIPOBOIU-
mu Ha aBromaruueckoM Tutparope ATII-02 (Poccus)
C  KOMOMHHUPOBAaHHBIM  CTEKJIIHHBIM  3JIEKTPOAOM
UT 5CK 10601.7 B nuana3zoHe u3MepeHuil moxkazaress

I'OCT P 58144-2018. Haumonanbublii ctanmapt Poccuiickoit ®denepanmu. Boma muctwimmpoBanHas. TexHudeckue ycnoBusa. M.:

Crangaptuagdopm; 2018 r. [GOST R 58144-218. National Standard of the Russian Federation. Distilled water. Specifications. Moscow:

Standartinform; 2018.].

https://meganorm.ru/mega_doc/norm/gost-r _gosudarstvennyj-standart/10/gost r 58144-2018 natsionalnyy

standart_rossiyskoy.html. Jlata obpamenus 11.06.2025 1. / Accessed June 11, 2025.
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akTUBHOCTU MOHOB Bogopoaa pH 0-12. IIpenesnsl nomy-
CKaeMOW OCHOBHOW aOCOJIOTHOW MOTPEeNTHOCTH H3Me-
pennii ApH cocrasnsitor 0.03. B kadectBe THTpyemo-
TO pacTBOpPa BO BCEX OIBITAX HCIIOJIB30BAJIU PACTBOPHI
IMAMJIAA-OH, a pacTBOpBI KHCIOT SBISIIUCH TUTPAH-
tamu. CootsercrByromue [IKK ycnoBHo 0603Hauanucek
INAMIAA-X, rne X — NOJHOCTHIO 3aMEIICHHbBIN aHu-
OH KHCJIOTBI-TUTPAHTA.

Jaunele anammsos IJIMJIAAX. Crnextp SIMP 'H
(600 MI'n, D,O) &, m.a.: 3.91-3.77 (2H, N*(CH,),),
3.40-3.10 (6H, N'(CHy,),), 2.67-2.24 (2H, cis/trans-CH),
1.57-1.00 (4H, iso/sindio/a CHCH,). UK (1 mac. %,
H,0): 3328, 2357, 2327, 2115, 1995, 1632, 706,
674 cm . MK (52 mac. %, H,0): 3360, 2950, 2871,
2322, 2096, 1997, 1917, 1634, 1472, 1420, 1101, 1000,
959, 875, 674 cm . UK (96 mac. %, H,0): 3362, 3019,
2933, 2866, 2706, 2113, 1995, 1636, 1472, 1457, 1418,
1386, 1252, 1093, 989, 961, 911, 877, 836 cm™ .

PE3YJIbTATbl U UX OBCYXAEHUE

Cocrosnue [IIMJIAAX B D,0 6b1110 npoananusuposa-
HO ¢ momompio 'H SIMP-crexrpockonmu. CHMMeTpus
OTHOCHUTEJIBHO IUIOCKMX MATHYICHHBIX TeTepOLMKIIHU-
YEeCKUX KOJICIl TOJMMEPHOTO KOMIIOHEHTa MOpPOXKaa-
eT yuc- u mpanc-uzomepbl nomuMmepHbix YAC, duto

€O €02, HCO;

MOATBEPXKAACTCA  ABOMHBIM HAOOpPOM  YIIMPEHHBIX
CHTHAJIOB TIPOTOHCOnepKammx rpymnn. CooTHoIIeHUE
yuc/mpanc-n3omepoB paBuo 4.5 : 1.

HK-cnexkTpockomnusi Oblla MpoBeAeHA Ui PAaCcTBO-
poB ¢ paznuuyabiMy KoHIeHTpanusmu [IJIMIAAX ot 1
10 52 mac. % U BBICYLIEHHBIX 00Pa3IloB C COAepKAHUEM
96 mac. %.

Ha UK-cnektpe B pa30aBlieHHBIX BOJHBIX PAacTBO-
pax IIAMJAAX (puc. 4) naOmonatorcs, B OCHOBHOM,
YIIUPEHHBIC TMCPCKPBLIBAIOIIUCCA CUTHAJIBI BaJICHTHBIX
B o0macTi v = 3650-3050 cMm 1 1 Je(OpPMAIMOHHBIX KO-
1e0aHuH BOJBI 6H20 =1635-1640 cM™ ! u mpakTHUECKn
He HaOJroatoTCs mosiockl kojedanuii [IJIM/IAAX u3-3a
nepekpbiBanus ¢ nogocamu H,O.

Crenyer OTMETHUTD, YTO JaXKe IS IPAKTUUCCKH MOJI-
HOCTBIO BEICYIIIEHHOTO 00pasiia B MIK-criekrpe npeobina-
JIAFOT TIOJIOCHI KoJIeOaHus aJicopOupoBaHHON Bojibl. Kak
BUHO U3 pUC. 4, TI0JI0Ca BaJCHTHBIX KoJeOaHui pasze-
JSIETCS HA JIBA CHTHAJIA, XapaKTePHBIX IS IIPOYHO aJICO-
pOupoBanHoii da3el B popme CPUIT u cBOOOAHOI BOJIBI,
YTO COTIIACYETCS C JaHHBIMU PadoThI [19].

[Tonocel konmeOaHMH TOMUANEKTPOIUTA CTAHOBST-
Csl XOpOIIO Pa3IUIUMBI Ul KOHIIEHTPHPOBAHHOTO BO-
JqHOoro obpasna (52 mac. %), T.e. B 00JIACTH CHCTEMBI
«BOJa B MOJUMEPE», WIN IJI1 BbBICYHICHHBIX 06pa3u03
(=96 mac. %).

N “(Hy0),,

S

LOH (H:0),,
OH

Beoicymennsiit
Dry

\a

T T T T T
4000 3600 3200 2800 2400

BonnoBoe uncio, cm—

T
2000 1600 1200 800
1

Wavenumber, cm ™!

Puc. 4. UK-cniexps! pactBopos IIIMJIAAX paznuanoit koHIEHTparmu ot 1 10 96 mac. %

Fig. 4. IR spectra of polyDADMAC solutions of various concentrations from 1 to 96 wt %
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Banentasie konebanns cs3u C—H nposBisioTes nmpu
v=2937 cm 'ud=1470 u 1370 cm ! B rpynmax CH, u
koHIeBbIX rpynnax CH; nommMepHoii nenu. BanentHbie
konebanus cBsisu C-N' xapakrepusyeT HHTEHCHBHAS
nonoca Konebanuii ¢ MakcuMmyMmom Tipu v = 1080 cm 1.

Crnenyer Taxkke OTMETUTH IPOSIBICHUE IOJIOC KO-
nebannit B o6mactn 2100-2200 ¢! ot mpucyTcTBUS
KapOoHaT- W OWKapOOHAT-HOHOB, CBSI3aHHBIX C IOJIH-
3NEKTPOIUTOM, YTO COIIACYETCS C paHee MOTyUYEHHBIMU
JTaHHBIMHU [28] 1 TOATBEPKAAET BO3MOKHOCTH TPUMEHE-
Hust pactBopoB [IJIMJIAAX nist O4MCTKH Ta30B.

[TonyuenHble pe3yabTaThl HO3BOJISIIOT MPEINOI0KUT
npoTekanue ooMeHna annonoB ClI™ Ha OH™ Bons! asist Mo-
HOMEpa U IOJIUMepa 0 CXeMaM, IPEICTaBIEHHbIM Ha
pHuc. 5 1 6 COOTBETCTBEHHO, UTO JOJKHO MPOSIBISTHCS
KaK Ha MOHOMEPHBIX, Tak U noauMmepusix YAC.

ComnacHO MpPEUIOKEHHON cXeMe, MOHOMEpPHBIE U
nonumepHble YAC sBisitorcss pH-uyBCTBUTENBHBIME U
MOTrYT TUTPOBaTbCA KakK B KUCJIOH, TaK U B LIEJIOYHOHN
cpele, 4yTo U ObUIO MOATBEP)KIEHO HAaMHU B HACTOSILIEH
pabore.

+H,0
N -HCI .
N N
H3C/ \CH3 H3C/ \CHz.
cr “OH

Puc. 5. Cxema 06MeHa aHHOHOB y AMMOHHUEBBIX LIEHTPOB N
B IMJIAAX B Bozie

Fig. 5. Scheme of anion exchange at ammonium N centers
in polyDADMAC in water

PesynbraTbl  KHCIOTHO-OCHOBHOTO  TUTPOBAHUS
MOHOMEpHBIX U nonumepHbix YAC paszfaenbHO cous-
HOM KHCJIOTOM M THAPOKCHJOM HATpUs IPUBEAEHBI Ha
puc. 7. KpuBbie THTpOBaHUS KHCIOTON U MIEIOUBI0 TIPH

+H,0
N -HCl
/ N\
H;C CH;
— an —
cr

KOHIIEHTpausix noiaussexrponura 2.7, 5.4 u 10.8 mac. %
00beTMHEHBI B 001IMid rpaduk (puc. 7b). B ommyme ot
MOHOMEpa, I KOTOPOro HaOIIOJacTCsl PaBHOBECHUE
MEKIY XJIOPHIHBIMH U THAPOKCHAHBIME (hopmamu YAC
(puc. 5), B ciiyuae nonumepusix YAC (puc. 7) B moite-
KyJie TOJIMAJIEKTPOJIUTA YCTAaHABIMBAETCS PaBHOBECHE
MEKIY 3BEHBSMH ITOJIMMEPA, COACPIKAIINMHE PA3TIHIHBIC
npotuBononbkl C1I™ u OH™.

Kak BuaHO 13 puc. 7, KpuBble TUTPOBaHUS UMEIOT TH-
MUYHBIN S-00pa3HBIi BUI M XapaKTePU3YIOTCS OTHUM CKad-
KoM pH, 9TO mOATBEPIKIACT MPEIITOKCHHBIE CXEMBI 0OMe-
Ha aHUOHOB (puc. 5 u 6). Touka sxBuBaneHTHOCTH (TI) 15
YAC npakTH4eCKU COOTBETCTBYET COOTHOLLEHUIO 3KBUBA-
JICHTOB 71, PABHOMY ~1, ¥ [IOKa3bIBAET, YTO BCE AHHOHbI
MOHOMEpa SIBJISIFOTCS JOCTYITHBIMU JUISl THTPOBAHUSL.

Wnas kapruna HaOmonaercs B ciaydae [IJIMIIAAX,
JUIsl KOTOpOro 3HaueHue TDO cMmeriaercss U3 1IEIod-
Hol obnactu B kucayi: pHpy = 7.75, 6.16 u 5.24 no
Mepe yBEJIMYEHUsl KOHLEHTpaluu IojauMepa oT 2.7 u
5.4 no 10.8 mac. % cOOTBETCTBEHHO, YTO TIOJTBEPK/IA-
eT pH-4yBCTBUTENBHOCTD MOJIUAIEKTPOIUTA COIVIACHO
cxeme (puc. 6). B To xe Bpems 3Ha4YeHUE KOJMYECTBA
skBuBasieHToB HCl mpaxTtudeckn He paszinudaeTcs mpu
M3MEHEHUH KOHLEHTPalMK OJIUIIEKTPOINTa B 4 paza u
cocrapiser n, . = 0.032. DTOT pe3ynbrar noATBEpIKIA-
€T, UTO ITOJIMAIEKTPOIINT B PACTBOPE HAXOAUTCS B popme
HOJMMEPHOTO HENPOTEKaeMoro KiyOka, M JOCTYMHOM
JUIl OOMEHA SIBIISICTCS TOJBKO YacTh aHMOHOB, HAXOAS-
1asicst Ha IOBEPXHOCTH.

Takoe COCTOSHHE MONUANIEKTPOIUTA MOXKHO OXa-
paxrepuszoBars kak IIKK. PaBHOBecHOe pachpeneneHue
nporuBonoHoB ClI™ wim OH™ B IIKK mexmy 3BeHbsIMU
ITIMJIAAX wnu cooTHOIIEHUE 3BeHbEB k : m (puc. 6)
Oy/ieT 3aBUCETh OT NMPUPOALI OOMEHHUBAIONIETO aHHOHA U,
CJII0BATENILHO, IPUBOANUTH K U3MEHEHHIO Pa3MEPOB MONHU-
MEPHOTI0 KITyOKa, UTo NOATBEep:kAeHO Hamu MeTogoM JICP.

B cnexrpax JICP ucxonnoro I[TIJIMJIAAX (puc. 8a) u
obpaboranHoro annonuToM nosmmepa (IIAMJIAA—-OH)
(puc. 8b) HaOIOMAIOTCS TPU MOIBI JBWIKCHHS IOJH-
MepHoro kiyoka — Obictpas (K), npomexyTtounas (P)
u MeuieHHas (M).

N’ N+\
H3c/ \CH3 P H3C/ CHj4 ”
cr “OH

Puc. 6. Cxema 00MeHa aHUOHOB y aMMOHMEBBIX 1IeHTpoB N B ITIIMJIAAX B Boge. n =k +m

Fig. 6. Scheme of anion exchange at ammonium N* centers in polyDADMAC in water (n = k + m)
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TutpoBanne MOHOMEpa
Monomer titration
13

11

pH

0 025 050 0.75 1.00
[H3o+]31<3
[H;0"]

(2)

125 1.50 1.75

-0.75

Oo6beaunennoe turposanue [IIMJAAX
Combined polyDADMAC titration
pH

13 2.7%
5.4%

10.8%

—0.50 —0.25 0 0.25 0.50 0.75
[OH 7] 9KB [H30+] JKB
[OH ], [H;0'],

(b)

Puc. 7. (a) Kpusas turpoBanus monomepa u (b) momHas kpusas tutposanust 0.3 M nommdnexrponmuta NaOH 0.1 M u HC1 0.1 M.

[H,;0%],,, = n(HCI/n(TAMIAAX); [OH ],

= n(NaOH)/n(IIIMJIAAX)

Fig. 7. (a) Titration curve of the monomer and (b) the full titration curve of the 0.3 M polyelectrolyte with 0.1 M NaOH and 0.1 M HCI.
[H,0'],, = n(HCI)/n(polyDADMAC); [OH ], = n(NaOH)/n(polyDADMAC)

HHTEHCHBHOCTD
Intensity

|
0 T .
0.01 1.00 100 let4d  let6 le+8

Juamerp, HM
Diameter, nm
(a)
D =1.8-10"12 cm?/c (92%)
pH 3.96

HTEHCUBHOCTH

! il .

le4 001 100 100
Juamerp, HM
Diameter, nm
(b)
D=4.8-10"" em¥/c (63%)
pH 11.83

le+d  let6  le+8

Puc. 8. (a) ICP-cniextps ucxoauoro 0.3 M pacteopa [IIMJIAAX u (b) o6padorannoro 0.3 M ITAMJIAA-OH

Fig. 8. Dynamic light scattering (DLS) spectra of the initial 0.3 M polyDADMAC and the treated 0.3 M polyDADMA-OH

B 3aBUCHMOCTH OT KOHIIGHTPALUU MOJUIICKTPOIIH-
Ta B JICP-criekTpe MOXET MpOSIBIATHCS OT TPEX 10 MATH
mox asmxenus [22, 23]. Koaddunuentsr muddysuu D
OBICTPBIX ¥ MEIJICHHBIX MOJ JIBH)KEHUS KITyOKOB MaKpo-

MOJIEKYJI JIMHEHHO 3aBUCSIT OT KOHIICHTPAIIUH ITOJIFMeE-
pa C,[23,24]:

D =Dy (1+KyC)), 4)
e D, — kosddunment nuddysun npu C, — 0, a KoH-
cranta kodpdunmenta auddysnn K onpenensercs
OamaHcoM OOBEMHBIX M THIPOJUHAMUYECKUX B3aUMO-
neiicteuid. [Ipupona GBICTPOI MOIBI IO KOHIIA HE SICHA,
B TO BpeMsI KaK MeAJIEHHAast MOJIa XapaKTepU3yeT arioMe-
pALMIO WM C)KaThe MOJMMEPHON LEeNH B ITOTMMEPHBINH

kiyook [23]. Koadoumments: nuddysun MemiaeHHOH
monbl aBmwkenus st [IKK ¢ paznmuneiMu Heopra-
HUYECKMMH KHCJIOTaMH TMPEJACTABICHB B TaOHIe.
Mennennass Mona JBuKeHMsT M JOoCTHraeT MHUKPOH-
HBIX Pa3MEpOB W INPEICTABISICT HAUOONBIINNA WHTEpEC,
T.K. COICPKUTCSI B MAKCUMAJIbHOM KOJIMYECTBE (Ta0MHIIA).

Kak Oyner nmokazano, coctosaue [IJIMJIAAX u ko-
JTMYECTBO MOJ] JIBUKCHHUS TIOJIMMEPHBIX KIYOKOB CyIIle-
CTBEHHO 3aBUCHUT OT MPUPOIBI aHnOoHA X'

Crnextpbl JICP xucnoit [IJIMIAAX u mienodnoi
NAMJAA-OH ¢opm monwmanekrponura (puc. 8) 3a-
METHO OTJIMYAIOTCS COJEpKaHueM U Kod(hduirmeHTaMu
auddysun MeIEHHON MOIbI M| OJIMMEPHBIX KITyOKOB,
YTO TOATBEPIKAACT BIHMSIHIE TPUPO/IGI AaHUOHA M KHCIIOT-
HOCTH Ha arperamuio MoJIMAJICKTPOIIUTA.
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Tabauua. Pesynsrarel noteHIMOMETpUYECKOTO THTPOBanus 1 Jannble 1o JICP cucremsr IIMJIAA-OH + H, X |

Table. Results of potentiometric titration and DLS data on polyDADMA-OH + H, X, system

Dy (TD)-10M,
Kucnora n pHyy K (TD), % | M (TD), % em?/c AH_, x]Jlx/monb
Acid Mg pHpp F(EP),% | S(EP),% | Dg(EP)-10', PK,(H,%) AH_, kJ/mol
cm?/s
—* - 11.83* 8.2% 63.3* 4.80* - -
HCIO, ** 0.359 4.69 50.2 48.9 0.03 -15.20 -88.41
HCI 0.205 475 22.7 75.0 13 -5.60 —74.52
HNO, 0.188 6.26 35.9 47.7 7.1 -1.64 -32.90
HBF, 0.087 7.36 1.9 97.1 58 -0.44 -
NH,SO;H 0.250 5.65 3.1 77.6 15 1.00 -
H,S0, 0.048 7.67 66.3 28.6 0.68 -3.0/1.9 -76.73
H,PO, 0.067/0.162 | 8.89/4.43 17.4 3.3 2.14/720/12.37 -10.71
H,BO, 0.077/0.296 | 10.79/9.21 33.6 14 9.24/12.40/13.30 20.05
H.IO, 0.184/0.336 | 8.64/4.76 64.9 6.1 3.29/8.31/11.60 -
Ipumeuanue: Note:

* Naunsie mst 0.3 M pacteopa [IIM/IAA—OH.

