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Y po6o0Ti BCTaHOB/IEHO 0COOMMBOCTI Offep>KaHHA KasbIliit ¢pocdartiB 3i cTpyKTypoOIo ama-
TUTY 3 BOJHO-CIMPTOBUX PO3YMHIB y Ipoleci cniBocafi>kxeHH:A. Pa3oBuit CKIa[, i CTPYKTYpy
CUHTE30BaHMUX 3PA3KiB MiTBEPIYKEHO METONAMM CKaHYBa/JIbHOI €IEKTPOHHOI MiKpOCKOIIi],
IY-cniexTpockorii Ta peHTreH0($a30BOro aHali3y MOPOIIKY. Briepie jocmigkeHoO BIIMB MO-
JISIPHOI Macy MOHOATOMHOTO CIVPTY Ha MOP(QOJIOTiI0 Ta pO3Mipy HAHOYACTUHOK aIaTUTY.
I[ToxasaHo, 110 3i 361/IbIIIEHHAM MOIAPHOI Macy CIIMPTY CEPERHiN PO3Mip YaCTMHOK 3POCTAE
Big 6mmspko 30 HM y cepepoBuini MeTaHony fo 170 HM y po3umHi i30aMinoBoro cnmpry.
MeTomoM MUTTA 3 PO3YMHY BIIEpIIE OTPMMAHO IOMTIMEPHI KOMIO3NTHI IUIIBKM Ha OCHOBI
IIO/IIMETUIMETAKPUIATY 3 HATIOBHIOBAYEM Y BUITIAMI Ii[POKCHATIATUATY, IETOBAHOTO JIOHAMM
espomito(III). CuHTe30BaHi IIiBKM XapaKTepU3yIThCSA IHTEHCUBHOIO YePBOHOI0 JIIOMiHec-
eHIieo: Ipu 30ymKeHH] yrpTpadioneToBum BunpominoBaHHAM (A = 395 HM) criocTepira-
€TbCA MAKCUMYM eMicil ipu 613 HM, 1110 BiITIOBifIa€ €IEKTPOHHOMY IIEPEXOMY SD0 - 7F2 B i0Hi
Eu’*. 3anponoHoBaHmit mifxix 3abe3nedye GopMyBaHHS OFHOPITHMX i ONTHYHO IIPO30PUX
KOMITO3UTHMX I/IIBOK 32 BMICTY HanoBHI0OBa4a 1o 10 mac. %.

KniouoBi cnoBa: amatut, pocdar, CEM, cniBocamkeHHs, OHOATOMHUI CIIMPT, HAHO-
YaCTUHKM, KOMIIO3UTHI IJIiBKU, TIOMiHeCI[eHIIisl.

BCTYII. HoBiTHi TexHO/MOril CTBOpeHHA 3aMiHHMKIB KiCTKOBOI TKaHUHU, 30CepefKe-

IITYYHMX KiCTOK i 6i0iMIUIaHTIB € opHi€w 3
KJIIOYOBMX Taly3ell Cy4acHOIo Marepiajo-
3HABCTBA, L0 MOEJHYE NOCATHEHHA XiMiYHOI,
6ionoriyHoi Ta iHnxeHepHoi Hayk. Ha cboromsi
IOCTIIKEHHs, CIPSAMOBaHI Ha PO3POO6IEeHHs

HO IIePEeBAXHO Ha TPbOX (YH[aMeHTaTbHUX
HanpsMax: a) Mopuikanii ckmany docdaris
KaJIbLIiI0 3 METOI KEPOBAHOIO BIUIMBY Ha IXHi
MexaHi4yHi, Oiomoriuni Ta KpucramoxiMivyHi
BIacTUBOCTI [1]; 6) iMmnemenTanii anaruris y
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noniMepHi Marputi [2]; B) cTBOpeHHi 6araro-
KOMIIOHEHTHMX CHCTeM i3 6i0aKTMBHUMM Ha-
HOYacTMHKamu [3].

KicTKoBY TKaHMHY 3a CBOIM MiHepa/lbHUM
CK/IaJIOM TIPENCTABIEHO IEPEBAXHO CIIONY-
Kamy Kasnbliito 3 pocdarHumu anionamu. [lo
OCHOBHMX HEOPTraHIYHMX KOMIIOHEHTIB KiCTOK
Hanexatb amatut cknagy Ca, (PO,) (OH),,
amopdHmit pocdar kanpuio 3aranbHoi dop-
mynmu Ca,(PO,),-nH,0, a Takox a- Ta B-monu-
dikanii Tpukanbuiit pocdary Ca,(PO,), [4].
3a3Ha4eHi CIIOyKM BiflirpaloTh BU3HA4Ya/IbHY
posb y porecax 6iomiHepanisanii, siki 3a6e3-
Ne4yyloTb (OPMyBaHHS Ta BiJHOBIEHHA KiCT-
KOBOI TKaHMHY IIJIIXOM KOHTPO/IbOBAHOTO Ha-
KOIIVYeHHs 10HiB Ka/Iblifo Ta PocaTHNUX IPyIL.
Bucoka 6iocymicHicTh ocdariB kanblioo 3y-
MOBJIIOE MOXX/IMBICTb IXHBOTO e(EeKTUBHOTO
BUKOPNUCTAaHHA B 0i0lOTiYHOMY CcepemoBMIIi
0e3 mopyureHHA ¢i3ionorivyHNx Mporecis.

KnrouoBuM 3aBHAaHHAM TKaHMHHOI iHXe-
Hepil € CTBOpEeHHA TPUBUMIPHUX ITOPUCTUX
KOHCTPYKIIM, BO CK/Iafly AKUX BXOJAATH IIO-
JTiMepHa MaTpuisd Ta OiOAaKTMBHMII HAIlOB-
HIOBAY, IO 3[IaTHI BiJTBOPIOBATU CTPYKTYpy
II03aK/TITMHHOTO MaTPUKCY Ta 3abe3ledyBaTn
HeoOXifjHi MexaHiuHi 71 6ionoriyni XapakTepu-
cTukM. Taki Marepiany NMOBMHHI NOE€QHYBATH
6iocymicHiCTb, KOHTpO/IbOBaHy Oiomerpaza-
1[il0, JIOCTaTHIO MeXaHiYHy MiI[HICTh, OITH-
MaJIbHY TOPUCTICTD i epeKTUBHY iHTerpariio 3
KiCTKOBOIO TKaHMHOIO [5]. BomHOYac KmacuyHi
TEXHOJIOTiI Ofiep)KaHHA IOPUCTUX KapKacis,
HIOIIPY MOX/IMBICTh OPMYBaHHA Marepiasis
i3 BUCOKMM CTYIIEHEM IIOPUCTOCTI, XapaKTe-
PUSYIOTbCA  OOMEXEHVMM  MOXX/IMBOCTAMMU
KepyBaHHA BHYTPIIIHBOI apXiTEKTypOK Ta
CKJIQIHICTIO BiITBOpEHHs CTabilbHUX B3ae-
MOIIOB AI3aHMX IOPUCTUX MepeX, HeoOXiTHIX
I afresii, mpomidepanii Ta Mirpauii KaiTus,

TPaHCIOPTY MO>KMBHMX PEYOBYH i BUJATIEHHA
MeTaborIiTiB.

JI714 KOMIIOSUTIB HA OCHOBI CMHTETUYHOIO
TiJPOKCHATIATUATY JJOJATKOBO BMICYBAIOTbCA
BMMOTH I1I0f10 Oiomerpapjaiii Ta MOPUCTOCTI.
[Tomanpmy moseninky 6iomarepiamy micia
IMIUTaHTaLil B OPraHisM JIIOAVHY MOKHa pea-
Mi30ByBaTM 3a KiJIbKOMa ClieHapiaMu. Y pasi
BUKOPUCTAHHS TOPUCTUX Oiope3opOritHnx
MarepialiB Iic/IA NIPOPOCTAHHA Ta [O3piBaH-
HA KiCTKOBOI TKaHMHM BifOyBaeTbcA IXHA
IIOCTYIIOBA Jerpajanis, Ipy LbOMY MaTepian
BUKOHY€E (YHKIIII0 JPKeperna MiKpOeTeMeHTiB,
3a/ly4eHux y IIpouecu MiHepasisalil HOBO-
YTBOPEHOI KiCTKM. 3HAaYHUX YCIIIXiB Y po3po-
OmeHH] MONMiMEPHMX KOMIO3WUTIB Ha OCHOBi
IojicaxapyuiiB AK MaTpullb 1 TifipoKcuana-
TUTY SIK HAIIOBHIOBAYa JOCATHYTO B poOoTax
ydeHnx CyMCbKOTO J[Iep>KaBHOTO YHiBepCH-
TeTy y cuiBaBTOpcTBi 3 JI. Cyxomybom [6].
Y 2024 poui ony6ikoBaHo MoHOrpadiro, mpu-
CBAYEHY KOMIIO3UTaM Ha OCHOBi IIPUMPOJHUX
IIO/IIMEPIB: XiTO3aHy, JKE/IaTUHY Ta a/lbliHATY
[6]. ¥ 6inpuiocTi BUMaaKiB ofep>KaHHS KOM-
NO3NIIHMX MarepianiB nepenbadae Ipecy-
BaHHA CyMillle)l IIOPOUIKiB IOIiMepiB i3 HaHO-
yacTuHKamy ¢pocdaris Kanplito [3] 3 mopanb-
MMM JTOCTi/DKeHHAM IXHiX (i3uKo-XiMiyHMX
B/IaCTUBOCTeIL. [I711 6araTOKOMIIOHEHTHUX IO~
TiMEPHUX KOMIIO3UTIB TaKOX 3aCTOCOBYBAJIN
METOJVUKM, 110 IPYHTYIOTbCA Ha 3MilIyBaHHI
cori KapOOKCUMETHIIIIENIONO03Y 3 MOJiBiHiIO-
BYMM CIIMPTOM, a AK HAIlOBHIOBAa4 BUKOPUCTO-
BYBa/I CUHTETUYHUII TiJPOKCHUAIIATUT Ta ap-
myltody go6asky ZrO,[7].

BcraHoBnEHO, 1110 CMHTE3 TilpOKCHATIATUTY
3a MPUCYTHOCTI KaTiOHIB LIMHKY Ta a/jbriHaTy
HaTpil0 CYTTEBO BIUIMBAE Ha pO3Mip KpUCTa-
TiTiB, 3yMOBJIIOIOYYM 3POCTaHHA CEPENHbOrO
po3mipy yactuHOK Bix 30 mo 150 uMm [8]. AHa-
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N3 JTiTepaTypHUX JAHUX CBIIYNTD, 11O Iepe-
Ba)XHY Oinplmicth myOrmikaiiil IpUCBAYEHO
6ioMeIMYHOMY 3aCTOCYBAaHHIO TiffpOKcmaIa-
TUTY AK Yy BUITALL IHAMBifyanbHOI BUCOKO-
nucnepcHol ¢asy, Tak i B CKIaji KOMIIO3UT-
HUX MarepianiB. BogHoyac Maemo oOMexxeHy
KiZIbKiCTh pOOIT, y AKUX PO3IIAHYTO BBEIECHHA
PiAKICHO3eMENbHUX €/IEMEHTIB JJO CTPYKTYpU
amatutis [9-10].

Cepen mOMiHECLEHTHUX KOMIIO3UTIB CIIif
BigsHaunTy pobory [11], y skiit mocmimxeHo
TiJpOKCUAIIATUAT, JIETOBAaHMII JOHAMMU €BPO-
nioo(III) y monimepHinn marpuui. Hanogporn
HAp:Eu** 6yn0o cuHTe30BaHO TifpoTepMaib-
HVIM METOJIOM 3a IIPUCYTHOCTI propuj-ioHis,
py 1IbOMY cTabimi3anio 3aijicHIOBaIu 3a J10-
IIOMOTOI0 071eIHOBOI Kucnotu. OTpumaHi ciT-
YacTi IOPUCTi CTPYKTYPU IIPOAEMOHCTPYBAIN
BUCOKY OiO/IOriYHy aKTMBHICTB: pe3ynIbTaTi
JOCTTIKEHb aKTMBHOCTI JTy>KHOI ¢ocdarasy,
dbopMyBaHHA MiHepasi3oBaHUX BY3JIMKiB, a
TaKOXX eKcIpecii Oi/KiB i reHiB, aconiitoBaHux
13 KICTKOBOIO TKaHMHOIO, CBiflYaTh IIpPO BMpa-
JKEHY 3JATHICTb TaKUX KapKaciB iHJYKyBaTu
ocreoreHes. Kpim 11poro, neryBanHs jioHaMu
Eu’* 3abe3nedye MOXIUBICTD JIIOMiHECLIEHT-
HOI Bi3yasisaljii B3a€MHOTO pPO3TallyBaHH:A
KTTHH i KapkaciB. B ymoBax in vivo 06’em
BiJ[HOB/IEHHS KiCTKOBUX fieeKTiB y 3paskax
i3 YMCTMMM amaTUTHUMM KapKacamu Iiepe-
BUIIIY€E BiJIIOBiJHI ITOKa3HMKM KOHTPOJIbHOI
TpyIy Ta KOMIIO3UTIB 6e3 eBporiio. [HTeHCuB-
HICTh i IVIOLY JIOMiHECI€HTHOIO CUTHAJy B
30Hi JepeKTy MOXKHAa BUKOPUCTOBYBATU ML
MOHITOPMHTY e(}eKTMBHOCTI pernapariii KicT-
KOBOI TKaHuuM [10-11].

TakuM 4MHOM, HasABHi JiTepaTypHi faHi
IIEPEKOH/IMBO  MiITBEPKYIOTb  BMHATKOBI
JIFOMIHECII€HTHI BJIaCTMBOCTI TifipOKcHMamna-
TUTY, JieroBaHoro jioHamu eBponito(III), mpu

https://ucj.org.ua

LIbOMY iHTE€HCUBHICTD JIFOMiHeCIeHIii iCTOTHO
3aJ/IeKUTh Bifi XiMIiYHOIO OTOYEHH:A, 30KpeMa
npucyTHOCTI oneinoBoi kucmnotu [11]. Bog-
HOYac y JliTeparypi BiICYTHI cUCTeMaTU4Hi
NOCTi/DKEHHsA, TPUCBAYEHI CTBOPEHHIO JIIO-
MiHeCIIeHTHIX KOMIIO3MTIiB Ha OCHOBi MOJIi-
METU/IMETAKPU/IATy Ta AIATUTIB, JIETOBAHUX
PiAKiCHO3eMENbHUMU eJIEMEHTAMMU.

MeTo0 po6OTH € BCTAaHOB/ICHHA BIUIMBY
MOJIIPHOL Macy MOHOATOMHMX CIMPTIB Ha
po3mip Ta MOpQoIOrito HAHOYACTUHOK Kajlb-
1irt pocdariB amaTUTHOTO TUITY, @ TAKOXK PO3-
pOOIEHHST METORMKM OTPUMAHHS OITUYHO
IIpO30pUX KOMIIOSUTHUX IUIIBOK Ha OCHOBI
IIMMA 3 sjOMiHeCIIeHTHMM HallOBHIOBa-
yem HAp:Eu’* Ta BU3SHaYeHHA ONTMMAaIbHOTO
CHiBBiJHOIIEHHA MO/MiMep/HAaOBHIOBAYa /A
TAaKOI'O KOMIIO3UTY.

Jns mociif>KeHHA BIUIMBY PeaKIiiiHOTO ce-
pemoBuia Ha mporec GOpMYBaHHS KasbLii
docdaris amaTuTHOrO THITY 6710 06pPaHO HU3-
Ky MOHOATOMHNX CIMPTiB (MeTaHOJI, eTaHOIL,
IIPOITaHO/, OYTaHOI, 130aMiJIOBUI CIIMPT), SAKi
BiJIPi3SHAIOTbCA MOJIAPHOK MACOI0, JOBXXIHOIO
BYIJIEBOJ[HEBOTO JIaHI[ora Ta (hismko-xiMiuyHm-
MJ B/IaCTMBOCTAMM (TIOJAPHICTIO, B’SA3KiCTIO,
IieJIeKTPUYIHOI MPOHMKHICTIO). Takmit Bubip
JO3BOJIAE MPOCTEXUTY 3aKOHOMIPHOCTI BII/IN -
BY IIOCTYIIOBOI 3MiHM ITOJIAPHOCTI CepeoBuIIIA
Ta CTepuYHUX (paKkTOpiB Ha IMpollecu HyKIearil
Ta pocTy Kpucranis. Ilepexin Biff MeTaHOIYy [0
isoaminoBoro crupry 3abesmedye posuivpe-
HII iHTepBa/ 3MiHM BJIACTMBOCTEN PO3YMH-
HIKa, 110 Ia€ MOXK/IMBICTb BCTAHOBUTU KOpe-
JALII0 MDK XapaKTepUCTUKaMM CEpPeOBUILA Ta
Mopdorori€ro i po3mipamMy HAHOYACTUHOK.

Konnenrpario itonis Eu** Ha piBHi 1 Mo %
06paHO K KOMIIPOMIC MK 3abe3meyeHHSIM
IIOCTAaTHHbOI IHTEHCMBHOCTI JIIOMiHeCIIeHIIil
Ta 30epeXKeHHAM KPUCTANTIYHOI CTPYKTYpH
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rifpoxcuanaruty. Bizomo [11], mo 3a Hu3b-

KIX KOHLEHTpaLill PifIKICHO3eMeIbHUX J10-

HiB 30epiraerbcst isomopdHe 3amimjenns Ca*

6e3 CyTTEBOTO CHOTBOPEHHSA KPUCTAIIYHOI

I'PaTKM, TOAI fAK IiIBULIEHHA BMICTY JIETYIO-

YOI JOMIIIKM MOYKe IIPU3BOAUTH 10 YTBOPEH-

HA fledexTiB, (a3oBuUX [JOMIIIOK Ta SABMIINA

KOHIIEHTPAL[I/fHOTO TacCiHHA JIOMIHECIEHIIl.

Takum unHOM, 0OpaHa KoHIeHTparlis 1 Mor. %

€ TUIIOBOIO IS JIIOMIHECIEHTHUX MaTepiaiB

Ha OCHOBi amaTuTiB i 3abe3medye onTUMAab-

He IO€HAHHA CTPYKTYPHOI CTabimpHOCTI Ta

e eKTUBHIX ONTVYHVX BIaCTUBOCTEIL.
3aBpgaHHA poOOTH:

1. JocmipuTy BIUIMB MOJIAAPHOI MacU MOHO-
aTOMHMX CIIMPTiB HAa YMOBJ CUHTE3Y, MOP-
¢dororio Ta po3MipyM HAHOYACTUHOK KajIb-
it gocdariB amaTUTHOrO THIY, OTpUMA-
HIX METOZOM CITiBOCAaJKEHHA.

2. Po3pobuty MeTOIMKYy CMHTe3y TifjpOKCu-
allaTuTy, jaeropaHoro itonamu Eu’’, Ta mo-
CTANUTY JIOTO CTPYKTYPHi it MOpdororiuni
XapaKTepUCTUKMA.

3. Po3pobutu mipxim g0 ofep>KaHHS KOMIIO-
3UTHUX IUIIBOK Ha OCHOBI IIOTiMeTHU/IMe-
TaKpWIaTy 3 BUKOPUCTaHHAM Eu’’-nero-
BAHOTIO TiIPOKCMAIIATUTY METO/IOM JIUTTA 3
pO3UYMHY.

4. BcTaHOBUTY BIVIMB BMICTY HEOPraHiYHOTO
HallOBHIOBa4Ya Ha Mopdosorio, ogHOpif-
HICTb i CTYIiHb arperanii YaCTUHOK Y IIOJi-
MEpPHIill MaTpULIi.

5. ocmiguTu mnroMiHeClleHTHI BIAaCTUBOCTI
CHHTE30BaHOIO TiJPOKCHANIATATY Ta OTPU-
MaHMX KOMIIO3UTHUX IUTiBOK.

6. BusHauuTu omnTMMajbHe CHiBBiHOIIEHHS
no/iMep/HalloBHIOBaY 1A (OpPMYyBaHHA
ONTUYHO NPO30PUX KOMIIO3UTHUX MaTepi-
asiB i3 3aaHNMM QyHKI[iOHATbHIMIU BJIac-
TUBOCTAMMU.

HayxoBa HOBU3Ha pOOOTM IIONIATAE B TOMY,
IO a) BIIEepLIe BCTAHOBJIEHO BIUIMB MOJISIPHOI
Macy MOHOATOMHMX CIMPTIB Ha po3Mip Ta
MOp(OJIOTil0 HAHOYACTVHOK Kasbliiit ocda-
TiB amaTuTHOrO TUIY; 6) PO3pobIeHO MmiAXin
IO Ofep>KaHHA MOMIMEpHUMX KOMIIO3UTHUX
IUTIBOK Ha OCHOBi IOMTi(MeTMIMeTaKpuUIaTy)
Ta TiZPOKCHMAIIATUTY, JIETOBAHOIO JIOHAMMU
Eu’*, MeTozoM MUTTSA 3 pO34YMHY; B) BCTAHOB-
JIeHO 0CO0/MMBOCTI (POPMYBaHHA CTPYKTYpU
Ta MOP(QOJIOTii KOMIIO3UTHYX IUTIBOK 3a/Ie>KHO
Bifi BmicTy Eu’*-/eroBanoro rizpoxcmanarury,
30KpeMa BIUIMB KOHIIEHTpallil HallOBHIOBa4a
Ha IIpoljecy arperanii 4aCTMHOK Y IOIiMep-
Hill MaTpuIi; T') JOCTI/KEHO JTIOMiHeCIeHTHi
BJIACTMBOCTI fIK CMHT€30BAaHOIO HAIIOBHIOBa-
9a, TaK i OTpMMaHMX KOMIIO3UTHMX IIIiBOK,
Ta II0Ka3aHO MOX/IMBICTD 30epe>keHHA XapaK-
TepHIUX eMiciitHux nepexopis Eu’* y momimep-
HOMY CepeJOBMIIL.

EKCIIEPMIMEHT I OBI'OBOPEHHA PE-
3YJIbTATIB. ExcriepMMeHT! 3 BUTOTOB/IEHHSA
Ti[poCHaIaTUTy Ta IOJIMEPHUX KOMIIO3UTIB
BifbyBa/mucsa 3 BMKOPUCTAHHSAM TaKuX pea-
rentiB: Ca(NO,) x4H,0O, (Kutait), eBpormiit
okcup, (Thermo Fisher Scientific, 99,99%),
po3umH amoHiaky (25%, X. 4.), eTWIOBMII
crmpt, 98%-Buii, (apm), HiTpaTHA KUCIOTA,
15%-Ba, X. 4., x1I0podopM (papm), momiMeTnI-
metakpunar (Thermo Fisher Scientific), ce-
penHsa MomsipHa Maca 30000,35 r/momnb, (CAS
3011-14-7). meranon, texniunmit, CH,OH,
98%, eranon, texuiuanit, C H.OH, 98%; iso-
nponunouii cnupt INEOS IIIC, CH OH
99.9%, OyraH-lom, TexHiuyHWU, 99%, coupT
isoaminosuii, 3-metun-6yran-1-on, C.H, OH.
ExcniepumenTH 3i ciiBocapkeHHs Ta Ginbrpy-
BaHH:A NPOBOAWIN 3a TeMieparypu 19 °C.

