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E®EKT NOABN AHOMANbHWX BIIACTUBOCTEM

METAJIOOKCHAHUX KAPKACHUX CMOJTYK MPYW IXHbOMY
NETYBAHHI B OBJIACTI MAJNIOr0 BMICTY NEFYH4OI AOMILLIKK

O. M. Kopoyb6an', B. B. Tpauescvxuii’

"THemumym 3azanvHoi ma Heopeaniunoi ximii im. B. I. Bepradcokoeo HAH Yxpainu,
npocn. Axademixa Ilannadina, 32/34, Kuie 03142, Yxpaina;

*Texniunuti yenmp HAH Ykpainu,

eyn. Ilokposcvka, 13, Kuis 04070, Ykpaina

* e-mail: omkord@nas.gov.ua

Ha npuknapi gocdary KTi,(PO,),:AP’* Ta kepamixu Pb , Sr, (Ti . Zr ,)O,:Fe O, Buep-
IIe TMiITBepP/KeHO iCHyBaHHA eeKTy MOsABY aHOMA/IbHNX BIACTUBOCTEN KapKACHUX CIIONTYK
npu IXHbOMY JIeTYBaHHI B 00/1acTi Majoro BMicTy seryiodoi gomimku. Edexr symosneHo
icHyBaHHAM IIOYAaTKOBOT'O eTaITy JIeTYBaHH: B 00/1aCTi MajIoro BMIcTy n, Ha IKOMY 3aMilljeH-
HA BijOyBa€eTbcsA HEOCHOBHMM CIIOCOOOM, Yepe3 CelIeKTMBHE 3allOBHEHHA KaTioHamy M™
MO3NUILiN KaTiOHIiB AP y KMCHEBUX NMOPOXXHMHAX M™*—AP* i yTBOpEHHAM y CTPYKTYpi OKpe-
Moi M™ mifgrpaTku. Y mifIcyMKy, BHaC/Ii[JOK IT0OABY BHYTPILIHIX HalIpy>KeHb Ta BUKPUB/IEHHSA
CTPYKTYPHMX €/IeMeHTiB I'PaTK, B KAPKaCHMX CIIONTyKaX 3 ABJIAIOTHCA aHOMaIbHi (isnko-Xi-
MiuHi BTaCTMBOCTI. 3a IOAa/IbIIOrO 30i/IbIIEHHS BMICTY JIETYIOYOTO elleMeHTa JOMiHYI04NM
cTae OCHOBHMII crIoci6 3amilieHHs Karionamyu M™ mosuiiiit kationiB N y KucHeBMX OKTa-
efpax M™—N*, 110 CympoBOIKYEThCS 3HMKHEHHAM BHYTPIIIHIX HAIIPY)XeHb Ta BTPATOIO
aHOMaJIbHUX BJIACTUBOCTEN cronyk. Edekt Moxxe 6yTi 3aCTOCOBAHO /I MIMPOKOTO KOJa
METAIOOKCUJHMX KaPKACHUX MaTPULb i3 TIOMiHICLIEHTHUMM, MarHiTHUMMY, KaTaTiTUIHUMY,
ioHHMMM, IT'€30- Ta CETHETOENIEKTPUYHIMMI BTACTUBOCTAMI.

(Ti

2 METaZIOOKCUHI KapKacHi

Kmouosi cnosa: XPS, KTi (PO,),, Pbo,%Sr
CITOTYKIA.

Zro,525)O

0,05 0,475

BCTYII. 1lig MeTanoOKCUMIHMMM KapKac-
HYIMJ CIIOJlyKaMM B poOOTi po3ymieMo pi3Hi
TUNN 3MilIaHUX aHIOHHMX KapKaciB i3 BKIIIO-
YEHHAM KaTiOHIB OIHOTO TUITY B Pi3Hi I'DaTKu,
B AKVX OCHOBHJM MOTVIBOM € 3’€[IHaHi B 3UI-
3aromoyiOHi TaHI[IOTY KUCHEBI OKTaeqpu, 3a-

1oBHeHiI M-KaTioHaMy, Ta BaKaHTHI KUCHEBI
IIOPOXKHIMHMY, YaCTKOBO 3aIIOBHEHi A-KaTioOHa-
mu (M M-A-M M, M M-A-M M ), Hatipukiaf,
M=Ti, Zr, Nb, Mo; A =K, Rb, Pb, Sr).

Y mitepaTypi edekT IOABM aHOMAIbHUX
B/IACTUBOCTEN METATIOOKCUIHUX KapKaCHUX
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CIIONIYK IIpY IXHbOMY JIeTyBaHHi B 06/1acTi Ma-
JIOTO BMICTY 7IETYI0YOI JOMIIIKYM € BifICYTHIM,
a IpolleC JIETYBaHHA [IOCI POSINANAIOTDL AK
TaKuJi, 10 Ma€ JMIIEe OfVH eTall KOMIIeHCa-
miftHoro samime”Hs M +(m-n)A*—->M™,
Ane B pob6ori [1] gra KTi(PO,):Al** 6yno
BCTAHOBJIEHO iCHYBaHHA ITOYAaTKOBOIO €TaIly
IIPOLIeCy JIeTYBaHHA B 00/1aCTi Ma/IMX 3HA4eHb
JIETYIOUOTO €/IEMEHTA, B AKOMY Pe€asi3yeTbCs
HEOCHOBHMII MeXaHi3M 3aMillleHHa M™ —nA*.
Taxuit crioci6 3amileHHS CYIIPOBOMKYETbCSA
CEJIEKTMBHMM 3allOBHEHHAM KaTioHamu M "
MO3ULiJ KaTioHiB A* B KMCHEBUX IOPOXKHMU-
Hax i3 BifITIOBiTHYMM YTBOPEHHAM IiJI'PAaTKN 3
M ™, Hac/liZKOM 4Oro € BUKPUBJIEHHA I'PATKU
i mosABa B HiVl BHYTPIlIHIX HAIIPY>XeHb, 1[0 i
IPU3BOJUTDH IOSABA AaHOMAa/JIbHUX BIACTUBOC-
Teit y cnonyku. Ha npuknani KTi (PO,) AP
0y/10 IOKa3aHO iCHYBaHHS IIOYaTKOBOTO eTa-
Iy JIETyBaHHA 3 HEOCHOBHMM 3aMillleHHAM
AlP*-3'K*(n = 0,1) 3aMicTb ocHOBHOTO Al**+
K*—Ti* [1]. 3a 6inpmmx 3Havenp (n> 0,1)
NOMIHYIOYMM CTA€ OCHOBHMII MeXaHi3M 3aMi-
meHHA M"*+(m-n)A*—>M™, npn poMy 3Mi-
HIOETHCA TUII I'PATKM i 3HUKAIOTh BHYTPIILIHI
HaIIPY>K€HHA Ta aHOMaJIbHi BJIACTMBOCTI CIIO-
YK,

[TposBu Takoro MexaHisMy BUIHO 3 j1iTepa-
TYPHMX JAHMX JIETYBAaHH:A KapKacHMX CIOMYK.
Tak, B po6orti [2] 3a zanumu EITP ta IMP noka-
3aHO, 10 0sABa 3aisa 3 n = 0,04 mac.% B Kpuc-
TasIiuHil rpari Pb0,958r0,05(Tioy 527,50, Fe, O,
IPU3BOJAUTH [0 BUKPUBJIEHHA I'PATKU YTBO-
peHHsM ¢a3n 3 61IbII BICOKOIO CHMETPIEI0 Ta
IOKpAllleHHs eleKTpoQisMYHMX MapaMeTpiB
w’'e30Kkepamiku. HatomicTh 3a BMCOKMX KOH-
IleHTpallii 3aniza (>0,4 mac.%) criocrepiraemo
piske mOripuieHHA eneKTpoQisMYHMX Iapa-
MeTpiB. Y mpai [3] cuHTe30BaHO yerosani Yb
monokpucramu K Ti . Yb  .(PO,):Yb, saxi

0,113

npu 0.05 mMac./% HabyBaOTbh aHOMA/IbHUX JTIO-
MiHeCIIeHTHUX B/IaCTUBOCTeN. Y mparsx [4-7]
IIPOAHajIi30BaHO BIUIMB MIKPOJOMIIIOK Ha
XiMiuHMit Ta (a3oBMil CKIaJ, CHHTE30BAHMX
CIIONYK.

Edexkr mosBM aHOMaIbHUX BIACTUBOC-
Te)l METAJTOOKCUJHMX KapKaCHUX CIIONYK 3a
AiTepaTyYpHUMM [OAHVMU € HEBiIOMUM, Me-
XaHi3M [iil eheKTy He BUKOPUCTOBYIOTb. [Ipn
IIbOMY 3aCTOCYBaHHA e(eKTy [J03BO/IAE pea-
Mi3alio KOHLENIil KepOBAHOTO CUHTE3Y A
IIMPOKOTO K/Iacy MeTaJTOOKCUIHUX KapKac-
HUX CIIONIYK 13 HEMTiHIHO-ONTUYHUMY, TIOMi-
HECLIEHTHMMY, MarHiTHUMH, KaTaTiTMYHUMIY,
iOHHVMMU, IT€30- Ta CETHETOENTeKTPUYHUMMU
B/IACTUBOCTAMMU.

Y pobori 3 Bukopucranusam POC ra EITP
BIIEpILI€ BCTAaHOBJIEHO iCHYBaHHA MeXaHi3-
My aHOMAaJIbHOTO BIUIMBY «CIIiJOBMX» BMiC-
TiB neryroumx pomimok s PZT xepamiku
PbO)QSSrO,OS(TiO) 475ZrO)SZS)O3 : Fe,O,. Orpumani
pe3y/IbTaTy MOBHICTIO 30iraloThCsA 3 pe3ybra-
TaMu pobotu [1], 10 € migTBepIKeHHAM 5K
3aIIPOIIOHOBAHOTO B Hill MeXaHi3MY 3aMilljeH-
HA B 00/1aCTi Manux 3Ha4eHb JIETYIOUOTO efie-
MEHTA, TaK i BUCHOBKY IIPO NOIIVPEHHS 1IbOTO
MeXaHi3My Ha IIVPOKMUI K/IaC METATIOOKCUJL-
HIUX KapKaCHUX CIIONYK.

EKCIIEPMIMEHT I OBI'OBOPEHH/ PE-
3YJIbTATIB

1. ®ocdar KTi,(PO,) :Al**

[onmixkpucraniyni spaskm KTi(PO,),:Al*,
JIeTOBaHi a/lToMiHieM, 610 CMHTe30BaHO 3 ro-
MOTEHHMX PO34MHiB-po3MIaBiB cucrem M, O-
P O.-TiO,. Kpok nerysanus pangy An~0,15,
pocnimxysamichk Kpucram 3 n=0 (C0), n=0.11
(C1), n=0.3 (C2), n=0.48 (C3) Ha mo4aTKy Ta
n=0.97 (C6) nanpukinui psgy [1].

ISSN 2708-129X. YKp. XiM. XypH., 2025
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Puc. 1. a-6. POC-criexTpy, posknajieHi Ha KomnoHeHTn: K2p-criexktpu 3paskis (a); Al2p-crextpn
3paskiB (6). Kpusi BMicTy amominilo B mopoxHuHax (‘Al), B kucHeBux okraempax (*Al) saranbpHoro
(K) i mapuiansroro ('K ,"K+"K) BmicTy Kajito, Betm4nHy 3apsAny aHIOHHOI Ta KaTioHHOI IpaTok (AQ*")

3aJIeKHO BiJ 3aTraJIbHOTO BMICTY a/moMiHiio (8)

Fig. 1. a-c. XRD spectra, decomposed into components K2p-spectra of samples C0-C3,C6 (a); De-
composed into components Al2p-spectra of samples C1-C3, C6 (b). Curves of aluminum content in
cavities (*Al), in oxygen octahedra (*Al), total (K) and partial ('K ,"K+"K) potassium content, magnitude
of an ionic and cationic lattice charge (AQ*") depending on the total aluminum content n (c).

OcHOBHe reTepoBajieHTHe i3oMopdHe 3a-
mimenns Ti**ma AP mae npusBoguTi [0
30i/bIIeHHsT Ki/TbKOCTI 10HIB Kajiio 3a pa-
XyHOK KOMIIeHcalii 3apsapy kapkacy Al **+
K*—>Ti*. 3 MeTo0 IIpOBefieHHS KepOBAHOTO
CMHTe3y TaKOro Kiaacy isomopdno-3amimie-
HUX KpUCTaniB Oyno pocmimkeHo.... EdexT
AHOMAaJIbHOI 3MIiHM B/IACTMBOCTEN KPUCTAJIiB
KTi,(PO,),:Al’* - npu neryBanni He3HauHOIO
KiZbKicTIO anmioMiHifo. bBe3bapBHi Kpucramn
suxignoro KTi (PO,), npu npomy HabyBaroTh

https://ucj.org.ua

iHTeHCcUBHOrO CMHBO-(ioneToBOrO 3abapB-
nenHA. Iloganpiie migBUIEHHA BMICTY alo-
MIHIIO Y CTPYKTYPi CYyIIPOBOMIKYETHCA MOCTY-
HOBMM 3HeOapB/IeHHAM KpucTais [1].
Metopgom PO C 6yno BcTaHOB/IEHO, 110 TIpU
JIETYBaHHI BMUXiTHOI MaTpuli Ma/JyM BMiCTOM
ioniB Al** xonnenTpanis ionis K* He 36inpmry-
€TbcA, AK ovikyBanocs npu AP+ K'—Ti*"-3a-
MillleHH], a HaBIAKM - 3MeHIyeTbcA. Ha
puc. 1 a-6 naBegeno B POC crextpu K2p- i
Al2p-piBHiB, poO3K/IajieHi Ha KOMIIOHEHTH.
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Yucno KOMIIOHEHT BM3HA4anM KilbKiCTIO
MOXK/IMBUX MO3MULIiN iOHIB Kajlifo Ta aIlOMiHiI0
B MaTpulli. 3 AMHAMiKM 3MiHM BK/IaJjiB KOM-
noneHtn 'K K2p-crexrpis 3paskis i3 n=0 Ta
n=0.11 BuHO, 1110 Ha IIOYaTKOBOMY €Talli je-
ryBaHHA (n=0,11) crocrepira€Mo 3MeHIIeHHA
BMICTY Kajtito B mopoxkHuHax I tumy (puc. 1a).
3 puc. 16 BupHOo, mo mpu n=0,11 BmicT
amoMinio' Al y mopoxxuunax (puc. 16, KomIL.
'Al) y kinbka pasiB mepeBuIye BMICT amoMi-
Hifo'Al B okTaenpax (puc. 16, komm. "Al), i ko-
penIoe 3i 3MEHIIEHHAM KiJIbKOCTI Kaslilo B I10-
poxanHax [ Tumy (puc. la, n = 0.11mac.%), mo
BKa3ye Ha CYTTEBE IIPEBA/IIOBAaHHA Ha IIOYaT-
KoBOMY etami yeryBanHA (n=0,11) HeocHOB-
Horo samimienus APP*—3'K* wajg ocHoBHUM
AP*+ K*-Ti*. Ilpn samimenni AP*—3'K*
bopMyeThCA CTPYKTYPA, B AKill 3aMiCTh TPhOX
paHinle 3aiHATUX KaTioHoM K* mopo>xHuH
OIHy NOPOXXKHUHY 3aiimae Al’Y, a pemira cta-
I0Tb BAKaHTHUMM i, TAaKMM YMHOM, IO3UTUB-
HII 3apAJ Yy KaTiOHHIN HiIPELIiTI CTae gyxKe
nokanizopaHuM. OTKe, Ha IOYaTKOBOMY €Ta-
Ii JleryBaHHs a/MTIOMiHill 6epe y4acTp y 3amno-
BHEHHI KaTiOHHOI MiAIpaTKy, 3aiiMal4y B
IIOPOXKHMHAX IO3MIIiI PyXOMOTro KaTioHa K,
IPaKTUYHO He 3aMilllyl09y TUTAaH B OCHOBHO-
my [Ti (PO,),] crpykTypHOMYy MOTHUBI.
Bracmigok sokamisanii Takoro BeMKOTO
3apANY B MeXXaxX OfIHi€l MOPOKHNMHMY Ta MOSABYU
€KBIBaJIECHTHOI KiJIbKOCTi BaKaHTHUX IIOPOXK-
HVUH, Y CTPYKTYpi BMHMKAIOTb HaIIpy>KEHHS,
AKI IpU3BOJATH [0 TOMONITUYHOIO PO3PUBY
3B’A3Ky Ti-O3 nossoro mapamarsiTaux PO -
ta Ti’*-LeHTpiB i3 3abapBIeHHAM KpPUCTAY,
TOOTO [IO0 JIOKa/IbHMUX 3HVDKEHDb 3apsfy B OC-
nosHomy [Ti,(PO,),] ctpykrypHOMy MOTHBI.
Ha mnovatkoBOMy eTami seryBaHHs (n=
0,11 wmac.%), BHacmiok posmimenas Al*
TiIbKY B MOpPOXXKHMHAX 3aMicThb 'K y cTpyKTy-

pi KTi,(PO,),:Al** yTBOproeTbcsa BHOpsA/KO-
BaHa IATpaTKa 3 peryipHO PO3MillleHNX B
00’eMi lepexTHUX 06acTeit, CPOpPMOBaHUX 3
acoriariB «mopoxHuHa 3 Al’** — BakaHTHI 11o-
POXXHMHM» Ta po3TamoBanux nopyd PO,* - ta
Ti**-1eHTpiB.

[IprYMHOIO peryasapHOro po3MillleHHA Ha
[I0YaTKOBOMY eTari karioHi 'Al" i, Bifmosiz-
HO, JedekTHuUX obmactel Moke OyTM HeoO-
XiIHICTh BUMKOHAaHHSA YMOBM MiHiMisallil 1o-
TeHIiliHOI eHepril rpatku (puc. 18, 'Al, AQ™),
YOTO0 MOJKHA JIOCATHYTH Yepe3 MaKCUMasbHe
30/MDKeHHA CTPYKTYPHUX OAVHMID i IO €
MOXX/IIBYM 4epe3 JIOKa/IbHUI pO3PUB YaCTH-
HM 3B A3KiB [8].

Ha gpyromy etarmi eryBaHHus
KTi,(PO,),:AP* amominiem mic/is nepesuiex-
HS1 KPUTUYHOTO BMICTY B CTPYKTYPi acoriiaTis
«TIOpo>KHMHA 3 A" — BaKaHTHI TOPOXKHMHI»
OOMIHYIOYMM CTA€ 3aMillleHHA a/lIoMIHIEM io-
HiB TUTaHy B KUCHEBMX OKTaefpax. Tak, Ha
Al2p-criextpax (puc.16 n>0.11) BugHO nepe-
posmnozin BMicTy Mix 'Al- Ta "Al-KoMmoHeHTa-
MM i SMEHIIIEHHA BK/IaZy KOMIIL. TAl. BogHouac
CIIOCTEpIraeTbCA 3POCTAHHA BMICTY Kasilo B
nopoxkHuHi I tuny (puc.la, n> 0.11), mo € He-
OOXiTHUM /Il KOMIeHcalil pisHMI 3apsfiB
ioniB Ti*" i AP*. IIpn n> 0,11mac.% mominy-
ounM crae AP+ K- Ti*-komnencauinamin
MeXaHi3M.

Ha. puc.1B HaBeneHo rpadiku BMicTy aio-
MiHi0 B mopokHnHax (‘Al) ta KucHeBUX OK-
taefpax (*Al), sarampHoro Bmicty kanio (K),
kamiro I ta II tunis ('K ta "K BigmosigHo) 3a-
JIEKHO BiJl 3ara/IbHOrO BMICTY a/IIOMIHIIO N Yy
Marpuni. BugHo, mo npu n> 0,11 anromiHii
IepeBa)KHO BXOAUTD Y OKTaeipy B ITO3ULIiI TH-
TaHy, TOOTO OCHOBHUII BHECOK Y 3aIIOBHEHHS
Ka/IieM IMTOPO>KHMH 000X TUIIIB IIOYNMHAE TaBa-
™ AP+ K*—>Ti*-komIteHcaliitHni1 MexaHi3m

ISSN 2708-129X. YKp. XiM. XypH., 2025
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(*Al, K puc. 18). IIpeBaioe 3pocTaHHA BMICTY
ioHiB *A B KMCHEBUX OKTaefpax i 3pOCTaH-
HA BMICTY Bcix TumiB ioHiB Kamito (puc. 1B,
n>0.11), 1[0 CYIPOBOMKYETbCA 3POCTAHHAM
3apsy KaTioOHHOI Ta aHIOHHOI I'paToK (puc. 1B,
n>0.11) i 3MeHmIeHHAM 3abapBeHHA IOIi-
Kkpuctanis. Takum ynHoM, MeTogamu POC ta
EIIP BcTaHOBIIEHO, 1110 IPOLEC JIETYBaHHA Ma-
tpuni KTi (PO,),: A" amominiem mae moyar-
KOBUII i OCHOBHUII €TaIN.

Ha mnouyatkoBOMy eTami 3a HE3HaYHOTO
BMicTy AP* (n=0,11mac.%) depes mosABy aco-
1iatiB «rmopo>kHMHa 3 AI** — BakaHTHI TOpOXX-
HVHV» B I'patLi BifOyBalThCs 3HAYHI IPOCTO-
POBi 3MiHM KVMCHEBUX HOPOXXHUH, sKi cdop-
MoBaHi ionamn kucHio PO, -tetpaeppis Ta Ti-
O 6-0KTaenpiB, 1110 IPU3BOANTD 10 AedopMmariii
pO3TalIOBaHUX MOPYY LUX CTPYKTYPHUX eJle-
MEHTIB i3 TOMOJITMYHVMM pO3PUBOM 3B’sI3-
Ky Ti-O-P, nosBoo napamarHiTHUX LIeHTPiB
Ta, AK HACIiIOK, BUHUKHEHHAM aHOMaJIbHUX
BJIACTMBOCTEN CIIOTYKMU.

