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Pedepar:

1. Botiko }O.C. CuHTe3 Ta BJIaCTHUBOCTI KalikcapeHOBMiCHUX copOeHTiB AJ1s 38'13yBaHHs Eu(lll). - Keanidikanifina
HayKoBa Ipalsl Ha IIpaBax pyKonucy. Jlucepralis Ha 3100yTTs HAYKOBOTO CTyIIeHs oKTopa ¢inocodii 3a
criegianpHicTio 102 - Ximia. — HauionaneHui yHiBepcureT «KneBo-MoruigHcebKa akagemisa», MiHicTepcTBo ocBiTh
Ta Hayku Ykpainu, Kuis, 2023. [JucepraniitHa po60oTa NIpucBIY€Ha CUHTE3Y Ta JOCIIiI)KEHHIO BIACTUBOCTEN
KaJlikcapeHOBMICHUX COPOEHTIB Ha OCHOBI MaTpuLi cuilikaresto. B naniit poboTi Hamu 6y CUHTE30BaHi
KaJlikcapeHH, Mo (iKOBaHi 10 BEPXHbOMY BiHIII0O MaKpOLUKIY GpochoHaTHUMU Ta GOCPiHOKCUTHUMU IPylamMH,
30aTHUMMU 10 e(PeKTUBHOI KOOpAUHALlii MeTasiB, Ta po3po6ieHO IBa METOAM iIMMOOii3allii KanikcapeHiB Ha
noBepxHIo cusikaremo. PochopoBmicHi KasikcapeHu OyJiu CHHTE30BaHi 3a peakiiiero ApOy30Ba, sKa I0JIArae y
B3aeMOJii X7IopoMeTuJIKalikcapeHy 3 GochopuIoi0UUM areHToM. Peaxk1iito NpoBosTh y x10podopMi 3a KiMHATHO]
TeMIIEpaTypu NPOTAroM 8-12 roguH. BoHa NIpUBOIUTE A0 OTPUMAaHHS KaJlikCapeHiB 3 BUCOKUMU Buxogamu. [TonioHo
10 BUXiIHOTO XJIOPOMETHUJIKAJiKcapeny, ioro ¢pocdopuboBaHi MoxiaHi icHyl0Th y KOHGopMalii Konyc. I[Ipo
KOHYCOIIOTi0HY KoH(popMmaliio cBiguate peaynbraty crekrpis 1H ta 13C MP. [Tepumit meton immobisnizarii



