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CTABINI3ALISA KOMMO3WLINHOIO BOAOBYIINIbHOI0 NANKUBA

3A 10NOMOror0 BYrneweBoro MIKPOHAHOMATEPIANY
TA AMIHOCNWPTIB

P. Kniwenxo
e-mail: pakhartikhhv34@gmail.com

BuBueno MoxuBicTh cTabinizanil KOMIIO3UIIIHOTO BOJOBYTiIILHOTO Ia/MBa 3a OIO-
MOT o0 J06aBOK KapOOHOBUX MiKpO- HAHOMATepialiB, OTPUMAaHMX IISIXOM IITa3MOXiMi4HOT
KOHBEpPCil OPraHOBMICHUX CTiYHMX BOJ, Ta aMiHOCIIMUPTIB. [TOCTiP)KEHO CUCTeMM Ha OCHOBI
aHTPALUTY 3 KOHLEHTpalieo TBepaol ¢asm 62%. Sk aMiHOCIMPTY 3aCTOCOBYBaMN 2-aMi-
HO-2-MeTm-1-nponanon (AMP) Ta 2-amino-2-etnn-1,3-nponangion (AEPD). Aminocniip-
™ fogaBanu 1o KBII y konnentpaniax 0,25; 0,5; 1 Ta 2,5% Ha macy KBIL

BcTaHOB/IEHO, 1110 §-TTOTEHIfia YaCTMHOK aHTPALUTY 3a HAsIBHOCTI aMiHOCHUPTIB CTa-
HOBUTb 32 a0COMIOTHO BennunHow0 40-45 MB. CenyMeHTaniiiHa CTINKICTD 3a IPUCYTHOCTI
1106aBOK BYICOKOJVICIIEPCHOTO KapOOHY 3pocTae 3 5-6 1o 10-14 f1i6, To6TO MpaKTUIHO BABI-
4i. BBeleHH ! BICOKOAMCIIEPCHOTO KapOOHY IPU3BOAUTD 0 3pOCTaHHA ePeKTUBHOI B’ I3KO-
cti cucTeM i Mo>ke OyTH peKOMeHJOBaHVM 1A perymoBaHHs IMHHOCTI KBIT. Texniko-exc-
IUTyaTaliliHXM BMMOTaM Haiikpaite 3afioBonbHse KIIB, o cknany sikoi Bxoguts 0,25% AMP

Ta 1% BUCOKOAMCIIEPCHOTO KapOOHY.

KnrodoBi cnoBa: koMnosuiiijine BOGOBYTiNbHE MAJMBO, aHTPALXUT, aMiHOCIIIPT, MiKpoO-
HaHOKapOOH, ceuMeHTallis], eQeKTUBHA B’ A3KICTb.

BCTYII. Bupo6HMIITBO 4acTO IOB’SI3aHO 3
YTBOPEHHAM PiIKMX OpraHiYHMX BiIXOJiB, Ya-
CTO TOKCUYHYX i BorHeHebe3neuHux. Taki BTo-
PVHHI pecypcu € IpuBab/IMBOIO ITOTEHI[iTHOO
6a3010 /151 IPUTOTYBAHH Na/IVBHUX AUCIIEPC-
HUX CUCTEM Ha OCHOBI IPUPOJHOTO BYTI/IA.
KommnosnuiitHoe BogosyrinbHe manuso (KBIT)
€ p€asIbHOI a/JIbTEPHATUBOK HE TiIIbKU TBEP-
JIOMY BYTI/IIO, @ J1 MOXK€ C/IyTyBaTy 3aMiHHM-
KOM Mas3yTy Ta Iu3eIbHOro nanusa. Ha xanb,
ocHoBHi pocnifpkenHs KBII fonemaBHa 6yno
cpOKyCOBaHO Ha BJIACTUBOCTAX BOJHOTO Ce-
penoBMIlia Ta 10r0 HEOPraHIYHMUX CKIaZOBUX
[1-3]. Tum yacom BBefleHHS OpPraHiYHNX CKJIa-

TOBUX y BUCIIEPCiIHE CEPENOBUIIE € ONHUM 31
CrIoco6iB MOMIMINTY JIOTO eHePreTUYHY IIiH-
HICTP Ta KOMIUIEKCHO BUPILINTU NPOOIEMY
palioHa/JIbHOIO BUKOPUCTAHHA TEXHOT€HHMX
Bimxomis (2, 4].

[Tpo6memoro KOMOIHOBaHMX CUCTEM € HU3b-
Ka CTabiIbHICTh Ta HEOJHOPIAHICTD PO3IIOAITY
YaCTUHOK BYI{/IZIA B OPraHiYHMX pifiMHAX, L0
IIPU3BOAUTD JIO 3POCTAHHSA B A3KOCTI iUCIIepC-
HIUX CHUCTEM, TOMY Ji/I1 PEry/I0BaHHA PeoJIo-
riyanx BractuBocTeil Ta crabimisamii KBII
3aCTOCOBYIOTh [JOOABKM XIMIYHMX peareHTiB
(mucnepraropis, mnactudikatopis, crabinmi-
3aropiB) [1-3, 5, 6]. [lo uncna no6aBoK, sKi
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3aCTOCOBYIOTh HAMOiNbII IIMPOKO, Ha/IEXaTh
TirHOCY/Ib(GOHATY HATPil0, Ka/lbLilo i MarHio,
HadraniHcynbdokucnotn (C-3, HO, loden),
AKi epeKTMBHO TOJIMIIYIOTb BIACTUBOCTI
KBII [2, 3]. OpHak ixHe BUPOOHUIITBO JTOKA-
ni3oBaHo 3me6inbioro y Pociiicpkint Pepepa-
1ii i mocTayaHHA ix npunuHeHo. Tomy nocrae
NUTAaHHA IIOLIYKY 3aMiHHMKIB IMX IIPOAYKTIB.

OpgHuMu 3 fucCIepratopiB Ta crabimisaro-
piB, AKi Hal4acTillle 3aCTOCOBYIOTh, 30KpeMa,
y BUPOOHMITBI BOJOeMYNIbCiiHUX ¢apb, €
aminocuptu [7]. Boum mamoTtokcmyHi, mo-
PIBHAHO JelleBi, He BUK/IMKAITh HaJJMipHOTO
IiHOYTBOPEHHA Ta CIYTYIOTh AHTUKOPO3iTHM-
MU areHTamu i crabinisaropamu pH. Anbrep-
HaTMBHMM HLUIAXOM 3MillHEHHSA IIPOCTOPOBOL
CTPYKTYypu € TakoX BBefieHHA 1o KBII peak-
IiTHO3JJATHUX YaCTVHOK TUIYy KapOOHOBUX
MiKpO- Ta HaHOMaTepialiB — HAHOBYIJIELIEBO-
ro marepiany (HBM). Ha Bigminy Bix momi-
enekTponitis Ta ITAP, Monexkynu AKux MaoTh
¢ikcoBaHy Ki/IbKiCTb aKTUBHUX IPYII, YaCTVH-
ku HBM, 3anexxHo Bif cnoc06y q)opMYBaHHH,
MOXXYTb MaTy pi3He YMC/IO0 AKTUBHUX LIEHTPIB.
Tomy He migBumyrounm koHueHTpauito ITAP
Ta IIO/ieNIeKTPOIITIB 3a JOIOMOIOK Bapiro-
BaHHA BnactuBocTelt HBM, MoskHa gociartu
30i/IbIIIEHHS 4MC/Ia KOHTAKTHUX IIeHTPiB JyIA
¢dopmyBaHHi IpocTopoBoi citku. Ile mop’sa3a-
HO 3 aKTMBaIli€l0 KOHTAKTHUX B3aEMOIIN IIifI

Yyac IOMey Ta YTBOPEHHSA HOBOI IOBEPXHI 3
€HEPrOHEHACHYEHVMM aKTUBHUMMU II€HTpa-
MM, IO TO3BOJIAE MiABUIIUTYA KOHIIEHTPALIilo
CHCTEMU, & TAKOX 30IBIINTU TEIJIOTBOPHY
3[IaTHICTb MaaMBa 3aBIsIKM KaTaJliTUYHUM
BractuBoctaM HBM [8, 9]. Ane 3a mpucyr-
HOCTi OpraHiYHOI CK/IaIOBOI MeXaHOXIMiYyHa
aKTUBAIis MoXke OyT HeeeKTUBHOIO yepe3
eKpaHyBaHHA aKTMBHUX L[EHTPIiB BEIUKOPO3-
MipHMMM OpTraHiYHMMHU MoOJeKynamu. Tomy
BCTAHOBJIEHHS Haybinbm eeKTMBHMX pea-
TeHTiB-CTabini3aTopiB i TexHOMOrii IXHBOrO
BBEJIEHHA B IUCIIEPCHY CUCTEMY € Jy>Ke BaX-
JIMBOIO Ta CKIAJHOIO IPOO/IeMOI0 NPy OTPU-
MmanHi KBII.

Mertoto po60TH € BU3HAYEHH MOXK/IMBOCTI
crabinizanii KBII Ha ocHOBi aHTpauuTy 3a go-
nomorolo fo6aBok HBM Ta aminocnmpris.

EKCIIEPMMIMEHT TA OBI'OBOPEHHA
PE3YJIPTATIB. Sk 00’€KT JOCHIIKEeHHS BU-
kopuctoByBamum KBII Ha OcHOBi aHTpanuty
OJJHOTO 3 POJOBUIL YKpaiHM 3i BMiCTOM TBep-
noi dasu 62 %. mac. BuxifHe Byrinasa Mononn
Ha BaJIKOBOMY MJIMHI Ta ¢pakLlioOHyBanmy Ha
cutax CJIM 200 pna opep’kaHHA OJHOPigHOL
IVICTIEPCHOCTI Ta TPAHY/IOMETPUYHOIO CK/Ia/Ly:
¢pakuisz 250-100 mxm — 41%, 100-40 MKM —
27%, 40-1 mx™m - 31%. TexHiuHMII Ta €7leMEHT-
HMI aHa/li3 aHTPALIUTY HaBeIEHO B Tabn.1.

Tabnuns 1
TexHiuHMIT Ta eIeMEHTHNIT aHATIi3 aHTpauuUTy Mg npuroryBanusa KBII
Table 1.
Technical and elemental analysis of anthracite used to make CWCE.
Texuiunuit ananmis, mac.% EnementHnit ananis, % na daf
Bonorictp 3onpHicTh | JleTki pedoBMHM
W2, % A9, % Vi % ¢ H N © S
9,8 9,3 43,8 96,4 2,1 0,1 1,1 0,3
4 ISSN 2708-129X. YKp. xim. XypH., 2023
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CTpyKTYpHO-COPOLiliHi XapaKTepUCTUKA
Me3onop (2-50 HM) BYTiIBHOTO IOPOIIKY:
ryctuHa (p = 1,76 r/cM’), muTOMA TOBEpPXHA
(SSp = 2,47 M*/r), nutomMuii 06’eM 1mop (me =
0,0025cm’/r) i edexTuBHMIT [AiamMeTp IOp
(dpore = 14,5 HM) Oy70 BU3HAYEHO METONOM
DFT 3a paHMMM HU3bKOTeMIIepaTypHOI aj-
cop6uii N, (77 K) na ananisaTopi muromoi 1mo-
BepxHi Quantachrome Autsorb i3 HacTynmHuUM
00pOOIeHHsAM IaHMX MPOrpaMHMM 3abesIe-
yenHaM Quantachrome Instruments. v. 3.0.

[l aHTpanuTy fAK HabinbI MeTaMopdi-
30BaHOTO TUITY BYT/UIA € XapaKTepHMM IIepe-
BaxaHHA Mikponop [10, 11]. CrpykrypHo-
copO11iiTHi XapaKTepUCTUKY MiKpotop (> 2 HM)
MUTOMA OBEPXHS (SSP:139 + 3 M%/1), muToMuii
00’eM mop (Vpore= 27,8 + 0,8 cm’/r) i edexTuB-
HUII liaMeTp 1op (dPore =1,82 + 0,05 HM) Bu3Ha-
4ajm 3a pesynbTaramu aficop6uii CO, metomom
Ny6inina - Papgymkesnya [11].

Kinpkictp TOBepxHeBUX (yHKIIIOHA/Ib-
Hux rpym: COOH - 0,032 mr-exs/r; OH -
0,010 mr-exs/t; > C = O - 0,034 mr-exB/r)

BJM3HAYEHO TUTPYBaHHAM 3a boemom 0,05 M.
NaOH, Na,CO, i NaHCO, [12]. Heopraniuny
CKJIaJIOBY aHTPAIUTY 3a JAHVMU peHTreHoda-
3o0Boro aHamsy (gudpaxromerp «JPOH 2.0»
i3 ¢inprpoBanum  Co-BUIIPOMiHIOBAaHHSAM)
IPENCTABIEHO TIEPEBAXKHO KBapLIOM, IipUTOM
Ta IVIMHUCTYIMY MiHepamaMu.

Hna orpumansa KBII npoBopnin romore-
Hi3alil0 MMOPOLIKY BYIIIA 3 AUCHEPCITHUM
cepenoBuieM (tabn. 2). SIk amiHOCTIUPTH BM-
KOPUCTOBYBaau 2-aMiHO-2-MeTuI-1-mpomna-
Hom (AMP) CAS 124-68-5 ta 2-amiHO-2-eTHI-
1,3-nponangion (AEPD) CAS 115-69-5. Awmi-
HocupTy BBoguau 1o KBII y konnenTpaniax
0,25; 0,5; 1 Ta 2,5% na macy KBII.

JucnepciitHuM ~ cepefoBuIeM  CIyryBaB
3pa30K OpPraHOBMICHMX CTIiYHMX BOJ IIC/A
IIPOMMBAHHA [eTajell TeXHIYHOro Ipu3Ha-
4eHHdA, CKIaJ, SKUX HaBefeHO B Tabmmui 2.
Kpim BuiesasHauyeHuMX KOMIIOHEHTIB 3pasKu
mictaTte < 5 mr\nm® HITAP i3 rpynm eTokcu-
TbOBAHMX XXVNPHUX CIIUPTIB.

Tabmus 2
Cknap opraHoBMicHOI cTiyHOI Bogu 1A npurorysannsa KBII
Table 2.
Composition of organics-containing wastewater for the preparation of CWCFE.
KoMmrmoneHnr, C, mr\gm*
$O,> 34,8
Cl 74,4
HCO, + CO 262,1
nusenbHe nanbHe (ByrnesopHi C, -C ) 13,1
KCHJIOJ + TOTYOJl 0,75

[TrasmoximiyHe  06poOMeHHA — CTIYHMX
BOfL 1A npurotyBaHHa HBM Bukonysa-
My PEAKTOpi, CXeMy AKOTO HaBEJEHO Y
[13]. HBM d¢opmyerbcs sK pesynbraT pe-
CTPYKILil OpraHiYHMX KOMIIOHEHTIB CTid-

https://ucj.org.ua

HOI BOAIM HIIAXOM KOHJeHcallii HOBOI ¢asm.

Ipanynomerpumynmit ckmajy HBM  Bumi-
proBanu Ha npunaji i 3a merogukow SOPAT.
IlepeBakaroTh 4acTMHKM po3MipoM Bif 1 1o
5 MKM (67 %), BOZHOYAC IPUCYTHI YaCTUHKN
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cyoMikpoHHUX po3MipiB (33%). HoxmamHuii
OIMC METOIVIKY HaBefeHO B poboTi [14]. Bu-
3HA4YEHHs BeIMYMHU §-TOTEHIiany MPOBOAN-
M Ha YCTaHOBIIi i 33 METOAMKOIO, IKY HaBefle-
HO y [15].

EdexTnBHY B’A3KiCTb 1) 3paskiB BUMipioBa-
mu Ha punagi Rheotest-2 3a t = 20°C. iama-
30H BUMIpY IIBUIKOCTEN 3CYyBY Y 0OMeXXyBaB-
cs1 3HaYeHHAMY 1-250 ¢!

CennMenTaninny crifikicTh St BuB4amM 3a
yacoM posmapysanHs npobu KBII y mipromy
LUVUTIHAPI.

Ina aHTpayuTy € XapakKTepHUM JOMiHY-
BaHHA OPraHivyHOI CK/Ia0Boi noBepxHi. Kinb-
KiCTb MiHEpa/JIbHUX BK/IIOYEHb € HEBENUKOIO,

HOPiBHSHO 3 MEHIII MeTaMOPdi30BaHNMU COP-
TaMy Byrimnd. OCHOBHMMM IOTEHLiaTyTBO-
PIOIOYMMI TPYIIaMU € TiPOKCUIbHI, peHOb-
Hi, JIaKTOHHi, KapOOKCWIbHI. AMiHOCTIMPTHU
dopMyIOTh CITabKOMyXHe AUCIepCiliHe cepe-
JOBUILE i MOXKHA OYiKyBaTV 3pOCTaHHA JUC-
oliianii rpyn — goHopiB H* - ioHiB ByrinbHOI
nosepxsi (-OH,-O-R -COOH, > C=0) Ta
3pOCTaHHs BennunHu §-moreHuiany. Le, cBo-
€10 Yeprom, MifiCUIIE IOHHO-eeKTPOCTAaTNY-
HUI pakTop cTabinisanii cycrensii.

YV Tabn. 3 HaBemeHO maHi BenM4YMHM &-TIO-
TeHuiany 3paskiB KBII cycnensiit 3 pisHuM
BMICTOM aMiHOCIIMPTIB /I aHTPALIATY.

Tabmuig 3

Bemmunun pH mucnepciitHoro cepeqoBumia Ta §-moTeHiany YaCTMHOK JUCIEPCHOL
¢dasu 3paski KBII i3 pisHum BmMicToM amiHOCIINpTiB

Table 3.

The values of pH of the dispersion medium and §-potential of the particles of the dispersed
phase of the CWCEF samples as a function of amino alcohol content.

Mapka Byrinna | C aminocnupty, | pH KBII E-notenuian, MB
%
’ AMP AEPD AMP AEPD
A 0 6,56 6,56 -25 -25
0,25 7,28 7,12 -32 -27
0,5 7,65 7,51 -35 -30
1 8,01 7,87 -41 -38
2,5 8,55 8,10 -45 -44

Y cmabKONMy>KHOMY CepelOBUILI YacTUH-
KM aHTPALMTy MalOTb HEraTVBHMII 3apsf 3a
PaxyHOK pmucolianii KHUCIMX IIOBEPXHEBUX
rpyn. [JJogaBaHHA aMiHOCIIMPTIB JIeL0 HifBM-
urye &-TmoTeHI[ia/T YaCTHHOK BYT/UIS 3 paxy-
HOK iHTeHcuikauii 3B’sa3yBanHsa H' - ioHis,
IecopOOBaHUX BYTiIIbHOIO IOBepxHe. Jlis
AMP € pemo nomitHimomw, Hixk AEPD. Morjte-
Ky/Za OCTaHHbBOI'O BifIPi3HAETHCA TOLATKOBOIO
OH-rpymnoo AK 3aMiCHMKOM, TOMY JIy>KHiCTb

AEPD e pemo sHmxeHow. Kpim nporo, gemo
6inpima posramyxeHictp Monekymn AEPD
BUK/IMKAE OiIbIli MPOCTOPOBI IMepenoHu 3a
B3Aa€EMO/Iil 3 IIOBEPXHEI0 BYI/IbHOI YaCTUHKM.
Skio mia yactTuHok MeHine 10 MKM 3Harife-
Hi 3HayeHHs §-moTteHniany 40-45 MB MOXyTh
OyTn mocrarHiMmM mns crabimisanii, To mpu-
cyTHi y cycnensii KBII gactuakm posmipom
> 50 MKM He cTabini30BaHi i MOXYTb OCafIXy-
BaTUCA.

ISSN 2708-129X. YKp. xim. XypH., 2023
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OcCKinbKM  10HHO-€IeKTPOCTaTU4YHE Bifi-
IITOBXYBAaHHS He JOCTAaTHE i CTabimisamii
oTpuMaHux 3paskiB KBII 3a HM3bKUX KOHIIEH-

Tpauiil amiHocupriB (Tabn. 3), 6ymo moci-
IPKeHO BIUInB fo6aBoxk HBM.

Tabnuus 4

CepumenTaniitia criitkicts KBII giis cucrem anrpanut - AMP, antpanur — AEPD 6e3

Ta 3 jomaBaHHaM HBM

Table 4

Sedimentation stability of CWCF for anthracite - AMP, anthracite - AEPD systems

without and with the addition of CNM.

Mapxka C aminocimpry, % St, mobmn
BYTi/IA )
6e3 HBM i3 momaBauusaM 1% HBM
AMP AEPD AMP AEPD
A 0 0,25 0,25 1 1
0,25 2 2 4 3
0,5 3 3 4
1 5 5 10 6
2 6 6 14 10

Sk BumHO 3 JaHux Tab61. 4, ceqMMeHTaIliiTHA
CTiJIKiCTb cucTeM aHTpauuT — AMP Ta anTpa-
unut — AEPD € npakTn4HO 0gHAKOBOM i 3po-
cTae 3i 30iIbIlIEHHSIM KOHIIEHTpallii aMmiHO-
cimpry. Jnsa KBII B ymoBax 36epiranusa mpu-
JHATHOIO € St He MeH1Ie 5-7 1i6. Ie € miricHum
JIMILE [JIA 3pa3KiB i3 MiBUIIEHO0 KOHI|EHTPa-
niezo AMP ta AEPD. KBII i3 MeHmuM BMic-
TOM L[UX BOOAaBOK 0aKaHO BMKOPUCTOBYBATHU
Bifipasy Iic/I NpUroTyBaHHA.

CenyMeHTAallilIHA CTIMIKICTb CUCTEM aHTpa-
uut — AMP Ta antpaunut — AEPD BiguyTHO
nifBuyerbcs (~ BABiWi) mpM jomaBaHHI y
cuctemy 1% HBM i mae MoxuBicTh 3a6e3me-
gty 6akaHy St Ipy 3MeHILeHiil BUTpaTi ami-
HOAJIKOTO/TiB.

Ili ¢eHomenn mow’si3aHi 3 THM, L0 HPO-
cropoBa 3-D citka y Bunagky ITAP na ocHosi
aMiHOCIIUPTIB (POPMYETHCA 3a [JOIIOMOIOH0, B
OCHOBHOMY, BOJHEBUX 3B’A3KiB, TOi K Yac-

https://ucj.org.ua

Tk HBM B3aeMOIifoTh 32 JOIIOMOTOIO CUJT
MDKMOJIeKy/IApHOi B3aeMofil (cvn Ban-pep-Ba-
anbca). EHeprisi BogHEBMX 3B 3KiB ITepeBUIIYE
cuu Ban-fiep-Baanbca (6-130 kx/[>x/mMomnb mpo-
™ 10-20 xJI>x/MO07b) TOMY, X04a IIPOCTOPOBa
citka y Bunajky ITAP i3 posramyxeHoro 6yzo-
BOIO MilIHillIa, aje i1 y>Ke MigBUILLyE B A3KICTb.
o toro >x, IIAP Ha ocHOBi amiHOCHUPTIB 3
akTMBHMMU TifpodinpHuMu rpymamu (-OH,
-NH.,) sasBuyait 1o6pe HpariiooTh y BUCOKO-
nonapanx cepegopumax (H,0), mo symosneno
JIETKOIO IMICOIIialli€l0 IMX TPYIL.