Kanpuiit ¢ocdar 3i cTpykTyporo amaTtm-
Ty OCafpKyBalM 3 BOJHO-CIMPTOBUX PO3-
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YMHIB  LUIAXOM  3MIIIYBAaHHA  PO3YMHIB
Ca(NO,),x4H, 0 (3,0 1, 100 M1 3a IpuUCy THOCTI
33,3% BiAIOBiZHOrO MOHOATOMHOTO CIUIPTY)
ta Na,HPO, (1,1 1, 50 M) ipu nepeminryBanHi
Ha MarHiTHiit mimranani 6e3 HarpiBanHs. Pos-
4yiH PocdaTy HaTPilo MOCTYIIOBO HOAABAIIN IO
PO34YMHY HITpaTy KaJIbLIil0, ITiC/IA 4YOr0 CUCTEMY
repeMilryBaiay IPOTATOM 2 XB i fogaBaim 5 M1
5%-r0 BOIHOTO PO3YMHY aMiaKy JO JIOCATHEH-
HA pH = 10. OTpumany cycreHsito HarpiBaam
no 150 °C i BuTpuMyBaIM 3a IepeMmilryBaH-
HA npotaroM 15 xB. Ocap BigdinsrpoByBanmy,
IIPOMMBAJIM JYICTUIBOBAHOIO BOfIO0 (50 M) Ta
cymwmmu 3a 120 °C go crasnmoi Macu.

3pasok neroBaHoro espomieM(IIl) rig-
POKCHAIIATUTY OTPUMAHO 3 PO3YMHY KaJIbllill
HiTpaTy, o MicTus 1 % eBpomiit(IIl) nirpary
3a mpucyTHocTi etanony. EBponiii(III) miTpar
BUTOTOBJ/IA/IN IJIAXOM IOIEPEHbOIO PO3UM-
HEHH:A PO3Pax0BaHOI KiZIbKOCTI €BPOIIil OKCH-
Iy Y HiTpaTHiN KucnoTi. [Ina criBocayKeHHA
JIETOBAHOI'O  PigKICHO3€ME/IbHMUM KaTiOHOM
TiIpPOKCHAIIATUTY [0 PO3YMHY KaJbliil HiTpa-
Ty fogasanyu po3uuH epomii(Ill) Hirpary Ha
IepIliin cTazii CriBOCaPKEHH BiTIOBIZHO 1O
MeTonuku [11].

ITonimepHi KOMITIO3UTHI IUIIBKM OTPUMYBa-

M METOROM JIMTTA 3 po3uyHy (solution cas-
ting) nursaxom posumHenHs 0,10 r momimeru-
JIMEeTAaKpUIaTy B 5 M/ x710podopMy 3 Homepe-
IHiM HaOyXaHHAM HONiMepy BIPORoBXK 30 XB
Ta IOJa/NbIIMM HarpiBaHHAM 3a 80 °C ympo-
IoBX 10 XB 10 YTBOPEHHS B’SI3KOT'O PO3YMHY.
[Topomok amaTuTy IOIEpefHbO IOMOTEHI3Y-
BaJIM Ta BBOAVIM JIO NIOJIIMEPHOTO PO3YMHY 3
IHTEHCUBHUM IlepeMilllyBaHHAM, IICIA 4OTro
OTpPMMaHy CyMilll HAaHOCW/IM Ha IpeJMeTHe
CK/10. BHACIiIOK MOBiTbHOTO BUIIApOBYBaHHA
PO3UYMHHUKA (POPMYBAINCA TOHKI KOMIIO3UT-
Hi IUTiBKI.

PenreHorpamm oTpyMaHO Ha fudpaKTOMe-
Tpi LabX XRD-6000, Shimadzu (fnonis) (Bu-
npomintopannsa CuK ) y auckpetHomMy pexxumi
(kpok 0,02°, miamaszon kyTiB 20 = 5,0-60,0).
IndpavepBoHi crmekTpyu 3paskiB 3amucyBa-
m Ha cnekTpodoTtomerpi Perkin-Elmer BX
(CHIA).

300pakeHHsA MOPOLIKY TifipOKCHAIaTy-
Ty OTPMMaHO Ha €IeKTPOHHOMY MiKPOCKOIIi
Tescan Mira 3LMU. 3pa3ok HanmjaeHo CyMi-
mmro Au + Pd npu xoHTpoi ToBIMHY mapy
Metany 10 HM.

OcamKeHHA TifpOKCHANIAaTUTY 3 BOJHOTO
PO3UMHY BifOyBa€TbCs 32 TAKOIO CXEMOIO:

10Ca(NO,), +8NH,xH,0 + 6Na,HPO, = Ca, (PO,),(OH),” + 12NaNO, + 8NH NO, + 6H,0.

Y nin peakuii Hatpiit oprodocdar € mxe-
penom oprodocdarHux rpym i fobpe pos-
YJHHOIO CI/ITIO, a KaJIbIIill HITpaT — JyKepernom
KaTioHiB Kasbljifo. [l Toro 1mo6 YTBOPUBCS
caMe amaTWUT, MOTPiOHO BUKOHAHHA TaKMX
yMOB: 1) CHiBBiHOIIIEHHS BUXiTHNX PEYOBVH
y monb Ca:P = 1,67:1; 2) xkonTpons pH po3un-
HY B Me>Xax 3HaueHb 10-12; 3) cymuiHHA 3pa3-
KiB 3a Temmneparypu 100-250°C.

https://ucj.org.ua

TemmepaTypa cylIiHHS B 3a3HA4€HOMY BIU-
IaJKy MO>XKe BIUIMBATY Ha CKJIaJl OTPYMAHOTO
npopykTy. Tak, 3a TepMmidyHOro 006pO6IEHHA
Ti[POKCMANIATUTY MOXXYTb YTBOPIOBATUCS SK
OKCHAIaTUT, Tak i Kanbuiit oprodocdar [1].
[l KOHTpOMIO CKIany OyIO BUKOPUCTAHO
metop [Y-cnexTpockomii (puc. 1a) Ta pentre-
Horpadis nopouky (puc. 16).
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Puc. 1. I4-cnextpu (a) Ta penTreHorpamu (6) rifipOKCHANIaTUTY, OTPUMAHOTO 3 PO3YNHIB,
OCa/KeHNX i3 BOOHMX (KpuBa 1), BOZTHO-MeTaHONIbHMX (KpyBa 2), BOZHO-eTaHOMbHUX (KpuBa 3),
BOJHO-i300yTaHO/MBHUX (KpKBa 4), BOGHO-OyTaH-1omy (kpusa 5)

Ta BOJHOT0-i30aMilIOBOTO pO3uMHy (KpuBa 6)

Fig. 1. FTIR spectra (a) and X-ray diffraction patterns (b) of hydroxyapatite obtained
from solutions precipitated from aqueous (curve 1), water-methanol (curve 2),
water—ethanol (curve 3), water-isobutanol (curve 4), water—1-butanol (curve 5),
and water—isoamyl alcohol solutions (curve 6).

B ycix IY-cnekrpax 3adikcoBaHo cMyru
NOIIVHAHHSA, XapakTepHi 11 QocdarHux
TPYII Ta MOJIEKYII aficopboBanoi Bopu (puc.la).
BaxnmBo Bifj3HaunTH, 110 KONMMBAHHA KapOo-
HATHMX TPYII CIIOCTepiraoTh juile B 00macTi
870 ta 1500 cm™' i BoHM 36iraroThcs 3 JiTe-
pPaTypHMMU [JaHMMU IORO KapOOHATy B Tif-
poxcmamnaTuTi [12] Ta BUABIAIOTHCA BUHATKO-
BO Y 3pa3Ky, CUHT€30BaHOMY 3 BOIHOTO PO3-
yyHy. Ile K03BOIAE 3pOOUTY BMCHOBOK, IO
BUKOPUCTAHHA BOJHO-COMPTOBMX PpO3YMHIB
Iifl 9ac OCa/pPKEHH:A CIIPUsAE 3HIDKEHHIO BMicC-
Ty KapOOHATHNUX JJOMIIIIOK Y CKIaji TifpoKcu-
anaTuTy. TakuM 4MHOM, NPUCYTHICTH MOHO-
aTOMHOTO CIIMPTY B peaKliifHOMY CepejoBM-
Ili CyTTEBO BIUIMBAE Ha CKJIAJ, OJep>KaHOro
TiPOKCHAIIATUTY, 3MEHIIYIOYM CTYIIiHb JIOTO
KapOOHATHOI 3aMillleHOCTi.

3 aHayizy peHTreHorpam (puc. 16) Burm-
Bag, 1110 HAHOYACTVHKY MAJIOTO PO3MIpY € peHT-
reHOaMop(HIMY, TOOTO He IIPOSIBIIAIOTD YiTKO
BUp@XeHUX AndpakuintHux pedrekcis. JInie
IVIL [BOX 3pasKiB, OTPMMAHUX 32 IPUCYTHO-
CTi crmpTiB i3 HaVIOIIBIIIOI MOIAPHOIO MACOIO,
CIIOCTepiraeMo c1abKi 03HaKM KPUCTATIYHOCTI.
Came 1 X 3paskiB 5 Ta 6 6y/0 po3paxoBa-
HO CepeJHiil liaMeTp KPUCTaJIiTiB IOPOLIKIB AK
34 uM ta 72 HM 3a lleppepom [13]. PenTreno-
rpaMiy OTPMMaHMX ITOPOLIKIB IHJEKCYIOTbCA B
reKCaroHajIbHiil CMHTOHii 1p. Tp. P6./m 3 mapa-
MeTpaMI eJlieMeHTapHOI KoMipku a = 9,415(8),
c = 6,881(6) A i BiznosigaoTh TiTepaTypHUM
mauuMm [12]. s inentudikauii gudpaxrorpam
BUKOpUCTOBYBamu 6asy ganux JCPDS.

Po3mipn gacTuHOK crHTe30BaHuX ocda-
TiB KaJbIIil0 JIOCHIIPKYBa/IM METOJOM CKaHY-
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BaJIbHOI e/IEKTPOHHOI MiKpockoril. [Topomko-
Bi 3pa3kyl HAHOCWIM Ha rpadiToBy HifKIagKy
Ta IiIJaBa/lMl BAKYYMHOMY HaIlJIEHHIO 30J10-
Ta 3 METOK HAJJaHHA IM €JIEeKTPOIPOBIJHUX

T T 1
100 150 200 250

BicTOK HAHOYACTOYOK, %6

B/IACTUBOCTEI. 300pa’keHHA OTPMMYBAIM 32
JOIIOMOTOI0 KEPOBAHOI'O €IEKTPOHHOTIO ITy4YKa
3a MpucKoproBanbHOl Hanpyru 35 kB. Orpu-
MaHi MikpodoTorpadii HaBefeHO Ha puc. 2.
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12 4

10 <

100 150 260 250
JliaMeTp HAHOYACTOHOK, HM

50 100 150 200
JliamMeTp HAHOYACTOYOK, HM

Puc.2 306paskeHHs CKaHYBaJIbHOI €/IEKTPOHHOI MiKPOCKOIIii IiIpOKCUATIATUTY, OfeP>KaHOTO
3 PO34YMHIB, OCaJPKeHNX 13 BOfHUX (1), BOTHO-MeTAaHONbHMX (2), BOGHO-eTaHONMbHUX (3),
BOJHO-1300yTaHONMBHUX (4), BOHO-OyTaH-1o1my (5) Ta BOJHOro-i30aMizIoBOro po3unHy (6)

Fig. 2. Scanning electron microscopy (SEM) images of hydroxyapatite obtained from
solutions precipitated from aqueous (1), water-methanol (2), water—ethanol (3),
water—isobutanol (4), water-1-butanol (5), and water-isoamyl alcohol (6) solutions.

https://ucj.org.ua
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Posnopin HaHOYaCTUHOK 3a pO3MipaMu BU-
3HAYa/ Ha OCHOBI aHaJIi3y €/IeKTPOHHO-Mi-
KPOCKOIIIYHUX 300paKeHb i3 BUKOPUCTAHHAM
nporpaMHoro 3abesnedenHs ImageJ (National
Institutes of Health, CIIA). Ina anamisy
BUKOPMCTOBYBaIM 300paKeHHA, OTpUMa-
Hi METOIOM CKaHYBa/JIbHOI €eKTPOHHOI Mi-
Kpockomii 3 BigomMmm Mmacimtabom 200 HM.
3arasipHa KilbKiCTb 4aCTOYOK, AKY Oy/I0 B34TO
IUIA aHA3y, cKaafae: 224 (BOLHUII pPO3UNH),
270 (MeTaHONMBHMIT), 213 BOZHO-€TaHOIbHMIIA,
182 (BomHO-i300yTanONMBHMIT), 154 (BOmHO-
OyraH-lomy) Ta 112 (BopHOro-i30aMinoBOro
PO3UNHY).

AHanis 306pakeHb CKaHYBa/IbHOI €/IeKT-
POHHOI MIKPOCKOIII IOKa3aBs, 110 YaCTMHKU
Kanbpliit ¢gocdaTy MaoTh HepeBaXHO cde-
pyr4Hy pOpMY y BULIA[IKy OCA/IKEHHA 3 BOJJHO-
€TaHOJ/IbHMX Ta METAaHO/IbHMX PO34MHiB. BcTa-
HOBJIEHO, 1110 CEPEeMIHiNl PO3Mip YaCTMHOK CYT-
TEBO 3aJIEXUTD BiJl CK/Ia/ly peaKliifTHOro cepe-
[OBUIIA: Y BOJHOMY PO34YMHi BiH CTAaHOBUTH
61m3bko 30 £8 HM, y BOGHO-METaHOJIbHOMY —
61m3bKo 45 +12 HM, y BOIHO-€TaHOTIbHOMY —
01m3bKo 5516 HM, TOAI K y CepefoBMIIi 3
MOHOATOMHUM CIIVMPTOM i3 HayibinbLIO MO-
JIAPHOI0 MacOI0 CepefiHiil PO3Mip YaCTMHOK
3poctae 1o ~170+60 HM (puc. 2). OcKinbku
IIpY 3pOCTAaHHI MOIAPHOI Macy CIMPTY CIO-
CTepiraeMo arperanilo 4acTMHOK, TO (opma
YaCTOYOK, OTPMMAHUX i3 BORHO-OyTaH-lomy
Ta BOJHOI0-i30aMiJIOBOrO pO34MHY BifIpi3HA-
I0TbCS Bij chepnyHOi.

TakuMm umMHOM, BIeplle IOKa3aHO BIUINB
IPUCYTHOCTI MOHOAQTOMHUX CIIMPTiB Ha op-
MyBaHHA OioakTuBHUX ¢ocdariB y posumHi
IIPM CIIIBOCA/IKEHHI, a caMe: 3aBJSAKM BBEJEH-
HIO CIIMPTY 3HVDKYETbCA PO3YMHHICTD ByIIe-
KJCJIOTO Ta3dy, 110 BifINIOBilae 3a JOMIIIKK Yy
cknafi amaruty. [lokasano, o BUIOKIO € MO-

10

JpHAa Maca MOHOATOMHOIO CIUPTY Yy peak-
LilHii cymin, To 6in1b1mM € po3mip oTpuMa-
HIX YaCTOYOK: Biff 30 HM y PO34YMHI MeTaHOTY
po 170 HM y po3uMHi i30aMiIOBOrO CHMPTY.
Hano4acTouky yTBOPIOIOTBHCA TiIBKM Y BHU-
nanxy cmpris CH,OH, C H.OH ra C,H OH,
a B pellTi BUIIAJKiB yTBOPIOIOTHCA MiKpo4a-
CTOYKM.

306i1blIeHHS PO3MipPYy YaCTUHOK TifIpOKCH-
aIaTUTY 31 3pOCTaHHAM MOJIAPHOI Macy MOHO-
aTOMHOTO CIIMPTY 3YMOBJIEHO KOMIIJIEKCHUM
BIUTMBOM (i3MKO-XiMiYHIX BJIaCTUBOCTEN! pe-
aKI[1/1HOTO CepefoBMIIA Ha IIPOLeCH HYKJIeallil
Ta pOCTY KPUCTAJIB. I3 mepexonom 1o CumpriB
i3 IOBIIVM BYIJZIEBOJHEBYM JIAHLIIOTOM 3MEH-
LIYETHCA MOIAPHICTD CEPeIOBMILA Ta 3POCTAE
J10TO B’A3KiCTb, IO IPU3BOAUTD /IO 3HVDKEHHS
PO3YMHHOCTI IOHIB 1 CTyIeHA IlepecHuYeHHs
pO34uHy. 3a TAKUX YMOB 3MEHILIYETbCA Kifb-
KiCTb IIeHTpiB HYyKJIealii, Tofii AK BXe cop-
MOBaHi 3apOfKM MAIOTb CIPUATIUBI YMOBMU
I/1A TIOJAIBIIOrO pocTy. [logaTkoBo cTepnyHi
eeKTV MOJIEKY/I CIMPTIB Ta IXHS B3aEMOJiA 3
IIOBEPXHEI0 YACTMHOK MOXXYTb CIIPUATHU arpe-
ramii Ta KoajecleHlii KpUCTaiTiB. ¥ CyKyn-
HOCTI 1€ 3yMOBJIIO€ 3MillleHHA piBHOBAaru Bif
IIPOLIECIB MAaCOBOIO 3apO/PKEHHSA JO POCTY
YaCTVHOK, 110 IPOSIB/ISIETHCS Y 30i/IbIIeHH] 1X-
HbOT'O CEPEIHbOrO PO3Mipy P BUKOPUCTAH-
Hi CHIUPTIB 13 61/IBIII0I0 MOJISIPHOIO MACOIO.

Ha ocHoOBi nmiTeparypHux faHux, B AKUX Jie-
Ta/JIbHO OMNMCAHO JIIOMiHECIIeHTHi BIaCTUBOCTI
ioniB eBpomito(IIl) y cTpykrypi rigpokcuamna-
ity [11], y 1iit po6ori ana neryBaHHA ama-
TUTHOI (pasu BMKOPMCTAHO KOHIIEHTPALIilO
€BpOIIiI0 Ha piBHI 1 Mos. %. 3TifHO 3 HaBefe-
HVIMU JpKepenamy, ioun Eu’ isomopdno BOY-
TOBYIOTbCA Y KPUCTaIi4Hy I'PaTKy TifipOKCH-
amaTUTY, 3aVIMaIO4M MO3UIil KaTiOHIB Kajb-
miro Ca?',
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Ilig yac BUTpMMYyBaHHA 3pasKiB Ha IIOBi-
Tpi CIIOCTepiraay IOBi/IbHE BUIIAPOBYBaHHA
x110podopMY, 10 IPU3BOANIO JO POpPMyBaH-
HA CyuinbHOI monimepHol miiBku. IIosinbae
BUJIaJIECHHA PO3YMHHMKA CIPUANIO pelaKca-
LIl IO/MMEPHUX JIAHUIOTIB 1 piBHOMipHOMY
3aKpiIUVIEHHIO YaCTMHOK Ti[pOKCHANIaTUTY B
06’eMi IUTiIBKM, IO € BAXKIVMBUM YMHHUKOM
¢dbopmyBaHHA cTabi/IbHOI KOMIIO3UTHOI CTPYK-

180

Typu. 3 ypaxyBaHHAM JIiTepaTypHUX JJaHUX Ta
IIOCTaB/IEHUX 3aBfaHb MOCTiI>KeHHS, BMICT
TiJPOKCUAIIATATY B IOAIMEPHIN MaTpuULli 3Mi-
HioBa/iM B Mexxax Bim 10 go 40 mac. %. Takwnit
iHTepBaJI KOHLEHTPALiN JO3BOJIAE IPOCTEXN-
TV BIUIVB HAIIOBHIOBAYa sIK Ha IIpoliec popmy-
BaHHA IUTBOK, TaK i Ha ixHi Mopdosoriyni Ta
byHKIiOHAIbHI XapaKTePUCTHUKIL.
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Puc. 3. IY-cnexrpnu nniBok IIMMA (kpusa 1), IMMA/10 % rigpokcuanarut (kpusa 2),
I[IMMA/30 % rigpokcuanaruty (Kpusa 3)

Fig. 3. IR spectra of PMMA films (curve 1), PMMA/10% hydroxyapatite (curve 2),
and PMMA/30% hydroxyapatite (curve 3)

Indpavyepsonmit ciekp Buxigaoro IIMMA
(puc. 3, kpuBa 1) y3roJpKy€eThcs 3 paHile omy-
6nikoBanymu ma"HuMmu [14]. HaitinTeHcuBHi-
VMY CMyTaMM € BaJieHTH] KoymBaHHA C-H 'y
rpynax CH;- ta -CH,- (=3000-2800 cm™ "), Ba-
JIEHTHI KONMMBaHHA KapOoHinbHOI rpymn C=0
(1725 cm™'), a TaKOX CUMETPUYHI BasJeHTHI
konuBanHst 38’s13Ky C-O-C (1144 cm™?). [lpu

https://ucj.org.ua

BUTOTOBJIEHHI KOMIIO3UTIB y CIIEKTPi 3 ABJIA-
I0TbCA JOAATKOBI cMyTH Bif pocdaTHNX IpyIL.
Bapro nigkpecnmnTy, 110 BaJIeHTHI KOJIVBaHHA
¢dochaTHMX IpyH Terep MAIOTh PO3/Ii/IEHHA Ha
IekinbKa cMyT B o6macti 1000 cm™'. Mu oB’s-
3Y€EMO TaKy BifIMiHHICTb 3 TUM, IO Y KOMIIO-
3UTi TiIpOKCHMANAaTUT po36aB/ieHO IIO/MiMe-
poM, i po3zinbpHa 3gaTHICTD WOR0 PocdaTHIX

1




HEOPTAHIYHA XIMIfi

BrJiuB OQHOATOMHUX CMUPTIB HA CKNTAZ TA PO3MIP HAHOYACTO40K BIOCYMICHUX ®OC®ATIB KATbLIHO

TA NOJIIMEPHI KOMMO3UTY HA TXHIA OCHOBI

KO/IMBaHb BUAB/IAETbCA Kpalloo. AHaIOTiYHi
3aKOHOMIPHOCTI OY/I0 BMSBIIEHO i IS iHIIMX
KOMITO3UTIB i3 Tifipokcuanatutom [8].

3a JOMOMOTro NMPOCBivyBaIbHOI €1EKTPO-
HHOI MiKPOCKOIII JOCTI/PKEHO KOMIIO3UT i3
10 % rigpokcmamatuty (puc. 4 a). Came eit
ckaj obpaHo depe3 GopMyBaHHs HailOiIbLI
OIHOPIAHOI IIiBKM 3 IPUITHATHUMY Qi3UIHK-
MU xapakrepuctukamu (puc. 4 6). Bcranosre-
HO, 1110 I1iJ} YaC BBEIEHHA HAIIOBHIOBaya B I10-
niMep BifOyBaeTbCs YKPYIIHEHHS YaCTWHOK:
IXHi po3Mip 3pocTae 3 ~67 HM JI0 arzioMepa-
TiB 200 HM - 1 MKM. l]e nosicHIOETHCA arpera-
I1i€l0 HAHOYACTMHOK Y pO34MHi Ta Qikcarjiero

YTBOPEHMX arperaTiB mij 4yac ¢opMyBaHHA
IIJTiBKIL.