2. Kepamika Pbo,%Sro,os(Tio, 47SZr0’525) O,:Fe™

Hupkonar-turanar ceunipo Pb(Zr, Ti)O,
(PZT) mae mmpoke BMKOPKUCTaHHA i € Bifo-
MUM CETHETO-eeKTpUYHUM MarepianoM. Ke-
paMikM LMPKOHAT-TUTAHATY CBUHIIO MAIOThb
CTPYKTYPY II€POBCHKIiTY, Kapkac c(OpMOBaHO
3 TiOG- Ta ZrOG-OKTaeriB, B KIMCHEBUX IIO-
POXXHIHAX posTamosani ionn Pb** [2]. MeTo-
pamy POC, EITP ta AMP pocnipxysanu PZT
KepaMikn PbO)QSSrO,OS(TiO)MSZrO)SzS), JIerOBaHi
n Fe O,. [2]. byno Bussneno, mo npu BMicTi
3amiza n = 0,04 mac.% BigbyBaeTbca 3MiHa
KPUCTAIIYHOI CTPYKTYPH, IO CYIPOBOMIXKY-
€TbCS MTOKPAI[eHHAM e/IeKTpodi3NIHMX ITapa-
meTpiB PZT m’e3okepamikn [2].-

3pasku Oy/I0 CMHTE30BaHO MOAPiOHEHHAM
OKCUJIHMX CK/IA[lOBUX METAaJliB y Ky/IbBOMY

https://ucj.org.ua

M/IVHI, IXHIM IIOJA/JbIIMM BiJIIa/iOM, IIpecy-
BaHHAM i CIliKaHHAM rpanyn 12 MM X 2 Mm. Ha
Binminy Bif cuntesy kpuctanis KTi,(PO,) :Al**
y pO3uMHi — po3naBi, MacooOMiH B Kepamiu-
HUX KOMIIO3MTAX 3a L[bOTO CMHTE3Yy € 3HAYHO
YIIOBi/TbHEHNM.

Y mpaui [2] BcTanOBIeHO, mo B PZT y gia-
masoni 0-0,4 Mac.% 306ilblIeHHS KOHI|EHT-
panii 3amiza NPU3BOAUTH [0 CIOTBOPEHH:A
KPUCTa/MI4YHOL CTPYKTYPU 1 3yMOBJIIOE IIOJIiII-
IIeHHS eNIeKTPOQisNYHMX MapaMeTpiB IT'€30-
kepamikn. I]e moB’s13aHO 3 yTBOpeHHAM (asy,
sIKa Ma€ OiNbII BUCOKY CUMETPpilo, ajie 3a BU-
COKMX KOHILIeHTpanin 3amisa (>0,4 mac.%) 1e
HIPU3BOAUTD IO Pi3Koi merpajanii enekTpodi-
3MYHVX ITapaMeTpiB [2].

Ha puc. 2 a-6 npencrasneno POC Ti 2p,
Ta Fe 2p,  — cmexTpu TuTaHy Ta 3amisa mpu
0.04 mac% (puc. 2a) Ta 1 mac% (puc. 2 6).
Eneprii 38’a3Ky komnonentT Ti 2p, -criekTpa:
Ti** (E 3B.= 455,1 eB), Ti**(E 3B.= 456,8 eB)
ta Ti*(E 3B.= 457,9 eB). Eneprii 3B’A3Ky
KoMroHeHT Fe 2p, -cnekrpa s Fe'(a)
E 3B.= 706,8 B, mna Fe**(al) E 3B. = 707,8 B,
1110 3HAaYHO MEHIIIE XapaKTepHUX 3Ha4YeHb E 3B.
Fe**-craniB. Ile Mo>xe OyTV 3yMOBJ/IEHO 3HaU-
HOI0 3MIHOKI KOOPAMHALIIMHOTO OTOYEHHA
Fe’*ioniB y kucHeBMX NOpOXXHMHAX. TakoX Ha
criekTpax npucytHi Fe**- ta Fe’*-cranu 3amisa:
Fe?* (E 3B.=709.5 eB) ra Fe**(E 3B. = 711,1 eB).
Komnm. 3 E 3B.= 712,4 eB noBsasana 3 Fe’*-cTa-
HaMM 3a7uuIKiB npekypcopa Fe,O,. Ocobmu-
BOCTi B obmacti 714-719 eB e cateniTHuMU
BKmagamu Fe**- ta Fe’*-cranis [9-11].

Ha Fe2p, -criektpax (puc. 2a) HasgBHi KOM-
IIOHEHTM BiJIIIOBifAIOTh iOHAM 3a/li3a Pi3HMX
TUIIB 3aMillleHHs, BOJHOYAC IPUCYTHIX IpK
n=0.04 mac. % Tta 1 mac. % . lle o3Hauvae, 1110
npu n=0.04 mac BXe BifbOyBaioTbcsi 00uzBa
TUIIN JIETyBaHHA.
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Fig. 2 a -b. XRD spectra decomposed into components:Fe 2p, , spectra of

PbO’QSSr (Tio, s LT

0,05 0,525

Ha Fe2p, -cnekrpax (puc. 2a) HasBHi KOM-
IIOHEHT! BiJIIOBiNAIOTh iOHAM 3aj1i3a pisHUX
THUIIB 3aMillleHH:A, BOJHOYAC NPUCYTHIX P
n=0.04 mac. % Ta 1 mac. % . Lle o3Hauae, 1mo
npu n=0.04 mac Bxe BinOyBaTbCA 00UABA
TUIIV JIETYBAaHHA.

Jlo mepioro, moyaTKoOBOTO €TaIy JIeTyBaH-
HS BiIHOCATD JloMiHyioui Ha Fe2p, /- CIIeKT-
pi 3paska 3 n=0.04 mac. % (puc. 2a) BK/Iagu
Fe?*(a)-, Fe’*(al)-craniB, sAKi BigIOBiZarTh
HEOCHOBHOMY IIpoliecy 3aMimieHHs (1) ionamu
Fe** 3anisa ioniB Pb** y 1Box pisHmx xpucra-
norpadiyHNX HO3NLIiAX:

)0,:Fe,0,(a); Ti 2p, , spectra ofPb St

(Ti0’47SZr )O, +nFe O, (b).

0,05 0,525

Fe**(a) - "Pb?*
Fe2+(a1) N IIPb2+

(1)

[Ipu upomy wa Ti2p, -cektpi 3 n=
0.04 mac. % 3’aBnA0OTbCA BKaagu Ti**- Ta
Ti**-craniB (puc. 2 6-B), sIKi € 03HAKOI IO~
BJM BHYTPILIHIX HAIIPY>XeHb y IpaTLii — po3-
puBy Ti-O-3B’43Ky 3 BUKPUBICHHAM YaCTUHU
TiO,-okTaenpis.

BigHomeHHA iHTerpajbHUX IHTEHCUMBHOC-
teit Fe’*a / Fe**al BKasye Ha CHiBBiTHOLIEHHA
BMicTy ioHiB 3asi3a B pisHux Kpucranorpagiy-
HJX NO3ULIAX KMCHEBUX NNOPOXHMH. CIiBBifI-
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womenus (2Ti**+ Ti**)/ Ti** € BigHOCHOIO Mi-
poro okanbHO posipBanux Ti-O-3B’s13KiB, 1O-
ABa AKUX 3YMOBJIEHA BYHMKHEHHAM 3HaYHMX
HaIpy>KeHb Y I'patli npu 3amimenHi (1). 3rig-
HO [2], mpu neryBaHHi B o6racTi Manux 3Ha-
veHb n (n=0.04 mac.%) 3adikcoBaHO 3pOCTaH-
HA B IPATIi BKIaAy BUCOKOCHMETPIUYHOI (pas3n
i mokpameHHs QyHKIIIOHaIBHUX XapaKTepuc-
THK I €30KepaMiKy, 110 MOXKe OYTI IIOB 3aHO
3 ¢popmyBanHaAM mifrpaTku Fe**y kpucranmiy-
Hiit crpykrypi Pb  Sr, (Ti|  Zr,  )O,:Fe™.

IIpy 36inbIIeHH] BMICTY /1eryrodoi gomimni-
ku go n=1 mac.% Bkmagu Fe’'(a)-, Fe**(al)-
CTaHiB 3aji3a Ha I0YaTKOBOY eTalli IpolLecy
3amimeHH: (1) 3HaYHO 3MEHIIYIOThCA.

Ha Fe2p, -cnektpi 3paska 3 n=1 mac.%
(puc. 2a) Bxmap Fe’* BipmoBimae ocHOBHO-
My 3aMillleHHIO, B IKOMY JfiBa ioHn Fe’* 3ai-
3a 3amimyioTh cycigui Ti*'-, Pb**-ioan/Zr* -,
Pb**-ioHu 31 36epe>keHHAM banaHCy 3apsny:

2Fe**>Pb*+Ti* (Zr*") (2).

ITpn n=1 mac.% Takox 3pocrae komi. Fe**,
IO BifTIOBifae mpouecy samimeHHs (3), AKWI
Mo)ke Oy T HeoOXiTHVM I afjalTallii I'paTKu
710 3MiH y KMCHEBUX OKTaeapax:

Fe**—>Pb** (3).

HaABHICTD TiIBKM ONHOTrO TUIYy KHCHE-
BUX IIOPOXKHUH i3 KaTioHoM Pb*" moxxe 6yTu
3yMOBJ/IEHOI0 CTPYKTYPHUMM 3MiHaMu IIpK
n=1 mac.%Fe,0..

Ha Ti2p, -cnekrpi spaska (puc. 2 6,
n=1 mac. %) TOMiHYIOUMM BK/IalOM y CIEKTp
e Ti**-cranm TiO, - oxraeapiB OCHOBHOTO
CTPYKTYPHOTO MOTHUBY, ITpu 11boMy Ti**-cTanu
3HUKAIOTb, a T1’>" — 3HAYHO 3MEHINYIOThCA, IO
BKa3y€ Ha 3HMKHEHHA HaIpy>KeHb y IparTlij,
XapaKTEPHUX [ IIOYAaTKOBOTO €Taly JIeTy-
BaHHA.

https://ucj.org.ua

[Tpu nopisHsAHHI Mik coboto Fe 2p, -crieKT-
piB i3 BmicToM 3amisa 0.04 mac% Ta 1 Mac%
BIJJHO, IO B)X€ Ha ITOYaTKOBOMY €Talli JIery-
BaHHA (puc. 2 a, n=0.04 mac.%) Ha crekTpi
Fe 2p,, mpescraBneHo Bci HasBHI BapiaHTH
nporeciB samimenns (1), (2), (3) upu nery-
BaHHI 3a/Ii30M PbO)%SrO’OS(Ti0>4752r0)525)03. Ie
BKa3y€ Ha Te, 110 MeXEI0, IiC/A AKOI I0YMHAE
NOMiHYBaTM OCHOBHMII €Tall 3aMillleHHH, €
BMICT 3asi3a B 3pasky npu n<0.04 mac%.

Orpumani gia PZT xepamikn faHi Kope-
motoTh i3 maunmu no KTi (PO,), i migTeep-
IPKYIOTh €JVIHY IIPUPOAY IPOLECIB ITOYaTKO-
BOTO €Tally 3aMillleHHA IIpU JIETyBaHHI Me-
Ta/IOOKCUJHUX KapKaCHUX CIIONYK Ta IOABY
aHOMaJIbHMX B/IaCTUBOCTEN CIIONYK.

[Tponec neryBaHHA Pbo’gssro,os(Ti0’4752r0’525)
O,:Fe™ mae yiBa etann. Ha nmouarkoBomy era-
Ii 3a MajJioro BMICTYy 3ajli3a 3aMillleHHA Ka-
TioHamMu Fe?" KaTiOHIB CBUHI[I0 B KUCHEBUX
MOPOXHMHAX CHOPUYMHAE TOABY BHYTPIIIHIX
HanpyxXeHb y rparui (Ti**-, Ti**-cranm) Ta
HOJNIIEHHS eNeKTPOoQi3sNYHNX IMapaMeTpiB
me3okepaMiku [2]. Ilpu 36inplIeHHi BMicTy
3amisa 70 n=1 mac. % BHYTPILIHi HAIPy>XeH-
Hs1 3HUKAIOTD, HATOMICTb BiflOyBa€eThCs BTpaTa
e7eKTpoi3sMIHNX BIaCTUBOCTEN KepaMiKu.

Taxumunnom, Mmetogamu POCrta EIIP BcTa-
HOBJIEHO, IO IIPOLIECH JIETYBaHHA MaTpPUIlb
KTi,(PO,):AlP* Ta Pb St  (Ti  Zr )O Fe™
MAalOTh IOYaTKOBMI i ocHOBHMII etamm. Ha
II0YaTKOBOMY €Talli 3a He3HAaYHOIO BMICTY
AP (n=0,11 mac.%) ta Fe™ ((n=0,04 mac.%)
BifOyBalOTbCA 3HAYHI 3MiHM IXHBOI €/IeKTpO-
HHOI i KPUCTa/li4HOI CTPYKTYypU 4Yepes Ipo-
CTOpOBY fiepopMaIifo KMCHEBUX MTOPOXXHIH,
TOMOJIOTIYHMI po3puB 3B’ 13Ky M™*-O Ta no-
ABY IapaMarHiTHUX LE€HTPiB, 1O CYIPOBO-
IKY€ETbCA TOABOI0 AaHOMA/JIbHUX BJIACTUBOC-
TeJ CIIOMYK.
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BJVICHOBKJI. BcraHoBieHO edeKT aHo-
MajIbHOTO BIUIMBY MAjIOrO BMICTY JIETYIOUMX
JOMIIIOK Ha €lIeKTPOHHY CTPYKTypy Ta Bja-
CTUBOCTI METAJIOOKCUIHUX KapKacHUX CIIO-
YK, AKUI 3yMOBJIEHVI iCHYBaHHAM II0YaTKO-
BOTO €Tally JIETyBaHH:A, Ha AKOMY 3aMillleHHA
Ipy JIeTyBaHHI BifOyBaeTbcs HEOCHOBHUM
CrIocoO6OM 4epe3 CeleKTVBHE 3allOBHEHHS
KarioHaMy M" mosuniit KarioHiB APy Kuc-
HEBUX NMOPOXHMHaX: M™— APl yTBOpeHHAM
M"™ niprpaTku B OCHOBHI CTPYKTYpi MaTpu-
ui. B pesynbprari, 3a paxyHOK BUKPVB/IEHHA
OCHOBHMX CTPYKTYPHUX €/IEMEHTIB IDAaTKU, B
KapKacHUX CIIO/TyKaX BMHMKAIOTh aHOMaJsbHI
¢isnko-ximMiyHi BTacTMBOCTI. 3a MOAAIBIIOTO
36i/IbIIEHHA BMICTY /IeTyI040i JOMIIIKM FOMi-
HYIOYMM CTAa€ OCHOBHMII CIIOCIO 3aMillleHHS
KarioHamyu M" mosuuiit karioniB N*y kuc-
HeBUX OKTaegpax: M"™—N¥, mo cymposo-
IDKYETbCA 3HUKHEHHAM BHYTPILIHIX HaIpy-
JKE€Hb Ta BTPATOI aHOMa/IbHUX BIACTUBOCTEN
CIIOMYK.

Edexr mosBM aHOMaNbHUX BIACTUBOCTEN
METAIOOKCUHMX KapKaCHUX CIIONYK IpU IX-
HbOMY JIETYBaHHI HE3HAYHOIO KIJIbKICTIO JIETy-
10901 JOMILIKY MOXKe OYyTM 3aCTOCOBAHO I/IA
IIMPOKOTO KOJIa METAJIOOKCUHUX KapKaCHUX
MaTpuLb i3 JTOMiHICIIEHTHUMY, MaTHITHUMMU,
KaTIITMYHVMI, I0HHNMM, IT €30- Ta CETHETO-
€/IEKTPUYHMMM BJIACTUBOCTAMI.

> JlocmigKeHHsA BUKOHAHO 3a HMiTPUMKNI

= HayKoBoi po6oru 327 E (JepxaBHuit
peectpaniitamit Ne: 0123U100603).
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EFFECT OF THE APPEARANCE OF ANOMALOUS
PROPERTIES OF METALOXIDE FRAMEWORK

COMPOUNDS DURING THEIR DOPING IN THE
REGION OF LOW ALLOYING IMPURITY CONTENT.

O.M. Korduban', V.V. Trachevsky*

'V.I. Vernadskii Institute of General and
Inorganic Chemistry of National Academy
of Sciences of Ukraine,

32/34 Academic Palladin Avenue,

03141 Kyiv, Ukraine;

*Technical Center of the National Academy
of Sciences of Ukraine,

Pokrovska St., 13, 04070 Kyiv, Ukraine

* e-mail: omkord@nas.gov.ua

Abstract. Using the example of phosphate
KTi,(PO,),:AP’* and ceramics
PbO)QSSrO’OS(Tio)47SZrO)525):FeZOS, the existence
of the effect of the appearance of anomalous
properties of oxide framework compounds
upon their doping in the region of low doping
impurity content was confirmed for the first
time.The effect of the appearance of anoma-
lous physicochemical properties in oxide
framework compounds is due to the existence
of the initial doping stage in the region of low
n content, at which substitution during doping
occurs in a non-major way due to the selective
filling of the positions of the AP* cations in oxy-
gen cavities with M"* cations: M™*—AP* and the
formation of a M™* sublattice in the main struc-
ture.As a result, due to the occurrence of in-
ternal stresses and distortion of the structural
elements of the lattice in the framework com-
pounds, anomalous physicochemical proper-
ties arise. With a further increase in the con-
tent of the alloying element, the main method
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of replacing the positions of N** cations in the
oxygen octahedra with M™ cations becomes
dominant: M™-> N, which is accompanied
by the disappearance of internal stresses and
the loss of anomalous properties of the com-
pounds.The effect can be applied in practice
for a wide range of oxide framework matrices
with luminescent, magnetic, catalytic, ionic,
piezoelectric, and ferroelectric properties.
The effect of the anomalous influence of trace
doping impurities on the electronic structure
and properties of KTi,(PO,),:Al**crystals and
piezoceramics  Pb, Sr  (Ti,, .Zr ,.):Fe O,
was first established by the methods of XPS
and EPR. The dynamics of the change of Ti’'-,
Ti*"-, Fe**-, Fe’*-, states of

Pbo’%Sro,OS(TiOM,ZrO)_,’ZS):FeZO3 and Ti*-Ti*-,
Al*-, 'K*-, "K*- states of KTi (PO,),:Al’*are
compared in the work [1]. A feature of the
initial stage of doping is a significant change
in the electronic structure of the compounds.
The increase in lattice stresses during doping
causes homolytic cleavage of the Ti - O bond
with the formation of two types of paramag-
netic centers: the radical anion PO,* and the
cation Ti’*.Synthesis in a narrow concentration
range of the first stage is a difficult task. With
a low content of the alloying element M™, its
local concentrations in a viscous melt solution
can differ significantly. This is manifested by
a change in the properties of the synthesized
compounds due to the inclusion of the main
substitution mechanism during doping, i.e.
the appearance of aluminum ions in titanium
positions. Therefore, the formation of an ide-
al M™ sublattice at the first stage of doping is
limited by the processes of distribution of M"*
ions in the volume of the melt solution. In the
literature, the effect of the appearance of ano-
malous properties of metal oxide framework

https://ucj.org.ua

compounds upon their doping in the region of
low dopant content is absent, and the doping
process is still considered as having only one
general stage of compensatory substitution
M™+(m-n)At—>M ™,

Keywords: XPS, KTi,(PO,),, metaloxide fra-

mework compounds, Pb , Sr, . (Ti Zr0’525)03'

0,05 0,475

JITTEPATYPA

1. Shpak A.P, Korduban A.M., Trachevskii V.V,,
Slobodyanik N.S. Conservatism of the
KTi (PO,), : AP* Phosphate Crystal Lattice.
Theoretical and Experimental Chemistry. 2000.
36. P. 241-253.
https://doi.org/10.1023/A:1005235726939

2. Bykov 1., Zagorodniy Y., Yurchenko L., Kor-
duban A., Nejezchleb K., Trachevsky V.,
Dimza V., Jastrabik L., Dejneka A. Using the
methods of radiospectroscopy (EPR, NMR)
to study the nature of the defect structure of
solid solutions based on lead zirconate titanate
(PZT). IEEE Transactions on Ultrasonics, Fer-
roelectrics and Frequency Control. 2014. 61(8).
P. 1379-1385.

3. Sadhasivam S., Manivel P, Jeganathan K,
Jayasankar C.K., Rajesh N.P. Bright blue co-
operative upconversion emission of Yb** from
langbeinite K, Ti . Yb , .(PO,), single crystal.
Materials Letters. v. 2017. 188. P. 399-402.
https://doi.org/10.1016/j.matlet.2016.11.091

4. RoyA., Healey C.P, Larm N. E. et al. The Huge
Role of Tiny Impurities in Nanoscale Synthe-
sis. ACS Nanosci. Au. 2024. 4(3). P.176-193.
doi: 10.1021/acsnanoscienceau.3c00056

5. Capellades G., Bonsu J.O., Myerson A.S. Im-
purity incorporationin solution crystalliza-
tion: diagnosis, prevention, andcontrol. Cryst
Eng Comm. 2022. 24. P. 1989-2001.
DOI:10.1039/D1CE01721G

6. Roth M., Tseitlin M., Angert N. Composi-
tion-dependent electro-optic and nonlinear

1




HEOPTAHIYHA XIMIfi

11.