Mix dvactmakamu HBM Tta aHTpaunurtom
peanisyerbcsd, B OCHOBHOMY, [AMCIEpCiiiHa
(MoH/IOHIBCPKa B3a€EMOJisi), KOTpa 3a/leKNUTh
BiJj KOHCTaHTU [aMakepa i y HU3bKOIIOIAPHUX
cepefloBMIAX Mo)ke 3abe3nmednTy OaxaHy
crabinpHicTh KBII pu 36epexxeHHi mmMHHOC-
Ti 32 paXyHOK 3MeHIIeHH: B’ A3KoCTi. OcKinp-
KM pucrepciiai (ta iHAgykuiitHi) B3aemopii
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00epHeHO MPONOPIiiHI IIOCTOMY CTYIIEHIO
BifIcTaHi MK ITIOBEPXHAMM, TO IXHA peaisa-
1iga y cucremax i3 HBM symoBnena manumu
po3MipamMu Ta MOXIUBICTIO 4acTMHOK HBM
BIIPUTY/I HAO/IVDKATVICA O IOBEPXHI AMcIepc-

Hoi ¢asn. [Ipu ipomMy GpopMyeTbest IpOCTOpO-
Ba CTPYKTYPHa CiTKa, KOTpa MOX€ BTPUMYyBa-
T YaCTMHKM AucrepcHol ¢asu Bif arperarii
Ta CeVIMEHTAIlil HaBiTh Y BUNIA/IKy JOCUTD Be-
mmkux (> 50 MKM) yacTHHOK (puc 1).

Puc. 1 CepumeHTallist HOMIANCIIEPCHUX CHCcTeM 6e3 T00aBOK cTabinmizaropis, crabinisoBana [TAP Ha
OCHOBI amiHOCIINPTIB, cTabinizoBana [TAP Ha ocHOBi aminoctiupTiB Ta HBM

Fig. 1 Sedimentation of polydisperse systems without stabilizer additives, stabilized with an amine
alcohol-based surfactant, stabilized with an amine alcohol-based surfactant, and CNM.

BaxxnmuBumu isuko-xXiMiuHUMU Ta TEXHO-
JIOTIYHVMM TIOKa3HMKaMM € PeOJIOriyHi BiIa-
crusocti KBII. Ix BusHa4arwTh 3a TMIIOM, Tpa-
HY/IOMETPUYHMM CK/IalOM Ta KOHIJEHTpPalli€o

JaCcTVHOK TBepyoi ¢asu. 11i mokasHukm y exc-
nepuMeHTax 6ymm HesMiHHMMIU. BapitoBammcs
TUII Ta KOHIEHTPAlliAd aMiHOCIIMUPTIB y CucTe-
Max 6e3 Ta 3 gogaBaHHsaM HBM.

Tabnuug 5

EdexTnBHa B’A3KicTb 1] y fiana3oHi mBUAKOCTel 3CyBY Y 1-243 ¢! Wi cucreM aHTpanuT —

AMP

Table 5

Effective viscosity 1] in the range of shear rates y 1-243 s for anthracite - AMP systems.

. C (AMP), % C (AMP), % + 1% HBM
e 0,25 0,5 1 2,5 0,25 0,5 1 2,5
M, ITa-c n, ITa-c N, ITa-c M, [Ta-c N, [Ta-c M, ITa-c n, Ia-c N, ITa-c
1 2,24 2,12 2,02 2,08 2,45 3,05 3,88 5,41
1,8 1,82 1,75 1,62 1,67 2,28 2,92 3,32 5,01
3 1,65 1,58 1,47 1,51 2,07 2,54 2,88 4,77
8 ISSN 2708-129X. VKp. Xim. XypH., 2023
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Tabmug 5
Table 5
. C (AMP), % C (AMP), % + 1% HBM
»e 0,25 0,5 1 2,5 0,25 0,5 1 2,5
n, [Ma-c N, [a-c M, [a-c N, [Ma-c N, [a-c n, [Ma-c N, [Ta-c M, [la-c
5,4 1,21 1,15 1,03 1,22 1,87 2,27 2,50 4,30
9 1,12 1,05 0,94 0,96 1,62 1,95 2,24 3,86
16,2 1,03 0,96 0,88 0,91 1,35 1,58 2,09 3,59
27 0,98 0,91 0,78 0,8 1,20 1,31 1,90 3,10
48,6 0,91 0,81 0,72 0,73 0,98 1,02 1,45 2,84
81 0,8 0,74 0,69 0,72 0,85 0,94 1,00 2,14
145,8 0,72 0,69 0,68 0,70 0,73 0,78 0,88 1,23
243 0,70 0,68 0,68 0,70 0,72 0,74 0,80 0,87
Tabnuusa 6
EdexTnBHa B’A3KicTb 1] Y Aiana3oHi IBUAKOCTEN 3cyBY y 1-243 ¢! Wi cucteM aHTpaIuT —
AEPD
Table 6
Effective viscosity 1] in the range of shear rates y 1-243 s for anthracite - AEPD systems.
B C (AEPD), % C (AEPD), % + 1% HBM
»e 0,25 0,5 1 2,5 0,25 0,5 1 2,5
n, [Ma-c N, [Ta-c M, [Ta-c n, [Ma-c N, [Ta-c n, [Ma-c N, [Ta-c M, [Ta-c
1 2,31 2,32 2,30 2,48 2,61 3,12 3,78 4,52
1,8 1,87 1,88 1,90 2,10 2,40 2,86 3,20 4,19
3 1,72 1,73 1,77 1,85 2,20 2,70 2,75 3,65
5,4 1,28 1,35 1,40 1,44 2,04 2,51 2,32 3,22
9 1,21 1,25 1,24 1,26 1,90 2,25 2,17 2,95
16,2 1,10 1,12 1,07 1,01 1,65 1,98 2,00 2,60
27 1,04 1,06 0,94 0,88 1,37 1,52 1,88 2,22
48,6 0,95 0,95 0,85 0,83 1,01 1,15 1,51 1,64
81 0,82 0,85 0,80 0,75 0,87 0,99 1,03 0,98
145,8 0,74 0,74 0,71 0,70 0,74 0,83 0,87 0,85
243 0,72 0,73 0,70 0,68 0,74 0,77 0,81 0,84
https://ucj.org.ua 9
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AKX BUOHO 3 TA0OL. 5, 6, BCI MOCITIIKEH] cucTe-
MI JEMOHCTPYIOTD IICEB/IOIIACTUYHII XapaK-
Tep peosIoriyHOl MOBeRiHKM. 3i 3pOCTaHHAM
y 1 KBII 3menmryernca. IIpu y monaz 100 ¢!
IICEBIOIUIACTUYHMI XapaKTep Teuii 3MiHI0-
€TbCS Ha HBIOTOHIBCBKMII, TOOTO CTPYKTypa
cucremu pyinyerbcsa. Cucremn 3 AMP pemo
criikinm, HDX cuctemu 3 AEPD. Mopuodiky-
BanHsa KBII 3a gmomomororo HBM pmosBoisie
HiIBUIUTY AK #, TaK i KpUTUYHY IBUJKICTDb
3CYBY, IIpU JIOCATHEHH] SIKOI CIIOCTEPIra€TbCs
PYHYBaHHA CTPYKTYpPMU.

[TopiBHsHHSA edeKTMBHOI B’3KOCTi # BO-
TOBYI/IPHUX CYCIIEH3iJ1 IaJMBHOrO IpU3Ha-
YEHHA NPUIHATO 3MiMICHIOBATU 3a MIBUIKOCTI
3cyBy y = 9 ¢'. [Ina 3abe3nedeHHs O6axaHUX
eKcIutyaraniiaux xapakrepuctuk KBII mo-
BMHHO MaTH #] y MeXax 1,5-1,65 Ila-c. Ik Bug-
HO 3 Tabi. 5, 1iil BuMo3i 3amoBonbHse KIIB,
no cknapy sAxkoi Bxogutb 0,25% AMP Ta 1%
HBM. CemumenrarniiiHa CTilKiCTb Iii€i cmc-
TeMu cknamae 4 pobu (tabm. 4). i Take KBII
MO>KHA 3aCTOCOBYBATH 3a YMOBU HETPUBAJIOrO
30epiraHHsl.

BJVICHOBK/V. BuBuyeHO MOXINUBIiCTb CTa-
6imizarii KOMIO3MI[ITHOTO BOJOBYTiIBLHOTO
IajiMBa 3a JOIIOMOTOK T06aBOK KapOOHOBUX
MiKpOHaHOMaTepialiB, OTPUMMAHMUX ILIIAXOM
I/Ia3MOXIMI4YHOI KOHBEpCil OPraHOBMiCHUX
CTIYHUX BOJI, Ta aMiHOCIIMPTiB. BcTaHOBIEHO
1110 &-TIOTEHIIia/T YaCTMHOK aHTPALUTY 3a IPU-
CYTHOCTi aMiHOCHMPTIB CTaHOBUTH 3a abco-
noTHOIO BennmunHow 40-45 MB. CemumMeHnTa-
LiiHa CTIVIKICTD 3a IPUCYTHOCTI n06aBOK BlUI-
COKOIMCIIEPCHOTO KapOoHy 3pocTae 3 5-6 70
10-14 1i6, To6TO MpaKTNYHO BABiui. BBemeH-
HS1 BUCOKOZIVICIIEPCHOTO KapOOHY IPU3BOAUTD
IO 3pOCTaHHA ePeKTUBHOI B’SI3KOCTi CUCTEM
i MoXxe OYTU peKOMEHIOBAaHUM JI Peryio-
BanHA wmHHOCTI KBII. Texnixko-excrmyara-

10

LIMHUMM BMMOTaM HaMKpalle 3aJJOBOJIbHAE
KIIB, no cknmapy saxoi Bxoguts 0,25% AMP Ta
1% BMCOKOAVICIIEPCHOTO KapOOHY.
E Po6oTy BUKOHaHO B MeXKax JepK0io-
f mKeTHOI TeMu «JloCIiPKeHH BIUIUBY
¢disnko-ximivyHux pakTOpiB Ha mpoIre-
CH CTPYKTYPOYTBOPEHHA Y KOMIIO3M-
iffHNX KapOOHBMIiCHNMX AVICHEpPCHUX
CHCTeMaXx», Jep>KaBHMI peecTpamiii-
Huit Homep: 0122U000179.

STABILIZATION OF WATER-COAL COMPOSITE

FUELS USING CARBON MICRO-NANO-
MATERIALS AND AMINO ALCOHOLS.

R. Klishchenko
e-mail: pakhartikhhv34@gmail.com

The study investigated the potential of sta-
bilizing composite water-coal fuel (CWCF) by
adding carbon micro-nanomaterials obtained
through the plasma-chemical conversion of
organics-containing wastewater and amino al-
cohols. The study focused on systems based on
anthracite with a solid phase concentration of
62%. Two amino alcohols, 2-amino-2-methyl-
1-propanol (AMP) and 2-amino-2-ethyl-1,3-
propanediol (AEPD) were used at concentra-
tions of 0.25%, 0.5%, 1%, and 2.5% by weight
of CWCE.

The low stability and heterogeneity of coal
particle distribution in organic liquids cause an
increase in the viscosity of dispersed systems in
combined systems. To regulate the rheological
properties and stabilize the CWCE, chemicals
such as dispersants, plasticizers, and stabili-
zers are added. The CWCEF 's properties can be
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improved by using additives such as sodium,
calcium, and magnesium lignosulfonates, and
naphthalene sulfonic acids. However, these rea-
gents may not provide the desired properties of
coal slurries in organomineral environments.
Therefore, substitutes for these products need
to be found.

Amino alcohols are commonly used as dis-
persants and stabilizers, especially in the pro-
duction of water-based paints. They are low in
cost, low in toxicity, and serve as anti-corro-
sive agents and pH stabilizers without causing
excessive foaming. To strengthen the spatial
structure, reactive particles such as carbon
micro- and nanomaterials (CNM) can be in-
troduced into the CWCE. Unlike polyelectro-
lytes and surfactants, CNM particles can have
a varying number of active centers depending
on the method of formation. By varying the
properties of CNMs, it is possible to increase
the number of contact centers and form a spa-
tial grid without increasing the concentration
of surfactants and polyelectrolytes. This is be-
cause contact interactions are activated during
grinding, forming a new surface with ener-
gy-saturated active centers. As a result, the con-
centration of the system can be increased, and
the calorific value of the fuel can be increased
as well. However, the presence of an organic
component can render mechanochemical acti-
vation ineffective by shielding active sites with
large organic molecules. Therefore, identifying
the most effective stabilizer reagents and deve-
loping technology for their introduction into
the dispersed system is a crucial and intricate
problem in obtaining CWCF

The study revealed that the § potential of
anthracite particles is 40-45 mV in the pre-
sence of amino alcohols. Sedimentation stabi-
lity in the presence of highly dispersed carbon

https://ucj.org.ua

additives increases from 5-6 to 10-14 days,
i.e., almost twice. The introduction of highly
dispersed carbon leads to an increase in the ef-
fective viscosity of the systems and can be rec-
ommended for controlling the fluidity of the
CWCE The technical and operational require-
ments are best met by the CWCF containing
0.25% AMR and 1% highly dispersed carbon.

Keywords: composite water-coal fuel, ami-
no alcohol, micro-nanocarbon, sedimentation,
effective viscosity.
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LANTHANIDE CONTRACTION IN CHELATES

OF ETHYLENEDIAMINETETRAACETIC ACID BASED
ON CRYSTALLOGRAPHIC DATA: A SHORT REVIEW.

Daisuke Noguchi

Division of Education and Research Support, Graduate School of Engineering, Nagasaki University,
1—14 Bunkyo-machi, 8528521 Nagasaki, Japan
e-mail: a.chemist.noguchi.d@gmail.com

The lanthanide (Ln) series has been attracted so much attention not only for its physical
properties but also for its applications in organic synthesis and biomedical engineering. In
the lanthanide chemistry, lanthanide contraction is a crucial concept meaning the gradual de-
crease in ionic radii as the atomic number of the Ln series increases. As a prominent chelator,
ethylenediaminetetraacetic acid (EDTA) has been well-known to give stable complexes with
various metals including Ln ions, resulted in forming (EDTA—4H)*" anion by deprotona-
tion; over 100 kinds of Ln-EDTA complexes have hitherto been synthesized and structural-
ly characterized using X-ray crystallography. While the lanthanide contraction phenomenon
has been extensively studied in certain complexes of Ln, systematization on the Ln-EDTA re-
mains inadequate though the chelates of EDTA are commonly used. Thus, this study presents
a comprehensive analysis based on the data from the Cambridge Crystallographic Data Centre
(CCDC). In mononuclear EDTA complexes X[Ln(EDTA—4H)(H,0), ]-nH,0 (X*=NH," and
its analogues) systematic lanthanide contraction depending on their coordination number
are presented except for a few cases. However, in the case of non-mononuclear complexes or
coordination polymers, the compositions become more complicated, and a greater variation
in atomic bond length occurs, which is unusual for the lanthanide contraction studies in
previous research. These varieties are considered to be influenced by different types of coun-
ter-cations, inorganic anions, solvent molecules and bridging O atoms from another EDTA
anions. This suggests the flexibility and versatility of EDTA as a ligand. Such findings in the
Ln-EDTA complexes could potentially provide us further development of a novel function in
the future.

Keywords: coordination compound, f-block, rare-earth element, polyaminocarboxylic
acid.
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INTRODUCTION. Lanthanides (Ln) have
been the extensive subject aimed at elucidat-
ing their characteristics, namely electronic,
magnetic, and optical properties, besides other
aspects such as applications in the catalysts of
organic syntheses and the agents in biomedical
engineering [1—3]. In lanthanide chemistry,
a key concept called ‘lanthanide contraction’
refers to the gradual decrease in ionic radii as
the atomic number of the lanthanide series in-
creases [4—6]. The cases of lanthanide contrac-
tion were first studied in simple binary com-
pounds [7]. Subsequently, renewed interest led
to further studies of several families of coor-
dination compounds in the solid state, and it
was found that lanthanide contraction reduces
the coordination numbers for some complexes
having rigid ligands [8—10]. Moreover, such
knowledge of the lanthanide contraction in the
well-characterized complexes has led to the de-
velopment of a novel phenomenon, for example,
‘switching photochromism’ in coordination
polymers [11]. Nevertheless, the series whose
lanthanide contraction clarified doesn’t cover
all the existing complexes with various ligands.

As one of the most prominent chelators,
ethylenediaminetetraacetic acid (EDTA; see
Figure 1) is of great interest not only in chemi-
cal analysis, but also in the advancement of ma-
terials science. One example of its potential ap-
plications involves gas storage and separation
in metal-organic frameworks (MOFs) [12].
This is due to its ability to form stable com-
plexes with practically all metal ions, including
trivalent lanthanides, where EDTA molecules
are deprotonated to form a tetravalent anion;
ie., (EDTA—4H)* [13—16].

So far, over one hundred EDTA complexes
of lanthanide have been synthesized and cha-
racterized using X-ray crystallography [17].

https://ucj.org.ua

Earlier studies have suggested evidence of the
lanthanide contraction in a series of Ln-EDTA
complexes with coordinated water molecu-
les [18—25]. However, despite the existence
of more than one hundred various types of
Ln-EDTA complexes with reported crystal
structures [17], systematic demonstration of
the distances between centered Ln ions and
coordinated atoms, depending on the coordi-
nation numbers, is yet to be presented.

COO- COO-

'OOC\/ N N\/COO'

Fig. 1. A chemical structure of (EDTA—4H)*"
representing the tetravalent anion where four hyd-
rogen atoms are deprotonated from EDTA mole-
cule.

As to the Ln-EDTA complexes, a systematic
comprehension of the lanthanide contraction
could be expected to provide us some addi-
tional insights into lanthanide chemistry, in-
fluenced by counter-cations, crystal solvents,
crystal packing effects, and so on. Therefore,
I report herein a comprehensive investigation
into the lanthanide contraction of the com-
plexes of Ln-EDTA based on the crystal data
that is free available from the Cambridge Crys-
tallographic Data Centre (CCDC).

EXPERIMENT AND DISCUSSION OF
THE RESULTS. A total of 111 kinds of Ln-
EDTA complexes were identified and summa-
rized along with their respective coordination
numbers (CN), excluding promethium (Pm),
which was not examined due to its radioactivi-
ty as usual, and thulium (Tm), the second-least
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abundant of the lanthanides. Therefore, in the
present article, I only deal with each EDTA
complex of Ln; La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Yb and Lu, as per my previous
work [26]. Some cif files deposited on CCDC
couldn’t be opened (3D Structure Unavailable)
by the crystal viewer software Mercury.
Complexes could be classified into two ca-
tegories in general terms: mononuclear com-
plexes and non-mononuclear ones (= metal co-
ordination polymers). In the latter, EDTA an-
ions act as a bridging ligand between centered
Ln cations. A typical mononuclear Ln-EDTA
complex with three coordinated water mole-
cules [27] were shown in Figure 2. Monomeric
complexes with formulae X[Ln(EDTA—4H)
(H,0), ]-nH,0, where X* NH,", MA*
(= CH,NH,"), NH.*, and Gu* (= C(NH,),"),
with Ln = Ce—Nd, Sm—Er were hit by search
in the CCDC; Gu,[Ln(EDTA—4H)(H,0),]
ClIO,6H,O (Ln = Er, Yb, and Lu) are also
included. Hereafter, some abbreviations,
‘NH,-Er’ are used for NH,[Ln(EDTA—4H)
(H,0),]-5H,0, for example, in which EDTA
anion and water molecules are omitted. Bond
parameters for these isostructural compounds
X[Ln(EDTA—4H)(H,0), ]-nH,O are listed in

Table 1-5; d(Ln-N), d(Ln-O, ), and d(Ln-O )
are mean bond distances between centered Ln
atoms and corresponding coordinated atoms;
N = nitrogen atoms in the ethylenediamine
moiety of EDTA anions, O, and O_ = oxygen
atoms in -COO™ and H, O, respectively.

Fig. 2. An example of Ln-EDTA complexes with
three coordinated water molecules:
[Eu(EDTA—4H)(H,0),]” moiety is demonstrated
in the crystal of NH, [Eu(EDTA—4H)(H,0),]-5H,0
[27]; where Eu (red purple), O (red), N (blue), and
C (gray). H atoms, NH," (counter cation), and
crystalline water molecules uncoordinated to Eu**
are omitted.

Table 1.

Average atomic bond lengths in the crystals of NH,[Ln(EDTA-4H)(H,0), ]-5H,0 (m = 3 except for
the cases of m = 2 in both Er). The Eu and Ho have CN = 9, whereas the Er has CN = 8.

NH,- Bond length / A Ref
Ln dln-N)  dLlnO)  dLnO,) '
Eu 2.696 2.490 2.420 [27]
Ho 2.644 2.422 2.365 [28]
LEr(1) 2.558 2319 2270 [29]
LEr(2) 2.543 2316 2278 [30]

16
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Table 2.
Average atomic bond lengths in the crystals of MA[Gd(EDTA-4H)(H,0),]-4H,0 (MA = CH,NH;
CN =9).

MA- Bond length / A Ref
Ln dlnN)  dlnO)  dLnoO,) <
_Gd 2.678 2.492 2412 31]

Table 3.
Average atomic bond lengths in the crystals of N, H, [Ln(EDTA-4H)(H,0),]-nH,0 (n = 5 except for
the cases of Ce has n = 4, and Eu has n = 3; all have CN =9).

N H - Bond length / A
2 s Ref.
Ln d(Ln-N) d(Ln-O,) d(Ln-O,)
Ce 2.731 2.554 2471 32]
59Pr 2.713 2.537 2.454 [33]
Nd 2.702 2.523 2.440 33]
Sm 2.679 2.489 2.415 33]
Eu 2.692 2.498 2.419 32]
64Gd 2.663 2.463 2.395 [34]
_Tb 2.654 2.452 2.385 [34]
Dy 2.676 2.448 2.371 [35]

Table 4
Average atomic bond lengths in the crystals of Gu[Ln(EDTA-4H)(H,0),] (Gu = C(NH,),; all have
CN=9).

Gu- Bond length / A Ref.
Ln d(Ln-N) d(Ln-0) d(Ln-0,)

60Nd 2.551 2.506 2.521 [36]
_Eu 2.696 2.661 2.675 37]

Gd 2.447 2.400 2.415 [25]

Table 5.
Average atomic bond lengths in the crystals of Gu,[Ln(EDTA-4H)(H,0),]CIO,-6H,0 (Gu=C(N-H,) ;
all have CN = 8).

Gu. - Bond length / A
2 Ref.
Ln-CIO, d(Ln-N) d(Ln-0,) d(Ln-0,)
LEr 2.591 2.344 2.275 [38]
70Yb 2.577 2.322 2.254 [39]
_Lu 2.568 2316 2.245 25]

https://ucj.org.ua 17
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The atomic numbers vs. mean bond dis-
tances (A) of mononuclear Ln-EDTA com-
plexes are demonstrated in Figure 3. The lan-
thanide contraction phenomenon is obtained;
mean bond distances are gradually reduced

(Ce—Lu). The complexes of CN = 8 (Er—Lu)
have even shorter ion radii than those of CN =
9 (Ce—Ho), possibly explained by reducing the
steric repulsion between the ligands around
the coordination sphere.

