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Abstract. Macrocyclic compounds such as crown ethers and their analogs are able to
selectively bind metal ions due to donor atoms in the ring, which makes them promising
for the development of sorbents. Polymers with nitrogen- and sulfur-containing crown
ethers are of interest because of their high selectivity and stability. The aim of this work is
to synthesize sorbents based on aza- and thiacrown-ether compounds forming selective
complexes with metal ions in solution. The synthesis, structural characterization and
sorption properties of polymeric sorbents based on macrocyclic compounds containing
nitrogen and sulfur atoms - aza- and thiacraun- esters - are considered in this work.
The work focuses on the advantages of immobilization of macrocyclic ligands on a
polymer matrix in order to increase their stability, reduce toxicity and improve sorption
characteristics. Immobilization was carried out on a chloromethylated copolymer of
styrene and divinylbenzene by nucleophilic substitution in dimethylformamide. Various
crown ether derivatives were successfully anchored: monoaza-15-crown-5, diaza-
18-crown-6. The structural changes were confirmed by IR spectroscopy and optimal
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reaction conditions in terms of temperature, time and reagent ratio were established.
The obtained polymers were investigated for their ability to sorb metal ions in aqueous
and methanol media. The sorption efficiency was found to depend significantly on the
structure of the macrocycle, especially on the number of sulfur atoms, as well as on
the nature of the solvent. Polymers containing DADT18K6 and DATT18K6 showed
the highest affinity to Hg?* and Pb*" ions. The obtained results confirm the promising
application of immobilized aza- and thiacraun ether sorbents for selective extraction of
metal ions.