12

E®EKT NosABA AHOMAJIbHUX BJIACTUBOCTEIA METAJIOOKCUHUX KAPKACHUX CMOJIYK
NPU IXHbOMY JIETYBAHHI B OBJIACTI MAJIOT0 BMICTY NErYH40!1 AOMILLIKK

optical properties of KTP-family crystals. Op-
tical Materials. 2006. 28: P. 71-76.
https://www.sciencedirect.com/science/article/
pii/S0925346705001527

Moniri S., Xiao X. & Shahani, A.]. The mecha-
nism of eutectic modification by trace impuri-
ties. Sci Rep. 2019. 9. P. 3381.
https://doi.org/10.1038/s41598-019-40455-3
A. Kenmu, I Iposc. / Kpucrannorpadws u pe-
ekt B Kprcramwiax / M.: Mup. 1974. 496 c.
Chou C.Y,, Loiland J.A., Lobo R.F. Reverse
Water-Gas Shift Iron Catalyst Derived from
Magnetite. Catalysts. 2019. 9. P. 773.
doi:10.3390/catal9090773
www.mdpi.com/journal/ catalysts

The International XPS Database of XPS Refe-
rence Spectra https://xpsdatabase.net

Briggs D., Seach M.P. Practical Surface Ana-
lysis by Auger and X-ray Photoelectron Spect-
roscopy. Chichester. New York, John Wiley &
Sons Ltd. 1983.

REFERENCES
Shpak A.P, Korduban A.M., Trachevskii V.V,
Slobodyanik N.S. Conservatism of the
KTi,(PO,), : AP* Phosphate Crystal Lattice.
Theoretical and Experimental Chemistry. 2000.
36: 241-253.
https://doi.org/10.1023/A:1005235726939
Bykov 1., Zagorodniy Y., Yurchenko L., Kor-
duban A., Nejezchleb K., Trachevsky V.,
Dimza V., Jastrabik L., Dejneka A. Using the
methods of radiospectroscopy (EPR, NMR)
to study the nature of the defect structure of
solid solutions based on lead zirconate tita-
nate (PZT). IEEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control. 2014.
61(8): 1379-1385.

10.

11.

Sadhasivam S., Manivel P, Jeganathan K., Ja-
yasankar C.K., Rajesh N.P. Bright blue coope-
rative upconversion emission of Yb* from
langbeinite K Ti . Yb , .(PO,), single crystal.
Materials Letters. v. 2017. 188: 399-402.
https://doi.org/10.1016/j.matlet.2016.11.091
Roy A., Healey C.P,, Larm N. E. et al. The Huge
Role of Tiny Impurities in Nanoscale Synthe-
sis. ACS Nanosci. Au. 2024. 4(3): 176-193.
doi: 10.1021/acsnanoscienceau.3c00056
Capellades G., Bonsu J.O., Myerson A.S. Im-
purity incorporationin solution crystalliza-
tion: diagnosis, prevention, andcontrol. Cryst
Eng Comm. 2022. 24: P. 1989-2001.
DOI:10.1039/D1CE01721G

Roth M., Tseitlin M., Angert N. Composi-
tion-dependent electro-optic and nonlinear
optical properties of KTP-family crystals. Op-
tical Materials. 2006. 28: 71-76.
https://www.sciencedirect.com/science/article/
pii/S0925346705001527

Moniri S., Xiao X. &Shahani, A.]J. The mecha-
nism of eutectic modification by trace impuri-
ties. Sci Rep. 2019.9: P. 3381.
https://doi.org/10.1038/s41598-019-40455-3
Kelli A., Grovs G. Kristallografija i defekty v
kristallah. M.: Mir 1974. 496 p.

Chou C.Y,, Loiland J.A., Lobo R.F. Reverse
Water-Gas Shift Iron Catalyst Derived from
Magnetite. Catalysts. 2019. 9: 773.
do0i:10.3390/catal9090773
www.mdpi.com/journal/catalysts

The International XPS Database of XPS Refe-
rence Spectra https://xpsdatabase.net

Briggs D., Seach M.P. Practical Surface Ana-
lysis by Auger and X-ray Photoelectron Spect-
roscopy. Chichester. New York, John Wiley &
Sons Ltd.: 1983.

CrarTa Haginra 15.01.2025.

ISSN 2708-129X. YKp. XiM. XypH., 2025



VK 544.725.2+547.326 doi: 10.33609/2708-129X.91.7.2025.13-34

MEMBPAHW 3 NONIMOJIOYHOI KUCNOTKW, OTPUMAHI METOZ10M

3D-APYKY, AJi1e BUITYHEHHA LIHHUX | TOKCU4YHUX
KOMIOHEHTIB 13 BOAHUX PO341HIB

I1. Iini Ilepeiipa’, 1. Ilaxona Ioncansec’, I0. C. [J3a3vK0*?,
/1. K. A. Monina', K. Mosep Ilapaiico’, P. bepzamacko’

!epycasnuti ynisepcumem Mapinrsa, as. Konomb6o 5790, Mapinsa,

Hapana, 87020-900, bpasunis;

’[Hcmumym 3azanvroi ma Heopeaniunoi ximii im. B. I. Bepnadcvkozo HAH Ykpainu,
npocn. Axao. Ilannadina, 32/34, Kuie 03141, Yxkpaina

*e-mail: dzyazko@gmail.com

3D-1pyK H0O3BOJISIE BUTOTOB/IATY MeMOpaHu Oynb-skol GpopMu Ta po3MipiB 3a BuMora-
MM CIIOXXVBaYiB. Y po6OTi BUCBIT/IEHO IPOOIEMY HOCTII>KEeHHS PO3/iIIOBUX BIaCTUBOCTEN
¢inprpaniitHux MeMOpaH, fAKi, Ha BifMiHy Bix BifOMMX, OTpMMaHO B OfHY cTajilo. YopHu-
noMm i 3D-npuHTepa cryryBasa nNomiMono4Ha KiucnoTa (momninakrug, [T7IA), a Takox 1i cy-
MilI i3 TOPOYTBOPIOBAYEM — LIYKPO3010. /I JPYKY 3aCTOCOBYBa/IM METOJ, ITOIIAPOBOTO Ha-
IUTaBIeHHA. MeMOpaHu CKIafiamics 3 TPbOX IIapiB, @ KOXKeH IIap — i3 mapajenbHUX CMYXKOK,
IIVPVHY SIKUX BUSHAYa/IN JjiaMeTpoM cornta ekcrpygepa (0.4 mm). Ilopu, siki 3abesnedyrorsb
¢inprparito, MOXyTb OyTU po3TallIOBaHi Ha CTUKAX CMY>XOK. MeMOpaH) MPaKTUYHO MOB-
HICTIO 3aTPUMYIOTb MAaKpOMOJIEKy/Iu 61dadoro cuposarkoBoro anpdyminy (BCA). Posmip
HOp OLiHeHO AK 6—17 HM, iHIIMMU c/10BaMM, MeMOpaHM BiTHOCATD IO YIbTpadinbTparii-
HUX. MeMOpaHM 3aCTOCOBAHO /ISl KOHI[EHTPYBAaHHA MO eHOIiB 3 eKCTPAKTY alleJIbCUHO-
BUX LIKipOK Ta BIUIYYeHHs KaTiOHHOTO Ta aHIOHHOTO OApBHMKIB (METV/IEHOBOTO CHHBOTO
Ta peaKTVBHOTO YOPHOTO 5 BiAMOBiHO) i3 BOZHMX po3unHiB. BcTaHOB/IEHO, 1110 HaitbibIIa
CeJIeKTUBHICTb MeMOpaH peanidyerbcs 3a TUCKY 0.5 (momidenonn, 90-98%), 1.5 (anioHHMIT
6apBHUK, 90-96 %) Ta 2.5 aT™ (kaTioHHMIT 6apBHUK, 83—-87%). OiNbTpyBaHHA MPU3BOLUTD
Iio leKomopu3allii crabko3abapBIeHNX po34MHiB. SHaIIEHO, 1[0 MeMOpaHa, OTpUMaHa i3 cy-
mimni IUTA Ta mopoyTBopioBada, XapakTepu3yeTbcs OiIbIIO0 IIPOXYKTUBHICTIO, CEJIEKTB-
HICTIO Ta CTIVIKICTIO 1O OpraHiYHMX 3a0py/HEHb, HXK MeMOpaHa 3 4ICTOro mojimepy. 3po6-
JIEHO IIPUITYIIeHH, 10 BiIMiHHICTh MIXK ITOBE/IiHKOIO MeMOpaH 3YMOBJIEHA 0COOMMBOCTAMM
tepmopecTpykuii IVIA mip gac pyKy, sikmit BinOyBaerbcs 3a 210 °C.

Kimrouosi cnoBa: ynerpadinbrpanis, 3D-gpyK, MeTop IOMApOBOro HAIlIAaB/ICHHS, MOJi-
denonu, 6apBHUKY, METUIEHOBMIT CVHIN, PEaKTUBHMIT YOPHUI 5, TeKOIOpU3allis BOAM.

13




®I3NYHA XIMIS

MEMBPAHW 3 NOMIMOJIOYHOT KUCTIOTH, OTPUMAHI METOIOM 3D-APYKY, ANS BUNYYEHHS LIIHHUX

| TOKCU4HUX KOMMOHEHTIB I3 BOAHNX PO34UHIB

BCTYII. Mertop 3D-apyky 6Oyno BuHaiize-
HO y 1981 p. anoHcbkuM BuennM H. Kodama,
KU po3poOUB MPUCTPIiil IJIA MOLUIAPOBOTO
dbopMyBaHHS KOPCTKUX BUPO6iB i3 poTomo-
TiMEPHMX CMOJ 3a JOIOMOrow Y®-3acpiuy-
BaHHA [13]. 3rogom 3D-fpyk moyamm BUKO-
PUCTOBYBAaT! [/ BUIOTOB/IEHHA pi3HOMA-
HiTHMX BUPOOIB meBHOI popmm Ta po3mipis,
HeoOXifHNX croXuBady. BiH He MOB’A3aHUI
3 BUKOPUCTAHHAM PEareHTiB, MPaKTUYHO He
CYIIPOBOMKYETbCA BUJiIEHHAM TOKCUYHUX
PeYOBMH 1 yTBOpPeHHAM Bigxofis. I[Hmmmu
CJIOBaMM, 1€Vl METO]] € EKOJIOTIYHO YMCTUM [4].
3 niel npuyyHM DonuUT Ha 3D-ApyK MOCTIHO
301/IbIIYETbCS, 30KpeMa J1 3aBJAKU Peryysp-
HOMY 3HVDKEHHIO 1[iH Ha IIPYHTEpPY, BUTPATHI
Marepiay Ta IporpaMHe 3a0e3NedeHH .

Hapasi gpyxoBaHi Bupo6wu, Taxi sk ajicop-
Oentn, ¢porokaramizaTopu, feTami MeMOpaH-
HUX MOJYiB, cIieyicepu i HaBiThb MeMOpaHM
3aCTOCOBYIOTD IT€PEeBa’KHO /I BOJOMiATOTOB-
KJI Ta OUMIIeHH: CTiYHMX Bof [1, 4—6], Hanpu-
KJIaJ, 1S po3pinenss Hadtm i Bogu (7, 8], om-
picHenHs Boau [9, 10], BuiaeHHA TOKCUYHUX
HEOpraHiYHMX 10HIB Ta OpraHiYHMX 3a0pyn-
HeHb [11-13]. Ilpomecn, B AKMX BUKOPUCTO-
BYIOTb JPYKOBaHi Marepiaiy, BK/IHOYAOTh
MeMOpaHHy gucTwiALio [14], rasopospinen-
HA [15], enekrpomeMOpaHHe po3pineHHs (3a
y4acTio aHiOHOOOMiHHOI [16], kaTioHOOOMIH-
Hoi [17] abo mo3aiunoi membpanu [18]), a Ta-
KO remojianis [19].

Cepen MetoniB 3D-npyKy ocobnuBe Micle
3aliMa€e MOJEeMIOBAaHHA IIOIIAPOBOTO HaIl/IaB-
nenHs (fused deposition modeling, FDM),
KW JO3BO/IAE OTPUMYBATH BUPOOU CKIafi-
Hoi ¢opmu [1-4]. Bupobu cTBOpOIOTHCA
HACTYIHUM YMHOM: MOJe/b IepelaeTbcs [0
IporpaMHOro 3abesnedeHHsa 3D-mpuHTepa,
IporpaMa aBTOMAaTMYHO pPO3PaXOBYE Kijlb-
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KiCTh BUTpAaTHUX MaTepialiB Ta 4ac Gopmy-
BaHH: BUpoOY. [Tepen 3arrycKoM IpyKy MOZIe/Ib
aBTOMATUYHO HOJi/IsIE BUPiO Ha TOPM3OHTAIb-
Hi IIapy Ta pO3paxoBye LUIAXY NepeMillleHHA
IPYKyBa/lIbHOI rOMiBKY (eKCTpygepa i3 commom
Ha KiHni). Crpiuka monmiMepy HOFA€TbCA [0
eKCTPY/Ziepa, 1J0 HaTrPiBa€ThCsA, EKCTPYAEP IO-
IIApOBO YK/IaJa€ PO3IUIABIEHUN IIO/IiMEP Ha
wiaTgopmi y MHeBHiNl MOCTIZOBHOCTI 3TifHO
3D-mopeni. PosnnaBnennit Marepian 0xonop-
Ky€eTbcsA Ta TBepAiHe. Koy 1miap HajpyKoBaHo,
Ha HbOTO HaIl/IaBJIA€TbCA HOBUIL. Take momra-
pOBe HaIUIaBJIeHHS BiOYBa€TbCA [OTHU, IIOKU
BUpi6 He Oy/e HaZIPYKOBAHO ITOBHICTIO.

Io wveponikiB 3D-apyky BigHOCATD medex-
TV TIOBEPXHi BUPOOIB — 6OPO3eHKN y MicIiax
KOHTAKTYy CTpPidoK mnosimepy. IIpore npu npy-
ni ¢inpTpaniiaux MeMOpaH TpPaHCIOPTHI
IIOPY MOXYTb PO3TAIIOBYBATUCA CaMe y LIMX
Oopo3eHKax. BuxopAuym 3 VX NpUITYIIEHb,
OTpMMaHO MeMOpaHy 3 yIbTpadinbTpalitam-
Mmu BractuBocTAMM [20]. Takum unHOM, IOPU
dbopMyI0ThCs Ge3nocepeHbO IIij] Yac BUTOTOB-
JIeHHsI MeMOpaH! 3a MiiBUIIEeHO] TeMIIepaTry-
pu. 3a aHAJIOTIYHMX YMOB YTBOPIOIOTHCA IOPY
py BUpOoO/IeHHI MeMOpaH 3 aHOZHO-OKCUJIO-
BaHOTO0 /TIIOMiHi0 (posirpiBaHH: BifOyBaeThCs
Oe3nocepeHbO Y AaHOAYBaHHI MeTany [21])
abo mpu TepMOKapOOHi3allii OpraHiYHMX BMU-
COKOMOJIEKY/ISIPHUX CIIONYK, IIONIEPENHbO BBe-
JIeHUX [0 TIOp KepaMiyHux MeMOpaH [22-24].
[IpykoBaHy MeMOpaHy 3acTOCOBaHO /I Ile-
pepoONIeHHA BigXOfiB Xap4oBOi IPOMICIIO-
BOCTi, aHa/IOTiYHO HeopraHiuHum [25, 26] Ta
HoMiMep-HeopraHiuHuM MeMOpaHam [27-29],
MozndikoBaHUM OKuCIeHuM rpaderom [25,
26] Ta 10rO0 KOMIIO3UTaMM 3 TifpaTOBaHUMMU
OKcupaMy 6araToBajieHTHUX MeTasliB [26—28].

[Ipore Ha BimMminy Bim [21-28], memOpa-
Hy [20] oTpumano B opHy cragio. Ile Bigpis-
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Hse€ il TakoX i Bim JpykoBaHux Qinbrpariii-
HUX MeMOpaH, CII0coOM BUTOTOBJIEHHS SIKMX
posraHyTo y [8, 9, 13, 30]. Tak, meTomom
3D-gpyky BupoOmeHO TOHKI monmimepHi [9]
abo rpadenosi [30] mmiBKy, sIKi HAHOCATH Ha
MaKpOIIOPUCTI MifKIagKM, IIONIEPEIHbO OfEP-
>KaHi KOHBEHIITHUMM MeTOIaMM. [HIIMM 1IifI-
XOJIOM € JIPYK MaKPOIIOPUCTUX IiIK/Ta 0K JJI
ynbTpadinbprpaniitHol MeMOpaH, KO AKOI Kpi-
NNUTHCA MOMIMEPHNI aKTUBHUM 1Iap, OTPUMA-
HUil TpaguuiitauM criocobom [8, 13]. Takum
YMHOM, JOPYKYETbCA NMIIE OSVUH KOMIIOHEHT
MeMbOpaHu, a Impoleaypa il BUTOTOBJIEHHS
BKIIOYae 3 CTajil: BUPOOIEHHS TMiAKIaIKu,
aKTMBHOTO LIAPYy Ta IXHBOTO 3 €JHAHHA.

Ins orpumanusa mem6pann [20] 3acroco-
BYBa/lM MOMIMOIOYHY KMUCIOTY (TOMiaKTuz,
ITTA) — marepias, AKuil IIMPOKO BUKOPUCTO-
ByIoTb i1 3D-mpyky. MoHOoMmep (MONOUHY
KUCTIOTY) IJIS CMHTE3y IIOJIIMepy Ofep)KYIOTh
i3 BiTHOB/IIOBAHOI CMPOBMHM POCIMHHOTO I10-
XOIDKEHHA: MOIMIVPEHNM METOOM € 36pOIXKy-
BaHHA CyMilli LIYKPYy-NICKy Ta rigponisary
KPOXMAJIl0 3a NPUCYTHOCTI CONMOJOBUX Ia-
poctkiB [31]. PospobnsoTe depmeHTaTUBHI
[32] abo mikpo6Hi [33, 34] MeTopu ToniMepu-
3allii 6e3 3aCTOCYBaHHS OPTaHiYHUX PO3YMH-
HyKiB. IlopiBHAHO 3 iHIIMMM IONiMepamu,
ITVIA mpakTM4HO He BUJiNAE TOKCUYHI pedo-
BuHM mifi 9ac 3D-apyky [35]. Takum umHOM,
BCi crafil BUrorosneHHs Bupob6is i3 IIJIA —
Bil MOHOMEpIB i nomnimepis o 3D-gpyky — y
Mai0yTHbOMY MOXXHA BiTHECTV IO €KOJIOTid-
HO 4ncTux (MMOBipHO, JyXe CKOpo 6yme Ko-
Mepllia/li30BaHO «3€JIeHi» MeTOAM IIOIiMepu-
3a1iii MOJTOYHOI KMCIOTH).

Oxpim IUJIA, pns BupoOneHHs MeMOpaHM
[20] 3acTOCOBYBaMM HOPOYTBOPIOUNIT aT€HT —
LIYKpO3y, IpOTe Marepiany, OTpMMaHi 3a II
Bi[ICYTHOCTI, 3a/IMIIMIACA HEeNOCTiPKEHNMMU.

https://ucj.org.ua

Mera 1i€l poOOTM — BCTAHOBJIEHHS BIUIMBY
IIOPOYTBOPIOBaYa Ha PO3Ji/I0BI BIACTMBOCTI
MeMOpaH. [I/11 IIbOro NpoBefeHO MOPiBHAMD-
HIII aHa/li3 3pasKiB, OJjep>KaHMX i3 IIOPOYTBO-
proBayeM Ta 6e3 Hboro. Po3yiinosi BracTuBOCTI
OLIiHIOBA/IN 33 NMPOJAYKTUBHICTIO Ta CENIEKTVUB-
HicTI0O MeMOpaH Ipu QinbTPyBaHHI po34NHiB
6inka-kaniopanTy (6M4a4oro CupOBATKOBOTO
anpOyminy, BCA), eKCTpakTy amenbCUHOBUX
IIKipOK (KOHLIEHTPYBaHHA MOMi(eHOomiB), a
TaKOXX PO3YMHIB OApPBHMKIB — METM/IEHOBOTO
CUHBOTO (KaTiOHHOTO) Ta PeaKTMBHOTO YOp-
Horo 5 (amionHoro). YacTuHa KOMIIOHEHTIB
eKCTPAKTy 3HAXOAUTBbCA y KomoigHiin ¢opmi
(20, 36], a 6apBHMKM — TiNBKYU Yy BUIVIAAL ic-
TUHHOTO PO3YNHY.

I3 mpakTU4YHOI TOYKY 30pY, BUOIp pOC/INH-
HOTO €KCTPaKTy fAK IpeaMeTy HOCIIiKeHH:
3yMOBJICHO IOTPe60I0 pO3pOOIeHHs Hepyil-
HiBHOTO MeTOJy KOHIIEHTPYBaHHs 0i0aKTVB-
HUX CIONYK — TMoMieHONiB, AKMil He Hepes-
Oauae 3HauHi BUTpaTy peareHtiB. Came TOMy
6apomeMOpaHHe pO3[i/IeHHS LIMPOKO BUKO-
PUCTOBYIOTD /ISl BUTYYEeHHA IIUX LIIHHUX KOM-
IIOHEHTIB i3 POCIMHHMX eKCTpakTiB [37, 38].
bapBHMKY IOTpaNIAIOTh Y JOBKI/IIA 31 CTIYHM-
MM BOJIJaMJ TTaII€POBOI, TEKCTUIbHOI, Xap40BOIl
IIPOMIC/IOBOCT] TOIIIO, @ TAKOX 31 CTOKaMM BU-
pobunuTBa Ta dacyBaHHA meCTUUMAIB. [xHiil
HeraTUBHMI BIUIMB Ha BOJHI €KOCUCTEMM Ta
3MOPOB s Mofielt po3rAHyTO Y [39] (TiasnHOBI
6apHukM) Ta [40, 41] (a306apBHMKM).