JIfoMiHeCIIeHTHi BJIACTUBOCTI [TOCTimXKe-
HUX cucteM (puc. 4 B) 3yMOBJIEHi HasBHICTIO
ioniB Eu’*. [lna mopomky Eu’*-nmeroBanoro
rifpokcyanatuty npu 36ymkeHHi (395 HM)
CIIOCTEPITa€ThCA IHTEHCUBHE Y€PBOHE BUIIPO-
MiHIOBaHHs 3 MaKCMMyMOM O/u3pko 613 HM
(nepexiz °D, > F)), 1[0 CBiT4UTb PO HU3bKY
CHMETpil0 KOOP[AMHALIIHOTO OTOYEHH: iOHIB
€BPOIII0 y IpaTui. AHA/JOri4yHi CIeKTpajbHi
0COOMBOCTI 30€epiratoThes i 7ist KOMIIO3UTHUX
IUTiBOK, IO MiATBEpPKYE CTAOiIbHICTD TIOMi-
HECILIEHTHMX LIEHTPIB Y IO/TIMEPHil MaTpUILIi.
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Puc. 4 a) 3o06paxkenns komnosnuty [IMMA/10 % rizpokcuanaTit 3a JOIOMOTOI0 IPOCBidyBaIbHOL
€/IeKTPOHHOI MiKpOoCKoIIil; 6) 306pa>keHHs OTPUMaHMX IUTIBOK, fe 1 — Buxiguuit [IMMA,
IIMMA + 10 % (2), 15 % (3), 20 %(4) Ta 30 % (5); B) Criextpu nrominecnenuii [IMMA/10 %
riffpokcranarut (KpuBa 2) Ta rifpokcuanaruty, nerosaHoro espomiem(IIl) (kpusa 1)

Fig. 4. (a) TEM image of the PMMA/10% hydroxyapatite composite; (b) photographs of the obtained
films: (1) pristine PMMA, PMMA with 10% (2), 15% (3), 20% (4), and 30% (5) filler content;
(c) luminescence spectra of PMMA/10% hydroxyapatite (curve 2)
and Eu(III)-doped hydroxyapatite (curve 1).
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IHTeHCHMBHICTD BUIIPOMIHIOBAaHHA IUIIBOK
€ HIDKYOI0, 110 TIOB 3aHO 3 IXHBOIO IPO30pi-
CTI0, MEHIIIOI0 TOBIIVMHOIO Ta BiIMiHHOCTAMMU
YMOB BUMipIOBaHHS, TOMY IIpsIMe IIOPiBHAHHA
3 IOPOIIKOM € HeKOPeKTHMM. OKpiM OCHOBHOI
cmyTy, QIKCYIOTh TaKOX Iepexopm ~595 HM
(D, — ’F)) i ~740 um (°D, - ’F,), XxapakTepHi
mia Eu®t

OTpumaHi pesynpTaT¥ MiTBEPIKYIOTb,
1110 BBEJIEHHA JIETOBAHOIO Ti[pOKCHANIaTUTY B
[IMMA He npu3BOLUTD [0 raciHHA NIOMiHec-
LeHIil Ta 3abe3neuye 30epe>KeHHsA ONTUYHUX
B/IaCTUBOCTEN, II0 POOUTH Taki KOMIIO3UTH
NepCIeKTUBHUMY (PYHKI[iOHA/IbBHUMU MaTepi-
aZaMum.

Takum uMHOM, BIiepllle OTPUMAHO MOJIiMep-
Hi KOMIIO3UTHI IUIIBKM Ha OCHOBI ITO/TiMeTNII-
metakpuiaty (IIMMA) 3 HamoBHIOBaYeM y
BUITIALI TiJpOKCUAIIATATY, JIETOBAHOTO JIOHA-
mu espomio(IIl), MeTomoM MUTTA 3 po3uMHY.
3anponoHoOBaHMI TiAXif mosBonse Gopmy-
BaTy OJHOPIHI Ta ONTMYHO IPO30pi IIIIBKK
Ipy BMiCTi HarmoBHIOBaYa He 6imbie 10 % Mac.

BMCHOBKJ. Bnepuie cucTeMaTM4HO [O-
CIIiPKEHO BIUIMB MOHOATOMHUX CIIMPTIB Ha
¢dopmyBanHa OioakTuBHMX (ocaTiB Kab-
1[i}0 aIIaTUTHOTO TUITY ITiJf 9acC CIiBOCA)KEHHA
3 posunHiB. IIokasaHo, 10 BBEAEHHA CIMPTIB
y peaxiiijiHe cepeloBMILE 3HIDKYE pPO3YMH-
HICTb BYIJIEKMCJIOTO Ta3y, L0 IMPU3BOAUTD [O
3MeHIIIeHHs KapOOHATHMX JTOMIIIOK y CKmafi
TiJpOKCMANAaTUTy. BCTAaHOBIEHO 3a/IEXXHICTDH
pO3Mipy 4YacTMHOK BiJj MOIAPHOI Macu Mo-
HOATOMHOTO CIUPTY: 3i 3pOCTaHHAM MOJIAP-
HOI Macy CIIUPTY CEepPeiHil PO3Mip YaCTMHOK
36ibp1IyeThCs Big ~30 HM y cepefoBMILi Me-
TaHONy /10 ~170 HM y po34uHi i30aMiTIOBOTO
ciimpty. HaHOpOo3MipHi 4acTHHKY GOPMYIOTH-
ca nmuuie 3a npucytHocti cnmprie CH3;OH,

https://ucj.org.ua

C,HsOH Ta C;H,OH, TOmi AK BMKOpMCTaH-
HS CHMPTIB i3 OiNBLIOI MOJSAPHOI0 MacCoIo
IPU3BOAUTDH [0 YTBOPEHHA MiKPOYaCTHHOK.
Bnepiie MeTonoM MUTTA 3 PO3YMHY OTpHUMAa-
HO IIOJIIMEpPHI KOMIIO3UTHI IUIIBKM Ha OCHOBI
[IO/IIMETU/IMETAKPW/IATY 3 HAIlOBHIOBAYeEM Y
BUITIAML TiZPOKCMAIIATUTY, JIETOBAHOIO J10-
Hamu eBpomi(III). TTokasano, mo mosinbHe
BUIIAPOBYBAaHHA X/I0podOpMy cHpuse pe-
JIaKCallil MoMiMepHUX JTAHLIOTIB Ta piBHOMIp-
HOMY PO3IOJiNY YaCTMHOK TifIpOKCHATIATUTY
B o0’emi mmiBky, Imo 3abesmedye Gopmy-
BaHHA CTa0i/TbHOI KOMIIO3UTHOI CTPYKTYpPH.
3anponoHoBaHUII MifIXiJ, MO3BOJAE OfEPXKY-
BaTy OJHOPifHI Ta ONTUYHO IIPO30pi KOM-
IIO3UTHI IIIIBKM 3a BMICTy HAIlOBHIOBaya [0
10 mac. %, 1m0 € MEepPCIEeKTUBHUM [/ CTBO-
peHHs QyHKIIOHANTbHUX 6I0aKTUBHUX i MIOMi-
HECLIEeHTHMX MaTepiaJliB.

OTpuMaHi pesynbTaTyl BiJKpUBaIOTb HU3-
Ky IEPCHEeKTUB [/ IOANbIINX NOCIIKEHD,
CIIpAMOBAHMX Ha IOIIMO/IeHe pPO3yMiHHA
MeXaHi3MiB (OpPMyBaHHS aIaTUTHUX HAHO-
YaCTMHOK y BOJHO-CIIMPTOBUX CEPENOBUILAX.
30KpeMa, MOLiNbHUM € CUCTEeMAaTU4YHE BMU-
BYEHHA BIUIMBY He JMIle MOJIAPHOI Macu,
aze ¥ MOJSAPHOCTI, B'A3KOCTI Ta Jie/IeKTpud-
HOI IIPOHMKHOCTI PO3YMHHMKA Ha IIPOLIECH
HyK/ealil Ta pocTy Kpucranis. IlepcnexTns-
HJIM HaIIpAMOM € TaKO>XX BapilOBaHHA KOHIIEH-
Tpawii piiKiCHO3eMe/IbHNX i10HIB Ta BBEIEHHA
iHmmx nreryroounx gomimox (Tb**, Sm**, Dy**)
3 METOI0 KEPYBaHHA CIEKTPa/JbHUMM XapakK-
TepucTuKaMuy Mmarepiani. OKpemy yBary fio-
L/IbHO NPUAUINTU [JOCTPKEHHIO B3a€EMOJII
CMHTE30BaHMX KOMIIO3UTIB i3 GiomorivHumu
cepefloBUIlaMM, BKIOYap4M in vitro Ta in
HbOI IIOPUCTOCTI, MEXaHIYHNX BIACTUBOCTEN i
HIBUJIKOCTI 6iozerpaparii.
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[IpakTiyHa 3HAYYLIiCTD POOOTM IIOJIATAE
y po3po6ieHHi IPOCTOro Ta BiITBOPIOBAHO-
o IMiJXOAy /IO KEPOBAHOTO CMHTE3y HaHOYaC-
TUHOK TifJPOKCHMAIIaTUTY 3 PerylbOBaHUMMU
po3Mipamu Ta MOPQOJIOTi€lo, 10 € KPUTUYHO
BX/IMBUM JUIs1 CTBOPEHHs 6iomarepiasiB HO-
BOTO TIOKOJMIHHA. 3allpOIIOHOBaHi IMOMiMepHi
xoMno3nuty Ha ocHoBi [IMMA 3 Eu’*-nerosa-
HVIM Ti/JpOKCUANIaTUTOM IIOENHYIOTh OiocyMic-
HICTb, ONITMYHY IIPO3OPICTh i TIOMiHECI|€HTHI
BJIACTUBOCTI, 10 POOUTH X NEPCIeKTUBHU-
MU JUIs 3aCTOCYBaHHA B OiOMeIMYHiil iHXe-
Hepii, 30KpeMa fAK MaTepianu i IMIUIaHTIB,
IIOKPUTTIB KiCTKOBMX IIPOTE3iB, a TAKOX /A
¢ryopeceHTHOI Bisyanisanii Ta MOHITOpMH-
Iy npoueciB octeopereHepanii. KpiMm 1nporo,
TaKi MaTepiany MOXKHa BUKOPUCTOBYBATU Yy
CTBOpeHHi (YHKIIIOHa/IbHUX ONTUYHUX IIO-
KPUTTIB, CCHCOPHUX CUCTEM Ta MapKepiB [
610/IOTIYHNX NOCiI KEHb.

HETAJIIBALIIA BKJIALlY ABTOPIB Y
IIIJITOTOBLI PYKOIINCY:

A. B. IIpoxanpKa — IpoBeJjeHHA €KCIIepH-
MEHTY, HaIllMICAHHA CTaTTi;

. II. HaymoBa - mocTaHOBKa 3aBJIaHHA,
y4acTb Y 0OTOBOPEHHI pe3y/IbTarTiB.

KOH®JIIKT IHTEPECIB. ABTOpu 3asABis-
I0Tb ITPO BifICyTHICTb KOHQIIKTY iHTepeciB.

ABTOpM CTaTTi 3aABIANTb NPO Bifl-
CyTHicTb ¢iHaHCOBOI MiATPMMKM Ta
3a/y4eHHA CIIOHCOpIB IIiJi 4ac BUKO-
HaHHA IbOTO NOCi/PKEHHA.

14

]
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?Taras Shevchenko National University of Kyiv,
64/13 Volodymyrska st., 01601 Kyiv, Ukraine
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The features of calcium phosphate synthe-
sis with an apatite structure from aqueous—
alcoholic solutions were established. The phase
composition and structure of the synthesized
samples were confirmed by scanning electron
microscopy, infrared spectroscopy, and X-ray
diffraction analysis. The effect of the molar
mass of monohydric alcohols on the mor-
phology and size of apatite nanoparticles was
systematically investigated. It was shown that
an increase in the molar mass of the alcohol
leads to particle growth, with the average size
increasing from approximately 30 nm in a
methanol medium to about 170 nm in an iso-
amyl alcohol solution, which is attributed to
changes in polarity, viscosity, and nucleation
conditions.

Europium(III)-doped hydroxyapatite was
synthesized via coprecipitation, ensuring the
incorporation of Eu’" ions into the apatite la-
ttice without significant structural distortion.
The apatite exhibited intense red emission with
a maximum at ~613 nm corresponding to the
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°D, = ’F, transition of Eu** ions, indicating a
low-symmetry local environment. Additional
emission bands at ~595 nm (°D - ’F)) and
~740 nm (°D, — ’F,) were also observed.

For the first time, polymer composite films
based on polymethyl methacrylate filled with
europium(III)-doped hydroxyapatite were
prepared by the solution casting method. The
resulting films retained the characteristic lu-
minescent properties of the filler, demonstrat-
ing that the polymer matrix does not induce
quenching of Eu** emission. The proposed ap-
proach enables the formation of homogeneous
and optically transparent composite films with
filler contents of up to 10 wt. %. The composite
retained the characteristic luminescent pro-
perties of the inorganic filler, demonstrating
the absence of significant quenching effects
from the polymer matrix. The developed ap-
proach opens new opportunities for the fabri-
cation of functional hybrid materials with con-
trolled optical properties, which are promising
for applications in biomedical imaging, sens-
ing, and advanced photonic devices.

Key words: apatite, phosphate, SEM, copre-
cipitation, monohydric alcohol, nanoparticles,
composite films, luminescence.
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JOoCmipKEeHO peakliiiHy 3JaTHICTh aHKi)IaMiHO—[3—KeToeHonaToneKaﬁoaTO(bTanouiaHiHa-
Ty raHilo B peakIjifix i3 napa-i3onponokcnb6eH30HO0 KICIOTOK Ta AMOEH301IMETaHOM.
Meropmom IIMP-cnekTpockomnii BCTaHOB/IEHO, IO B3Aa€EMOfis 3 apOMATUYHOI KMUCIOTOO
IPU3BOANUTD 0 CETIEKTUBHOTO 3aMillleHHs JJIeKaHOATHOTO JIraHfy, TOAi AK peakiis 3 B-mu-
KeTOHOM IIPU3BOAUTH [0 IIOBHOTO OOMiHY 000X I03aIUIOLIMHHUX JIiraHpiB. BcTraHOBIEHO
pAn CTabiIBbHOCTI XeNaTHUX LMK/IB y KOoOpAWHaLilHii cdepi ¢ramouianiHatiB radHimo.
PesynpraTy MaloTh IpaKTIYHe 3HAYEHHS /I CMHTe3Y (PyHKIIIOHa/IbHUX MaTepiasiB B opra-

HIYHMX HaIliBIPOBiIHMKAX Ta MEAVILIVIHI.

KnrouoBi cmoBa: ¢ranouianin, raduin, miraugauit oomin, [IMP-ciekrpockomis, 3Mi-

IIAHOMITaHTHI KOMIIJIEKCH.

BCTYII. Bucoxmuit iHTepec [0 LMKIi4-
HUX TEeTPANipONbHMUX CIIONYK 3YMOBJIEHO
YHIKa/JIbHUM TOEJHAHHAM IXHbBOI T€PMIiYHOI
crabimpHOCTi, XiMiYHOI CTiifkoCTi Ta cre-
udivHoi enexTpoHHOi OymoBu. OmHUMU 3
HalACKpaBIIMX IPeACTaBHUKIB IJbOTO K/1acy
€ ¢ranonianinu (Pc) - mMakpoumknmm 3 apo-
MaTUYHOIO 18-TM Tt-e/IeKTPOHHOI CUCTEMOIO,
Ta ixHi KoMmmuiekcu 3 Metanamu (PcM). 3a
OCTaHHi AecATUMITTA, OKpiM PyHAaMeHTaNb-
HUX AOCImKeHb [1], ni cmomykm 3Hammm
HIMPOKEe NPAaKTUYHE 3aCTOCYBAHHA AK XiMiy-

18

Hi ceHcopu [2], opraHiuni TpaH3ucTopnu [3],
doTocencubinisatopu B oroguHaMiuHIii
tepamii [4] Ta B ribpupHux doTOenTeKTpUY-
HUX TexHonorisax [5]. Ximiuna mMopmdikaris
Pc Makpoumkiy nuiAxom BBefileHHA nepude-
PITHMX 3aMICHUKIB € OCHOBHUM iHCTpYMEH-
TOM BIUIVBY Ha ixHi ¢isuko-ximiuHi BracTu-
BOCTI BiIMIOBiJHO /10 KOHKPETHUX MOTpPeb [6].
30KpeMa, Bapiallid NpUPOAU Ta MONIOKEHHA
(dYHKIIiOHATBHUX TPYI [KO3BOJISIE LiiIecrpsi-
MOBAaHO 3MIiHIOBAaT! PO3YMHHICTb KOMIIIEK-
CiB y cepemoBuIllax pisHOI MOAAPHOCTI, BEIM-
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YMHY JUIIOIBHOTO MOMEHTY MOJIEKY/IN, 1HIIII
xapakrepucTuku. Ile Mae BaxiuBe 3Ha4eH-
HA JI/IA ONTUMI3anil ClIeKTpaabHO-TIOMiHeC-
LEeHTHMX, KaTaJiTUYHNX BJIACTUBOCTEN, 0io-
JIOTiYHOI aKTMBHOCTI i 6e31ocepeHbO BIUIN-
Ba€ Ha eQeKTUBHICTh IXHBOTO IPAKTUYHOTO

3aCTOCYBAaHHA.

[numit metox Mopudikanii PcM - 1e BBe-
J€HHsA Pi3HOMaHITHMX JIiraHZiB I103a IUIOLIN-
HOI0 MAKPOLVIK/TYy y BUIIAJIKy KOOPAMHALIIIHO
HEHACUYEHUX LEHTPA/IbHUX aTOMIB MeETaJliB
(puc. 1) [7]. Lei mipxim € mpocTuM, OfHOCTA-
HiiHUM Ta e(eKTMBHUM i TaKOXX MPU3BOAUTH
1o 3MiHM i3uKo-XiMiuHMX BracTuBocTeit PcM.

M =Zr, Hf
X =Cl, OH

R = Alk, Ar, CF;

R = OAIK, Ak, Ar, CF;

Puc. 1. Mopndikanis PcM (M = Zr, Hf) misixom koopayHaliii niraHfiiB o LeHTPATbHOTO aTOMa
merany: peakuii PcMCL,/PcM(OH), 3 B-aukeToHamy Ta KapOoOHOBUMM Kycrmotamu (a),
PcM(AIkCOO), 3 p-auxeronamu (6) i ankimamino-P-keroenonamu (B)

Fig. 1. Modification of PcM (M = Zr, Hf) by coordination of ligands to the central metal atom:
reactions of PcMCl,/PcM(OH), with -diketones and carboxylic acids (a), PcM(AIkCOO),
with B-diketones (b) and alkylamino-[-ketoenols (c).

IIpuknagamMu Takoro IifAXopy O CUHTE3Y
€ peaxlil ysiraHgHOrO 06MiHY y (ranouiaHi-
HaTaxX IVpKOHil0 Ta radwuio. [Tpn B3aemonii
PcMCl, a6o PcM(OH), (M = Zr, Hf) i3 kap60-
HOBVMMM KUCJIOTaMU Ta [P-AUKapOOHIIbHUMM
CIIOTTYKaMM, TAKUMM SIK [-IUMKeTOHM, P-KeTo-
ecTepy, YTBOPIOIOTbCA BifNoOBigHi 6ic-koMIl-

https://ucj.org.ua

nekcu 8, 9]. ITomiOHMM YMHOM IIOBOAATHCS
i PcM(AIKCOO), y peakuiax i3 B-gukap6o-
HinbHuMU cnonykamu (puc. 1). Peaxuii (a)
Ta (6) (puc. 1) HOCUTH HeTaIbHO BMBYEHO i
[IOKa3aHO, IO B pPe3yIbTaTi YTBOPIOIOTHCS
6ic-koopamHoBaHi komiutekcu [8, 9]. Ilpo-
Te B IOIepenHill po6oTi Hamy Oy/I0 OmUCaHO
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B3aeMofilo  bic(mekaHoaro)dranorniaHiHaTiB
IIVpKOHilo Ta radHio 3 ankiramino-B-kero-
enonamu [10], me, Ha BigMiHy Bif ouikyBaHOTO
oOMiHy /IBOX IeKaHOATHNX JiraHfiB, BifOy-
BA€THCS 3aMillleHHs uile ogHoro (puc. 1, B).
3acTOoCyBaHHA 3-5-KpaTHOTO HAJIMILKY ajl-
KilTaMiHO-[}-KeTOEHOTY TaKOXX He IPU3BOANIIO
JI0 YTBOPEHHS 0iC-KOMIIIEKCY.

Y uiit po60Ti JOCTIKEHO MOXKTMBOCTI MO-
mudikanii Takoro TUIy KOMIUIEKCIB Ha IIpu-
K/Iafii 3MillIaHOJIIraHHOTO a/IKinaMiHo-[B-KeTo-
€HonaTofiekaHoarodranouiaHiHaTy  TadHi0
y B3aeMofil 3 napa-i3onpornokcudeH30iHOI0
KJC/IOTOI0 Ta 3 AMOeH30{/IMeTaHOM MeTO[OM
ITMP-cnexTpockomii.

EKCHHEPVMMEHT I OBI'OBOPEHHA PE-
3YVJIBTATIB. Y po6OTi BUKOPUCTaHO peareH-
TU MapKM 4. [I. a8, PO3YMHHMKIU OYMILEHO 32
crangapTHuMy Mertopamu. 'H SMP-crextpn
peecrpysanu B CDCI, na AMP-cniexrpomeTpi
Varian i3 TaKTOBOI 4acCTOTOIO I IPOTOHIB
400 MIu. fIx BHYTpilmIHI CTaHJZAPT BUKO-
PUCTOBYBA/IM TETPAMETU/ICHUIIAH.

(2E,5Z,7E,9E)-2-((3-(0umemunamino)npo-
nin)amino)-6-ziopoxcu-10-genindexa-2,5,7,9-
mempaen-4-on (L) 6ym1o cMHTe30BaHO 3a Me-
TOMMKOIO, ommmcanow B [11] i3 Buxomom 40.0%.
'H AMP (400 MIi1, IMCO-D,) 6 15.19 (c, 1H),
10.32 (¢, 1H), 7.52 (m, ] = 7.5 I, 2H), 7.36 (T,
J=7.51Iu, 2H), 7.28 (1, ] = 7.3 Iy, 1H), 7.11-
6.98 (M, 2H), 6.88 (mn, /] = 154, 6.4 Iu, 1H),
6.15 (z, ] = 14.0 Iy, 1H), 5.31 (¢, 1H), 4.82 (c,
1H), 3.32 (pm, J = 13.0, 6.3 I, 2H), 2.25 (T,
J=6.8 11, 2H), 2.13 (¢, 6H), 1.99 (¢, 3H), 1.75-
1.57 (M, 2H).

bic(0exanoamo)pmanoyianinam  2agmiro
(PcHf(C,H, ,COO),) 6yno cuHTe30BaHO Bifl-
IIOBiTHO 10 METOAMKM, HaBemeHol B [9] i3 Bu-
xomoMm 63,2%.