Keywords: crown ethers, aza- and thiacraun ether compounds, polymeric sorbents,
complexation with metal ions, selective sorption, immobilization
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Annorauus. KpayHn-adupiep MeH onap/blH aHaJIOTTapbl CAKMHA KYPBUIBIMBIHIAFbI
JOHOPJIBIK aTOMAAp apKbUTbl METAJJI MOHAAPBIH TaHIaMallbl OaiIaHbICTRIPY KabineTiHe
ue, OyJ1 onappl THIMIII cOpOEHTTEp ’Kacay YIUiH MepCIeKTUBAIBI eTeli. Ocipece a30T
MeH KYKIPT aToMAapblH KaMTUTBIH KpayH-d(upiep Heri3iHAeri mojauMepiep KOFapsbl
TaJFaMIBIIBIK J)KOHE TYPAaKTBUIBIK KepceTedi. OChl JKYMBICTBIH MaKCaThl — a3a - )KOHE
THAKpayH — QP KOCBUIBICTAP/BIH HETi3iHJe, epiTiHAiAer MeTalul HOHJapbIMEH
CEJIEKTHBTI KOMIUIEKC TY3€TiH COPOCHTTEpAl CHHTe3Aey Oonbln TaObutagpl. by
KYMBICTa KYpaMbIHAA a30T OHE KYKIPT aTomIapbl 0ap MaKpOLMKIII KOCBUIBICTap
— a3a- J)KOHEe THaKpOYHABI dpupiep Heri3iHAeri MoJUMEpiK COpOEHTTEpAiH CHHTE3I,
KYPBUTBIMABIK CHUTIATTaMalapbl KoHE COPOLMSIIBIK KacueTTepi KapacThIpbliansl. by
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KOCBUIBICTAp CaKMHA KYPBUIBIMBIHAA TOHOP aTOMIAapBIHBIH (a30T, OTTEr1 )KoHE KYKIPT)
OosrybiHa OaiaHBICTEI METaJ MOHAAPBIMEH TYPaKTHl JKOHE TaHJaMajbl KeIleHIEep
TY3y KaOineriHe wue. JXympicTa OnapAblH TYPAaKTBUIBIFBIH apTTHIPY, YBITTHUIBIFBIH
TOMEH/IETY oHE COPOLMSIIBIK CHIIaTTaMallapblH KaKcapTy MaKcaThIHAa MaKPOIMKIAL
JWTaHATapAbl TOJUMEpIi MaTpulaja UMMOOWIH3aUUsUIAyAblH apThIKIIBUIBIKTapbIHA
Hazap aygapbuiafgsl. MMMoOwmnmzanust numetwndopMaMuATi opTana HyKIeo(pHIbai
aIMacTblpy  apKbUIBl ~ CTHPOJ  MEH  JUBHHWIOCH3OJABIH  XJIOPMETHIIJICHI€H
COMOJMMEPIHAE KYPri3iai. OpTYpii KpOoyHIABIK 3(Up TybIHIBLIIApHI: MOHOa3a-15-
kpayH-5 (MA15KY5), nuaza-18-kpayn-6 (DA18K6), conpnaii-ak apanac aza-TuakpoyH/ibl
sa¢upiep (DADTI18K6 xone DATT18K6) corri Gekitinai. KypbeuibIMabIK e3repicrep
UK-crieKTpoCKONMSIIBIK 9ICTEPMEH pacTalabl, TeMIeparypa, YakKbIT jKOHE pearcHT
KaTbIHACHI OOMBIHILIA OHTAMIIBI PeaKLUs KaFAaiIapsl OenTiieH i. AJIBIHFaH IIOIMMepIIep
Cy JKoHe MeTaHonl oprajapbiHaa metaimn wonnmapein (Na®, K*, Ag', Hg*, Pb*)
copOuusinay Kabineri 3eprrengi. COpOUUSHBIH THIMALTIIT MaKpOLMKI KYpBUIBIMBbIHA,
aram aWTKaHAa KYKIPT aTOMJApbIHBIH CaHbIHA, COHJA-aK epITKIINTIH TaOuUFaThiHA
aiirapibikraii Toyennai ekenairi ansikranabl. Kypameinna DADT18K6 xwone DATT18K6
0ap nmonumepiep Hg?* sxone Pb** moHmapsl yIIiH €H KOFapbl KaKbIHABIKTBH KOPCETTI.
AJBIHFaH HOTHXKEJIEp METaJul HOHAAPbIH TaHJaMalbl SKCTpaKUHsIay )KoHE KOpLIaFraH
OpTaHbl KOpFay MIHAETTEepi YIUiH MMMOOWIM3ALMsIIAaHFaH a3a- )KoHE THaKpOyH-3(up
copOeHTTepiH Maiiaanany MyMKIHIITiH pacTaibl.