EKCIIEPMUMEHT TA OBI'OBOPEHHA
PE3YJIPTATIB. Mamepianu. Sk yopHuno ana
3D-npuHTEepa BUKOPUCTOBYBAIM IOPOIIOK
IUTA Bupo6uuntsa Zhejiang Flashforge 3D
Technology Co. Ltd (KHP). Llykposy, BCA,
OapBHMKM Ta peareHTV /I BU3HAYEHHS IO-
nidenoni (ramoBy kmcmoty, peareHT Dori-
Ha — Yokanbro, PochaTHO-compoBmit Oydep
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ta Na,CO, 3akynoBysanu y kommnanii Merck.
B ycix Bumajsikax BMiCT OCHOBHUX KOMIIOHEH-
TiB cTaHoBMB >98% (ACS grade), mo Binmosi-
[la€ peakTMBaM K/acy 4.j.a). Bimxonu Bupo6-
HMI[TBA aIebCMHOBOTO COKY (wIKipku) Oymo
HaflaHo KoMmmaHierw Prats (bpasutis).

lpyx membpar. MeTopuKy MiATOTOBKM
noniMepy ta Apyky IIJIA mMemOpaH HaBemeHO
y [20]. Crucno: pucnepcuuit nomimep (50 r)
3MimryBanm 3 1ykpo3soro (10 r), moTiM o cymi-
Wi lofaBaay JBOKOMIIOHEHTHMII PO3YMHHUK
(100 Mt arfeTony Ta 50 M1 xmopodopmy). Pos-
4YyH BUTpuUMyBaau 3a 65 °C npotarom 90 xs.
[I0 IIOBHOTO BUIIAPOBYBaHH:A piguHu. Tsep-
AU 3aTIMIIOK MOAPIOHIOBAIM Ta MPOITyCKaIu
qyepe3 eKCTPYAep i TAKMM YMHOM OTPUMYBAJIN
cTpiuku. CTpiuKM ofiep>KyBany TaKOX i3 4M-
ctoro nopouky ITJIA.

N\

Ctpiuka nonimepy

ExcTpynep

Conno

/

MNnardpopma

Puc. 1. 3D-gpyk MeTOZOM MOfEIIOBaHHSA IO-
IITAPOBOTO HAIUIAB/ICHHA

Fig. 1. 3D-printing using the method of fused
deposition modeling.

[Iporotun Membpanu Oyno po3pobieHoO
3a moromorow Autodesk Fusion 360© (2020
Auto-desk Inc). Mopenp ckmapanacsi 3 Tpu-
1IApOBOI LMIIHAPUYHOI KOHCTPYKIII 1A 3a-
Oe3revyeHHsI MEXaHIYHOI MIIJHOCTI MEMOpaHu.

16

[i gpyxyBanu 3a Temmeparypu cormma ekcTpy-
mepa 210 °C (itoro giametp — 0.4 MM); TemIIe-
parypa miargopmy, fe Bifoysanocs popmy-
BaHHA MeMOpaHu, cranoBmna 60 °C. Cxemy
3D-npyKy HaBenieHO Ha puc. 1.

[ITo6 3abe3neunTu rIageHbKi kpai MmemoOpa-
HU, I KOXKHOTO ii IIapy CIIOYaTKy ApPyKyBa-
71V 30BHIIIHIN KOHTYP, @ BCEPEVHI KOHTYPY —
npAMi cMyru 6e3 iHTepBaTy Mi>K HUMM (B -
KicTb IpyKy cranoBmia 30 mm-c'). CMmyrnu Ha-
CTYIIHOTO LIapy Oy/I0 OPiEHTOBAHO Iifi KYTOM
90° mo cmyr momepegHboro (puc. 2). Meron
MO/I€/IIOBAHHA IIOIIAPOBOI0 HaIlJIaBJIEHHA 3a-
Oe3redye HasABHICTb KAHABOK Ha CTUKY CYCifI-
HiX CMYT, CaMe B IJIX KaHaBKaX MOXXYTb PO3Ta-
LIOBYBATUCA HACKPi3HI ITOPU.

Mem6paHa

lwap

Il wap
30BHILWWHI KOHTYP

Puc. 2. 3D-gpykoBana MeMbpaHa
Fig. 2. 3D-printed membrane.

Mem6paHy, oTpuMaHy 6e3 IIOPOyTBOPIO-
Baya, MapKyBau «I1JIA», a 3 mopoyTBOpIoBa-
yeM — «IIJIA-C». [TonepegHsa mifroTroBka MeM-
OpaH BK/IIOYa/a NPOMMBAHHS E€TAHOIOM Ta
BOAOI0 Yy Moayni (muB. Hibkde) mpu 0.5 aTm.
Enmroar aHanisyBammu creKTpogoTOMeTpUYHNIM
MeTOfoM Ipu JoBXuHi xBuai 200-500 HM i3
BUKOPUCTaHHAM criekTpodoromerpa UV-1800
(Shimadzu, fnonis). BixgcyTHicTh mornuuan-
HA y Liif 061acTi CBigumiIo mpo noBHe BUMM-
BaHHA IIYKpO3M 3 IIOp MeMOpaH, OCKi/IbKU
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MPOAYKTU II Kapamei3aliil Ta TepMojerpaja-
1[ii € pO3YMHHMMY Y BKa3aHUX piguHax. [[na
aHaTi3y (isnKo-XiMiYHMMM MeTOffaMM 3pasKu

uu BCA (1 r-1!), METMIEHOBOIrO CUHBOIO
Ta PeaKTMBHOrO 4opHOro 5 (tabm. 1), KOH-
[IeHTpalliss KOXXHOrO OapBHMKA CTaHOBMIIA

MeMOpaH IonepefHbO MOAPiOHIOBAIIL.
CEM-300pa>keHHsI OTPUMYBa/IN 3a JIOIO-

1 mxmonb-1'. CTpyKTYpHi popmynu 6apBHU-
KiB Ta fedAKi IXHI XapaKTepUCTUKY, 30KpeMa

Mmoror Mikpockory SEM-Quanta FEG-250
cxmi(SEM Quanta 250 FEI, Higepmanpn). Kyt
3MOYyBaHHA BUMiproBany romiomerpom OCA
15 PLUS (DataPhysics, Himewyunna). Tpu kpa-
Il JIeiOHI30BaHOI BOAY HAHOCWIM Ha pPisHi
JISTHKY TIOBEPXHI MeMOpaHM 3a JOIOMOTOIO
MiKpoummnpua. BusHadanm cepenHe sHa4eHHA
KYyTiB 3MOYyBaHHA.

Posuunu. [1ns GinbTpyBaHHA BUKOPUCTO-
BYBa/Iil JieiOHI30BaHy BOAY, a TaKOXX PO3YM-

TOBXXMHY XBU /1A POTOMETPUIHOTO BM3HA-
JyeHHs, HaBefleHo y Tabn. 1. BCA BusHauamm
3 Kymacci fjiamantoBuM cuHiM G-250 y doc-
datHoMy 6ydepi (pH 7.4) mpu foBxxuHi XBuIi

595 um [42].

Konip po3unuiB B opyHuuAx XaseHa BU-
3Ha4Ya/M 3a IUIATMHOBO-KOOAJIbTOBOKO IIIKa-
JIOI0 CHEKTPOMOTOMETPUYHMM METOJIOM IIPU

410 um [43].

Tabm. 1
XapaKTepucTuku 6apBHUKIB Table 1.
Characteristics of dyes.
ITapamerp MeTnieHoBMII CHHIN PeaxTmBHMIT YOpHMIT 5
= Z
S . /,o
HyC Jij[ D\ cH, Na™ Of'sb 0 0 Nat
N s N ~\_% 0
| cr | s N=N SQo
CH; CH3 0
CrpykrypHa = O
¢dbopmyna HoN Q
e 0
S N=N __S*
Na+ 0-:_- ro_/_o °© 0- Na+
g °
Monekynapna maca | 320 992
Posmip moneky, am | 1.7x0.8x0.3 2.9x0.8x0.7
doromeTpuyHe
BM3HAYEHHA: 664 601
TOBXXMHA XBUJIi, HM

BopHmit eKCTpakT amenbCMHOBUX IIKIpOK
roryBa/m 3rigHo [20]. Koporko: micis Bucy-
IIyBaHHA MIKipOK, IXHBOTO IOAPIOHEHHS Ta
IIPOCiIOBaHHA OTPUMMAHOIO IOPOIIKY, IIO/i-
(deHOMm eKcTparyBasy B YIbTPa3BYKOBill BaH-

https://ucj.org.ua

Hi Ultracleaner 1650 (Unique, Bpasumnis) 3a
40 xI1y i 60 °C. CriBBifHOIIEHHA Mac TBepAOI
pedoBuHN i pigyan cranosuio 1:100. Crig 3a-
3HAYUTY, IO caMe Py IIbOMY CIIiBBiJHOIIEH-
Hi 1:100 eKcTpaklisd 3aBepIIYETbCA NMPOTATOM
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1-2 xB. [44], wo miHimisye XiMiuHe nepeTBO-
peHH:A nomieHOB 3a MifIBUIIEHOI TeMIlepa-
Typu [45]. ITotim cymim neHTpudyrysam mpu
8000 06/xB mpotsirom 20 XB. i PpinbTpyBamu A
BUIQJIEHHS BENMMKNX YaCTMHOK [46]. ExcTpakT
36epiramu 3a -20 °C. Bmict nomicenorniB aHari-
3yBa/mu CeKTpodOoTOMeTpUYHO Ipy 750 HM i3
BUKOPUCTAaHHAM peareHTy DostiHa - Yokanbro,
ISl IPUTOTYBAHHHA Ka/lTiOpyBa/JbHOTO pO34N-
HY 3aCTOCOBYBAJ/IM Ta/IOBY KICIIOTY [47].

Qinvmpysanns. IloTik nepmeary, J, pospa-
XOBYBaJI! 332 GOPMYIIOL0:

gt
dt A

me V — KyMynATUBHMII 00’eM mepmeary, t —
qac, A — edexTuBHa mroma MeMopann. [lorik
BM3HAYa/IM I/ CTalliOHapHOTo CTaHy. Bigpasy
nicns GinbTpyBaHHA BOAM MeMOpaHY 3BaXKy-
Ba/IM Ta BU3HA4a/1IM 1i IOPUCTICTD, €, 3a [OIIO-
MOTON HACTYITHOTO PiBHAHHSA:

(1)

m, —m
E=—,

PV
Jie m,, Ta M — Macu BOJIOTOI Ta CyXoi MeM6pa-
HU BifnoBifHO, V. — 06’e€M BoO/Oroi MmeM6pa-
HI, a p — TyCTUHA BOJIN.

[lepen dinbrpyBanHAM posunHiB BCA,
0apBHUKIB a00 eKCTpaKTiB 4epe3 MeMOpaHy
IPOITyCKa/M BOMY, BU3HAYA/IN TOTIK [, MOTIM
BM3Ha4Ya/My IIOTIK IlepMeary ]2, Hicasa 1IbOTo
3HOBY IIPOIIYCKa/IM BOJY i BUSHAYA/IN MOTIK /.
Koedinient BigHOBNIeHHA motoky, KBII pos-
paxoByBau 5K [48]:

J;

KBIT =2 % 100% . (3)
J,

Koedinient snmkenna noroky, K3II Bu-
3HaYaJIM 3TiTHO:

K3H=(1—£Jx100% ,

1

(2)

(4)
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3BopoTHe, R, Ta He3BOpOTHe, R , 3a6pyn-
HEHHA OIIiHIOBA/N 33 POpPMyIaMIuL:

R. = KBIT—(100%—K3II) ;
R, =100%—KBII ;
K3l =R +R,

(5)
(6)
(7)

[licna BU3HAYeHHA TOTOKY ], MeMOpaHy
IIOC/IilOBHO NTPOMMBAJIV PO3YMHOM KUCIOTH,
€TaHOJIOM Ta BOJOI0.

CenekTuBHICTP MeMOpaH pO3paxoBYBaJIN
3a Gpopmyoro:

Q= % x100% (8)
ne C, — BuxijjHa KoH1leHTpalis, C — KOHL[EHT-
paliis mepmeary.

Xapaxmepucmuku membpar. CEM-306pa-
eHHs1 MeMOpann [IJIA HaBemeHO Ha puc. 3a.
[i nmupoBa cTOpOHA JOCUTH IMajieHbKA: pe-
nbed yTBOpeHMIT ClTabKo BUpPAKEHMMMU IIa-
paeIbHUMM «JOMMHaMu» Ta maropbamm. Ha
IIOBEPXHi CIIOCTEPIraEMO BY3bKi PO3LIMPEHi
00pO3HM — iXHs IIMPKMHA HOCITa€E 34 MKM.
BupHo rmmboKy moBry 60po3eHKy, sKa Bifjio-
BifJa€ CMyraM, CTBOPEHMM COIUIOM €KCTpYfie-
pa. Came y wiit o6macTi MOXyTb OyTHU JIOKa-
7Mi30BaHi mMopM, fAKi 3a06e3NedyoTb pO3JiIOBY
3[aTHICTb MeMOpaH.

Ha puc. 3 6 HaBefieHO 300pa)KeHHA 3/1aMy
MeM6paHu. BuHo, 1o ii 30BHILIHSA CTOpOHA
sABJIs€ co0010 MinbHMIT map. I1ix uym mokpur-
TAM NPUCYTHIN NOPUCTUI LIap, 1O CKIaja-
€TbCs 3 MOiMepHMX OnokiB. Bin mae 3abes-
nevyyBaTy 3HaYHMiI MNOTiK mnepmeary. Crif
MiIKPECINTH, 10 MOKPUTTA, SIKE CIYTYE PO3-
IiOBUM 6ap’€poM, YTBOPIOETHCS CIIOHTAHHO
Iif} 9ac IPYKY.
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Puc. 3. CEM-306pakeHHsI 30BHIIIHBOI IIOBepXHi (a) Ta posnomy (6) [TJIA membpaHu
Fig. 3. SEM image of the outer surface (a) and fracture (b) of the PLA membrane.

XapakTepucTuKy MeMOpaH HaBefeHO Y
Tabn. 2. Beegennsa nopoyTtsoproBada o IIVTA
IPU3BOAUTD IO [IeAKOT0 301/IbIIeHHS IIOPUCTO-
cTi. BogHodac BiH cnpuumHA€E 11 fieAKe IOCK-
JIeHHS TiipodiNnbHOCTI TOBEpXHi MeMOpaH.

Tabn. 2
XapakTepucTuku MmeMOpaH
Table 2.
Membrane characteristics.
[TapameTp IUIA ITTA-C*
ToBuHa, MM 0.39 0.40
HiameTp, MM 46
Po6oua mwromia, cm? 9.08
Iopuctictb 0.44 0.48
Kyt smouyBanHs, rpag |75 69
3arpumyroya 3JaTHICTh |69 69
(cut-off), x[Ta
*Tani [20]

MoxkHa mepepn6aunTy, IO IPUYNHOIO
BIUIMBY IIOpPOYTBOpIOBaya Ha TrifpodinbHi
B/IACTUBOCTI MeMOpaH € 0COOMMBOCTI YaCTKO-
Boi TepmopecTpykuii ITJTA, sixa BinOyBaeTbcs
Il 9ac SPYKYy 3a IiJBUIEHOI TeMIIepaTypu.
3a IMX YMOB OCHOBHi M€XaHi3MM JJeCTPYKIIil
BK/IIOYAIOTh PaH/IOMHI pO3PMBM JIAHIJIOTIB Ta

https://ucj.org.ua

TpaHceTepudikamnito (puc. 4) [49]. Y pesynb-
TaTi paHZOMHOTO PO3PUBY JIAaHLIIOTIB YTBOPIO-
10Tbcsl —COOH rpynu Ha KiHLISIX JTaHIJIOTIB, a
TpaHceTepudikalis npusBoguTh K0 Gopmy-
BaHH:A KiHILIEBUX CIMPTOBUX I'PYII Ta 3,6-iMe-
Tin-1,4-piokcan-2,5-fiony (TakTuay).
Llykpo3a MO>Xe yTBOPIOBATY BOJJHEBI 3B’513-
ku 3 IIJIA, sMeHIIy04M THYYKICTb IOJIiMep-
HIX JIAaHLIOTiB. BHacmigok nporo Tepmope-
CTPYKIif BifibyBaeTbCcA MepeBa>kKHO 3a MeXa-
Hi3MOM IXHbBOT'O PaH[JOMHOIO PO3PUBY, a Tifi-
podinbHicTs MemOpaHn 36inbiryerbes. IIpore
Ile NPUIYIIEHHA BMMAra€ eKCIepMMEHTalb-
HOTO HiITBEPIKEHHS, 1110 CTAHOBUATD IIPEJMET
NoJaIbIINX AoctimpKeHb. [IpoTe mna tepmo-
00po6ieHOro 1ojiMepy BCTAHOB/IEHO HasiB-
HICTb ITOBEpXHEBOTO 3apsfy Yy CMabKOKMCIIii
Ta HeNTPasbHiil 00/1acTi, AKUIT 3yMOBIEHUI
caMe HAsIBHICTIO KiHI[eBUX KapOOKCMIbHUX
rpyn [50]. ITpomykTn kapamenisarii Ta Tep-
MOJIECTPYKIIl LIYKPO3) BUJANAIOTLCA 3 IIOP
MeMOpaHu IIpu 11 ToIepeHbOMY IPOMUBAHHI.
[TigTBEpI KEHHAM LIbOTO CIYTYIOTh JjaHi CIIeK-
TpOOTOMETPUYHOIO aHaJi3y emoary (muB.
BIIIE), @ TaKOX ifeHTU4HicTh [Y-crekTpiB
IUTA Ta IUTA-C (ui criekTpyu MaioTh BUIJIAL,
anasoriyamit [50] i ToMy Ix He HaBeIeHO).
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Qinvmpysanus 600u ma pozuuny BCA.
Ha BigMiHy Big ioHOOOMiHHMX MarepiamiB
[51-53], IVIA He 3MiHIOE 00’e€M Y BOfi, 110
CBiuMTb Ipo BifcyTHiCTh HabyxauHs. Puc. 5
imocTpye 3aNMeXHICTh KyMyIATUBHOTO 00’€-
My IepMeary Bif dacy ¢inbrpyBaHHA fei-
oHisoBanoi Bogu npu 0.5 arMm. QinpTpania
CIIOYATKY CIIOBI/IbHIOETHCA, A MOTIM Ii IIBUJI-
KiCTb CTa€ IOCTiNHOI0. [HmMMMM cjIoBaMmu,
sanexHicte V=f(t) € ninirnHomw, mo cBigunTh

HSC a

\,.
‘%"TKK
CH,

CH,
. o
o
)

IIpO JJOCATHEHH:A CTallioHapHOro crany. Llei
CTaH BCTaHOBIIOETbCA 3a 10 XB. y Bumag-
Ky MeHII mopuctoi mem6panu ITJIA Ta 3a
15 xB. 1 6inbin mopuctoro 3paska IVIA-C.
3MeHIIeHHA OTOKY BOAM Ha IOYATKy (inb-
Tpauii BifIOBiZae YIIiIbHEHHI0O MeMOpaHu.
Ina nonicynbdoHOBUX, TOieTepcynbdoHO-
BUX Ta mOJiBiHinmigeHPTOpUEHUX MeMOpaH
IIOTIK BOAY IIpU YIIiIbHEHHI 3MEHIIYETbCA
y =10 pasis [54].

0 CHy H
O
| 0
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o]
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HO—Ann 4 o) on
CH, =
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Puc. 4. Mexaniam tepmopectpykuii [T/IA: paHfzoMHi po3puBM JaHIIOTB ()
Ta TpaHceTepudikauis (6) (aganroBaHo 3 [49])

Fig. 4. The mechanisn of PLA thermodestruction: random scission of the chain (a),
transetherification (b) ( adapted from [49]).

Y cranioHapHOMY CTaHi ApyKoBaHi MeMO-
PaHM JEMOHCTPYIOTb 3MEHIIEHHA IIOTOKY
Bozxu B 1.7 (IUTA) ta 1.3 pasu (IUTA-C) no-
PIBHAHO 3 IIOYaTKOBUM 3HAYEHHAM, SAKUINI
Bigmosifae =0 (tabn. 3). OTpumani pesynb-
TaTU CBi[4aTh MPO KOPCTKICTh MeMOpaH, sKa
CIIpUYMHAE iXHIO CTifiKicTh 0 Aedopmarii
iz fiero TucKy. Lle cBigunTh Tpo MOK/IMBICTD
3acTocyBaHHA 3D-ApyKy 1A BUTOTOB/IEHHHA
MeMOpaH He JIIIe JIs IVIOCKOPAMHUX MOZY-
B, a 1 s TPyO4YacTux i cripanbHUX, SKUM
B/IACTUBA 6i/IbIlIa TPOXYKTUBHICTD.