PcHf(C,H ,COO),: 'H AMP (400 MIu,
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CDCl,) 8 9.42-9.11 (8H, m), 8.03 (8H, mp,
J=5.8,2.91u),1.12 (4H,n, /= 6.51I11), 1.02 (4H,
Ik, ] = 9.3, 6.7 Iy), 0.92 (4H, znr, ] = 15.0, 6.9
I11),0.80-0.68 (10H, M), 0.48 (4H, 11, ] = 7.5 I1y),
0.40 (4H, 1,J=7.6I11),0.18 (4H, n, J = 7.4 I1y),
0.00 (4H, 1, ] = 7.5 Ity).

(2E,5Z,7E,9E)-2-((3-(0umemunamiro)npo-
nin)amino)-6-ziopokcu-10-genindexa-2,5,7,9-
mempaeH-4-oHamooeKkanoamopmanoyiai-
nam 2agniro (PcHf(C;H ,COO)L).

Ho posumny 1.0 mMmonb 6ic(mexkaHOaTO)
¢dranouianinary raduio y 20 M1 o-Kcuaory
nopaotb 2.1 mmons (2E,5Z,7E,9E)-2-((3-(mu-
MeTWIaMiHO)IPOIIiJ1)aMiHO)-6-TigpoKcu-10-
deninpexa-2,5,7,9-terpaeH-4-ony. PeaxuiitHy
CyMilll KUITATATb IPOTAroM 3.5 Trof, micid
90ro oxonogKyTh 10 80 °C, momanTh 20 M
isonponanony ta ¢inerpytors. o dinbrpary
mopmaTh 10 MJI reKcany i BUTPUMYIOTh IIPOTH-
roM 4 rop 3a KiMHaTHOI TeMIlepaTypu, a IOTiM
16 rop 3a 18 °C. Kpucranm, mo yrBopunmncs,
BifiinbTpoBYIOTH i ABiYi MpoMMBaOTH 110 10 MIT
rekcany. OcaJj CyIIars, Iic/Ist 4Oro KUIT ATATD i3
20 Mz MeTaHONY Ta rapss9yM GinbTpyroTs. [Ipo-
IyKT IPOMMBAIOTh Ha QIIbTPi YOTMPYU pasy IO
10 MJI rapsA40ro MeTaHo/My i CylaTh IPOTATOM
8 rog 3a 70 °C. Buxig 850 mr (70,8%).

'H AMP (400 MIu, CDCL) & 9.49 (n,
J=3.811,8H), 8.38-7.83 (M, 8H), 7.60-7.38 (m,
4H), 7.32 (1, ] = 7.2 T, 1H), 7.07 (m, ] = 8.6 I,
1H), 6.68 (mm, ] = 15.4, 11.2 T, 1H), 6.30 (&,
J = 15.5 I, 1H), 5.98 (np, J = 14.8, 11.1 I,
1H), 5.20 (z, ] = 14.7 Iy, 1H), 3.80 (zm, ] = 18.6
It, 2H), 2.73-2.41 (M, 1H), 2.08 (c, 6H), 1.79
(m, ] = 7.5 It, 2H), 1.46-1.36 (M, 1H), 1.30 (x,
J=7.4Tu, 2H), 1.27-1.18 (M, 3H), 1.13 (x, ] =
7.6 It, 3H), 1.05-0.76 (M, 8H), 0.75-0.53 (m,
4H), 0.53-0.04 (M, 4H).

(2E,5Z,7E,9E)-2-((3-(0umemunamino)npo-
nin)amino)-6-2iopoxcu-10-genindexa-2,5,7,9-
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mempaeH-4-onamo-4-izonponoxcubersoamo-
pmanoyianinam zagniro (PcHf(C, H O,)L).

Ho 0.1 mmonb PcHf(C;H ,COO)L y 2 mn
Kcumony poparTth 0.15 Mmonb  4-isompor-
OKC1OeH30IHOI KmcmoTn. PeakmiiiHy cymim
KUIUSATATh YIPOJOBX 3 TOJ, MiC/IA 4Oro ra-
pAdo0 QiNBTPYIOTH i y BaKyyMi BiiraHAIOTDH
NpuOIM3HO TONOBUHY 00’eMy Kkcwmony. o
TEIJIOTO PO3YMHY JIOJAKTh 5 MJI METaHOIY,
BUTPUMYIOTh YIPOJOBX 12 roj 3a KiMHaTHOI
TeMIIepaTypH, MiC/IA YOro ocaj BindibTpoBy-
I0Tb Ta TPMYi IPOMUBAIOTH HA (PIIBTPi 110 5 MIT
MeTtaHony. IIpogykT cymaTth ynpomosx 8 rog
3a 70 °C. Buxizg 90 mr (74,4%).

'H AMP (400 MI11, CDCL,) § 9.59-9.19 (M,
8H), 8.55-7.95 (M, 8H), 7.66-7.38 (M, 4H),
7.38-7.30 (M, 1H), 6.92-6.55 (M, 3H), 6.43 (7,
J = 15.6 1, 1H), 6.38-6.20 (M, 2H), 6.17-6.01
(m, 1H), 5.23 (1, J = 14.8 Ti1, 1H), 4.28 (c, 1H),
3.83 (n,J=12.8Tu, 2H), 2.27 (¢, 6H), 2.15-1.95
(M, 1H), 1.69-1.53 (M, 2H), 1.49-1.41 (m, 1H),
1.29-0.96 (M, 12H).

Bic(gubensoinmeranaro)dranoniaHi-
Hat raduio (PcHf(dbm),). Jo 0.075 mmomnb
PcHf(C;H ,COO)L y 1 mMn o-Kcuyony fozia-
1otb 0.150 MMonb ambeHsoinmerany. Peak-
LifiHy cymim HarpiBarooTb 3a 100 °C npoTsarom
3 rop, micina 4oro oxonomxywTb go 80 °C,
fofaoTh 1 My isonponanony Ta (iTbTPyOTh.
Ocapn npomuBaroTh Ha GiNbTpi YoTUpPK pasu
IO 2 MJI TapsAY0ro METAHOJMY i CylIaTh IPOTA-
rom 8 rox 3a 70 °C. Buxin 35,5 mr (41,6%).

'H AMP (400 MI1, CDCL,) & 9.48-9.29 (m,
4H), 9.12 (mm, J = 5.7, 3.0 I'm, 4H), 8.29 (ux,
J = 5.6, 2.8 Iy, 4H), 8.03 (mg, ] = 5.8, 2.8 I,
4H), 7.45 (1, ] = 7.2 Iy, 4H), 7.26-7.17 (M, 8H),
7.00 (m, ] = 7.6 T, 8H), 5.65 (c, 2H).

st mocnii>KeHHs MOXKIMBOCTI JIiraHIHOTO
00OMiHY IeKaHOATHOTO JTiIraHy Ha O€H30aTHUII

https://ucj.org.ua

a60 Ha b-iuKeTOHaTHNMIT HAMU OY/IO IPOBEJEHO
peakuii PcHf(C,;H,,COO)L i3 napa-isonporn-
OKCHOEH3OIMHOI KICIOTOK Ta AMOEH30IIMe-
TaHoM BignosigHo (Puc. 2). ¥ IIMP-cnekrpi
suxignoi cnomyku PcHf(C,;H,,COO)L (Puc. 3,
BepX) CIOCTEepiraeMo CHUTHaIM HACTYIHUX
IPOTOHIB: (PTANONiaHIHOBOTO MAaKpPOLIVKIY
B obmacti 9.5-8.1 M. 4.; ankinamiHo-b-keTo-
€HOJIBHOTO JIiraHfy B obmacti 7.2-5.5 m. 4,
AKI IIepeKpUBAIOTbCA 3 CUTHA/JIAMU IIPOTOHIB
JE€KaHOATHOTO JIaHI[fora B o6acri 2.6-0.2 M.4.

Metopom IIMP-cnekrpockomnii BCTaHOB-
neno, mo B3aemorpis PcHf(CH ,COO)L i3
Hapa-i3onponoKCcuOeH30HO KUCTOTOK Cy-
IPOBOKYETbCA 3aMillleHHAM [eKaHOATHOTO
JraHAy Ha IIapa-i30MpoNOKCMOeH30aTHMIL.
Y cnexTpi OTpMMaHOrO KOMIUIEKCY NPUCYTHI
CHUTHAJIV IPOTOHIB TajIO0IiaHiHOBOrO MaKpo-
nukny (9.5-8.1 M. 4.) Ta mapa-samiljeHoro
6ensoarHoro ¢parmenra (7.5-7.4 m. 4.). Cur-
HaJIU IPOTOHIB ajKinaMiHO-b-keTO€HONMBHOTO
JTiraHpy crocTepiraemo B obmacri 7.2-5.5 m.4.,
a TaKoX y ajidaTnyHiit yacTuHi cnekTpa. Bin-
CYTHICTb CUTHA/IIB IPOTOHIB J[I€KAaHOATHOTO
nanmora (0.0-0.5 M. 4.) Ta MmosgBa CUTHAJIIB
METU/IbHUX IIPOTOHIB i30IpOIIIbBHOI TPYIIN
(2.27 M. 4.) miTBEPAXKYIOTD IIOBHOTY Iepebiry
oOMiHHOI peakiii.

Y Bumnagky peaxkuii PcHf(C,;H,,COO)L i3
IMOEeH301/IMeTaHOM, Ha BiIMiHy Biff ouikyBa-
HOTO Pi3HOJIraHJHOTO KOMIITEKCY, 6y/10 OTpu-
MaHo 6ic(nubensoinmeraHaro)dranoriaHinaT
rapHito (puc. 2). ¥ IIMP-cnexTpi npogykry
peakuii BijCyTHi CUTHa/M IIPOTOHIB fAK JleKa-
HOATHOTO, TaK i aJIKiTaMiHO-b-KeTO€HOIaTHO-
ro JIraHpiB, a 10ro BUITIAL 30ira€TbcsA 3 paHi-
e omcanuM cnekrpom PcHf(dbm), (puc. 3,
3Hm3y) [12].
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PcHf(CyH;9COO), PcHf(CoHygCOO)L =
O~ o S
O\ o
NSNS N
COE
& /ENE/,N
PcHf(dbm),

Puc. 2. Cxema cunTesy Ta peakuiit nirangnoro oominy PcHf(C,H,,COO)L
i3 mapa-i3onponokcnudeH30HO0 KMC/IOTOIO Ta IUOEH301/IMeTaHOM

Fig. 2. Scheme of synthesis and ligand exchange reactions of PcHf(C,H ,COO)L with
para-isopropoxybenzoic acid and dibenzoylmethane.
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Puc. 3. TIMP-cnexrpu PcHf(C;H ,COO)L (sBepxy) Ta PcHf(dbm), y neiirepoxnopodopmi (3unsy)
Fig. 3. '"H NMR spectra of PcHf(C;H ,COO)L (top) and PcHf(dbm), (bottom) in deuterochloroform.
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HasaBHicTh JOHOPHOI aMiHOIPYIIN Y CKIaJi
aJIKiTaMiHO-[-KeTOEHOTY 3YMOBIIIOE 3HVKEH-
HA JIOTO KMCIOTHOCTI, 1[0 IPU3BOAUTD [0 I10-
cnmabieHHs KOOPAMHALITHOTO 3B A3KY 3 LIeHT-
panbHMM aTOMOM MeTanly i, AK HaCIiloK, O
3MEHIIEeHHA CTabi/IbHOCTI BiAIIOBiHHOrO KOMII-
nekcy. Taka mnoseminka PcHf(CoH;9COO)
L-KoMIeKcy CBif4MTh PO JIOT0 JOCUTH BU-
COKY peaKkIiJiHy 3[JaTHICTb i [JO3BO/IAE BCTAHO-
BUTH PAJL 3POCTAHHA MIIHOCTI X€/TaTHUX VK-
miB: amidaTyHa KUCIOTA < aQpOMaTUYHA KIC-
JI0Ta < aJIKiNaMiHO-P-KeTOEHON < - IMKEeTOH.

BVMCHOBKJ. Metopom IIMP-cnexrpo-
CKOTIii MiATBEpI>KeHO MOXMUBICTh Moudi-
Kalii 3MilllaHOMiraHJHOTO (bTanouiaHiHaTy
ra¢HiIo IUIIXOM 3aMillleHHs 03aIUIOMVHHNX
nmiragpiB. [lokasaHo, 110 BUXiITHUI KOMIIIEKC
PcHf(C,H ,COO)L mae BHUCOKY peakilili-
Hy 3JaTHiICTb. BcTaHOB/IEHO, 1O HasABHICTH
PI3SHMX IO3AIUIOIVHHUX JraHAiB [[O3BOJIAE
IIPOBOZIMTH IXHE Ce/IeKTUBHE a00 MOBHE 3aMi-
LIEHHA 3aJ/IeKHO BiJl IPUPOJN PEAreHTy: Ipu
B3aEMOfii 3 TMapa-i30mpoIoKC1OeH30HO0
KUCTIOTOI0 BiffOyBa€Tbcsl 3aMillleHHsS JIMIIe
INEKAaHOATHOTO JIraHpy, 10 MPU3BEJIO 10 CUH-
T€3y HOBOT'O 3MillIaHOJIITaHJHOIO KOMIIJIEKCY
PcHf(C, H,,0,)L; npu B3aemonii 3 1u6eH30i-
METAaHOM CIOCTepiraeMo NOBHMIT 0OMiH 000X
MO3AIUIONIMHHMX JIiraHmiB (JeKaHOaTHOIO Ta
a/IKiTaMiHO-[-KeTOEHO/IATHOTO), B Pe3y/bTa-
Ti 4oro yTBOproerbcs 6Oic(ambeH3oinmeraHa-
To)dranoniaHinar radHio. BctaHoBIeHO psan
CTabi/IPHOCTI Xe/IaTHUX LMKIIIB Y KOOpAMHA-
niiHin cpepi ¢pranouianinaris raduiro. Min-
HICTb 3B’I3KY JIiraH/y 3 IIEHTPaJIbHIM aTOMOM
MeTajly 3pOCTA€ Yy TaKiil IMOCIiZOBHOCTI: ai-
daTnyHa KMCmoTa < apoMaTMyYHa KUCIIOTa <
ankinamino-b-ketoeHon < b-pukeron. Orpu-
MaHi JlaHi pO3LIMPIOIOTH MOKIMBOCTI CIIps-
MOBAHOT'O CUHTE3Yy I03aIlIOIVHHO-KOOPAN-
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HOBaHMX (ranoniaHiHOBUX KomivtekciB. e
IO3BOJISIE perymoBaTy (isnKo-xXimMiyHi BlracTu-
BOCTi KOMIUIEKCIB (PO3YMHHICTD, CIIeKTPA/IbHi
XapaKTepUCTUKM) I iXHbOTO IOAA/IBIIOTO
3aCTOCYBaHHA Y GOTOAVHAMIYHIN Tepatil, op-
raHIYHMX HAIliBIPOBiHMKAX Ta CEHCOpPax.

HETAJIIBALIIA BKJIALlY ABTOPIB Y
IIIITOTOBLI PYKOIINCY:

H. M. ®edocosa: MeTOZONOTiS Ta MOCIi-
I>KeHH: (BMKOHAHHSA CMHTe3Y Ta eKCIepyMeH-
TaJIbHOI poOOTN), HAMCAHHA OPUTiHATBHOTO
TEKCTY PYKOIINCY, Bidyaisalis;

I. M. Tpemsakosa: pelieH3yBaHHA Ta pefa-
TyBaHHs (KpUTMYHMIT aHAJI3 JjaHMX), 006po6”
JeHHA faHux (cucreMarnsanis Ta Bepudika-
IIif pe3ynbTaTiB), HANMCAHHA OPUTiHATBHOTO
TEKCTY PYKOIUCY;

A. M. J]oa6iii: METOZOIIOrIS Ta JOCTIKEHHS
(BUKOHaHHSA CMHTE3y Ta eKCIIepUMMEHTAIbHO]
pobotn);

B. 4. Yepniil: HayKOBe KEPIBHULITBO, 3aJIy-
4yeHH: (iHaHCYBaHHA, pelleH3yBaHHA Ta pefa-
TyBaHHA.

Yci aBTOpU 03HAIOMMU/INCA 3 PE3YIbTATAMMU
TOCTiJ)KEHHA Ta CXBa/IVWINA OCTaTOYHY BEPCilo
CTaTTi.

KOH®JIIKT IHTEPECIB. ABTOpu 3aABns-
I0Tb IIPO BiZICYyTHICTh KOHQIIIKTY iHTepeciB.

OIHAHCYBAHHAL.

PoboTy BUKOHaHO B MeXax Jep>k01o-
mkeTHol Temu «CuHTe3 i ¢ismko-xi-
MiuHi JOCTigKeHHs HOBUX JIiraH/iB Ta
KOOpAVHALIHMX crionyk d-, f-MeTasniB
i3 KaTamiTM4HOMIO i1 OiONOriYHOI0 akK-
TUBHICTIO J/Is1 MEIMYHUX 1 TEXHIYHUX
3aCTOCYBaHb», [EP>KaBHUI peecTpa-
uianit Homep: 0126U002304.
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I
THE STUDY OF LIGAND EXCHANGE REACTIONS
IN THE MIXED-LIGAND HAFNIUM PHTHALO-

CYANINE COMPLEX BY 'H NMR
SPECTROSCOPY.

Nataliia Fedosova, Iryna Tretyakova,
Yan Dovbiy, Viktor Chernii*

V. 1. Vernadskii Institute of General and
Inorganic Chemistry National Academy

of Sciences of Ukraine,

32/34 Acad. Palladin Ave., 03680 Kyiv, Ukraine
*e-mail: v.chernii@gmail.com

The reactivity of a mixed-ligand alkylami-
no-B-ketoenolato decanoatophthalocyaninate
of hafnium was investigated by '"H NMR spec-
troscopy via substitution of axial ligands in
reactions with para-isopropoxybenzoic acid
and dibenzoylmethane. The initial complex
PcHf(CoH1,COO)L was shown to exhibit high
reactivity. It was established that the presence
of different axial ligands enables their selec-
tive or complete substitution depending on
the nature of the reagent. In the reaction with
para-isopropoxybenzoic acid, only the de-
canoate ligand is replaced, leading to the
formation of a new mixed-ligand complex
PcHf(C,oH,,0;3)L. The 'H NMR spectrum
of the obtained complex displays signals of
the phthalocyanine macrocycle protons (9.5-
8.1 ppm) and the para-substituted benzoate
fragment (7.5-7.4 ppm). Signals correspond-
ing to the alkylamino-p-ketoenol ligand are
observed in the region 7.2-5.5 ppm, as well as
in the aliphatic region. The absence of signals
corresponding to the decanoate chain protons
(0.0-0.5 ppm) and the appearance of signals
of the isopropyl methyl protons (2.27 ppm)
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confirm the completion of the ligand ex-
change reaction. In contrast, the reaction of
PcHf(CoH1sCOO)L with dibenzoylmethane
results in complete substitution of both axial
ligands (decanoate and alkylamino-f-keto-
enolate), yielding bis(dibenzoylmethanato)
hafnium phthalocyaninate. The 'H NMR
spectrum of the product shows no signals of
either decanoate or alkylamino-p-ketoenolate
protons and matches the previously reported
spectrum of PcHf(dbm),. A stability series
of chelate rings in the coordination sphere of
hafnium phthalocyaninates was established.
The strength of ligand binding to the central
metal atom increases in the following order:
aliphatic carboxylate < aromatic carboxylate
< alkylamino-p-ketoenolate < [-diketonate.
The obtained results expand the possibilities
for the targeted synthesis of out-of-plane co-
ordinated phthalocyanine complexes, enabling
the tuning of their physicochemical properties
(such as solubility and spectral characteristics)
for potential applications in photodynamic
therapy, organic semiconductors, and sensors.

Keywords: phthalocyanine, hafnium, li-
gand exchange, '"H NMR spectroscopy, mixed
ligand complexes.
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MorexynsipHe MOJIeTTIOBAaHHS € BOXK/IMBYM iHCTPYMEHTOM Cy4acHOI 004MCITI0BaIbHOT Xi-
Mii, fKe IIMPOKO BUKOPUCTOBYIOTh Ha PaHHIX eTalax po3po6IeHH TiKapChKIX 3ac00iB 11
nepenbadeHHs 6i00TiYHOT aKTUBHOCTI MOTEHIIMHNX KaHAUATIB. [lOCTi)KeHHs TpOoBeeHO
Ha paraceTi 3 3782 MOIeKy/, onucaHux 3291 MONIEKYNAPHUM [EeCKPUIITOPOM i 3HaAYE€HHA-
mu aktuBHOCTI pChEMBL y mianasowni 5,01-8,52, sikmit MictuB 733 yHiKa/nbHi MONIEKy/IApHi
cTpykTypu. [TopiBHAHHSA pisHUX MIAXO/IB 10 po3/iNeHHs BUOIpKY [T0Ka3aJIo [epeBary cTpa-
tndikoanoro scaffold-opieHToBaHOrO po3moxiny, AKuI 3abe3neUNB peaTicTUYHY OLHKY
skocTi Mogierneit i3 R* mo 0,72 npu MAE = 0,41. Orpumano ontumisoBany QSAR-mopenb,
AKa € NPUJATHOIO JI/IA PAaHHBOTO BipTYa/JIbHOTO CKPUMHIHIY i AKY MOXKHa BUKOPMCTOBYBAaTU
JUTS IpiopuUTM3aLii CIIONYK Y Ipolieci po3pobieHHs 3He60M0BaNTbHNX IIpenapaTis, CIIpsiMo-

BaHMX Ha penennitop TRPVI.

KmrouoBi cmoBa: QSAR-mopenioBaHHA,
JeCKPUIITOPIL.

MamyHHe HaBuaHHA, TRPV1, Mmonexynapsi

BCTYII. MonekynapHe MOJieIIOBaHHA 3a-
JIMA€ MPOBiIHE MicClle cepef; CyYaCHMX Halps-
MiB o6uncoBanbHOI XiMmil. [Ipu pospobnensi
HOBYVX (hapMalleBTUYHUX 3aC00iB JOCTITHNKN
CTMKAIOTHCS 3 HeOOXiHICTIO BUAKO Ta epek-
TUBHO Ilepef6adyBaTy 6i0/I0TiYHy aKTUBHICTD
BEINKOl Ki/IbKOCTI MOTEHIIMHNX KaHIMIATIB.
J1a 1bOro MMPOKO BUKOPUCTOBYIOTH MOZENL
KiIbKICHMX  CIIBBIJHOIIEHb CTPYKTypa-ak-
tuBHicTh (QSAR - Quantitative Structure-
Activity Relationship).