** HaOmrogaeTcst BhIIaJAeHHE 0caaka OelIoro BeTa.
. = n(H, X)/n(MMIIMIAA-OH).

AH — tenora conpBarauuu H, X, B Bozte.

pHpr — 3nauenne pH B TO kpuBo# TUTpOBAHHSL.

Dy (T9) — xoadduimentsl auddysnn MemIeHHOH MOjbI
B TD, cm?/c.

PactBop TIJIMJIAA—OH xapakrepusyercsi Oonee
Y3KHM MOJICKYJISIPHO-MACCOBBIM ~ paclpe/iejicHHeM U
MOBBIIIEHWEM BKJIaga ObicTpoid Moabl ABwkeHHs (K)
ot 1.0 1o 8.2%, B TO BpeMsl KaK /1051 MEAJIEHHOW MO
M manmaer ¢ 92.0 no 63.3%, 4TO, IO-BUUMOMY, CBSI3a-
HO C M3MEHEHHEM pa3Mepa MOJUMEPHOTo KiyOka mpu
YBEJIMYEHUH JIOJIM 3BEHBEB, coaepkaumx aHnoHsl OH .
Koaddumment muddy3mn momer M yBemuumBaeTcs
B 4 pa3a. BmecTe ¢ TeM Henb3s MCKIIOUUTh aACOPOLIIIO
Ha aHUOHMTE YacTH 00Jiee KPYITHBIX arperaroB.

B xauecTBe HEOpraHMYECKHX KHCIOT | COJIeH
Obuti BbIOpaHbI pasnuuHbie 1m0 cuie (pK,) u Temno-
Te conpBarauu H X B BOme (AH). Pesynbrars

* Data for 0.3 M polyDADMA-OH solution.
** A white precipitate is formed.

Mg = n(H, X)/n(polyDADMA~-OH).

AH is the heat of H X, solvation in water.

pHyp is the pH value at the equivalence points (EP) of the titration
curve.

Dy (EP) are the diffusion coefficients of the slow mode at the EP, cm?s.

IOTEHIIMOMETPUUECKOrO TUTPOBaHus U naHuble 1o JCP
cuctemsl [IJIMJTIAA-OH + HnXm st TO mpuBeneHsl
B TabIHIIEC.

Kak BuIHO U3 TaONHIBI, CTCIICHb 3aMEIICHUS aHMU-
OHOB TIOJIMANICKTPONINTa Ha aHWOHBI Kucmor H X~ He
IPEBbILIACT 11, . = 0.184-0.336, uyTo MOATBEPXKAAET TOT
¢axt, uto I[TIMJIAAX B pacTBope HaxoguTcs B hopme
MTOJIMMEPHOTO HEMPOTEKAeMOT0 KIyOKa, W JIOCTYITHON
JUIT OOMEHA SBJISICTCS TOJBKO YacTh aHMOHOB, HAXOJIs-
nIascs Ha MOBEPXHOCTH MOJIMMEPHOro KiyOka. B aTom
cilydae pe3ysbTaToM OOMEHa Ha aHWOH X" sBIseTCS
Haju4ue 3 THUIIOB 3BEHBEB B CTPYKTYPE MOJIUIICKTPOIIN-
Ta (puc. 9).

Puc. 9. Cxema o6Mena anuoHoB y aMmonneBsix eHTpoB N™ IIAMIAAAX ¢ H X. k+m=v+[+d

Fig. 9. Scheme of anion exchange at ammonium N* centers of polyDADMAC with H X (k+ m=v+ [+ d)
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B cinywae HCIO, B TO npu TUTPOBaHMM B CHCTEME
HaOJroaeTcss 0Opa3oBaHHWE HEPACTBOPHMOIO OCajKa
Oenoro mBera ¢ KpaiiHe HU3KUM 3Ha4eHHEM Kod(h(u-
nuenta aup@dy3ur MeUIeHHOW MOABI JABIKeHHsT M
¢ Dy, (T3)=310"13 em¥/c.

CreneHp 3aMelleHUs] aHUOHOB OJHOOCHOBHBIX CHIIb-
HBIX KMCJIOT 71, BO3PACTAET C YBEIMYEHUEM CHIIBI KUCIIOTHI
H, X, : HCIO,>HCIl>HNO; > HBF,, ipn 3tom T3 na kpu-
BOM TUTPOBAHMS CUIMOATHO CMEIAETCsl U3 KUCIION B IEJI04-
HYF0 0011acTh o1 pHy 4.69 110 7.36. [TomyuennbIii pesyssrar
C TOYKH 3PCHUS KUCIIOTHO-OCHOBHOTO PaBHOBECHS TTOKA3bI-
BAET, UTO PeaKLysa 0OOMeHa aHHOHA KUCTIOTHI X" IPOUCXOIUT
IIPEUMYILECTBEHHO ¢ yyactieM annoHa OH ™ nomuanexrpo-
mmTa. VIcKITroueHie cocTaBisIeT aMIHO3aMeIICHHAs KICIIOTa
NH,SO;H ¢ auskum 3uasennem pK, (H, X) = 1 B psny neop-
TaHUYECKHX KHCIIOT, HO KOTOpast CIOCOOHA JOTIOTHUTEIEHO
TIPOTOHMPOBATHCS TT0 AMUHOTPYTITIE TIPY TUTPOBAHHN.

Huskoe 3uauenue n, = 0.048 st cunbHOU 1BYXOC-
HOBHOM KHCJIOTBI HZSO 4, U OIHOBPEMEHHOC CMEIICHHUE
pHp 7.67 B menounyo 061acTh MOKHO OOBSACHHUTH MPO-
TEKaHUEM PEaKIMi 0OMEHa ¢ 00pa30BaHUEM MPEHMYIIIC-
crBenno anuona HSO, ¢ pK, = 1.9. Ananoruunsii o¢-
(hexT HaOMIOmACTCS TS IPYTHX MHOTOOCHOBHBIX KHCIIOT.

Tpexocnosusie H,PO,, H;BO; n nonnocHosnas —
neproziHas HylO, — KUCIOTh XapaKTepusyoTCs ABYMs
CKaYKaMH IMOTeHNrana pH, mpryeM CTeneHb 3aMeeHUs
BTOPOU CTaJiNM YBETUUHUBACTCS naKB(HzXZ*) > nm(Xy)
C YMCHBIIICHNUEM 3apsia MOHA, HECMOTpPSI Ha 0OpaTHOE

cootnomenue pK, (H,X") < pK, (H;X), uro cormacyercs
¢ pesynbraramu padot [13, 18] o adpdexrnBHOCTH 00-
MeHa aHMOHOB B psay lodwmeiicrepa. M3meHenue npu-
POJIbl aHHOHA BIMSCT HE TOJIBKO HA CTETICHb 3aMEIICHHUS,
HO M Ha COCTOSTHHE TTOJMMEpHOTo Kiryoka (puc. 10).

[lpy MOHWKEHMM CHJIBI KUCIOTHI PK, B psijly Kuc-
JoT HaOmomaeTcst yBenmdeHre koagduimenta muddy-
3t MeuteHHoi Monsl M Dy, [em?/c]: 3-10713 (HCIO,);
7.1-107!! (HNO,); 1.3:1071° (HCI); 5.8:107'° (HBF,), uto
COOTBETCTBYCT YMCHBILICHHMIO CTEHEHH AacCCOLMAINM 3Be-
HbeB noymMepHoro kiryoka [TKK B Tom ke psimy. Beicokoe
3Ha4eHue Koddpduimenta muddysnun MeIeHHON MobI D)
IS HBF4 (TabnuIa) MOYKHO TaKKe OOBSCHUTH €€ YacTHY-
HOM auccormarmeit B menoanoi cpene [IIMJIAA—OH na
H;BO; u HF ¢ o6pazosanuem [1KK ¢ anronom F-.

VCTaHOBJIEHO TAKXKE, YTO YMEHbIIEHHE CHIbl PK
MIPUBOAUT K IOSIBJIIEHUIO OT 2 10 3 JONOJHUTENBHBIX
MIPOMEXKYTOYHBIX MOI aABwkeHus (P), koTopble OTHO-
CATCS K MOJIaM B3aMMOJCHCTBHSI MEXKAY KAaTHOHHBIMH
nenTpamu azora N* ¥ aHMOHAMHM M TOBOPHT B TOJIB3Y
obpazosanust [IKK B popme CPUII ¢ paznumanbiMu 3Ha-
YeHUSIMH K03 urmeHToB anddy3nu D MO IBIKCHUS
MTOJTUMEPHBIX KITyOKOB.

[Ipu TOM HabMOAETCs KaK YIIMPEHHUE, TaK U YBEJH-
yeHue Bkiaaa osicTpoix (K) u mpomexxyrounsix (P) moxn
nswkenus B pagy HNO, > H,SO, > H;PO, (puc. 10, Ta-
OnmIa), 9TO OOBSICHSICTCS HAMH HAITMYUEM Pa3INYHBIX
(hopM aHMOHOB KHCJIBIX ¥ CPETHUX COJICH.

1.0 1.0
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a 0.8+ a 0.8+
g . 0.7 4 g 0.7+
E *é 8.6 T E § 8'6'
3 5 054 5 5 0.5
é Z 04 E E 0.4
= 0.3 - = 0.3+
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Interaction of poly(diallyldimethylammonium chloride)
with inorganic acids

Yaroslava N. Golubeva,
Alexander V. Krylov, Tatyana A. Chebotareva

<
H3C/ CH,

(HZO)m

CPUII
SSIP

kX~ +dH20 _—

+ X(H,0)y

(H,0),,

Puc. 11. Cxema conpBatanuu annona CPUIL X = CIOZ, Cr, NOj, BF,, HSO,, H,PO,

Fig. 11. Scheme of solvation of the solvent-separated ion pair (SSIP) anion: X~ = Cl0,, CI", NO3, BF,, HSO,, and H,PO,

[TonyyeHHBI pe3yabTaT MOKa3bIBAET, YTO BAXKHBIM
(baxTOpOM IIPH OOMEHE SBIISAETCSI TAKXKE ITPOIIECC CONBBA-
Taluy aHKOHOB KUCJIOT X MoJieKylaMu Bojibl (puc. 11),
KOTOpbIi Oyaet BiusATh Kak Ha mpouHocTh [IKK, Tak u Ha
crenens qucconnannu CPUII Ha monmumepHbIi KaTHOH U
combBarupoBannbie annoHbl X (H,0),.

Jnsg OUEHKM CTeNeHW COoJbBaTalud aHUOHOB X'~
B paboTe HMCIONB30BaHbl TEIUIOTHI PACTBOPEHHUS KHC-
sor H, X. [loHmKeHHE SK30TEPMUYHOCTH TEIUIOTH pac-
TBOPEHHSI HEOPraHMYECKON KUCIoThl o1 AH, = —88.4
1o —10.71 xJlx/mone kucnor H, X (Tabmuua) npuBoguT
K CHMOaTHOMY YMEHBIIICHHUIO CTETICHH 3aMCIICHUS aHM-
onoB X"~ monumepHoro kiybka ot n, = 0.359 10 0.043,
YTO MOJATBEPXKAACT MPUCYTCTBUE B PACTBOPE HE TOIHKO
arperatoB CPUII, HO u quCCOMUPOBAHHBIX (HOPM TIO-
TURJIEKTpONUTa. VICKIIIOUeHHE COCTaBISAIOT CEepocoiep-
xamue kucnorsl H,SO, u NH,SO;H, o6pasyroume npu
tutpoBanuu aunonsl HSO, n NH,SOj3.

SAKJIIOMEHUE

Meronamu JICP, noreHunomerpun 1 MK-criekrpockonuu
[I0Ka3aHo, 4To nonuMmepHbld amexrpomutr ITIMIAAX
HaXOJUTCS B BOAHOM pacTBOpe B (popMe HEMPOTEKACMbIX
MOJIMMEPHBIX KIyOKOB, MPENCTABILIONMX COOOH IMOJH-
MEpHBIE COJIbBATHO-pasziefieHHble HoHHbIe napbl CPUILL
YeranosneHo Hammane obOMeHa anmona Cl mommoaniek-
Tposiuta Ha MoH OH™ Bozbl min aHuoHbl X'~ HEOpraHu-
YEeCKHX KHUCIIOT C 00pa30BaHMEM 3BEHBEB TOJMMEPHON
IITTH, COZIePyKAINX Pa3IMIHBIC MPOTHBOAHMOHEL. OOMeH
AQHHOHOB NPOTEKAET NPEUMYILIECTBEHHO Ha MOBEPXHOCTH
MOJIMMEPHOTO KITyOKa, YTO OrpaHUYHMBAECT CTEICHb 3aMe-
LIEHUS] aHUOHOB U 3aBUCUT OT CHUJIbI, IPUPOIBI U OCHOB-
noctu kucnor H, X, . Tonydyennsie hopMbl 3aMELIEHHOTO
noJuaseKTpoauTa MoxkHO otHecTH K [TKK.

3amelnieHrne aHMOHOB CHITBHBIX KUCIOT X MPOMCXO0-
JIUT IPEUMYIIECTBEHHO ¢ yyacTueMm annoHa OH™ nonu-
JIEKTPOJINTA U CHUXKAETCS C YMEHBIIEHUEM CHIIBI KHC-
aotel HX ot 71, = 0.336 10 0.07 8 psany HCIO, > HCI >

9KB

HNO, > HBF, > H,S0,, H;PO,, 4ro npuBoauT Taxxe

K cyllecTBeHHbIM n3MeHeHusiM pasmepoB [TKK xiryOka
MEIJICHHON MOJIbl JIBHXKCHHUS, JUIsl KOTOPOTO BEIHMYMHA
ko> durmenta ysemuumnaercs ot D = 3.0-10713 em?/c
no 1.3-10710 cm?/c, uTO COOTBETCTBYET YMEHBIIEHHIO
CTCIICHH AaCCOIMAIIMM 3BEHBEB IOJIMMEPHOTO KiIyOKa
ITKK B ToMm *xe psiy.

Crenenb oOMeHa JUIi MHOTOOCHOBHBIX KHCJIOT Orpa-
HUYMBAeTCs 00pa30BaHWEM, B OCHOBHOM, OJJHOOCHOBHBIX
annonoB HSO,, H,PO,, cooreTcTByrommx mepsoi cra-
JIMY 3aMelieHys. Boinaganue u3 TeHISHIMN BIMSAHUS CHITbI
xucnor H;BO; u HylO, o0bscHseTCS nX CIOCOOHOCTBIO
00pa3oBaHUsl B PacTBOpE TOIMUMEPHBIX (OPM aHHOHOB,
cTabWIM3MpyeMbIx nonumeprHoit marpuued [IAMIAAX.

YCTaHOBNEHO, YTO BAXHBIM (DAKTOPOM, BIIHSIOLIIM
Ha OOMCH aHHWOHOB TIPHW aMMOHHEBBIX HeHTpax [TYAC,
ABJISICTCSI CTENEHb COJIbBATAllMM aHMOHOB KHCIOT X'~
MOJIeKyTaMHu BOAbL. [IoHMKEHME CTENEHM COIbBaTalluH
kucinot (AH) H X, B Bole cCMMOaTHO yMEHBUIAET CTe-
NeHb 3aMelIeHUs aHMOHOB X'~ TOJKMMEPHOro KiyOka,
a Takke MpoyHOCTh oOpasyromiero IIKK u ero cmo-
COOHOCTP IUCCONMUPOBATh HA MONUMEPHBIN KaTHOH
u conbBaTupoBanubie aHnonbl X (H,0) .
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AHHOTaUUuS

Lesn. B HacTosmee BpeMst OCTPO CTOUT BOIPOC COXPAHEHHMS OIaroNpHATHON SKOJIOTUIECKON 0OCTAaHOBKH Ha TUIAHETE, IOITOMY WHTE-
pecHbI paboTHI IO CO3IaHMUIO HOHCETICKTUBHBIX 21eKTpooB (MICD) Ha 6a3e KOMIUIEKCOB peAKO3eMeNIbHBIX d1eMeHTOB (P3D) B skomoru-
YyeckH Oe30macHbIX OnocucreMax. Llenb paboThl — U3Y4HTh BOBMOKHOCTH HCIIONIB30BaHMs KomIiekcoB P30 mis cosmanus UCO ¢ o1-
kKoM Ha 1ieazonua. Co3maBaeMble MOTEHINOMETPHUECKHIE CEHCOPBI MTO3BOIISAT MPOBOANUTH SKCIIPECCHOE ONPEAEICHNE aHTHONOTHKOB
B MHKPOOOBEMHBIX Mpobax.

Mertonbl. B pabote peann3oBaH CHHTE3 3JI€KTPOAAKTHBHBIX KoMITIeKcoB P33 ¢ nedazonunom. s uneHTHGUKALMH TTOTyYEHHBIX HJIeK-
TPOIAKTHBHBIX BELIECTB U U3YUECHHS NX (PU3MKO-XUMHUYECKUX XapaKTEPUCTHK UCITIONB30BAHbI 3NIEMEHTHBII aHaIM3 C TOMOIIBIO PacTpo-
BOTO MEKTPOHHOTO MUKPOCKOTA, HH(ppPaKpacHast CIIEKTPOCKONHS, CHHXPOHHBIH TEPMUUECKUIT aHATN3 ¥ TOTEHIIUOMETPHSL.