20

[Ipu dinvrpyBanHi posunny BCA mBua-
KiCTb TPAHCIIOPTY IlepMeary 3ajyInanacs 1o-
cTiitHOM0 y 4aci ynpoposx 30 xB (guB. puc. 5),
IpOTe MOTiK OYB MEHIINMM, HDK Ipu ¢inbT-
pyBaHHi umcTtoi Bomm (mmB. Tabm. 3). s
memOpannu IIJIA-C 3HaiifeHo 6inpumit mapa-
MeTp KBII ta menunit — K3II, nopiBHAHO 3i
3paskoMm ITJIA. binbur Toro, cniBBifjHOIIEHHA
HeoOOpPOTHOrO Ta 0OOPOTHOrO 3a0pyAHEHDb
(BigmoBimHO 3a0pymHEHb, aKyMYIbOBAaHUX
y mopax Ta Ha 30BHILIHI/I IOBEPXHi) CTaHO-
Buth ~2 (ITJIA-C) ta 6 (ITA). Takum umHOM,
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MeMOpaHa, OTpUMaHa 3 IOPOYTBOPIOBAYEM,
[IeMOHCTPYE MEHIIY CXWIBHICTb O 3a0pyn-
HeHb. [liiicHo, moBepxHa 3paska I[IJIA-C e
6inp1 rigpodinpHOIO (AMB. TAOI. 2).

BpaxoByroum  3aTpumyndy — 3IaTHICTH
MeM6paH (cut-oft), edpexTuBHMI fiamMeTp mOP
MO>KHa IpUOMM3HO OULiHUTK 3a (opMynio
[55]:

dipy =0.156 M" | 9)

ne d , — niameTp mop, Axkuit 3abesnedye 100%
CeNIeKTUBHICTD (Y HAIIOMY BUIIAJKY BeNIMHA
¢ € mewjo MeHIIOKW), M — MOJEKy/IsIpHA Maca
(Ha). Bupas (9) nae ~6 uM st 060X MeMOpaH.

e I[UIA-C,H,0
4} o IUIAH0

v [UIA-C, BCA

A TUIA, BCA

V, cM
(§]

L, XB

Puc. 5. Kymynatuumit o6’eM mepmeary sk
¢yHK1iA yacy ¢inbTpyBaHHA BOgy ab0 pO3UMHY
BCA npu 0.5 atm

Fig. 5. Cumulative permeate volume as a func-
tion of time of the filtration of water and BSA solu-
tion at 0.5 bar.

Tako>k MO>KHa BUKOPVICTOBYBATY PiBHAHHS
Deppi [56]:
2 4
] _ dparticle . ( 1 0)

pore

d pariic
¢:]_2 I— ‘particle

pore
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Tyrd,, .. — PO3MIP JOMIHYIOUIX YACTHHOK

(rigpopyHaMiYHMII [jiaMeTp MaKpOMOJIEKYIT

BCA craHoButTh 7 HM), d - piameTp mop.
pore

2
I dparticle

Axmo =k, OTpUMY€EMO KBaJIpaTHe

pore
PIBHAHHA:

p=1-2k+k. (11)

Pimenns piBusanusa (11) mae posmip mop
15 (ITTA-C) Ta 17 (IUTA) um. OTxKe, 11 Be-
JIMYMHA 3HAXOIUTHCA B IHTEpBasli, BKa3aHOMY
y Tabm. 3.

DinempysanHs POCIUHHO20 eKCMPaxKmy.
EKCTpaKT 3 amenbcMHOBUX WIKIPOK 3a3BMYAL
MicTuTh Taki nomideHONbHI CIOMYKY, 5K ra-
JIOBY KUCJIOTY, FeCIIepUIMH, HAPUHTIH, HApMH-
TeHiH, HApUPYTUH, €PiOUUTPUH, TaHXEPETUH
[36]. 3a BUHATKOM TajioBOI KMCIOTH, BKa3aHi
CIIOJIYKM IIOTAaHO PO3YMHAIOTHCA Y XOJIOHHIN
BOJii — IXHA PO3YMHHICTb CTAHOBUTDb JECATKA
a6o cotHi mr-n. [TouyarkoBuil BMicT momide-
HomiB cranoBuB 0.33 r-1'. Okpim nomideno-
B, eKCTPAKT MIiCTUTDh NeKTMHM (Y XOTOAHIN
BOIi HoOpe pO3UMHAIOTHCA JIMIIE BUCOKO-
eTepudikoBaHi NEKTVHM), a TAKOK He3HA4-
HY KifbKicTb OifKiB Ta mimigiB (kapoTmHOiN
BUMAJIAIOTBCA IPU IPUTOTYBAHHI €KCTPAKTY).
Bxasani pe4oBMHUM yTBOPIOIOTH KOJIOIIHMIA
PO34lH, PO3Mip JOMiHYIOUMX YaCTMHOK CTa-
HOBUTH 26, 373 ta 1685 ™ [20]. OTxe, npu-
YMHOK iXHBOI 3aTPUMKM MeMOpaHaMu Mae
Oy Ty po3mipHmit ehexT.

Puc. 6 imocTpye 3aneXXHICTh KyMyIATUBHO-
ro o0’eMy nepmeary Bif 4acy (TMCK CTaHOBUB
2 at™ [y1a 3anobiraHHA 3a0pyfHeHb MeMOpaH;
¢inprpyBanuA 3aiiicHoBam 3a 11+1 °C). Y But-
nanky Mmem6panu [TVTA-C mBuakicts inbrpy-
BAaHHA IPAKTVYHO He 3MiHIOBAIacs YIPOJOBX
3 rop, — 3a/eXHICTb V — { € IPpAMOIHINHOW.
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Hasnaxu, gy mem6panu [T/IA ¢inprpyBanHs
3 4acOM YIOBiIbHIOETbCA — KBasicTalioHap-
HUM CTaH JOCATAETbCA Yepes 1.5 rog.

Tabi. 3
[TapameTpu GinbTpyBaHHs BOAY Ta PO3UM-
ny BCA nipn 0.5 at™
Table 3.
Parameters of filtration of water and BSA
solution at 0.5 bar.

ITapametp Posunn |IUIA-C |ITIA
J, m-m*rog! 11.88 3.62
(=0) Yucra

J, m-mrog! BOMA 9.33 2.18
(crauioHapHuMit

CTaH)

], mm*rop! 3.89 0.39
K3I1, % 58 82

¢, % 98 92
KBII, % bCA 60 30
R, % 18 12
R, % 40 70
Posmip nmop, HM 6-15 6-17

Sk BupHO 3 Tabm 4, membpana IIIA-C
XapaKTepU3yeTbCs OITBIIO NPOAYKTUBHIC-
TIO Ta BUIOI CEIEKTUBHICTIO NOPiBHAHO 3
MeMOpaHOI0, OTPUMAHOIO 32 BifICYTHOCTI Io-
poyTtBoproBada. [l 060X MeMOpaH HaiiBuIIa
CeIeKTUBHICTDb 10 MosideHONiB peaisyeTbes
3a HalHwK4oro tmcky (0.5 aTm); mopanblie
3POCTAaHHA TUCKY IPU3BOAUTD /IO IOTipIIEH-
H CEJIEKTUBHOCTI, BOYEBU/Ib, 32 PAXyHOK aKy-
MYJIIOBaHHSA INOieHONiB y IpuMeMOpaHHO-
My IIapi PO34YMHY 3i CTOPOHM KOHILIEHTPATY.
ITig BOIMBOM KOHLIEHTPALIIHOTO TPAJi€HTYy
nonieHONM MIirpyioTh 10 IepMeary.

22

L, XB

Puc. 6. Kymynatusemit o6’eM mnepemeary
AK QYHKIiA 4acy ¢inmbTpyBaHHA pPOCTMHHOTO
eKCTPaKTy IIpu 2 aTM

Fig. 6. Cumulative permeate volume as a func-
tion of time of the filtration of plant extract at 2 bar.

ITpu 0.5 atm Mmem6pana [TJIA-C npakTuaHo
MIOBHICTIO 3aTpuMye nomideHomn, sSki 3Haxo-
IATHCA B €KCTPAKTI SIK Y PO3YMHHOMY, TaK i y
HEPO3YMHHOMY BUIAzL. Ile Mo)XxHa IOACHUTI
SIK arperanji€ro po3YMHHUX HOmideHoniB mif
BIUIMBOM TUCKY, TaK i IXHIM OCa/pKEeHHAM Ha
IOBEpXHiI MeMOpaHM Ta y Iopax 3a paxyHOK
apgcop6buii. [lificHo, MeMOpaHU eMOHCTPYIOTH
sIK 000pOTHE, Tak i HEOOOPOTHE 3a0PyTHEHHS.

Bapro Takox 3asHaumMTH, IO MeMOpaHa
[IJTA-C xapakTepusyeTbcsl OUIBLIOI CTiiiKi-
CTIO 10 3a0py/iHEeHb, PO IO CBigYaTh Oinbiri
BermmayHy KBII Ta menmi — K3I1. IIpn 0.5 atm.
I MeMOpaH 3HaliJleHO OJJHAKOBi CIiBBiTHO-
ueHHsA R /R, a ipu 6inblIoMy TUCKY 1ie CIIiB-
BigHOWeHHs il MeMOpanu IIJIA € HaBiTh
memo MeHmuM. OTKe, Oi/IbIIA CeIEKTUBHICTD
3paska IIJIA-C moxe O6yTu 3yMOBJIeHa [lello
MEHIIMM po3MipoM ii nmop. JloHaHiBCbKe BU-
K/IIOYEHHS € MOX/IMBUM TiIIbKM IS TaZOBOL
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KUCTIOTH, AKa MICTUTb KapOOKCWIbHY Tpy-
Iy, MUCOLIIOBaHy y HEMTPaJbHOMY PO3YMHI.
IonHi ¢popmu iHIMX CHONYK iCHYIOTD /e y
JTy>)KHOMY CepeloBMUIIi, Ie AMCOLIIITh de-
HonmpHi rpynu. Ilpore mnpm inbrpysanHi
HeTpaIbHUX PO34YMHIB OapBHMKIB JOHHA-
HiBCbKUI BUHATOK € MOXX/IMBUM, OCKIZIbKM 32
I[VIX YMOB BOHM 3HaXOISAThCA B i0OHHIN GopMi.
e nuTaHHA pOSINAHYTO HaIi.

Tab6. 4
[TapameTpu inbTpyBaHHA POCIMHHOTO
eKCTPaKTy

Table 4.
Parameters of filtration of plant extract.
[TapameTp IUTIA-C ITA
Tuck, atm 0.5
¢, % 98 90
], m-m*rom! 1.8 0.3
KBII, % 50 36
K311, % 68 87
R, % 18 23
R, % 50 64
Tuck, atm 2
¢, % 60 45
], mm*rom! 2.3 0.6
KBII, % 35 24
K3II, % 75 90
R, % 10 14
R, % 65 76
*IMani [20]

Qinvmpysanns bapeHukie. Ha Bigminy
Bifl POCIMHHOTO eKCTPaKTy, po3unMHyu Oaps-
HUKIiB ¢inprpyBamu 3a 25+1 °C. Sk BugHO 3
puc. 7, MakCUMajbHa CeJIeKTMBHICTb MeMO-
paH peani3yeTbcA IpU TUCKY 2.5 aTM (MeTH-

https://ucj.org.ua

JIEHOBMII CMHIN) Ta 1.5 aT™ (peaKTUBHUII YOP-
HUi 5). 30i/IbllIeHHsT CeJIEKTUBHOCTI B iHTEp-
Bami 0.5-1.5 aT™M (peakTMBHUII YOpHUIL 5) Ta
1.5-2.5 at™ (MeTMIeHOBUII CUHII1), IMOBipHO,
IIOB’sI3aHO 3 aKyMY/IIOBaHHAM OapBHUKIB Y
npyMeMOpPaHHOMY IIapi pO34MHYy BHACTiOK
KOHI[eHTpal[iiiHol monsapusanii. Tuck, sAxuii
BifIIOBifmae HaMOIIbIIIN CeNEKTUBHOCTI MEMO-
PaH, 3MEHIIYETbCA Y MOCTiJOBHOCTL: MeTHIE-
HOBUJI CUHIN > peaKTUBHUI YOPHUM 5 > IIO-
nipenom. TakuM 4MHOM, MaKCUMajIbHe 3Ha-
YeHHA ¢) IOCATAETbCA 33 HANMHIDKYOTO TUCKY
y BUIIAJKy KOJIOIJHOTO PO3YMHY POCINHHO-
ro excrpakry. IlopiBHIOOUM CENEKTUBHICTD
MaTepialiB [0 CIIONYK Pi3HOI MOJIEKY/ISAPHOI
Macy, 3asHa4yMMo, 110 MeMOpaHM HalKpaiie
3aTPUMYIOTh METU/IEHOBMII CUHI 3a BUIO-
O TUCKY, HDK peaKTUBHMIT YOpHMIL 5 (po3mip
MOJIEKY/I METVJIEHOBOTO CHHBOTO € MEHIIVM).
Bapro Takox migkpecmuTy, mo OGapBHUKM
3HIDKYIOTD IIOTIiK IlepMeaTy NOPiBHAHO 3 4NC-
T010 Bogoo (K3IT>0, Tab. 5).

3pobumo Temep [esKi KibKiCHi OLiHKM
3TiZTHO MO TifpOAMHAMIYHOTO OIIOPY NPH-
MeMOpPaHHOTO APy PO34MHY 31 CTOPOHY KOH-
nenrpaty [57]. IligBuinennit BmicT 6apBHMKA
6ing moBepxHi MeMOpaHM 3yMOBIIIOE OCMO-
TUYHUI TUCK, 7T 3 OOKy IepMeary, IO IpK-
3BOZIUTD JI0 3HVDKEHHS IBUAKOCTI dinbTpariii.
Y npomy BUNafiKy ClipaBe/IBUM € PiBHAHHA:

AP AP-7
R R,

me AP — Tuck, y — fuHaMivyHa B’S3KiCTb PO3-

4YUHY, R — cymapHuUil rifpogyHaMiyHui OIip

MeMOpaH! Ta IPUIIOBEPXHEBOTO LIAPY PO3YM-

Hy, R — omip MmeM6panu y uncTiii Bopi. Takum

YMHOM:
R

J, (12)

(13)
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3Bigku 3a piBHAHHAM Bant-Todda moxHa
BUpPaxyBaTy KOHIIEHTpalil0 6apBHMKA y IpU-
MeMOpaHHOMY I1api posunny, C::

7 =RTC, . (14)

[Ipn ¢inbrpyBaHHi pO3YMHY MeTWUIEHO-
BOTO CHMHBOTO OCMOTMYHMII TUCK CTaHOBUTH
~90% Bif BemmumHuM AP a y BuUIIafKy peak-
TUBHOTO YOpHOTO 5 — <50 % (cmip 3a3Haum-
TH, 110 BEIMYMHA OCMOTUYHOIO TUCKY MOXe
OyTM MEHINOI BHACIIIOK TOTO, IO peaTbHO
Be/IMYMHA R BK/IIOYAE i1 omip aficopboBaHmX
peuoByH). KoHneHTpamis » 6apBHUKIB Oifs
TIOBepXHi MeMOpaHM y KilbKa IeCATKIB TUCAY
pasiB nepeBuye IXHill BMIiCT B 06°€Mi po3un-
HY, III0 MO>KE 3yMOB/IIOBATY BUIIaIaHHA OCaTYy.

100 T . :
801 —&— [JIA-C, peakTuBHUI YOPHHIA 5
° —O— I1JIA, METHJIEHOBHI CHHI#
=
60 1
40 : : :
0 1 2 3 4

AP, atmM

Puc. 7. ®inprpyBaHHs GapBHUKIB: CeJIeKTUB-
HicTb MeMOpaH K QYHKIIif TUCKY

Fig. 7. Dye filtration: membrane selectivity as a
function of pressure.

TakuM 4MHOM, IpU KOHI[EHTPALliiiHiil 10-
nApusalil TOBLIMHA ;u/[(bysHo'i YaCTUHU BHY-
TPIIIHBOIIOPOBMUX TOJBIHUX €IeKTPUUYHUX
mapiB Habmmwkaerocs 1o 1 HM. Bapro 6pa-
TU O yBary TaKO)X TOBIIVHY IXHbOI IIi/IbHOI
CK/MazioBoi (=1 HM), a TaKOX afcopO1tito 6aps-
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HMKIB Ha CTiHKaX IIOpP, CBIJYEHHAM YOIO € He-
o6oporHe 3abpynHeHH: (quB. Tabs. 5). HaBith
3a YMOB aficop61iii MOHOLIAPY CTijJi BPaxoBY-
BaTY TAKOX TipaTHI 000IOHKM TOBEPXHEBIX
dyukuionanpanx rpyn —COOH Ta cammx
ajicopboBaHMX OAPBHUKIB 31 CTOPOHU CTiHOK
nop. BpaxoByro4n onjiHeHniT HaMu pajiyc mop
(3-7.5 um pmna ITJIA-C ta 3-8.5 mua ITJIA),
IepeKpUBAaHHA BHYTPIIIHbOIIOPOBUX IOBII-
HUX €JIEKTPUYHUX LIAPIB BUIMIALAE LIJIKOM
peanbHUM. Y BUIIAJKY, KON Y LIEHTPi IIOp 3a-
NMIIAETHCA HETIEPEKPUTA [iIAHKA, Ha 3aTPUM-
Ky OapBHUKIB MOXKe BIUIMBATU 71 CTEPUYHMIT
dakTop, ajpKe TOBXIHA MOJIEKY/T 3HAXOAUTb-
cs y HaHofama3oHi (auB. Ta6m. 1).

Ak 1 ocMoTMyHMIT THCK, amcopOuia 3y-
MOBJIIOE 3MEHIIEHHA IIOTOKY IlepMeary Ipu
¢inbTpyBaHHI OapBHMKIB IOPIBHSAHO 3 4M-
CTOI BOJOK. B ocramHbOMy BUNAZKy IIpo-
nyktuBHicTb MeM6bpanu IIJIA-C pocsrae
9.33 n m?atm! pm 0.5 at™ (11 Xxapakrepuc-
TUKA, HANpUKIah, i moji(amin-imMigHux)
ynbTpadinpTpaniiiHux MeMOpaH CTaHOBUTD
Big 12 nm-m*arm™ mpm 1 atm [58]). IIpore 3a
a”ajiorivHux ymoB (0.5 aTrM) IOTik Iepmea-
Ty Ipy (iNbTPyBaHHI pO3YNMHY PeaKTMBHOIO
YOPHOTO 5 OIliHEHO sIK 7.82 n-M2-aTM ™.

Heo6xigHO TakoX MigKpecnmnTy, o y BU-
1aJJKy METU/IEHOBOTO CMHbOI'O CIIiBBiJHOIIEH-
HS1 000pPOTHOTO Ta HEOOOPOTHOTO 3a0PY/HEHD
craHoButh ~1:2 (IUTA-C) ta 1:3 (IIJTA), a
peakTuBHOro 4yopuoro 5 — 1:1 (ITVIA-C) Ta
1:2 (IUTA) (muB. Tabn. 5). [HmmuMu cnosamu,
MeMOpaHa, OTpMMaHa 3a IPUCYTHOCTI IO-
POYTBOpIOBaYa, MEHII CXVM/IbHA JJO AaKYMY/IIO-
BaHHs OapBHUKIB y mopax. MembpaHu, mno-
BepXHA AKUX 3apsA[yKeHa HeraTuBHO, Oi/bIn
CU/IBHO 3a0pYHIOIOTHCS KaTiOHHMM OapBHU-
KOM, HDK aHIOHHMM, IO IOACHIOETbCA 3aps-
IOBUM e(peKTOM.
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Tabm. 5

OnTuManbhi napameTpu QinbTpyBaHHS

OapBHUKIB

Table 5.

Optimal parameters of dye filtration.

ITapamerp

ITJIA-C

IUIA

Metunenosuit cusiit (39 on. XaseHa), ¢pinbrpy-

BaHHA IIpK 2.5 aT™M

Sk cBimyarp maHi Tabnm. 5, mepmear sBJSAE
cobor0 6e3bapBHY pifiuHy, ajpke caMe TaK
CIIpUIIMAE JIIOLCHKE OKO PO3YNMHU, KOJIIP AKUX
MeHIIU, HixXK 25 on. Xa3eHa.

BMCHOBKI. IpyxoBani IVIA-mem6panu,
OTPMMaHi B OJJHY CTaJil0 METOJOM IIOLIapO-
BOT'O HaIlIABJIEHHA, MO)KHA BUKOPUCTOBYBATH
AK Qinprpaniiai marepianu. Tak, iXHsA mpo-
OYKTUBHICTD 3a YMCTOIO BOZIOK0 flocATae 2—9 11

¢, % 87 63 m2arm! pu 0.5 atM. MeMOpaHM 3aTpUMYIOTh
Konip, o, Xasena |5 14 makpomonekymu bCA, nonidpenomn pocnmu-
HOTO eKCTPAKTy Ta CMHTeTW4Hi 6apBHMKM. B

Jp nom” o 39.6 324 OCTaHHBOMY BUIIA[IKY 3aTPMMKa MOXK/IMBA 3a
R, M 3.0x10% 3.7x10" PaxyHOK 5K CTEPUYHOrO, TaK i 3aps/oBOro
7T, aT™ 221 2.5 ¢dakropa. 3pasok, orpumanmit i3 cymimi ITJTA
C. mmonbor! 89 91 Ta MOPOYTBOPIOBaYa, € 6i/bI rifpodinbamM,
- BiH JIEMOHCTpPYy€E BUINY IPOAYKTUBHICTD, ce-
KBIL % 65 35 JIEKTUBHICTb Ta CTiNKiCTh 1O 3a0py/nHEeHb
K3IIL, % 51 60 HOPIiBHAHO 3 MeMOpPaHOI, BUTOTOB/ICHON 3
R, % 16 15 gycToro moniMepy. VIMOBipHO, 1ie TOB’A3aHO
R % 35 45 3 pi3HMMM MeXaHi3MaMM YacTKOBOI TepMoO-

ir

PeaxtuBHuit vopuuii 5 (34 ox. Xasena), pinbrpy-

BaHHA npu 1.5 atmM

HDEeCTPYKIl, SKa Bi,[[6YBa€TbCH 3a MigBUIIEHO1L
TeMIlepaTypu Mifi 4ac fApyky. IIpore excme-
PpUMEHTa/IbHE MiJTBEPIYKEHHS LbOTO IPUILY-

¢, % 96 90 IIIeHHS € TeMOIO TIOJAIbIINX TOCTiPKEHD.