Tyiiin ce3mep: kpayH->¢upnep, aza - XKoHE THaKpayH — 3(QUpIi KOCBUIBICTap,
MoJMMEpil copOeHTTep, MeTalll HOHAApPBIMEH KELIeHTY3Yy, TaHJaMajbl copOuus,
AMMOOMIIA3ALHS
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AHHOTanus1. MaKpoIMKINYECKUEe COSNUHCHUS, TaKhe Kak KpayH-dQUpbl M HX
aHaJIOTH, CIOCOOHBI M30MpPATENbHO CBS3BIBATh MOHBI METAJUIOB 33 CYET JOHOPHBIX
aTOMOB B KOJIBLIE, YTO JeNlaeT MX IEPCIECKTUBHBIMH JUISL CO3aHUsl COPOCHTOB.
OcoOEHHO HHTEpPECHBI TMOJMMEPHI C a30T- M CEePyCOACPKAIIUMH KpayH-d(DUpaMH,
TaK KaK OHHU O0O0JaJaroT BBICOKOW CEJIEKTUBHOCTBIO M CTaOMIbHOCTBIO. Llenbio
JAHHOW paboTHI SBJSIETCS CHHTE3 COPOCHTOB HAa OCHOBE a3a- M THAKpayH-d(HPHBIX
COCIMHEHHH, 00pa3yIOINX CEJICKTUBHBIE KOMIUIEKCHI C HOHAMH METaJJIOB B PACTBOPE.
B pabore paccMOTpeHBI CHHTE3, CTPYKTypHas XapakTepHCTUKa M COPOIMOHHBIC
CBOWCTBa IOJIMMEPHBIX COPOCHTOB HAa OCHOBE MAaKpPOLMKIMYECKHX COCTUHEHUH,
COZIep’KaIlluX aTOMbI a30Ta W Cepbl - a3a- U THAKPayH-2QUPOB. DTHU COCAMHEHHS
00J1a/1al0T CIIOCOOHOCTBIO 00Pa30BbIBATh YCTOMYMBBIE M CEICKTUBHBIE KOMILICKCHI
C MOHAMH METAJJIOB Onarojapsi HaJH4YUIO JOHOPHBIX aroMOB (a30Ta, KUCIOpOAa H
cepbl) B UX KOJIBIEBOH CTpyKType. PaboTa akieHTHpyeT BHUMaHUe Ha MPEUMYIIeCcTBax
MMMOOMJIM3alMU MaKpOLUUKINIECKUX JIMTaH/JI0B Ha MOJIMMEPHOW MAaTpHIe C LENbIo
MOBBIIICHHS X CTAOMIBHOCTH, CHIKECHHSI TOKCHYHOCTH M YJTyYIICHUS! COPOLIMOHHBIX
XapaKTepUCTHK. IMMOOMIN3AIHMIO TPOBOMIIN HA XJIOPMETHIMPOBAHHOM COIIOJIMMEpE
CTHpOJIa W JIUBUHWIOSH30JIa IMOCPEICTBOM HYKICO(WILHOTO 3aMelleHHs B Cpeie
JUMeTHII(hopMaMuia. BelM yCIeNTHO 3aKperyIeHbl pa3inyHbIe MPOU3BOIHBIC KpayH-
3¢upoB: MoHOa3a-15-kpayH-5, nuasa-18-kpayH-6, CMELIaHHbBIE a3a-THAKPAYH-3(HPHI.
CTpyKTypHBIE U3MEHEHHSI TOJITBEP K IeHBI MeTofiaMu K -CrieKTpoCKONHH, yCTaHOBJICHBI
ONTUMAJIbHBIC YCJOBUS peaklWyd IO TeMIeparype, BPEMEHH M COOTHOLICHHIO
pearento. [TomydeHHbIE TOTUMEPHI HCCIIEAOBAIN HA CIOCOOHOCTH COPOUPOBATH HOHBI
meraioB (Na', K*, Ag*, Hg?", Pb*") B BojiHOI 1 METaHOJIBHOH cpejie. YCTAaHOBJICHO,
910 3PPEKTUBHOCTH COPOLMHU CYIMIECTBEHHO 3aBHCUT OT CTPYKTYPBI MaKpOIMKIIA, B
0COOEHHOCTH OT YHMCJIa aTOMOB CEPBI, & TAKXKe OT MPUPOABI pacTBopuTes. [lonumepsr,
conepxamtue JJAJIT18K6 u JIATT18K6, noka3zanu HanOobIyr0 appUHHOCTh K HOHAM
Hg? u Pb*". [lonyueHHbIe pe3yabTaThl MOATBEPKIAIOT IEPCIIEKTUBHOCTh IPUMEHEHHS
WMMOOMJIM30BaHHBIX a3a- M THAKpayH-3QUPHBIX COPOCHTOB JUISl CEJIEKTHBHOTO
W3BJICYCHUS] HOHOB METAJIJIOB U B 33aJ]a4ax OXPaHbl OKPYKaIOIEeH CPEJIbI.