Pe3yJI]>TaTI>I. HOHy‘-ICHbI paHee HE HCCJICAOBAHHBIC KOMIIJICKChI uepuﬂ n JIIOTeHUs C ued)asom/mom C LICJIBK UX HCIIOJIB30BAHUSA B Ka-
YeCTBE 3CKTPONAKTHUBHOTO BerecTa Mist cozaanus MCD. M3yueHbl uX GU3NKO-XMMUYCCKUE XapakTeprucTuku. /s coznannsix MCD
HUCCICO0OBAHbI UX SKCHﬂyaTaLll/lOHHble XapaKTepl/ICTl/IKI/I, 3aBUCHUMOCTH SHCKTpO}:leIX IIOTCHIIMAJIOB OT KOHLleHTpaLIPIl/I aHaJIuTa, a TaKxKe
M3y4eHbI CTAOMIBHOCTH co3maHHbIX VICD M BpeMsi OTKJIMKA CHTHAIa 3JICKTPO/Ja, MOMEIICHHOTO B Uccieayemyro mpoOy. Co3mnaHHbIC
MeMOpaHHBIC ICKTPO/IbI CTAOMIBHBI, UMCIOT KOHIICHTPALMOHHBIH Arana3oH skcmyaraiuu pC 1-3 1 MOTyT OBbITh HCITIOIb30BAHBI B JIU-
anasone pH 4-8. Iposepka cenexkrusnocti MCD no orHomenuto k nonam Nat u K* nokasana, uto s1ekrpoasl 3 PEKTUBHBI 1aXKe IpU
UX TBICSYCKPATHOM MPHCYTCTBHU. Pab0TOCTIOCOOHOCTD AIICKTPOIOB MPOBEPEHA HA MOJICTBHBIX 00BEKTaX.

BeiBoabI. HOKBBaHO, YTO BHEPBLIC CO3MaHHBIC KOMIUICKCHI P30 ¢ L[e(ba?,OJII/IHOM MOI'yT YCIIEHIHO HCIOJIB30BAaTLCA B KAQYCCTBE DJICKTPOIAAK-
TUBHBIX BCIICCTB IJIA U3TOTOBJICHUS MeMﬁpaHHHX NCD nHa Ile(i)aJ'IOCl'IOpI/IHOBBIe AHTHOUOTHKH.
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Rare-earth element complexes with complexones,
heparin, and antibiotics in biosystems
for use as electrode-active materials in membrane

ion-selective electrodes

Timofey V. Kryukov*), Mariana A. Feofanova, Viktor M. Nikol’skii, Alexandra I. Ivanova,

Ivan A. Kaplunov
Tver State University, Tver, 170100 Russia
™ Corresponding author, e-mail: p528491@yandex.ru

Abstract

Objectives. The creation of ion-selective electrodes (ISEs) based on rare-earth element (REE) complexes in environmentally friendly
biosystems is of interest due to the increased relevance of environmental management. The work sets out to study the possibility
of' using REE complexes for creating ISEs sensitive to cefazolin. The created potentiometric sensors can be used for rapid determination
of antibiotics in microvolume samples.

Methods. The work presents the synthesis of electrode-active REE complexes with cefazolin. In order to identify the obtained electrode-
active substances and investigate their physicochemical characteristics, the following methods were used: elemental analysis with
a scanning electron microscope, infrared spectroscopy, simultaneous thermal analysis, and potentiometry.

Results. Previously unstudied complexes of cerium and lutetium with cefazolin were obtained for use as an electrode-active substance
for creating ISEs. The physicochemical characteristics of the complexes were investigated. For the created ISEs, the following
characteristics were studied: performance characteristics, the dependence of electrode potentials on the analyte concentration, stability,
and the response time of the electrode placed in the sample under study. The created membrane electrodes are stable, have a concentration
range of operation of pC 1-3, and can be used in the pH range 4-8. Testing of the selectivity of the ISEs with respect to Na™ and K* ions
showed that the electrodes are effective even in a thousandfold excess. The performance of the electrodes was tested using model systems.

Conclusions. Novel REE—cefazolin complexes were successfully demonstrated for use as electrode-active substances for the manufacture

of membrane ISEs sensitive to cephalosporin antibiotics.
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BBEOEHUE

BypHoe pa3BuTHE XMMHH KOMITJIEKCHBIX COEIMHEHUN PE-
KO3eMeIbHBIX 271eMeHTOB (P33) oGecneunio HaKkomieHue
GombIIoro (hakTUUECKOro MarepHana 1o (pU3HKO-XUMHU-
YECKUM CBOMCTBAM CO3/IaHHBIX KOMIUICKCOB U cdepam
UX TPUMEHEHHS C y4YeTOM HHIMBHUIYaJIbHBIX CBOMCTB.
MNHmuBuayansHOCTh OTHENBHBIX TpencTtaButeneit P33
BriepBbie ormeTii J[.W. MenzeneeB, Kak «OAWH U3 UCTHH-
HbIX ykpenureneil [lepuoanyeckoro 3axona» [1].
CerosHss OCTPO BCTAaeT BOMPOC COXpaHEHHs Oiaro-
MIPUATHOM JKOJOTMUYECKOM 0OCTAaHOBKHM Ha HaIleH Tuia-
HeTte. [loaToMy 0cOOBI MHTEpEC MPEACTABISAIOT paboThl

10 M3YYCHHIO TIPOIECCOB KOMILIEKcooOpa3oBanust P33
B Pa3IUYHBIX OMOCUCTEMaX, HAPUMED, C IKOJIOTHYECKH
0€30IacHBIMI KOMIUICKCOHAMH, TTPOM3BOIHBIMH SHTAp-
Hoit kucnotsl (KIIAK). C nenpio MakCUMaabHOTO CHHU-
JKEHHSI HETraTUBHOTO BO3JICHCTBHS YeJIOBEKa Ha OKPYKa-
IOIIYIO CPEAy COBEPIICHCTBYIOTCS HE TOJIBKO CIOCOOBI
J00bIuM U pa3aenenus P32, HO 1 METOIbI UX BTOPUYHON
yrumu3anun. Onucano NpUMEHEHNUe MMUHOAMSIHTaApHON
KHUCIJIOTBI JIJIs M3BJIEUEHUS HEKOTOphIXx P3D meromom
agcopOiuu [2]. [lonyTHO cienyer oOpaTuTh BHUMAaHUE
1 Ha OOpaTHYIo 33734y, a UMEHHO, Ha 3allaTeHTOBAaHHBIN
CHHTE3 HUMHHOIMSHTAPHOH KHCIOTHI C TPHUMEHEHHEM
JAHTAHOMIHBIX KaTanu3aTtopos [3].
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VaukanpHas cnocodHocTs KIIAK mposBisaTs BbI-
COKHE KOMIUIEKCOOOPAa3yIomIie CBOWCTBA B COYCTAHUHU
C TE€M, YTO ITH JIUTAHJABI B MPHUPOIHBIX YCIOBUSIX CHO-
COOHBI K OBICTPOMY pa3jIOKEHUIO M HE HAKaIlJIMBAOT-
cs B cOpocax [4-7], obecrieunsia UM IIUPOKHH CIIEKTP
MIPUMEHEHUSI, B TOM YUCJIC U B «3€JICHOH xumumn» [8—11].
BBI3BIBatOT HHTEPEC PE3yJIbTaThl U3yUYEHHUS] KOMIUICKCOB
JIAHTAHOUJIOB ¢ Ouyperom [12].

Brenenne wonoB P3D B OuocucreMbl (Hampumep,
YeIIOBEYCCKUI OPTaHu3M) 3HAYUTEIHHO MOBBIIIACT d(-
(PEKTUBHOCTh TAKHX AHTHKOATYISHTOB KPOBH, KakK Te-
napuH. B mpouecce u3ydeHus mpoueccoB KOMILIEKCO-
oOpaszoBanus remapuna ¢ P30 Hamm OBUIO MPOBEACHO
TEPMOXUMHIUYECKOE HCCIICIOBAHIE KOMIUICKCOB HEOMMA
¢ renapunoM. [Iponecc neruaparamuu komriekca Nd
C remapuHOM HauWHaeTcs yxe npu temmneparype 40°C
u nipopoipkaercs BIIoTh A0 190°C. Tlocme nerumpara-
uuy 1pu 190°C u Brutots 10 420°C npoucxoauT paspy-
[ICHUE TIIMKO3HUTHOW CBSI3M M YIJIEPOJHOTO CKeJeTa Te-
napuna. [Ipu remneparype 400-450°C gacTh TPOAYKTOB
TOPEHHUS COEIMHAETCS ¢ HEOIUMOM, 00pasyst Nd,(SO,);.
B xozme nmanpneiiniero pasznoxenus (Boiie 600°C) oH
TIOAABEpTacTCsl NECTPYKUIUH J0 OKCHCYIb(para HEeoauMa
Nd,0,50, [13]. Hamu ycTaHOBIEHO, YTO aTOMBI JIaH-
TaHOMJIOB KOOPIUHHPYIOTCS TEMapUHOM MOCPEICTBOM
KapOOKCHJIaTHOW,  THJIPOKCHIBLHOW,  CyIb(OHATHON
U aMHUHOCYJIB()OHATHON TPYIII, MPOSIBISS EHTATHOCTS,
paBHY!O yeTbipeM [14].

B naHHOW paboTe TpeNCTaBlICHBI Pe3yJbTarbl H3Y-
YeHHUs] NPOLIECCOB KoMIUIeKkcooOpa3oBanus P33 ¢ aHrtu-
OMOTHKaMH, B YaCTHOCTH, ¢ liedazonuHoMm. Panee ObL1O
MOKa3aHo, 4To Iea3oiuH B MeTaJUIOKOMIUIekcax P30
OounenrareH [15] 3a cuer oOpa3zoBaHMsI KOOpPAWHALIMOH-
HBIX CBSI3€H Yepe3 aMHIHYI0 1 KapOOKCHIIATHYIO TPYTIIBL.

HcciienoBanrie HOBBIX aHTHOAKTEPHAIBHBIX OOBEK-
TOB SIBJIICTCSI BOCTPEOOBaHHBIM B XHMUKO-(hapMaIieBTH-
YeCcKOW MPOMBINUICHHOCTH. OmpeneneHne aHTHOHOTH-
KOB, KaK OTHOW W3 TPy JICKAPCTBEHHBIX COCIMHCHHH,
MOJYYMBIIUX MIMPOKOE PACHpPOCTPaHEHHE, HO B TO KE
BpeMsl  O0NaJalolMX MOTEHIMAILHOW OMACHOCTHIO
JUTSL 37I0POBbSI UEIIOBEKA, SBISIETCS OMHON M3 aKTyajb-
HBIX TIPOOJIEM COBPEMCHHOW aHAIUTHYCCKOW XUMHH.
OOBEKTHI, B KOTOPBIX HEOOXOJMMO OTpPEACISITh M KOH-
TPOJIMPOBATH CONEPKAHNE AaHTHOMOTHKOB, BECbMa Pa3-
HOOOpa3HBI: (papMaIleBTUUCCKUE TIPEIapaThl, ONOIOTH-
YEeCKUE JKUJKOCTH OpraHu3Ma 4eloBeKa M JKUBOTHBIX,
MPOAYKTH MUTAHUS, CTOYHBIC BOIBI (hapMareBTHICCKIX
npennpusTii [16].

OOBbIYHO TSI HCCIENOBAaHMA Ie(aTIOoCIOPHHOBBIX
AQHTHOMOTHKOB MCTIONB3YIOT CIIEKTPOCKOIIMYECKHE, XPO-
MarorpapuIecKue, MMEKTPOXUMHUUCCKUE H IPYyTHE METO-
Jiel. OCHOBHBIMH METO/IaMU OTIpe/ieieHuUs 1e(aneKcrHa,
nedypokcuma, neuKcuMa B JIEKapCTBEHHBIX M OHOJIO-
THYCCKUX Cpenax SBILIIOTCS xpomarorpadus [17, 18],

criektpockonust [19] m Bomprammepomerpust [20, 21].
[lepeuncnennpie METOBI, KaK IMPABHIIO, TPEOYIOT T0pPO-
TOCTOSIIETO O0OPYIOBAHUS, PEAKTUBOB, KBAJTU(PHUIIUPO-
BaHHBIX OIIEPATOPOB, 3aHUMAIOT JUTUTEIILHOE BPEMs 1 HE
MIO3BOJISTIOT OCYIIECTBISATh JKCIPECCHOE OIPEACICHUE
COZIep)KaHUsl AaHTUOMOTHKOB B KIMHUYECKUX U OUOXU-
MHUYECKHX J1a0opaTropusiX, TOrga Kak MOTCHIMOMETPH-
YEeCKHE CCHCOPHI MOKa3aId BO3MOXKHOCTH SKCIIPECCHOTO
OIpeNeeHnsl ACUCTBYIOUINX BEIIECTB Jake B MHUKpO-
00BeMHBIX pobax [16, 22]. OnepaTuBHOE ONpecICHNE
AQHTUOMOTUKOB B OMOJOTHYECKUX >KUAKOCTSIX H JIeKap-
CTBEHHBIX (hopMax mpernapaToB HEOOXOIUMO I U3yye-
HUSl (PU3HOIOTUYECKUX U OMOXMMHUYECKUX TPOIIECCOB,
MIPOTEKAIOIINX B OpPTaHU3ME, a TAKXKe TSI 00eCIICUeHNUS
3(h(eKTUBHOTO KOHTPOJIS JIEKAPCTBEHHBIX CPEJICTB.

YCTaHOBIIEHO, YTO MOJIEKYJBI, OOJaJaloNUe aH-
THUMUKPOOHOH aKTUBHOCTBIO, JOJDKHBI OBITH amMdu-
(unpHOM TIpUpoab! U 007amaTh TUAPO(GOOHOCTRIO [23].
Jocratounoii ruipohoOHOCTBIO 00T JaI0T U KOMILIEK-
cel P3D ¢ nedazonuaoM, 9To obecrieyrBaeT WX HU3KYIO
pPacTBOPUMOCTh B BOZE. DTOT (PAKT IMO3BOJISIET HCIIONb-
30BaTh KoMIUIekCchl P30 ¢ medasonnHOM B KadecTBe
ANIEKTPOAAKTUBHOTO BEIIECTBA MIPU W3TOTOBICHUH MEM-
OpaHHBIX MOHCENEKTUBHBIX AMekTponoB (MCD) Ha ne-
(hasocropuHOBbIC aHTHOMOTHKH.

B cBs13u ¢ 3THM, 11€TTBI0 TAHHOH PabOTHI SBIISIETCS HO-
BOE HalpaBlieHHUE HCCIeIOBaHUs (PU3UKO-XUMHUYECKUX
XapaKTepUCTHK KomriekcoB P30 ¢ nedaszonnHoM ams
YCTaHOBIIEHUSI BO3MOXXHOCTH co3manust UCD ¢ oTkmm-
KOM Ha 1e(ha3oinH.

OKCNEPUMEHTAJIbHAA YACTb

VYcraHOBIIGHHE — TIOTEHIIMOMETPHUYECKUX  XapaKTepH-
CTHK KoMILIekcoB P3D ¢ nedaszonmaoM U KOHTpoab» pH
Cpeabl OCYIIECTBISUIM C MCIOJIb30BaHHMEM HOHOMEpa
H-160MII (OO0 «H3mepumenvras mexruxa», Mockpa,
Poccust). BpeMst oTKIIMKa 3IEKTPOIOB OMPEACISIIA 110
cexynaomepy. s cusarust uappakpacHsix (UK) crek-
TPOB FOTOBHJINCH 00pa3Iibl B Buje TabneTok ¢ KBr (x.4.,
AO «bBaza Ne 1 Xumpeaxmueoe», Poccus). CHeKTpsI
00pa3loB, coAepKallMX 2 MI' HCIBITYEMOIro Belle-
ctBa Ha 200 mr KBr, 3anuceiBaqum Ha CIEKTpOMETpeE
¢ Oypre-nipeodpazorarenem Alpha (Bruker, I'epmanus)
B nuamazone 4000400 cm !, CHHXpOHHBIH TepMu-
YeCKUil aHanmm3 oO0pas3loB OCYHIECTBISUIM Ha mpudope
STA 449 F3 Jupiter (Netzsch Group, I'epmanusi) B ar-
Mocdepe Bo3myxa. DICMEHTHBIA XMUMUYCCKUN aHAJIH3
00pasIoB MPOBOAWIN HA PACTPOBOM HIECKTPOHHOM MHU-
kpockorie JEOL JSM-6610LV ¢ momompio aHanmuTu-
YECKOW MPHCTABKU ISl PEHTICHOBCKOTO JHEPTOIMC-
nepcuoHHoro mukpoananuza (Oxford INCA Energy,
Benukobputanus).
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s cosmanust MCD ¢ oTKiIMKOM Ha 1ie(a30inH Uc-
M0JIh30BaIaCh HaTpUeBast couib edaszonuna (NaCzl, Jexo,
Mocksa, Poccust). PactBopsl xiopunos P332 rotoBuwim
U3 peakTHBOB KBanudukarmu X.4. (000 «Xumkpagpmy,
Poccust), mX TOYHBIE KOHIICHTPAIMN yCTAaHABIMBAJIH KOM-
IUIEKCOHOMETPUYECKUM TUTpOBaHUEM [24].