2.8

ALn-N (NH4)CN =9
@Ln-N (NH4)CN =8

A
2.7 A A

2.6

> >

25 A s 4
A

24

Bond distances of Ln-L / A

23

aln-N (MA)
ALn-N (N2H5)
ALn-N (Gu)
oLn-N (Gu-ClO4)
ALn-Ow (NH4)CN=9
@Ln-Ow (NH4)CN =8
ALn-Ow (MA)
ALn-Ow (N2H5)
ALn-Ow (Gu)
OLn-Ow (Gu-ClO4)

A ALn-OAc (NH4)CN =9
A @Ln-OAc (NH4)CN =8
ALn-OAc (MA)
o aLn-OAc (N2H5)
ALn-OAc (Gu)
oLn-OAc (Gu-ClO4)

O
9

@ O

O @0

O

2.2

57 58 59 60 61 62 63 64 65 66 67
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho

68 69 70 71
Er Tm Yb Lu

Atomic number

Fig. 3. Mean atomic bond distances (A) of d(Ln-N), d(Ln-O > and d(Ln-O ) vs. atomic numbers
of mononuclear complexes of X[Ln(EDTA—4H)(H,0) ]-nH O, where X* = NH,*, MA* (= CH,NH,"),
N,H_*, and Gu* (= C(NH,),"), in addition to Gu,[Ln(EDTA—4H)(H,0),]ClO,-6H,O. From Ce to Ho, the
complexes have 9-coordinate geometry (denoted as triangles), whereas from Er to Lu, CN = 8 (circules).

Consequently, the mean bond distanc-
es of the complexes of M[Ln(EDTA—4H)
(H,0), 1-nH,O, where M = Na, K, and Cs,
are shown in Table 6-8. As mentioned above,
the abbreviation such as Na-La means Na[L-
n(EDTA—4H)(H,0),]-5H,0. These complexes
M[Ln(EDTA—4H)(H,0), ]-nH, O are still tho-
ught to be mononuclear, because there are no
bridged Ln ions present. Alkali metal ions,
however, are bridged to Ln ions via oxygen

18

atoms (Figure 4). All the Na-Ln complex-
es have CN = 9. Among the K-Ln complex-
es, only one K-Yb complex has 8-coordinate,
and others have CN = 9. Cs-Sm and Cs-Gd
have 9-coordinate geometry; on the contrary,
Cs-Dy, Cs-Ho, and Cs-Yb have CN = 8. The
mean bond lengths vs. atomic numbers of the
Ln series (La-Yb, except for Pm and Tm) with
Na, K, and Cs are shown in Figure 5.
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Table 6.
Average atomic bond lengths in the crystals of Na[Ln(EDTA-4H)(H,0) ]-nH,O (m =3, n =5, except
for the case of n = 3.25 in Dy(3).

Na- Bond length / A Ref
Ln d(Ln-N) dIn-0)  d(Ln-0O,) '
la 2.768 2.589 2.493 [24]
.Ce 2.709 2.571 2.491 [40]
Pr 2714 2.536 2.458 [19]
Nd(1) 2.700 2.535 2.451 [24]
60NC1(2) 2.696 2.521 2.454 [36]
Sm(1) 2.673 2.499 2.423 [24]
Sm(2) 2.667 2.494 2.421 [41]
Sm(3) 2.614 2.466 2.381 [42]
Eu(1) 2.675 2.495 2.411 24]
63Eu(Z) 2.665 2.480 2.410 [43]
64Gd(l) 2.651 2.472 2.399 [19]
,Gd(2) 2.653 2.469 2.400 [44]
Tb 2.643 2.448 2.377 [43]
Dy(1) 2.627 2.464 2.392 (18]
Dy(2) 2.640 2.456 2.377 [43]
.Dy(3) 2.649 2.461 2.381 [45]
67Ho(l) 2.633 2.453 2.363 [22]
_Ho(2) 2.654 2.457 2.395 [46]
Er 2.618 2.428 2.351 [47]

68

Table 7.
Average atomic bond lengths in the crystals of K[Ln(EDTA-4H)(H,0), |-nH,O (m = 3, n =5, except
for the cases of m = 2 in Yb; n = 3.5 in Eu).

K- Bond length / A
Ref.
Ln d(Ln-N) d(Ln-0,) d(Ln-0,)
60Nd 2.712 2.539 2.436 [23]
62Sm 2.692 2.503 2.412 [48]
_Eu 2.677 2.500 2.402 [49]
Gd(1) 2.677 2.483 2.399 [50]
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Table 7.
,Gd(2) 2.719 2.553 2.464 [51]
65Tb 2.655 2.470 2.390 [52]
Ho 2.617 2.446 2.367 (47]
_Yb 2519 2.343 2272 53]
Table 8.

Average atomic bond lengths in the crystals of Cs[Ln(EDTA-4H)(H,0), ]-5H,0 (m = 3, except for the
cases of m = 2 in both Er).

Cs- Bond length / A
L Ref.
n d(Ln-N) d(Ln-O,) d(Ln-O,)

Sm 2.671 2.466 2.423 [47]
.,Gd 2.654 2.434 2.400 [47]
66Dy 2.574 2.392 2.318 [47]
67HO 2.584 2.378 2.314 [47]
Yb 2.532 2.369 2.262 18]

Table 9.
Average atomic bond lengths in the crystals of [Ln(EDTA-3H)(H,0), ]-nH,0, except for the case of
H-Ce = [Cr(OH) Mo O . ][Ce,(EDTA-3H),(H,0),]-13H,0 (CN = 10). From La to Sm: m =1, n = 0
(La & Ce, CN =10; Nd & Sm, CN =9); Gd to Dy(1): m = 0, n = 3; Dy(2) to Er; m =0, n =2 (CN = 8).

Bond length / A
H-
L d(Ln-0,) Ref.
n d(Ln-N) d(Ln-0) - <
W inter intra

L 2.849 2.655 2.726 2.524 [55]

sCe 2.789 2.564 2.700 2.504 [56]

60Nd 2.776 2.552 2.453 2.452 [57]

oM 2.773 2.548 2.453 2.454 [58]

64Gd 2.626 - 2.354 2.353 [59]
Dy(1) 2.626 - 2.355 2.354 [61]
66Dy(2) 2.604 - 2.328 2.325 [60]

1O 2.592 - 2.323 2.311 [62]

Er 2.577 - 2.306 2.299 [63]
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Fig. 4. The crystal structures of mononuclear
Na[La(EDTA—4H)(H,0),]-5H,0 [24], where La (red
purple), Na (purple), O (red), N (blue), and C (gray). H
atoms are not shown.

CN=9
2.8 [ l ] ALn-N (Na)
ALn-N (K)CN=9
A A CN=8 oLnN(K)CN=8
< 2.7 A ‘ A 1 , 1 ] ALn-N (Cs)CN =9
Ry A & L 4 A oLn-N (Cs)CN = 8
_él A t A ALn-Ow (Na)
-4 26 , Fy ALn-Ow (K)CN =9
s A i @Ln-Ow (K)CN =8
2 A * g ALn-Ow (Cs)CN =9
© 25 A . A * oLn-Ow (Cs)CN =8
I A A A, ALn-OAc (Na)
@ A A A 4 ALn-OAc (K)CN=9
o A A A oLn-OAc (K)CN =8
2 24 A A ’ ALn-OAc (Cs)CN = 9
o o
@ A p< oLn-OAc (Cs)CN = 8
23 9 o
8
2.2
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Fig. 5. Mean atomic bond distances (A) of d(Ln-N), d(Ln-0O, ), and d(Ln-O, ) vs. atomic numbers of
mononuclear complexes of M[Ln(EDTA—4H)(H,0) ]-nH O, where M* = Na*, K*, and Cs*. Although
K-Yb, Cs-Dy, Cs-Ho, and Cs-Yb have CN = 8, the remaining complexes have CN = 9.

The complex of Na-Sm(3) has slightly short-
er bond distances than that of Na-Sm(1) and
Na-Sm(2). For example, does the amount of
crystalline water molecules differ? Wang et al.

https://ucj.org.ua

(2010) reported an X-ray crystallography with
its approximately consistent elemental analysis
[42]; hence, a possibility of the different com-
position would be incorrect. Conversely, as

21




INORGANIC CHEMISTRY

LANTHANIDE CONTRACTION IN CHELATES OF ETHYLENEDIAMINETETRAACETIC ACID

BASED ON CRYSTALLOGRAPHIC DATA: A SHORT REVIEW.

to the case of the K-Gd(2) complex, the bond
distances are irregularly longer compared with
others. By Yang et al. (2002), X-ray crystallo-
graphy was the only method for its characteri-
zation (both elemental analysis and IR spect-
roscopy weren't reported) [51]. It's difficult to
say what the deviation would mean, but by
contrast, it should be wondered if the compo-
sition is really accurate in the case of K-Gd(2).

Between Dy and Er, complexes having
CN = 8 and 9 are overlapping. The complex-
es of Cs-Dy and Cs-Ho have CN = 8, whereas
Na-Dy, Na-Ho, Na-Er, and K-Ho have CN = 9.
Compared with 9-coordinate, 8-coordinate
have significantly shorter distances. These facts
seem to indicate that the geometry around the
Ln atoms is influenced by the size and electro-

static properties of the counter-cations accord-
ing to Sakagami et al. (1999) [47]. However,
these findings of the cases of the complexes
having alkali metal ions (M*) are in contrast to
those described for the cases of X* (NH," and
its analogues such as MA*, N H.*, and Gu*) as
counter ions, because in Er, both NH,-Er and
Gu,-Er-ClO, in spite of having the same 8-co-
ordinate geometry. By manifestation of these
two things, as counter-cations, alkali metals
could have strong perturbation through coor-
dination bonding to the coordination sphere
around the Ln ions than the cases having
NH,* and its analogues, not having coordi-
nation bonding to the Ln ions by themselves.
The mean bond distances are reduced from La
to Yb.

2.0 CN=10
) i_xﬁ CN=9 mLn-N (H) CN = 10
2.8 /_A_\ eLnN(H)CN=9
' I A A oLn-N(H)CN =8

< CN=8 )
~ 2.7 I = : | \ mLn-Ow (H)CN=10
& ALn-Ow (H)ICN=9
— ) @ :
“6 2.6 O ® B Ln-OAc-inter (H) CN = 10
n [ ® : _
8 A A ALn-OAc-inter (H) CN = 9
S 2.5 & | @ Ln-OAc-inter (H) CN = 8
% A A @ Ln-OAc-intra (H) CN = 10
T 24 ALn-OAcintra (H)CN =9
o
om e : @ Ln-OAc-intra (H) CN = 8

23 8 o

2.2

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
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Fig. 6. Mean atomic bond distances (A) of d(Ln-N), d(Ln-O, ), d(Ln-O

), and d(Ln-O ) vs.

Ac-intra Ac-intra

atomic numbers of mononuclear complexes of [Ln(EDTA—3H)(H,0), ]-nH,O, except for the case of

H-Ce = [Cr(OH), Mo

618
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0,,][Ce,(EDTA—3H),(H,0),]-13H,0 (CN = 10).
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Janicki & Mondry (2014) have summarized
the monomeric [Ln(EDTA—4H)(H,0) |~ (n =
2, 3, 4) having counter-cations of H*, Na*, K*,
Cs*, NH,', and Gu", where the one having H*
was H[La(EDTA—4H)(H,0),] [38]. But actu-
ally, it is more appropriate to denote the com-
plex H[La(EDTA—4H)] as [La(EDTA—3H)],
since H* is on one carboxylate group by Lind
et al. (1965) [54]. Another problem by Janicki
& Mondry (2014) is that the other Ln complex-
es having (EDTA—3H)’~ and water molecules
as ligands weren’t discussed [38]. While anoth-
er [Ln(EDTA—3H)] series with crystal struc-
tures had been reported; not as monomeric
complexes but as ones having bridged Ln ions
by oxygen atoms described in Table 9 and Fi-
gure 6. Some [Ln(EDTA—3H)] are denoted as
H,O[Ln(EDTA—4H)] in the original articles
[61-63]. Since it should be the -COO~ more
basic than water molecules to receive H*, all
compounds are unified as a category within a
series of [Ln(EDTA—3H)] herein.

In the early study based upon the crystal
structure of the H-La complex, its coordina-
tion number had been reported to be CN = 10
[38]. On the other hand, the recent study by
Xiong et al. (2007) reported the CN as 9 [55].
In the present study, the two La’** are conside-
red to have both CN = 10, including two co-
ordinated intermolecular -COO~ groups. The
bond lengths of two La-O, _ is 2.475 A and

nte:

2.974 A, respectively; the longer one being con-
sidered non-bonding because it is too long [55].

Among the H-Ln series, a question of the
presence or absence of coordinated water mo-
lecules is of interest. In the case of the light rare
earths (LRE) from La to Sm, the complexes
exhibit coordinated water molecules, whereas
the heavy rare earths (HRE) from Gd to Er do
not. As these series of complexes lack coun-
ter-cations such as M* or X* (NH,* and its ana-
logues), the intermolecular distances between
each H-Ln complex are shortened, resulting in
the replacement of bridging -COO™ groups in-
stead of water molecules. This phenomenon is
particularly evident in the complexes of HRE.
Furthermore, the transition to CN = 8 is occur-
ring from Gd that is earlier than in previously
discussed monomeric complexes. This distinc-
tion would suggest that the H-Ln complexes
should be differentiated from other monomer-
ic one having alkali metal ions, ammonium
ions and its analogues as counter-cations.

Hereafter, the remaining complexes of
Ln-EDTA with coordinated water molecules
are discussed whose bond lengths are listed in
Table 10. For the cases where Ln ions lacking
coordination with water molecules are also in-
corporated, only the bond lengths of Ln ions
with coordination bonds are demonstrated.
The complexes have somewhat complicated
chemical formulae as follow:

La(1): [La,CL(EDTA—4H) (H,0) ] CI .8nH 0;
La(2): [La,(SO,)(EDTA—4H)(H,0),] ;
La(3): K,(NH,),[La(EDTA—4H)(H,0) ] [La(cit—3H)(EDTA—4H)] -22H O

(cit = citric acid);

La(4): (H,en)[La(EDTA—4H)(H,0)] -10H,0;

La(5): [{(CH,) N}.C1 H,I] [{La(EDTA—4H)(H,0) } ]-4H,0;
La(6): (NH,).[La,(CO,)(EDTA—4H) (H,0),]-12H,0;

La(7): K [La (CO,)(EDTA—4H) (H,0),]-13.5H,0;

https://ucj.org.ua
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Ce: K [Ce,(CO,)(EDTA—4H) (H,0),]-13.5H,0;

Pr: H (PhNHNH,),[Pr (EDTA—4H) (H,0),]-5H,0;
Nd: [Nd, {o-C H,(COO) }(EDTA—4H)(H,0),]-1.5H,0;
Eu(1): Na[Eu(EDTA—4H) (H,0), ]CIO,-28H 0;
Eu(2): Na[Eu,(EDTA—4H), (H,0), ](CIO,),-26H,0;
Gd(1): Na[Gd (EDTA—4H) (H,0)_]CIO,-28H 0;
Gd(2): Na[Gd,(EDTA—4H) (H,0)_](CIO,) -26H 0.

Table 10.

Average atomic bond lengths in the crystal compounds of the Ln-EDTA complexes that have
coordinated water molecules. La(1) to La(5), Pr, and Nd have CN = 10; whereas the remaining

complexes have CN =9.

Bond length / A
HLZO_ d(Ln-0) Ref.
n d(Ln-N) d(Ln-0.)
v inter intra
_La(1) 2.821 2.568 _ 2.566 [64]
,La(2) 2.785 2.532 2.609 2.612 [64]
_La(3) 2.806 2.650 2.637 2.531 [48]
,La(4) 2.852 2.561 2.643 2.529 [65]
,La(5) 2.833 2.587 2.589 2.539 [66]
_La(6) 2.780 2.529 - 2.535 [67]
_La(7) 2.763 2.529 — 2.534 [67]
.Ce 2.736 2.534 — 2.507 [67]
LPr 2.796 2.524 2.672 2.475 [68]
oNd 2.765 2.504 2.615 2.466 [69]
63Eu(l) 2.682 2.497 2.417 2.406 [70]
-Eu(2) 2.680 2.495 2.416 2.409 [70]
,Gd(1) 2.675 2.477 2.401 2.396 [70]
,Gd(2) 2.668 2.483 2.428 2.416 [70]

As displayed in Figure 7, these complexes
with coordinated water molecules have CN =
10 (La—Nd), and CN =9 (La—Gd). There is a
large overlap between CN = 10 and 9 compared
with the previous shown Ln-EDTA complexes.

24

The cases of that the proportion of non-major
components except for the lanthanide-cen-
tered EDTA moieties within each complex is
relatively large, it is probable that the coordina-
tion numbers are strongly influenced.
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Fig. 7. Mean atomic bond distances (A) of d(Ln-N), d(Ln-0, ), d(Ln-O

Js and d(Ln-O,
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Ac-intr: ) Vvs.

atomic numbers of the complicated remaining complexes of Ln-EDTA with coordinated water molecules.
It should be noted that the O atoms in d(Ln-O ) are not necessarily belonging to the -COO™ in adjacent

EDTA moieties.

Now that the last remaining series of Ln-
EDTA complexes which do not have any coor-
dinated water molecules are outlined as shown
in Table 11 and 12. Here, bond parameters of
the series without coordinated water molecules
from Ln-EDTA complexes, which are depicted
in Table 10, are also presented. As aforemen-
tioned, former studies indicated the lanthanide
contraction of EDTA complexes using only
some Ln-EDTA complexes with coordinated
water molecules [18-25]. This means that a
thorough examination of the lanthanide con-
traction in EDTA complexes, lacking coordi-
nated water molecules, is yet to be carried out.
Each bond distance is plotted against atomic
number for the complexes without coordinat-
ed water molecules in Figure 8. The chemical

https://ucj.org.ua

formulae for the variety of each compound
are not provided here, however, in some com-
plexes, hydroxide, nitrate, carbonate, peroxide,
phosphite, oxalate, malonate, and citrate ions
are coordinated in place of water molecules or
the O atoms of the -COO~ from the neighbor-
ing EDTA anions. In particular, the difference
in bond length surpasses any previous series,
with some bond lengths even practically re-
sembling those of Er complexes with CN = 8,
despite the Ce complex having CN = 10; it is
due to that Ce(4)—Ce(6) have tetravalence;
Ce(IV) [75]. Another characteristic of this se-
ries is the difference in the range of coordina-
tion numbers. The Ln-EDTA complexes with
coordinated water molecules have a CN = 10,
which ranges from La to Nd (also overlapping
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with CN =9). Conversely, up to Eu, the CN in complexes can be significantly tunable while
the Ln-EDTA complexes without coordinated retaining the EDTA anions as the primary li-
water molecules increases to 10. This suggests gands.

that the coordination number of Ln-EDTA

Table 11.
Average atomic bond lengths in the crystal compounds of the remaining LRE-EDTA complexes that have
no coordinated water molecules; only Sm(1)-EDTA complexes has CN =9, whereas others have CN = 10.

Bond length / A
LRE-EDTA d(Ln-0)
d(Ln-N) - . Ref.
inter intra

s, La(l) 2.813 2.563 2.588 [71]
-La(2) 2.785 2.563 2.611 [71]
,La(3) 2.802 2.562 2.609 [71]
,La(4) 2.746 2.515 2.657 [64]
;La(5) 2.808 2.568 2.596 (48]
., La(6) 2.803 2.566 2.601 (48]
-La(7) 2.822 2.566 2.650 [72]
s, La(8) 2.830 2.573 2.630 [72]
;La(9) 2.771 2.559 2.625 (73]
., La(10) 2.803 2.568 2.593 [73]
,La(11) 2.767 2.556 2.613 [67]
,La(12) 2.768 2.541 2.626 [67]
,La(13) 2.785 2.572 2.581 [(67]
Ce(1) 2.720 2.418 2.342 [74]
,Ce(2) 2.795 2.543 2.568 (71]
,Ce(3) 2.782 2.543 2.595 [71]
Ce(4) 2.562 2.494 2.317 [75]
Ce(5) 2.590 2.484 2.316 [75]
,Ce(6) 2.712 2.408 2.331 [75]
,:Ce(7) 2.763 2.535 2.597 (73]
,Ce(8) 2.788 2.548 2.578 (73]
Ce(9) 2.764 2.553 2.566 [67]
,Ce(10) 2.757 2.523 2.618 [67]
om(1) 2.442 2.660 2.432 (48]
»om(2) 2.771 2.491 2.482 [76]
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Table 12.

Average atomic bond lengths in the crystal compounds of the remaining HRE-EDTA complexes that
have no coordinated water molecules; Eu(3’) have CN = 3, Eu(3), Gd(2), and Gd(4’) have CN = 9, others

have CN = 8.
Bond length / A
HRE-EDTA
d(Ln-N) : : Ref.
inter intra

Eu(l) 2.748 2.597 2.611 [77]
Eu(2) 2.793 2.556 2.569 [78]
Eu(3) 2.755 2.467 2.388 [70]
LEu(3) 2.771 2.481 2.501 [70]
,Gd(1) 2.617 2.407 2.308 [79]
,Gd(2) 2.657 2.396 2.421 (79]
,Gd(3) 2.610 2.393 2.319 [79]
,Gd(4) 2.758 2.483 2.595 [79]
,Gd(4) 2.796 2.434 2.559 [79]
o Er(1) 2.513 2.291 2.343 [80]
ET(2) 2.574 7.432 2.329 [81]
L, Yb(1) 2.553 2.282 2.306 [82]
Yb(2) 2.539 2.274 2.303 [82]
L, Yb(3) 2.533 2.272 2.299 [82]
Yb(4) 2.541 2.276 2.294 (82]

It is primarily the Ln-O bond lengths that
exhibit the most variation, whereas the Ln-N
bond lengths display comparatively little varia-
tion between them. Evidently, factors beyond
the coordinating EDTA anion, such as distinc-
tions in crystal packing due to the kind of co-
ordinating other anions and non-coordinating
moieties, occasionally have an impact on the

https://ucj.org.ua

atomic bond lengths. This would be because,
in contrast to other rigid ligands, EDTA ani-
ons are flexible. Nonetheless, it is undeniable
that the overall trend towards the lanthanide
contraction is obvious even in this series. From
La to Yb, the average atomic bond lengths are
decreasing.
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CN =10
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Fig. 8. Mean atomic bond distances (A) of d(Ln-N), d(Ln-O__ ),and d(Ln-O

reinsa) VS- atomic numbers
c-intra

of the remaining complexes of Ln-EDTA without coordinated water molecules. It should be noted that
the O atoms in d(Ln-O ) are not necessarily belonging to -COO~ in the neighbouring EDTA moieties.