KniwueBble ciaoBa: kpayH-3QupHl, a3a- W THAKpayH-d(DUPHBIE COCTUHEHUS,
MOJIMMEPHBIE COPOCHTHI, KOMIUIEKCOOOpa30BaHWE ¢ MOHAMH METAILJIOB, CEJCKTUBHAS
copOI1IHs, UMMOOHIIN3ALIUS

Introduction. The use of synthetic macrocyclic compounds (crown ethers and
cryptands) and their acyclic analogs (podants) as complexing agents of cationic,
anionic and neutral low molecular weight substances is of great scientific and practical
interest. At present, many new macrocyclic compounds have been synthesized, and
their application is significantly expanding (Dovhyi, 2017; Hiraoka, 2016; Basok, 2021;
Gokel, 2016; Guo, 2014).
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A characteristic feature of this class of compounds is the ability to form complexes
due to the unshared pairs of electrons of the valence shell of oxygen, nitrogen and sulfur
atoms in the ring of the crown ether molecule, directed to the center of the ring. Crown
ether compounds have the “ marvelous” property of forming strong, elegant complexes
with metal cations in solution.

The ability of crown ether compounds to selectively interact with metal ions
underlies their practical applications. The selectivity of compounds depends on the
structure of ligands in the molecule, the presence of functional groups and donor atoms
in the molecule. It is known that high selectivity of reagents depends not on the nature
of donor atoms in the cycle, but on the stability of the structure of this cycle (Yakshin,
2010; Fegtle, 1988; Tsivadze, 1991; Li, 2017).

In the last 15-20 years, the presence of heteroatoms in the macrocycle, such as oxygen
atoms, as well as other sulfur and nitrogen atoms (thia- and azacrown compounds) has
also attracted much interest (Schneider, 2020; Zakurdaeva, 2010; Gokel, 2013).

The presence of such heteroatoms in the molecular ring ensures the compatibility
of donor atoms and metal atoms in the macrocycle, as well as weak acids and bases
(Pearson's concept) (Ergozhin, 1995).

Insoluble polycrown ethers have many advantages over their low molecular
weight monomeric counterparts. Insoluble crown ether polymers used as membranes
or sorbents are known to be highly effective in the selective separation of metal ions
from solution and can be reused many times through recycling. Such polymeric crown
ether sorbents are much less toxic and harmful than their corresponding low molecular
weight counterparts [Ergozhin, 1994]. Therefore, the demand for polymeric crown ether
compounds has increased dramatically in recent years. It was found that when one or
more oxygen atoms in the molecular ring are replaced by nitrogen and sulfur atoms, the
ability to complex with transition metal ions in solution increases.

However, crown ether polymers containing nitrogen and sulfur atoms in the ring
are still not fully understood. Due to these circumstances, the search for new methods
for the synthesis of polymeric aza- and thiacraun-ether compounds, the study of their
physicochemical and complexing properties is currently one of the most important
unsolved problems.

The aim of this work is to synthesize sorbents based on aza- and thiacraun-ether
compounds forming selective complexes with metal ions in solution.

Materials and methods

Crown ethers containing nitrogen and sulfur atoms: monoaza-15-crown-5
(MA15KS), 1,10-diaza-18-crown-6 (DA18K6), 1,10-diaza-4,7-dithia-18-crown-6
(DADT18K6) and 1,10-diaza-4,7,13,16-tetrathia-18-crown-6 (DATT18K6) were
obtained by Kellogg's method (Bezhin 2017).

Copolymer of chloromethylated styrene and divinylbenzene - production of
Cherkasskiy chemical plant (Ukraine).

Synthesis of polymacrocyclic esters. To obtain high-yield polymers with high
sorption capacity and a certain degree of swelling, yellow chloromethylated copolymer
of styrene and divinylbenzene (20 g) was placed in a three-well glass flask equipped

96



Volume 3, Number 464 (2025)

with a reflux condenser, thermometer and mechanical stirrer, dimethylformamide (10-
15 ml) was added and stirred until the polymer swelled. One hour later, after swelling
of the polymer, the compound 1,10-diaza-4,7,13,16-tetrathia-18-crown-6 was added to
the flask. This mixture in the flask was stirred at 90°C for 6-8 hours at very high speed.