DJEeKTPOJaKTHBHBIC BEIIECTBA MOTyYay, CMEIINBas
BOJHBIC PACTBOPHI XJIOPHIA LIEPUS I JIOTEIHS U Ha-
TpUeBOH conu nedazoinHa B MOJIBHOM COOTHOLICHHUU
1 : 4. 3aTeM 3TH BeleCTBA OTACISIN ICHTPU(YTHPOBAHHU-
€M W BBICYIIMBAJIH MPU KOMHATHOU Temneparype (20°C)
B 9KCHKAaTOpe Haj ciioeM cuiukarend. [lomyyeHHbie 00-
pas3ipl XpaHWIU B 9KCHKATOpE HAJl CIIOEM CHIIMKArelis
B 3aKpBITOM IIKa(y BO M30eKaHHE BO3ICHCTBHUS CBETA.
Hcxonnslit pactBop uedazonuna konnenrpauuei 0.1 M
TOTOBWJIM TIO HaBecke, Oojee pa30aBICHHBIC — METO-
JIOM pa30aBJIeHUsT UCXOMHOTO. J[JIs morydeHus: MeMOpaH
ucnonb3oBaiu nonuBuHUIXIopu (IIBX) mapku C-70
(OAO «CAAHXUMIIJIACTY, Poccus), auoktuingra-
nar (JIO®) (000 «Xumnpom-M», Poccusi) U ITUKIIOTEK-
caHoH (40 «baza Ne 1 Xumpeaxmusos», Poccus). B co-
CTaB CO3/IaHHBIX MOHOCEIIEKTUBHBIX MEMOPaH BXOIMIIH:
1 mac. % snexTpogakTUBHOTO BemecTsa, 1 mac. % JJOD
u 98 mac. % I1BX.

[lepen nauanom skcnepumenta MCD BbiMaunBamu
1 4 B pactBope nedaszonuHa ¢ KoHueHTpaueit 0.01 M.
st peructpanuu MeKTPOJHBIX OTEHIHAIOB HCIIOIb-
30BaJIN HJIEKTPOXUMHUUECKYIO STUCHKY:

Ag | AgCl AgCl | Ag

PacrBop nedazonuna (0.01 M) +
+ pacteop KCI (0.1 M)
Cefazolin solution (0.01 M) +
+ KCl solution (0.1 M)
HoncenextuBHas MemOpana
Ion-selective membrane
Hccnenyemslii pactBop
Test solution
Hacermennsrii pacteop KCl1
Saturated KCl solution

Tadauua. Pe3yasTaTsl >IeMEHTHOTO aHAIN3a

Table. Results of elemental analysis

PE3YJIbTATbl U UX OBCYXOEHUE

B Tabnuie npencTaBiieH BHIYUCICHHBIA U HKCIIEPUMEH-
TaJbHO OIIPEAEIECHHBIM AIEMEHTHBIM cocTaBa MeTall-
nokoMIuiekca. [lomyyeHHble AaHHBIE MMO3BOJISAIOT OJHO-
3HaYHO YCTAHOBHUTH BHYTPEHHIOIO c(hepy MeTaiIoKoM-
IUICKCa, 32 MCKIIIOYEHHEM aTOMOB BOJOPOA, KOTOPHIE
HEBO3MOXXHO OOHAPYXKUTh METOIOM PEHTTEHOCIICK-
TPaJIbHOTO JIEKTPOHHO-30HA0BOIO aHAJIM3A.

ComtacHO MoNTy4YeHHBIM JIaHHBIM, B 00pa3iax He CO-
Jiep Karcsl HaTpHUil U XJI0p. bbl1o ycTaHOBIIEHO, 4TO CO-
CTaB BHYTpPEHHEW c]epbl METaNIOKOMILJIEKCa OTBEYaeT
MOJIbHOMY COOTHOIIIEHUIO [MeTamn] : [aurang] =1 : 3.

Cpasuenne UK-criekTpoB 4ncTOi HATpUEBOHN COMU
U CHUHTE3UWPOBAHHBIX COelUWHEHUU (puc. 1) mo3Boms-
€T cJellaTh BBIBOJl O TOM, YTO TPHU B3aUMOJCHCTBHH
HaTpHeBOU conn TedazoinnHa ¢ kKaTHoHamu P3D He
MIPOUCXOAUT U3MEHEHUN B XUMUYECKOHN CTPYKType Lie-
(hasonmHa, T.K. MOJYYEHHBIC CIICKTPBI CXOXKH MEXIY
co00ii.

Pacmindposka MK-crekrpa HaTpueBOH coiu Lie-
(azonmuHa mokasana, uyTo MmHUpokas momoca 3430 cm™!
COOTBETCTBYET KOJEOAaHUSIM THAPOKCHIBHON Tpym-
Mbl, KOTOpas Y4yacTByeT B 0OOpa30BaHUHM BOAOPOJI-
HBIX CBSI3H C KOOPAMHUPOBAHHBIMH MOJICKYJIAMH
BOIEI [25, 26].

B cootBeTCcTBUM C TaHHBIME HCclienoBaHui [26, 27],
KapOOKCHUIIbHASL TpyMIa XapaKTepU3yeTcsl YacTOTOH
1761 cm !, amomoca 1680 cm~ ! cooTBeTcTBYeT aMuIHOI
rpynnupoBke —C=0. VYka3zaHHbIE BOJHOBBIC YHCIIA Xa-
PAKTEPUCTHUECKUX TOJIOC TIOTIONICHUS KapOOKCHILHON
1 aMHIHOM TPy 1iea30InHa COOTHOCSTCS C TaHHBIMH,
MIpUBEICHHBIMU B Ooliee paHHed padore [19], mpuuem
C/BHT TOJIOCHI CHMMETPUYHBIX BAJICHTHBIX KOJeOaHWI
KapOOKCHUIBHOH rpymmel 1545 cm™ ! o3Hauaer Koopau-
HaIMIO uepes 3Ty rpymmy. [Tonoca 1490 cm ! mamu or-
HeceHa K KonebanusM C=C apoMaTHUeCKOil CTPYKTYpHI.
[omocsr 1241, 1183, 1100 u 1062 cM ™! naentndumupy-
10T KoneOanwust rpymmbl CN.

Oo6paszen Bpytro dhopmyna DIEeMEHTHBIN COCTAB
. C, % N, % 0, % S, % Me, %
Sample Molecular formula Elemental composition
Boruucneno
33.51 22.34 12.76 19.15 9.30
CeCal . HoCeN.O.S Calculated
eCz e
3 42142241259 Haiinero
34.94 22.34 13.05 19.72 9.36
Found
Boruucneno
31.68 21.11 15.07 18.12 10.99
LuCal C M LuN..O..§ Calculated
uCz
3 4240 UN2 V1959 Haiizero
31.66 21.07 15.05 18.09 10.95
Found
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Puc. 1. UK-criexps! nedasonuna (), MeTasIOKOMILIEKCA
uepust (2) 1 MeTautoKoMILIeKea Jirotenus (3)

Fig. 1. Infrared spectra of cefazolin (/), cerium metal
complex (2), and lutetium metal complex (3)

Ha mpencraBneHHBIX CHIEKTpax HaIIUX 00pPasiioB
HaOMIONAeTCsl COBHUT IOJIOCH TUAPOKCHIBHON TPYIIIBI
(3439 cm 1), caBur monockl kKonebanuiit amunHOM —C=0
(1681 cm™ 1), ciBUT ONOCH CHMMETPHYHBIX BAIEHTHBIX
KoneGannit KapOoKcHIbHOM TpymsI (1566 cm 1),

JICK, MxB/mr
DSC, uV/mg
l 9K30 W3amenenne maccel: —1.48%
exo Mass change: —1.48%
[1.1]
41

TTux: 61.2°C, 0.1157 MmxB/Mr
Peak: 61.2°C, 0.1157 pV/mg

Hayano: 189.1°C
Onset: 189.1°C

TTuk: 222.7°C, —2.7804 MxB/Mr
4 Peak: 222.7°C, —2.7804 uV/mg

Tuk: 522.0°C, —5.8461 mxB/Mr
Peak: 522.0°C, —5.8461 pV/mg

ATOMBI 230Ta HE YYaCTBYIOT B KOOPJMHAINH, T.K. HE
OBUIO YCTAHOBJICHO CYIIECTBEHHBIX CIBHTOB ITOJIOC KO-
nebanuit CN.

CoBrnajieHue T0JI0C BaJIeHTHBIX KoneOanuit v(C—S—C)
KaK y HaTpueBoil comu (669 cM '), Tak u B MeTamio-
Komruiekcax (670 CMfl) THUA30JIbHOTO IIUKJIA CBUACTEIIb-
CTBYET O TOM, YTO aTOM CEpbl HE MPHUHUMAET y4YaCTHsI
B TIpolecce KOMIDIEKCOOOpa3oBaHUS. AHalOTHYHAsS
KapTHHA Ha0I0/1a1ach U B CIIEKTPE METANIOKOMILIEKCa
JOTEIIHSL.

C ydYeToM CIOBUIOB IOJIOC MOIVIOIICHHS aMHUIHOU
U KapOOKCWIJIATHOHM TPYIIIl KOHCTATHPYyeM, 4TO 1ieda3o-
JTUH KOOPIWHHUPYETCS OWUJCHTAHTHO dYepe3 aMUIHYIO
1 KapOOKCHITATHYTO TPYIIIIHL.

Pesynbratsl Tepmudeckoro aHanuza CeCzl (kpuBbie
tepmorpasumerpun (T1) n nuddepennnanbHOM ckaHu-
pyromeit kanopumerpun (JICK)) nmpusenens! Ha puc. 2.
ITorepst maccet B mHTepBasie ot 39 no 120°C cBs3aHa
C MCTIapeHUEM aJICOPOIIMOHHON U KPUCTAIUTU3AIIMOHHOM
BOJIBI, I3MEHEHHE MACCHl B 9TOM HHTEPBaJIEC TEMIEPaTyp
cocraBuiio 1.48%, npuyemM U3MEHEHHE Macchl B HHTEP-
Bajie ot 100 no 120°C cocrasuio 0.31%. IIuk npu tem-
neparype 222.7°C oTBedaeT pa3pylIeHHIO CTPYKTYPBI
METaJIJIOKOMIUIEKCa U OKUCIIeHHUIO turanja [15].

Uccnenosanne crabunbsHocT MCD mokasano, 4To
Ipeiid moTeHIMana B CperHeM OIMHAKOB W COCTABIICT

T, %
TG, %

[13]

- 90
F 80
k70
60
50

F 40
Ocrarounas macca: 21.14% (697.3°C)

Residual mass: 21.14% (697.3°C)
F 30

20

100 200 300

400 500 600

Temmepatypa, °C
Temperature, °C

Puc. 2. Kpussie TI'/JICK o6pasua CeCzl
Fig. 2. TG/DSC curves of CeCzl sample
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Komnnekcbl peaKko3eMesibHbIX 3/IEMEHTOB B OMOCMCTEMAX C KOMIMJIEKCOHAMMU, rernapnHoM, aHTMbnoTrKkamm T.B. Kpiokos
A9 NpMeHeHna B Ka4eCTBe 3JIEKTPOOAKTUBHOIO BellecTBa MeM6paHHbIX MNOHCEeNEeKTUBHbIX 31eKTPO40B nnaop.
2-5 mB/cyT. Ilo cexyHaomMepy onpeaeneHo, 9To Bpemsi 160 = o
OTKIIMKA cOCTaBIseT okono 45 ¢ mus 107'-1073 M pac- —e—Lu
TBOpoB. Ha puc. 3 mpencraBieHbl rpauku 3aBUCUMO-
ct noteHmanoB MCH ot koHneHTpanuu nedasonnHa 140 -
Kak JiIsi MeMOpaH C METaJUIOKOMIUIEKCOM IIepHsl, TaK >
U 1T MEMOpPaH ¢ METANTOKOMIUIEKCOM JIFOTEIIHS. E 120 4

B unTepsane norapupmos xouuentpamnuii pC 1-3 2
SKCIIEPUMEHTAJIbHBIE TOYKM OIMCHIBAIOTCS ypaBHeE- 100
HUEeM npsiMOW. JIMHEWHBI y4YacTOK 3JIEKTPOAHOMN
(DyHKIIMU CBHUIIETENIBCTBYET O BO3MOXXHOCTH Ipak- %0
TH4ecKkoro ucnonb3zoBanuss MCD mns ompeneneHus
nedazonuna. Takke HaMu OBUIO YYTEHO, YTO Ha pa-
00Ty 2JIeKTpoaa MOTYT BIUATH Kak BenuunHa pH cpe- 60 5 ) 6 3 10
JIbl, TAK M MPUCYTCTBHUE CONMYTCTBYIOIINX KaTHOHOB. oH

MeTos0M CMEIIaHHBIX PAacTBOPOB OBUIM OmNpesese-
Hbl KOO duunentsl cenextusnoctu s Nat u KF
(1.5:1073 1 1.4:1073 cOOTBETCTBEHHO). YCTaHOBIEHO,
4TO MOTEHIUAI BIEKTPOA HE 3aBUCHT OT KHUCIOTHO-
ctu cpensl B guanasone pH 4-8 npu koHUEHTpauuu
nedazonuna 0.1 M.

—&— Ce
120 —1u
100
>
g
E 80-
5
Sy
o
w604
2]
40
20 4
T T T T T
1.0 1.5 2.0 2.5 3.0

pC

Puc. 3. 3aBucumocts norennuanos MCD or
KOHIIEHTpaluu 1edaszonuna: (/) MEeTaJsIOKOMIUIEKC LepHs,
(2) MEeTaIIOKOMIUICKC JTIFOTSIUS

Fig. 3. Dependence of the ion-selective electrode (ISE)
potentials of (/) the metal complex of cerium and (2) the metal
complex of lutetium on the cefazolin concentration

3aBucuMOCTh dnekTponsrkymiei cuibl (DJ]C) co3-
nmaauaeix UCD ot pH pactBopa niedaszonuna npencrasie-
Ha Ha puc. 4. Kak BugHO 13 pucyHka, norteHiuan UCO
He 3aBucHT OT pH pacTBOpoB B Auamazone 4-8.

DTO CBHICTENBCTBYET O TOM, uTO co3nanubie UCD 06-
JIAJAIOT JOCTATOYHO BBICOKOH CTAOMIBLHOCTHIO. OIHAKO
npu pH < 4 u pH > 8 HabmomarTCs CKauKK AIEKTPOI-
HOTO TIOTCHIINAJa, CBUACTEIHCTBYIOIIIE O HETMHEHHOM
N3MCHCHUU KOHLICHTpAlUU aHTI/IGI/IOTI/IKa B HIeHO‘IHOﬁ
M KHCJOH cpele, UTO XapaKTepHO UII OONBIIMHCTBA
ncCo [28].

Puc. 4. 3aBucumocts D/1C (MB) staeiixu ¢ UCD
ot pH pactBopa nedazonnna

Fig. 4. Dependence of the electromotive force (EMF, mV)
of the cell with ISE on the pH of the cefazolin solution

SAKJTIOYEHUE

[IpoBeneHHble HMccaenOBaHUs MOKa3biBaloT, uto MCDO,
B KOTOPBIX 3JIEKTPOJAKTHBHBIM BEIIECTBOM CIIYKaT KOM-
miekckl P33 ¢ neda3zonmHOM, TIEpCIeKTHBHBI B TUTaHE
ucnojib3oBanus 3tux UCO nng onpenenenus aHTUOMO-
THKOB B MHKpPOOOBEeMHBIX mpoOax. CozJaHHBIE MeEM-
OpaHHBIC AIEKTPOIBI CTAOMIBHBI, IMEIOT KOHIICHTPAII-
OHHBIN Auana3zoH skcruryataiuu pC 1-3 u MoryT ObITH
ucrnonbp3oBanbl B auanazone pH 4-8. [Iposepka cenek-
tuBHOCTH UCD 1o ornomenuto k nonam Na™ u K* mo-
Kazaja, 4To IEeKTPOIbI SPPEKTUBHBI JAXKE IPH UX THICS-
YEeKpaTHOM IPUCYTCTBUH. PaG0TOCTIOCOOHOCTE MEKTPO-
JIOB TIPOBEpEHa HA MOJCIBHBIX O0BEKTaX.

bnarogapHocTu

HccnenoBanus BBIIOJIHEHBI C UCIONB30BAaHUEM PECYp-
coB lleHTpa KOJJIEKTMBHOIO MOJb30BaHUS TBEPCKOTO
TOCYJJapCTBEHHOT'O YHUBEPCHUTETA.
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I1.B. Moctauko!™, A JI. Ackperkos!, A.B. Ilosocuu', FO.A. E¢pumonaZ?, E.C. Mouajoa!
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AHHOTaUuS

®__ JIeKapCTBeHHBIﬁ npenapar BETCpUHApHOro Ha3sHAYCHU, HpI/IMCH}IeMLIﬁ JUTA JICYCHMSA Y KPYITHOT'O POraToro CKoTa 1aro-

ey, DMuoHON

JIOTHECKIX COCTOSTHIH, CBA3aHHEIX C THTIOKCHeit. ITpoaykToM GroTparchopmammi Ivunonona® B opraHusMe JKUBOTHEIX TOMEMO MeJThI0-
HHS1, BXOJIAIIETO B 3alpeleHHbIH CMcOK BceMUPHOTo aHTHIOMIHIOBOTO areHTCTBA, SIBJSIETCS] AaHTHOKCHIAHT M aHTUTHIIOKCAHT SMOKCHITHH,
KOTOPBIif MOXKET BBICTYIIATh B KA4ECTBE MapKepa KOHTAMUHALIMH [IPOXYKTOB MUTAHHS BBILICYKa3aHHBIM ITOJIYYHBIIHM IIHPOKYIO H3BECTHOCTh
MOYIISITOpoM MeTabonm3ma. Llerb ucceoBaHus 3aKiII04aiach B MOTYKOIMYECTBEHHOM OIPE/ICICHUH SMOKCUITHHA U MEJIBIOHHS U CPaB-
HEHUH TPO(UIICH BBIBEICHHS THX BEIECTB METOIOM BBICOKOI()(MEKTHBHOM KHAKOCTHON Xpomarorpadun—TaHIeMHONH Macc-CleKTpoMe-
tprm (BOXKX-MC/MC) B obpasnax Moun J0OpOBOIIBIEB MOCIE OXHOKPATHOTO MEPOPATBHOTO MpHeMa TepareBTHUeCKON J03bI Mpenapara

Bpeitmvaxc® 1 GOBIIOr0 KoMIdecTBa MOJTIOKa KOPOB, TIOMYJaBIIMX TIPOMIITAKTIUECK I Kypc BETIIpenapaToM IMIIOHOT®.