Tpaguuiitni QSAR-moperni 6asyoTbcsa Ha
PO3paxyHKy MOJIEKYISAPHUX JECKPUIITOPIB,
AKi XapaKTepu3ylTb CTPYKTYpPHi Ta ¢isuko-
XimMiuHi BIacTMBOCTI MoneKyn. OfHaK AKiCTh
TaKMX MOJe/Iell 4acTO IEPEOLiHIOITL Yepes
HeIIpaBM/IbHE PO3JiIEHHA JaHUX Ha TPEHY-
BaJIbHMIT Ta TeCTOBMIT Habopu [1].

OcHoBHa mpo6neMa, fAKy POSIIAHYTO Y
it po6oTi, 10 CIifiye 3 MapagUrMy MaIiyH-
HOTO HaBYaHHA [2], o/Arae B HaCTYIHOMY:
SKIIO TeCTOBMUII Habip MICTUTH MONIEKY/IsIpHI
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crpykrypu (scaffolds), sikux Hemae y Tpeny-
Ba/IbHOMY Habopi, TO MOJie/Ib He 3MO>XKe afleK-
BaTHO Ilepef6adyBaTyl IXHIO aKTUBHICTb, Ha-
BiTb SIKIIIO ITOKAa3y€ BMCOKY TOYHICTb Ha 3BU-
YallHOMY BUIIaJJKOBOMY PO3Ii/IEHHI.

Meta BOCTiIKeHHA — pO3pOOUTH Ta IIpOTe-
cTyBaTu Metonu ontumMisanii QSAR-mozeneii
JIIs TIOTEHLiTHIX 3HeOOMI0OBaIbHUX TIperapa-
TiB 3a KOHIleHTpanisamu inribirysanua (IC50)
peneniTtopa 6omo TRPV1 [3] 3 ypaxyBaHHAM
MOJIEKY/ISIPHOI pi3sHOMaHITHOCTI Habopy Xa-
PaKTepPUCTUYHNX JJAHNUX — HATaCeTYy.

EKCIIEPYIMEHT I OBI'OBOPEHHA PE-
3YJIbTATIB. JocnifjykeHHs IPOBOAVIN Ha Jja-
TaceTi (Habopi gaHux) i3 3782 mMonekyrn (B3ATi
3 6asyu ganux ChEMBL - Chemical European
Molecular Biology Laboratory) 3 o6uncnenn-
M1 3a gonomororo 6ioniorek (RDKit, Mordred,
Morgan fingerprints) 3291 MoneKyIapHUMU
peckpunropamu. llinboBolo 3MiHHOW Oyrta
inrioyBanpHa aktuBHicTh o TRPV1 (Big'em-
Hui fecaTkoBuii norapugm IC50 - pPChEMBL
Value), sika BapitoBanacs Bixg 5.01 o 8.52.

3a IOnoMorow BUMIAKOBOI BUOIpKM JaTa-
cet 6y/10 po3pizeHo Ha TpeHyBanbHY (80%) Ta
TecToBy (20%) Bubipxu [4]. Opeprxanu mara-
CeT, KJII0YOBOI OCOOIMBICTIO SIKOTO € HasB-
HICTb 733 yHIKa/JIbHUX MOJIEKYIAPHUX CTPYK-
Typ (scaffolds), mpu nipomy 72 3’saBuucs nuie
Y TeCTOBOMY Habopi py 3BMYATHOMY BUIIAJI-
KOBOMY pO3[i/JIeHH], 1[0 CBIJYUTH IIPO 3HA-
YHUI TOTEeHLia A1 BTpatu indopmarii [2].

30KkpeMma JIjIs1 OLiHKM BTpaTy iH(popmariit-
HOTO MOTeHI[iay 6y/10 IOpiBHAHO TPy MifXo-
IV 1O PO3Ti/IeHHA faTaceTy [5]:

1. 3pnuaramit K-Fold (xpoc-Baniganis),
ab0 BUIA[KOBe PO3[iTeHHs MK Habo-
pamu 6e3 ypaxyBaHHA MOJIEKY/LAPHMX
CTPYKTYp. Y pe3ynbTari oTpuManmm Ko-
edinient gerepminanii R* = 0.54, sike €
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ONTUMICTUYHOIO OLJiHKOIO Yepe3 BTPaTy
indopmanii npo cTpykTypn.

2. Ipynosuit K-Fold (Group K-Fold), a6o
pO3fiileHHA Tak, W06 yci Monmekymm 3
OIHAaKOBOIO (CXOXKOI0) MOJIEKY/ISIPHOI0
CTPYKTYPOIO IOTPAIIIS/IN JINIIE B OfIH
Ha6ip. Y pesynprari maemo R* = 0.31, o
II0Ka3y€e peajbHy CKIAHICTh 3aBJaHHSI
Ha HEBUJVIMUX CTPYKTYpax.

3. CrparudikoBaHe pospinenns (Stratified
Split) 80/20, sixe 3aCTOCOBYBA/N y IIbOMY
JOCTIKEHHI 3 ypaxXyBaHHAM PO3IOAITY
aKTVBHOCTI Ta MOJIEKY/ISIPHUX CTPYK-
Typ. Y pe3y/brari 004ncieHb OTpUManu
R* = 0.646-0.720 3a/1e)XKHO Bifl METOMY
MOJIE/IIOBAHHS, IO IIOKA3y€ ONTUMAIIb-
HICTD IiJXOZY.

Y xopi po6oTu 6y/10 MpPOTECTOBAHO JeKi/b-
Ka MOJie/lell MalllTHHOTO HaBYaHHS, 30KpeMa:
BumazikoBuii ntic (Random Forest, 500 gepes),
rpagientHe migcunenHsa (Gradient Boosting,
GB:; 300 epeB, IBUAKICTb HABYAHHS (learning
rate) = 0.05) Ta HeitponHi Mepexi (Neural
Networks) i3 MamuMm Ta cepegHiMM apxiTex-
TypaMmu.

[/ mpencTaBIeHHA MOTIEKY/IAPHNX CTPYK-
TYp BUKOPUCTOBYBAJI MOPIaHiBCbKi BimbuT-
ku (Morgan fingerprints), a Takoxx 3acTocy-
BaJIMl METOJl TOJIOBHMX KOMIIOHeHT (Principal
Component Analysis, PCA) 1 3meHIIeHH:
PO3MIpPHOCTI JeCKPUIITOPHOTO IIPOCTOPY.

[pagieHTHe MigcUIeHHA MIOKa3al0 HalKpa-
Ili pe3ynbraTy i 6y10 06paHO A1 MOATbIINX
ONTMMi3alliii.

[lns 36inbuieHHs nepenbadyBaHOl CUIN
Mopieni O6y/Io 3aCTOCOBAaHO HACTYIIHI METORU
ornTuMisarii [6]:

1. Po3ummmpeHHs TpeHyBaJIbHOTO Habopy

(Data augmentation - Aug) y 2 ta B
3 pasu IUIAXOM JIOfAaBaHHA IO 3HaYeHb
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[IeCKPUIITOPiB Ma/MX BUIIAJKOBUX 30y-
pesb (0=0.02), sike MOfIeNI0E IPUPORHY
BapiaTMBHICTb B €KCIEPUMMEHTAIbHUX
JAHMX.

2. IlomBO€HHA Ta NMOTPOEHHA BAXKIMBUX
MOJIEKY/IAPHUX NECKPUIITOPIB Ha OCHOBI
iXHBOI BYK/IMBOCTI, PO3paxoBaHoOi 3 6a-
30BOI MOJIeIi, 110 HaZla€ MogesTi OinbImit
BHECOK (CHUTHAJI) Bifi BOYX/IMBMX O3HAK.

3. KombinyBaHHs IollepefHiX MeTOHiB i3
3aCTOCYBaHHAM IX BOJHOYAC.

Y xopi obuncnens 6yn0 3HaigeHO TOI-20
HalBaXX/IMBIINX NECKPUIITOPIB, AKi BU3Ha4Ya-
0Tb O/M3bKO 26% Bif 3arajJibHOI BaXK/IMBOCTI.
Ha vomi cimceky € nacrynni: n10FaRing 2D Tta
nl0FaRing 3D (imgexcu jyis 10-uneHHUX apo-
MatnyHux Kinenp), BCUTpe-11 Ta BCUTse-11
(BCUT-pmeckpunropy, IO XapaKTepU3YHOTh
posnopin enekTponHol ryctunu), fr NHI1
(4acToTa nepBMHHMX aMiHiB), MolLogP (rimo-
¢inbHicTb). [To3HaYeHHS [eCKPUNTOPIB B3ATI

3 BigmoBigHux 6i6mioTexk. Came Iii HecKpuIi-
TOPM BioOpa)karoTh K/IIOYOBi CTPYKTYPHI Ta
¢isnko-ximMiuHi BIacTMBOCTI, AKi BIIMBAIOTDH
Ha IC50 mra TRPV1.

AJle TaKe 4MCIIO NeCKPUNITOPiB, HAaBiTh Hall-
BOK/IMBIIINX, HE JO3BO/IAE OTPUMATHU peaslb-
Hy KapTuHy. Tomy Bifbip meckpunropis mis
MOAAJIBbIIIOI ONTMMI3allii 3qiliICHIOBa/M Ha OC-
HOBI IXHbOI Bak/uBocCTi (feature importance),
BU3HAYEHOI 3a [OIIOMOrow 6a3soBOI MOfEi.
byno mporecroBano pisHi posMipyu migMHO-
xuH (20, 50, 100, 150, 200, 250 geckpumnro-
piB). BcraHoB/IeHO, 10 MeHII Habopu mpu-
3BOZIATH IO BTpaTy iHPOPMATMBHOCTI, TOXi
AK 301IbllIeHHS IXHBOI KinbKocTi moHazy 100
He JI0fja€ NMPEeLU3iNHOCTI, a CIPpUYNHAE PO3-
MMBaHHA BHECKY Hall0i/IbIll 3HAYYLINX O3HAK.
Takum umHOM, Bubip Tom-100 meckpunropis
€ eMIIipUYHO OOIPYHTOBAHVM KOMIIPOMiCOM
MiXX TOYHICTIO Ta CTaOIIbHICTIO MOIEII.

Ta6mmsa
[TopiBHAHHA pe3ynbTaTiB 00YNCIEHb PI3HUMY METOZAMY ONTYMi3aLil
Table.
Comparison of calculation results using different optimization methods.
Meton R? MAE* RMSE** [TokpameHus
bazosa GB 0.7080 0.425 0.560 -
GB + Aug 0.7112 0.421 0.555 +0.45%
GB + Aug + IlogBoeHHs 0.7126 0.418 0.553 +0.66%
GB + Aug + IToTpoeHHs 0.7201 0.410 0.547 +1.71%

* MAE - Mean Absolute Error (cepenHs abcomoTHa moxn6xa);
** RMSE - Root Mean Squared Error (cepenHpoKBafpaTiyHa moxmnokKa).

Sk BupHO 3 TabmuIyi, HaVKpaLIIT pe3yb-
Tar Oy/I0 OTpMMaHO INpy IOefHaHHI Data
augmentation i3 morpoeHHam Ttomn-100 ne-

https://ucj.org.ua

CKpUIITOPiB, BUOpaHUX 3a pe3yIbTaTaMu Ma-
HIHHOTO HaBYaHHA.
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BUCHOBK/M. TakuMm 4YMHOM MOJeIb Ma-
IIHHOTO HABYaHHA, fKa [O3BOJIAE JIOCAT-
HYTU 3HaYeHH: koedilieHTa pmeTepminHarii
R? = 0.7201, MO>KHA BBa)KaTu MPUIATHOIO JIIs
CKPMHIHIY MOJIEKYy/l Ha paHHIX eTamax pos-
poOJIeHHs NTiKapchbKux 3acobiB [7]. 3HaueH-
HA MAE = 0.41 cBigunuTh, 0 B CEPEIHBOMY
nepen0adyeHa aKTUBHICTb Bifpi3HAETbCA Bif
€KCIIepMMEHTa/IbHOI Bchoro Ha +0.41 jora-
pucdmivnoi opmuuni. Taka TOYHICTL € mpu-
uaTtHor mig QSAR-mopeneii 1 ii MOXXHa BU-
KOPUCTOBYBAaT! y MOEQHAHHI 3 XIMIYHOK iH-
Tyili€o, 3acTocyBaHHAM iHCTpyMeHTiB I Ta
JOOJATKOBMMM MeETOaMM Bajlifjaliii, 30KpeMa
MOJIEKY/IAPHMM JOKIHIOM ab0 eKCIepuMeH-
Ta/JIbHUMU BUNpoOyBanHamu [8-10].

Kputn4yno Ba)X1MBMUM € IIpaBUIbHE PO3Ji-
neHHs naHux, 3okpema Group K-Fold moxa-
3aB, 1110 peajibHa AKICTb MO/l Ha HEBUUMUX
CTPYKTYpax € 3HaYHO HIKYOIO, HiXK OLIIHOYHI
3HayeHHA. OKpiM LIbOT0, BeTbMI €(eKTVBHOKO
€ Data augmentation a6o posupeHHs paTa-
ceTy B 2-3 pasu LUIAXOM JIOflaBaHHA Majux
30ypeHb, IO MOJIIIIYE Y3arajJbHIOBAHICTH
MofeJIell.

BaxnuBo BigsHauMTH, 1110 KOMOIHOBAHI Me-
TOZIM TIePEeBepIIYIOTh OKpeMi, ajie Haitbiblie
noninuenss (R?=0.7201, +1.71%) focsirHyTo
3a OIHOYACHOTO 3aCTOCYBaHHA 000X MeTOHiB
(Aug Ta moTpoenHs: Tom-100 fecKkpunTOpiB).

Takoxx crmip migkpecnnTH, 10 He BCi Hif-
XOM € YHiBepCa/JIbHMMU. 30KpeMa, BUKOPU-
CTaHHs MOPraHiBCBKMX BifJOMTKIB, ITMOOKMX
HeiipoHHuX Mepexx (Deep Neural Networks),
a TaKOX TIONepenHe OOpOOTeHHs [JaHUX 3a
JOIIOMOIOK0 METOAY TOJIOBHMX KOMIIOHEHT
(Principal Component Analysis, PCA) He
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NpuU3BENM [0 MOKpalleHHA SAKOCTI Mopesnen
i1 3a3HAYEHOTO laTacerTy.

Le migKpecnoe BaXXIMBICTb eMITIpPUYHOIO
TEeCTYBaHHA PiSHUX IiJXOMiB, a TAKOX HE0b-
XigHicTh ajanTanii BUOOPY HeCKpUNTOpiB i
MoOJe/eN 0 KOHKPETHOI 3a/jadi Ta BIaCTUBOC-
Teil HabOpy HaHUX.

Takum 4uHOM po3pobreHa Mofenb 3
R? = 0.7201 € IpakTUYHO KOPUCHOK IS PO3-
IIVPEHOTO CKPMHIHTY MOJEKY/LIpHUX 6i6rmio-
TeK Ha PaHHIX eTamax po3poOTeHHS HOBUX
TKapChKUX 3aCO0iB.

HETAJIIBALIIA BKJIALlY ABTOPIB Y
I[IIITOTOBKY PYKOIIVCY. ABTopu pob6otu
3po6WIN PIBHOSHAYHMII BHECOK Y PO3pOO/IeH-
Hs KOHIIEMIIil Ta AM3aliHy JOC/i/KeHHs, 36ip,
CuUCTeMaTu3allilo, aHaai3 Ta IHTepIpeTalilo
OTPMMaHMX JaHUX. ABTOpM Opamy piBHOBe-
JIMKY Y4aCTh y IiATOTOBL, pefaryBaHHi Ta Jj0-
OIIpallf0OBaHHI CTaTTi. YCi aBTOpM O3HAOMM-
NUCA 3 pe3ynbTaTaMy JOCTIIPKEHHA Ta CXBa-
JIVIM OCTAaTOYHY BEPCilo CTATTi.

KOH®JIIKT IHTEPECIB. ABTOpU 3asAB-
I0Tb IIPO BifCYTHICTb KOHQIIKTY iHTepeciB.

> JIO/JAKA.

= 1l po60oTy 6Y/I0 MiATPUMAHO TPAHTOM
Bix MixHapogHoro ¢oupy CaitMoH-
ca [SFI-PD-Ukraine-00014577, O.G.]
(Thisworkwassupportedbyagrantfrom
the Simons Foundation International
[SFI-PD-Ukraine-00014577, 0O.G.]).
Jlep>KaBHUIT peecTpalifiHnil HOMep:
0121U100174.
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Molecular modeling plays a central role in
modern computational chemistry, particular-
ly in the early stages of drug discovery, where
researchers must rapidly and reliably predict
the biological activity of large sets of potential
candidates. Quantitative Structure-Activity
Relationship (QSAR) models are widely used
for this purpose; however, their true predictive
performance is often overestimated due to im-
proper data splitting strategies. A key challenge
arises when test sets contain molecular scaf-
folds absent from the training data, resulting
in models that appear accurate under random
splits but fail to generalize to unseen chemical
space.

This study investigates optimization stra-
tegies for QSAR modeling while explicitly
accounting for molecular diversity. A dataset
of 3,782 molecules with 3,291 computed de-
scriptors and pChEMBL anesthetic activity
values (5.01-8.52) for receptor TRPV1 was
analyzed. The dataset contained 733 unique
scaffolds, and 72 occurred exclusively in the
test set under random 80/20 splitting, revea-

https://ucj.org.ua

ling substantial information leakage. Three
splitting strategies were compared: standard
K-Fold (R* = 0.54), scaffold-based Group
K-Fold (R* = 0.31), and stratified scaffold-
aware splitting (R*> = 0.646-0.7201), the latter
demonstrating the most realistic and stable
performance.

Multiple machine-learning approaches were
evaluated, with Gradient Boosting achiev-
ing the best baseline accuracy. Optimization
techniques included descriptor-level data
augmentation (0 = 0.02), descriptor weight-
ing by duplicating the most important fea-
tures, and combined methods. The best model
(R?=0.7201, MAE = 0.41) was obtained by in-
tegrating augmentation with triple duplication
of top-ranking descriptors. Several commonly
used approaches—Morgan fingerprints, deep
neural networks, PCA—yielded significantly
weaker performance, highlighting the superior
informativeness of physicochemical descrip-
tors for this dataset.

The resulting model demonstrates practi-
cal utility for early-stage virtual screening and
prioritization of candidate molecules, provid-
ing a reliable tool for guiding medicinal che-
mistry decisions.

Keywords: QSAR modeling; machine
learning; TRPV1; molecular descriptors.
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Hocnimxeno BB MoaudikyBaHHs ioHaMm iTpito Ha CTpPyKTypy, Mopdornorito, doTo-
€/IEKTPOXIMiYHIi, €/IEKTPOKATAIITUYHI Ta CEHCOPHI BIaCTUBOCTI HAHOCTPYKTYPOBAHMX IIJTi-
BOK TiO,. ITniBKM Ofiep>KaHO 3071b-Te/Ib METOMIOM Ta OXapaKTEPU3OBaHO 3a MeTomamu POA
ta CEM. ITokaszano, mo MoaudikyBaHHA iTpieM Mpu3BOAUTD [0 HifiBUIIEeHHA POTOIYT/IN-
BOCTI IIiBOK B Y®-fianasoHi Ta 6aTOXpOMHOTO 3CyBY MaKCHMYMIB Y ClIeKTpax GpOTOCTpy-
my. [lokasaHo, mo Ha MOAMQIKOBaHUX IJIiBKaX IMOKPALIYETbCSA KAaTaIiTHYHA aKTUBHICTD Y
peaxiiii eeKTPOBiTHOBIEHHs KIUCHIO. BcTaHOBIEHO, 0 MoaudikoBaHi enekTpoau Y—TiO2
npy BU3Ha4YeHHi ioHiB cBuHIO (Pb**) MeTomoM aHO/HOI iHBepCiiHOI Bo/IbTaMIiepoMeTpii fe-

MOHCTPYIOTb 9y T/MBicThb 0,01 mMr/1.

KniouoBi crroBa: iokcuy Turany, itpiit, OTOUyTIUBICTD, €/IEKTPOBIJHOBICHHS KUCHIO.

BCTYII. Iiokcun tntany (TiO,) e mepc-
IEKTUBHUM MaTepiaZioM [ 3aCTOCYBaHHA Y
¢dorokaranisi, BUPOOHMITBI eneKTpoeHeprii
B COHAYHUX 1 ITA/IMBHUX €/IEMEHTAX, Fa30BUX
CeHcopaxX, ONTUYHMX i 3aXMCHUX MOKPUTTSX,
e/IeKTPOXiMiYHMX npucrtpoax tomo. Cepen
iHmmx HamiBopoBigHuKiB TiO, BUpISHAETHCA
3aBJSIKM BUCOKilt (1)OTO‘{YT}II/IBOCTi, HU3bKiN
TOKCUYHOCTI, €KOJIOTIYHOCTi, JOCTYIIHOCTI Ta
HU3BKiN BapTocTi. KpiM 11poro, BiH Xapakxre-
PU3YETHCA BMCOKOK OKMCHIOBAJbHOK 371aT-

HicTI0 QpOTOreHepOBaHMX AiPOK, CTAOIIBHICTIO
B IIMPOKOMY AiamasoHi pH Ta criiikicTio [0
¢dboTokoposil.

OCHOBHUMM YVMHHUKAMM, IO OOMEXYIOTb
Bukopucranua TiO, aHarasHoi Mopmdika-
nil, € 3HayHa IIMpPKHA 3a00POHEHOI 30HU
(Eg = 3,20 eB) [1], mjo 3yMOBIIIOE Yy TINBIiCTD
Marepiany e o ynbTpadionerooro (YO)
BUIIPOMIHIOBAaHHS, @ TAKOXK CXVJIBHICTD 10 da-
30BOTO IIEPEXOY aHaTa3 — PyTU/I: KpUCTAIid-
Ha (pasa pyTWIy IIOUMHAE YTBOPIOBATICS BXXE

33




®I3NYHA XIMIS

®I3MKO-XIMI4HI TA CEHCOPHI BJIACTUBOCTI NJIBOK Y- TiO,

3a TeMnepatypu Bignany 500-550 °C. Cxub-
HicTb 10 (a30BOTO IEpexoay aHaTa3 — PyTUI
CYIPOBOIPKYETbCS 3MEHIIEHHAM IIVPUHN 3a-
6opoHeHoi 30uM o 3,02 eB, mo, nonpu pos-
IIMPEHHA CIEeKTpa NOITIMHAHHA, 4acTO IpU-
3BOJUTD [0 3HVDKEHHA 3arajabHOi oToKaTa-
TTMYHOI aKTMBHOCTI MaTepiany yepes3 BUCOKY
IIBUIKICTb peKoMbiHalii doToreHepoBaHMX
3apsfiB (eeKTPOH-AIPKOBUX Iap), O CYTTE-
BO 3HIDKYE KBaHTOBUII BUXif poTocTpymy [1].