CONCLUSIONS. In order to achieve a com-
prehensive understanding on the lanthanide
contraction among the complexes of Ln-EDTA
already reported individually, I searched and
analyzed data on 111 kinds of crystal structures
obtained from the CCDC. The finding indi-
cates clear lanthanide contraction in the series
of mononuclear Ln-EDTA complexes with co-
ordinated water molecules having ammonium
ions, its analogues, and alkali metals as coun-
ter-cations. However, there is a tendency for
greater variation in the average atomic bond
lengths as the Ln-EDTA complexes became
non-mononuclear or coordination polymers.
This phenomenon is influenced by various types
of counter-cations, including bridging another
Ln jons coordinated to the O atoms of -COO~

28

in neighboring EDTA anions, as well as factors
beyond the coordination sphere. Such variation
is uncommon in the studies of the lanthanide
contraction of the complexes having rigid li-
gands previously reported. It is suggested that
the EDTA anions have a versatility as ligands,
which could provide a flexibility in the CN and
atomic bond lengths in the lanthanide contrac-
tion. This manuscript is a revised version of my
preprint (doi: 10.51094/jxiv.560).
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KOHTPAKLISA NAHTAHIAY B XEJIATAX
ETUIEHQIAMIHTETPAOLITOBOI KNCNOTK

HA OCHOBI KPUCTAJIOr PA®IYHUX IAHUX:
KOPOTKWUKX Ornaa

Haiicyxe Hozyui

Biodin ocsimu ma niompumxu 00cnioxHeHv,
Buwa wixona inxenepii, Ynisepcumem Haea-
caxi,

eyn. Bnanxiio 1—14, Haeacaxi 8528521, AAnonis
e-mail: a.chemist.noguchi.d@gmail.com

Xoya sABuIIe CKOPOYEHHA JIaHTAHOIJIB
6y/10 B>Xe LIMPOKO BUBYEHO, CUCTEMATU3ALlis
eTWIeHAiaMiHTeTpaaleTary maHTaHoiny (Ln-
EDTA) sanuimaerbcs HEIOCTaTHHOK, XOYa
3a3BMYall BUKOPUCTOBYIOTh Xxematu EDTA.
TakuM 4MHOM, 1€ JOC/IPKEHHs SB/ISE COOO00
KOMIIJIEKCHIII aHajli3 Ha OCHOBI maHux Kem-
OpUIDKCBKOTO LIEHTPY KpucTanorpadivHmx
nanux (CCDC). Y MOHOsJepHUX KOMIIEKCaX
EDTA 3 xoopiHOBaHMMU MOJIEKY/IaMy BOAY
IIPEACTABIEHO CUCTEMaTNYHE CKOPOYEHHA
JIAHTAHOIZIiB 3a/IE)KHO Bifi IXHBOTO KOOPAM-
HanifiHoro umcna. OgHAaK y HEMOHOAJEPHUX
KOMIUIEKCaX a0 KOOPAMHALIIHUX MTOIiMepax
criocrepiraeMo 6inbury Bapialilo JOBXMHU
aTOMHOTO 3B’A3KY, LII0 € PiAKICTIO I KOCITi-
JPKEHb CKOPOYEHH: JIAHTAHOI/IIB Y ITOIIEPeHIX
pocnimkeHHax. e cBiguuTh PO THYYKICTD i
yHiBepcanbHicTb EDTA sk niranpgy.

Knro4oBi croBa: kooppiMHalliiiHa CIionyka,

f-6710K, pigKo3eMenbHNUI elIeMeHT, o/IiaMiHO-
KapOOHOBA KIC/IOTA.
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BukopucToByloun MeTOAV pPeHTTeHIiBCbKOI (POTOEIEeKTPOHHOI CIIeKTPOCKOIIii, sAfepHO-
rO MarHiTHOTO pe3oHaHCy, IY-crmekTpockormii, aTOMHO-CMIOBOI MiKPOCKOIIi, JOCTiKEHO
€IeKTPOHHY CTPYKTYPY Ta MOPQOJIOTi0 ITOBEPXHi CUHTE30BAHMX €IEeKTPUYHUM BUOYXOM
HAaHOIIOPOLIKiB TiO2 HIIIXOM IXHBOI Moamdikaiii IepoKCuoM BOSHIO.

Ie € akTyanbHMM I pO3YMiHHA MEXaHi3MiB CaMO/IeTyBaHHA OKCUIHMX MaTpULb Hafl-
JIMIIKOM KVCHIO IIpy (POpMYBaHHI Ha IX IIOBEpXHi, 3 METOIO IOsIBY (POTOAKTMBHOCTI y BU-
OVIMOMY CBIT/Ii, aKTMBHUX LIEHTPIB Y BUIIAJI IIEPOKCO-TPYIL.

B po6orti metogom POC 6y0 mocmigkeHO 3MiHM eHepriil 3B’s13Ky Ta BiJHOCHMX BKJIa-
[iiB Pi3HUX TUIIB KMCHEBUX IIePOKCO-TPYI MofudikoBanoro nepokcuaom sopumo TiO,, B 3a-
JIEXXHOCTI Bifj CTYIEHIO TifpaTalii BUXifiHOI MaTpuli. [leTanisoBaHO MeXaHi3M Jii IepOKCH-
Iy BOZHIO Ha METAJIOOKCU/IHY MaTpUIIIO, 3yMOBJICHUII CTyIIeHeM OIOKYBaHHSIM OCHOBHUX
O* nentpiB Matpui HasBHMMU B Hijt OH-rpynamuy, mo npusBoguTh K0 3MiHU HAIPSMKY
OKJICHIOBA/IbHO-Bi/[JHOBHIOBA/IbHMX IIPOLIECIB.

Knrouosi cnosa: XPS, nanonopomku TiO,, Ti**-cTaHu, mepoKCH/ TUTAHY, IePOKCUT BOJ-
HIO, TIEPOKCO-TPYIIN.

BCTYII. Opguum 3i cnocobiB mopmdika- BakaHciit. BigHocHo HOBuM [1-3] cmocob6om
uii TiO, € smMenmenns mupuHn 3aboponenoi mopudikanii TiO, € camoneryBanHsa moBepx-
30HM 3 METOI0 3CyBY KpMBOI IOITIMHAHHA Ha Hi OKCUJHOI MaTpUIii HA[IMIIKOM KMCHIO 3a-
JiIAHKY BUIVIMOIO CBiT/a. Crnocobamu pe- [/ CTBOPEHHs aKTMBHUX IIEHTPIB y BUITIAL]
anmisauii uboro €, 3okpema, neryBannsa TiO, mnepokcupuux rpym. CamoneryBanus TiO,
iOHaMM MeTasliB, HEMETAJIB Ta CaMOJIETYBaH- HAJJIMIIKOM KJMCHIO i CTBOPEHHSA Ha IIOBEPX-
Ha TiO, mediumrtom KucHio yepes CTBOpeH- Hi IeHTPiB (OTOKATa/MTUYHOI AKTUBHOC-
HA B OKCUAHIN rparni Ti**-cTaniB i KncHeBMX Ti y BMITIAAI NEPOKCO-TPYH HPU3BOAUTH [0

35




HEOPTAHIYHA XIMIfi

JOCTIDKEHHS NPOLIECIB MOAUPIKALIT NOBEPXHI HAHOMOPOLLKIB Ti0, NiA AIEH0 NEPOKCUAY BOAHHO

dopmyBanHsa B 3abopoHeHint 3oni TiO2 po-
HOPHMX PiBHIB i 10 mOrMHaHHA QOTOHIB BM-
muMoro caitma [12].

36aravenuit kucHem TiO, MoxHa oTpMMa-
™ abo Momudikalie IepoOKCUOM BOJHIO
JIOTO MOBepXHi, 800 CMHTE30M «3HU3Y» 3 BIU-
kopucranusam H O,

HesBaskaroun Ha Te, 1110 POC € ogHMM 3 0C-
HOBHUX METO[IB IIPYU JOC/IifPKEHHI IIOBEPXHi
MOzM(]iKOBAaHOTO TEPOKCUIOM BOJHIO TiO,,
Ipo67eMoOI0 € IIOBHA BifCyTHICTb y siTepa-
Typi iHTepnpeTalii CleKTpiB IEPOKCUAY TU-
TaHy Ta NOMTUTAHATHUX KUC/IOT 3a TUIIAMU
IIEPOKCO-TPYN 1 MalKe IIOBHA BiICYTHICTb
CaMUX CHEKTPiB, 3a BUHATKOM [22, 9]. Takox
Oyno nomiveHo[5], mo mpocTmit mporec Mo-
nudikarii TiO2 IIEPOKCUIOM BOJHIO MOXKE
IIPU3BOANTH [0 pi3HOTO a3oBOro CKIARY Io-
BEpXHi, TOOTO [10 pisHUX pe3ynbraris. Y mire-
parypi 3 POC mopudikoBaHOro nepoxcumom
BOJHIO TiO2 TaKa MOXK/IMBIiCTh MOBHICTIO irHO-
PYy€ThCA, BiiIIOBiHA inpopmariis BiICyTHA.

Metoro pobotu 6yno orpumanHa POC-
CIIEKTPIiB MEPOKCUY TUTAHY, OPTOTUTAHOBOI
KUCTOTM Ta MOAUGIKOBAaHMX HEePOKCHUIOM
BOJIHIO 3a PisHMX pexkumiB 3paskis TiO,, BcTa-
HOBJIEHHA 3 BpPaXyBaHHAM HOBUX JIiTepaTyp-
HuX gaHux [4,11,14,17] tumniB moBepXHEBUX
IIEPOKCO-TPYNl Ta [OCTI/PKEHHA MeXaHi3My
peasizaiii BiJHOBIIOBa/IbHMX 200 OKMUCHIO-
Ba/IbHUX IIPOLIECIB ITiJj Ii€10 IIEPOKCHU/Y BOIHIO
Ha nnosepxHi TiO,. 3aBganHAM 6yN10 TaKOX 10-
CILiIPKEHHA BIUIMBY KMCHEBMX IIE€POKCO-TPYII
Ha Tonorpadito nmosepxni TiO,.

EKCIIEPMIMEHT TA OBI'OBOPEHHA PE-
3YJIPTATIB. Hanonopomku n-TiO, 6ymo cun-
TEe30BaHO METOJIOM €/IeKTPUYHOTO BUOYXY IIpo-
BigHukiB (EBII) B arMocdepi cyxoro mositps
[5]. Eneprisa Bubyxy nopisuiosana E=3,1-E, ne
E_- eneprisa cybnimanii tutany. OcobmmsicTio

36

EBIT nanonopomikis TiO, € Bucoka medexr-
HICTb i, BINIIOBinHO, 3HaYHMi1 BMicT Ti*"-cTaHiB
Ta KMCHEBUX BaKaHCil. MeTow HOCITimKeHHS
Oy/10 BCTAHOBJIEHHS BIUIMBY CTYIIeHs Tifipa-
Tallil OKCMHOI MAaTpuIli Ha €HEepIiio 3B’;13Ky
Ta BiIHOCHI BK/IafiMl Pi3SHMUX TUIIIB KMCHEBUX
HEePOKCO-TPYIl MOAM(IKOBAHOIO IEPOKCULOM
sopHo TiO,. 3pasku mocmimpKysanu meTona-
mu POC, AMP, AFM-mMikpockorii, IY-cexr-
pockomil Ta peHTreHodasoBoro anamisy. Jlo-
cnipKysamm BipnaneHi 3a 300 C kpucranivyni
3pasKy, sKi Oy cyxumu abo rigpaToBaHUMIL.
3pasku MopudikyBamM HEpOKCUIOM BOJHIO
(90 xB; T = 80 °C), rigpara1ito 3pa3KiB IpOBO-
IV y Bosioromy nositpi kamepu (20C, 30 xs.).
Jna spaskiB 1 Ta 2 cepii, CMHTE€30BaHMX Y Pi3-
HUII 9ac, pexxumu Moaudikarii He 3MiHIOBaIN.
[IopiBHAHHA OTPMMAHMX Pe3Y/IbTaTiB IIPOBO-
OV BifTIOBITHO MO TEXHOMOTIiYHMX CTaiil
dopmysanns spaskis TiO,: cunTesy BuXigHMX
3pa3KiB, IXHPOTO NPOMDKHOTIO BifilIa/Ty, CYIIKI
9y TifipaTalii 3a BifICyTHOCTI YU 3 IOflaBaHHAM
Mopmdikaropa (1 M1 3 mM posunHy nepoxcu-
Iy BOAHIO Ha 1 rpam TiOz), IeKaHTallil ITicas
BUTPUMYBAaHHA BIPOJOBX 10 XBUINH, BUCY-
nryBaHHi 3a 20 °C.

Y Tabn. 1 HaBeeHO HOMepU Ta cepil 3pas-
KiB, eramu i ymMoBU IXHbOTO O0OpOONIEHHS.
Bbyno pocnimxeno: spasku mepokcupy TUTaHy
(Ne 1) Ta oprorutaHoBoi kucnotu (Ne 2); cyxi
kpucranivni 3pasku TiO,: BuxinHi Bigmaneni
3a 300 C (Ne 3) ta Bigmaneni 3a 300 C i mo-
mudixoani H O, (Ne 4) 1 cepii Ta ananoriuni
spasku (Ne 5-6) 2 cepii; spasku TiO,: Buxipni
Bigmasneni 3a 300 C i rigpaTtoBani (Ne 7) Ta Bifi-
naneHi 3a 300 C, rigpaToBani i MogudikoBaHi
H O, (Ne 8) 1 cepii Ta 3pasku (Ne 9-10) 2 cepii;
3pasKM BUXiJHI KpUCTaliuHi CyXi, BifillajieHi B
noBiTpi 32 450 C (N 11) i moudikosani H O,
Ta BignaseHi B moBiTpi 3a 450 C (Ne 12).
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Tabmuus 1

Howmepu i cepii 3pa3kiB i eTanu Ta yMOBHU IXHBOTO 00pO6IeHH Table 1
Numbers and series of samples and stages and conditions of their processing.

Ne Tun Eranmu i ymoBu 06po6nenHs Cepin

1 TiO H, - -

2 Ti(OH), - -

3 TiO, Bignan 300 C moBiTps 1

4 TiO, Bignan 300 C mositps/ H O, 1

5 TiO, Bignan 300 C noBiTps 2

6 TiO, Bigman 300 C mositpa/ H,O, 2

7 TiO, Bignan 300 C nosiTpsa/rigpaTanisa 1

8 TiO, Bigman 30 0C nositps /rigparania/ H O, 1

9 TiO, Bignan 300 C noBiTps/rigpaTanis 2

10 TiO, Bigman 300 C nositps /rigparania/ H O, 2

11 TiO, Bignan 450 C noBiTpsa 3

12 TiO, H,O,/ Bigman 450 C noitpst 3

EnexTpoHHY CTPYKTYypy IOBEpPXHi HaHO-
JVICTIEPCHUX OKCHJIB TUTAHYy NOCTIIKyBaau
MeTogoM PDC Ha eleKTpPOHHOMY CIIeKTpOMe-
Tpi «EC-240YM2» 3 peHTreHiBCbKUM JIKepe-
nom i3 marniesum anonom (E MgK o= 1253,6
eB, P = 200 Br). TouyHicTh BU3HAYeHHS MaK-
cumymy Tip, -ninii cknagana +0,05eB, po6o-
Yyl BaKyyM y Kamepi ctaHoBuB 1:10—"7IIa,
3pa3Ky HAaHOCWIM Ha a/IOMiHi€BI MiKIafgVH-
Ku posmipoM 10 x 10 mm.

Cnextpu Tip-piBHiB Oyn0o poskmaje-
HO Ha 3B’s13aHi MK c000I0 [ BpaXyBaHH:
CITiH-Op6iTaIPHOTO PO3ILIENTIEHHS Tapy KOM-
HOHeHT 2p, . /2p, . 3 mapamerpamu [IIIIIB =
1.2 eB, AE = 5,76 ¢B; I/, = 0,3 BigmosinHo.
Posk/afiaHHs. TIPOBOAWIM MeTOfOM layc-
ca — HploToHa B pexxyMi 3B’s13aHNX Iapame-
TpiB. Criektpy Ols-piBHiB 6y10 po3KtageHo
Ha OIMHOYHI KOMIIOHEHTM 3 IIapaMeTpaMu
[IIIIIB = 1.25 eB. BapiroBanu iHTeHCUBHICTb
KOMIIOHEHT Ta IXHIO eHepriio 3B’sa3ky. llu-
p¥HA KOMIIOHEHT 1 CIIiBBIJHOIIEHHA BHECKIB

https://ucj.org.ua

raycc-JIOPEHLIEBOTrO PO3IOAiNB y Ipoleci
PO3K/IaJlaHHs CIEKTPiB Oymu (iKCOBaHUMIL.
[Tnonry KOMIIOHEHT BM3HaYa/IM MiC/IsA BUpaxy-
BaHHA ¢ony MetopoM lupni [6-7]. Orpuma-
Hi TaK/M 4YMHOM iHTerpajabHi iHTEHCUBHOCTI
KOMIIOHEHT IPOIOpPLiiiHI BMICTy B 3pasKax
HeeKBiBa/JIeHTHUX IOHIB TUTAHY Ta KUCHIO.

Cnexrpu AMP orpuMaHo Ha cieKTpoMeTpi
AVANCE 400 BRUKER. Tocrmimxenas AFM
tororpadil OBepXHi IPOBOAV/IN Ha eJIEKTPO-
HHOMY Mikpockomni Nanonics 4000.

Y cnekrpi SMP'H HemopngikoBaHoro
spaska TiO, cnocrepiranu curHan 3i 3HaYeH-
HAM XiMi4HOTO 3CyBy § ~ 5.1 M. 1. ¥V Bumagky
Mo (piKOBAaHOTO IIEPOKCHUIOM BOIHIO 3pa3Ka
B criekTpi AMP 1H BusABneHo cynepnosmuiiiio
nBox curHaitis 3 § 5.1 Ta 7.6 M. 1. Oninka iHTe-
Ipa/IbHUX IHTEHCYMBHOCTE! BKa3y€ Ha IXHE Bifi-
HOBi/{He CITiBBifHOIIEHHsT Tpubnu3Ho 3:1. 3Ba-
>KAI04l Ha HASABHICTb cuTHaIB 3 & ~ 5.1 M. 1.
y CIeKTpax 060X 3pas3KiB Ta BpaXOBYIOYM IIe-
peBakady KUCTOTHY (PYHKIIIO IepOKCULy
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BOJHIO IIOPiBHAHO 3 MOJIEKY/IaMJ BOJM, MOX-
Ha BBAXKaTH, 1[0 B MPOILeCi TepMOOOPOOIeH-
HA y CK/Iafii 3pa3KiB popMyIOTbcs pparMeHTH
Ti-OOH ra Ti-OH, saxi igentndikyrors 3a
3HauYeHHAMM 3 0 5.1 Ta 7.6 M. [I. BigIIoBigHO.

Ti-OH
Ti-0-0H ||
/|
300000 /]
E “I III
200000 2/
/]
100000 f 1\
A .\H’t‘-v-«
0 MM I A A
A M M e e

ppm
Puc. 1. Cnexrpu AMP 'H spaskis TiO,, Binma-
nenux 3a 300 C nemomudikosanoro (1) ta mopu-
¢ikoBaHOro (2) IEPOKCUOM BOJHIO
Fig. 1 1H NMR spectra of TiO, samples an-
nealedat 300C unmodified (1) and modified (2)
with hydrogenperoxide.

354
2 ) Aol
304 ) e / VN A '.‘ M jﬁ
Ti-0-0-H / TV LTS
254 835/ 1 ‘,m‘]
Tio-oTi |/ )/ .
20 860 l / |
Ko Ti=02 |/ /
15 912 Y/ /-‘
104 l "'j;f
Yy
054 T
_::—"—"'"_._F;LJ--
0.0+
T T T T T T T T T T T T T 1

1200 1100 1000 900 @800 700 600 SO0 400
cm-1

Puc. 2. I9-cnekrpu spaskis TiO,, Binmanenux sa
300 C Hemopndikosanoro (1) Ta MopudikoBaHOTO
(2) mepokcuzoM BOIHIO

Fig. 2 IR spectra of TiO2 samples annealed at
300C unmodified (1) and modified (2) with hy-
drogenperoxide.
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3 I4-cnexrpis, Bignanenux 3a 300 C Buxip-
Horo (1) Ta mopudikoBanoro (2) 3paskis TiOz,
BUIHO 3CyB y AimsaHni 800-920 cm™'. 3rigHo
3 [8, 22], y wiit mingHNi pos3TamIoBaHO: KiH-
nesa nepokco-rpyma Ti-O-O-H na 835 cm,
micTkoBa mepokco-rpynaTi -O-O-Ti, (B skii
KOokeH aroM KucHio 3 O-O 1oB’si3aHmit 3 pis-
Humu atomamn Ti) ma 860 cm™', Ti = (O,) -
MiCTKOBa IIEpOKCO-TPYIIa 3 KMCHEM Ha OHOMY
atomi Tina 912 cm™! [8].

Ha puc. 3-4 npepcrasreno Ti2p- Ta
Ols-ciekTpy 3paskiB MepOKCUAY TUTaHY Ta
OPTOTUTAHOBOI KUC/IOTH.

TIO8HS
32 )
POC Ti2p
2
T3t 172
S
O 4
Q :
S 1 TiOH)4 |
=
=t
= ] 2
2 1
454 456 458 460 462 464 466 468

E eB .

Puc. 3. Ti2p-cnexTpu nepoxcuay TUTaHy, 3pa-
30K Ne 1 (1) Ta OpTOTMTAHOBOI KUCTIOTH, 3Pa3oK
Ne 2 (2)

Fig. 3 Ti2p-spectra of titaniumperoxide (1) and
orthotitanic acid (2).

Y po6orti nposeneHo inTepnpetarito Ti2p-
Ta Ols-cexTpiB NepOKCUAY TUTAHY 3a TUIA-
MM 3B’AA3KiB IIepOKCO-IpyI. Y jriTeparypi Taka
iHTepIpeTalid CHeKTPiB NEPOKCULY TUTAHY
BiJICYyTHA.
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Ha Ti2p-cnektpi nepokcupy turtany (puc.
3-1) npucytni kommonenta 1 (E Tip, =
457.3eB., Ti’**-cTanm) Takomm. 2 (E, =458.2¢eB.,
Ti**-cTann), AKi BiANOBIAIOTD CTPYKTYpHUM
sB’askam Ti-O-O-Ti i komm. 3 (E, = 459.0 eB.,
Ti*"), fika € BK/IQJIOM Y CIIeKTp OKMC/IeHOI abo
rigpaTtoBaHoi (asu.

Y crpykrypi HO,Ti npucyrui gsa tumnm
3B’sA3KiB: ocHoBHmMit Ti-O-O-Ti, Ta MmicTko-
Buii Ti -O-O-Ti, y cniBBigHomenHi 3:1 3 iona-
mu Ti** B xoopanHanii O. [TosBa Ti**-cTaHiB
MO>Kke OyTV 3yMOBJIeHa fedopMali€ero MicTKO-
Boro 3B a3Ky (Ti-O-O-Ti). Cynsaun si cmis-
BigHoOmIeHHs iHTeHcuBHOCTeln (komil,Ti*")/
(xomm. 2, Ti**) ~ 1:7, ne moxe 6yt ofuH i3
IBOX aToMiB TMTaHy MicTkoBoro Ti**-O-O- Ti*
3B’SI3KY.