Metonpbl. [Ipo6omoaroToBky o0pas3moB MOYH Ul ONPEACICHHS MENbIOHUS MPOBOAMIN TOcpeacTBoM moxaxona «dilute and shooty, ms
OIIpEICICHNS SMOKCUITHA HCTIONb30BAIN ()ePMEHTATHBHBII THAPOIN3 C B-IIIFOKYPOHUIA30i1 M MOCIIEYIOLICH OYUCTKOM METOZIOM TBEPIO-
(as3Hoif SKCcTpaKiyy. M neHTrduKais MeIbI0HUS 1 SMOKCHITHHA OCYIECTBIIIAch MeToioM BOXKX-MC/MC B ycnoBHsX AMEKTPOpacIIb-
JIMTENIbHOM HOHM3ALMH C PErHCTPALeH TTOJI0KHUTEIbHO-3aPSHKCHHBIX HOHOB B PSKMME MOHHTOPUHI'A CENICKTUBHBIX (BBIOPAHHBIX) peaKiuit
(SRM) no ciexyronmm mepexogaM u dHeprusam coyaapenus: 147.1 > 147.1 (15), 147.1 > 132.1 (17), 147.1 > 58.1 (17), 147.1 > 59.1 (17),
147.1 > 42.1 (60) nns mensponnst u 138.1 > 138.1 (7), 138.1 > 123.1 (15), 138.1 > 110.1 (20), 138.1 > 95.1 (20) as1s1 SMOKCHITHHA.

Pe3yabrarbl. [Toka3zaHa BO3MOKHOCTh OZAHOBPEMEHHON MIEHTH(UKALIME MEJbI0OHHUS, ONPEASICHHOTO NPSIMbIM pa30aBlIeHUEM, U SMOK-
CHIMHA, MOJIYYEHHOTO nocie (hepMEHTATUBHOIO THAPOIN3a B-IIIOKYPOHUIA30ii, B 00pa3nax MOYH J0OPOBOJIBIEB MOCIE EPOPaTLHOrO
TIpHeMa OTHOKPATHO# 036! Mpenapata Bpeitnvakc® u ynoTpe6ienns 60MbIIOT0 KOJTHYECTBA MOMOKA, 3arPA3SHEHHOTO DMHUAOHOMOM®, Me-
TooM BOXX-MC/MC ¢ ucrnonb30BaHHEM pa3INyHOIO KOJM4YecTBa M BapuaHToB SRM-1iepexo1oB. YCTaHOBICHBI Pa3Iuyusl B TPOQHIIIX
BBIBE/ICHHS JAHHBIX BEIIECTB MOCIE MpHeMa OONBIINX KOIMYECTB KOHTAMHHHPOBAHHOTO MOJIOKA M OJJHOKPATHOTO MEPOPAIBHOTO IMPH-
ema mipenapara Bpeitnmaxc® crycts 15-18 u u moske. [Tocne mpreMa KOHTAMHHUPOBAHHOTO MOJIOKA CITYCTS 12 4 M MO3Ke SMOKCHITHH
OlpesieNsieTCs B KOHIEHTPAMAX B 5 1 Oosee pa3 MPEBbILAIOIIMX KOHIEHTPANH MEJIbJAOHUS U BHIBOAUTCA Ooliee IINTENbHOE BPEMs.
TIpu omHOKpaTHOM TipreMe mpenapata Bpeitamakc®, comepskaiiero 06a BelecTsa, HAMPOTHB, COEPIKAHKE MEbIOHHA B 00Pa3ax MOUH
no6poBostbIeB ciycTa 15—18 4 1 mo3Hee mocie nprueMa B HECKOIBKO Pa3 BBIIIE M0 OTHOLIEHHIO K 3MOKCUIIMHY. Takxke 00Hapy>KeHO, UTO
TIOCTOSIHHOE COOTHOTIEHHE OTEHOYHBIX KOHIIEHTPAITHiT METhIOHHS H SMOKCUITHHA B 9HCTOM TIpernapare DMHA0HON® cooTBeTCTBYeT | : 2.
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Abstract

Objectives. Emidonol®is a veterinary drug used to treat pathological conditions associated with hypoxia in cattle. In addition to meldonium,
which is included in the Prohibited List of the World Anti-Doping Agency, the biotransformation product of Emidonol® in animals is the
antioxidant and antihypoxant emoxypine, which can act as a marker of contamination of food products with the above-mentioned widely
known metabolic modulator. The study set out to semiquantitatively determine emoxypine and meldonium levels, as well as to compare
the excretion profiles of these substances by high-performance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS)
in urine samples of volunteers after receiving a single oral administration of a therapeutic dose of Brainmax® and after consuming a large
amount of milk from cows that had received a prophylactic course of Emidonol®.

Methods. Sample preparation of urine samples for the determination of meldonium was carried out using the “dilute and shoot”
approach. Enzymatic hydrolysis with B-glucuronidase followed by purification by solid-phase extraction was used to determine
emoxypine. Identification of meldonium and emoxypine was carried out by HPLC-MS/MS under conditions of electrospray ionization
with registration of positively charged ions in the selective reaction monitoring (SRM) mode for the following transitions and collision
energies: for meldonium, 147.1 > 147.1 (15), 147.1 > 132.1 (17), 147.1 > 58.1 (17), 147.1 > 59.1 (17), 147.1 > 42.1 (60); for emoxypine,
138.1>138.1 (7), 138.1 > 123.1 (15), 138.1 > 110.1 (20), 138.1 > 95.1 (20).

Results. The possibility of simultaneous identifying meldonium and emoxypine obtained after enzymatic hydrolysis with B-glucuronidase
in urine samples of volunteers after oral intake of single dose of Brainmax® and consuming a large amount of Emidonol®-contaminated milk
using the HPLC-MS/MS method with different numbers and variants of SRM transitions was demonstrated. Differences in the excretion
profiles of these substances were found after ingestion of large amounts of contaminated milk and a single oral dose of Brainmax® 15-18 h
later and further. After taking contaminated milk 12 h or more later, emoxypine is detected in concentrations 5 or more times higher than meldonium
concentrations and is excreted for a longer period of time. Conversely, after taking a single dose of Brainmax®, which contains both substances,
the content of meldonium in urine samples of volunteers 15—18 h after taking it is several times higher in relation to emoxypine. The constant
ratio of estimated concentrations of meldonium and emoxypine in Emidonol® was found to be approximately 1 : 2.

Conclusions. Identification of meldonium in the presence of emoxypine in urine under certain conditions can be used to distinguish
contamination of food products with a prohibited metabolic modulator from intentional ingestion of real doping.
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BBEAEHUE

Berepunapusiii miperapar Ivumoron® (3-(2,2,2-TpumMe-
TWITWAPA3UHUAN)  [IPONUOHAT-2-3THI-6-MeTHII-3-THIPOK-
CU-TIMPUJMHA JTUCYKIIMHAT) O0NaJaeT aHTHIMIIOKCHYe-
CKVIM, QHTHOKCHIAHTHBIM 1 MEMOPaHOTIPOTEKTHBHBIM JICH-
CTBUEM, 00YCIIOBJIEHHBIM BXOISLINMH B €0 COCTAB KOMIIO-
HeHtamu [1] (puc. 1). Ero npuMeneHne y poraroro ckora,
pazpemeHo denepalibHOW CITY)KOOHW TI0 BETEPUHAPHOMY
u (putocanurapHomy Haszopy (PoccenbxozHaazopom) npu
Pa3IMYHBIX MATOJIOTHSX, COMPOBOXK/IAFOIIMXCS THUIIOKCHUEH,
B Bujie 5 1 10% pacTBopos!.

DMOKCHUITUH
I:_ _ _ _Emoxypine | _ . (|3H3 7
OH | CHjs
| X I /N<
: | : HN CH,/| HO
P CH
l[He”™ DN T x2 ©
O
) I » S N 1
O
0 (6]
N MenbnoHwmiA -
Meldonium
®

Puc. 1. CtpykrypHas Gpopmyna IMHIOHOIA

Fig. 1. Structural formula of Emidonol®

B opranusme KHBOTHBIX IIpemapar MOIBEPracTcs
Oouotpanchopmanud ¢ 00pa3oBaHHWEM TPUMETUIITH-
JpasvHUsl TpPONMHOHATa (MEJbJOHHS) U IMOKCHIIMHA

CYKIMHATa, W3BecTHOro B Poccum kax Mekcumon®.
[lepBeIii IBNISICTCS MOAYISITOPOM METabOIM3Ma, BHECCH-
HBIM B 3anpenieHHblii Cucok BeceMupHOTO aHTHIOTHH-
roBoro arentctBa (BAJTA)? [2]. Dddekr mocnenuero,
SABIAOIICIOCId aAHTHOKCHAAHTOM W AHTUTHIIOKCAHTOM,
KaK CYHTAET PsJI aBTOPOB B ITOCIETHEE BPEMs, TaKkKe
MOXET NPUBECTU K YBEIHUYCHUIO MPOM3BOIUTEIBHOCTU
n COIIOCTaBHUM C ,Z[eﬁCTBHCM JOIMUHIOBBIX TIIperiapa-
TOB [2], OTHAKO OH TMTOKa HE BHECEH B MOHUTOPHHTOBYIO
nporpammy BAJIA3 kak runokces [3].

[Ipobnema KOHTAMHUHALMK IPOAYKTOB IHTAHHSA
MeJBIOHUEM UYPe3BBIYafHO aKTyalbHa UL CHOPTCME-
HOB H3-32 pEabHOTO0 PHUCKA CIAYHM ITOJIOKHTEIBHO-
TOo pe3yjibTara AOMUHT-TCCTUPOBAHUA, YYUTBIBAsA, 4YTO
OH SIBIISUICSL CaMBIM YIOTPEOIIIEMBIM JOIMMHTOBBIM Be-
ecTBoM Oonee 15 net*. Panee yxe ObLIH OMyOIHKOBA-
HBI pabOThI MO OMNpPENENICHUIO 3alPEHICHHOTO MeTado-
JMYECKOTO CPE/ICTBA KaK B MPOAYKTaX MuTaHus [4], Tak
B MOY€ TOOPOBOJIBIIECB MOCIIE YIIOTPEOICHHST MOJIOKA KO-
POB, TIPOIIEMMX Kypc BeTmpenapatoM IMuaonon® [5]
WIN CITAMKOBAaHHOTO C MEJIbIOHUEM [6].

B Hamem wmcciejoBaHUM MPEUIaraeTcsi MCIOIb30-
BaTb SMOKCUIIMH B Ka4Y€CTBEC NOMOJIHUTEIBHOTO MapKe-
pa aerpaganuu Imumonona® B 0moo0Opasmax MoYHu o1~
HOBPEMEHHO C uneHTH(uKanueit menpaonus. Koneuno,
HE HCKIIOYEHO OJHOBPEMEHHOE MPUMEHEHHE 3TUX
IBYX TpENapaToB C IENBI0 YAYYIICHUS CHOPTHBHBIX
pE3yNbTaToOB, YYHTHIBAs, YTO SMOKCUIIUHA CYKIUHAT
(Mexcuaon®) He 3ampelnen U 4acTo UCIOMb3yeTcs JUIs
KOpPpeKIUN (YHKIHOHATHHOTO COCTOSHHSI B CIIOpTE,

T'ocynapcTBEeHHEIH peecTp IeKapCTBEHHBIX CPECTB I BETEPHHAPHOTO IPIMEHCHNS (TIepedeHb JIeKapCTBEHHBIX MIPENapaToB, IIPOIIE/IINX Focyaap-
crBeHHyr0 peructpaimio). URL: https:/fsvps.gov.ru/files/gosudarstvennyj-reestr-lekarstvennyh-sredstv-dlja-veterinarnogo-primenenija-perechen-
lekarstvennyh-preparatov-proshedshih-gosudarstvennuju-registraciju/. Jlara obpamenns 17.02.2025 r. [State Register of Medicines for Veterinary
Use (list of medicines that have undergone state registration). URL: https:/fsvps.gov.ru/files/gosudarstvennyj-reestr-lekarstvennyh-sredstv-dlja-
veterinarnogo-primenenija-perechen-lekarstvennyh-preparatov-proshedshih-gosudarstvennuju-registraciju/. Accessed February 17, 2025.]

2 International Standard Prohibited List 2025. URL: https://www.wada-ama.org/sites/default/files/2024-09/2025list en_final clean 12
september_2024.pdf. [lata obpamenns 10.03.2025 r. / Accessed March 10, 2025.

MounuTopunrosas nporpamma BAJIA 2025. URL: https://www.wada-ama.org/sites/default/files/2024-09/2025 list monitoring program_en
final clean 11 september 2024.pdf. [lata obpamenus 15.12.2024 r. [WADA 2025 Monitoring Program. URL: https://www.wada-ama.org/
sites/default/files/2024-09/2025 list monitoring_program en final clean 11 september 2024.pdf. Accessed December 15, 2024.]

4 PYCAJIA: KOIMYECTBO TONOKHTENBHEIX Mpo0 Ha MedbioHmii B 2024 romy cokparmaocs. URL:  https:/rsport.ria.ru/20240522/
rusada-1947725070.html. /lara oopamenus 17.12.2024 r. [RUSADA: the number of positive samples for meldonium in 2024 has decreased.
URL: https://rsport.ria.ru/20240522/rusada-1947725070.html. Accessed December 17, 2024.]
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[MonykonM4ecTBEHHOE ONpeaesieHne MenbAOHMS U SMOKCUMHA B Mo4Ye MeTogoM BOXKX-MC/MC nocne nprema 0gHOKpaTHOM

M.B. NocTHukoB

TepaneBTUHEcKoi 103kl Npenaparta Bpeiinmakc® n Monoka kopos, NoyHaBLLIVX MPOGUAAKTUHECKMIA KyPC IMuaoHona® n ap.

OJTHAKO TaKOE COBIMAJCHHE MOXKET OBITH CIydailHBIM
U IPU UHBIX YCJIOBUAX, YEM KOHTaMUHALMS IPOLYyKTOB
nuTaHus. Takxke ¢ HeJaBHET0 BPEMEHU Ha POCCUNCKOM
(hapMarieBTUYECKOM DPBIHKE CTAJIM TMOSIBISATHCS IIpera-
parbl, colleprKaliue MeJabAOHUNH U IMOKCUIIMHA CYKLIH-
HaT B ofHOI Tabnerke (Hampumep, Bpeitamaxc®), mpu
BBIBEJICHUH KOTOPBIX ¢ MOYOH HAOII0HaeTCS HECKOIBKO
MHas KapTUHA, YeM MPH yHoTpeOIeHHH KOHTaMHHUPO-
BAaHHOTO MOJIOKA.

B nameit pabote mpoBeeHbI MIJIOTHBIE UCCIIECIOBA-
HUSI TT0 CPaBHEHHIO MPOQHICH BBIBEICHUS ITHX JBYX
BEILECTB I0OCJIE OJHOKPATHOIO MEPOPaIbHOTO IpHeMa
npenapara Bpeitamakc® u nmpuema GONBIIOTO KOTHue-
CTBa MOJIOKa KOPOB, IMOJYYaBIIAX MPOPHIAKTHICCKUIH
kypc Dmumonona®. IIpemnoxkeHsl BapHAHThI UIEHTH-
(mKanuu BemecTB — MPOAYKTOB OHOTpaHchopmanuu
BETEPUHAPHOIO IIpernapara, MeJNbJOHUS U SMOKCHIIU-
Ha — C UCIOJIb30BAHUEM METOZA BBICOKOI(()EKTUBHOM
JKUJIKOCTHOM Xpomarorpa(puu—TaHAEMHOI Macc-CIek-
tpomeTpun (BOXKX-MC/MC) B pekuMe MOHHUTOPHH-
ra CeJNeKTHBHBIX peakuuil (aHri. selective reaction
monitoring, SRM), ¢ wucrnonb30BaHHEM pa3IMYHOTO
KoJIM4ecTBa IepexonoB. [lo HameMy MHEHUIO, TaHHBIN
MOAXO0A MOXKeT ObITh BocTpeOoBaH g auddepeHuu-
alMy peajbHOro MpUeMa 3aMpeIleHHOTO MOIYJsITopa
MeTabonn3Ma 1 KOHTAMHUHAINY MM TIPOIYKTOB MTUTAHUS
IOpU HUCIOIb30BAaHUU BETIpPENapara y CelbCKOXO03sM-
CTBEHHBIX )KMBOTHBIX.

MATEPUAJIbl U METOAbI

06p33ubl Ansg aHain3da v peareHTbl

s mccnenoBaHuid MCTIONB30BaIM 00pa3Ibl MOYH JIO-
OpoBoublieB (n = 3) 0 W MMOCJIE OXHOKPAaTHOTO TIPH-
ema yTpoM Tpex crakaHoB (900 i) cBexero Molio-
Ka KOpOB, HNPOMICAIINX I/IH’I)GKL[HOHHLIﬁ KypcC Jie4de-
HUS BeTepUHApHBIM mpenapatom dmugonon® 10%
(000 «HBL] Aeposemsawuma», Poccust), cobpaHHble
B Teuenue 60 u. JJo3upoBkH DMuaoHONa® KHBOTHEIM
BBOJWJIM COTYIACHO WHCTPYKLIMH K TIpErapary B 3aBHU-
CHUMOCTH OT MAacChl )KHBOTHBIX B T€UeHHE 15 mHEl exe-
JHEBHO yTpoMm. OOpasubl Molloka OoTOMpanu Ha 15-i
(mocnemHM) JEHb Kypca B IJIACTUKOBBIC CTEPUIIbHBIC
OyTbUIKH 00BeMOM 1 1.

Takoxe 1151 SKCIEPUMEHTOB HCIIOIB30BATIH 00pPa3IIbl
MOYH JPYTUX J0O0POBONIBIEB (7 = 3) 10 U MOCIE OJHO-
KpaTHOro mpuema 1 TabiIeTKu KOMOMHUPOBAHHOTO Jie-
KapCTBEHHOTO Tpenapara cpaBHeHHs Bpeitamakc®, co-
nepskamiero 250 mr menpaoaus U 250 Mr 3MOKCHIIMHA

5

CyKIIMHaTa (MeKCI/I):[OJIa®), OTITyCKa€MOTO B alTEYHBIX
ceTsix Oe3 perenta, coOpaHHbIe B TeueHHe 14—16 qHE.