Ax wHacmifgox, mna dorosbymxennsa TiO,
Mo)xe OyTu epeKTMBHO BUKOPUCTAHO JIMIIE
61m3bKo 5% eHeprii cCOHAYHOTO crieKTpa. [
3MillleHHA KPaK ONTUYHOTO mornuHanusA TiO,
y Bupymy o6mactb (A > 400 HM) 3aCTOCOBYIOTD
MopndiKyBaHHA IXHBOI NOBEPXHi Ta 00’eMy,
30KpeMa [eAKUMM iOHaMM pifKiCHO3eMelb-
HUX ejeMeHTiB [2-5]. Take mopgudikyBaHHA
dopmye pedexTHi cTaHM (aKTUBHI LIeHTpPnM),
[0 PO3IIMPIOITH CIIEKTPaJbHY 00/1acTh IO-
IIMHAHHA Ta 3HIDKYIOTb LIBUAKICTb PEKOM-
OiHanii ¢QoToreHepoBaHuMX HOCIIB 3apAny,
IPU3BOAAYN O IOMITHOTO 3pOCTaHHA POTO-
KaTaJIiTUYHOI aKTUBHOCTI Y BUSMMOMY Jliala-
30Hi [2-4]. Hamu panime 6yno pgocimxeHo
La-mopudikosani TiO,-nniBku [5] i mokazano
aHaJIOTIYHI TeHJEHI|ii: YepBOHUI 3CYB Kpalo
HOI/IHAHHA IO BUAMMOI 0671acTi, 36epexxeH-
Hs AHATa3HOI CTPYKTYPU 3 MEHIIVM PO3MipoM
KPUCTAJITiB.

BpaxoByloun orpumaHi pesynbratu |[5],
HAyKOBUII iHTe€peC CTAaHOBUTH IOJA/bIIe BMU-
BueHHs BIUIMBY P3E-mopudikaropiB ta me-
XaHi3My BIUIMBY Ha KPUCTalidYHYy CTPYKTYPY,
e/IeKTPOKATaMTUYHI Ta (OTOENeKTPOXiMiUyHi
BJIACTMBOCTI JjioKcuay Tutany. OgHuM i3 nep-
CIIEKTMBHMX MoaudikaTopiB y 1IboMy pAmy
€ irpiit (Y’*). JocmimkeHHA MOKa3yTb, L0
ITpiil MOXK€e BXOAUTH 10 KPUCTATIYHOI I'PATKA
TiO, [6,7,8] Ta medpopmysaru ii, saminrysaTu
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ionn Ti*, yrBopiotoun crpykrypy Y-O-Ti,
ajle BogHOYAcC Oinpumit pagiyc ioHa iTpiro no-
PIBHAHO 3 TUTAHOM YCKJIQ[IHIOE JIOTO iHTerpa-
niro B rparky TiO, [9,10], mo BuKIMKae He-
OJHO3HAYHICTb y M€XaHi3Mi BIVIUBY. 3 OITIARY
Ha Ile, JOLiI/IbHUM € ITOAaabIli MOCTiIKeHHS
BIUIMBY Mopan(ikyBaHHA iTpieM Ha Kpucra-
nivny rpatky TiO, Ta it0ro B1acTMBOCTI.

Y 3a3HaueHii po6OTi HaBeJIeHO pe3y/IbTaTH
HOCTIIKEHHA BIIUBY MonM(biKyBaHHﬂ ioHa-
mu itpito maiBok TiO, Ha IXHIO CTPYKTypY,
Mopdororio, QoroeneKTpoximMiuHi Ta enex-
TPOKaTa/IiTUYHI B/IACTUMBOCTI y IIpoleci Bifi-
HOBJIEHH: KVICHIO, @ TAKOXX PO3IJIAHYTO MOX-
JIUBICTD €/IEKTPOXIMIYHOTO BM3HAYEHHA 10HIB
Pb?** 3a ;0IIOMOrom0 1ux IIiBOK

EKCIIEPVIMEHT TA OBI'OBOPEHH/ PE-
3YJIbTATIB. Y po60Ti BUKOPMCTaHO TaKi Me-
Topn: peHtreHodasosmit anamiz (PDA), cka-
HYBaJIbHY e/IeKTpoHHY Mikpockomito (CEM),
PEHTIeHiBCbKY POTOETeKTPOHHY CIIEKTPOCKO-
niio (POC), cnexrpockomio ¢oToenekTpo-
XiMI4YHOTO CTPyMy Ta BOIbTaMIIEPOMETPIIO.

[Tnieku TiO, CMHTE30BaHO 30/b-TENb-Me-
TOIOM Ha MifiKJIajikax i3 TMTaHOBOI (HOJIBIN.
[Ipy cuHTE3] 307110 BUKOPUCTAHO: €TAHON AK
PO3YMHHMK, TETPai3ONPONOKCHUJ, TUTAHY SK
npexkypcop, TputoH X-100 sk crabimisyro-
YUil areHT, a TaKOXX PO3YMHM alleTaTy iTpiro
Ta HITpATy JIAHTaHY K MOAM(IKaTOpM y KOH-
neHTpaniax 0,5-5 % at. Opep>xaHi enekTpoan
BignamioBany Ha nosiTpi 3a 500 °C. [Jna ot-
pumannsa mriBok TiO,, Y-TiO, nposopwuit 301b
HAHOCWIN Ha MiJK/IaJKU 3 TUTAHOBOI QOIbIu
MeTofoM 3aHypioBaHHs (dip-coating) i3 mo-
[la/IBIIVIM BMCYIIYBaHHAM i TepMiYHMM 06pO-
O1eHHAM. EneKTpony 3 HaHeCeHMMU IMIapaMu
30110 IififaBaIu TepMiYHOMY 06pOOIeHHIO Ha
noBiTpi B MydenbHi nedi («CHOJI 7,2/900»)
3a temneparypu 500 °C nmpotsarom 30 xs i3 11o-
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JaJIbIINM OXO/IOJ>KeHHSAM IO KiMHATHOI TeM-
repaTypy Ha IOBIiTPi.

Hudpaxrorpamu nopomkis TiO,, Y-TiO,
OTPUMAHO 3a [OIOMOroK JuppaKkTOMeT-
pa «IPOH-3M» (monoxpomarnyHe CuKa-
BUIIPOMIHIOBaHHA 3 HiKeleBUM QinbTpom,
A = 1.5418 A) 3a mampyru 30 kB Ta cTpymy
20 MA B pmiamasoHi KytiB 20 = 10°-80°. [Ins
inenTndikanii gudpakTorpaM BUKOPUCTOBY-
Bamu 6a3y manux JCPDS. Yactky amopdHOi
¢dasy BusHaYamM 3 AUPPAKTOrpaM METOLOM
IHTerpaJbHUX IHTEHCUBHOCTEN 3 BUKOPUC-
taHHAM I3 Origin. Anpokcumarnio Kpucra-
MiYHMX MIKiB aHaTa3y MPOBOAWIN 32 (PYHKIIi-
€10 JlopeH1ia, a aMmop¢He rajio MOIeI0BaIN 32
monomoroxo mupokoi ¢pyskuii laycca. Yactky
amMopdHOi a3y po3paxoByBaIM fAK BiHO-
IIeHHs iHTerpajbHOI IHTeHCMBHOCTI amopd-
HOi a3y 70 CyMu iHTerpajbHUX iHTEHCUB-
HOCTell KpucTaniqHoi a3y Ta iHTerpanbHOI
inTencuBHOCTI amopdnoi dasm [11].

3pasku TiO,, momudikosani irpiem (0,0-
5,0 aT.%) maA TOPOLIKOBOi pPEHTreHiBChKOI
nudpaxiii, OTPMMYBaIN HIIIXOM Ka/IbLIVHY-
BaHHA 30JIiB-IIPEKypcopiB MopupikoBaHOTO
piokcupy Tutany 3a 500 °C ynpoposx 30 XB.
OpepxaHi 3pasky peTebHO pPO3TUPANU B
araToBiNl CTYMII Ta MPOMMBAIM ALETOHOM i3
3aCTOCYBaHHAM LIeHTpUQYTyBaHHS 11 BUJA-
JIEHHS TOMIIIIOK.

Mopdornorito moBepxHi ITBOK ZOCTiMKY-
BaJIM 32 JOIIOMOTOX0 CKaHYBaJIbHOTO €JIEKTPO-
HHoro Mmikpockorma (CEM) MIRA3 TESCAN
(mpuckoproBanbHa Hampyra 10 xB).

[ToBepxHA HAHOCTPYKTYpHMX Momymiko-
BaHUX IUIBOK JiOKCUAY TUTAHY JOCTiKyBa-
M METOHOM PEHTreHiBCbKOI (HOTOeNeKTpo-
HHOI criekTpockornii (POC) Ha eneKTpoHHO-
My crnekrpoMerpi «EC-240YM2» 3 pentre-
HIBCBKMM JKEpPEZIOM 13 MarHi€BUM aHOLOM

https://ucj.org.ua

(E MgK =1253,6 B, P =200 Br). TounicTb Bu-
3HAYEHHA MOOXKeHHs Makcumymy Ti2p, -rmi-
Hil ckragana £0,05eB, pobounit Bakyym y ka-
Mepi BUMipIOBaHb CIHEKTpPOMETpa CTAaHOBUB
1.107IIa.

Cnextpu Ti2p-piBHiB 6y/10 po3k/iafieHO Ha
3B’f3aHi MDX CO0OI0 J/IA BpaXxyBaHH:A CIIiH-
op6iTa/JIbHOrO PpO3IIEeIVIEHHSA Iapy KOMIIO-
HeHT 2p, /2p, . 3 mapamerpamu DE = 5,76 eB;
[./1,=0,5. PosknajjlaHHsA TIPOBOAV/IN METOOM
Taycca — HproTOHA B peXxuMi 3B s13aHIX T1apa-
MeTpiB. BapiroBanmy iHTeHCHMBHICTD KOMIIOHEHT
Ta IXHIO eHeprio 3B A3Ky. [llupuHa KOMIIOHEHT
i CHiBBiIHOLIEHHA BHECKIB IaycC-IOpEHIIEeBO-
IO PO3IMOJIIB Y IIPOLeCi pO3K/IaJjaHHA CIIeK-
TpiB ¢pikcyBamm. [Tpn posknasanHi pon Bupa-
xoByBa/m Metogom llnpmi [12,13].

DoToeneKTpoXiMivHi XapaKTepUCTUKMA I1Ti-
BoK Y-TiO, (crieKTpa/nbHy 3a/MeXHIiCTh KBaH-
TOBOro BuUxony dorocTpymy [5]) oniHroBamm
3a 3HayeHHAMM ¢poTocTpymy. DoToenekTpo-
XiMiYHi JOCIIP)KEeHHA IpOBOAVIN B 1 H. po3-
yyHi KCl y xBapuosiit enekTpoximivHii ko-
MipLi 3 po3fieHMMM KaTOSHUM 1 aHOLHUM
IIPOCTOpPaMI 3a JJOIIOMOI'OX0 MOHOXPOMAaTopa
«MJIP-2» Ta KCEHOHOBOI /JaMIIM BUCOKOTO
Tucky «JJKCHI-500». Ik enexTpop NOpiBHAH-
Hs1 BUKOPYICTOBYBA/IM XJIOPCPiOHMII eIeKTpof,
a K JOMOMDXHUI — IIATMHOBUIL.

EnexrpokaTaniTM4Hy aKTMBHICTD €JIEKTPO-
IiB y IIpoLieci e/IeKTPOBiHOBIEHH A KVICHIO BU-
BYa/Iy Y IOTEHIOANHAMIYHOMY PEXIUMi 3 BI-
KopuctaHHAM noreHuiocrata PGSTAT4-16.
BumiproBanHA nposopmwmm y ¢isionoriunomy
(0,9%) posunni NaCl. Enexrpopom nopiBH:AH-
Hs1 OYB XIOpCpPiOHMII eTIEKTPOS.

CeHCOpHI B/IaCTMBOCTI OTPYMAHUX €/1€KT-
poOAiB BMBYa/IM Ha NPUKIALL €IeKTPOXiMiy-
HOTO BM3HauyeHHA ioHiIB Pb*" meTomoMm aHof-
HOI iHBepciitHOi BonbTammepometpii (IBAM).
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MeTtop monAraB y INOIEPeSHbOMY e€IeKTpO-
KOHLIEHTPYBaHHI IIPOAYKTIB KaTOZHOI peaKIIil
Ha poOOYOMY eleKTpofi 3 iXHiM HacTyImHUM
aQHOIHVM OKUCHeHHsIM [14]. EnekTpokoHIIeHT-
PyBaHHA IPOBOAVIIA B PO3YMHAX ALleTATHOTO
oydepa (pH 5,0) y mianasoni noreHjianis Bif
-1,2 no -1,6 B (BigHOCHO X/1Op-CPiOHOTO €1EKT-
popa mopiBHAHH) mpotsiroM 120 ¢ 3i mBuj-
KiCTIO po3ropTaHHs noTteHuiany 50 MB-c'.

3rigo manmx CEM (pmc.l), mmiBku 1%
Y-TiO, mManu minbHi OFHOPI/HI MOBEPXHI i3
3epHOM po3mipom 10-12 um. Mopdonoriaanx
3MiH, ITOB’A3aHMX 3 epekTamu MopudikaTopa,
He CIIOCTepiraim.

. pm

WD: 1.89 mm
Det: InBeam

SEM HV: 10.0 kV
View field: 0.346 pm
SEM MAG: 548 kx

MIRA3 TESCAN

100 nm

Puc.1. CEM-mikpodoTorpadis TOHKOI ITiBKK
1%Y-TiO, , Bigmanenoi 3a 500 °C
Fig. 1. SEM micrograph of a thin 1%Y-TiO, film
annealed at 500 °C.

Enexrponn TiO,, Y- TiO,, xanbrmHoBaHi
3a 500 °C, cxmapamicsa 3 efuHol a3y aHaTasy
(puc. 2). CepenHiit po3Mip KpUCTaIiTiB, po3pa-
XoBaHMiI 3a piBHAHHAM llleppepa, 14 spaskis
Y-TiO, sHaxonuscsa y ianasoni 10-12 um, mo
ysromxyerbcs 3 ganumu CEM (puc. 1).
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Puc. 2. ludppakrorpammn mopouIkis, ofepKaHnx

3a 500 °C i3 mpekypcopis mriBok TiO,
3i BmMicToM iTpito: 1 - 0; 2 -1; 3 — 5% art.

Fig. 2. XRD patterns of powders obtained

at 500 °C from TiO, film precursors with
yttrium content: 1 - 0; 2 — 1; 3 - 5 at.%.

3i 36ibIIeHHAM BMICTY J1OHIB iTpito y MO-
nudikoBaHMX 3paskax CIOCTepiramm 3MeH-
LIEHHA CepPeJHbOro [iaMeTpa KPUCTAJITIB,
10 MOX€ CBilYUTY IIPO Te, 11O MifiBUILEHHSA
KOHIIeHTpaIii MofudikaTopa ImepenKkoKano
pocty kpucranitis [15]. Crig 3a3HaunTy, 110
iTpiit Bigirpae ponb cTpykTypHOTro crabimisa-
TOpa, YHOBiITbHIOYYM (a30Bi IepeTBOPEHHS
Ta CIPUAIYY 30epeKeHHIO BMCOKOIMCIIEPC-
HOTO CTaHy miokcupy Tutany. Ilomi6bHy TeH-
[IeHLIiI0 1I0fj0 iHribyBaHHS POCTYy 3epeH Ipu
nerysanHi TiO, itpiem 6yno onucano y po6oti
[16], me aBTOPU TAaKOX BiIMi4al0Th KOPEALil0
MDXK IiJBUIEHHAM KOHIIEHTpalil pifKicHO3e-
MEJIPHOTO €/IEMEHTA Ta 3MEHIIEHHAM PO3Mipy
KPUCTAJIITiB, 110 B KiHIIEBOMY HiICYMKY 1031~
TUBHO BIIIMBA€E HA MMTOMY IIJIOLy IOBEPXHi.

Bcranosneno, mo Ha pandpakrorpamax
3paskiB Y-TiO, 3 BUMCOKMM BMIiCTOM iTpiio
(> 5 %) cnocrepiranu rajno B 061acTi 3HAYEHb
2q < 20° (puc. 2), 3yMOBJIeHe HAsIBHICTIO Heak-
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TUBHOI aMopdHoi pasn. Yactka amopdHoi pasu
y 3paskax CTaHOBM/IA IIA: HeMopydikoBaHOTO
TiO, = 3%, 1%Y-TiO, ~ 9%, 5%Y-TiO, ~ 30%.
Tabm. 1
CepepHill giaMeTp KPMCTaliTiB HOPOMI-
KiB Y-TiO,, kanbuumHoBanux 3a 500° C
Table 1.
Average crystallite size of Y-TiO, powders
calcined at 500 °C.

Ckap D, um
TiO2 14.0
1%Y-TiO, 12.2
5%Y—Ti02 10.0
E
=
5

Ha pwmc. 3 mpencraBneHo CIEKTpu peHT-
reHiBCbKOI (DOTOE/IEKTPOHHOI CIIeKTPOCKOIIii
(POEC) Ti2p pnsa HemonudikoBaHoro (a) ta
mopngikoBanoro 5% Y (6) miokcmupy Ttuta-
ny. Ilikn Ti2p,, ta Ti2p,, monudikosanoro
Ta Hemopudikopanoro TiO, posramoBaHo
npu 464,5 eB ta 458,6 eB BignosinHo. 3 puc. 3
BUJIHO, 1110 MOin(iKyBaHHA iTpieM He 3MiHIOE
CTexioMeTpilo INoBepxHi. Bpaxosyroum pnani
P®DA, saxi BKasyloTh Ha HasABHICTD aMopd-
HOi ¢as3y, MOXKHA IPUIYCTUTH, IO BBEJEH-
HA iTpito cupuse amopdisanil kpucTamivnoi
crpykrypu TiO.,.

POC TIOA5%Y

2ps, Ti2p

2psp

/\

IHTeHCcKMBHICTb (BiAH.0A )

T T T T T T 1
458 460 462 464 466 468 470

EHe pris 38'A3ky (eB)

T T T
452 454 456

452 454 456 458 460 462 404 466 468 470
EHe pria 38'asky (eB)

Puc. 3. Posknazeni na komnonentu Ti2p-cnexrpu TiO, (a), 5 % Y-TiO, (6)

Fig. 3. Ti2p-spectra of TiO, decomposed into components (a), 5 % Y-TiO, (6).

Enexmpoxamanimuvni 671acmueocmi OTpu-
manux wiiBok Y-TiO, gocmimkeHo B mporeci
€JIEKTPOBiHOBIEHHA KICHIO. Llel mpouec ne-
JKUTb B OCHOBI POOOTH €1eKTPOXiMiYHMX CeH-
copi O,, IpM3HAYEHUX [IJIs BUSHAYEHHS KOH-
IIeHTpallii KUCHIO B pifkux cepemoBuiax [17].
Ha nonapusaniiiHux KpuBUX JOCTIKYBaHUX
€JIEKTPOJiB Ha OCHOBi CMHT€30BaHUX IUIIBOK
criocTepiranyu OfHy nonsporpadiuHy XBUIIIO

https://ucj.org.ua

cTpyMmy 3a nortenuianis -(0,5 -1,0) B. Busnaue-
He 3 puC. 4 3HaYeHHA TPAaHNYHOIO CTPYMY Bifi-
TOBifJa/I0 TPAHNYHOMY AUPY3iTHOMY CTPyMy
Bi[IHOBJIEHHA KJCHIO 3a 2-€JIEKTPOHHOIO CXe-
Moto y BogHOMY po3unHi 1H. NaCl 3a kimHat-
HUX YMOB 3rigHo 3 [18].

Insa mopudikoBaHMX 3paskiB crocTepi-
rajiy 3MillleHHA IOTEeHIliany eJ1eKTPOBiJfHOB-
JIEHHA KUCHIO B aHOJHY 0671acTh MOTEHIIiAJIIB
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HOpiBHAHO 3 HeMoaM(DIiKOBaHMMM 3pasKaMy,
IO CBifYUTH MPO 30iIbIIEHHS IXHBOI €/IeKT-
pOKaTamiTMYHOI aKTUBHOCTI (puc. 4).

0,6 -

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

Puc. 4. IlonAapusaniiini Kpusi el1eKTpOBiz-
HOBJIEHHS KJICHIO Ha eJIeKTPOfiax: TiOz; l%Y-TiOZ;
3%Y—TiOz. IloTeH1ianu HaBegeHO BiTHOCHO
XIOPCPiOHOTO €IeKTPOAY.

Fig. 4. Polarization curves of oxygen electro-
reduction on electrodes: TiO,; 1%Y-TiO,;
3%Y-TiO,. All potentials are referenced
to the Ag/AgCl electrode.

BaxnuByMu XapakTepuCTUKaMU €leKTPO-
IiB I/ aHa/lidy KOHILIEHTpalil po3YMHEHOTO
KVICHIO € IIOTEHIIia/l MiBXBUJII CTPYMY BiZJHOB-
meHHs E ., a TakoX IIMpUHA eIeKTPOXiMid-
Horo BikHa AE. ITpu npomy Benmunna E, , Mae
Oy Ty MiHiMa/IbHOIO, {00 BUK/TIOUNTY MOXK/IN-
Bi Mo6iuHi enekTpoximiuHi peakuii, a Benuan-
Ha AE Mae 6yTy MakcuManpHOIO, 06O JOCAT-
TU BUCOKOI 4y T/IMBOCTI €/IEKTPOIiB i TOYHOCTI
BYIMiPIOBaHb.

[IniBku Y—TiO2 3aJIeXKHO BiJi KOHIJEHTpaLlil
MopndikaTopa BUPISHIMUCST KaTaTiTUYHOIO
aKTUBHICTIO B IIPOLIECi €IeKTPOBiJHOBIEHHA
KJICHIO, 1110 TIPOABJIAIOCA Y 3MiHi ITIOTeHIiamy
Ha IiBXBUJII CTPYMY BiJJHOBJIEHHSA KUCHIO Ta
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OVIHAMIYHOIO [ialla30HY €IeKTPOBIJHOBJIEH-
Ha O, (tabm. 2). IligBulleHHS eleKTPOKaTaIi-
TUYHOI aKTMBHOCTI CIIOCTEpiranu Jjis 3pasKis
TiOz, mopudikoBanux 1 % Y; moganbiie mifi-
BUILEHHA BMICTy MOAM(IKYIOUOTO eleMEeHTY
NPU3SBOAM/IO IO 3HVDKEHHA aKTMBHOCTI LIMX
3pasKiB; OiOHi efleKTpOKaTaTiTMYHi BIacTu-
BOCTI BiiMiueHO Hamu y pobori [5] pns 3pas-
KiB miokcupy Tutany, MoaudikoBaHoro La.
3HIDKEHHA €/IeKTPOKATaliTMYHOI aKTMBHOCTI
npyu 36iIbIIeHHI BMicTy Moaudikaropa, iMo-
BipHO, TIOB’SI3aHO 3 €KPAaHYBAaHHAM AaKTMBHIX
[IeHTPiB HeaKTMBHOW aMopdHOI0 ¢ason Ha
IIOBEPXHi, 110 HiATBEPKYETbCA pe3ynbTaTa-
MU peHTreHO(da3oBoro aHamsy (puc. 2), me
criocTepiraeMo rajo 3a KyrTiB 2q < 20° dAke
BifmoBifae mosBi amop¢HOi a3y, KibKicTh
SIKOI 361/bIIy€eThCS 31 30iNMbIIEHHAM KOHIIEH-
Tpanii mopudikaropa (puc. 2). 3icraBneHHs
OTPUMaHMX pe3ynbTatiB i3 ganumn ma TiO,,
Mo biKOBAaHOTO TAHTAHOM (5], CBITYNTD PO
Te, M0 BMIicT amopdHOi ¢asm Takox 3are-
JKUTb, 30KpeMa, Bifi BeIMYMHY iOHHOTO pafi-
ycy mopudikyrouoro xariona P3E.