KaJliKcapeHiB Ha IOBEPXHIO CUJIIKareJso MoJsArae y B3aeMOJii METOKCUKapOOHIIMETOKCUIIbHUX I'PYII KajlikCapeHiB 3
aMiHOTpyIIaMU Ha [MOBEPXHi CUJIiKaresio 3 yTBOPEHHSIM aMinHUX 3B's13KiB. Peak1ito IpoBouiy py KUIT'SATiHHI B
tosyeHi npotsarom 30 rog. I7s 1poro 6yau CUHTE30BaHi GocPOpOBMICHI KajlikcapeHU, sIKi MiCTSATh Ha HUKHbOMY
BiHIIi MAKPOIIMKITy METOKCUKAaPGOHIZIMETOKCUIBbHI TpyTu. [xX oTpumyBasnu 3 Buxonamu 81-83 % periocesieKTUBHUM
IiaJIKiTIIOBaHHSIM TiJPOKCUJIBHUX TPYI HAXKHBOTO BiHLS (HPOCHOPUIbOBAHUX TETPATiIpPOKCUKANiKCAPEHIB
HaJJIMIIKOM METHUJIOBOTO eCTepPy OpPOMOLTOBOI KUCIOTU B IPUCYTHOCTI KapbOHATY Kaslilo 3a peakuielo BinbsiMmcoHa.
CurHTEe3 aMiHOIIPOIIiJILOBAHOTO CUJIIKAreJsI0 IPOBOAMIIY [IPU B3aEMOZII CUJIiKareso 3 3-
aMiHOIPOIIJIETOKCUCUIIAHOM B CYyXOMY ToJyeHi mpu remneparypi 110 °C. Ipyruit metog, immo6inisanii nossrae y
npuniernyieHHi ¢ochopoBMiCHUX TeTpariApoKcUKaIikcapeHiB Ta ix TiaaHaIoTiB Ha TOBEPXHIO CUJTIKaresio.
IMmMmob6inizanio TeTpadochopuiboBaHUX TeTparinpoKkcu(Tia)kanikc[4]apeHiB Ha cuilikaresb IPOBOAUIM Y [1BA €TaIlU.
Ha nepmomy etani cusikaresb 06po6JIsiyiv TETPaXJIOPCUIAHOM y IPUCYTHOCTI TPUETUIAMIHY 1711 OTPUMAaHHS
PeaKkUiliHO3ZaTHUX TPUXJIOPCUIIIJIBHUX IPYIl HAa Oro 1oBepxHi. Ha npyromy eramni mogu@ikoBaHUi CUliKareib
Harpisajnu 3 HagajIMmKoMm ¢pocopuyibOBaHOTO TeTpariipokcu(Tia)kanikcapeHy Ta TpueTruIaMily B TOJIyeHi
npotsrom 24 roguH. OTpuMai cuiikaresi 3 i3o-nponoxkcu@ocdoHaTHUMU Ta i30-porokcudocPpiHaTHUMU
rpynamu o6po6Isiivi HaZjIMIKOM TPUMeTUI6poMcuiany. HactynHa o6po6Ka Ha[IJIMIIKOM METAHOJIIy
TPUMETUJICUIIJIOBUX €CTepiB, OTPMMaHUX B pe3yJbTari 1iiel peakuii, IpUBOOUTH 10 cCUikaresiB, MogudikoBaHUX
nurigpoxkcrudocdoHoBUMU abo rigpokcudeHindocdiHoBUME KUCTOTaMu. [17151 BCTAaHOBJIEHHS IPOCTOPOBO]i Oy10BU
$ochopuIbOBaHUX KaTiKCAPEHiB METOAOM PEHTT€HOCTPYKTYPHOTO aHali3y Oyja JOCi’)KeHa MOJIEKyIsIpHa
CTPYKTypa TeTparigpokcukalikcapeH ¢pocdiHokcuay Ta 6ic-MeTOKCUKapOOHiIMeTOKCUKalikcapeH GochiHOKCUIY.
MakpouuKIIiYHUH KiCTSK TeTparinpokcukanikcapeH pocdiHokcuy Mae KOH(pOpMallito CIIIOMEeHN Konyc. Js
BMBYEHHS MOXJIMBOCTEN IIPAKTMYHOIO BUKOPUCTAHHS OTPMMAHUX COPOEHTIB 6yJI0 AOCIIIPKEHO MpoLec copoLii
eBporiio(Ill) 3 po3uuHiB HiTpaTHOI KNCJIOTH B Hiana3oHi pH 1-7. Bynu nob6ynoBaHi i3oTepmu copoLii 10 MoAeIsIM
Jleurmiopa Ta QpeiiHaixa 3a JOOMOroo HesliHiliHoi perpecii. Mogesnp JIeHrMiopa XapakTepu3ye OHOLIAPOBY
azcop6uito 6e3 6iuHOi B3aeMoaii Mibk afgcopbaTamy, ToAi ik Mogesnb OpeiiHzlixa xapakTepuaye afcopoLio Ha
caiTax 3B'SI3yBaHHS 3 Pi3HOIO CIIOPIAHEHICTIO 10 afcop6arty. Xapakrep i3oTepm copbliii, a Tako>X 06J1M3bKi 3HAYEHHS
R2 n1s1 ABOX Mogiesieil BKa3yloTh HA €HePreTUYHy HEOQHOPIIHICTb TIOBEPXOHb COPOEHTY Ta peasi3allilo KijlbKox
MEXaHi3MiB 3B'A3yBaHHSI. [lJ11 PO3yMiHHS IPMPOIY KOMIIEKCOYTBOPEHHSI CUHTE30BaHUX (POCHOPUIbOBAHUX
KaJlikcapeHiB 3 KaTiOHaMU €BPOIIilo 6y IPOBeieHi KBAaHTOBO-XiMiUHI pO3paxyHKU NMOBIPHUX CTPYKTP B
HabmokeHHi DFT (RI-BP86 /def-TZVP) njst oCHOBHUX CTaHIB KOMILJIEKCIB KasikcapeH ¢ocdonaris ta Eu(Ill) 3
IiCTbMa HECTIAaPEHUMU €JIEKTPOHAMU. AHAJI3yBaIMCS MOSKJIMBI BapiaHTU KoopanHalii kationa Eud+ 3 pisHumMu 3a
CBO€I0 MTPUPOJOI0 JliraHIHMMU rpynamu: GocdOHATHMMU IPyIIaMy Ha BEDXHbOMY BiHIli, aTOMAaMU OKCUTE€HY
KapOOHIJIbHUX IPYIl 3aMiCHUKIB Ha HYDKHBOMY BiHIIi Ta @pOMaTUYHUMU NT-CUCTEMaMU OEH3€HOBUX Kislellb. Kito4oBi
CJI0BA: KaJlikcapeH!, KOMILJIEKCOYTBOPEHHS1, COPOEHTH, CUJIKaresb, €BPOIIiil, KBAHTOBO-XiMi4Hi pO3PaxXyHKHY,