Komnip, ox. Xasena |4 7

J M ron 26 15 +— Po60oTy BMKOHAHO B paMKax HpPOEK-

l; B - " ST?/; Ty «Development of membranes of
M 2.3x10 4.06x10 poly(lactic acid) PLA produced in 3D

7, aTM 1.27 1.33 printer and application for the removal

C, mmomb-! 51 54 of emerging contaminants», axwuit ¢i-

KBIL % 65 47 HaHCyeTbcsa poHgoM Araucaria (Bpa-

3WIisA).

K3II, % 67 75 )

R, % 32 22

R, % 35 53

ir
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I
3D-PRINTED POLYLACTIC ACID MEMBRANES

FOR REMOVING VALUABLE AND TOXIC
COMPONENTS FROM AQUEOUS SOLUTIONS.

P. Pini Pereira’, 1. Pacola Gongalves',
Y.S. Dzyazko? L.C.A. Molina', C. Moser
Paraiso’, R. Bergamasco®

!State University of Maringa, Av. Colombo,
5790, Maringa, Parana” 87020—900, Brazil;
*V.I.Vernadskii Institute of General and
Inorganic Chemistry of the National Academy
of Sciences of Ukraine, 32/34, Academic
Palladin ave., Kyiv 03141, Ukraine

*e-mail dzyazko@gmail.com

3D printing allows one the production of
membranes of any shape and size according to
consumer requirements. The work solves the
problem of studying the separation proper-
ties of filtration membranes, which, unlike the
known ones, were obtained via one stage. Poly-
lactic acid (polylactide, PLA) and its mixture
with a pore former — sucrose served as the ink
for the 3D printer. The fused deposition mo-
delling technique was used for printing. The
membranes imcluded three layers, and each
layer consisted of parallel strips, the width of
which was determined by the diameter of the
extruder nozzle (0.4 mm). The pores that pro-
vide filtration can be located at the joints of the
strips. The membranes almost completely re-
tain bovine serum albumin (BSA) macromole-
cules. The pore size is estimated to be 6-17 nm,
in other words, the membranes show ultrafilt-
ration properties. The membranes were used
to concentrate polyphenols from an extract of
orange peels and to recovery cationic and anio-
nic dyes (methylene blue and reactive black 5,

26

respectively) from aqueous solutions. It was
found that the highest selectivity of the mem-
branes is realized at a pressure of 0.5 (polyphe-
nols, 90-98%), 1.5 (anionic dye, 90-96%) and
2.5 bar (cationic dye, 83—87%). Filtration leads
to decolorization of weakly colored solutions.
It was found that the membrane obtained from
a mixture of PLA and a pore former is charac-
terized by higher productivity, selectivity, and
resistance against organic contaminants than
a membrane made of pure polymer. It is as-
sumed that the difference between the behav-
iour of the membranes is due to the peculiari-
ties of the thermal destruction of PLA during
printing, which occurs at 200

Keywords: ultrafiltration, 3D printing,
fused deposition modelling, polyphenols,
dyes, methylene blue, reactive black 5, water
decolorization.
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Fluorine-containing heterocycles play a crucial role in the pharmaceutical, agrochemical, and
materials industries. The pursuit of effective and sustainable synthesis methods has driven
the development of mechanochemistry as a solvent-free, energy-efficient alternative to con-
ventional chemical transformations. Among these approaches, ball milling has emerged as a
particularly promising technique for facilitating chemical reactions. This review covers key
achievements over the past decade in the mechanochemical synthesis of fluorinated hetero-
cyclic compounds for bimolecular, trimolecular, and tetramolecular reactions as well as trans-
formations classified as peripheral functionalization of the heterocyclic framework. This work
serves as a valuable resource for researchers and practitioners seeking to develop sustainable
and efficient catalytic systems for fluorinated heterocyclic synthesis.
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mistry, Ball Milling, Green Chemistry, Sustainable Synthesis.
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INTRODUCTION. Mechanochemistry, a
subdiscipline of chemistry, instigates chemi-
cal transformations initiated by the direct
application of mechanical energy in contrast
to conventional thermal, photochemical, or
electrochemical activation. These reactions
are typically induced through techniques such
as grinding, milling, and the exertion of me-
chanical force to instigate molecular transfor-
mations. Particularly effective in solid-state
chemistry, mechanochemical forces can over-
come activation energies by disrupting crystal
lattices, breaking bonds, and enhancing reac-
tant contact, frequently enabling solvent-free
reactions and aligning with green chemistry
principles. The unique activation mechanisms
of mechanochemistry are finding growing uti-
lity in materials science, pharmaceuticals, and
catalysis providing sustainable alternatives to
traditional synthetic methodologies [1-7].

Ball milling, an innovative mechanochemi-
cal strategy in organic synthesis, involves the
high-energy grinding of reactants within a ro-
tating reactor, typically a cylindrical chamber
charged with milling media such as ceramic,
steel, or zirconia spheres, which provides the
mechanical energy required for bond activa-
tion. Reaction progression is efficiently de-
livered through impact and frictional forces
generated by the movement of the milling me-
dia, instigating molecular transformations. By
significantly reducing or eliminating the use of
hazardous organic solvents, ball milling offers
enhanced substrate reactivity as the application
of mechanical force effectively activates reac-
tant molecules, often facilitating transforma-
tions that exhibit sluggish kinetics or require
harsh conditions in traditional solution-phase
methodologies. This can unlock unique reac-
tion pathways, enabling challenging transfor-
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mations such as carbon-carbon bond forma-
tion, oxidation reactions, and the selective func-
tionalization of heterocyclic compounds with
potentially enhanced regioselectivity [8-15].

Scaling up mechanochemical processes,
particularly ball milling techniques, from la-
boratory to industrial settings presents several
challenges. Reactor design must ensure uni-
form energy distribution and effective mix-
ing across larger volumes, a task complicated
by the risk of uneven reactions and increased
equipment wear at industrial scales. Addi-
tionally, mechanochemical systems lack the
precise monitoring and control mechanisms
found in solution-phase reactions, making it
more difficult to regulate key parameters such
as temperature, pressure, and reaction kine-
tics—especially in larger setups. Consequently,
optimizing reaction conditions requires meti-
culous experimentation and refinement. Given
these complexities, synthetically useful data
reported in the literature serve as invaluable
resources for practitioners seeking to advance
mechanochemical methodologies [16-20].

As part of our expertise in modern pharma-
ceutical development [21-25], particularly in
fluorine-containing drugs [26-31] and those
derived from tailor-made amino acids [32-37],
we continuously explore and assess innovative
synthetic methodologies [38-42]. Given that
heterocyclic compounds and amino acids form
the structural foundation of over 85% and 35%
of modern pharmaceutical drugs, respectively,
we place special emphasis on advancements in
these synthetic domains [43-52]. Heterocyclic
compounds, in particular, serve as fundamen-
tal building blocks in medicinal chemistry with
their broad biological activity and exceptional
structural versatility making them indispen-
sable for rational drug design [53-56].
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As previously noted, mechanochemistry is
an emerging research field with significant syn-
thetic potential. In this review, we summarize
the data published over the past decade on the
mechanochemical synthesis of fluorine-con-
taining heterocyclic compounds under ball
milling conditions. The content is organized
based on the number of reacting species cover-
ing bi-, tri-, and tetramolecular reactions with
a final section dedicated to examples classified
as peripheral functionalization of the hetero-
cyclic framework. We believe this compilation
will serve as a valuable resource and inspiration
for researchers and practitioners in the fields
of synthetic and medicinal chemistry as well as
those interested in sustainable methodologies.
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Z HoN N
NMe, + | ‘N
Y
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Bimolecular reactions.

The synthesis of trifluoromethyl derivatives
of 7-phenylpyrazolo[1,5-a]pyrimidine 3 is
presented in Scheme 1. Using nanosized, pow-
dered magnesium oxide as catalyst, unsatura-
ted amino ketone 1 reacted with 1H-pyrazol-
5-amine 2 under ball milling. For optimized
conditions, the reaction proceeded at relatively
high rates affording the target 7-phenylpyra-
zolo[1,5-a]pyrimidines 3 with excellent chem-
ical yields. This mechanochemical process has
a high degree of generality as 1H-pyrazol-5-
amines 2 can carry various alkyl and aryl sub-
stituents.

R R'I
7\
MgO N,
. @)
BM 30 Hz, ™
40 min
FsC 3

R = Ar, Alk, NHy; Ry = H, Alk, Ar

Scheme 1. Synthesis of trifluoromethyl derivatives of 7-phenylpyrazolo[1,5-a]pyrimidine 3
under ball milling (BM).

It is interesting to note that these structural-
ly new fluorinated 7-phenylpyrazolo[1,5-a]py-
rimidines 3 show promising antibacterial and
anticancer properties [57].

The one-pot, two-step mechanochemical
synthesis of fluorinated pyrazolones 6 and 7 is
illustrated in Scheme 2. Trifluoromethyl-sub-
stituted B-keto ester 4 reacts with phenylhy-
drazines 5 under ball milling in the presence of
NacCl (6 eq.) and acetic acid (0.5 eq.) yielding
trifluoromethylated pyrazolones 6 in yields in
excess of 90% [58]. Furthermore, the authors

https://ucj.org.ua

demonstrated that fluorination of 6 with Se-
lectfluor [59] can also be achieved under me-
chanochemical conditions affording deriva-
tives 7 in yields ranging from 40% to 60% fea-
turing multiple fluorination patterns.

After meticulous optimization, the final
protocol has been successfully applied to the
synthesis of a library of 12 difluorinated pyra-
zolones 7 highlighting the synthetic versatility
of ball milling. Due to their enhanced electro-
philicity, fluorinated 1,3-dicarbonyl compounds
exhibit high reactivity toward nucleophilic
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reagents [60], often posing challenges in con-
trolling reaction selectivity. Consequently, the
development of this mechanochemical proto-

/©/NHNH2
R

O O 5

—_—

40 min

ont NaCl, CH3002H, ,\;/N o BM 30 Hz, '\f/ o
FaC BM 30 Hz, /@//\/\: 60 min
3 4
FsC 6

R = Alk, CF, Hal, F

col marks a significant achievement offering
an efficient and reproducible method for the
preparation of fluorinated pyrazolones 6 and 7.

Selectfluor,
N32C03

—_—

F4C 7

Scheme 2. Synthesis of fluorinated pyrazolones 6 and 7.

Indoles are a crucial scaffold in drug design
due to their versatile biological activity and
ability to interact with various molecular tar-
gets. They are found in numerous natural and
synthetic pharmaceuticals playing key roles in
anticancer, antimicrobial, anti-inflammatory,
and neuroprotective therapies. Their structur-
al adaptability allows medicinal chemists to
modify them for enhanced potency, selectivity,
and bioavailability making them indispensable
in modern drug discovery [61-64]. Numerous
approaches have been developed for the prepa-
ration of variously substituted indole deriva-
tives [65-67], including fluorine-containing
variants [68-71].

Scheme 3 presents a mechanochemical ap-

NHNH,

N Alk
o)
F
8

proach to Fischer indolization under ball mill-
ing conditions [72]. In this method, 1-naph-
thylhydrazine 8 reacts with fluorinated ketone
9 in the presence of oxalic acid and dimethy-
lurea as catalysts together with a trace amount
of acetic acid serving as a liquid-assisted grin-
ding agent. The reaction is conducted in a ball
mill at 30 Hz for two hours at ambient tempe-
rature providing fluoroindoles 10 in excellent
yields of ~90%. Besides fluorine at the para po-
sition, ketones 9 can also accommodate other
halogens and alkyl groups—including ben-
zyl—highlighting the structural versatility of
this mechanochemical approach for the syn-
thesis of indole derivatives relevant to medi-
cinal chemistry studies.

oxalic acid, Alk
dimethylurea HN \
—_—
BM 30 Hz, OO O F
rt.,2h 10

Scheme 3. Synthesis of fluoroindoles 10.
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Quinazolinones exhibit a broad spectrum
of biological activities, including anticancer,
antimicrobial, anti-inflammatory, antihyper-
tensive, and antiviral properties. Their struc-
tural versatility makes them valuable scaffolds
in drug design with many derivatives showing
promising therapeutic effects [73-75]. Benzo-
thiazoles are widely studied for their antitumor,
antibacterial, antifungal, and neuroprotective
properties. They are frequently explored in
medicinal chemistry for their ability to interact
with biological targets making them useful in
Alzheimer’s disease research, anticancer the-
rapies, and antimicrobial drug development
[76-79].

Scheme 4 illustrates a mechanochemical ap-
proach for the synthesis of fluorinated quina-

zolinones 13 and benzothiazoles 15 [80]. In
this process, fluorine-containing a-keto acids
11 react with 2-aminobenzamides 12 under
ball milling at 30 Hz and ambient temperature
for 3 hours. Upon completion, the reaction
mixture is quenched with NaHCO; and the
target fluorinated quinazolinones 13 are puri-
fied either by recrystallization or column chro-
matography yielding products in good-to-ex-
cellent yields of 74-92%. Ball milling has been
successfully scaled to gram quantities, though
extended reaction times of up to 5 hours were
required. Notably, fluorine substitution is
well-tolerated on both starting compounds 11
and 12 enabling the design of quinazolinones
13 with varying degrees and positions of fluo-
rine atoms and trifluoromethyl groups.

R! o
NH R
R R
BM 30 Hz,
oo Talan BN

=
1 R

_—

R
XS —\_R
e — OO
N
R=CF; R'=F CF
° * & sH 14 15

Scheme 4. Synthesis of fluorinated quinazolinones 13 and benzothiazoles 15.

The synthesis of fluorinated benzothiazole
derivatives 15 is carried out under the same
ball milling conditions substituting 2-amino-
thiophenol 14 for 2-aminobenzamides 12. The
reactions proceed in similarly high yields of
80-90% yields providing a convenient and reli-
able route to fluorinated benzothiazoles 15 [82].
Both fluorine and trifluoromethyl groups can
be incorporated into the starting compounds 11
and 12, further highlighting the synthetic versa-
tility of this mechanochemical approach.

https://ucj.org.ua

The benzopyrone class of heterocyclic com-
pounds, including chromones and coumarins,
comprises naturally occurring biologically ac-
tive molecules with diverse pharmacological
properties. These compounds exhibit antioxi-
dant, anti-inflammatory, antimicrobial, anti-
cancer, and neuroprotective activities making
them valuable in drug discovery. Their ability
to regulate enzymatic pathways, oxidative
stress, and inflammatory responses has driven
their exploration for potential treatments of
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neurological disorders, infections, and meta-
bolic diseases [81-83].

Scheme 5 illustrates the mechanochemical
synthesis of fluorinated 3-acylchromones 18
[84]. The reaction of enaminones 16 with fluo-
rine-containing benzoic acids 17 is efficiently

CO,H
NMe, [i:j/

R =F, CF3, OCFy

catalyzed by FeCl; supported on nanocellulose
under ball milling. The process exhibits a re-
latively fast reaction rate reaching completion
within approximately 1.5 hours and in excel-
lent yield.

0O o
BM30Hz
15h | |\
//
60-91% 0 =
18

Scheme 5. Synthesis of fluorine-containing chromones 18.

This mechanochemical approach is straight-
forward and accommodates a wide range of
substitutions on the benzoic acid moiety. Spe-
cifically, one or two fluorine atoms, trifluo-
romethyl, and trifluoromethoxy groups can
be introduced at the ortho, meta, or para posi-
tions within the target chromones 18. Particu-
larly noteworthy are derivatives containing the
trifluoromethoxy group which is commonly
found in the structures of successful pharma-
ceutical drugs and agrochemicals [85, 86].

Scheme 6 presents a compelling example
of the mechanochemical synthesis of fluorina-

NH, CHO
DHERIO
NH, F
19
Fe(lll)

N

o - G

ted 1,2-disubstituted benzimidazole 21 [87].
The reaction of benzene-1,2-diamine 19 with
two equivalents of o-fluorobenzaldehyde 20
is catalyzed by FeCl;-6H,O under ball milling
and involves the oxidation of one aldehyde re-
sidue together with the reduction of the other.
This internal redox process is likely to proceed
via transition state TS 1 featuring a key biomi-
metic 1,3-hydrogen transfer [88]. Fluorinated
benzaldehydes are highly reactive and exhibit
distinct reactivity patterns depending on the
number and position of fluorine atoms on the
aromatic ring [89, 90].

-0
sy

FdHD =

BM 30 Hz,
rt,2h

L TS-1 _

Scheme 6. Synthesis of fluorinated benzimidazole 21.
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Scheme 7 illustrates examples of mechano-
chemical fluorination-cyclization reactions.
The treatment of unsaturated carboxylic acid
22 with fluoroiodane under ball milling leads
to the clean formation of fluorinated dihydro-
furanone 23 in a good yield of 80%. Similarly,
the reaction of aromatic acid 24 under iden-

tical mechanochemical conditions affords the
corresponding benzofuranone 25 with com-
parable efficiency. Notably, both heterocyclic
compounds 23 and 25 incorporate fluorine
substitution at both aromatic and aliphatic po-
sitions, highlighting the versatility of this ap-
proach [91].

O
CO,H
O 24

fluoroiodane
BM 30 Hz

_

Fo
s 4

Scheme 7. Synthesis of fluorinated dihydrofuranone 23 and benzofuranone 25.

Trimolecular reactions.

Fluorine-containing benzaldehydes are
highly reactive compounds widely utilized in
the synthesis of various five-membered he-
terocyclic structures, either as final products
or key intermediates [92, 93]. Benzaldehyde
26, activated by a trifluoromethyl group in
the para position, rapidly reacts with dimethyl
acetylenedicarboxylate 27 and diverse anilines

HoN

CHO  MeO,C
Q + \ ’
Fs;C

CO,Me
26 27

28

28 under ball milling at ambient temperature
yielding highly functionalized pyrrolidinones
29 in 25 minutes and in excellent 80-90%
yields (Scheme 8). The reactions under ball
milling are catalyzed by 1,1’-butylene bis(3-
sulfo-3H-imidazol-1-ium) hydrogen sulfate
(BBSIHSO,), a reusable Bronsted acid ionic
liquid catalyst [94].

MeO,C OH
R —
I\\ BBSIHSO, \ o
_—
Z BM 30 Hz,

r.t., 25 min

R
29 —

Scheme 8. Synthesis of trifluoromethyl-containing pyrrolidinones 29.
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A catalyst-free, solvent-free trimolecular re-
action between fluorobenzaldehyde 30, 6-ami-
nouracil 31, and 2,2-dimethyl-1,3-dioxane-
4,6-dione 32 is performed under ball milling
yielding fluoropyridopyrimidine 33 in excel-
lent yields of 90% [95]. Due to the highly elec-
trophilic nature of the malonic residue in di-
ester 32, it undergoes ring opening followed by

30

H \
31 @)
65-83%

X

X = CH,, NH; Y = CH3, O
Y4\x o)
Y
34

decarboxylation, contributing only two carbon
atoms to the structure of pyridopyrimidine
33. Alternatively, employing more stable di-
amides (e.g., barbituric acid) or 1,3-diketones
(e.g., dimedone), 34 results in a distinct che-
mical transformation enabling the synthesis
of fluorinated tricyclic pyrimidoquinolines 35
(Scheme 9) in high yields of 90-97%.

F

)

-Z
Z
@)

up to 80%

BM
r.t., 30-35 min

Scheme 9. Synthesis of fluorine-containing pyridopyrimidines 33 and pyrimidoquinolines 35.

Ethyl 4,4,4-trifluoro-3-oxobutanoate 36
(Scheme 10) is a highly reactive keto-ester
widely utilized in the synthesis of fluorinated
B-amino acids and their derivatives [96-98].
Under ball milling at ambient temperature,
the trimolecular reaction of keto-ester 36 with

aromatic aldehyde 37 and urea 38 proceeds at
an exceptionally high rate reaching completion
in approximately 10 minutes. The resulting
multicomponent product, dihydropyrimidi-
none 39, is isolated in yields of over 90% [99].

o)
O\\S//
0.0 BM 30 Hz CO,Et
F3C \t‘ // ’ 2
\([)]/\CozEt + ©/S\©\ . j\ 10 min ‘. CFs
HoN™ NH,
CHO _N_ _N.
36 37 38 39 H 7 H
o)

Scheme 10. Synthesis of trifluoromethyl-containing dihydropyrimidinone 39.
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This variant of the Biginelli reaction [100] is
efficiently catalyzed by zeolites. These porous
materials provide both Brensted and Lewis
acid sites, offering key advantages such as high
thermal stability, tunable acidity, and recyc-
lability. Their compatibility with ball milling
conditions further enhances their utility in
sustainable and efficient catalysis.

Scheme 11 demonstrates another applica-
tion of fluoro-aromatic aldehydes. p-fluoro-

o)
F OH
Tl OO o
CHO 41
30 40 O

benzaldehyde 30 undergoes a trimolecular
reaction with 2-hydroxynaphthalene-1,4-di-
one 40 and malononitrile 41 yielding annu-
lated pyran 43. This transformation is per-
formed under ball milling at ambient tem-
perature. A key feature of this reaction is the
catalyst tetraethylammonium (carbamoyl)
benzoate 42, a bifunctional organocatalyst
that efficiently facilitates the process under
ball milling [101].

CONH,
(L e
co, @
O NEt,
BM 30 Hz

Scheme 11. Synthesis of fluorine-containing pyran 43.