The reaction product was cooled to room temperature, filtered, washed with distilled
water, and the resulting polycrown ether compound was dried to constant weight.

The sorption kinetics was studied using the limited solution volume method
(Ergozhin, 2020).

To obtain sorption kinetic curves, 0.1 g of samples (m) of polysaccharide material
were placed in test tubes and 10 ml (V) of metal sulfate or chloride at initial concentration
(C,) was added, and after 1 hour the mixture was kept at a certain temperature for up
to 2 hours, the solution was separated from the sorbent by filtration and the current
concentration of metal ions (Ct) was determined by atomic absorption spectroscopy
on a «Saturny» instrument. Sorption capacity (At) of sorbents (at any given time) is
calculated by the formula:

(Co _Cr)-V

m

A =

T

IR spectra were recorded on KBr tablets on a Vector-22 Fourier transform
spectrometer.

Results and discussion. Immobilization of macrocyclic low molecular weight
compounds on polymer carriers is a widely used method in the field of polymer
crown ether synthesis. The interaction reaction of a gel-like and porous copolymer of
chloromethylated styrene and divinylbenzene (CMS) with the macrocyclic compound
1,10-diaza-4,7,13,16-tetrathia-18-crown-6 (DATT18K6) has been studied for the first
time to obtain polymers for this purpose. The reaction proceeds as follows:

—CHij CH—CHsCH—

—HCI

CH,Cl —CH—CHy N

~CHj CH-CHy CH-

—CH"CHE

Q
k,m)
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Comparison of the IR spectra of aza- and azathiacraun esters, CMS and immobilization
products showed that the absorption bands (1270, 970 cm™) of CH,Cl-group are
present in the spectrum of chloromethylated polystyrene spatial structure. Absorption
bands characteristic of the aromatic ring in the region of 1600 cm’, frequencies of
deformation non-planar vibrations of the CH-group of the aromatic ring -700 and
820 cm! characteristic of the disubstituted benzene ring are also prescribed. In the IR
spectrum of azacrown esters immobilized on chloromethylated copolymer of styrene
and divinylbenzene, a broad band corresponding to the valence vibrations of the NH
group in the region of 3335 cm™ is present. There is a strain vibration frequency of
the NH bond at 1590 cm™'. A new intense band characteristic of the simple ether bond
appears in the spectrum in the region of 1120 cm', and the intensity of the CH,Cl-group
frequency decreases strongly.

The properties of polymers immobilized by crown ether functional groups depend
mainly on the degree of incorporation of these functional groups into the polymers,
i.e., their amount. The degree of immobilization of the HMS copolymer with crown
ether functional groups depends on several factors. The main factors are: purity and
monomer ratio, solution concentration, reaction temperature and time, and the nature
of the solvent.

The study of the influence of the nature of solvent showed that the highest yields
were achieved using DMFA. This can be explained by the fact that in DMFA medium
they bind more completely to the polymer matrix than in chloroform. Thus, the yields
of crown-ether copolymers are 85% and 56% with the respective participation of
1,10-diaza-18-crown-6 1,10-diaza-4,7,13-trityal 5-crown-5 in 5 h at 90°C .

In the case of 1,10-diaza-4,7-dithial8-crown-6, the maximum yield of the final
product was achieved in4 h at 90° C . A study of the effect of temperature on the reaction
of various azathiacraun esters with CMS showed That the high degree of transformation
is achieved at a temperature of 90-95°C. Increasing the temperature of the medium
above the optimum temperature reduces the mass fraction of nitrogen in the polymer
composition, as destructive processes may occur.