PEHTI€HOCTPYKTYPHUII aHaIi3.

2. Boyko Yu.S. Synthesis and properties of calixarene-containing sorbents for binding Eu(III). - Qualification
scientific work on manuscript rights. Dissertation for the Doctor of Philosophy degree in specialty 102 -
Chemistry. National University "Kyiv-Mohyla Academy", Ministry of Education and Science of Ukraine, Kyiv, 2023.
The dissertation is devoted to the synthesis and investigation of the properties of calixarene-containing sorbents
based on the silica gel matrix. In this work we synthesized calixarenes modified on the upper rim of the
macrocycle with phosphonate and phosphine oxide groups capable to effective coordination of metals. At the
same time, two methods of immobilization of calixarenes on the surface of silica gel were developed. Phosphorus-
containing calixarenes were synthesized by the Arbuzov reaction, which consists in the interaction of
chloromethylcalixarene with a phosphorylating agent. The reaction proceeds in a chloroform solution at room
temperature for 8-12 hours and leads to the corresponding tetraphosphorylated calixarenes in high yields. Similar
to the original chloromethylcalixarene, its phosphorylated derivatives exist in a cone conformation. The results of
the 1H and 13C NMR spectra evidence the cone-like conformation. The molecular structure of
tetrahydroxycalixarene phosphine oxide and bis-methoxycarbonylmethoxycalixarene phosphine oxide were
confirmed by X-ray structural analysis.The first method of calixarenes immobilization on the silica gel surface