JoOpoBomnbiis (7 = 3, Bo3pact 35-52 net, Mmacca tena
60-92 kT, MOJ HE YYMTHIBAJICS) HE NMPUHUMAIHN paHee
MpernaparoB MEJbJIOHHUS U MEKCHI0J1a, KaKUX-T100 OHo-
JOTMYECKH aKTUBHBIX JOOABOK K IHIIE, & TAKKE MOJIOKA
Y MSICHBIX TIPOJYKTOB 3a 1-2 JHs 10 cAaum OIaHKOBOTO
oOpasnia moun. OOpasipl MOYH OTOMPAIUA B CTEPHIIb-
HbIE MEAWIIMHCKUE KOHTeWHEphl o0bemom 100 M, map-
KHPOBAJIM MX, YKa3blBasi JaTy M BPEeMs CIAYH, XPaHIIH
npu Temneparype +4°C nnm 3amopaxkuBanu mpu —20°C
JI0 TIPOBEICHUS TPOOOTIOITOTOBKH.

Pabora He mpoTtnBopeunT XeIbCHHKCKOW AeKiapa-
LUK, IONTYYESHBI MHMCHMEHHBIC Pa3pelieHus 100pOBOIIb-
LIEB Ha HCIIOJh30BAHHE MX OHOJIOTMYECKOr0 Marepuaia
JUTS TIPOBE/ICHUS UCCIIeIOBaHUM.

B kauecTBe BHYTpEHHEro CTaHIapTa IJIs OIpere-
JICHUSI MENBJOHHS WCIONb30BANIN JIEHTEPUPOBAHHBIN
MEIbAOHAN  (MEIbIOHUH-d,,  CepTUPUIUPOBAHHBIHI
craunaprt) (TLC PharmaChem Inc., Kanana), u3 xo-
TOPOTO TOTOBWJIM PACTBOP C KOHLEHTpauuer 1 mr/mir.
Jiisi IpUTOTOBJICHUS TOJIOKUTEIBHBIX KOHTPOJIBHBIX
00pa3roB Mouu ¢ conepxkanueM Meibaorus 10, 100,
1000 Hr/MJ HWCMONB30BaM CTOK-PacTBOp pedepeHc-
HOrO cTaHaapra MenpaoHus auruapara (European
Pharmacopoeia, Meldonium Dihydrate CRS, batch 1,
European Directorate for the Quality of Medicines and
HealthCare (EDQM), ®panuusi) ¢ KOHIIEHTpaluen
1 Mr/mur.

B kauecTBe BHYTpEHHEro CTaHIApTa MJS OIpEle-
JIeHUs SMOKCHUITMHA HWCIIONB30BaK OympaHonon (cep-
TUdUIpOoBaHHbI cTanaapt, Clearsynth Labs, 500 wr,
Wnaust), u3 KOTOPOro rOTOBMIJIM PACTBOP C KOHLIEHTpA-
et 1 mr/mi. J{ns mpUrOTOBJIEGHHUS MOJIOKUTEIBHBIX
KOHTPOJIBHBIX 00pa3lloB MOYM U PACTBOPOB C KOHIICH-
tpauwmeii 10, 100, 1000 HI/MJI UCTIONB30BATIHM CTOK-pac-
TBOp pedepeHCHOTo CTaHaapTa OSTHIMETHITHIPOK-
CUNMpHUINHA (OMOKCHTIMHA) cykiuHara (MD3-096,
I'CO 12209-2023, MCO 2931:2023 mnpou3sBojcTBa
QI'VII «Mockosckuii 9HOOKpUHHbBIL 30a800», Poccus)
¢ KoHIleHTparer 1 mr/vut. [y OlleHKH KOHIEHTPAIHi
BEIICCTB CTPOWIN I'PaJIyHPOBOYHBIC IpaUKH 10 3 pac-
TBOpaM CTaHJAapTOB B MOYE C BBINICYKA3aHHBIMH KOH-
HEHTPALUSIMH.

st mpoBeIeHYST HCCIICIOBAHII UCTIONIb30BaIN: METa-
HOJ Jy1s XpoMmarorpaduu (uuctora He MeHee 99.8%), are-
TOHUTPUI, YKCycHyr0 kucioty (high-performance liquid
chromatography (HPLC) grade, JT Baker, Hunepnaunmsr);
Boay (HPLC grade, Thermo Scientific Chemical, CILIA);
a3uJI HATPUSL, alleTaT aMMOHUS (drcToTa He MeHee 99.9%,

BceemupHass meauuumHckas accormanms. XenbCcHHKCKas neknapanums. URL: https://asmu.ru/upload/iblock/067/Xenbcunkckasn%20nexmna-

paumsi.pdf. lara obpamenus 17.02.2025 r. [World Medical Association. Declaration of Helsinki. URL: https://asmu.ru/upload/iblock/067/

Xenscunkckas%20nexnapanus.pdf. Accessed February 17, 2025.]
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Sigma-Aldrich, CILIA); kapOoHar Kanusi, THAPOKapOOHaT
Kajust, Kanmusi uruapodocdar, Hatpusi Gocdar nByxoc-
HOBHBIU Auruapar (uucrora He MeHee 99%), B-mmokypo-
nunazy w3 E. Coli K12 (Roche, T'epmanust); apron
cxarbiil 5.0 ¢ uncroroit He menee 99.999%. Jlns npuro-
TOBJICHHST Oy(hepHBIX PACTBOPOB MPUMEHSIIH JICHOHU3H-
POBaHHYIO BOJY, yAelbHOE conpoTusieHue 18.2 MOwm-cm
(Millipore, CUIA).

BcnomoratensHoe oGopyaosaHue
M maTepuansi

Kpumnep, pgekammep, CTEKISIHHbIE BHallbl  00be-
MoM 1.5 mn (Macherey-Nagel GmbH & Co, JlropeH,
I'epmanus); moaUNpONUICHOBBIE BUajIbl 00beMoM 0.3 M
(Macherey-Nagel GmbH & Co, Jropen, I'epmanus);
AaBTOMATHYECKHE J103aTOPHI  IIEPEMEHHOTO  0o0bheMa
0.5-10 Mk, 20200 mxi1, 100-1000 mxi1, 500-5000 MK
(Eppendorf, I'epManus) 1 HAKOHEUHUKH K HUM; TCPMO-
cTaT KUJIKOCTHBIA TemmeparypHbiii (—30 £ 5°C), aBto-
MaTUYCCKUI Ieiikep OpOUTaIbHBIN, HACTONBHAS IICH-
TpUQyra ¢ TrOpU30HTAIBHBIM POTOPOM JIsi MPOOUPOK
16 x 125 MM, TepMOCTaT-UHKYOaTOp JUIS CTCKJISTHHBIX
npoOUPOK, HACTONBHAS LEeHTpHdyra ¢ OAKETHBIM POTO-
pom st mpobupok odbremom 1.5-2 Mt Centrifuge 5430
(Eppendorf, Tepmanus); NpOOUPKH  MOJUIPOITHICHO-
Beie 1.5 mu (Eppendorf, I'epmanus); npoOUpKH THIIA
danbkon 15 mMa u 50 mn (Greiner Bio-One, ABctpus),
KapTpUDKH 11 TBepaoda3Hoi sxcTpakinuu Oasis HLB
(60 wmr, 3 M) (Waters, CILIA); npoOUpKU CTEKISIHHBIE
¢ 3aBUHYMBatonIeics Kppimkoit 16 x 125 MM; aHanutu-
geckue Beckl Ohaus Discovery DV215CD (touHOCTh
5 3nakoB) (OHAUS CORPORATION, CIIIA); annapar
JUTSL BCTPSIXMBAHHUSI dKUIKOCTH Vortex.

MpoGonoaroroeka

Jlis onpeseneHust MelbaoHUS oTOMpan 1o 100 MK
00pa31oB MO4YH JOOPOBOJIBLEB /10 (OJaHK) U MOCIIE IpH-
eMa MOJIOKa, J0 M moclie npruema | TabneTku mpenapa-
ta Bpeitamakc®, a Taxke mo 100 MK OTPUIATETHHOTO
u nonokutenbHbix (10, 100 u 1000 Hr/mMi1) KOHTPOIB-
HBIX 00Opa3loB MOYM B NPOOUPKH THNA DHNEHAOP)
oobemom 1.5 mi1. JloGasmsim 900 Mk numroeHTa (s
MPUTOTOBJICHUS TIIIOCHTA B MEPHYIO KOOy 00beMOM
100 M BHOCHMAM 22 MKII pacTBOpa BHYTPEHHEIO CTaH-
napra ¢ KoHmeHTtpanued 0.1 mr/mi (Menbuomn?l—ag)
U JTOBOAMIIM 10 METKM MeTaHojoM). [Tocne Berpsixusa-
nu neHTpudyruposanu B Teueue 10 mun npu 14000g.
3arem otOupanu o 800 MK HAJOCATOUYHON SKUKOCTH
B CTEKJITHHBIC BHAJIBI M 3aKPHIBAIIN KPBIIIKAMI.

Jlnist onpeienieHus SMOKCHUIIMHA B IPOOUPKH 00BEMOM
16 M1 ¢ 3aBUHYMBAIOIICHCS KPBIIITKOH OTOMpay 1o 1 M
ONaHKOBOM MOYH, 1 MIT TONIOKHUTENBHBIX KOHTPOJIBHBIX

00pa3IoB MOYH C Pa3IMYHBIM COACPIKAHUEM SMOKCHITH-
Ha (10, 100 u 1000 Hr/™Ma) 1 10 1 MJT aHATHM3HPYEMBIX
obpasnoB. B kaxmyro mpobupky mobaBisumm mo 1 mi
OydepHoii cmecu mns Tuaponusa (comepxkumoe 2 dia-
KOHOB [-DIIFOKYpOHUIa3bl (15 MJI) JOBOIWIM B MEPHOM
xonbe no 1000 mi cBexenpuroToBieHHbIM (docdar-
HeIM OyepubiM pacteopom (54 t Na,HPO,'2H,0,
681 KZHPO4, 0.5 T a3una Harpus goBoamiu 10 1000 M
JEMOHU3UPOBaHHOM BojoH, pH 6.2—6.5), nepememnBaiu
1 nHKyOuposamu mpu 55 + 3°C B Teuenune 60 = 10 MuH.
ITociie nHKYOAIUHN B MPOOUPKH BHOCHIIH TI0 50 MKJI BHY-
TpeHHero craniapra (pactBop 15 Hr/mu OympaHonoina
B METaHOJIC), MePEeMEIINBAII 1 10 1 MJI COIEPKHUMOTO
HAaHOCHWIIM Ha KapTPUIDKH UIS TBEpAO(a3HOH IKCTpak-
uuu Oasis HLB (60 mr, 3 mut), nmpeaBapuTesbHO KOH-
JUIIMOHUPOBAHHBIC 3 MJI METAHOJIA U 3aT€M 3 MJI BOJBI
ountieHHoi. Kaprpumku npomsiBamu 3 mii 20%-ro
pacTBopa METaHOJA B BOJE U COACPKUMOE DIHOUPOBAIIN
B 4HCTBIe poOupku 2 ma 70%-ro pacTBopa MeTaHonIa
B Boze. 800 MKJI dirroara ImoMeIlajd B CTEKISHHBIE BHA-
JIBI ¥ 3aKPBIBAITY KPBIIIKAMHU.

Juis ompeneneHnst MENbIOHUS ISl TPUTOTOBICHHS
TTOJBYDKHOM (ha3bl A n3 OyThUIM ¢ BOJIOW 00BEMOM 2.5 11
yraystd 15 mit v qoGaBiistiu 2.5 MIT KOHIIEHTPUPOBAHHOM
YKCyCHOM Kuciotel 1 12.5 mi 2 M pactBopa aterara am-
moHwus. [TogBrxkHOM da3oi B seisics anerornTput. s
OIIpe/ICIICHNs] IMOKCHUITMHA MOABMKHAs (a3za B cocrosuia
W3 CMECH alleTOHUTPUII/METAHOJ B COOTHOIIeHHH 3 : 1.

O1eHKy KOHIIEHTPAIMH OIPENENIIEMBIX BEIICCTB
OPOBOAMIM IO  CeNeKTUBHBIM  SRM-nepexonam:
147.1 > 58.1 nns mensonus u 138.1 > 123.1 m1s sMOK-
CHITHA COOTBETCTBEHHO.

MapameTpbl MHCTPYMEHTaJIbHOIO aHanu3a
metTogom BIOXX-MC/MC

s onpesneneHus MEIbIOHUS U YMOKCHUIIMHA B 00pa3-
ax Moud J00poBosblieB TpoBoanian BOKX-MC/MC
aHAJIM3 C MCIIOIb30BAHUEM >KUIAKOCTHOIO Xpomarorpa-
¢a Ultimate 3000, coeAnHEHHOTO C TPOWHBIM KBaapy-
MOJIBHBIM Macc-criekTpomerpoM mozenu TSQ Vantage
(Thermo Fisher Scientific, CILIA) ¢ ICTOYHHKOM HOHU-
3alMU 3JEKTPOCIPEEM C HarpeBaeMbIM IMOTOKOM pac-
MBUIAIONIETO Ta3a B PEXKUME PETUCTPAIINH TIOJIOKHUTEIb-
HbIX HoHOB (ESI+). /Ins ananu3a ucnonb30Balid KOJIOHKY
ans BOXKX Acquity UPLC® BEH HILIC 3.0 x 100 mm
¢ pa3mepom gactuil 1.7 MKM U ipeakonoHKy st BOXX
Acquity UPLC® BEH HILIC 2.1 X 5 MM ¢ pa3MepoM ua-
crury 1.7 mxm VanGuard™ (Waters, CILA).

s onpeneneHust MeIbIOHUS OBUIH BHIOpAHBI Clie-
IOYIONIAE TapaMmeTphbl: CKOpocTh moToka 0.3 Mi/MuH;
00beM BBOAMMON mpoObl 10 MKII; TepMOCTaTHPOBAHUE
konmouku 40°C. IlporpamMma rpaJreHTHOTO 3ITIOUPOBA-
HUS TIPUBE/ICHA B Ta0I. 1.
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Tadmuua 1. [IporpaMmMa rpaIleHTHOTO TIOUPOBAHUS
JUTSL OTIPEACIICHNS MEITbIOHHS

Table 1. Gradient elution program for the determination
of meldonium

Bpewms, mun IMomBwxkHas paza A | IMoxsmwxuas daza B
Time, min Mobile phase A Mobile phase B
0.0 5 95
0.5 5 95
4.0 95 5
5.5 95 5
5.51 5 95
9.0 5 95

[TapaMeTpbl ISl OonpeAeTeHUsT SMOKCHUITHHA CIIETY-
o1ue: CKopocth noroka 0.5 mi/MuH; 00beM BBOAMMOMN
npoOsr 10 MKiI; TepMmocTaTupoBaHue KomoHku 40°C;
mporpaMma TpaJUeHTHOTO DIIFOMPOBAHUS TPUBE/ICHA
B Ta0I. 2.

Tadmuua 2. [IporpaMmMa rpaleHTHOTO TIOUPOBAHUS
JUTSL OTIPEZICIICHNUS DMOKCHUITHA

Table 2. Gradient elution program for the determination
of emoxypine

Bpewms, mun [MoxsmwkHas daza A IMoxwxkHas daza B
Time, min Mobile phase A Mobile phase B
0.0 10 90
0.5 10 90
2.9 80 20
35 80 20
3.51 10 90
5.0 10 90

Peructpanust mogoXUTETHHBIX HOHOB OCYIIECTBIIS-
nack B SRM-pexxume: BpeMsi MacC-CIEKTPOMETpHYC-
ckoro aHanm3a (MS run time) — 9 MuH; aBiIeHUE ra3a
(collision gas pressure) — 1.5 mTopp; mupuHa THKa
Ha momyBeicote (full width at half maximum, FWHM)
Ql — 1.0, Q3 — 1.0; mocrostnHOE HanpsikeHue (direct
current voltage, DCV) — 5 B; Temmeparypa Kamwi-
agpa — 300°C; temmneparypa ucnapurens — 370°C;
BpeMsi oJlHOTo noiHoro nukia — 0.3 c; HampsbkeHue
Ha kamwnsipe (ESI+) — 4000 B; naBieHrne 0CHOBHOTO
pacmsumHTeNEHOTO Ta3a (sheath gas pressure) — 50.0,
MOTOK BCIIOMOTaTEILHOIO PACIBUTUTEIBHOTO ra3a (aux
gas flow) — 20.0, naBnenue mTopHoro rasza (ion sweep
gas pressure) — 0.0.

OueHka coaepXXaHUs MesbaoHUS
1 3MOKCUMNUHA B BETEPMHAPHOM npenapare
3muponon®

Jlis  OLIGHKM COJCpIKAaHUSI OIPEICIIIEMbIX BEIIECTB
B BETEPUHAPHOM TIpemnapare IMHIOHON® TOTOBHIIH
JIBA pacTBOpa mpemnaparta B Boje (0Opasibl pazdaBiisi-
mu B 5-10% pa3). B kauecTBe pacTBOPOB CPABHEHHMS HC-
MOJIL30BANIA PACTBOPBI MEJIBJIOHUS M SMOKCHITHHA B JIe-
MOHHU3UPOBAHHOM Boze ¢ kKoHueHTpanueit 10, 100, 250,
1000 mr/mi. K 100 MKJI KaXJ0TrO W3 JIByX 00pa3sIoB
pacTBopa DMuoHOMa”, B OTHOM M3 KOTOPBIX OMPE/Ies-
T MEJIBJIOHMI, a B IPYyTOM — 3MOKCHITHAH, T00aBIIsLTH
mo 900 MK JWITIOEHTa, COAEPIKAIIEro MGHBﬂOHHﬁ-d3
¥ OyIpaHOIONI COOTBETCTBEHHO. AHAIU3 OCYIIECTBIISUTH
0 IPOrpaMMaM OMPEICIICHISI MEKCH/I0JIa i MEJIbIOHUS,
ONMCAaHHBIM BBIIIIE.