Y niteparypi indopmauii 3 Ti’*-cTaniB y
IEPOKCHJI TUTAaHy MalbkKe Hemae. Ile MoxxHa
HOSCHUTY TUM, 10 Ti**-cTaHy NprUCyTHI Tinb-
KI B IIOMTHO CMHTE30BaHMX 3pa3Kax i 3HUKa-
IOTh Y IIpOLeCi IXHPOI'O CTapiHHA 1 KpIM LIbOTO
MalOTb HEBENIMKY iHTEHCUBHICTb, yepe3 IO
Ieil BKJIAJ y JIiHilo B jiTeparypi abo irHopy-
I0Tb, 800 MACKYIOTb pO3IIMpPEHHAM OCHOBHOI
komnoHenTu Ti2p-nminii. Ha cmekrpax TiO,,
Mozn(iKoBaHUX MHEPOKCUAOM BOAHIO abo
BOJHEM 3pa3KiB, BKiaagu Ti’**-cTaHiB npucyTHi
B npansax [21,19-20,10]. ITosasy Ti**-craniB y
TiO,H, Mmoxxe OyTum 3yMOBIEHO PO3PUBOM
Ti-O 3B’3Ky BHaC/IiOK leopMalil CTPYKTY-
pu Ti-O-O-Ti pparmentamu.

Ha Tip-crieKTpi OpTOTUTaHOBOI KUCIIO-
™ Komir.1 (E 3B.= 458.3 eB.), xomm. 2 (E 3B. =
459.0 eB.) Ta xomir. 3 (E 3B.= 460.0 eB.) Bigmo-
BimatoTb Ti**-cranam 38’a3ky Ti-OH (puc. 3-2).

Ha puc. 4 naBefieHo Ols-CieKTpU KUCHIO
U IepoKCUAy TuTaHy (1) Ta opTOTMTaHOBOT
kucnotu (2).

https://ucj.org.ua

e, O e.

Ti[OH]4

IHT./

526 528 530 532 534 536 538
E,eB
Puc. 4. 0ls-criexTpu mepoxcupy Tturtany (1),
3pa3ok Ne 1 Ta OpTOTUTAHOBOI KUCIOTH (2), 3pa3ok
Ne2
Fig. 4 01s-spectra of titaniumperoxide (1) and
orthotitanicacid (2).

I3 nmiteparypHux manux [8, 22] Bigomo mnpo
HAABHICTb 3-X TUIIB IIOBEPXHEBUX IIEPOKCO-
rpym: mictkoBoi Ti = (O2) Ha ogHOMY aTOMI,
mictkoBoi Ti-O2-Ti, Ha pisHMX aTOMax Ta
Kinneoi Ti-O-O-H.

Ha Ols-ciekTpi mepokcujly TUTAHY
(puc. 4-1) xomn. 1 (E 3B.= 528.7 eB.) Bin-
MIOBifla€ KMCHEBMM BAaKAHCIsIM, IIOB A3aHVM
i3 Ti**-craHamMm MiCTKOBOIO CTPYKTypPHOTO
3B’a3Ky Ti -O-O-Ti,. Komnonenty 2 (E 3B. =
529.8 eB.) [22] BigHOCaTh mO0 O° KMCHIO OC-
HosHoroTi -O-O-Ti 3B’asky. Ha ginanui 6i1b-
IIMX €eHepriil 3B’sI3Ky PO3TALIOBAaHO IOBEPX-
Hesi rpymm. 3riguo [17, 14] xomm. 4 (E 3B. =
531.1 eB.) BimmoBimae mictkosiit Ti-O(2)-Ti
nepokco-rpymi, komn. 5 (E3B. = 532.2 eB.) -
kinuesiit Ti-O-O-H nepokco-rpymi. Eneprii
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3B’A3Ky IMX IEepPOKCO-TPYI IifTBEpP/KEHO B
npausax [4, 10-13] npu mocnmimkeHHi [BOMa
HE3a/IeKHUMM METOaMU — €JIeKTPOJIIOMIiHi-
creHIiero Ta XPS.

Ane BpaxoByrwun fasi IK-cnexrpockomii
[8,22], moBMHHA 6y TV TaKO>XX MiCTKOBa ITepeK-
co- rpyna Ti=(0O2) na ogHOMY aTtomi. Bracri-
JIOK XeJIaTHOTO eeKTy eeKTPOHHA T'yCTMHA
Ha atoMmi kucHO B T =(02) noBmHHa OyTn
6inpbimoro, HiX y Mmictkosiit Ti-O(2)-Ti i, Bin-
IIOBiZIHO, BK/IJI Ha CIIEKTPi Oyzie MaTu eHeprito
E 3B. menmry, Hix y Ti-O(2)-Ti. Tomy xomm. 3
(E 3B. = 530.3 eB.). moxe OyTu BigHeceHO 1O
micTkoBoi mepokco-rpynu Ti=(02). Komm. 5
i3 E 3B.= 533.2 eB. € BkajoM y ciextp morne-
Kyn Bopu (puc. 4-1).

Ha Ols-crexTpi OpTOTMTAaHOBOI KUC/IOTH
(puc. 4-2) mpucyTHi: koM. 2 (E 3. = 530.0 eB.),
eHepris 3B’A3KYy sAKoI 3rifgHo [18] Bimmosizae
KucHIO O*OCHOBHOTO CTPYKTYPHOTO 3B SI3KY
Ti-OH (3:1). KoMmnoHeHTy 2 Ba)XKKO BU3HAYM-
TV Yepes CIabKy IHTeHCMBHICTb BHACTIOK O~
IJIMHAHHA 1l CUTHAJIy IIapOM IIEpOKCO-TPYyI Ha
nosepxHi. Kommonenra 3 (E 3B. = 530.8 eB.),
1e MicTKOBa Iepokco- rpyma Ti=(02) xomm. 4
(E 3B. = 531.6 eB.) - MicTKOBa IIepoKco-rpymna
Ti-O(2)-Ti, xommn. 5 (E 3B. = 532.8 eB.) - kin1e-
Ba Ti-O-O-H nepoxco-rpymna[18] Ta xomm. 6
(E 3B. = 534.0 eB.), saxa srigHo [14] € curHa-
nom Big H O,. Komnonentu 3-5, MOpiBHAHO
31 CIIEKTPOM IEPOKCHUIY TUTaHy, 3MillleHi Ha
0.5-0.6 eB. y cropony 6inbumnx eneprii E 3B.

InTeprperanis MoanQiKoBaHUX ITEPOKCU-
mom BonHIo 3paskis TiO, B miTeparypi Takox €
00MeXeHO10. 3a JaHVMM eIeKTPOTIOMiHiCIIeH-
nii Ta XPS [4,11,13] Bigomo, 1m0 IepoOKCO-Tpy-
I/ JIOKa/i30BaHO Ha KMCHEBMX BaKaHCIfAX, 1
3a ganmMy XPS mpucytni Ha Ols-criekTpax
3 E3B. = 531.2 eB. [11,17], 532.1 eB. [4,12,17].
Taxox y [10] 3a mogudikauii TiO, B mrasmi
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BOJHIO 3’ ABJIAIOTHCA ik 3a 531,1eB 1 532,3 eB
Ta BUHMKA€E (POTOKATAMITUYHA AKTUBHICTD Y
BUJIUMOMY CBITJIi, 1[0 MOXKHa [IOB S13aTU 3 IIO-
ABow0 Ha moBepxHi TiO, mepokco-koMIUIeKciB
TuTaHy. B po6ori [17], BcTaHOB/IEHO, 1110 B 00-
po6nennx posunnom (H,0,+ NaOH) spaskax
TiO, xucni MiCTKOBi mepoKco- rpymu posra-
oBaHO B minsgHKax. 531,0 eB, a ocHOBHI KiH-
LIeBi IepoKco-rpynu — B AilAHKax 532,3 eB.
B pob6ori [14] y TiO, micTKoBuit rigpoxcun
(OH ) ra xinneswuit rigpokcun (OH ) inen-
tudikoBani BipmosizHo mpu 1,1-1,3 eB Ta
2,1-2,3 eB, nepokcup O-O-H npu 1,7-1,8 eB.,
a H O, npu 4,0-4,2 eB. BinHocHo E 3B. kuchio
O* rparku. Bxmagu nepokco-rpymn Ha Ols-
CIIEKTpaxX y HAIPAMKY 3MeHILIEHHA eleKTpo-
HHOI TYCTMHM Ha aTOMi KMCHIO (36i7bLIeHHS
E 3B.) IOBUHHI po3TalIOByBaTuCs B IOPSAKY:
mictkoBa Ti=(02), mictkoBa Ti-O(2)-T, kin-
nesa Ti-O-O-H 1a H O,.

Ha puc. 5 HaBeieHo Ols-crieKTpu Kpucra-
nignoro cyxoroTiO, mepmoi cepii: BUXigHOro
(1) ta mMomudikoBaHOTO MHEPOKCUIOM BOJ-
HIO (2).

Ha Ols-criextpi HeMoaudikoBaHOTO 3pas-
ka (puc. 5-1) mpucyTHi BKmagm: O KMCHIO
BakaHcinn (529.3), kucao O’rparku (530.2),
kucHo MictkoBux OH-rpyn (530.9-532.6) Ta
monexyn H O (533.3).

Ha Ols-cnexrpi mopudikosanoro TiO,
(puc. 5-2 ) mpucyTsi koM. 1 (E 3B. = 529 eB)
ta KomIL. 2 (E 3B. = 529.9 eB) y cniBBigHO-
meHHi 1:3, AKi HaneXaTrb [0 CTPYKTYPHUX
dparmenrip (Ti-O-O-Ti)) Ta (Ti-O-O-Ti)
nepokculy Tutany. Komnonentu 3-6 Harne-
KaTb [0 TOBEPXHEBUX NEPOKCO-TPYI: KOMII.
3 (E 3B. = 530.3 eB) Moxe OyTu MiCTKOBOIO
Ti=(02), xomm. 4 (E 38. = 531.1 eB) micTkOBOIO
Ti-(02)-Ti [17] Ta komm. 5 (E 38. = 532.1 eB) -
kinnesoto Ti-O-O-H [17]mepoxco-rpymamuy,
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koM. 6 (E 3B. = 533.2 eB) € Bkmagom Big H,O
[14] (puc. 5-2). Eneprii E 3B. 1¥X KOMIIOHEHT
BU3HA4YeHO y Iparix [4,11,14,17].

Ti02/300C

IHT./ imr/c.0TH €.

56 5% 530 532 534 53 58
E eB

Puc. 5. 0ls-cnexTpu BMXiZHOTO BifjIIajIeHOTO
TiO,, spasok Ne 3 (1) Ta MopudikoBaHoro micmis
Bigmamy TiO,, 3pasok Ne 4 (2) mepruoi cepii

Fig. 5. Ols-spectra of theinitialcrystallinedry
TiO, (1) and modified crystalline dry TiO, (2) of
the first series.

Ha puc. 6 HaBeneno Ols-crieKTpu Kpucra-
mivHOTO cyxoro 3paska TiO, ipyroi cepii cun-
Te3y 3 TaKMM CaMUM peXMMOM Mopmdikarii:
BUXigHUI 3pa3ok (1) Ta mopmdikoBanmit mic-
1 Bigmany 3pasok (2). Ols-cnektp mMonvdi-
KOBAaHOTO 3pasKa € ifeHTu4HuM E 3B. ciekTpy
3paska 1 cepii (Tabs. 2) i BigpisHA€TbCA TiTBKU
IIOSABOX0O HE3HAYHOTO BK/IAAy B AinAHLi E 3B. =
534.3 eB [14] Big 3ammnmkis H,O,na nosepxHi
(puc. 6-2).

Eneprii 38’a3ky E 3B. kommoneHT O1s-crek-
TpiB MoiM(iKOBaHNUX CYXUX 3pa3KiB 000X ce-
piit moBHicTIO 36iratotbes 31 sHaYeHHAMN E 3B.

https://ucj.org.ua

mna nepokcupy tutany TiOH, (tabn. 2). Ta-
KOX y MopmdikoBaHuX 3paskax Ne 4 ta Ne 6
3’IBISIETHCS C/1abKe 3a0apBIIeHHs CBIT/IO->KOB-
TOTO BifITiHKY, 1110 BKa3ye Ha IIOSBY B HUX IIe-
POKCUTHOTO 3B SI3KY.

Ti02/300C

IHT./ imrv/c.O1H €.

E eB

Puc. 6. Ols-cmexTpu BMXiHOTO BifIajIeHOTO
TiO,, spasok Ne 5 (1) Ta MopudikoBaHOTO Tic/IA
Bigmany xpucraniqnoro cyxoro TiO,, spasok Ne 6
(2) mpyroi cepii

Fig. 6. Ols-spectra of theinitialcrystallinedry
TiO2 (1) and modified crystallinedry TiO2 (2) of
thesecondseries.

Jns BuxigHoro i MoAVQiKOBaHOTO 3pa3KiB
nepioi cepii CIiBBiZHOIIEHHS aficOpOOBaHO-
To KICHIO Ta KKCHIo moBepxui O, /O - cxa-
mae 0,6 Ta 2,5 agcopboBaHMX aTOMIB Ha OJVH
aTOM KJICHIO IIOBEPXHi BiJJIIOBiTHO; JI/I BUXIiJI-
Horo i MmomudikoBaHoro 3paskis apyroi cepii
BigmosigHo 0,69 Ta 2,0 (Tabm. 2).

36ir E 3B. xomnoneHT Ha Ols-crekTpax

cyxux MomyikoBaHuX 3pasKiB 000X cepiit
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31 3HaYeHHsAMU E 3B. /151 IEPOKCUAY TUTAHY
TiO H, (tabn. 2) BKasye Ha popmyBaHHA Ha
nosepxHi HaHOo4YacTUHOK TiO, 060710HKM 3 Tie-
POKCHIY TUTaHY.

%004 _ Ti02/300C
2000 4 p(DC 01 S

Ti02/300C/H202

THT./ imni/c.OmH. €.

526 528 530 532 534 53 538
E.eB

Puc. 7. Ols-cekTpu BMXiIHOrO BifIajieHOrO
i rigpatosanoro TiO,, spasox Ne 7 (1) Ta Mmo-
mudikosanoro micna rigpatanii TiO,, spasox Ne 8
(2) mepoi cepii

Fig. 7. 01s-spectra of the initial crystalline hyd-
rated TiO, (1) and modified crystalline hydrated
TiO,, (2) of the first series.

Ha puc. 7-8 nokazano Ols-cnekTpu Kpuc-
TajiyHoro rigparosanoro TiO, mepoi ta apy-
roi cepill CMHTe3Y 3 O[HAKOBUM PeXIMOM MO-
nudikanii: BuxigHi 3pasku (1) Ta 3pasku, Mo-
mudikoBani nmepokcumom BogHo (2). Buxinni
TipaToBaHi 3pasky MarTb Ha Ols-crekTpax
o4ikyBaHO Oinplni Bk/magyu amcopboOBaHMX
OH-rpyn Ta Bou BigHOCHO O* -CTaHIB IpaTkn
(puc. 7-1, 8-1; Tabm. 2).

Ha Ols-cnektpax mopm¢ikoBaHUX 3pas-
KiB (puc. 7-2; 8-2) B pinmanni xomr. 2 (E 3B. =
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530.0 eB) mnpucyThiit BKmMam Bif KKCHIO
O*sp’asky Ti-OH y Ti(OH),[18], ocrabnenmit
IapoM IoBepxHeBuX rpyn [9]. KomnonenTn 3
(E 3B.= 530.7/531.0 eB. ) Ta xomm. 4 (E 3B. =
531.8/532.0 eB.) € gBoMa TMImaMu MiCTKOBUX
Ti = (0O2) Ta Ti-(02)-Ti nmepokco-rpyn Bif-
nosigHo, koM. 5 (E 3B. = 532.9/533.1 eB.) -
KiHneBa mnepokco-rpymaTi-O-O-H [13] Ta
kowmir. 6 (E 3B. = 534.4/534.1eB.) € 3anuikammu
Ha moBepxHi H, O,

Eneprii 38’a3ky E 3B. komnoneHT O1s-criex-
TpiB MOAM}IKOBAHMX TifpaTOBaHMX 3pasKiB
36irarotbcs 3i 3HaueHHAMU E 3B. 11 opTOTH-
TanoBoi kucnoru Ti(OH), (Tabmn. 2), mo BKasye
Ha (OpMYBaHHSA Ha IIOBEpXHi HAaHOYACTUHOK
TiO, 06onoHKM TepeBa>kHO 3 OPTOTUTAHOBOT
KVUCTIOTH.

TiO2/300C

_ Ti02/300C/H202

IHT ./ iMiv/c.OTH €.

526 528 530 532 534 536 538
E . eB
Puc. 8. Ols-cnexTpy BUXiZHOTO BifIIaIeHOTO
i rigparoanoro TiO,, spasok Ne 9 (1) Ta Mmo-
nubikosanoro micnsa rigparanii TiO,, spasok Ne10
(2) mpyroi cepii
Fig. 8 Ols-spectra of the initial crystalline hyd-
rated TiO, (1) and modified crystalline hydrated
TiO,, (2) of the second series.
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CuiBBigHoLIeHHS afcopboBanmux popm Ta
KJcHIO noBepxHi O /O 4 rigpaToBaHux
azc TIOB.

BUXiHOTO i MopmdikoBaHOTrO 3paskKiB Iep-
moi cepii ckmagae 1,56 ta 8,2 agcopboBaHmx
aTOMiB Ha OJMH aTOM KMCHIO IIOBEpPXHi BifI-
HOBifiHO, U1 BUXifHOTO i MOAM(iKOBaHOTO

3paskiB gpyroi cepil BigmosigHo1,43 Ta 4,7
(Tabm. 2).

Y Tabs1. 2 HaBeIeHO eHeprii 3B’A3Ky KOMIIO-
HEHT i 3HaYeHHS CIIiBBiHOILIEHHS Oaﬂc_/Om‘
mna TiOH,, Ti(OH), Ta mopudikosanux me-
pokcupom BonHIo 3paskis TiO,.

Tabmunsa 2

Eneprii 38’ 3Ky (EsB., eB) koMnoHeHT, BigHOCHI BK1agu KoMnoHeHT (1,%), 3HaYeHH

cniBBigHomenna O /O
anac. InoB

Table 2.

Bondenergies (Eb., eV) of components, relative contributions of components (I,%),

values of theratio 0,./0,.

Ne4 Ne6 Neg Nel0 Nel2
Ne o, el N2 CYX. KPUCT | CyX. KPUCT | Tifip. KPUCT. | Tifp. KPUCT H,0,/
TiO8HS8 | Ti(OH) ' ‘ : ' : ' 272
4 H,0, H,0, H,0, H,0, 450C/0,
] 528.7 i 528.9 528.9 529.1 529.2 529.1
3.9% 5% 5.8% 2.4% 1.8% 2.7%
5 529.8 530.0 529.8 529.8 530.0 530.0 529.8
30.8% 3.3% 20.1% 23.2% 7.2% 15.3% 9.0%
3 530.3 530.8 530.3 530.3 530.7 531.0 530.2
33.0% 47.5% 14.7% 13% 20.1% 30.9% 13.2%
4 531.1 531.6 531.1 531.1 531.8 532.0 531.1
12.7% 24.6% 24.3% 23.2% 32.1% 30.9% 18.6%
5 532.2 532.8 532.1 532.0 532.9 533.1 532.2
13.7% 16.9% 22.9% 22.2% 26.3% 17.8% 38.8%
533.2 534.0 533.2 533.0 534.4 533.0
0
6 5.9% 7.7% 13% 12.6% 11.9% >34.1 3.3% 17.7%
(Oauc HOB..)
BUXiiHUII/ - - 0,6/2,5 0,69/2,0 1,56/8,2 1,43/4,7 0.56 /3.0
Mopnyd-it

BpaxoByioun Te, 1110 I11OMHA BUXORY /IS
MaJIOEHepreTMYHNX (HOTOENIEKTPOHIB 3a Ha-
uumu [23] ckmagae He Oinbine 2-3.6 HM, TO
caMe TaKa TOBIL[MHA IIapy HAa IOBEPXHi HaHO-
YaCTMHOK € aKTMBHOIO B oToKaTanisi. Tomy
orpumani B pobori merogom PPC pani 3

https://ucj.org.ua

rnbuHn 3-4 HM (BpaxOBYIOUM NOI/IMHAHHS
($OTOENEeKTPOHIB IIapOM IEPOKCO-TPYII) 03-
HayaloThb, [0 B ¢oToKaTamisi mopndikosani
Hanovyactunku TiO, dbopmanbHOo € HaHO-
JaCcTVHKaMM IIePOKCUAY TUTAaHY a0 OpTOTH-
TaHOBOI KUCIOTMU.
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1 — Oaac/Onos. 2 — Omicr./Onos.

3- OkiHy,./Onos.

10

8

6

4

: |

. | Il
No4 )

Puc. 9. Ticrorpamu Bignomenns O, /O

T10B.

0 Ne10 Nel2

pi3HUX TUIIB aficOpOOBaHMX (PYHKI[IOHAIBHUX TPYI Ha

OIVH aTOM KMCHIO nosepxHi Ols-criekTpiB 3paskiB Ne4, N°6 Ne8, Ne10, Nel2: 1 — MicCTKOBI Ta KiHIIEBi

KUCHeBi (yHKIIOHaIbHI rpynm /KI/IceHb IIOBEPXHi (O

rpymu /kucenb nosepxHi (O

(OKlH HOB“)
Filg 9 Histograms of the ratio O_,

MlCT HOB

) 2 — MICTKOBIi KMCHEBI (bYHKIIIOHa}Ile

HOB

); 3 — kiHueBi KIUCHEBI ¢dyHKI[iOHa/IBH] IPyny /KUCEHb ITOBEPXHi

/0, different types of surface functional group superlattice oxygen

atom from the O1s-spectra of the samples No. 4, No. 6, No. 8, No. 10, No. 12 of the first series: 1 - bridging

and terminal groups / oxygen lattices (O,, /O, ); 2 - bridging groups/oxygen lattices (O, /

nal groups/ lattice oxygen (O /O, ).

term.

Ha puc. 9 pna Ols-ciextpiB MopndikoBa-
HIUX 3pa3KiB Ne 4, Ne 6, Ne 8, Ne 10, Ne 12 mpep-
CTaB/IEHO TiCTOrpaMy BK/IAafiB Pi3HUX THUIIIB
apcop6oBanux OH- a60 epoKco-rpym KucHIO
Ha OJJVIH aTOM KMCHIO IIOBEPXHi. BupHo, mo y
BCiX 3paskax, MopndikoBaHMX MicaA Bifmamy
3a 300 C, 36epiraerbcsi CIiBBBIIHOLIEHHS MK
MICTKOBUMMM 1 KiHI[€BMMM II€POKCO-TpyIIaMu
(puc. 9). Lo kKopenAwUio MEPOKCO-TPYI MiX
c06010 MOYKHA TIOSICHUTM IXHIM B3a€MO3aIex-
HVUM pO3MillleHHsAM Ha noBepxHi TiO, 1o mo-
BUHHO MPU3BOIUTK O 30€peXXeHHsI CIiBBifI-
HolleHHs BKIafiB Ha Ols-criekTpax. Y po6oTi
[8] BigsHauyeHO, 11O IUIONNI ITiKiB MIiCTKOBUX
Ti-O-O-Ti i xinueBux T-iO-O-H B excnepu-
MEHTi 3pOCTa/M Ta 3MEHIIYBAINCA CUMOaT-
HO, 1 10 11i Ba BU/IM IIEPOKCO-TPYIl HE YTBO-
PWINCS He3aJIeXXHO, a € TiCHO IIOB S3aHUMMU
Mk cob6or. B pobori [4] nepokco-rpynu Ha
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0,,); 3 - termi-

Ols-creKkTpax TaKoXX 3MiHIOIOTbCS CUMOATHO,
aste 1eit pakT y poOOTi 3aMMIIMBCS HeoMive-
HUM.