consists in the interaction of methoxycarbonylmethoxy groups of calixarenes with amino groups on the silica gel
surface with the formation of amide bonds. The reaction was carried out by boiling in toluene for 30 hours. The
phosphorus-containing calixarenes with methoxycarbonylmethoxy groups on the lower rim were synthesized with
yields of 81-83%. Regioselective dialkylation of the hydroxyl groups of phosphorylated tetrahydrocalixarenes with
an excess of bromoacetic acid methyl ester in the presence of potassium carbonate is occurred according to
Williamson reaction. The synthesis of aminopropylated silica gel was carried out by reaction of silica gel with 3-
aminopropylethoxysilane in dry toluene at 110°C. The second method of immobilization consists in the direct
grafting of phosphorus-containing tetrahydroxycalixarenes onto the surface of silica gel (without an alkylamide
spacer). Immobilization of tetraphosphorylated tetrahydroxy(thia)calix[4]arenes on silica gel was carried out in two
stages. Silica gel was treated with tetrachlorosilane in the presence of triethylamine, at the first stage, to obtain
reactive trichlorosilyl groups on its surface. In the second step, the modified silica gel was heated with an excess of
phosphorylated tetrahydroxy(thia)calixarene and triethylamine in toluene for 24 hours. The resulting silica gels
with iso-propoxyphosphonate and iso-propoxyphosphinate groups were treated with an excess of
trimethylbromosilane. Subsequent treatment of obtained trimethylsilyl esters with methanol excess leads to silica
gels modified with dihydroxyphosphonic or hydroxyphenylphosphinic acids. For a better understanding of the
spatial structure of phosphorylated calixarenes, the molecular structure of tetrahydroxycalixarene phosphinoxide
and bis-methoxycarbonylmethoxycalixarene phosphineoxide was investigated by X-ray analysis. The macrocyclic
skeleton of tetrahydroxycalixarene of phosphine oxide has the conformation of a flattened cone.To test the
possibilities of practical use of the obtained sorbents, the process of europium(III) sorption from nitric acid
solutions in the pH range of 1-7 was investigated. Sorption isotherms with Langmuir and Freundlich models were
constructed using nonlinear regression. The Langmuir model characterizes monolayer adsorption without lateral
interaction between adsorbates, while the Freundlich model characterizes adsorption at binding sites with
different affinities for the adsorbate. The behavior of the sorption isotherms as well as the close values of R2 for
the two models indicate the energetic heterogeneity of the sorbent surfaces and the application of several binding
mechanisms. To understand the nature of metal complexation by synthesized phosphorylated calixarenes,
quantum chemical modeling was carried out. Calculations in the DFT approximation (RI-BP86 /def-TZVP) were
performed for the ground states of complexes of calixarene phosphonates and Eu(III) with six unpaired electrons.
Possible variants of Eu3+ cation coordination by ligand groups of different nature were analyzed: phosphonate
groups on the upper rim, carbonyl oxygen atoms on the lower rim and aromatic n-systems of benzene rings.
Keywords: calixarenes, complexing agents, sorbents, silica gel, europium, quantum chemical calculation, X-ray
structural analysis.

Jep>kaBHHHM peecTpaniiiHuii Homep [iP:

IIpiopuTeTHHI HanIPsAM PO3BHTKY HayKH i TEeXHIKH: QyHmaMeHTaIbHi HAYKOBI OCTI/PKEHHS 3 HAMGbII
BRXJIMBUX IPOOJIEM PO3BUTKY HAYKOBO-TEXHIYHOIO, COLIiaJIbHO-€KOHOMIUHOr 0, CyCIiIbHO-TIOJIiTUYHOTO,
JIIOJICBKOTO MOTEHLiaNy 1715 3a0€e3M1e4eHHSI KOHKYPEHTOCIIPOMOXKHOCTI YKPAiHU Y CBiTi Ta CTaJIOrO PO3BUTKY

CyCIHiJIbCTBA i Aep>KaBU
CrpareriyHui NpiopUTETHUI HANIPSIM iHHOBaILiHHOI AiSIJIBHOCTI: He 3aCTOCOBYETHCS
ITizcyMKu AOCIiAKEHHS: TeopeTndHe y3arajbHEHHS | BUPilleHHS BAKIMBOI HAYKOBOI IPO6GIeMn

ITy6osikamii:

¢ Boiko, Yu.S,; Belikov, K.N.; Bryleva, K. Yu.; Bunina, Z. Yu.; Varchenko, V.V.; Rozhenko, A. B.; Drapailo, A. B.;
Rodik, R. V.; Golub, A. A,; Katz, A.; Kalchenko, V. I. Grafting of phosphorus-containing
tetrahydroxy(thia)calixarenes on silica enhances europium(IIl) adsorption. Phosphorus, Sulfur, and Silicon and
the Related Elements. 2023, 198:9, 715-722.