Tabm. 2

Enexrpokaranituyni (E, , Ta AE) Bnacru-

BoCTi enexrpopiB Y-TiO, 3anexHo Big Bmic-
Ty MmogudikaTopa

Table 2.

Electrocatalytic properties (E,, and AE)

of Y-TiO, electrodes as a function of the
modifier content.

Cknap E B AE, B
0,5% Y—TiO2 -0,62 0,18
1% Y-TiO, -0,55 0,24
3% Y—TiO2 -0,63 0,20
5% Y-TiO, -0,65 0,16
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Gomoenexmpoximiuni enacmusocmi Y-TiO,
enekmpoodie. AHasi3 GpoTOKaTaITMYHNX BIac-
TuBocteit Marepianis TiO , mogudikopanux Y,
II0OKa3aB IXHIO 3HAYHY 3a/IeXHICTD Bifi BMiCTy
Mopudikaropa. [Tonpu HasgBHICTD miTeparyp-
HNX JaHNUX LIOA0 TOKpalleHHSA (poToKaTai-
TUYHUX XapaKTEPUCTUK NIOKCUIY TUTAHY IPU
MopudikyBaHHi iTpiem [11,16], nuTaHHA itoro
BIUIMBY Ha OTOETEKTPOXiMivyHi BTaCTUBOCTI,
a caMe KBaHTOBUII Buxif poTOCTpyMmY, B niTe-
paTypi 3anMIINIOCA MaTOLOCIIIKEHNM.

3i CeKTpaJIbHUX 3a/IEXKHOCTEN KBaHTOBO-
ro BUXOAY GoTOCTPyMY (pIC. 5) BCTAHOBJIEHO,
10 IS 3pas3KiB i3 BMIicTOM Y 710 5 % criocTe-
piramu 36i/blIeHHS 3HaYeHb KBAaHTOBOI'O BM-
xony (GOTOCTpyMy Ta 3MillleHHS CIIeKTPiB y
JIOBTOXBI/IBOBY O0/IacTh MOPIBHSIHO 3 HEMO-
mudixosanum TiO,. Ilpn s6inbimenHi BmicTy
MopudikaTopa 10 Y 5 % 3HaueHHsA KBaHTO-
BOI'O BUXORY (OTOCTPYMY 3HIDKYETHCH, IO
MO>ke OYTH IIOB’A3aHO 3i 30i/bIIeHHAM aMop-
¢HOI ¢asu (puc. 2), Topi Ak y poboti [5] mna
€JIEKTPOJIiB Ha OCHOBIi JiOKCUAY TUTaHY, MO-
nudikoBanoro La, crmocTepiramm cXoxy TeH-
NIeHIIi10, ajieé 3HaYe€HHA KBaHTOBOTO BUXOAY
dboTOoCTpyMy 3MeHIIyBanocsA py 36i1bIeHHi
BMICTY J1aHTaHy 10 3%.

[IpyymHOIO TaKol pi3HMUIL, MOXK/INBO, € T€,
o iTpiit Mae MeHIMIT ioHHMIT pagiyc (0,90 A)
i 6mxunit 3a posmipom o Ti**(0,68 A)[19],
TOMY BOYIOBYETbCA Yy IPaTKy cTabimpHime
i 6inpure mopiBHAHO 3 maHTaHoM (1,03 A).
Mo>xuBO, Iie BUK/IMKA€E MeHIy fedopMaliito
PeLIiTKY, YTBOPIOE MOMipHY KiNbKiCTb fledex-
TiB, 5IKi e()eKTUBHO 3aXOIUIIOIOThH €l1eKTPOHM,
ajie He CTBOPIOIOTb HAJMIpHMUX LIEHTpPIiB pe-
koMb6iHanii. Tomy edexT mipBuieHHs ¢oro-
Yy T/IMBOCTI 36epiraeTbcst HaBiTh 10 5 % Y,
Tofi K 1A La — mo 3 % mopiBHAHO 3 HEMOAK-
dikosanum TiO,.
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Puc. 5. CiexTpaibHi 3a/1IeXKHOCTi KBAaHTOBOTO
Buxony portoctpymy npu norenniani +0,4 B
mns mriBok Y-TiO,

Fig. 5. Spectral dependencies of the photocurrent
quantum yield for Y-TiO, films at
a potential of +0.4 V.

Cnig BigmiTnTy, 10 11pu 36inbIeHi BMiCTy
mozudikyrouoro enementy y spaskax Y-TiO,
KBAaHTOBUII BUXil POTOCTPYMY CIIOYATKY 3pO-
CTaB, a IIOTIM CIIa/IaB i IPOXOANB Yepe3 MaK-
cuMyM (puc. 5). 3MeHIIeHHS KBAaHTOBOTO BM-
X0y pOTOCTPyMY OB A3aHO 3 EKPAaHYBaHHAM
aKTVBHMX IIEHTPiB HEAaKTMBHOI aMOpP(QHOI0
¢aszoro, 3rifHo maHuUx PDA. Anasnoriyny 3a-
JIEXHICTh Bif BMIiCTy iTpito y mmiBkax Y-TiO,
MU CIIOCTepiraay npy BOCTIIPKEHHI eIeKTpo-
KaTaJliTMYHUX BJIACTUBOCTEN €IEKTPOJIB Ha
iXHi1 ocHOBi (MiHiMa/jibHe 3HAYeHHS IIOTEH-
Liany MiBXBUIII CTPYyMY BifiHOB/eHH:A E,  Te-
MOHCTPYBa/IM €IEKTPOAM 31 BMiCTOM iTpiro 1%
aT. (Tabm. 2).

OTKe, IPOCTEXYETbCA IEBHUI B3aEMO-
3B’A30K MDK QoToeneKTpoxiMiuyHUMU  Ta
€IeKTPOKATA/ITUYHMMM  BIACTUBOCTAMM i
CTPYKTYPHMMU 3MiHaMmy, IO BifOyBaloThCs y
IUTiBKaX JIiOKCUAY TUTaHY Npy MoAM(iKyBaH-
Hi iTpiem.
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Cencopri énacmusocmi 6y/10 HOCTiIKEHO
Ha MonmdikoBanux enektpogax Y-TiO, me-
togoM IBAM. [Ins pocnimkenp 6yno o6paHo
spasku Y- TiO, si Bmicrom mopudikatopa
1o 1 % art., OCKi/IbKM caMeé BOHM BMABIAIOTH
Ha/BUIy KaTAJIiTUYHY aKTUBHICTb Yy IIpOLie-
Ci efleKTpOBifHOBNIEHHs KUCHIO (Tabm. 2). Ha
puc. 6 IpeACcTaBIeHO aHOAHI IOIAPU3aLIiiHi
KPUBI IJVIX €JIEKTPOJIiB y PO34MHi alleTaTHOTO
Oydepa 3 fogaBaHHAM ioHiB Pb*'.

ITicna mornepegHbOro KaTogHOTO €1EKTPO-
KOHILIEHTPYBaHHA Ha aHOJHUX BOJIBTaMIIEPO-
rpaMax CIocTepiraeMo XBuli cTpymy (puc. 6),
BJICOTA AKUX NPOIOpILiliHa KOHILEHTpalii io-
HiB CBUHIIIO. BcTaHOB/NIEHO, IO aHATITUYHUI
CUTHAJI i0HIB CBMHIJIO JIIHITHO 3a/eXXUTh Bif
ixHbol KOHIeHTpawii y fiamasoni 0,1-3,0 mr-r!
y poHOBOMY e/IeKTpOIiTi Ha OCHOBI alleTaTHO-

ro 6ydepa (pH 5,0).

1- 7
I'MA-cM> -
0.8 y =0,0987x + 0,054 0.8
0.5 : R2=0,9815
0.4 =
0,6 E
02
CPbh*),mr-a! A
0 = 6 2
[ &
0 05 1 15 2 25 3 35 0.4 -
12 a 08 0,6 04 0.2 )

k]

Puc. 6. Bonbramneporpamu Ha enekrpopi 1% Y-TiO, B arieratHomy 6ydepi (pH 5,0) mns fionis Pb*
13 KOHLIEHTpaLliAMu mror':1-0,0;2-0,1;3-0,5;4-1,0;5-1,5;6 - 2,0; 7 - 3,0.
IToreHnjian eneKTpOKOHLIEHTPYBaHHA — 1,4 B; 9ac eneKTpOKOHIeHTpYBaHHA — 120 ¢

Fig. 6. Voltammetric curves of Pb** ions on a 1% Y-TiO, electrode in acetate buffer (pH 5.0)
at concentrations (mg-L™"): 1 - 0.0;2 - 0.1;3 - 0.5;4 - 1.0; 5 - 1.5; 6 - 2.0; 7 - 3.0.
Preconcentration potential: -1.4 V; preconcentration time: 120 s.

3acTtocyBaHHA MOAM(]IKOBAHUX eIeKTPO-
niB Y-TiO, sk cencopis 3a meromom IBAM
TO3BOJISIE CENEKTVBHO BU3HAYaTVl KOHIIEHTpa-
if0 CBMHI[IO 0e3 TONepeqHbOr0 BUIATIEHHS
KUCHIO (Ha BiMiHY Biff pTyTHUX, amMajbram-
HIUX, BYIJIELIEBUX Ta IHIIMX €NeKTPOMiB, AKi
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3a3BMYall BUKOPMCTOBYIOTb 33 LM METOHOM i
Jie pO3YMHEHNII KMCEHD BIUIMBAB Ha Pe3y/bTa-
T focimkenb [20-23]. IIpucyTHicTh KUCHIO
€ He6KaHOI0, OCKI/IbKY JIOTO €IeKTPOBi/JHOB-
JIEHHA MO)Ke CHPUYMHATK JIOKaJIbHE IIi/IBU-
meHHA pH BHACIIOK BUCHa)XEHHS IIPOTOHIB
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[18] abo yTBOpeHHs rigpoxcupis [24]. 3rig-
Ho 3 piarpamamu Ilyp6e, 1 Hamux 3paskis
3a po6OYMX 3Ha4YeHb noTeHLiany Ta pH ioHu
CBUHIIIO BiTHOBJIIOIOTbCSA O METATE€BOTrO CTa-
Hy [24] Ta OKUCHIOIOTbCA y aHOAHIN obmacTi
IIOTEHI}iajIiB, TOMY PO3YMHEHUI KNICEHb He
3aBa)kae NPV BU3HAYEHI iI0HIB CBMHIIO.

Yyrmmeicte enextponiB Y-TiO, mo ionis
cBuHIo cranosmnaa 0,01 mr-r!. Beranosre-
HO, o enekTpomn Y-TiO, XxapakTepnsyoTbcs
BUIIOI0 aHa/mTH4YHOK TouHicTio (R? = 0,9815)
nopisHAHO 3 enektpogamn La-TiO, [5]. Taka
pisHUIIS, MOXIMBO, 3yMOBJIeHa crenudi-
KO0 pO3MOofiny Mopmudikaropa B CTPYKTYpi
TiOKCUYy TUTaHy, IO 3aJeXUTh BiJ iOHHO-
ro pagiycy P3E. 3aBpsaku MeHuioMmy papiycy
ioHM Y 3[jaTHi 4aCTKOBO 3aliMaTy Mi>XBY3/10Bi
nopoxxuuan pemitku TiO, ta nepopmysaru
ii [25], 3abe3meuyouy rOMOTEHHICTb aKTUB-
HUX LIeHTPiB, TOAi K ioHM La 3 6impmum pa-
[iycOM MOXXYTb IIEPEBAXHO CETperyBaTy Ha
Me)ax 3epeH KpucrtamiriB. IlomibHy 3akoHO-
MipHICTb criocTepiranyu pasiire y po6orax [26,
27], me 6yno mokasaHo, 1O 3i 30i/bIIEHHAM
paniycy P3E ixus smatHicTh 0 BOyOBYBaH-
HA B MDKBY3/ISl 3MEHIIYETbCH, 110 IIPU3BOAK-
JI0 10 CTPYKTYPHOI HeofHOpifHOCTi. Brucoke
3HaueHHs R’ misa Y-monmdikoBaHMX IJIIBOK
MiATBEPIPKYE IXHIO Kpally NPUAATHICTh A
KiJIbKICHOTO aHa/li3y KOHLIEHTpallii CBMHIIIO B
peanbHMX 00 €KTaX.

3a 3HaYeHHAMM MeXi Ki/lbKiCHOro BU3Ha-
YeHHS eleKTPOAM ONM3bKi JO Cy4acHMX Ma-
TepianiB (HAampuMKIaz, elIeKTPOAM Ha OCHOBI
ZnO, BigHOBIEHOTO OKCUAY rpadeHy, GpTopo-
BAHOTO rpadeHy 3 HAHOYACTUHKAMU 307/10Ta),
AKI 3aCTOCOBYIOTD JI/I1 BUSHAYEHHA i0HIB BaXK-
Kux MetaniB meromoM IBAM [28-31]. Taxi
Marepia 4acTo MaloTh 0OMeXXeHH:, IT0B’s13a-
Hi 31 CKJIAJJHICTIO CMHTE3Y, BUCOKOI BapTiCTIO

https://ucj.org.ua

ab0 TOKcMyHicTIO. BaxxmBumu nepeparamu
€JIEKTPOiB Y—TiO2 € IXHJ HEeTOKCUYHICTD, Xi-
Mi4Ha CTiJIKiCTb y Pi3HUX CepeJOBUIIAX, HU3b-
Ka BapTiCTh Ta IPOCTOTA CUHTE3Y, [0 POOUTDH
IX NEepCIeKTMBHVMMM [l BUKOPUCTAaHHA B
€JIEKTPOXIMIYHMX CEHCOPHMX CUCTEMAX MOHI-
TOPVHIY i0OHIB BaXKKMX METaJliB.

BMCHOBK/. 305b-Te/Ib-METOIOM CHUHTE-
30BaHo nopomkyu Ta mwiiBku TiO,, mopudixo-
BaHi Y, 31 CTPyKTypoIo aHarady. BctanoBnieHo
MiJBUILEHY €1eKTPOKaTaTiTU4YHy aKTUBHICTb
mopnikoBanux maiBok TiO, y mpomeci enek-
TPOBiZIHOBJIEHHsI KVUCHIO 3i BMicTOM Momudi-
Karopa 1 at. %. Ile migTBEepI>Ky€eThCA 3HIKEH-
HAM IIOTEHIia/y HaIliBXBWII Ta PO3LIMPEH-
HAM IVHAMIiYHOTO /lialla30HYy €/IeKTPOBiTHOB-
nenns O,.

MonudikyBanus 3paskiB (3i BmicToMm Y <
5%) cripusie 3pOCTAaHHIO KBAaHTOBOTO BUXOAY
dboTocTpyMy Ta 6aTOXPOMHOMY 3MillleHHIO
JIOTO CIIEKTPAJIbHUX 3aJIEKHOCTEN BiJJHOCHO
YMICTOTO JiOKCHAY TUTaHy. BusHadeHo onTu-
MaJIbHUII CKJIafL IJIIBOK 11 IOCAATHEHHS MaK-
CMMAa/IbBHOTO KBAaHTOBOTO BUXOAY (POTOCTPY-
My 2 % pna Y.

BcranoBneHo, 110 aHAMITUYHUI CUTHA
ioHIB CBMHIIO, OTpMMaHuil MetofoM IBAM
i Y-TiO, enexTpopis, MiHIHO 3a/eXXaB Bif
ixHpOI KOHIeHTpaii y giamasoni 0,1-3,0 mr-r!
y GOHOBOMY €/IeKTPOJTiTi Ha OCHOBI aIleTaTHOTO
oydepa (pH 5,0); ayTruBicTb 10 iOHIB CBUHIIIO
cranoBwIa 0,01 Mr-1, 110 BKa3ye Ha IepCIieK-
TUBHICTb OTPYIMAHMX €/1€KTPOJiB I/l BUKOPU-
CTaHHSA y €JIEKTPOXiMIYHOMY CEHCOPi CBUHIIIO.

HETAJIIBAIIIA BKJIAJIY ABTOPIB Y
HIJITOTOBKY PYKOIINCY:

I. A. Meguk: cuHTe3 3pas3KiB, JOCTi)KEHH
IXHIX CEHCOPHMX BIaCTUBOCTEN, HAIVCAHHA
pyKomucy;
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B. C. Bopobenup: doroenexrpoximiuHi i
e/IeKTPOKaTa/IiTUYHI JOCTIPKEeHH, iHTepIpe-
Tallig Ta OOTOBOPEHHS pe3y/IbTaTiB, pemary-
BaHH:A PYKOIUCY;

I. 5. KonbacoB: 06roBopeHHs pe3y/bTaris,
penaryBaHHsA PyKOINCY;

C. B. Kapnenko: focnimpKeHHs 3pasKiB Me-
toioM PDA (pentrenodasosuii aHais).

T. B. Kpumyk: pocnifkeHHs 3pas3kiB Me-
TomoM PDOC;

C. A. O6noBaTHa: NpUTOTYBaHHA 3pa3KiB
nns ananisy POA.

KOH®JIIKT IHTEPECIB. ABTOpU 3asABi-
I0Tb IIPO BifCYTHICTb KOHQIIKTY iHTepeciB.
> [IOAAKA. Pob6ory mnpodinaHcoBa-
S%) HO HamionanbHOW0 akKajeMi€r0 Hayk
Ykpainu B paMKax KOHKYPCHOIO IIpO-
exTy Ne 0125U000651.

PHYSICOCHEMICAL AND SENSORY PROPERTIES

OF Y-Ti0, FILMS.

I.A.Medyk", V.S.Vorobets',
G.Ya. Kolbasov', S.V. Karpenko?,
T.V. Kryshchuk’, S.Y. Oblovatna'

"Vernadsky Institute of General and Inorganic
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of Ukraine,
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Ukraine;

*Frantzevych Institute for Problems of Materials
Science, National Academy of Sciences

of Ukraine,
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*e-mail: medykiryna@gmail.com

The study focuses on the investigation of
the effect of yttrium ion modification on the
structural, morphological, photoelectroche-
mical, electrocatalytic, and sensing properties
of nanostructured titanium dioxide (TiO,)
films. The Y-TiO, films, with yttrium con-
centrations ranging from 0.5 to 5.0 at.%, were
synthesized using a sol-gel method by anneal-
ing at 500 °C. Characterization was performed

42

using XRD, photocurrent spectroscopy, and
voltammetry.

XRD analysis revealed that all synthesized
samples maintained a single-phase anatase
structure. It was established that yttrium acts
as a structural stabilizer, effectively inhibiting
crystallite growth; the average crystallite size
decreased from 14.0-10.0 nm. However, in-
creasing yttrium content led to partial amor-
phization of the TiO,.

The photoelectrochemical results demons-
trated a substantial increase in the photocur-
rent quantum yield and a bathochromic shift
of the spectral maxima for modified films com-
pared to pristine TiO,. The optimal yttrium
concentration for maximizing photosensitivity
was found to be 2.0 at.%. This enhancement is
attributed to the creation of defect states and
active centers that facilitate charge separation
and extend the absorption range into the visi-
ble spectrum.

Electrocatalytic investigations into the oxy-
gen reduction reaction (ORR) in 0.9% NaCl
solution showed that 1% Y-TiO, electrodes
exhibit the highest activity, characterized by a
shift in the half-wave potential of oxygen re-
duction toward the anodic region and an ex-
panded dynamic range. Higher yttrium con-
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centrations led to a decrease in ORR activity,
likely due to the screening of active sites by the
inactive amorphous phase.

The sensory properties were evaluated using
anodic stripping voltammetry for the detection
of lead ions (Pb*") in liquids. The 1% Y-TiO,
electrodes demonstrated a linear response in
the concentration range of 0.1-3.0 mg/L with
a sensitivity of 0.01 mg-L.

Keywords: titanium dioxide, yttrium, pho-
tosensitivity, oxygen reduction.
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The catalytic properties of natural aluminosilicates from Ukrainian deposits modified with sulfuric
acid were studied in glycerol ketalization with acetone. Bentonite (Bent, Dashukivske deposit), clinop-
tilolite (Cli, Sokyrnytske deposit) and trepel (Tr, Konoplianske deposit) were treated with sulfuric acid
to increase their acidity and improve catalytic performance. The influence of catalyst loading, reaction
temperature and glycerol:acetone molar ratio on glycerol conversion and initial rate of its consump-
tion was investigated. It was found that catalytic activity strongly depends on structural, adsorption
and acidic characteristics of aluminosilicates. The highest catalytic activity was observed for sulfuric
acid-modified bentonite (H-Bent), which provided a maximum glycerol conversion of 81% at 45 °C,
catalyst loading of 3 wt.% and glycerol:acetone molar ratio 1:25. H-Tr and H-Cli exhibited lower acti-
vity, reaching 71% and 60% conversion, respectively, under the same conditions. The superior perfor-
mance of H-Bent is associated with its higher specific surface area (243 m?*/g), developed mesoporous
structure and higher concentration of Brensted and Lewis acid sites. Nitrogen adsorption-desorption
analysis showed that all investigated samples belong to type IV isotherms, characteristic of micro-
mesoporous materials. H-Bent had the highest total pore volume and mesopore surface area, while
H-Cli contained a noticeable fraction of micropores. Pyridine adsorption studies revealed that H-Bent
contains both Brensted and Lewis acid sites of medium and high strength, whereas H-Tr and H-Cli
are characterized mainly by weak and medium-strength Brensted sites. Kinetic analysis demonstrated
that the reaction order with respect to glycerol is close to one for H-Bent and two for H-Tr, indicating
differences in rate-limiting step and reaction mechanism. The pseudo-Michaelis constants and maxi-
mum reaction rates were also determined, confirming the significantly higher catalytic efficiency of
H-Bent compared to other investigated samples. Furthermore, the obtained results demonstrate that
sulfuric acid-modified bentonite is a promising low-cost and environmentally friendly catalyst for
glycerol valorization into cyclic ketals, which can be considered valuable fuel additives and interme-
diates for chemical industry.