3a panumu POC, npm mopmdikamii me-
pokcuoM BopHIO BuxigHux 3paskis TiO, si
3HAYEHHSM CIIBBiHOILIEHH OHauc./OHOB.:
0.6-0.69, mo BBignosigae Bmicty OH-rpyn
MeHIlle OfMHUII Ha ONVMH aTOM KUCHIO IIO-
BepxHi, popMyeTbcA (Pasa MepoKCuLy TUTAHY
(Tabm. 2, Ne 4, Ne 6), a ipu OH, /O, = 1.56-
1.43 mpu Bmicti OH-rpyn 6inbuie opmHuMIi
Ha aTOM KVICHIO IOBepxHi, popmyerbcs ¢asa
OpTOTUTAaHOBOI KCIOTH (Tabm. 2, Ne 8, Ne 10).
Lle Mmoxxe 6y TV YaCTMHOI MeXaHi3My pi3HOHa-
npas/ieHoi i mepokcuny BonHio Ha TiO, ge-
pes 3MiHy cTyneHs 6mokyBanHsa O -1eHTpiB
OH-rpynamu. B 060x Bunaakax BMiCT KUCHIO
Ha moBepxHi Mogudikosanoro TiO, spocrae,
azle BMICTV IIepOKCO-Tpyn npu (opMyBaHHI
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OPTOTUTAHOBOI KMUC/IOTM 3HA4YHO BUII, HIDX
npy GOopMyBaHHI epOKCUAY TUTaHy (puc. 9,
Tabi. 2).

Ha puc. 10 npeacraBneno PDA-cnextpu
BifmaneHux y nosiTpi 3a 450 C BuxigHoro (1)
Ta MOAM(}IKOBAaHOTO NMEPOKCUAOM BOAHIO (2)
spaskiB TiO,. 3a manumu penTreHohasoBoro
aHazisy (puc.10), micns Bigmany B 06’eMi Mo-
mudikoBanoro H O, spaska (2) sMeHIIyeTbcs
BiJTHOIIEHHA aHaTa3/pyTun 3 3.7 1o 3.4 ta 3po-
CTa€ pO3Mip HAHOKPUCTAJIITiB HAHOYACTVHOK
3a popmyrnoro llepepa.

10004 A
800 TiOp /450C
500
400 -
R
200 . 1
o ,__J WJM
1200 20 40 ) 60 ) 80
10004 A )
800 TiOo /Hp05/450C
500
400 4

R 2
ZC: :__J LMLJMM

Puc. 10. POA-cniextpnm spaskis TiO,: 1 - Bin-
najieHnit B moBiTpi 3a 450 C; 2 — mopudikoBaHuMii
IIEPOKCU/IOM BOJHIO 1 BifIlaJIeHMII B IOBITpI 3a
450 C

Fig. 10 XRF-spectra of TiO samples: 1- an-
nealed in air at 450 C; 2 - modified with hydrogen-
peroxide and fired in air at 450 C.

Ha puc. 11 Ta B Tab11. 3 HaBeeHO pe3ybra-
TU JOC/IIKEHHA TOIIOJIOriI IOBEPXHI METOLOM
AFM-mikpockomii Buxiguux (11, 13) Ta mopgu-
¢ixoBanmx (12, 14) 3paskis,

I = \5';0““\

3pazok Nell

6,300
¢

2: 96
\

" TS [ -

3p530K Nel2

Puc. 11. AFM-306pakeHHsI TTOBEPXHi 3pa3kiB
TiO,: Ne 11 - Bigmanenoro B mositpi 3a 450 C;
Ne 12 - mommdikoBaHOTO MEPOKCUOM BOIHIO i
BifgmaseHoro B moBiTpi 3a 450 C

Fig. 10 AFM-images of the surface of TiO,
samples: No. 11 - annealed in air at 450C; No. 12 -
modified with hydrogen peroxide and fired in air
at 450 C.

Tabmmus 3

MaxkcumanbpHa ToBIMHA Z (nm), po3Mip armomeparis RMS (nm) ta mopcrkicts Ra (nm)

spaskis 110 sa ganumu AFM

Table3.
Maximumthickness Z (nm), agglomeratesize RMS (nm) and roughnessRa (nm) of TiO,
samples.
. Makc. ToBuuHa Z | Posmip armomeparis HlopcrkicTb,
3pasok YMoBu Bifmamy (nm) RMS (nm) Ra (nm)
Ne 11 450 C, nositp4 733.6 89.7 70.11
Ne 12 H202_450 C, nosiTpsa 566.33 80 64.33

https://ucj.org.ua
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3a panmMmu AFM, posmip arnomeparis
(RMS) Ha noBepxHi HAHOYACTMHOK B MOaMi-
KOBAaHOMY IIEPOKCH/IOM BOJHIO 3pa3Ky 3MeH-
IIYIOThCA, HA BiMIiHY Biff 00 emy.

Ha pwmc. 12 mpepcraBneno Ols-criekTpn
Bignmanennx 3a 450 C y nositpi Hemommdi-
koBaHoro (Nell) ta mopmdikoBanoro (Nel2)
3paskiB Ta Ha puc. 13 - Bignanenux 3a 450 C B
aproni Hemozpudikoanoro (Ne 13) ta mogudi-
xoBaHoro (Ne 14) spaskis TiO,.

T102/450C/ 02

IHT./ imn/c.OTH.E.

526 528 530 532 534 63 538

Puc. 12. Ols-criextpn Bigmanenux 3a 450 C y
noBiTpi HeMopudikoBaHOTo 3paska Ne 11

(1) Ta mopmdikosanoro spaska Ne 12 (2)TiO,

Fig. 12 Ols-spectra of unmodifie d (1) and
modified (2) TiO,samples annealed at 450 C in air.

Ha Ols-criekTpi MommdikoBaHOTO 3paska
Ne 12, Bigmanenoro 3a 450 Cy nositpi (puc. 12—
2), npucyTHi Bkmagu: koMt 1 (E3B.=529.1 eB),
koM. 2 (E 3B. = 529.8 eB), xomm. 3 (E 3B. =
530.2 eB), komm. 4 (E 3B. = 531.1 eB.), koM. 5
(E3B.=532.2¢eB.) rakomm. 6 (E3B.=533.0eB.).
Bupno, mo micna signany 450 C Ha crekrtpi
30epiratotbcsi ocnmabmenuit Bkimag Oxomrn. 1
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(E 3B. = 529.1 eB) Ta 6inbmmit 3a IponopIio0
1: 3 CTPYKTYypHOTO MOTUBY IEPOKCUY TUTAHY
BKkian koMl 2 (E 3B. = 529.8 €B.). Ile osnauae,
10 KOMIIL. 2, sIKa 3a eHeprieio E 3B. 36iraers-
ca 3 O*-cranamn TiO, Ta O -cTanamu, Mmoxe
Maty ob6uyBa 1i Bkmaan. Toxi BKIagu B KOMIIL.
4-6 B MOXXYTb BI[IIOBilaTy I€POKCO-IPyIaM
ta OH-rpynam nosepxsi TiO,. 36epexenns
micna Bignany 450 C wactvHM a3y mepokcu-
Iy TUTaHY MifATBEPKYETbCA NaHUMM PobO-
™ [9].

3rigHo [18], xinnesi rpymn -OH e rigpo-
¢binbHMMY, i iXHE 30iNblIeHHSA Ha HOBEPXHI
TiO, cnoBinbHIOE arperarniio HaHOYACTUHOK.
Ile mipTBEpIXYeETbCA 3MEHUIEHHAM PO3Mi-
py aromepariB Ha IOBEPXHi HaHOYACTMHOK
Ta gaHuMyu AFM BHAcCHiIoK [OMiHyBaHHAM
Ha Ols-ciektpi MopudikoBaHoro 3paska
Ne 12 Bxmapy kinuesux OH-rpym (puc. 12-2,
xomIL. 5 puc. 9, O, /O -~ Nel12). Bpaxosy-
104y, MO MOAUGIKYETbCA TIMBKM IOBEPXHSA
HAHOYACTVHOK, 3a JaHUMMU peHTreHodaso-
BOrO aHa/li3y pO3Mip HAaHOKPMCTAJITIB IIic-
1 Bipmany B 06’emi MopmgikoBaHOTO H,0,
3paska Nel2 BHacCmiIoK arnmomepalil 3pocTae
(puc. 10-2).

BVCHOBK/. BpaxoBywoum, L0 CTYIiHb
OKVCHEHH: KVUCHIO B CKIaJli IEpOKCUAY BOJ-
HIO Ma€ NPOMDKHI 3HaueHHA MK 0 go -2,
i monekyn H,O, MOX/IUBUM € BUSBIEHHS
AK BiJIHOB/IOBAJbHNUX, TaK 1 OKMCHIOBa/JIbHUX
dyHKILI, 110 BUAHO 3 peakil gucnpomnopiiio-
HyBaHHA:

2H,0",—2H,0* + O°, (1)

Tomy, 3a/meXXHO Bi TMOKAa3HUKIB KUCIOT-
HO-OCHOBHMX (PYHKIIill IIEHTPiB OKCUHIX Ma-
TPUILlb, BU3HAYA/IbBHUMM MOXXYTb BUABUTUCA
OKMCHIOBaJIbHi 200 BiJTHOB/TIOBa/IbHI ITpoLiech
3a y4acTio IIEpOKCUAY BO#HIO. B Kuciomy ce-
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PenoBUILi IIEPOKCYJ] BOJHIO € Oi/IbII CHIBHUM
Bi[HOBJIIOBA4YeM, B JIY’)KHOMY — OKMCHIOBAYeM.
HasBHicTh ocHOBHUX O%-I]eHTPiB 3yMOBIIIOE
6araToleHTPOBUII BOJHEBUII 3B 130K 32 y4ac-
110 11poToHiB OH-rpyn, 3ymMoBIo0YM iXHIO
OipIy PYX/IMBICTH Ta 3POCTAHHS KIC/IOT-
Hoi ¢ynkuii. Kom npu kpucranisanii 3pas-
KiB BIJJITaJIOM BUJAIAETbCA IPOTOH KiHI[EBOI
OH-rpynu i aToM KMCHIO 3’ €HYETbCA 3 CyCif-
HboI KiHIeBoro OH-rpynorw, BifOyBaeTbca
KOH/JIeHCallid i yrBopeHHA MicTkoBoi OH-rpy-
. BpaxoByroun, 1o Ha IOBEPXHi KUCIMMU
€ MictkoBi OH-rpymm, a my>xHuMM KiHleBi
OH-rpynu, y migcyMKy BUHMKAE KUCIE cepe-
foBuile. Y BUIAJAKY 30ilblIeHHS KiTbKOCTI
Kinnesux OH-rpyn y rigpaTroBaHili OKCUAHIN
Marpuni moctynHicte O’-LeHTpiB A pea-
TeHTHOI aTaKM IPOTOHIB 3MEHIIYETHCA, 1 TUM
caMIM O6MC)KY€TbCH IXHA MirpauinHa spgat-
HICTD 1, AK HAC/iJOK, 3MEHILIYETbCA MMOKA3HUK
KncmoTHOl ¢yHKUii BifmoBigHUX Qparmen-
TiB OKcypHOI MaTpuui. IIpu npomy crBOpIO-
I0TbCA CHOPUATINBI yMOBU I BUABJIEHHA
KJ/ICHEM IIepOKCUAY OKJMCHIOBAJIbHOI (YHK-
1jil, Ha 1[0 BKa3ye 30i1bLIEHHs BiHOLIEHHS
(XOH_OOH/X0%*) TakumM 4YMHOM, OCHOBOIO
YaCTMHOI0 MeXaHi3My pi3HOHampaBjaeHOl Ail
IIEPOKCUY BOJHIO HA METAJIOOKCUHY MAaTPH-
0 € 3MiHa CTyIeHs OTOKYBaHHS OCHOBHUX
O*-11eHTpiB OKCMIHOI MAaTpulli HasBHMMMU B
Hiit OH-rpynmammu, mo npusBoguTh 0 3MiHU
HaIIPsAAMKY OKMCHIOBA/JIbHO-BiJIHOB/IIOBA/IbHO-
IO II€EPETBOPEHHA.

[TokasaHo, mo npu mogudikarii mepokcu-
JOM BOJHIO BUXIJJHUX 3Pa3KiB TiO2 31 3HaYEeH-
HAM CHiBBiTHOIIEHHS OHW'/O“OB': 0.6-0.69,
o Bignosifae smicty OH-rpyn, MeH1e opu-
HUIIi Ha OVMH aTOM KIICHIO ITIOBepXHi, (popmy-
erbes pasa mepokcupy tntany, a npu OH,_ /
O, = 1.56-1.43, To6To mpu B™icTi OH-rpyn

https://ucj.org.ua

IIOHAJl OJMHMII0 HAa aTOM KMUCHIO IIOBEpXHi
¢dbopmyerbcs (aza OpPTOTUTAHOBOI KIMCIIO-
tu. lle Mo>xe 6yT 0OYMOB/IEHO THM, 11O MIPK
B3a€MOJI1 IIEpOKCH/Y BOJGHIO 3 YaCTKOBO BifI-
kputoio nosepxuero TiO, dopmyerbca dasa
IepOKCUALY TUTAHY, a IpY OIOKYBaHHi JJOCTY-
iy o TiO, mapom OH-rpym — oproTnTaHoBa
KIC/IOTA.

Pesynpratom mopudikarii moBepxHi TiO,
IIepeKIICOM BOJHIO € pOpMyBaHH: Ha IOBEPX-
Hi HaHOYaCTMHOK O00ONOHKM 3-4 HM i3 me-
POKCHJY TUTaHY 200 OPTOTUTAHOBOI KUCTIOTY,
TOBLIMHA 5KOI BINIIIOBiJa€ TOBUIMHI aKTUBHO-
ro mapy B poTOKaTaIisi.

B wmictkoBux Ti**-O-O-Ti*'3B’a3kax Ie-
pOKcupy TuTany, 3a ganumm POC, BcTaHOB-
NeHo nmpucyTHicTh Ti**-cTaHiB.

BcranoBieHo ¢akr 30epiraHHsA CHiBBif-
HOLIEHHA MDK BiJHOCHMMM BKJIaflaMU IIe-
pokco-rpyn Ha Ols-cekTpax jjis pisHUX pe-
XKuMiB Mopuikarii 3paskis, [0 BKa3ye Ha ix
B33a€MO3aJIKHICTb IpY (GOPMYBaHHI.

3adikcoBaHo 36inbmeHHs B 4-5 pasis
BMICTY aficOpOOBaHMX aTOMiB KVICHIO Ha IO-
BepxHi MoaMQiKOBaHMX 3paskiB HOPIBHAHO
3 BUXIZHMMIU 3pasKaMiy, IPUIOMY abCOMIOTHI
3HaYEHHA BMICTY KVCHIO IIPOIOPIIVIHI IT0YaT-
KoBMM BMicTam OH-rpym.

3miHa Mopdororii moBepxHi MopydikoBa-
Hux 3paskiB TiO, mpu Bignani 450 C y mos.i-
Tpi (Ne 12) CympOBOMXY€ETBCS 3POCTAHHAM B
Ols-cnexTpi Kinnesux nepoxkco-/OH rpym, ski
JaCTKOBO OJIOKYIOTb IIPOLIeCH arIoMepalrtii.

>  Po60oTy BUKOHaHO B Me)XaX HayKo-
g/' Boi pob6oru Ne: 327 E. [lepxxaBHMIt
peecTpamiiiHuit  HomMep po6oOTH
0123U100603
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N
STUDY OF PROCESSES OF MODIFICATION OF

THE SURFACE OF Ti0, NANOPOWDER UNDER
THE ACTION OF HYDROGEN PEROXIDE.

O. M. Korduban', V. V. Trachevskyi,
A. Stankulescu’

V1. Vernadsky Institute of General and Inor-
ganic Chemistry of the National Academy of
Sciences of Ukraine,

32/34 Academic Palladin ave., 03142 Kyiv,
Ukraine;

*Technical Center of the NAS of Ukraine,

13 Pokrovska str., 04070 Kuyv, Ukraine;
*National Institute of Materials Physics,

105 bis Atomistilor Str., Bucharest, 077125, Ro-
mania

* e-mail: okorduban@hrs.net.ua

Using the methods of X-ray photoelectron
spectroscopy, nuclear magnetic resonance,
IR-spectroscopy and atomic force microscopy,
the electronic structure and surface morpho-
logy of TiO, nanopowders synthesized by the
EEW method were investigated. The samples
were examined before and after their modifica-
tion with hydrogenperoxide. This information
is relevant for the development of methods of
self-doping of oxide matrices with anexcess of
oxygen in order to create active centers on the
surface in the form of peroxide groups, which
leads to the appearance of TiO, photo activities
in the visible light region. Taking into account
the possibility of detection of both reducing
and oxidizing functions by hydrogenperoxide,
the effect of hydrogen peroxide on the TiO,
surface under different modes of modification
was investigated.

The influence of the degree of hydration
(0,,/0,,,) of the original oxide matrix on the
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binding energy and the relative changes in
the contributions of different types of oxygen
peroxogroups of hydrogenperoxide-modified
TiO, were determined using XPS. In the paper,
the corresponding Ols spectra were obtained
and the E energies and integral intensities of the
corresponding components were determined,
the value of the O, ./O_, ratio for unmodified
and modified samples was given. It was estab-
lished that for a series of TiO, samples, the ratio
of integral intensities of peroxo groups in the
Ols spectra is preserved. For the first time, the
Ols spectrum of titanium peroxide was inter
pretedin terms of the O-O form of oxygen. The
mechanism of action of hydrogen peroxideon
the metal oxide matrix is proposed, which is
determined by the degree of blocking of the-
main O, centers of the oxide matrix by the OH
groups present in it, which leads to a change in
the direction of redox transformations.

Key words: XPS, TiO, nanopowders, Ti**,
titanium peroxide, hydrogen peroxide, peroxo
groups.
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In this work we describe the approaches for the synthesis of lanthanide-containing homo- and
heteronuclear complexes using 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-bis[(N-meso-
(p-aminophenyl)-meso-triphenylporphyrincarbonyl)methoxy]-calix[4]arene (1). Such spatially
preorganized calix[4]arene macrocycle facilitates lanthanide cation coordination, impacting the
structure and analytical signal of porphyrin substituents. The study employs two synthesis stra-
tegies resulting in mononuclear and homobinuclear complexes, influenced by steric effects and
changes in hydrogen bonding. The complexes exhibit changes in fluorescence spectra due to in-
tramolecular dimerization and hydrogen bonding during complex formation. Mononuclear com-
plexes (Ln-1) are synthesized under mild conditions, while homobinuclear complexes (Ln,-1)
require high-boiling solvents and specific reaction conditions, detailed synthesis procedures are
described. The structural changes during complex formation were analyzed with the use of NMR
analysis. The absorption spectra of lanthanide complexes demonstrate shifts in maxima, reflect-
ing coordination changes, with notable variations between mononuclear and homobinuclear
complexes. Additionally, heteronuclear compounds with copper(II), zinc(II), and palladium(II)
exhibit distinctive absorption patterns, emphasizing the role of d-metal ions. Luminescence stu-
dies reveal the sensitization of 4f-luminescence by both calix[4]arene and porphyrin fragments.
The use of deuterated solvents enhances 4f-luminescence intensity, highlighting solvent effects.
Furthermore, 4f-luminescence characteristics were investigated in both solid and solution states
for heterometallic compounds, emphasizing differences between copper-containing and zinc/pal-
ladium-containing complexes. The results offer valuable insights into the design, synthesis, and
spectral properties of these complexes, showcasing their potential applications in various fields,
and the findings contribute to the understanding of lanthanide-porphyrin systems and their co-
ordination behavior.

Key words: lanthanide, complexes, calix[4]arene, porphyrin, synthesis, luminescence.
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INTRODUCTION. One of the most im-
portant incentives for research in the field of
lanthanide chemistry is their ability to form
luminescent compounds with various organic
chromophore ligands. The luminescent pro-
perties of such compounds depend on the na-
ture of the f-metal chromophore and ligand,
the environment, and other factors. 4f-lu-
minescence in the near infrared (IR) range
is highly demanded in medicine (biomarker
technology) for a number of important rea-
sons: the complete absence of absorption and
luminescence overlap of biological objects in
certain wavelength regions of this range [1, 2].
The IR range is safe for humans compared
to the UV / visible range; IR photons scatter
much less than UV /visible light.

Infrared research is also being stimulated
by the defense sector's demand for all military
night vision equipment: binoculars, drones,
armored vehicles, infrared goggles, etc. Lan-
thanide compounds are now widely used for
security purposes, in fiber optic telecommuni-
cations networks.

Heteronuclear lanthanide-containing com-
plexes have recently attracted increasing atten-
tion not only due to their optical, but also mag-
netic and catalytic properties. In most works
devoted to such complexes, as a rule, acyclic
ligands containing chromophore fragments
were studied [3—5].

Functionalization of macrocyclic ligands by
chelating fragments is one of the most promi-
sing directions in the design of heteronuclear
lanthanide complexes. At the same time, such
classes of compounds as calix[4]arenes and
porphyrins, due to the presence of extended
n-electron system, can be considered as con-
venient molecular platforms for creating he-
teronuclear complexes that luminesce in the

https://ucj.org.ua

visible (calix[4]arenes) and near-IR region
(porphyrins).

Calix[4]arenes are used as molecular scaf-
folds for constructing three-dimensional re-
ceptors in combination with porphyrin frag-
ments via covalent bonds [6, 7]. Functiona-
lization of phenolic hydroxyl groups in por-
phyrin-calix[4]arenes conjugates leads to a
multiple increase in their receptor ability [8] as
well as makes it possible to successfully apply a
wide range of spectral methods to study inter-
molecular interactions.

Tetrapyrroles are one of the optimal com-
pounds for obtaining objects emitting in the IR
range (macrocycles themselves are character-
ized by intense absorption in the UV and visible
regions of the spectrum). Low-energy donor
triplet T-levels provide efficient intramolecular
energy transfer to resonant levels of lanthanide
ions emitting in the IR range, among which
NdA(III), Er(III), Yb(III) have the most inten-
sive signal [9]. The synthesis and study of com-
plex compounds with tetrapyrroles having se-
veral donor centers are of interest in connec-
tion with the possibility of their use as primary
molecular blocks for constructing more com-
plex polynuclear systems with a given struc-
ture and predictable properties. The presence
of metal centers of different nature in such
complexes makes it possible to control the pos-
sibility of effective luminescence of both the li-
gand itself and the lanthanide ion. In this case,
the choice of a strategy for the synthesis of such
compounds is of particular importance.

The purpose of this work is to develop ap-
proaches to the synthesis of new lanthanide-con-
taining homo- and heteronuclear complexes
based on 5,11,17,23-tetra-tert-butyl-25,27-di-
hydroxy-26,28-bis[(N-meso-(p-aminophenyl)-
meso-triphenylporphyrincarbonyl)methoxy]-
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calix[4]arene (1) and establishing the influence
of the structure of the obtained complexes on
their spectral characteristics.