PE3YJIbTATbl U UX OBCYXAOEHUE

B nureparype NpakTHYeCKH OTCYTCTBYIOT JaHHBIC
o papmakokuneTnke DMumonona®. M3ecTHo, 4T0 Mpo-
JIyKTOM OnoTpaHc(opMaIy BeTIpernapara B OpraHu3-
Me >)KMBOTHBIX SIBJIAeTCs MenbaoHuil [4, 5]. Takxke ucxo-
ISl U3 CTPYKTYPBI Mperapara IpyruM JOTMOTHHTEIbHBIM
BEIIECTBOM-META0O0INTOM SIBIISIETCSI YMOKCHUITUH B BHUJIE
CyKUMHaTa (MeKcuaon). MenbaoHuil, Oyay4u aHaJIoromMm
raMMa-0yTupo0OeTanHa, CIIOCOOCTBYET BOCCTAHOBIC-
HUIO PABHOBECHS IPOIIECCOB JOCTABKH M MOTPEOICHNUS
KHCJIOPOJIa B KIIETKaX B YCIOBHUSX HIICMUU, aKTUBAIINU
IIMKOJIN3a, TPOTEKAIOUIETo 0e3 JOMOIHUTEIBHOIO IO-
TpeOJICHUsT KUCIIOPO/Ia, BO3EHCTBYS Ha KITFOUEBOH (ep-
MeHT (ochodpyKTOKHHA3Y, YTO CIIOCOOCTBYET yMEHb-
[ICHUIO TOBPESKACHUSI MHUTOXOHIPUH U CHUKEHHIO
OKHCJIUTEIIFHOTO CTPECCa B YCIIOBHSAX THITOKCHH. B omy-
OJMKOBaHHBIX paHee paboTax Ha MOICIBHBIX IKCIICPHU-
MEHTaX aBTOpaMH IOKa3aHa BO3MOXKHOCTH ITOTYYCHUS
MTOJIOKUTETBHOTO JONHMHT-TECTa Ha MEJBIOHUI Iocie
yIOTPeOJICHHS B MUIILy MOJIOKA U MsICa KOPOB, KOTOPBIM
[0 BETCPHHAPHBIM ITOKA3aHUSIM BBOJIWIICS BETIpenapar
SmunoHon® [4-6].

[To MHEHHIO HEKOTOPBIX ABTOPOB, BTOPOI KOMITOHCHT
Dmumonona® — SMOKCHIIMHA CYKIMHAT — 00Jaiaer
CXOZHBIMH OHOJIOTHYECKUMH 3(PPEKTaMU C MEIIbJIOHH-
€M U TPUMETa3UANHOM, BKIIOUCHHBIMU B 3aMPEIICHHBII
cnucok BAJIA, 1 1mo3ToMy AOJDKEH paccMaTpHUBaThCs
KaK KaHIUJaT Ha BKIIOUCHHE B MOHHUTOPHHIOBYIO TIPO-
rpammy [2]. Jedrejko ¢ coaBTOpamm yTBEp:KIArOT, YTO
COYETaHNE SMOKCHUIINHA, CHHTETHUECKOTO aHajora Iu-
PHUIOKCHHA, ¢ CYKIMHATOM B TIperaparax MOBBIIIAET
UX TEpareBTHYCCKYIO d(PPEKTUBHOCT. ABTOPHI yTBEP-
JKJIAFOT, 4TO KOMOMHAIIUH IPOU3BOIHBIX 3-OKCUITUPHIHHA
C COJISIMH STHTAPHOM KUCIIOTHI MOTYT YITy4IIaTh IPOU3BO-
IUTEIEHOCTh CIIOPTCMEHOB BBUILY WX METaOOTPOITHOTO
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W aHTUTUIIOKCHYecKoro Jeicteus [2]. Lukyanova ¢ co-
aBTOpaMH OTMEUAIOT, YTO BBI3BaHHAs THIIOKCHEH 3Kc-
npeccus akropa Tpanckpunuuu HIF-1a peryiaupyercs
CYKIIMHATOM W HHJIYLIUPYETCS CYKIHWHATCOJEPKAIIUMHU
npenaparamu [7]. CaM CyKIIMHAT BBICTYTIA€T B KAYECTBE
CUTHAJILHON MOJIEKYJIbI, YYaCTBYIOLICH B MOJIEKYIAPHOI
aJanTanuy opraHusMa K aeduiury kuciopona. llpm
HOPMOKCHHU OH OBICTPO NMUMHUHHUPYET ¢ 00pa3oBaHUEM
YIJIEKUCIIOTO Ta3a M BOJbI, U ONPEACIHUTb €ro Couep-
KaHHE B OPraHM3ME HE MPEACTABISACTCS BO3MOXKHBIM,
T.K. TIEPUO]] ITOTYBBIBEICHHS COCTABIISICT OKOJIO 45 MUH.

B pab6ore [8] Voronina ¢ coaBTOpaMu yCTaHOBWIIH,
4TO SMOKCHNHHA cyKiHat (Mexcnnon®) mpu omHOKpar-
HOM U CyOXpOHHYECKOM BHYTPUOPIOIINHHOM BBEICHUHU
B 103ax 50 u 100 mMr/kr 1ocTOBEpHO yBeNIUUMBal (HU3M-
YEeCKYI0 pad0TOCIIOCOOHOCTh MBIIIEH B TECTE TUIABAaHUS
¢ Harpy3koif. Munnponar®, Oylydn mpemaparoM cpas-
HEHUsI B JAHHOM HCCJIeJOBAHUH, COITIOCTAaBUMO YBEIUYH-
Baj (pu3mueckyr paboTOCNMOCOOHOCTh JKUBOTHBIX MPH
npuMeHeHnH B 103¢ 100 MI/KT. ABTOPBHI 3aKITFOYHIIH, YTO
addexT Mekcuaona B go3ax 50 u 100 MI/Kr comocTaBum
¢ a3 dekTom mpenapara cpaBHeHHs — Munaponara® —
B nose 100 Mr/kr.

DmokcunuHa cyknusar (Mekcunon®), cormacHo
JMAHHBIM quccepTainuonHoi paborter I1.A. Bapanosa®
W 9KCIIEpUMEHTANIBHBIX UCCleloBaHui [9], MeTabomu-
3upyeTcs ¢ oOpa3zoBaHueM JABYX NpoaykToB I ¢azer —
2,6-nuMeTHN-3-0KCUTUPUANHA U 6-MeTHJI-3-0KCUTIN-
pUANHA U TPEX KOHBIOTHPOBAHHBIX MPOAyKTOB 11 dpas3sr
MeTabo0/M3Ma — MPEUMYIIECTBEHHO TIIIOKYPOHOKOHb-
forata u HeOombIMX KomudecTB (ocdara. [Ipu rTom
OTMEYAeTCs, YTO U HEM3MEHEHHOE BEUIECTBO MOXKET
JIETEKTUPOBATHCSl B MOY€ B HE3HAUUTENIbHBIX KOJIHYe-
CTBax B TE€UEHHE 2 CYTOK IIOCJIE BBEJICHUS Ipemapara.
Taxxe B nuccepramnuu I1.A. bapanoBa orMeueHo, 4to
B TEUEHME MEepBbIX 24 4 mocje npuemMa dMOKCUIIUHA
cykuuHaTa ¢ Mouod skckperupyercs 0.39 + 0.02%
HeusMeHHoro mnpenapara, 20.71 + 4.18% mnirokypo-
HOKOHBIOTHPOBAHHOTO MpoU3BoxHOTO, 30.15 + 4.27%
Cynb(OKOHBIOTHPOBAHHBIX GopM u 15.56 + 1.54%
WHBIX  (OpM  KOHBIOTHPOBAHHBIX  TPOIYKTOB.
[Mockonbky 20% 3MOKCHUINHMHA BBIBOAHUTCS C MOYOH
B BHUJIE DIIOKYPOHOKOHBIOTATA, /I €T0 ONpPEeICHUS
B 00pa3nax MOYM MPEABAPUTEIBHO MPOBOAMIN (hep-
MEHTAaTUBHBIN THIPONU3 C P-ITIOKYPOHHMIA30H C IO-
cleayrouel O4YMCTKON ruIposin3aTa METOJI0M TBEPIO-
($ha3HOW DKCTpaKIUHU, TTOCPEICTBOM KOTOPOW yHaioch
MUHUMH3UPOBaATh 3(dexr marpunsl. [Ipm sToM cre-
MIEHb M3BIEUEHUs SMOKCHNMHA cocTaBuia 97.5%.

6

OnpeneneHue SMOKCUIIMHA B 00pa3ax Moud J00po-
BOJIBIICB 0€3 TBepJ0(a3HON IKCTPAKIIUU M THAPOJIH3A
metogoM «dilute and shoot» ObuIO 3aTpynHEHO BBHUIY
MENIAININX TUKOB KOMITOHEHTOB MAaTPHUIIBI, OCIOXKHSI-
IOIUX HJICHTU(DHKAIHUIO.

Panee B paborte [5] yxe Obuta Mmoka3zaHa HPUHIM-
MUAIBHAS  BO3MOXHOCTh  OTIPE/ICIICHUS  MEIbJIOHHUS
MeTonoM BOKX-MC/MC B SRM pexunme ¢ HCIIONb-
3oBanueM msaTH SRM-nepexonos (147.1 > 147.1 (15),
147.1 > 132.1 (17), 147.1 > 59.1 (17), 147.1 > 58.1 (17),
147.1 > 42.1 (60)) nocne nprema OOJNBIINX KOJIUYESCTB
Mosoka KopoB (900 wmur), momydaBIIMX MpOdUIaKTH-
yecKuil Kypc BeTnpenapara ImupoHon® uepes 4-12 g
nociie ynotpeonenus u cmycts 40—42 9 ¢ HCHoib30-
BaHUEM JIBYX CaMBbIX JOJNTOKUBYHIMX SRM-mepexonos
(147.1 > 59.1 (17), 147.1 > 58.1 (17)). Cxema ¢parmeH-
TaIlMX MEJIbIOHUS MTPHUBE/ICHA Ha pHC. 2.

CHj
mlz 147.1 'L+/CH3
MenbaoHuit G N
Meldonium HN CHj
HO (6,
CH, / \ NI
|| _CHs CH; CH,
N CH3 | _cH
“CH, | “CHs N2 mz421
+ / .
mlz 58.1 . \CH3 HN
m/z 59.1
m/z 132.1
HO (@)

Puc. 2. [Ipeanonaraemas cxema GparMeHTanny MeIbI0HNM [6]

Fig. 2. Proposed fragmentation scheme of meldonium [6]

[TockombKy TO WMMEIOIMMCSI JTaHHBIM MEJBbJIOHUHN
MPAKTUYCCKH HE META0OIM3UPYETCsl, & €T 3HAYUTEIIbHAS
YacTh BBIBOJUTCS U3 OpraHn3Ma B HensMeHHoM Bu/e [10],
TO JIsl POOOTIONTOTOBKH UCIIONb30BaIM Tonxox «dilute
and shooty. [Ipu 3TOM MakcHMaJbHBIC OICHOYHBIC KOH-
[EHTPALUK MEJBJOHUS B aHAIM3UPYEMBIX 00pasiax
MOYH JTOOPOBOIIBIIEB ¢ y4eToMm 10-kpaTHOro paszbasie-
HUS COIVIACHO METOAMKE MPOOOMOArOTOBKU COCTAaBIISAIOT
710 400 HI/MJ1, 9TO BBIIIE MUHUMAJIBHO TPEOYyEMOro YpOBHS

Bapanos I1.A. M3y4enue mporeccoB IIOKypPOHOKOHBIOTAIMKM Ha OCHOBE (DapMaKOKMHETHYECKUX U OMOXMMHUYECKHX UCCIICAOBAHUI: JTHC. ...

kau1. 6uon. Hayk. M.: 2009. 155 c. [Baranov P.A. Investigation of glucuronoconjugation processes based on pharmacokinetic and biochemical

studies: Cand. Sci. Thesis (Biol.). Moscow: 2009. 155 p.]
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.. . 1400
ompenenenuss BAJIA (Minimum Required Performance
Level, MRPL’, mist menpaonus — 100 Hr/MIT), ¥ JOCTH- e 1200 —@— Mestb10HHI
~ =~ .
rarorcs crycts 5—10 9 (pu ynorpe6iennn 06pasios Mo- g 2 1000 Meldonium
JIOKa yTpeHHei orkn) [5]. Uepes 40—42 4 KoHIIEHTpaIun = © 800 —®— Dmokenmun
g :
MOMyJIATOpa MeTaboaM3Ma MagarT A0 5 Hr/mi (mpeaen CR- Emoxypine
E B
oOHapy>KeHUsI) U HIDKE, Jlajiee ero UACHTU(UKAIUS CTa- § 5
o ==
HOBUTCSI 3aTpyHUTENbHOHU (pHrc. 3) [5]. g8

B Xome mpoBeneHHBIX AKCIIEPUMEHTOB, Haps-
Iy C MeNbJOHHEM B o0pa3lax MOYM BcexX a00po-
BOJIBIIEB, YMOTPEONSABIIMX 00Opa3ibpl MOJIOKa, METO-
qoM BDXX-MC/MC ¢ #HCIonb30BaHHEM YeThIPEX
SRM-niepexoznos (138.1 > 138.1 (7), 138.1 > 123.1 (15),
138.1 > 110.1 (20), 138.1 > 95.1 (20)) Ha mpoOTSHKEHUU
32-34 9 uaeHTUPUIUPYETCS SMOKCHITUH, MOTydeHHBIN
B XOIE€ THJPOJIM3A €ro IIIOKYPOHOKOHBIOTUPOBAHHOM
¢opMbl, a ¢ mcnomb3oBaHHeM Tpex SRM-mepexomnos
(138.1>138.1(7),138.1>123.1(15),138.1>110.1(20))
10 50-52 u (cm. [punoxenue 1). Ero MmakcumanbHbIe
KOHIIEHTPAIlMK Yy JO0OpPOBOJIBIICB B MOYE COCTABISIOT
1250, 1400 u 1430 ar/mi (1360 £ 239.6 Hr/mi, p = 0.95),
JOCTUTAIOTCA CITyCcTs 5—8 4 mocje mpuemMa U Najaor
10 5 ur/mn n Hke K 52-54 4. [Ipexen obGHapykeHUs
SMOKCHIIIHA COCTaBMII OKoJIo 5 Hr/mit. Ha puc. 4 mpuBo-
IUTCS TIpEIIioaragMas cxema ero pparMeHTaluy.

m/z 123.1 —

m/z 138.1

Pt
N

m/z 95.1

m/z 77.1

OH OH
/EI/ \ |
—_—
= CH =
HsC N ’ HsC N

0 10 20 30 40 50
Bpewms, u
Time, h

Puc. 3. I'paduk BbIBeACHUS MENbIOHHUS U SMOKCHITHA

¢ MOUOH B TeueHHe 54 4 mocie pa3oBoro ynorpeOneHus
obpasua monoka (900 M) Ha mpUMepe OTHOTO

u3 106poBosbLeB. OLEHOYHBIE KOHIIEHTPALMH SMOKCHIIMHA
B 5 n Gonee pa3 MPEeBbILIAIOT KOHLIEHTPALMH MENbIOHHS
cnycTs 12 4 v mo3aHee nocie nprueMa KOHTAMUHHPOBAaHHOTO
MOJIOKa

Fig. 3. Graph of meldonium and emoxypine excretion in urine
for 54 h after a single consumption of a milk sample (900 mL)
(volunteer sample). Estimated emoxypine concentrations are
5 or more times higher than meldonium concentrations 12 h
and further after ingestion of contaminated milk

m/z 110.1
+
OH,
HCS
X
+ =
HZN
m/z 53.1

Puc. 4. HpeanonaraeMaﬂ cxema q)paFMeHTaIII/II/I MNPOTOHUPOBAHHOI'O MOHA-TIPEAICCTBCHHUKA

2-3THJI-6-MeTHII-3-OKCUTTUPHNHA (3MOKCHTTHHA)O

Fig. 4. Proposed fragmentation scheme of the protonated precursor ion of 2-ethyl-6-methyl-3-oxypyridine (emoxypine)®

7 WADA Technical Document — TD2022MRPL. URL: https://www.wada-ama.org/sites/default/files/2022-01/td2022mrpl v1.1_eng 0.pdf.
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Hecmotpst Ha TO, 4TO B TaHHOW paboTe OIIEHUBAIIN CO-
JICpIKaHWEe AMOKCHITMHA, BBICBOOOXKICHHOTO MOCie Qep-
MEHTAaTUBHOTO THIIPOJIM3a €ro IIIOKYPOHOKOHBIOTUPOBAH-
HOH (OPMBI, a TAKXKE HEM3MEHEHHOTO B X0J/Ie METa00IM3Ma,
OLICHOYHBIC KOHIICHTPAIINH BEIIECTBA y BCEX TOOPOBOIb-
ueB B 3—4 pa3a Ha nuke BbiBeZieHHA U B 5—10 pa3 criycts
12 4 u mo3HEe BhIIIE MO CPABHEHHIO C KOHIICHTPAIUSIMU
METBIOHUS. Takas KapTHHA BBIBEICHUS HaOMIOmaeTcs
IpY aHalu3e o0pas3lloB MOYM BCEX TpPeX JOOPOBOJIBIIEB,
OTOOpaHHBIX MOCye TpreMa OOJBIINX 103 KOHTAMHUHUPO-
BaHHOTO MOJIOKA, BIUIOTH 110 4042 4, korma onpeaenuTh
MEJTBJIOHUIA CTAaHOBUTCS MPOOIEMAaTHYHBIM HM3-3a MPUCYT-
CTBUSI TIOCTOPOHHHUX MEIIANOIUX ITMKOB KOMIIOHECHTOB
Matpuitel. KoHeuHo, BRIBEIEHNE TIPETIapaToB ¢ MOYOH 3a-
BUCHUT OT MHOTHX (haKTOPOB, TAKHX KaK KOJIMYECTBO MOTpe-
OIIIeMOI JKUIKOCTH, COCTOSTHHE (DYHKIIUH MOUCK, Pa3IHINs
B ITIOKYPOHOKOHBIOTAITN SMOKCUIINHA CPEIH T0OPOBOIT-
LIEB U TIP., © MOXXET HEMHOTO U3MEHSThCA.