Scheme 12 presents a variant of the Biginel-
li-type multicomponent reaction employing
p-fluorobenzaldehyde 30, sulfonimidamides
44, and P-keto esters 45 to efficiently synthe-

F
oy NH
* /S\
CHO R™ "NH,

30 44

Alk
* \H/A\CozEt
o)

size 2,3-dihydro-1,2,6-thiadiazine 1-oxides 46
in high yields [102]. The reaction is carried out
under solvent-free ball milling at ambient tem-
perature using acetic acid as a catalyst.

’ R\S//O
\N/ \\N
CH4CO,H,
=
BM 30 Hz Alk
_ >
. CO,Et
45 46

Scheme 12. Synthesis of fluoro-substituted thiadiazine 46.

Tetramolecular reactions.

Tetramolecular reactions, while syntheti-
cally valuable, are rare. These transformations
resemble a finely tuned orchestra where each
component harmonizes perfectly with all
others. As a result, successfully executing te-
tramolecular reactions evokes a sense of awe,

https://ucj.org.ua

particularly when they proceed with high ef-
ficiency. Accordingly, mechanochemical tetra-
molecular reactions hold both practical and
aesthetic significance in synthetic chemistry.
The mechanochemical synthesis of fluo-
rinated pyranopyrazoles 47 (Scheme 13) was
successfully achieved by ball milling a mixture
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of p-fluorobenzaldehyde 30, malononitrile 41,
B-keto esters 45, and hydrazine hydrate at am-
bient temperature [103, 104]. The key to this

F + NCTCN , Ak i 7
\H/\COzEt + H,N—NH, . NC
CHO 41 o Alk

30

success is a specially designed nanocatalyst,
synthesized using silica/aminoethylpiperazine,
which significantly enhances reaction efficiency.

H,N_ O N
BM,30 Hz 2 | |N\

5-20 min

Scheme 13. Synthesis of fluorinated pyranopyrazoles 47.

Peripheral functionalization of the heterocy-
clic framework.

As emphasized throughout this review,
fluorine-containing carbonyl compounds are
highly valuable synthetic building blocks ex-
hibiting significantly enhanced reactivity com-
pared to their non-fluorinated counterparts
[105-107]. Consequently, their preparation
via mechanochemistry is of particular interest.
Scheme 14 illustrates the synthesis of a-keto
esters 50 under ball milling [108]. The process

N, N
Xy CoAk  + »
| @®N
I F o
48 OF 49
R =F, CF,

BM 30 Hz,
Cul 7h

involves an anaerobic oxidation of aryl diazo
esters 48 with pyridine N-oxide 49 catalyzed
by Cul under ball milling to afford a-keto es-
ters 50. Mechanistic studies highlighted the
role of Cul in forming a copper-carbenoid
intermediate which facilitates the oxygenation
process. The scalability of this method was va-
lidated by gram-scale reactions and its utility
was demonstrated in the synthesis of various
natural product and pharmaceutical interme-

diates.
O)‘\COZAIK + O

Scheme 14. Synthesis of fluorinated a-keto esters 50.

Scheme 15 illustrates the synthesis of in-
doylchalcones 53 under ball milling [109]. The
reaction between fluorine-containing aromatic
ketones 51 and 1-methylindole-3-carboxalde-
hyde 52 was optimized for Claisen-Schmidt
condensation under high-energy ball milling.
The optimal protocol, utilizing KOH as a cata-

44

lyst and ethanol (100 pL) as a liquid-assisted
grinding additive, proceeds efficiently at am-
bient temperature and is completed within
15 minutes. Under these conditions, a series
of indoylchalcones 53 incorporating fluorine
atoms and/or trifluoromethyl groups were
synthesized in yields of 50-92%. Notably, the
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presence of electron-withdrawing trifluorome-
thyl groups significantly enhanced reactivity.
Additionally, ball milling considerably reduced

(@] CHO KOH,
N . [::I:<§ BM 30 Hz,
| r.t., 30 min
G N o
R 51 52
R=F, CF,

reaction time compared to conventional solu-
tion-based approaches, highlighting its effi-
ciency and practicality.

Scheme 15. Synthesis of fluorine-containing indoylchalcones 53.

Scheme 16 presents a synthetically valuable
mechanochemical procedure for the prepa-
ration of sulfonyl quinolines 56 [110]. This
method involves the coupling of haloquino-
lines 54 with sulfonic acids 55 showcasing the
advantages of mechanochemistry over conven-
tional approaches that typically rely on metal
catalysts, solvents, and harsh reaction condi-
tions. Notably, this procedure eliminates the

need for metals, solvents, or additives making
it a more sustainable and eflicient alternative.
Fluorine atoms incorporated into the aroma-
tic sulfonic acid residues, either as fluorine di-
rectly attached to the aromatic ring or as tri-
fluoromethyl groups attached to the aromatic
ring at various positions, further demonstrate
structural diversity and potential applications
of the methodology.

o0
N R BM 20 Hz, o o
[::Iiile . P\\ SOH  rt., 20 min N
- - — 23\
N N) n
54 55 56
Hal = CI, Br, | R=F, CF,

Scheme 16. Synthesis of fluorine-containing sulfonyl quinolines 56.

Aromatic trifluoromethylation is a funda-
mental transformation in fluorine chemistry
widely employed in the synthesis of key build-
ing blocks and bioactive compounds [111-
113]. Accordingly, the development of a me-
chanochemical version of this reaction holds
significant synthetic value. Scheme 17 presents
a notable example of this approach [114] rep-

https://ucj.org.ua

resenting the first instance of using piezoelec-
tricity to generate trifluoromethyl radicals. In
this method, Umemoto reagent 58 [115] and
piezoelectric tetragonal BaTiO; are utilized
in a ball milling trifluoromethylation reac-
tion of indole 57 yielding fluorinated indole
59. Compared to conventional solution-phase
methodologies, this mechano-redox C-H

45
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trifluoromethylation technique offers a more
environmentally sustainable and efficient
route for synthesizing a broad range of tri-
fluoromethylated N-heterocycles and peptides
which serve as essential scaffolds in modern

H OHTf
57 58

F

CF3

drug discovery. This advancement marks a
significant step forward in the application of
mechano-redox systems for pharmaceutical
and biomedical research [114].

BaTiO3,
BM 30 Hz,
1 5h N—cF,
N
\
80% H

59

Scheme 17. Mechanochemical trifluoromethylation of indole 57 to yield fluorinated indole 59.

Scheme 18 illustrates the mechanochemi-
cal synthesis of 2-(trifluoromethyl)quinolines
featuring an aryl-1,2,3-triazole moiety at O-4
in 61 [116]. The reaction is performed under
ball milling in the presence of Cu(Il) [117],
Cu(I), and Cu(0) as catalysts for azide-alkyne

AI'N3

88%

BM 30 Hz,
rt 2h

cycloaddition in the presence of Hiinig’s base
[118]. Notably, this mechanochemical ap-
proach yields significantly higher efficiencies
compared to conventional solution-based
methods [116, 117].

/Y\N/Ar

CoL)

Scheme 18. Mechanochemical azide-alkyne cycloaddition.

CONCLUSIONS. The scalability of mecha-
nochemical methods, particularly ball milling
processes, offers significant potential for in-
dustrial applications but presents key challen-
ges. Their ability to eliminate solvents reduces
environmental impact and costs while aligning
with green chemistry principles. High efficien-
cy and rapid reaction rates further enhance
their appeal, potentially lowering energy de-
mands and shortening processing times. How-
ever, scaling up requires overcoming hurdles

46

such as ensuring uniform energy distribution,
preventing uneven reactions, and mitigating
equipment wear at larger volumes. Mechano-
chemical processes also lack the precise con-
trol mechanisms of solution-based reactions
rendering parameters like temperature and ki-
netics harder to regulate. Most systems still op-
erate in batch mode, limiting throughput com-
pared to continuous processing that is favored
in industry. Additionally, high-energy milling
may degrade sensitive reactants or produce
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unintended by-products, necessitating careful
material selection. To address these challeng-
es, researchers are exploring advanced reactor
designs, real-time monitoring technologies,
and hybrid approaches integrating mechano-
chemistry with techniques like microwave or
ultrasound assistance.

The presented data clearly demonstrates
that fluorine-containing compounds serve
as versatile starting materials for all types of
mechanochemical reactions. Notably, fluori-
nated carbonyl compounds are favored due to
their significantly enhanced reactivity com-
pared to their non-fluorinated counterparts.
In particular, fluorinated aromatic aldehydes
and keto acid derivatives frequently appear
as key starting materials in numerous examp-
les throughout this review, highlighting their
strategic importance in mechanochemical
synthesis.

Given the critical role of fluorinated hetero-
cyclic compounds in the pharmaceutical, agro-
chemical, and materials industries, along with
the benefits of mechanochemical reactions,
research in this field is expected to expand sig-
nificantly.
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DTOpBMICHI reTepoluKIN BiflirpaloTb BU-
pilanbHy ponb y apMarieBTUYHI, arpoxi-
MIYHiil Ta IPOMMICIOBOCTI MaTepiatis. [Tomyk
eQeKTUBHNIX Ta eKOJNOTiYHO CTaluX MeTOfiB
CUHTE3Yy CTUMY/IIOBAB PO3BUTOK MeXaHOXiMil
AK 0e3pO3YMHHUKOBOI Ta eHeproeeKTUBHOI
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aZIbTePHATUBY TPAJULIHUM XIMIYHUM IIe-
perBopeHHAM. CepeJ IMX MiIXOAiB KylIbOBa
M/IHapKa CTajla 0COOMMBO IEePCHEKTUBHOIO
TEXHIKOIO [IA CIPUAHHA XiIMIYHUM peaKLisaM.

Lleit ormsam OXOIIIOE KITIOUOBI TOCATHEHHS
OCTaHHDbOTO IECATUIITTA B MEXaHOXIMIYHOMY
cnHTe3i (PTOpOBaHNX TeTePOLNKIIYHNX CIO-
YK 1A 6IMOJIEKY/IAPHMX, TPUMOJIEKY/LIPHUX
Ta TeTPAMOJIEKY/IAPHUX PeaKIlili, a TAKOX IIe-
peTBOpeHb, KnacudikoBaHUX K nepudepiiiHa
¢dyHKILIOHaTI3allis TeTepOLMKIiYHOrO KapkKa-
cy. Ils poboTa ciyrye LiHHUM pecypcoM s
DOCIIJHUKIB Ta IIPAaKTUKIiB, AKi IpardyTh po3-
pOO6IATH eKOIOoTiYHO CcTayi Ta edeKTUBHi Ka-
TAJITUYHI CHCTEMU /I CMHTe3y pTOpOBaHUX
reTepOLMKIIiB.

KnrouoBi cnoBa: ¢rop, rereporukiivHi
crionykn, ¢propoBaHi (papmaneBTHYHI Ipema-
paTu, MeXaHoXiMifd, Ky/bOoBa M/IMHApPKa, 3eje-
Ha XiMif, €KOJIOTiYHO CTa/INil CUHTES.
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AupekTopa IHCTUTYTY 3aranbHoi Ta HeopraHivyHol Ximii
imeHi B. |. BepHaacbkoro HAH YkpaiHu Ta ronoBHoro pefiaktopa
«YKpaiHCbKOro XiMmi4uHoro XypHany» (1992-2016)

T. A. Mupna

Incmumym 3azanvHoi ma Heopeaniunoi ximii im. B. I. Bepnaocvkoeo HAH Ykpainu,
npocn. Axademixa Ilannadina, 32-34, Kuis 03142, Yxpaina

*e-mail: mirnaya@ionc.kiev.ua

16 mucromaza 2025 p. BunoBHmIocsa 6 90 pokis Ceprio BacuiboBu-
4y Bo/IKOBY — BUIATHOMY BYEHOMY, OKTOPY XiMiuHMX Hayk (1974),
npodecopy (1983), akagemiky Harjionanbaol Akamemii Hayk Ykpai-
HU (1992) i cycninbHol Akazmemil iHKeHepHMX Hayk Ykpainu (1991),
naypeary Jlep>xaBHoi mpemii Ykpainnu (1995 p.), sacmyxeHOMy fiisfqy
Hayky i TexHiku Ykpainm (1998), maypeary npewmiit im. JI. A. Uyrae-
Ba AH CPCP (1976), im. JI. B. ITucapxxecbkoro AH YPCP (1983),
im. A. 1. Bponcbkoro HAH Ykpainu (2001), HaropopykeHoMy OpAeHOM
kHA3:A SpocmaBa Mygporo V c1. (2004), 30m0oTor0 Megammo BIHT
CPCP (1977), 1oBineitHoto Menanio akagemika I. I. Yepusena (1985),

Mepmatio «Betepan npari» (1987) ta inmmmu. HaykoBiit ciiinbHOTI BiH BiffoMmit JoctifKeH-
HAMM B I'aJTy3sX BUCOKOTEMIIEPATypHOI i reTeporeHHo-retrepodasHoi KoopanHaniiHol Ximii

Ta (i3NKO-HeOpraHiyHOI XiMil.

C. B. BonkoB 3akiH4uB MOCKOBCBKUI Xi-
MiKO-TexHomoriyuui incturyr im. II. I. Men-
meneesa B 1959 p. i B HACTYIIHOMY pOIii BCTY-
nuB 10 acmipanTypu IHCTHTYTYy 3aranbHOI
ta Heoprauiynoi ximii (I3HX) AH YPCP.
Y 1964 p. BiH 3aXUCTUB KaHJUJATCbKY JucCep-
tanito «TepMopMHaMiyHa  XapakTepuCTHKa
POSIUIaB/IEHNX CYMilllell XTIOpU/y IMHKY 3 XJI0-
pULaMu JIy>KHUX MeTajiB» 3a KepiBHUIITBA Bi-
IoMOro BueHoro, npodecopa b. ®. Mapkosa.

56

ITicna saxmcry pucepranii C. B. Bonkos
IIpalOBaB MOJIOAUIMM, IOTIM CTapIIMM Ha-
YKOBMM CIiBpOOITHUKOM Y Binmini ¢ismunoi
Ximil KOOpAMHALIHUX CIIONYK IIiJi KepiB-
HuntBoM akamemika AH YPCP K. b. fAun-
mupcbkoro crnodarky B ISHX AH YPCP,
a B 1970-1974 pp. - B IncturyTti dismyunoi
xivii AH YPCP y 3B’A3Ky 3 IpU3HaueHHAM
K. B. AAlnyumupcpkoro gupekTopoM 1poro Ixc-
TUTYTY. B TOIT 9ac BiH 3aliMaBCA BOCTiKEH-
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HAM OYZIOBM Ta BIACTMBOCTEI PO3IIIaBICHNX
conen, B AKUX YTBOPIOIOTbCA KOOPAMHALIHI
CIIONMYKM, METOlaMM BUCOKOTEMIIepaTypHOI
criektTpockorii (enexTponHoi, Y- Ta KP).

Y 1974 p. C. B. BonkoB 3axucTuB JJOKTOp-
CbKY pucepTanio «JoCmifpKeHHA KOOpAMHa-
il ioHiB 3d-MeTasiB y pO3IUIABJIEHNUX COJLAX
CIEKTPOCKOIIYHMMM MeTofaMu». I B LboMy
X poli 11oro 0y/10 Ipu3HaYeHO 3aCTYITHUKOM
nupexropa IBHX AH YPCP.

Y 1975 p. C. B. Bonkos crae 3aBigyBayeM
Biiji/Ty BMCOKOTEMIIEPATYPHOI HEOPraHiYHOI
ximii ISBHX AH YPCP, e nposogunu mocri-
IDKEHHA 3a HOBMIMM, IPIOPUTETHUMI Ha TOM
Yyac HalIpsIMKaMI, TaKMIMU SIK: XiMisf KoopAyHa-
LITHMX CIIONIYK B IOHHMX pO3IUIaBax, ra3oBiil
¢dasi Ta HeBOZHMX pO3YMHAX, JIa3epHA XiMif,
KBAHTOBa XiMif KOOPAMHALIIMHUX KOHJIEHCO-
BAaHMX CHUCTEM Ta iHIIi. 3a KOPOTKMII Yac el
Bi[IZIi/I CTa€ LJEHTPOM YHiKaJIbHMX JOC/Ti[[>)KEHb
3 BUCOKOTEMIIEPATYPHOI CIIEKTPOCKOIII po3-
IUIaBiB Ta IapiB, Jie BIleple y cBiTi 6yo BcTa-
HOBJIEHO €/IeKTPOHHY OYy/IOBY Ta TeOMETPUYHY
CTPYKTYPYy 1OHHMX KOMIUIEKCiB. Pesynbrarn
UX HioHepchKux pobit y 1977 p. 6yno mix-
cymoBaHO B MoHorpagili «CrekTpockomis
PO3IIIaBNIEHNX COJIeN», sIKY Oymo omyb6riko-
BaHO y cniBaBTOpCTBi 3 K. b. AnuMupcekum,
a TakoX y MoHorpadii «KoopaunaniitHa xi-
Mif CO/IbOBUX POS3IIIaBiB» y CIiBaBTOPCTBI 3
IO. K. Jenimapcbkum i B. @. Ipuimenko.

Y 1978 1. C. B. Bonkosa 6yno obpano ure-
HoM-KopecnioHfeHToM AH YPCP 3a cneui-
anpHicTIO «Heopraniyna ximisa».

Y 80-Ti poki C. B. Bonkos 3i cBoiMu y9HAMU
(M. I. Bypsix, O. b. babymikina, B. A. baugyp
Ta iH.) IPOOBXXYBAB 3aMIMATUCS JOCIiIKeH-
HAMM B FajTy3sx TepMOJVHaMiKy, 6ynoBu i pe-
AKILi/1HOI 3JaTHOCTI COIbOBUX PO3II/IABiB, PO3-
BYTKOM BYICOKOTEMIIEPATYPHOI CIIEKTPOCKOIIII

https://ucj.org.ua

KOOpAMHALiTHMX cnonyk y posmnasax (ECII,
CKP, I4C, AMP- i EIIP-cniexTpockorii). B pe-
3ynbTaTi IMX pobiT 6yI0 CTBOPEHO KOMII-
JIEKCHO-KJIACTEPHY MOJie/ib OY[IOBU CONIbOBUX
pO3IIIaBiB Ta BCTAHOB/IEHO KBa3iKOMIIZIEKCHY
CTPYKTYpPYy POSIIIaBiB 3 €HEPreTU4YHO HepiB-
HOIIIHHMMM KaTioHaMI MeTasliB.

Pasom 3i cmiBpoOiTHMKaMu CBOTO Biffi-
ny €. A. Masypenkowm, JI. 1. JKenesnosoro,
A. 1. Tepacumuyxom Ta in. C. B. Bonkos nmif-
HO pO3BMBaB BUCOKOTEMIIEPATYPHY KOOp-
AVHALiHY XiMilo 3-IMKeTOHaTHUX CIIONYK Y
razoBoii ¢asi. bysmo BctanoBneHO 6ymOBY LuX
KOMIIJIEKCIB 1 BUBYEHO IXHIO peaKliifHy 3aat-
HicTb, chOpMyIbOBAHO KpuUTeEpii 1eTKOCTI i
TepMOCTa0IbHOCTI  BHYTPilTHBOKOMIITTIEKC-
HIVX {3-IVKe TOHaTHYX CIIOTTYK.

Y LleHTpi #10ro yBaru TakoXX 3HAXOAVIUCA
npobreMn XiMii B HEBOZHUX MOJIEKY/LIPHUX
po3uMHaxX Ta JOC/IIJPKEHHA XaJbKOI'€HIaJIo-
TeHITHUX KOOPAMHALIMHNUX CIONYK IIATHHO-
BUX Ta O/aropogHMx MeTasis. Ileil HanpsmMok
BUYEHIII PO3BMBAB yCe CBOE XXUTTA Pa3oM i3
3. A. ®okinoro, B. I. Ilexnbo, B. I. XapkoBoro
Ta iH. by/10 BcTaHOB/IEHO YHiKa/IbHI BIaCTUBO-
CTi Xa/IbKOT€HTaJIOTeHIB 5K 0€3BOJHUX PO3-
YMHHUKIB, JITaHIB Ta OKMCHUKIB BOJHOYAC,
CMHTE30BaHO BIeplle 6araTo HOBUX XaJIbKO-
IEHTa/IOTeHITHNX KOMIIJIEKCIB, BCTaHOBJIEHO
ixHI0 6yJJOBY Ta B/IaCTUBOCTI.

Y 80-Ti pp. MMHYZIOTO CTOMITTA Mifi Kepis-
Huursom C. B. BonkoBa Takox mIpoBOAIN
TOCTi/pKeHHs B ramysi nasepHoi ximii (B. I. Jly-
TomkiH, A. @. [ypko Ta in.) Byno crBOpeno
KOMITO3M1IiJ1Hi KOMIIJIEKCOY TBOPIOK0Yi CUCTEMMU
s ronorpadivyHoro samucy iHpopmarii, Bu-
BYEHO HM3KY JIa3€POXiMIYHMX peaKlil, TaKMUX
AK OKVICHEHHs eTWIeHy Ta MeTaHy 1o ¢op-
MaJIbJeTifly, CUMHTe3 HaAIpOBiJHMKOBUX (a3
[lleBpans. C. B. BonkoB pospobus kpurepii
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3[I1/ICHEHHA JIa3epOXIMIYHNX CUHTESIB ITiJ JIEX0
MasIonoTyXKHux I4-masepis, ki 6a3yoTbcs Ha
PE30HaHCI 4acTOT /1a3ePHOrO BUIIPOMiHIOBAH-
HA i KOIMBA/IbHMX YaCTOT MOJIEKY/I PEareHTiB.