EXPERIMENT AND RESULTS DISCUS-
SION. Synthesis of 5,11,17,23-tetra-tert-butyl-
25,27-dihydroxy-26,28-bis[(N-meso-(p-ami-
nophenyl)-meso-triphenylporphyrincarbonyl)-
methoxy]calix[4]arene (1) was carried out with
the use carboxymethoxycalix[4]arene(2) and
p-monoamino-meso-tetraphenylporphyrin (3)
as starting reagents according to [10]. The dif-
ference of the proposed technique is the use of
low temperature (-10—(-15)°C) to exclude the
formation of by-products, which lead to the in-
crease of the yield of the ligand up to 75—80%.

5,11,17,23-tetra-tert-butyl-25,27-dihyd-
roxy-26,28-bis[(N-meso-(p-aminophenyl)-
meso-triphenylporphyrincarbonyl)methoxy]
calix[4]arene, ESI-MS: 1988 (11%) [M+2],
670 (82%), 628 (100%). NMR 'H: (300 MHz,
CDCL): 2.81 (s, 4H, NH ) 1.18 (s, 18H,
(CH)C) 1.31 (s, 18 H, (CH)C) 3.69 (d, 4H,
ArCH ,Ar), 4.48 (d, 4H, ArCH LAT), 4.94 (s,
4H, OCHZCO), 7.15 (s, 4H, ArH), 7.22 (s, 4H,
ArH), 7.65-7.76 (m, 20 H, CH_ ), 8.12—8.18
(m, 10H, CH_), 8.27 (d, 8H, CH ), 8.78
(s, 8H, ArH_ ) 8.83 (s, 2H, 20H). 8.88 (d,
4H, CH_ ), 517 (d, 4H, CH,,), 1111 (s, 2H,
NHCO)

The main idea behind the design of calix[4]
arene-porphyrin systems is that a spatially pre-
organized calix[4]arene macrocycle accepts a
lanthanide cation consequently changing the
structure and the analytical signal of porphy-
rin substituents. The interaction of the orbi-
tals of the porphyrin rings (intramolecular di-
merization) and the intramolecular hydrogen
bonds between the amide groups keep these
substituents close to each other, whereas, dur-
ing complex formation along the lower rim of
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the calixarene, the distance between the por-
phyrin fragments increases. These changes are
observed in the fluorescence spectra.

Depending on the synthesis strategy with
calix[4]arene-diporphyrin (1), two types of
complexes were obtained. The first type, a
mononuclear complex Ln-1 was synthesized
using lanthanide hexachlorides (LnCl,x6H,0),
with the participation of donor groups of the
lower rim of calixarene (Fig. 1a, Ln = Yb(III),
Lu(III)). The second type, a homobinuclear
complex Ln, -1 was synthesized by the interac-
tion of lanthanide porphyrinates Ln-3 with di-
carboxymethoxy-calix[4]arene (2) — (Fig. 1b).
In contrast to the previously described me-
thods [11], the complexation reaction with
porphyrin-calix[4]arenes was carried out in
the presence of equimolar amounts of triethyl-
amine. Higher temperature conditions and an
increase in reaction time are probably caused
by the steric effects of bulky substituents, as
well as changes in the system of hydrogen
bonds between them. The yield of complexes
is 60—65%.

Lanthanide chloride (0.15 mmol) LnCl,x
6H,0 was dissolved under heating in 15 ml
of acetonitrile and boiled in the presence
of triethyl orthoformate (TEOE 0.5 ml) for
30 min. Then an equimolar amount of ligand 1
(0.15 mmol) was added. The reaction mixture
was stirred until the ligand was completely dis-
solved, and then triethylamine (0.1 ml) was
added and boiled for 4.5—5 hours. After the
end of the synthesis, the solvent was removed.
The obtained solid product was dissolved in
chloroform (15—20 ml) and washed with wa-
ter (3x20 ml). The organic fraction was evapo-
rated, the complex was dried at 110—120°C
for 3.5—4 hours. The yield of complexes is
70—72%.
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Fig. 1 — Scheme of synthesis of mono- (a) and binuclear (b) complexes based on calix[4]arene-dipor-

phyrin.

Yb-1, [Yb(1)(CH,CN)CI], Elemental ana-
lysis for C  H, N ClO  Yb: Calculated %: C,
74.1,H, 54, Ln, 7.7; Cl, 16 Found, %: C, 74.2,
H,5.7,Ln,7.9; Cl, 1.4. MS (MALDI), m/z: 2235
[(M+H)*].

Lu-1, [Yb(1)(CH,CN)CI], Elemental ana-
lysis for C . H N ClO Lu: Calculated %: C,
74.1,H, 5.4, Ln, 7.8; Cl, 16 Found, %: C, 73.9,
H,5.3,Ln, 8.0; Cl, 1.5. MS (MALDI), m/z: 2237
[(M+H)*].

Synthesis of Ln,-1 homobinuclear com-
plexes was carried out from the corresponding
Ln-3 lanthanide porphyrinates [9]. A sam-
ple (0.17 mmol) of 2 was dissolved in 10 ml
of methylene chloride, cooled to 0—(-3)°C,
and dicyclohexylcarbodiimide (6.82 mmol)

was added. The resulting mixture was stirred

https://ucj.org.ua

while cooling for 10—15 minutes, then the
required amount of lanthanide porphyrinate
Ln-3 (0.34 mmol) was added, and stirring was
continued for more than three hours. The re-
action progress was monitored by thin-layer
chromatography in chloroform-hexane-ace-
tonitrile (10:10:1). To remove cyclohexylurea,
the reaction mixture was kept at a tempera-
ture of -10-(-15)°C for 10—12 hours, the re-
sulting precipitate was filtered off. The mo-
ther liquor was evaporated and the dry resi-
due was dissolved in a minimal amount of a
mixture of chloroform-hexane-acetonitrile
(10:10:1). The resulting solution was passed
through a column packed with silica gel
using the above mentioned mixture as eluent.
Yield 50—56%.
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Yb,-1, [Yb,(1)(CH,CN),CL], Elemental
analysis for C 40H120N12C1 ) Yb Calculated,
%: C, 67.7, H, 4.9, Ln, 13.9; Cl 2 9; Found, %:
C, 67.6,H, 5.1, Ln, 14.1; Cl, 2.7. MS (MALDI),
m/z: 2483 [(M+H)"].

Lu,-1, [Lu,(1)(CH,CN),CL], Elemental
analysis for C, 40H120N12C1 O Lu Calculated,
%: C, 67.6, H, 4.9, Ln, 14.1; Cl 2 9; Found,% :
C,67.5, H, 4.7, Ln, 14.3; CL, 3.1. MS (MALDI),
m/z: 2485 [(M+H)*].

Elemental analysis data of the homonuclear
compounds were confirmed by 'H NMR spec-
tra of complexes with diamagnetic lutetium ion
and make it possible to identify some structural
changes that occur during complex formation.
The disappearance of the signals of the protons
of the phenolic groups of Lu-1 is a consequence
of their replacement by a lanthanide ion, and the
shift of the signals of the protons of the O-CH, -
CO groups of the complex to the low field (A8 =
0.37 ppm) indicates the participation of oxygen
atoms of ether groups in the formation metal
ion coordination site. The signals from protons
of methylene bridges at 3.40 and 3.75 ppm for
Lu-1, (3.69 and 4.48 ppm for 1) with the values
of the difference between them (A8 = 0.35 and
0.79 ppm, respectively), indicates a decrease in
the distortion of the calix[4]arene macrocycle
in the complex compared to the ligand. As for
the complex Lu,-1, in which the lanthanide ion
is coordinated by the pyrrole nitrogen atoms,
in the NMR spectrum there are no significant
changes in the bands of the calix[4]arene com-
ponent compared to the ligand. At the same
time, the signals of the NH protons of the pyrrole
fragments disappear, which indicates their sub-
stitution during complex formation, and the
signals of the protons located in the B-positions
of the porphyrins shift to the low field, which is
a consequence of a redistribution of the elect-
ron density in the porphyrinate fragments.

56

Heteronuclear compounds were synthesi-
zed with the use of mononuclear complexes of
copper (II), zinc (II) and palladium (IT)with va-
cant donor groups. The choice of d-metals was
determined both by the specifics of their comp-
lexation with the porphyrin macrocycle and by
the spectral features of the metal ions. Selec-
tive introduction of the lanthanide ion into the
lower rim of the calix[4]arene or into the ca-
vity of the porphyrinate substituent was reali-
zed due to significant differences in the condi-
tions of complex formation. The formation of
complexes of Ln(III) with calix[4]arenes takes
place under relatively mild conditions, and the
preparation of lanthanide-porphyrins requires
the use of high-boiling solvents [9, 12, 13].

The synthesis was carried out according
to the scheme presented in Fig. 2. The reac-
tion mixture was boiled for 5—6 hours and
left overnight at room temperature. The com-
plex was precipitated with ethanol (50 ml), the
precipitate was filtered, washed with ethanol
(3x50 ml). They were dried at room tempe-
rature for a day in a vacuum desiccator. The
yields of target products were 48—54%.

Yb-Cu,-1, [YbCu,(1)(CH,CN)CI]. Elemen-
tal analysis for C138H115N11CIO YbCu,: Calcu-
lated, %: C, 70.3; H, 4.9; Yb, 7.3; Cu, 5. 4 Cl, 1.5;
Found,%: C, 70.5; H, 5.1;Yb, 7.4; Cu, 5.5; Cl,
1.3. MS (MALDI), m/z: 2357 [(M+H)+].

Lu-Cu,-1, [LuCu,(1)(CH,CN)CI]. Elemen-
tal analysis for CBSHHSNHCIO LuCu,: Calcu-
lated, %: C, 70.2; H, 4.9; Lu, 7.4; Cu, 5. 4 Cl, 1.5;
Found,% : C, 70.0; H, 5.1;Lu, 7.6; Cu, 5.2; Cl,
1.6. MS (MALDI), m/z: 2358 [(M+H)+].

Yb-Zn -1, [YbZn,(1)(CH,CN)CI]. Elemen-
tal analysis for C136H112N10CIO YbZn,: Calcu-
lated, %: C, 70.2; H, 4.9; Yb, 7.3; Zn 5.5; Cl,
1.5; Found, %: C, 70.3; H, 5.1; Yb, 7.5; Zn, 5.6;
Cl 1.7. MS (MALDI), m/z: 2359 [(M+H)+].
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Fig. 2 — Scheme of synthesis of heteronuclear complexes.
M = Cu(II), Zn(IT), Pd(II); Ln = Yb(III), Lu(III)

Lu-Zn,-1, [LuZn, (1)(CH,CN)CI]. Elemen-
tal analysis for C, H, N, ClO LuZn,: calcula-
ted, %: C, 70.1; H, 4.9; Lu, 7.4; Zn, 5.5; Cl, 1.5;
Found, %: C, 70.3; H, 5.0; Lu, 7.5; Zn, 5.7; Cl,
1.7. MS (MALDI), m/z: 2360 [(M+H)+]. NMR
'H (CDCL,), ppm: 1.18 (s, 18H, (CH,),C), 1.32
(s, 18H, (CH,) C), 3.49 (d, 4H, ArCH Ar), 4.20
(d,4H, ArCH,Ar), 4.92 (s, 4H, OCH,CO), 7.15
(s, 4H, ArH), 7.23 (s, 4H, ArH), 7.51-7.70
(m, 20H, CH ), 812-818 (m, 10H,
CH,, ) 827 (d, 8H, CH ), 870 (s, 8H,
CH,, ) 8.85—8.88 (m, 4H, CH ), 893 (d,
2H,NHCO), 9.27 (d, 4H, CH_ )

Yb-Pd,-1, [LuPd (1)(CH,CN)CI]. Elemen-
tal analysis for C , H N, ClO YbPd,: Calcu-
lated, %: C, 67.8; H,4.7; Yb, 7.1; Pd, 8.7; Cl, 1.5;
Found, %: C, 67.7; H, 4.7; Yb, 7.1; Pd, 8.9; Cl,
1.6. MS (MALDI), m/z: 2443 [(M+H)+].

Lu-Pd -1, [LuPd,(1)(CH,CN)CI]. Elemen-
tal analysis for C , H N CIO LuPd,: Calcu-
lated, %: C, 67.8; H,4.7; Lu, 7.1; Pd, 8.7; Cl, 1.5;
Found, %: C, 67.7; H, 4.9; Lu, 7.3; Pd, 8.9; Cl,
1.6. MS (MALDI), m/z: 2444 [(M+H)+].

The formation of lanthanide complexes

https://ucj.org.ua

with 1 leads to changes in the shape, intensity,
and position of the absorption spectra maxima
(Table 1). When the Lu(III) ion is coordinated
at the lower rim of the calix[4]arene compo-
nent of 1, the absorption spectra of the Lu-1
complex change significantly, both in compar-
ison with the ligand and the lutetium-contain-
ing complex of the initial calixarene Lu-2. In
the UV region for the Lu-1 complex, a broade-
ned but not split band with a maximum at
280 nm and a second band at 312 nm are de-
tected, which confirms the coordination of the
lanthanide ion by phenolic groups. In this case,
a bathochromic shift (5 nm) of the first band
and a hypsochromic (8 nm) shift of the second
band relative to the spectrum of the dicarboxy-
calix[4]arene complex are observed.
Porphyrin-originated bands maxima and
intensity in the spectrum of Lu-1 (410—650 nm
region) practically do not change compared to
the ligand, which indicates a slight change in
the position of the porphyrin substituents rel-
ative to each other in the complex compared
to the free ligand. It should be noted that the
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absorption spectra of complexes with ytter-
bium and lutetium ions coincide, which indi-
cates their identical structure.

In the absorption spectrum of the Lu, -1
complex some characteristic changes during
the formation of metal porphyrinates were
observed such as a bathochromic shift of the
Soret band (AX = 7 nm) compared to 1 as well
as the presence of only two bands in the visible
region instead of four in 1. The absorption of
the calix[4]arene component, in comparison
with the ligand, does not undergo changes in
complexes of this type.

4f-Luminescence excitation spectra of
Yb(III) complexes appear to be similar to the
absorption spectra of the corresponding com-
pounds. The observed similarity indicates an
intramolecular excitation energy transfer from
the organic part of the complex molecule to
the resonance levels of Yb(III)ions. Howe-
ver, in these objects it was interesting to trace
changes not only in the 4f-luminescent charac-
teristics of ytterbium-containing compounds,
but also in the fluorescence and phosphores-
cence spectra of complexes with diamagnetic

lutetium ions.
Tablel.

Spectral-luminescent characteristics of homo- and heteronuclear complexes of Lu(III)

(C=1-10"M, DMF).

Compound Ao nm/ (Ige) A, NmM E,cm Aphos,nm E,cm!
1 274 (3.8), 410/417 (4,2/4.8), 515 (3.6), 550 (3.3), 650,718 15390 845 11830
590 (3.1), 644 (2.9)
Lu-l  280(3.4),312(2.5),418 (5.1),516 (4.2),552 (3.8), 652 15 500 845 11 800
591 (3.5)648 (3.4) 710
Luz—l 278 (3.8), 425 (4.9), 557 (3.5), 595 (3.1) 648 15400 852 11 700
715
Lu-Cuz-l 279 (3.6), 312 (2.6), 416 (5.28), 541(4.23),
610 16 390 820 12 200
576 (3.53)
Lu—Zn2-1 280 (3.3), 314 (2.5), 423 (5.24), 560 (4.26), 602
16 600 780 12 800
602 (3.90) 656
Lu-Pd2-1 280 (3.3), 312 (2.6), 415 (5.53), 517 (4.75),
562, 605 17 800 685 14 600
563 (sh)
Lu-2 273 (3.6), 276 (3.5), 320 (2.6) 406 24 600 420 23 800
Lu-3 425 (4.8), 557 (3.3), 597 (3.0) 624 16 000 858 11 700
682

It should be noted that the ligand-centered
luminescence from the calix[4]arene compo-
nent is not observed in the spectrum of Lu-1
complex. At the same time, fluorescence bands
with maxima at 652 and 710 nm and low-tem-
perature phosphorescence bands with a maxi-

58

mum at 845 nm, characteristic for the por-
phyrin macrocycle, were recorded. This fact is
probably associated with the additional energy
transfer from the triplet levels of the calix[4]
arene component to the corresponding levels
of porphyrinate substituents.
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Fig. 3 — 4f-Luminescence spectra of Yb,-1 (1),
Yb-3 (2), Yb-1(3) and Yb-2 (4) (C,, = 1x10°M,
DME 278K).

The 4f-luminescence of the mononuclear
complex Yb-1 is 1.3 times more intense than
that of a similar complex with calixarene. The
maximum of the 4f-emission varies from 976
to 985 nm. When the complex is excited in
Soret band (417—425 nm), a 4f-luminescent
signal is detected, the intensity of which is very
low.

Insignificant changes in the energies of
singlet and triplet levels compared to 1 are
revealed in the fluorescence and phosphores-
cence spectra of the binuclear complex Lu, -1
(Table 1). However, it should be noted that the
energies of the the excited singlet and triplet
levels differ from the original “block” Lu-3.
The values of the energy of the triplet levels
of calix[4]arene (~23800 cm™) and porphyrin
(~11700 cm™) are higher than the emitting
level of ytterbium Yb(III) (°F,,, 10300 cm™),
which makes intramolecular energy transfer
possible from the macrocyclic components of
the complex to the lanthanide ion. In the IR
region, due to the 4f-luminescence of Yb(III)
ions, the energy transfer occurs in both mono-

https://ucj.org.ua

nuclear and binuclear complexes (Table 2).
When excited in Soret band, they lead to lu-
minescence of Yb, -1 almost twice as high as
that of the original “block” Yb-3 under simi-
lar conditions. Moreover, 4f-luminescence of
the binuclear complexYb -1 is observed upon
320 nm excitation, which is the band of the ca-
lix[4]arene “block”, and its intensity is almost
the same as the signal excited in Soret band.
Thus, it can be assumed that in this complex
4f-luminescence is sensitized not only by por-
phyrin, but also by calix[4]arene fragments.

Table 2.
4f-Luminescent parameters of the homo-
nuclear Yb(III) complexes (C=1-10"M, DMEF).

Complex A, hm [0}
Yb-1 985, 1008, 1036 0.0032
Yb2-1 978, 1007, 1026 0.0047
Yb-2 982, 1003, 1027 0.0028
Yb-3 976, 1005, 1024 0.0042

In order to minimize the influence of OH-
and CH-vibrations of solvent molecules, a
series of solutions with different contents of
deuterated solvent were studied. It was shown
that with increasing of the concentration of
DMSO-d, and DMF-d,, the luminescence in-
tensity continuously grows up: more smooth-
ly for the Yb-1 complex (Fig. 4, a), while for
Yb,-1 a sharp increase in intensity is observed
at DMSO-d, concentrations above 60 vol.%
(Fig. 4, b).The use of deuterated solvents
leads to an increase in the intensity of ytter-
bium 4f-luminescence by 5.5 and 2.3 times in
DMSO-d, or by 3.6 and 2.0 times in DMF-d,
for Yb,-1 and Yb-1, respectively.
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Fig. 4 — Plot of the intensity of 4f-luminescence of the complexes Yb-1 (a) and Yb,-1(b) vs the content

of deuterated solvents.

The formation of heteronuclear complexes
with lanthanides and d-elements coordinat-
ed in porphyrin fragments was monitored by
changes in the characteristic bands in the ab-
sorption spectrum. The parameters of the ab-
sorption spectrum (Table 1) of heteronuclear
complexes strongly depends on the nature of
the d-metal ion, which is caused by the forma-
tion of molecular orbitals from the coplanar
ligand chromophore and a metal ion.

The absorption spectra of f-d-heteronuclear
complexes and the spectra of corresponding
d-porphyrinates are very similar. The intensi-
ty of the Soret band increases, when d-metal
ions are coordinated (Table 1). This fact indi-
cates that the singlet levels in the molecule are
highly populated and, as a consequence, more
efficient molecular fluorescence and phospho-
rescence, as well as sensitized luminescence of
lanthanide ions, are possible.

In the molecular fluorescence spectra of f-d
complexes, bands were found in the region of
550-610 nm and 600-660 nm, corresponding
to the 0-0 and 0-1 transitions. Due to the low
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fluorescence intensity for copper (II) porphy-
rinates, only the first transition was detected.
The energy values of the triplet levels, as fol-
lows from the phosphorescence spectra, de-
crease from Lu-Cu,-1 to Lu-Pd -1.
4f-Luminescent properties have been studi-
ed for heterometallic compounds both in solid
state and in solutions. For Yb(III)-Cu(II) com-
plexes, it was not possible to detect 4f-lumines-
cence in solution. Its absence is explained by
the fact that the intersystem crossing conver-
sion T,—S in copper (II) porphyrinate has a
very high probability (about 10" s), and the
probability of transitions T —°F, , for Yb(III)
is in the range of 105—10" s* [14]. Thus, the
process of luminescence sensitization becomes
non-competitive: its probability is 2—4 orders
of magnitude lower than the probability of the
intercombination transition T —>S.