¢ Boiko, Yu.S.; Belikov, K.N.; Bryleva, K. Yu.; Bunina, Z. Yu.; Varchenko, V.V.; Rozhenko, A. B.; Drapailo, A. B.;
Rodik, R. V.; Golub, A. A,; Katz, A.; Kalchenko, V. I. Silica gels grafting with upper rim tetraphosphorylated



tetrahydroxy(thia)calixarenes. Europium (III) sorption. Phosphorus, Sulfur, and Silicon and the Related
Elements. 2022, 197:5-6, 579-582.

¢ Esypenko, O.A., Boiko, Y.S., Belikov, K.N. et al. Surface Modification of Aminopropylated Silica Gel with
Tetraphosphorylated bis-Methoxycarbonylmethoxycalix[4]Arenes for Effective Europium(IIl) Sorption. Theor.
Exp. Chem. 2020, 56, 252-260.

HaykoBa (HayKOBO-TeXHiYHa) MIPOAYKILis:
ComniasibHO-€KOHOMIYHA CIIPSIMOBaHIiCTh:

OxopoHHi gokymeHTH Ha OIIIB:

BrnpoBaaykeHHS pe3yJIbTaTiB AHCEPTalLii: BipoBakeHHs He IaHyeThCs

3B'SI30K 3 HAYKOBHMH T€EMaMH:

VI. BizomocCTi Ipo HayKOBOr0 KEPiBHHKA /KEPiBHUKIB (KOHCYJIbTAaHTA)

Baacue IlpizBuuie Im's Ilo-6aThKOBI:
1. Tony6 Onexkcannp AHApiioBAY
2. Oleksandr Golub

KBasigikanis: 1. x. u., npodecop, 02.00.01

InenTudikarop ORCID ID: 0000-0003-1823-2523

JoparkoBa indpopmamnist:

IToBHEe HafIMeHyBaHHH lopn,rmquoi 0C00M: HauioHanpHMit yHiBepcutet "KueBo-MorungHcbka akagemis”
Kopg, 3a €IPIIOY: 16459396

Micue3HaxoaKeHHS: ByJL. I'. CkoBopoay, 6yz. 2, Kuis, 04070, Ykpaina

dopma BacHoOCTI: Jlepkasna

Cdepa ynpaBriHHS: MiHicTepCcTBO OCBIiTH | HayKy YKpaiHu

InmenTudikarop ROR:

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Pomik PoMman BacuiboBud

2. Roman Rodik

KBaJIi(l)iKauiH: K. X. H., CTapIIni1 HAyKOBUM cniBpobiTHUK, 02.00.03

InenTudikarop ORCID ID: 0000-0003-2258-6957

JoparkoBa indpopmamnist:

IloBHe HaliMEeHYBaHHSI IOPHUAUYHOI 0COOH: [HCTUTYT OpraniuHOi ximii HanjonanbHoi akanemii Hayk
Ykpainu

Kopg 3a €IPIIOY: 05417325

Micuesnaxo,r.perHﬂ: ByJ1. Akazemika Kyxaps, 6yz. 5, Kui, 02094, Vkpaina

dopma BracHOCTI: JlepxaBHa



Cdepa ynpaBiriHHS: HaujonanbHa akazemis HayK YKpaiHu

InenTudikarop ROR:

VII. BizomocTi npo odiliiHUX OTIOHEHTIB Ta pelleH3€HTiB
OdiuiiiHi OIOHEHTH
BaacHe IlpizBume Im's I1o-6aThKOBI:

1. Koctiok Osnexkcannp MukosaitoBuy

2. Oleksandr Kostyuk

KBasigikamis: 1. x. u., npodecop, 02.00.03

InenTudikarop ORCID ID: He 3acrocosyerscs

JoparkoBa iHdpopmamnist:

TloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: [HCTUTYT OpraniuHOi ximii HanjoHanbHoi akanemii Hayk
Ykpainu

Kopg 3a €IPIIOY: 05417325

Micuesnaxo,zm(eﬂns{: ByJI. AKazemika Kyxaps, 6yz. 5, Kuis, 02094, Ykpaina

dopma ByacHOCTI: [lepxasna

Cdepa ynpaBiriHHSA: HaujonasbHa akajeMis HayK YKpaiHu

InenTudikarop ROR:

BaacHe IlpizBume Im's I10-6aThKOBI:
1. JIanynoB Onexkcangp IOpinnoBuy

2. Alexander Lyapunov

KBasigikamis: k. x. n., mouenr, 02.00.03
InenTudikarop ORCID ID: 0000-0002-7538-303X
JoparkoBa indpopmamnist:

TloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: KuiBchKuil HaujoHaIbHMIT yHiIBEpCHUTET iMeHi Tapaca

[leByeHka

Kog 3a €IPIIOY: 02070944

Micue3HaxoaKeHHS: ByJI. Bosmogumupceska, 6yz. 60, Kuis, 01033, YkpaiHa
dopma BaacHoOCTI:

Cdepa ynpaBriHHS: MiHicTepCTBO OCBITH | HayKK YKpaiHu

ImenTudikarop ROR: He zacrocoyerbcs

BaacHe IlpizBume Im'st I1o-6aThKOBI:

1. Top6ux ITetpo IlerpoBuy



2. Petro Gorbyk

KBasidikanis: g. ¢.-m. ., npodecop, 01.04.07
ImenTudikarop ORCID ID: 0000-0002-4954-336X
JoparkoBa iHdopmamist:

IloBHe HaliMEeHYBaHHS IOPHUAHUYHOI 0COOM: [HcTUTYT XiMii moBepxHi im. O. O. Uyiika HawjioHanbHoi

akazeMii Hayk YKpaiHu

Kopg 3a €IPIIOY: 03291669

MicueSHaxo,q)KeHHﬂ: ByJ1. ['enepana Haymosa, 6yz. 17, Kuis, 03164, Ykpaina
dopma BracHOCTI: JlepxasHa

Cdepa ynpaBiriHHS: Haujonanbha akazemis HayK YKpaiHu

InenTudikarop ROR:

Penensentu

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. KonoBanoga Bikropis BanepiiBHa

2. Victoria Konovalova

KBastidikamis: . r. n., crapumit HaykoBuii criBpo6iTHuK, 05.17.18

Inentudikarop ORCID ID: He zactocoyerbcs

JoparkoBa iHdpopmamist:

IloBHe Haff'lMeHyBaHHH lOpI/I,ILH'{HO'l' 0COOM: HaujoHambHuit yHiBepcureT "KueBo-MoruisiHCcbKa akagemis”
Kopg 3a €IPIIOY: 16459396

Micue3HaxoaKeHHS: ByJ. . CkoBopoay, 6yz. 2, Kuis, 04070, Ykpaina

dopma BiracHOCTI: /lepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

VIII. 3aKkJII04Hi BiZOMOCTi

Bnacue IpizBume Im's I1o-6aTbKOBI BypGau Anaroniii GraBianoBuy
rOJIOBH pagu

Biacue IpizBume Im's [10-6aThbKOBI BypGan Anaroniit ®aBianoBuY
TOJIOBYIOYOTO Ha 3acCiaHHi

BinmoBigaibHHUH 32 MiZTOTOBKY Bacenxo Onena ExnyapzisHa

00JIiKOBHX JOKYMEHTIB

PeectpaTop YkpIHTEI



KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaIBHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA

JisiIbHOCTI