Keywords: glycerol, ketalization, natural aluminosilicates, acid modification, heterogeneous catalysis.
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INTRODUCTION. Due to rapid growth
of global biodiesel production, large amounts
of glycerol are generated as the main by-pro-
duct [1]. Currently, the global production of
glycerol from biodiesel exceeds its demand,
leading to market oversaturation and a de-
crease in its price. Under such conditions, the
search for efficient ways to use excess glycerol
to obtain value-added products becomes par-
ticularly relevant [2]. Therefore, the conversion
of glycerol into other commercially valuable
compounds is a promising approach to en-
hance the economic attractiveness of biodiesel
production and to make the process more sus-
tainable and environmentally friendly.

Among the possible routes for glycerol
transformation, its acetalization and ketaliza-
tion — reactions with aldehydes or ketones in
presence of acid catalysts to form acetals or
ketals have attracted considerable attention.
The obtained compounds are characterized by
a wide range of practical applications, includ-
ing use as fuel components, solvents, lubricant
additives and intermediates in organic synthe-
sis. Of particular interest is glycerol ketaliza-
tion with acetone to form solketal [3], a com-
pound considered an effective fuel additive for
improving the performance characteristics of
motor fuels.

An important aspect of implementing
such processes is development of accessible,
efficient and stable heterogeneous catalysts.
One possible solution is use of inexpensive
and readily available natural aluminosilicates,
whose structural and acid-base properties can
be purposefully modified, in particular by acid
treatment.

The aim of this work is to investigate the
catalytic properties of natural aluminosilicates
from Ukrainian deposits, namely bentonite
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(Bent, Dashukivske deposit), clinoptilolite
(Cli, Sokyrnytske deposit) and trepel (Tr, Ko-
noplianske deposit), modified with sulfuric
acid (H), in glycerol ketalization with acetone,
as well as to study the influence of nature of
these aluminosilicates on glycerol conversion
and catalyst stability during the process.
EXPERIMENTAL AND RESULTS DIS-
CUSSION. The modification of natural alumi-
nosilicates with sulfuric acid was carried out
according to procedure described in [4] with
some changes. A 50 g of natural Bent, Cli and
Tr (fraction 1.0-2.0 mm) was placed into a
250 mL round-bottom flask equipped with a
reflux condenser, followed by addition 100 mL
of sulfuric acid (3 mol/L). The suspension was
maintained in a water bath (~100 °C) under
constant stirring for 2 h, then stirred for an ad-
ditional 1 h without heating. The sulfuric acid
was removed by decantation, the samples were
washed with distilled water. The procedure
was repeated until a negative test for sulfate
ions was achieved (no white precipitate upon
addition of BaCl,). The samples were dried at
120 °C for 1 h, calcined at 500 °C for 5 h and
ground in an agate mortar, obtaining particles
of average size 0.05 mm (fraction 0-1.0 mm).
The acidic properties of prepared catalysts
were studied using pyridine adsorption as a
spectral probe. Tablets weighing 10 mg with a
surface area of 64 cm” were obtained by press-
ing aluminosilicate powders without a binder.
The tablets were activated at 350 °C under va-
cuum for 1 h. Pyridine adsorption was carried
out at 150 °C for 30 min, after which physically
adsorbed pyridine was removed by evacua-
tion at the same temperature for 30 min. The
samples were cooled and their IR spectra were
recorded using a «Spectrum one» Fourier-IR
spectrometer (Perkin-Elmer). The samples
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were then stepwise heated to 250 °C and
350 °C, held at each temperature for 30 min,
cooled and corresponding IR spectra were re-
corded. The concentrations of Brensted and
Lewis acid sites were calculated according to
method described in [5].

Nitrogen adsorption-desorption isotherms
at 77 K were measured by volumetric method
using an «AMI-Micro-300 Series analyzer (Al-
tamira Instruments, Micro300C-02-Analysis
Station 3)». The surface area was calculated in
relative pressure range of 0.1 < p/p_ < 0.3 us-
ing Brunauer - Emmett — Teller (BET) equa-
tion, while the mesopore size distribution was
determined using Barrett - Joyner — Halenda
method [6]. The micropore size distribution
was determined by Saito - Foley method [7],
the micropore volume was estimated using
t-plot method [6].

The catalytic activity of prepared cata-
lysts was tested in a thermostated glass reac-
tor (25 mL) equipped with a reflux condenser
and a magnetic stirrer. Solutions with different
glycerol:acetone ratios were prepared using
1.4-dioxane to adjust the volume. The reac-
tants were placed in reactor, after reaching the
desired temperature (25 °C, 35 °C, and 45 °C),
catalyst was added and reaction time was re-
corded. Samples were taken whitin 2 h into
centrifuge tubes (2 mL), cooled to room tem-
perature to prevent further reaction and evap-
oration losses, centrifuged for 5 min using a
mini centrifuge (IKA® mini G) to separate the
catalyst from reaction mixture. Eight samples
were taken, first after 5 min, then after 15 min
and 30 min.

The samples were analyzed using a gas
chromatograph (Shimadzu GC-2030, Ja-
pan) equipped with a flame ionization detec-
tor, a ZB-624 Plus capillary column (30 m x
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0.32 mm x 1.80 pm). The initial column tem-
perature was 80 °C (held for 4 min), followed
by heating to 230 °C at a rate of 50 °C/6 min.
The detector temperature was 350 °C, the in-
jector temperature was 250 °C. The carrier gas
(helium) flow rate was 35.5 cm?/s, the split ra-
tio was 100. The analysis was performed using
the internal standard method with propanol as
the standard. To 0.5 mL of sample, 0.03 mL of
internal standard was added and 0.2 pL was in-
jected into chromatograph.

Glycerol conversion was determined af-
ter 2 h of reaction. The initial rate of its con-
sumption was determined graphically as tan-
gent of slope of concentration-time curve:
r = tg a/60, mol-L'-s™.

Structural and adsorption characteristics of
prepared catalysts. The structural and adsorp-
tion properties of acid-modified Bent, Cli and
Tr were investigated. In particular, nitrogen
adsorption-desorption isotherms were ana-
lyzed, the surface area was determined and
the nature of acid sites was examined in order
to evaluate the influence of these characteris-
tics on catalytic activity. According to classical
classification of adsorption-desorption iso-
therms (77 K), the obtained isotherms (Fig. 1)
can be assigned to type IV [8], which is typi-
cal of micro- mesoporous materials. Type IV
isotherms exhibit an initial uptake at low re-
lative pressures, formally characteristic of ad-
sorption in micropores, as well as a region at
p/p, > 0.45 corresponding to adsorption in
mesopores accompanied by capillary conden-
sation (i.e., condensation of vapor in pores
and narrow channels of solid sorbents), as
evidenced by presence of a hysteresis loop be-
tween adsorption-desorption branches.

The phenomenon of capillary condensation
is associated with condensation of adsorbate

ISSN 2708-129X. YKp. xiM. XypH., 2026



A. S. Davtian, 0. 0. Levchenko, P. S. Yaremov, M. M. Kurmach, G. L. Kamalov

UCJ Ne 2/ Vol. 92

vapor in pores of sample at pressures lower
than saturation vapor pressure. The appearance
of a hysteresis loop in adsorption-desorption
isotherm is related to different mechanisms of
pore filling and desorption. The presence or ab-

3 —e— adsorption
V. em*/g —o— desorption
160
120
80
40
0 |
0 0.2 0,4 0.6 0,8 1
P/Po
H-Bent
100 | V.em’/g

sence of micropores in type IV isotherms can
be determined using the comparative t-plot
method, since adsorption in initial region of
isotherm may also occur in mesopores.

80

—e— adsorption
—o— desorption

r V,em’/g

P/Po
H-Cli

—e— adsorption
—o— desorption

P/Po

H-Tr
Fig. 1. Nitrogen adsorption-desorption isotherms by samples of prepared catalysts.

The surface area values of prepared cata-
lysts, determined using Brunauer - Emmett —
Teller (BET) equation [8, 9], are presented in
Table 1. Along with specific surface area, im-
portant characteristics include pore volume
and pore size distribution. The micropore vo-
lume was determined using the t-plot method.
The mesopore diameter was calculated using

https://ucj.org.ua

the adsorption branches of isotherms. This is
due to peculiarity of adsorption-desorption
hysteresis observed in nitrogen adsorption iso-
therms (77 K), which typically closes at relative
pressures of 0.45-0.50 and corresponds to ten-
sile strength limit of liquid adsorbate meniscus
rather than to presence of mesopores of that
size.
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Table 1.
Structural and adsorption characteristics of prepared catalysts.

Characteristic H-Bent H-Cli H-Tr
Total pore volume (adsorption at p/p_ = 0.99), cm*/g 0.26 0.11 0.12
BET surface area, m*/g 243 101 74
Micropore volume, cm®/g - 0.021 -
Mesopore diameter (dV/dlogD), from adsorption 5.0 5.0 5.8
branch of isotherms, nm - ~60 ~60

meso Mmicro

2
H-Tr

Fig. 2. Total pore area of investigated catalysts.

As can be seen, H-Bent exhibits a higher
surface area (S +S_ ), which facilitates
easier diffusion (accessibility) of reactants and
reaction products to active sites. This, in turn,
affects its catalytic properties, i.e., the larger
surface area, the higher catalytic activity. Also,
H-Bent, compared to H-Tr and H-Cli, has a
larger mesopore surface area (Fig. 2), while
micropores are absent and are present only for
latter sample (S_. =51 m?/g). In case of inves-
tigated samples (based on shape of isotherms),
it is not possible to distinguish between ad-
sorption in mesopores and on external surface
(S, et Secerna? Vireso T Vegerna)- 1he total ad-
sorption volume (cm’/g) at p/p_ = 0.99 is 0.26
for H-Bent, 0.12 for H-Tr and 0.11 for H-Cli.

For the latter, the micropore volume (cm?/g) is
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0.021. According to the isotherms analysis, the
mesopores in the samples are heterogeneous
in size, with distribution maxima at 5.0-5.8
and weak intensity at ~60 nm for the H-Tr and
H-CLI samples (Table 1).

The concentrations of Brensted and Lewis
acid sites in prepared catalyst samples were
determined using stepwise pyridine adsorp-
tion. Brensted centers arise from protonation
of surface hydroxyl groups (Si-OH-Al) after
acid treatment, while Lewis centers are formed
through the formation of coordinatively un-
saturated aluminum atoms as a result of partial
decationation and dealumination of the struc-
ture under the action of sulfuric acid. By ana-
lyzing the vibrational frequencies of pyridine,
it is possible to distinguish absorption bands
corresponding to coordinatively bound pyri-
dine adsorbed on Lewis acid sites (1455 cm™)
and pyridinium ions formed upon interaction
of pyridine with Brensted acid sites (1528 cm™)
[10]. According to pyridine adsorption data
obtained at 150 °C, 250 °C, and 350 °C, the
concentration of Brensted acid sites in H-Bent
sample decreases by 2 umol/g with each in-
crease in temperature. For H-Cli and H-Tr
samples, concentration also decreases, and at a
pyridine desorption temperature of 350 °C, the
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absorption bands corresponding to pyridine
adsorbed on Brensted acid sites disappear.
At the same time, for these samples at 150 °C
and 250 °C, concentrations of acid sites are
similar magnitude (Fig. 3). Based on obtained
data, in particular the desorption of pyridine
from Brensted acid sites at relatively low tem-
peratures (350 °C), it can be concluded that
H-Cli and H-Tr samples contain only weak
and medium-strength Brensted acid sites.

12 150 0250 m350
on g
S
g
o
0 . 1 . 1 |
H-Bent H-Cli H-Tr
a)
60 2150 2250 m350
240
S
g
o
20
0

H-Cli
b)
Fig. 3. Distribution of Brensted (a) and Lewis (b)
acid centers.

H-Bent H-Tr

At the same time, within the studied series of
modified aluminosilicates, Lewis acid sites are
absent in H-Cli, whereas for H-Tr their concent-
ration does not exceed 10 pmol/g. For H-Bent,

https://ucj.org.ua

concentration is 40 umol/g at 150 °C and de-
creases two fold with an increase in tempera-
ture to 250 °C, remaining practically unchanged
upon further heating (250-350 °C). The H-Tr
sample is characterized predominantly by weak
and medium-strength Lewis acid sites, whereas
H-Bent is distinguished by a significant frac-
tion of strong Lewis and Brensted acid sites.
The higher concentration and strength of the
acid centers (especially in the case of H-Bent)
provides increased catalytic activity, which is
consistent with experimental data on glycerol
conversion and initial rates of its consumption.

Catalytic activity of prepared catalysts in gly-
cerol ketalization with acetone. The effects of
catalyst loading, reaction temperature and re-
actant molar ratio on glycerol conversion (X)
and its initial consumption rate (r) were investi-
gated. As shown in Fig. 4, for all three catalysts,
an increase in catalyst loading (M_,) leads to an
increase in both X and r. H-Bent exhibits the
highest activity: conversion increases from 21%
to 81% and remains high even at lower catalyst
loadings of 0.25-0.5 wt.%. In contrast, H-Tr is
inactive at 0.25 wt.% and shows only 10% con-
version at 0.5 wt.%; with further increase in M_,
conversion reaches 71%. As for H-Cl, its acti-
vity becomes noticeable starting from 1 wt.%,
with conversion increasing from 32% to 60%.

The initial rate of glycerol consumption in
presence of H-Bent increases two fold at 0.25-
0.5 wt.% and three fold at 0.5-1 wt.%. With a
further increase in catalyst loading (2-3 wt.%),
the rate remains practically unchanged (Fig. 4).
In presence of H-Tr, the rate increases three
fold at 0.5-1 wt.% and almost two fold at
1-2 wt.%, while further increases (2-3 wt.%)
do not significantly affect the rate. For H-Cli,
the rate increases two fold with each increase
in catalyst loading (1-3 wt.%).

53




ORGANIC CHEMISTRY

CATALYTIC PROPERTIES OF ACID-MODIFIED ALUMINOSILICATES IN GLYCEROL KETALIZATION WITH ACETONE.

ir (H-Bent)  (H-Cli) r (H-T1)
y - TOX@Be)  —@-X@ECH  A-XET)_ o
»
3 80
o 60
S2t od
= 40
LT 20
0 0
S 3

Fig. 4. Effect of catalyst mass fraction on glycerol conversion and initial rate
of its consumption (glycerol: acetone = 1:25; 45 °C; 2 h).

The higher activity of H-Bent may be attri-
buted to its layered structure, developed mes-
oporosity and higher specific surface area
(Fig. 2, Table 1), which ensure better accessibi-
lity of active sites for reactant molecules. Acid
treatment leads to formation of a significant
number of Brensted acid sites, which provides
additional catalytic activity to H-Bent. More-
over, the presence of interlayer spaces pro-
motes adsorption and diffusion of reactants,
further enhancing catalytic performance.

With increasing reaction temperature, con-

version increases as expected, reaching a ma-
ximum of 81% at 45 °C in presence of H-Bent.
At 25 °C, H-Tr and H-Cli show no activity,
while at 35 °C they exhibit similar conversions
(35%). With a further increase in temperature,
conversion rises to 71% for H-Tr and 60% for
H-Cli. In presence of H-Bent, the initial rate
remains almost unchanged between 25-35 °C
and increases nearly three fold at 35-45 °C.
The rate also increases approximately three
fold in presence of H-Tr and nearly two fold in
presence of H-Cli (Fig. 5).

" (H-Bent) . (H-Cli) ==t (H-Tr)

@ 3 80
E 60
wr—:‘ 2 ~
2 40

! 20

0 0

25 35 45
T, °C

Fig. 5. Effect of reaction temperature on glycerol conversion and initial rate
of its consumption (glycerol:acetone = 1:25; M_ = 3 wt.%; 2 h).
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In presence of H-Tr and H-Cli, at a glyce-
rol:acetone molar ratio lower than 1:12, the ac-
tivity of these catalysts is rather low. For H-Tr,
conversion is 25%, while for H-Cli it is 14%.
With an increase in molar ratio (1:25), con-
version increases for both samples, reaching
71% for H-Tr and 60% for H-Cli. In contrast,
H-Bent loses its activity only at a molar ratio
of 1:1.3, where glycerol conversion is as low
as 2%. At a ratio of 1:3, conversion increases

significantly (38%) and continues to rise with
a further increase of reactant ratio. The initial
reaction rates also increase with an excess of
acetone (Fig. 6). In presence of H-Tr, rate in-
creases significantly by 5 times when the gly-
cerol:acetone molar ratio increases from 1:12
to 1:25, while in presence of H-Cli it increases
by nearly 2.5 times. All investigated catalysts
withstand only two reaction cycles.

(H-Bent) G (H-Cli)
4 r (H-Tr) —1-X (HI-Bent) 100
2 3
=
=
2
=)
T
0

1:13

1:3 1:6

18 1:12 125

glycerol:acetone

Fig. 6. Effect of glycerol:acetone molar ratio on glycerol conversion and initial rate
of its consumption (45 °C; M, =3 wt.%; 2 h).

The features of reaction between glyce-
rol and acetone in presence of prepared cata-
lysts were conditionally studied according to
Michaelis-Menten model. Graphically, the
Michaelis-Menten equation represents a hy-
perbola. It can be linearized using the method
of double reciprocal values (Lineweaver — Burk
method), i.e., by plotting 1/r versus 1/C, or by
other methods. This approach allows deter-
mination of Michaelis constant (K ) and the
maximum reaction rates (r_ ). By construct-
ing such a plot, a straight line is obtained with
aslope of K /r__and an intercept on ordinate
axis at 1/r__. As shown in Table 2, the pseu-
do K, and r__ values are significantly higher
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for H-Bent. In this case, the formation of [ace-
tone-catalyst] complex occurs at a higher rate,
after which it interacts with glycerol. Subse-
quently, the [acetone-catalyst-glycerol] comp-
lex decomposes into reaction product, and the

catalyst is regenerated.
Table 2.

Pseudo Michaelis constants and maximum
reaction rates of glycerol with acetone (glyce-
rol:acetone = 1:25; 45 °C; M_ = 3 wt.%; 2 h).

Catalyst K, r

H-Bent 1.65 12.3
H-Tr 0.54 0.32
H-Cli - -

29
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In determining the concentration order of
reaction with respect to glycerol (n_, ), it was
found that H-Bent catalyzes the process sta-
bly over a wide range (five points) of glycerol
concentrations (0.1-0.48 mol/L). In presence
of H-Tr, this range covers three concentrations
(0.2-0.55 mol/L), while for H-Cli it is limited
to only two values - 0.24 mol/L and 0.6 mol/L.
Therefore, determining the concentration or-
der with respect to glycerol in presence of
H-Cli is not appropriate. In contrast, the order
is equal to one for H-Bent and two for H-Tr.
The obtained values of concentration order in-
dicate different mechanisms of interaction be-
tween glycerol and active sites of investigated

catalysts. A first-order for glycerol in presence
of H-Bent suggests that a single glycerol mo-
lecule participates in rate-limiting step, which
may be associated with better accessibility of
acid sites and effective adsorption of reactant
on catalyst surface. The second-order depen-
dence observed for H-Tr may indicate a more
complex rate-limiting step, possibly involving
two glycerol molecules, or a more significant
role of adsorption effects on catalyst surface.
For H-Cli, determination of concentration or-
der is not reliable due to narrow range of stu-
died concentrations and low catalytic activity,
which may be attributed to a lower number of
accessible active sites.
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Fig. 7. Scheme of mechanism of glycerol ketalization with acetone.
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Thus, it should be noted that in presence of
investigated catalyst samples, the mechanism
of reaction between glycerol and acetone is
realized differently. Based on general scheme
of ketal formation (A-D) under acid cataly-
sis, a trimolecular cyclic transition state A is
formed, in which the second alcohol molecule
in rate-limiting step facilitates the removal
of water, leading to formation of intermedi-
ate C. According to Michaelis-Menten model
(Fig. 7), in presence of H-Tr, since the reac-
tion order is equal to two, a trimolecular cyclic
transition state N is realized, in which a second
glycerol molecule promotes water elimination,
forming intermediate O. In case of H-Bent, a
similar role in molecular bicyclic transition
state Q is played by secondary hydroxyl group
of the same attacking glycerol molecule, which
accounts for difference in reaction orders ob-
served in presence of investigated acid cata-
lysts.

It should be noted that the Bronsted acid
centers are responsible for protonation of ace-
tone carbonyl group, which is a key step in the
glycerol ketalization mechanism and contribu-
tes to the formation of a reactive carbocationic
intermediate. In turn, the Lewis acid centers
act as electron-withdrawing centers capable of
coordinating the oxygen-containing functio-
nal groups of the reagents, which facilitates the
activation of molecules on the catalyst surface.

CONCLUSIONS. The catalytic properties
of natural aluminosilicates modified with sul-
turic acid (H-Bent, H-Cli, H-Tr) in glycerol
ketalization with acetone were investigated.
It was established that their activity is deter-
mined by structural-adsorption characteristics
and the concentration of acid sites. H-Bent is
characterized by highest specific surface area
(243 m?/g), a developed mesoporous structure

https://ucj.org.ua

and a higher concentration of Brensted and
Lewis acid sites, which ensures the maximum
glycerol conversion of 81% at 45 °C, 3 wt.%,
and a 1:25 molar ratio, as well as a higher initial
glycerol consumption rate.

Kinetic analysis revealed differences in
rate-limiting step and reaction mechanism: in
presence of H-Bent, the reaction order with
respect to glycerol is equal to one, whereas
for H-Tr it is equal to two. Thus, acid-modi-
fied bentonite (H-Bent) is the most promising
among the investigated aluminosilicates as an
effective heterogeneous catalyst for glycerol
ketalization with acetone.
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3a3Ha4eHO KaTaliTM4YHi BIACTMBOCTI IIpU-
POIHMUX aJTIOMOCHUIIIKATiB YKPalHCbKUX POJO-
BIII Y KeTamizauii riinepuny aneToHoM. 3’s-
COBAHO BIUIMB MAacOBOI YaCTKM KaTajli3aropa,
TeMIIepaTypy peakliii Ta MOJbHOTO CIIiBBiJJHO-
LIEHHs peareHTiB Ha KOHBEPCIIOo ITMilepuHy Ta
IIOYATKOBY LIBMUJKICTD 1100 BUTpaTtn. Makcu-
MajIbHy KOHBepCito 81% MOCATHYTO Y IPUCYT-
HocTi H-Bent 3a 45 °C, 3 mac.% karamisaTopa
Ta CIiBBIJHOLIEHH] IJillepyH : aleToH = 1:25.
BuBueHo cTpykTypHO-afcop6buiiiHi Ta Kuc-
JIOTHI XapaKTePUCTUKM KaTasnizaTopiB (pos-
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Mip IIOp, IUIOIA IIOBEPXHI, KOHIEHTpallisd Ta
cniBBigHOWEHHA bpencreniBcbkux Ta JIbroi-
CiBCBKMX KJC/TOTHMX I[eHTPiB) i CITiBCTaBI€HO
BIUIMB IIVX XapaKTEePUCTHUK Ha IXHi KaTamiTny-
Hi BJIaCTUBOCTI.

KnrodoBi crmoBa: riillepuH, KeTamisawif,
IIPUPOAHI aTIOMOCUIIKATH, KUCIOTHA MOJMN-
¢ikanis, reTeporeHHMI KaTamis.
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