The study of the effect of molar ratios of macrocycles with CMS on the yield of the
final product shows that the optimal ratios depend on the nature of azathiacraun esters.
Immobilized polymers with the structure of 18-crown-6 are formed in high yields. This
can be explained by the symmetry of the arrangement of atoms in the ring and the
flexibility of this structure. Further increasing the concentration of azathiacraun esters
does not increase the mass fraction of nitrogen in the copolymer composition. Thus, the
study of the condensation reaction of azathiacrown ethers with CMS in DMFA medium
shows that the highest nitrogen content in the polymer composition is achieved at a ratio
of reagents 1:1 and up to 1.4 at a temperature of 90-95° C, the process duration of 4-5 h.
The yield of the product under these conditions is 85%.

In this work, the features of obtaining immobilized polymers based on aza- and
thiacraun esters have been studied. To determine the reactivity of aza- and thiacraun
esters, the process was carried out in the polar aproton solvent dimethylformamide. The
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reaction rate constant and activation energy (15.2-21.0 kJ/mol) were determined. The
amount of crown ether groups in the sorbent is 1.06-1.24 mmol/g.

One of the main properties of polymeric crown ether compounds is their stable
complexation ability. However, the complexation properties of polymers synthesized on
the basis of macrocycles containing nitrogen and sulfur atoms in the molecular ring have
not been studied. It was noted above that polymeric sorbents have several advantages
over their low molecular weight counterparts.

In this context, we studied the complexation properties of immobilized polyaza-
and thiacraun esters with metal ions using the atomic adsorption method. The complex
between immobilized macrocyclic ligands and metal cations is formed between
negatively charged nitrogen and sulfur electron donor atoms located in the crown ether
ring and positively charged metal cations. The degree of selective correspondence
of the macrocycle structure in the polymer to the metal ion was determined by the
sorption properties of the sorbents in aqueous and methyl alcohol solvents. The sorption
capacities of immobilized polyazathiacraun esters are given in Table 1.

Table 1. Sorption data of immobilized polyazathiacraun esters in water and methyl alcohol.

Based on Sorption capacity, mg/g (in water/methyl alcohol)
polycrown Cations
ether
Na+ K+ Ag+ Hg2+ Pb2+
MAI15K5 33,15/52,14 36,96/54,20 48,44/66,96 106,14/124 110,22/128,34
DAISK6 | 38,44/46,26 | 51,26/68,18 46,96/64,26 101,3/119 106,29/123,16
DADTI18K6 | 32,15/48,25 60,19/79,28 222,25/241,92 429,8/448 445,53/463,68
DATTI18K6 | 32,44/50,92 76,44/92,16 210,14/228,96 404,5/424 421,52/438,84

Analyzing the quantitative data presented in the table, it follows that the sorption
capacity of the sorbents depends on the structure and size of the macrocycles, the nature
of the cation and the number of sulfur atoms in the crown ring. Thus, the maximum
value of sorption capacity is observed in the case of Hg*" and Pb*" ions with sorbents
containing DADT18K6 functional groups. The same sorbents form stable complexes
with Ag+ cations. The sorption of the sorbents was found to be higher in organic solvents
compared to water. It is also known from these studies that the nature of solvents has a
significant effect on the solvation of complexes.

Conclusion. As a result of the studies, polymeric sorbents based on aza- and
thiacraun ethers with high selectivity to metal ions were synthesized. The method
of immobilization of low-molecular macrocyclic compounds on the polymer matrix
allowed to obtain stable sorbents with high sorption capacity and thermal stability. It
was found that the structure and size of the macrocycle, as well as the number of sulfur
atoms in the ring have a significant influence on the sorption properties. The highest
sorption capacity was observed in interaction with heavy metal ions such as Hg?" and
Pb**, especially for polymers with DADT18K6 functional groups. It was also observed
that sorption in organic solvents was higher than in water, indicating the influence of
the medium on the complexation process. The obtained data confirm the promising use
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of polymeric aza- and thiacraunic esters as selective sorbents for the extraction of metal
ions from solutions.

Polycrown ethers containing nitrogen and sulfur atoms in the macrocycle of the
molecule can be used as sorbents for selective separation of transition metal ions close
to each other and as catalysts of phase transitions.
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