Wnast kapTuHa HaOMIOMAeTCs TMPH  OJHOKPATHOM
MEepOpaNbHOM —TIPHEME  COUHCTBCHHOTO BHECEHHOTO
B locynapcTBeHHBI peecTp JEeKapCTBEHHBIX CPEACTB
Poccuiickoit @enepani KOMOMHUPOBAHHOTO JIEKaPCTBEH-
HOTo mpemapara Bpeitamaxc®, comeprkarmero omHOBpe-
MEHHO MEINIbJAOHUN U MEKCHIO0J. XOTeNoCh Obl 00paTUTh
BHUMaHUE HaA TO, YTO PCKOMCH/IOBAHHBIC CYTOYHBIC TO3U-
POBKH MEJIBJIOHUS COCTABIISIOT 0KoJI0 250—500 Mr//eHsb,
a Mekcugona — 250-375 mr/nens. B omucanuu k mperna-
pary ykas3aHo, YTO OKa3bIBa€Mbli UM aHTHOKCHJAHTHBIH,
MIPOTUBOUIIIEMUYECKUH, AHKCUOJIUTHYECKUIN, HOOTPOI-
HBIH, aHTHUTHIIOCKCHYSCKUN U MeMOPaHOIPOTEKTHBHBIN
addext mpeBocxoauT hapmakoaorndeckuit dapdexT xax-
JIOTO0 U3 TIPUMCHSAEMBIX B OTAEIBHOCTH KOMIIOHECHTOB.
Taxke OH ILUPOKO MPUMEHSAETCS AJS JICYEHUs! MOCTKO-
BUJIHOTO aCTEHHWYECKOTO CHHIpPOMA Yy TMAIMeHTOB IMOCIe
MIEpPEHECEHHON BUPYCHOW WH(EKINH, ISl KOMIDIEKCHON
Tepanuy OCTPBIX U XPOHUUYECKUX HApyIIEHUH MO3rOBOrO
KPOBOOOpAIICHHS, YITyUIICHNUS! KOTHUTUBHBIX (DYHKIUI
U TOBBIIICHUS PA0OTOCTIOCOOHOCTH.

B pesynbrare ucciieioBaHuil yCTaHOBJIEHO, YTO MO-
cJIe OJJHOKPATHOTO TMepopaibHOro mpuema | TabieTku
npenapara bpeitamakc® npu ananmse 06pasos MOUH 10-
oposoubiieB MeTooM BOXKX-MC/MC B SRM-pexume
MEJbJIOHUH HAJIe)KHO OIMPEeNsICS C HMCIOJIb30BaHU-
eM Bcex msaTH SRM-mepexomos (147.1 > 147.1 (15),
147.1>132.1(17), 147.1>59.1 (17), 147.1 > 58.1 (17),
147.1 > 42.1 (60)) Gonee MPOAOIKUTEIBHOE BpeMs —
cryctst 80-85 u; cmycrs 140-150 4 ¢ wumcmnonb3oBa-
HueM derbipex SRM-mepexoqoB (3a HCKIIOUEHUEM
147.1 > 132.1 (17)); coyctsa 200-220 4 ¢ uCmoIB30-
BaHueM Tpex SRM-mepexomos (147.1 > 59.1 (17),
147.1 > 58.1 (17), 147.1 > 42.1 (60)) (Ilpunoxenus 3d,
3e, 3f coorBercTBeHHO); 110 360—380 U C HMCMONB3OBA-
HHUEM JIByX CaMbIX JIONToXUBYmux SRM-nepexonon
(147.1 > 59.1 (17), 147.1 > 58.1 (17), nanHble

He TokKaszaHbl). [Ipm STOM MakcuManbHBIC KOHIICH-
TpalK MEJIBJIOHHUS B 00pasnax Mo4H J00pOBOJIBICB
C y4eToM pa30aBlieHUs] COIIACHO METOAMKE MpOoOOIo-
rotoBku Obutn 14070, 15280 u 15890 ur/mn (cpennee
3Hadenne 15080 = 926.3 Hr/Mu1) U JOCTHTAIHCH CITy-
cts 5-10 4 mocie npuema (puc. 5). Uepesz 90-92 u
OIICHOYHBIC KOHIIEHTPALMH MOAYJISATOpa MEeTadoIm3-
Ma magaad g0 98, 105 w 110 Hr/MJI COOTBETCTBEHHO
(cpennee 3mauenue 104.3 £+ 15.0 Hr/mn HaxomguTCs
Ha ypoBHe MRPL) (cm. puc. 6), a cmycta 220 9 mo 18,
23 u 20 ur/mi (20.3 £+ 6.3 vr/min). Cnycrs 15-16 cytok
(6osiee 360—380 u) ero uaeHTUPUKALNS IO IBYM BbILIE-
npuBefieHHBIM SRM-niepexonam Oblia 3aTpyaHUTEINb-
HO# (OKOJIO 5 HI/MJ M HWXE) M3-3a MEHIAIOIINX ITHKOB
KOMIIOHEHTOB MaTpHIIbl, TEM HE MEHEEe ero CieJOBble
KOJIMYECTBa B MOYE BCE €Ille MPUCYTCTBOBAIHN (JaHHbBIE
HE TTOKa3aHbl).

OMOKCHUITMH TIOC/Ie TpueMa mpenapara bpeiHmakc
JocToBepHo onpeneisics MerogoM BOXX-MC/MC ¢ uc-
rosib3oBaHreM YeThipex SRM-niepexono(138.1>138.1(7),
138.1 > 123.1 (15), 138.1 > 110.1 (20), 138.1 > 95.1 (20))
Ha nporspkeHud 50-55 4 M ¢ UCHONBb30BAHUEM TPEX
SRM-niepexomor (138.1 > 138.1 (7), 138.1 > 123.1 (195),
138.1 > 110.1 (20)) ciiyctsa 80-85 u (cm. Ilpunoxenue 2).
Ero makcumManbHble KOHIIEHTPAIMKA B MOY€ JOCTHraiu 59,
67 u 71 Mxr/ma (65.7 = 15.2 mxr/min) ciyctst 4-9 4 mocie
npreMa U IpUMepHO B 3—4 pasa MpeBbIIaiy KOHIICHTPa-
UM MEJIBJIOHUS, OflHaKo ciycTst 15—18 u xoHueHTpauuu
magam 1o 690, 805 n 760 mr/mi (751.7 + 144.0 Hr/mn)

®

80000

70000 —@— Menba0HHH
60000 Meldonium
50000 —@— DMoKcHIIMH

Konuenrpanust C, Hr/Min
Concentration C, ng/mL

40000 Emoxypine
30000
20000
10000

0

0 5 10 15 20 25
Bpewms, u
Time, h

Puc. 5. T'paduk BoIBe€HHS MENBIOHUS U YMOKCUITHHA

C MOYOH B TeUeHHE MEePBBIX 25 4 MOCIe MEPOPaIbLHOTo NpremMa
1 Tabnetku mpenapara Bpeitamakc® Ha npumMepe oHOTO

13 100poBoibLEeB. OLEHOYHbIE KOHIIEHTPALMN YMOKCUITMHA
nepBble 15 U MpeBBIIAOT KOHIIEHTPALUK MEIbOHNUS, OJHAKO
crycts 15-18 u HaGromaercst ooparHast kKapTiHa (CM. puc. 6)

Fig. 5. Graph of meldonium and emoxypine excretion in urine
during the first 25 h after oral administration of 1 tablet

of Brainmax® (volunteer sample). Estimated emoxypine
concentrations during the first 15 h exceed meldonium
concentrations; however, the opposite scenario is observed

after 15-18 h (see Fig. 6)
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TepaneBTUHEcKoi 103kl Npenaparta Bpeiinmakc® n Monoka kopos, NoyHaBLLIVX MPOGUAAKTUHECKMIA KyPC IMuaoHona® n ap.
2000 BBICBOOOKICHHOTO TI0CIIe (DEPMEHTATUBHOTO THAPOIH3a

t\% 2 }288 —Q—ﬁem,ngnnﬁ €ro IIFOKYPOHOKOHBIOTUPOBAHHON (POPMBI.
Z9 1400 eldonium BeposiTHO, T10100HBIE PE3yNbTaThl MOTYT OBITH I10-
E 2 1200 —®— DMoKcHIHH JIy4YCHBI U TI0CJIC Pa3/ICIbHOr0 MPUMEHECHHUS IpenapaTroB
g% 1000 Emoxypine Munaponar® u Mexcunon®, ogHako mo Beeil BHIMMO-
= % 800 |/ CTH, YMOKCHITHH BBIBOJHUTCSI OBICTpEE, U OOHApYKEHUE
E g 600 | OoJiee BEICOKMX KOHIICHTPAIUI MeTbJI0HMS Ha (DOHE ero
= 338 I MPUCYTCTBHSI B MEHBIIIUX KOJIMYECTBAX MOXKET TOBOPUTH
0 o 0 TaKoW XK€ cXeMe MpHeMa, KaKk U B cliydae Ipernapara

15 35 55 75 a 115 Bpef,‘IHMaKC@
Bpewms, u

Time, h

Puc. 6. I'paduk BeIBeeHUS MEIBIOHHUS U SMOKCHITHHA

¢ MOUOH B TeueHne nocieayrommx 15-120 g mocne
nepopainbHOro Tpuema | TaGnerkn npenapara bpeitamaxc®
npuMepe oxHoro u3 goopoBombieB. Croycers 18-20 1

1 TIO3/IHEE OLCHOYHBIC KOHIIEHTPAIIMU MEITbIOHHS
3HAYUTETHHO MPEBBIMIAIOT KOHI[EHTPANH YMOKCHITHHA.
KpacHoii nunueit BoleneHa MakCUMaIbHas OLEHOYHAs
KOHIIEHTPAIHS MENIbI0OHUS B MOYe, TOTydeHHas TT0CTIe
YTIOTpeOIeHNs] KOHTAMHHUPOBAHHOTO MOJIOKA, CTPENIKOM
MO0Ka3aHa HEBO3MOXXHOCTh OTHOBPEMEHHOTO OTIPEICTCHHS
MEIBbIOHHS ¥ SMOKCHITHHA Pa3padOTaHHBIM METOIOM CITYCTS
90 g u Gonee

Fig. 6. Graph of meldonium and emoxypine excretion

with urine during the following 15-120 h following oral
administration of 1 tablet of Brainmax® (volunteer sample).
After 18-20 h, the estimated concentrations of meldonium
significantly exceed the concentrations of emoxypine.

The red line highlights the maximum estimated concentration
of meldonium in urine obtained after consumption

of contaminated milk, while the arrow shows the impossibility
of simultaneous determination of meldonium and emoxypine
by the developed method after 90 h or more

u gajee 6I)IJ'II/I S3HAYUTCIIbBHO HHUXKE KOHHCHTpaHI/Iﬁ MCIIB0-
HUSI HA TIPOTSDKEHUHM BCETO BpPEeMEHH BbIBeneHMs. CITycTs
90 4 u Gojee KOHIIEHTPAIMH SMOKCHITMHA OBLTH HIDKE
YCTaHOBJICHHOTO Tpefiena OOHapy>KeHUs B 5 HI/MIIL, U Jla-
Jiee OH HE JICTeKTHPOBAIICSL.

[lpu wccienoBaHWU BETEPUHAPHOIO —Iperapara
SvuaoHon® GBITIO BBIABIEHO, YTO COOTHOMIEHHE OIle-
HOYHBIX KOHIIEHTPAIMH MENbIOHHUS K MEKCHIONIY CO-
CTaBJsIET OKOJIO 1 : 2, T.e. HA OMHY MOJICKYITy 3aIpe-
[IEHHOTO MOJYJSTOpa METaboIM3Ma MPUXOAUTCS IBE
MOJIeKyJIbl 3MoKcumniuHa (cM. [lpwnoxkenune 4). B me-
JIOM, €CJIM MaKCHMAIIbHBIC KOHIICHTPAIUU 3MOKCHUITHHA
B 000MX citydasx (ynoTpebleHre MOJIOKa/OMHOKPaTHBIN
npueM TaOJeTKH Iperapara) MPeBBIIalT KOHIEHTpA-
IIUH MENBIOHUS CITYCTsI IIPHMEPHO OHO U TO JK€ BPEMs
4-10 9 1 10 42 ¥ mocne ynoTpedaeHus MOJIOKa, TO CITy-
cra 15-18 u mocne npuema Bpeitamakca® xonmenTpa-
[IUHM MEITBJIOHUS 3HAYUTEIHFHO TPEBHIIAIOT KOHIICHTpA-
UM SMOKCHUIIMHA W HaOIromaeTcs oOparHas KapTHHA.
[Tpu sTOM, Kak y)ke OTMEYaJoCh BBIIIE, B paboTe orle-
HHUBAJIOCh COJICPYKAHUE SMOKCHIIMHA B 00pa3ax MOYH,

SAKJTIOYEHUE

B pesynprare mpoBeAEHHBIX MHIIOTHBIX HCCICIOBA-
HUH [MOKa3aHO, 4TO MPOQWINA BBIBEJICHHUS MEIbIOHUS
U OSMOKCHUIHMHA TIpU YHOTPEOICHHMM KOHTaMHHUPO-
BaHHOTO MOJIOKA W TepopailbHOM mpueMme | TabreTkn
npenapara Bpeitnmaxc® pasnuunsl. IToka3ana BO3MOX-
HOCTh HJCHTHU(UKAIMU JTaHHBIX BEIIEeCTB B o0Opasiax
Moun J100poBoibIeB MeTonoM BOKX-MC/MC c¢ uc-
MOJIb30BAHUEM DPA3IUYHOTO KOJUYECTBA U BApUAHTOB
SRM-nepexonos.

[Ipu orHOBpEeMEHHOM 00OHapYKEHUHU B ITPoOE MOYH
MEJIbJIOHUS U IMOKCHIIMHA CIIeyeT 00paliath BHUMa-
HHEC Ha COOTHOICHHUEC UX OLCHOYHBIX KOHL{CHTpaHHﬁ.
IIo Bcell BUOAMMOCTH, JJISI OKOHYATEIbHOIO PEIICHUS
pOoOJIEMbI OMPEICICHHS CISIOBBIX KOJUYECTB MEIb-
JIOHUSI B MOYE CJIEIYET OMPEesiTh 9TH J[Ba BEIISCTBA
KOIMYCCTBEHHO, IPUHAMATh BO BHUMAaHHE CONEpKa-
HUE YMOKCHIIMHA U PA3JIMYHBIA XapaKTep BBIBEICHUS
nocje ynorpeOieHus KOHTAaMUHUPOBAHHOTO MOJIOKa
U HaMEpPEHHOTO MpHeMa 3alpeHIeHHBIX IIPErnaparos.
Taxoke OBLIO YCTAHOBIICHO, YTO B BETCPHHAPHOM IIpe-
napare DmumoHon® comepxkutrcs B 2 paza GOnbIIe
OMOKCHITHA TI0 CPaBHEHUIO C MEJIBJIOHUEM, UTO TaK-
K€ MOXKET OBITh MOJIE3HO IS UACHTH(PUKAIUY.

BMOKCI/IHI/IH, npu MNOPEBLIICHUU €ro KOHICHTpaA-
MU B HECKOJIBKO pa3 IO OTHOIICHHIO K MEIbIOHHIO,
MOJKET BBICTYIIaTh B KaY€CTBE JOMOJIHHUTEIBHOTO Map-
KE€pa KOHTaMHUHalWU IMPOAYKTOB NHUTAHUSA U SBJISICTCA
eIIe OTHUM IIPOAYKTOM OHMOJErpafaliy BeTIpamnapara
Ovugonon®. IIpu 3TOM KOHIEHTPALHH MEIbIOHHS,
JaKe MPH YNOTPEOICHUU OONBIIUX KOIMUYECTB MOJIO-
ka (900 mi) He peBbimaroT 320—400 Hr/mit (B TeueHHe
HECKOJIBKUX YacoB MoOcie ymorpebdieHnus). Hamporus,
npu mpueme | Tabnmerku npemapara bpeitamakc®
menpaoHui 10 80—85 W ompenensiercst MO BCEM ISTH
SRM-nepexonam, Ipu dTOM SMOKCHUIIHH YK€ IPAKTH-
YCCKH HC ACTCKTUPYCTCH. ITo HalmieMy MHCEHUIO, 3TOT
MOJIX0JT MOXKET OBITh MCIIOJIB30BaH I AU PepeHna-
WU PeaJbHOro MpreMa JOIHHTa, COICPIKAIIEro Mellb-
)10HI/II71, U KOHTaMUHAlUU UM IIPOAYKTOB NHUTAHUA IIPU
HCTIOIB30BAHMM BETIIpenaparta IMUA0HON"® Y CelbCKO-
XO3sHCTBCHHBIX )KHUBOTHBIX.
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Semiquantitative determination of meldonium and emoxypine in human urine by HPLC-MS/MS after receiving
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a single therapeutic dose of Brainmax® and milk from cows receiving a preventive course of Emidonol® etal.

bnaropapHocTu

ABTOPBI BBIpaXKAIOT OJIATONapHOCT CTapIIeMy HHKEHEpY-
HCCJIEIOBATENI0 PECYPCHOIO IIEHTpa AHAJIUTHYECKHX
METOOOB Hay4YHO-TCXHOJIOTHUICCKOTO yHI/IBepCI/ITeTa
«Cupuycy, k.0.H. Mecomxnuk Haranbe Bnagumuposae
3a IEHHbIE 3aMEYaHus U PEKOMEHAALUHU 1o odopmiie-
HHUIO MaTepraa CCIeA0BaTeILCKOH PaOOTHI.
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