In contrast to the copper-containing comp-
lex, in heteronuclear compounds of zinc and
palladium it was possible to detect 4f-lumines-
cence of Yb(III) in 975—985 nm region. In he-
teronuclear complexes with zinc, an increase
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in 4f-luminescence of ytterbium is observed
compared to mononuclear by 1.8 times, both in
the solid sample and in solution (¢, = 0.0058),
for palladium complexes the increase is slight-
ly less by 1.4 times (¢, = 0.0045), which can be
explained by the competition of two processes
T -S, (=10*s") and T, >’F, , (=10°- 10" s").
CONCLUSIONS. Calix[4]arenes covalently
modified with porphyrin fragments are con-
venient polytopic molecular platforms for the
preparation and study of homo- and heteronu-
clear f-d-complexes. In mononuclear complex-
es Ln-1, the lanthanide ion coordinates four
oxygen atoms of the lower rim of calixarene
and two oxygen atoms of the carbonyl groups
of the substituents to form two five-mem-
bered metallocycles. In binuclear complexes
Ln,-1 lanthanide ions are coordinated along
the macro ring of porphyrin fragments and
are located on the periphery of the molecule.
The coordination polyhedron of lanthanide
ion in heteronuclear f-d complexes Ln-M -1
is formed by oxygen atoms: two from the phe-
nolic groups of the lower rim of calix[4]arene
and four from carboxymethoxy groups. The
d-metal ions (Zn(II), Cu(II), Pd(II)) are co-
ordinated along the periphery of the complex
molecule in the porphyrinate rings. It has been
shown that the coordination of the lanthanide
ion along the lower rim of calix[4]arene has
virtually no effect on porphyrin fluorescence,
but sensitization of 4f luminescence occurs
both with the participation of the calix[4]arene
matrix and porphyrin fragments. It has been
established that in heteronuclear complexes
based on calix[4]arene-diporphyrin, the deter-
mining factor in the efficiency of 4f-lumines-
cence sensitization is the nature of the d-metal.
The maximum 4f-luminescence characteristics
were found for Ln(III)-Zn(II) complexes.
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Y wiit po60Ti onMcaHo MiAXOAU IO CUHTe-
3y IAaHTaHIJBMICHIX rOMO- Ta FeTEPOsIAEPHUX
KOMIIJIEKCIB 13 BUKOPUCTaHHAM 5,11,17,23-
TeTpa-mpem-0yTmn-25,27-gurinpokcu-26, 28-
6ic[(N-me30-(n-aminodenin)-meso-rpude-
HinnmopdipnukapOoHiT)MeTOKCHU]-KaTiKc-
[4]apeny (1). Takuit mpocTOPOBO 3a3panerigb
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opraHi3oBaHmil Kajikc[4]apeHOBMiT Makpo-
LMK/ ITOJIETIIYE KOOPAMHALII0 KaTiOHIB JIaH-
TaHiJiB, BIVIMBAIOYM HAa CTPYKTYpPy Ta aHajli-
TUYHUI CUTHA/I TOPQipMHOBKX 3aMiCHUKIB. Y
DOCIIIIP)KeHHI BUKOPUCTAHO [IBi CTparerii CMH-
Te3y, L0 NPU3BOJATDH O ONHOAMNEPHUX i ro-
MOOisilepHNX KOMIUIEKCIB Mifi BILIUBOM CTe-
pyyYHUX e(deKTiB i 3MiH Y BOZHEBUX 3B s3KaX.
Y KoMmmiekcax BUABJIEHO 3MiHM B CIEKTpax
¢rryopecneHnil BHACTiOK BHYTPiLTHbOMOJIE-
Ky/LIpHOI ayMepu3anii Ta BOTHEBUX 3B A3KiB
i/l Yac yTBOPEHHA KOMIIJIEKCY. MoHosAmepHi
xomiiekcy (Ln-1) cuHTe30BaHO B M'IKMX YMO-
Bax, TOfi AK romosiepHi kommaekcu (Ln,-1)
BJYMAaralTb BUCOKOKUIUIAYMX PO3YMHHMUKIB i
criendivHmx ymMoB peaxuii. [Tponenypn cun-
Te3y MeTanbHO ommcaHo. CTPYKTYpHi 3MiHM
I1iJ} YaC KOMIIJIEKCOYTBOPEHHS aHa/li3yBa/N 3a
ponomorow AMP-cnekrpis. CiekTpu nornm-
HaHHA KOMIIIEKCIB TaHTaHiJ[iB €MOHCTPYIOTh
3MillleHHS MaKCUMYMiB, IO BifoOpa’kaloTh
3MiHM KOOPAMHAIIil 3 MIOMITHMMM BapialliiMu
MDK MOHOSIIEPHMMM Ta TOMOOIHyK/IeapHU-
My Komnnekcamu. Kpim mjporo, rerepossepHi
cionyku 3 migmo (II), uuuakom (II) i mamami-
eM (II) meMOHCTPYIOTH XapaKTepHi Mofei mo-
IJIMHAHHA, 10 MigKpectoe porb ioHiB d-me-
taniB. Jlocmim>KeHHsS JIOMiHeCIeHIlii BUAB-
JAI0Th ceHcmbOimisanio 4f-moMineceHnii Sk
Kamikc[4]apeHoBumy, Tak i mopgipnHOBMMM
dbparmenTamn. BukopucranHus meiiTepoBaHux
PO3YMHHUKIB ITOCUTIOE iHTeHCUBHICTD 4f-7T10-
MiHeCIIeH11il, 1[0 BKa3ye Ha BIIMB PO3YMHHMN-
ka. KpiMm 11boro, focmimpKkeHo XapaKTepuCTUKA
4f-nmromiHecHeHIil AK Y TBEpAOMY CTaHi, Tak i
B PO3YMHI /I reTepoMeTaneBux CIONyK, Ta
BUSBJIEHO BIIMIHHOCTI MiXK KOMIIJIEKCAMI,
IO MIiCTSITh Miflb, i KOMIIZIEKCAMMU, 1110 MiCTSITh
IMHK/Tanafin. Pe3ynbraT Jal0Th [OCTATHHO
IIOBHE YABJIEHHA PO AM3alH, CUHTE3 i CIIEeKT-
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panbHi BIACTUBOCTI IMX KOMIIIEKCIB, IEMOH-
CTPYIOYM iXHE IOTEHIilHe 3aCTOCYBaHHA B
Pi3HMX rajyssax, a pe3yabTaTy CIpUAKTb po-
3YMiHHIO JIAHTaHIJ-TIOPQIpMHOBUX CUCTEM Ta
IXHIX KOOPAMHALIIHUX B/IACTUBOCTEN.

KmrouoBi cmoBa: jaHTaHimu, KOMIIJIEKCH,
Kamikc[4]apen, mopdipun, cuHTE3, MOMiHEC-
LIeHITif.
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Bacunp IBanoBuy Ilexnpo, siCKkpaBO MPOXKMBIIM >KUTTH, 3aKiH-
4uB CBill 3eMHmMit mAx 20 ciyaa 2024 pokKy 4epe3 Hecnojiba-
HY 3ynMHKYy cepud. Ilimos Bijg Hac BUeHMI, CIPAaBKHA TIOJNHA,

OB Y PO3KBiTi TBOPYMX CHII.

ITexnbo Bacunb IBanoBuy — akagemik HAH Ykpainnm, goxrop ximiy-
HIIX HayK, podecop, MNPOKO BiTOMII BYEHNII B FaTy3i HeOpraHiy-
HOI XiMmil Ta XiMil KOMIIEKCHUX CIIOTYK, METaJIiB IIJIATMHOBOI IPYIIN,
6iomerasiB Ta 30/10Ta. 3acIy>KeHUI [iA4 HAYKM i TeXHIKM YKpaiHu,
nmaypear [lep>xaBHOI npeMii YKpainu, gupekrop IncturyTy 3aranb-
HoI Ta HeopraHiyHoi xiMmii imeHi B. I. Bepragcpkoro HAH Ykpainm.

Bacunp IBanosu4 Ilexubo HapoguBca 7 cepi-
H: 1952 poky B c. UnHagieBo 3akapmarcbkoi 00-
nacTi. ¥ 1974 poui 3akiH4UB i3 BifI3HAKOK Y>KTo-
POMCHKIIL fiep>KaBHII yHiBepcuTeT 13 1979 poky
i moremep mpaunoBaB B IHCTUTYTI 3aranbHOI Ta
HeopraHiyHoi ximii imeni B. I. BepHapcbkoro
HAH Ykpainmn, e npoiilnos NULAX BijJj iHKeHepa
mo pupekropa IncturyTy. ¥V 1982 poui BiH 3a-
XVCTUB KaHAMUJATCbKY, a ¥ 1997 — MOKTOPCHKY
nucepranii. ¥ xoBTHI 2001 poky itoro 6yno 06-
paHoO 3aBifgyBaueM Biffiny XiMii KOMIUIEKCHUX
CIIONYK pifiKicHUX eneMeHTiB. barato pokis 6yB
3aCTYIIHUKOM AMPEKTOpa 3 HAYKOBOI poboTy, a
3 2017 - gupexropoM IHCTUTYTY, O4OMIOBAB Ha-
ykoBy pany Biggminenna ximii HAH VYkpainn 3
npobnemn «Heopraniuna Ximisi», 6yB rOTOBHUM
PERAKTOPOM «YKPAIHCHKOIO XiMiYHOIO >KypHa-
JTy», 3alIMaBcs OCBITHBOIO pOOOTOIO.

B. I. Ilexupo — ofuH i3 HaitOiNMbLI YCIIIHMX
MpEeCTAaBHMKIB HaYKOBOI KON XiMiKiB aKaje-
mika HAH VYkpainu C. B. Bonkosa. Bin aktus-
HO TIOEJHYBAB JOCTIPKEHHs Pi3HUX HANPAMIB
¢isuKo-HeopraniqyHoi Ta OpraHiqHoi, KOOpAMU-
HaIlilfHOI 1 MeIMYHOI XiMil, TeXHIiYHOI 1 HaHOXi-
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mii. Vloro iM’s K ximika-HeopraHika 3 pokamu
CTaJI0 IIMPOKO BifIlOMVM HAayKOBill CIIIIBHOTI He
TiZIbKM B HAIIJ KpaiHi, a 11 3a KopgoHoM. Hay-
KOBi mpali i focaruenHa Bacma IBaHoBuYa 3
CaMOro IOYaTKy itoro nepeOyBaHHA B IHCTH-
TYTi CTOCYBaJIVICS BEJIbMU aKTyaJbHOI Ipobite-
MM — XiMil IPOCTUX Ta KOOPAVHALITHUX CIIONTYK
OOPOTOLiHHMX, HMU3KM KOTbOPOBMUX METAJIiB Ta
METAJIOI/IiB Y BOSHUX, HEBOJHUX, PO3TOIIEHUX
PO3UMHHIKAX-peareHTax.

Temaruka HOCiKeHb, sIKa MOB’sI3aHa 3 Xi-
Mi€I0 KOOPAMHALIINHAX CIIONTYK Y HEBOJAHUX PO3-
YMHHYKAX, 0COO/INBO B MOJIEKY/LAPHUX PO3ILIa-
BaX — rajJIoreHifgax XajbKOTeHiB, a TAKOX i3 CUH-
Te30M, BUBYEHHAM OyHOBU i NMPaKTUYHUM BU-
KOPVCTAHHAM TaJIOT€HXaJTbKOT€HIJHNX KOMII-
JIEKCHMX CIONYK, Y TOMY YMC/i 6/1arOpogHMX,
pigKicHuMX i poscisfHUX MeTaniB, Oyna 3HAYHO
po3BMHYyTa y poboTax criBpobiTHUKIB [HCTHUTY-
Ty, 30KpeMa, y HaykoBux npanax C. B. Bonko-
Ba, 3. A. ®okinoi, B. I. [Texubo. TexHonoriynmii
HanpsM pifkodasHOro X/JIOpyBaHHA JJIA Iiepe-
po6/ieHHs Py i KOHLIEHTpATiB HU3KM MeTasiB
OyB TpaguuiitHuM 1A IncTuTyTy, a'y 1975 poni
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nepenpodinpoBanuit C. B. Bonkosum Ha ¢yH-
JaMeHTaJIbHI OCTiI)KeHHs Xa/IbKOTeH-Tajiore-
HiIJHNX KOOPAMHALIMHUX CIONYK 30JI0Ta, IIJIa-
TMHOBMX Ta iHIIMX MeTamiB. Y 70-80-x pokax
MMHY/IOTO CTOJITTA 3HAa4YHO BMPIC IIONUT Ha
IUIaTMHOBI MeTajIu, 30/10TO i pifKicHi eneMeHTH
Ta IXHI CIOJYKM y 3B’SI3Ky 3 PO3BUTKOM €JIeKT-
POHHOI TeXHiKM, MeAMIVHY, [ BUKOPUCTAaHHA
iX BBa)KaJIOCA NEPCIEKTUBHUM 3aBIAKM L[IHHUM
¢isuko-xiMivHuM ab60 6i0NOTiYHMM BIACTH-
BOCTsAM. Y po0oTax BuIlle3a3HAUeHMX aBTOPIB
BIlepile Oy/lI0 MOCTIIPKEeHO peakiii B3aeMopil
IJIATUHY, OCMiI0, ipUIii0, a TAKOX IXHIX X/I0pU-
IiB Ta OKCUJIB i3 XJIOpUJAMMI CipKM, CEleHy Ta
TeIypy; OTPMMAHO HM3KY HEBiOMMX paHilIe
KOOpAMHALIIHUX CIIONYK; CY4aCHMMU MeETOJa-
MU aHaji3y posmudppoBaHo IxHiN ckmap i Oy-
TOBY, BCTAHOBJIEHO iHAMBIiAya/nbHICTh CUHTE30-
BaHUX CIONYK i Kpuctanorpadiyni mapameTpu.
Ha migcraBi ofilep>KaHuX pesynbTaTiB BUBYEHO
MOXX/TMBICTh BUKOPUCTAHHSA XTOPUJIB CIpKU Y
nporiecax pifmHHO}a3HOrO 6Ee3BOJZHOrO HU3b-
KOTeMIIEpaTypPHOrO XJIOPYBaHHA KOHLIEHTPATiB
IUIATMHOBMX MeTa/liB Ta IXHE KOHLIEHTPYBaHH:A
3 METOI0 IOJA/IbIIOrO BUJiJIEHHA LIHHUX IIPO-
RYKTiB. Anpo6ariiro IIpoBefieHo Ha pi3sHUX Ipo-
MUCTIOBMX HpoOax KOHIIEHTPATiB, sIKi MicTmIn
Y CBOEMY CK/IaJii IZIATVHY Ta iHILi JOPOTOLiHHi
CKJIaJI0Bi. 3allpOIIOHOBAHUII METOJ, pO3K/IafaH-
Hs1 Mae JIesiKi lepeBary mnepes mpoMICcIoBum, 60
Ipoliec BiOYBa€eThCsA 3a HIDKYMX TEMIEPATYp,
6e3 JoaBaHHA XJIOPY yV BUIIAAL rasy. 3HayHa
YacTMHA OJjep)KaHMX Ppe3y/lbTaTiB CTaja IIifi-
I'PYHTAM /I KaHIUJATChbKOI nucepTanii «CuH-
T€3, JOCTIIKEHH: Xa/IbKOTeHX/IOPUIHUX KOMII-
JIEKCIB OCMIl0, ipUJIif0 Ta IJIATMHN», AKY Bacunb
IBanoBuY 3axmucTuB y 1982 poui.
IIpomoBXyr4n po3BMBaTM L€l HAIPAM,
B. 1. Ilexnbo it fami 3aitMaBCsi PO3POOTEHHAM
L[i7IeCIIPSAMOBAHOTO CMHTE3Y Xa/IbKOT€HX/IOPU]-
HIX KOMIIJIEKCIB IUIAaTMHOBUX MeTaJIiB, HOCHi-
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IPKEeHHAM IXHIX BIaCTMBOCTEN Ta 0COOMMBOCTEN
OymoBu 11 6inblr IIMOOKOTro MisHAHHS HOBOTO
KJIaCy CIIONYK IUIATMHOI/IB, @ TAKOXX pO3poOIeH-
HSIM METOJIiB CO/IbBATOXIMIYHOTO IIepepoOIeHHS
CUPOBMHM IIJIATMHOBUX MeTasiB. I came ui po-
CITiIPKEHHA y3araJbHeHO y aucepranii «XanabKo-
TeHX/IOpPUHI KOMIIIEKCH IUIATMHOBUX METasliB
(cuHTe3, 6ya0Ba, BIACTUBOCTI, BUKOPUCTAHH)»
Ha 3J00YTTS CTyIeHA NOKTOpa XiMiUYHMX Hayk,
YCIIIIHO 3axuienoi y 1997 poui.

¥ 2001 poui Bacunb IBanHOBMY 0490IUB Bigfin
XiMii KoMIIeKCHUX crionyk Inctutyry. Temarn-
Ka HayKOBUX JOCTIIDKEHb, HaJ| AKOK IIpalioBa-
NN Y Bifiai Iifi I0ro KepiBHUIITBOM i AKa Mae
MaliOyTHE, € COLia/IbHOIO i HallpaB/IeHa Ha BUPi-
IIeHHS aKTYaIbHMX IIPO6/IeM ChbOTOIEeHHS.

OcranHi 10-15 pokis B. I. Ilexapo pasom i3
KOJIEKTMBOM CIIiBPOOITHMKIB Ta Kojeramm iH-
mMX HayKoBMX ycTaHoB HAH Ykpainu, Bummx
HaBYa/IbHMX 3aK/Ia/liB, AKafleMii MeJUYHIX HayK
Ykpainu Ta 3apyODKHMMM HAyKOBLAMU CIIPS-
MOBYBaB CBOi 3yCW/IZIA Ha JOCTIJPKEHHS XiMmil
CIOJIYyK MEIMYHOIO INPU3HAYEHHA, e OTpUMa-
HO BaroMi pesynbratu. Ili poboTyu HampasaeHO
Ha KOHCTPYIOBAaHH:A, CUHTe3 HOBMX 6i070TiYHO
AKTVBHUX KOOPAVHALIHUX CIIONYK — OCHOBU
MeIMYHMX 3ac00iB JTiKyBaHHA Haitb6i/bII TOIIN-
PEHMX 3aXBOPIOBaHb Yy CBiTi — OHKOJIOTiYHUX,
CeplLeBO-CYyAMHHNUX, TKaHMH KIiCTOK Ta cevo-
KaM siHOI xBopo6u. HaykoBmit miaxin o mMope-
JIIOBAHHA IXHBOTO CK/IA[y AK HACTiJOK XiMi4HUX
B/IACTUBOCTEI, POPM 3HAXOXKEHHS B PO3UMHAX
Ta OyHOBM B KpUCTA/JiYHOMY CTaHi JjaB 3MOTY
HayKoBLAM Ha voni 3 B. I. I[lexnbo BcTanoBu-
TU KOPEIALio: CKIaf, JTIKapChKUX CIIONYK, IXHI
dbopMu B po3uMHAX, CTPYKTypa B TBEPHZOMY
cTaHi — 6iomoriyHa akTMBHICTb. Y pe3ynbrarti
MPOBENEHNUX NOC/IPKEHb OTPYMAHO Lilny HU3KY
HOBUX 0i0/IOTiYHO aKTMBHUX KOOPAVHALTHUX
CIONYK, fKi 32 eKCIepUMEHTaJTbHUMI [aHMN-
MH € NEePCIEeKTUBHUMM IIPY JIIKyBaHHI IEBHUX
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MODIFIED WITH PORPHYRIN SUBSTITUENTS.

OHKOJIOTIYHMX, CEPLIEBO-CYAVHHIX Ta iHIINX 3a-
XBOPIOBaHb.

B. I. IlexHpo — cHiBaBTOpP i aBTOp 4UC/IEH-
HIX HAayKOBUX IIpallb — IIOHapj 250 HayKOBMX
cTaTeil, omyO/l1iKOBaHNX y IPOBiHUX BiTYM3HA-
HUX Ta 3apyODKHMX BUJJAHHAX, 37 aBTOPCBKUX
CBIJIOLITB, NIaTE€HTIB Ha BUHaxoau. Bin — pepak-
Top 6io6i6miorpadii akagemixa C. B. Bonkosa
(2005 p). Ilexubo B. I. 6paB akTUBHY y4acTb y
HayKOBO-IIelarOTiYHil [iANbHOCTI i 3a 1100 Ke-
PpiBHMIITBA 3aXMIIEHO 1 JOKTOPCHKY Ta 7 KaH[M-
JAaTChbKUX Aucepraniii. HaykoBy misnbHiCTh BiH
IULiIHO TIOEHYBAB 3 IIEJaroriyHo0 pobOoTOI,
YIIPOZIOBXX TPMBAJIOrO Yacy O4YO/M0OBaB Kadenpy
iHpopMaLiiiHIX TEXHOIOTII, YNTAB KyPC IeKIil
CTyJeHTaM y MyKa4iBCbKOMY Iiep>KaBHOMY YHi-
BepcuteTi MOH VYkpainn.

Obiitmarouy mocafly 3acTyIHMKA a IOTIM
i pupexropa Incturyty, B. I. Ilexnpo myke
peTeNbHO BUKOHYBAB 3HA4YHY HayKOBO-Opra-
HisaliitHy po6oTy, OyB WIEHOM, a BIIPOLOBXK
OCTAaHHIX 7 POKIB — TOJIOBOI0 HAYKOBOI pajiu
BX HAH Vkpaiun 3 npobnemu «Heopraniuna
XiMisf», TOJIOBOIO CIIELia/li30BAHOL pajy i3 3aXu-
CTY KaHJUJATChbKMUX Ta JOKTOPCBKUX JMCEpTa-
uint npu I3HX im. B. I. Bepnagcbkoro HAH Yk-
paiHy, YWIEHOM peNKOJeTil Ta TOJIOBHUM pefaK-
TOPOM «YKPAIHCBKOTO XiMiYHOIO >KypHamy».
Y 2021 poui BiH [0KIaB 4MMAano 3yCWIb I
Toro, mo6 TrifHO BigMiTTM 90-Ty PpidyHMIIO
CTBOpeHHs IHCTUTYTy; OYB TONOBHMM pefaK-
TOPOM IOBiJIE/THOTO HAayKOBO-IIOIY/JIAPHOTO BU-
maHHA «[HCTUTYT 3arajbHOI Ta HEOPraHi4YHOI
ximii imeni B. I. Bepnagcokoro HAH Ykpainu
Ha py6exi Tucsgonits 1931-2021». He Tax fgas-
HO, a came 15 rpynnsa 2023 poky, Bacunb IBano-
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BIY B3fAB y4acTb B iH(opMamuiitHO-KOMYyHiKa-
niiHiin nporpami «IIpo Hayky. KommnerenTHO»,
B AKill MaB PO3MOBY 3 BEAY4YUMM — aKaJeMiKOM
HAH VYkpainn Bonogumupom CeMuHOXEHKOM,
PO AKTYya/IbHi MMTaHHA, HaJl BUPIIIEHHAM AKUX
Ha CbOTO/IHi IIpaljIOI0Th BUeHi-XiMiky AKapemil,
PO OCSATHEHHsT HEOPraHivHOI XiMii f71st moTpeb
MEeIVILIVIHY, POJIb XiMil [/I1 EKOHOMIKM KpalHM Ta
KUTTSL KOXKHOI JIIOAVHY, IIPO MOXJIMBOCTI BU-
KOPUCTaHHsA HAayKOBMX pe3ynbTaTiB IHCTUTYTY
3arazbHOI Ta HeopraHiyHoi Ximii im. B. I. Bep-
HaJICbKOTO.

3a HayKoBi 3700YyTKH, MiITOTOBKY HAYKOBOI
3MiHM, IEJArOoriYyHy Ta OPTaHi3aLiliHy MifA/lb-
HicTp Bacwa IBanoBuya IlexHpo 6yno HeogHO-
Pa30BO Haropoj KeHo TpaMOTaMU Pi3HOTrO piB-
HS, OOpaHO CIOYaTKy 4YIeHOM-KOPEeCIIOH/IeH-
ToM, a'y 2021 poui - akasiemikom HanjionanbHoi
akafieMii Hayk Ykpaium. Bin (y cxmapi aBTOp-
CbKOTO KOJIEKTUBY) — jlaypear [lep>kaBHOI mpe-
Mil YKpaiHM Ta 3acy>KeHMi1 IiS9 HayKu i TeXHi-
KM YKpainu.

Mu Biggaemo rmboky urany Bacuro IBaHo-
B4y IlexHbo 3a JI0ro HayKOBY, OpraHisalliiiHy
Ta IIPOCBITHUIIBKY AiANbHICTD, 0COOMMBO Ha IO-
caji pupekTopa IHCTUTYTY y BaXKKi [1 Haiol
KpaiHM i HalIoi HayKu poKu. 3aBJAKU JIOTO Hi-
ANMBHOCTI AK KepiBHMKA i BY4EHOro IHCTUTYT 3a-
JIMIIAETHCA 1 Ha CbOTOMIHI Ha MMPOBIJHNX MO3UITi-
AX cepef XiMIYHUX IHCTUTYTIB KpaiHu.

[Tam’siTb ipo Bacuis IBaHOBMYA — BupaTHO-
TO BUEHOTO, JOOPO3UYINBY i YECHY JIIOANHY, 10-
6poro ToBapuia i, MabyTb, TOJIOBHE — CIIPaBX-
HbBOTO IaTpioTa pifiHOro itomy IHcTUTYTY i CBOET
KpaiHy, 3a/IMIIUTHCA B CEPLAX MO0 PifHUX, KO-
JIeT i ApY3iB Ha3aBX/IN.
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