Cepep 11010 HayKOBMX iHTepeciB 3HaXOfM-
JCA 1 MUTAaHHA KBAHTOBOI XiMil KOOpjVHa-
niitHux cromyk. Y 1985 poui omy6rikoBaHo
MoHorpagdito «KBaHTOBa Ximis KoopAMHALil-
HIX KOH/IEHCOBAHMX CUCTEM» Y CIIiBaBTOPCTBi
3 B. O. 3acyxor. ABTopu po3pobuu Teopiro
KBAaHTOBMX BUIIPOMIHIOBAJIbHUX, a TaKOX
0e3BUIIPOMIHIOBAJIbPHUX IIEPeXOfiB KOOpPAMU-
HaIlIIHUX CIIONYK Y KOHJ€HCOBAaHOMY CTaHi
B «K/IACTEPHOMY» HaOMVDKEHHi 3a/Ie)XHO Bif
CKJIaly Ta CUMeTpii «KaacTepy», TOOTO i30-
JIbOBAHOI TPyNM aTOMiB, MO/IEKy/ a0 KOMII-
JTIEKCIB.

Y mucromnazi 1992 poky C. B. Bonkos 6ys
obpanmit akagemikom HAH VYkpainn, a B
TPyAHi 1IbOrO X poKy — mupexropoMm I3HX
HAH VYkpainu, Akui1 BiH 040/MI0BaB [0 KiHIIA
CBOTO >KITT, a caMe 9 6epesns 2016 p.

Y poxu cBoro gupexropcra C. B. Bonkos
IPOJOBXYBAaB KepyBaTH HAyKOBO-[OCTIifI-
HUIIBKUM BifijiiioM, O6YB TOJOBHUM peaKTO-
poM  «YKpAIHCbKOIO XiMIYHOIO >KypHaly»,
ouonmoBaB Bueny pany Incturyry Ta cmemi-
anisoBaHy BueHy papy i3 3axmucTy KaHAupar-
CBKMX i IOKTOpChKMX amcepTanin npu ISHX
HAH Vkpainu, 6ys ronosoro HaykoBoi pagn
HAH VYkpaimn 3 nanpsamy «Heopraniuna xi-
Misi», ouomoBaB Excriepray pany BAK Vkpainn
3 xiMivyHMX po6mem (2000-2004), 6yB ureHOM
6ropo Bigminenns ximii HAH VYkpainu, cexiiii
ximii Komitery 3 Jlep>kaBHUX npemiit YKpainu
B rajly3i HayKu i TexHikn, YKpaincbkoro Hario-
HanpHoro Bigminennd IFOITAK Ta in.

Hayxosa pianpnicte C. B. Bonkosa mic-
N TOTO, AK BiH o4onmmB IHCTUTYT, 3pocna
mie 6inpure. Tpaguuiitai JOCTi>KeHHs 110TO
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Bigminy B ramysi ¢ismko-ximiyHOI Ta KO-
OpPAMHALINHOI XiMil COJIbBOBMX PO3IIABIB,
3-nUKeTOHaTHUX CIIONYK y rasosiit ¢asi Ta
Xa/JIbKOT€HTaJIOTeHIliB MeTajliB y HEBOJHMUX
po3umHax 36aradyyloTbcsi HOBUMM HAyKOBU-
MU HaIpsAMKaMM, TaKUMM fK: XiMmid iOHHMX
pinpkux kpucramis i crexon (T. A. MupHa,
I. I Ipemuyk. Ta iH.), XiMis PranouiaHiHOBUX
Ta NOp(ipMHOBUX KOOPAMHAIIHNX CIIOTYK
(O. A. Bapsanpknit, B. f. Yepsiit Ta iH.), Ximis
ByIJIeljeBUX HaHodacTMHOK (B. M. OreHxo,
JI. C. JInciok Ta in.).

C. B. BonkoB BBa)kaB, II[O0 3arajabHi KOH-
LENTya/JbHi LUIAXM PO3BUTKY Cy4YacHOI He-
opraHiuHoi ximii moBmHHI BkaogaTu: 1) di-
3MKO-HEeOpraHiyHy Ximiko i, ocob6muBo, ii Haii-
Ba)X/IMBIIly YaCTMHY — HaHOXiMilo, 2) reTepo-
TeHHO-reTepodasHy KOOpAVHALINHY XiMiko i,
30KpeMa, TpU ii pO3AiIN — METaJTOKOMIIIEK-
CHUII KaTasi3, eJIeKTPOXIMIYHUII reTeposiep-
HUJI CVIHTe3 CIUIaBiB i CIIONYK Ta reTepodasHy
CyIpaMOJIeKy/IApHY XiMmito, 3) Ximilo MeTacTa-
OiIbHUX CTaHiB, 4) «3€/IeHy», eKOIOTiYHO Yu-
cTy Ximiro. HaykoBo-mocmigHuIbKy p060Ty
CBOTO Biffiny i Bcboro IHcTUTYyTYy BiH cnips-
MOBYBaB Ha PO3BUTOK CaMe LIMX PO3Ji/liB He-
OpraHiyHOI XiMil.

Y 1995 p. Bipgin mijg KepiBHULTBOM
C. B. BonkoBa 6yo nepeitMeHOBaHO y Biffin
«®DisuKo-HeopraHiyHa XiMis», TOOTO aKIeHT
HaYKOBOI Jis/IbHOCTI 6y/10 3p06/IeHO Ha CTBO-
PEHHI HOBMX HAaHOCTPYKTYPOBAaHMX MaTepia-
JiB Ta HAHOKOMIIO3UTIB (pPiKOKPUCTAIIYHNX,
KaTOHUX, (OTOENeKTPOXIMIYHMX, COpOLiii-
HO-MAaTPUYHUX Ta iH.) 3a JOIOMOIOIO0 pi3HMX
¢$isMYHNX MeTOHIB: CMHTe3 Ta €eKTPOTi3 B
IOHHUX «PIIKOKPUCTAMIYHUX peaKkTopax» i
pO3IUIaBax Ta HEBOJHNX CepefjoBMIIAX (HaHO-
YaCTMHKM MeTaJliB, OKCUJiB Ta XaJIbKOTeHi/liB
MeTaJIiB, ByIJIel|eBi HAHOYaCTUHKN), eTIEKTPO-
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JLyTOBMIT METOJ, Ta METOJ Aii O/MIVKHBOTO OII-
TUYHOTO NO/A (BYyI7IelleBi HAHOCTPYKTYpM),
Mopndikalis Ta iMITaHTaIisa KaToxiB (HaHO-
TpyOKM, poTokaTonHI MaTepianu).

Y koo naykoBux inrtepecis C. B. Bonkosa
BXOAWIM HOCHIIPKeHHs 3 Ximil MeTacTabinb-
HIX HEPIBHOBa)XHUX CTPYKTYp, TaKMX AK Ha-
HOYACTMHKY, HAHOKOMIIO3UTY, CKJIONONiOHI
CONIbOBI1 pO3IIZIaBM Ta i0HHI PiKOKPUCTAMTIYHi
CTeK/Ia 5K BiffoOpa’keHHs] HEPiBHOBa)XKHOI Xi-
Mil XKUTTS.

[Tounnaroun 3 1987 p. i go KiHIA CBOTO
xunt1ts, C. B. BolnKoB akTMBHO IpoIaryBaB
reTeporeHHO-reTepodasHMil IUIAX PO3BUTKY
KOOpAMHALifHOI XiMii, OCKi/IbKM Oi/bIIiCTD
NPaKTUYHO BAX/IMBUX IpoOIeciB (KaTais,
eIeKTPOJIi3, copOLisA, eKCTpaklif Tolo) 3a
Yy4acTI0O KOMIIIEKCHUX CIIOJIYK peali3yeTb-
cs caMe Ha MeXax pospiny ¢as abo B puc-
nepcHiit ¢asi (MinensapHi, 301b-renesi, pig-
KOKPUCTa/Ii4Hi CUCTEMM, HAHOKOMIIO3UTU Ta
iH.). AKTVMBHi [OCTI)KEHHS TeTepOTeHHOTO
YTBOPIOBAHHA KOMIIJIEKCIB MeTaJliB IIpU3Be-
7Y 10 BUJJaTHUX pe3ynbraTiB. Byno Bigkpuro
METaZIOKOMIUIEKCHUI KaTali3 y posIliaBax
3a BMCOKUX TE€MIIEpaTyp Ta 3[i/iICHEHO OHO-
CTajjijiHe TapljiajlbHe OKMCHEHHA METaHy [0
¢dopmanbaeriny 3 BucokuM 30%-HUM BUXO-
oM. byio crmHTE30BaHO CIIJTaBM TYTOIIABKMX
MeTaJIiB i3 IXHIX reTeposAfepHUX KOMIIIEKCIB
CYMICHUM €7IEKTPOJIi30M COTbOBMX PO3II/IABiB,
OZlep>KaHO IUIiBKOBI IIOKPUTTS MeTaiB abo 1x-
HiX OKCUJIB IIIJIAXOM JeCTPYKIII apiB IETKMUX
KOMIIJIEKCIB Ha TBEPHOTIAbHUX IMiJKIafKaXx,
PpO3po0/IeHO CONMbBATHMIT MeXaHi3M eKCTpakK-
il KOMIUTeKCiB MeTaniB TpubyTnndocdarom
i3 COIPOBMX PO3IIIABiB, OY/I0 BifKPUTO SABUILE
iHAYKLil pigKUX KpycTasIiB y 6iHapHUX COMbO-
BUX pO3IUIaBax i3 HeMe30MOpP(HUX KOMIIO-
HEHTIB 32 paXyHOK KOMIUIEKCOYTBOPIOBaHHA,
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CTBOpPeHO POTOYYT/INMBI KaTalTiTMIHO aKTUBHI
KOMIIO3UTH LIJIAXOM €/IeKTPOXiMIYHOTO 1epe-
TBOPEHHSI TOHKOro Imapy ¢raoriaHiHOBUX
KOMIIIEKCIB MeTaJIiB Ha IIOBEPXHi OKCUJIB TH-
TaHy, BOIb(paMy, IVPKOHIIO IS ONTUYHUX
Ta e/IEKTPOXIMIYHMX CEHCOPIB Ta iH.

C. B. BonkoB 3aBx/n IjikaBUBCs pobite-
MaMM €KOJIOTiYHO 4MCTOl Ximil, ToOTO pO3-
pOoO6IeHHSAM XiMiYHUX NPOAYKTIB i TeXHOJIO-
IYHMUX IPOLIECIB, AKI MOXXHA peajisyBaTu 3
MiHIMaJbHUMM €HEPreTUYHMMM 3aTpaTaMu
i 3 BWIy4eHHAM HeOe3leYyHNX pedoBMH. BiH
31 CBOIMM KojleTaMM IIPOIIOHYBaB [eKi/lbKa
HUISIXiB BUpilleHH: 11X npobem. [lo-mepiie,
1le BUKOPMCTAaHHA HOBMX peaKLiIHUX cepe-
TOBUI, TAKUX AK HU3bKOTEMIIEPATYpPHi iOHHI
posmwraBy i gBo¢asHi KaTamiTW4HI CHCTEMI.
[To-pmpyre, 1€ po3po6IeHHS HOBUX XiMiYHMX
IIPOLECIB i3 BUKOPUCTAHHAM HETpagULiTHUX
KaTaji3aTopiB, HAIIPUKIIA/I, META/IOKOMIIJIEKC-
He OKVICHEHHS OPTaHiYHMX pEeYOBMH B iOHHUX
posmnnasax. Ilo-Tpere, Le 3pilicHeHHA XiMiy-
HUX peakliil 6e3 pO3YMHHNMKA 3 BUKOPUCTAH-
HAM 0CO0MMBYX (Pi3MYHUX METOMIB aKTMBAIlil
(ynpTpasByKOBOi, MeXaHOXIMiYHOI, /1a3epoxi-
Mi4HOI Ta iH.), HANIPUK/IA[], JTa3€POXiMidYHUI
crHTe3 GOpPMaIbJETifly 3 METaHY YU eTUICHY
a00 CTBOpeHH:A XiMiYHUX JXKepesl CTPyMy Ha
0a3i KOMIUIEKCiB i3 IepeHeceHHAM 3apsApny.
i pocmipkeHHA NIpuUBEpTaNyu yBary 3apy-
6bxHux Koner, romy C. B. Bonkosa 6yio 3a-
IIPOLIEHO O4OonuT! MIiKHApOOHI ceMiHapu
NATO ARW 3 exo/oriyHoro nmpomMmcioBoro
BUKOpUCTaHHA ioHHMX pigmH (Ipenis, 2000),
NATO ASI 3 ¢yHmaMeHTanbHMX i TPUKIaA-
HIIX aCIIeKTiB po3masieHnx coneit (Typeaun-
Ha, 2001) Ta NATO ARW i3 cy4acHuX TexHo-
JIOTIYHMX IIPOLIECiB epepoOIeHHs BTOPUHHOI
CUPOBVHM B HOBI KOMIIO3MIi/fHI Marepiann
(Vs6ekncran, 2003).
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HayxoBa pismpaicts C. B Bonkosa 6yma
mobpe BimoMa MiKHapOJHIN CIIIBHOTI 1 came
TOMY itoro 6y/10 06paHo WieHoM MibKHapoxHO-
ro enekTpoximiuHoro ToBapuctsa (ISE, 1993)
Ta MDKHapOJHOrO KOMITETY 3 PO3IIaBiB KO-
POJIiBCHKOrO XiMi4HOrO TOBapucTBa Bemnko-
Opuranii (1989-2001), 6yn0 Big3HaueHO 5K
«JIlopuHy pmocarHeHb poky» (Bemmkobpurta-
His, KemOpumxk, 1994), BkatoueHo 0 «Mix-
HapOJHOIO JOBiIHMKA BUATHUX KEPIBHUKIB»
AmepukaHcpKuM 6iorpadivHuM iHCTHUTYTOM
(CIIIA, 1996) Tomo.

bararo ysaru C. B. BonkoB npupinas nek-
TOPCBKIll [JiANBHOCTI AK B yCTaHOBaxX YKpa-
iHy, Tak i 3a I Mexxamu, OyB Jie/leraToMm, ro-
JI0BOI0 a0 YIEHOM OpPTKOMITeTy 6araTrbox
MDKHapOJHMX Ta YKpalHCHKVUX KOH(QepeHIiit
Ta CUMIIO3MyMiB. 3a CBOIO IPOCBITHUIIBKY Ji-
SUIBHICTD BiH OYB 0OpaHmMit mouyecHNM Ipode-
COpoM Y>Xropopcbkoro yHiBepcurery (2000).
C. B. BonkoB 6yB 3ampouieHuM J/1eKTOPOM
Perencoyprapkoro i llITyrraprcpkoro yHiBep-
cureriB  (Himeuunna,1986), Opeiibep3pkoi
ripanyoi akagemii (Himewunna, 1988, 1999),
ynisepcuteriB mict Kioto, Tokio, Ti6a, Vo-
xorama (fAmonis, 1991), Texniunoro yHiBep-
curery [Hanii (m. JIinr6i, 1991), Incturyry
¢isnynoi ximii Ilombcpkoi Akagemili Hayk
(M. Bapmasa, 1992), [ncturyTy HeopraniuHoi
ximii CnoBanpkoi Akagemii Hayk (M. BpaTtuc-
naBa, 1992, 1998), Tynyspkoro yHiBepcuTeTy
im. I1. Cabarpe (Ppanuis, 1992), yHiBepcu-
tery M. Ilagya (Iramis, 1994), Mimkomnb-
cbkoro Texniunoro yHiBepcurery (Yroprmu-
Ha, 1994, 2002), ITapuspkoro YHiBEpCUTETY
im. IT. i M. Kropi (Ppanuis, 1994, 2002), ysi-
Bepcutety M. IlaBis (Itamis, 1995), lllanxaii-
cbkoro iHcturyTty Meramyprii (KHP, 1995),
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yHiBepcuteTy M. Bporpra (ITonbmia,1997),
[Tagyancpkoro yHiBepcurery Ta IHCTHTY-
Ty HeopraHiyHux MmarepianiB (Itamis, 1997),
YuiBepcurery M. BectepHkeitn (ITAP, 1999),
QepepanbHoro ynisepcurery Pio-pme-’Kanerii-
po (bpasunis, 2002), MacagyceTcbKOT0 iHCTH-
TyTy Texnoorii (CIIIA, 2002) Ta iHmmx.

C. B. BonkoB - aBTOp i CHiBaBTOp IIOHAf
1440 po6iT, B T. 4. 16-Ti MoHOTpadiii Ta 112-tn
BIMHAXOMiB. VIOTO KUTTS — MIPUK/Iaf, CAMOBIJ-
IAHOTO CIy>KiHHA Haylli, B3ipelb I HayKo-
Boi monogi. Cepep itoro y4sis — 11 gokTopis
HayK Ta 29 KaHANMJAATiB HayK. XTOCh i3 HUX
[OCi mpayioe B pigHOMY IHCTUTYTI, a XTOCh
3HANIIOB CBOK JOJNI0 B IHIIMX HAYKOBMX,
HaBYaJIbHUX a00 IPOMMCIOBUX YCTAHOBAX
Ykpainu i cBiry. B mam’ari storo xosner ta yu-
HiB BiH Ha3aBX[¥ 3a/JIUIINBCA TaTaHOBUTOI,
TBOPYOIO JIIOJVHOI0 3 JOOPUM ceplieM, KAITy-
YOO €HEPTi€I0 i TOCTPUM PO3YMOM.

Binbir fokIafHO 3 TBOPUICTIO Ta 6i06i6io-
rpadiero C. B. BorkoBa MO)XHa 03HalOMUTICS
B HACTYIHMX KHUTAX:

1. Cepriit BacunmpoBuy Bonkos. bio6i6mio-
rpadia /Yxmagaa H. I. Anexcangposa.
Bign. pemakrop B. I. Ilexnpo. — Kuis.
I3HX HAH VYkpainn im. B. I. Bepnan-
CbKOro, 2005. - 229 c.

2. C. B. Bonkos. HeBbiiymanubie ncropun

u3 >xmu3Hu ydeHox. — K.: Msp.-momm-
rpad. neHTp «KuiBcbKuil yHiBepcuTeT»,
2008. - 258 c.

3. C. B. BonkoB. Bubpani nparmi. - Kuis:
Hayxkosa gymka, 2010. - 863 c.

4. C. B. Bonkos. Bubpani 3amitku ta 3apu-
COBKM cy4acHoi ximii. — K.: Bup.-nomi-
rpad. neHTp «KuiBcbkuil yHiBepcureT»,
2015.- 191 c.
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I
TO THE 90TH ANNIVERSARY OF THE BIRTH

OF VOLKOV S.V. (1935-2016),
academician of the National Academy of Sciences

of Ukraine, Director of the V.I. Vernadsky Institute
of General and Inorganic Chemistry of the NAS
of Ukraine and Editor-in-Chief of the Ukrainian
Chemical Journal (1992-2016).

T.A. Mirnaya

The V.I. Vernadsky Institute of General and
Inorganic Chemistry of the NAS of Ukraine,
Academician Palladin Ave., 32-34, Kyiv,
03142, Ukraine

*e-mail: mirnaya@ionc.kiev.ua

On November 16, 2025, S.V. Volkov would
have turned 90 years old. He was an outstand-
ing scientist, Doctor of Chemical Sciences
(1974), Professor (1983), member of the Na-
tional Academy of Sciences of Ukraine (1992)
and the Social Academy of Engineering Scien-
ces of Ukraine (1991), laureate of the State
Prize of Ukraine (1995), Honored Scientist
and Engineer of Ukraine (1998), laureate of the
L.A. Chugaev Prize of the USSR Academy of
Sciences (1976), L.V. Pisarzhevsky Prize of the
Ukrainian SSR Academy of Sciences (1983),
AL Brodsky Prize of the National Academy
of Sciences of Ukraine (2001), awarded by the
Order of Prince Yaroslav the Wise (2004), the
Gold Medal of the USSR Exhibition of Na-
tional Economy Achievements (1977), the
Jubilee Medal of II. Chernyaev (1985), the
Medal “Veteran of Labor” (1987) and others.
He is known to the scientific community for
his research in the fields of high-temperature
and heterogeneous-heterophase coordination
chemistry and physico-inorganic chemistry.

https://ucj.org.ua

S.V. Volkov is the author and co-author of
more than 1440 works, including 16 mono-
graphsand 112 inventions. His life is an examp-
le of selfless service to science, a role model
for young scientists. Among his students are
11 doctors of science and 29 candidates of sci-
ence, some of whom still work at their native
Institute, while others have found their desti-
ny in other scientific, educational, or indus-
trial institutions in Ukraine and the world.
In the memory of his colleagues and students,
he will forever remain a talented, creative per-
son with a kind heart, bubbling energy, and a
sharp mind.

More details about the work and biobib-
liography of S.V. Volkov can be found in the
following books:

1. Sergey Vasilyevich Volkov. Biobibliog-
raphy / Compiled by N.G. Alexandrova.
Corresponding editor V.I. Pekhno. Kyiv.
The V.I. Vernadsky Institute of General
and Inorganic Chemistry of the NAS of
Ukraine. 2005. 229 p.

2. S.V. Volkov. True stories from the lives of
scientists. — K.: Publishing and printing
center “Kiev University”. 2008. 258 p.

3. S.V. Volkov. Selected works. — Kyiv: Nau-
kova Dumka. 2010. 863 p.

4. S.V. Volkov. Selected notes and sketches
of modern chemistry. - K.: Publishing
and printing center «Kyiv University».
2015. 191 p.

Key words: 90th anniversary of S.V. Volkov,
academician of the NAS of Ukraine, high-tem-
perature coordination chemistry, physical-in-
organic chemistry.

CrarTs Hapivna 24.06.2025.
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