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Abstract. Polymeric derivatives of crown ethers attract significant research interest
due to their high specificity in complex formation and broad potential applications in
various technological processes. Compared to their low-molecular-weight analogs,
these polymeric macroligands offer advantages such as reusability, ease of separation
from solutions, enhanced sorption and complexation properties. They are used in
sorption, ultrafiltration, sensing, chromatography, and other processes requiring
selective interaction with metal ions. This study investigates the synthesis and
properties of new polysulfones containing crown ether fragments (DB12K4, DB18K®6,
DB24K8, DB30K10), obtained by polycondensation of bis (chlorosulfonyl) derivatives
of crown ethers using Friedel-Crafts catalysts (FeCl,, AlCls, SnCls). The influence of
catalyst type and concentration, temperature, and solvent on the yield and viscosity of
the resulting polymers was examined. The highest yield was achieved using catalytic
amounts of FeCl, at 120°C. IR spectroscopy and thermogravimetric analysis confirmed
the high thermal stability of the synthesized polymers (up to 600°C). Sorption studies
demonstrated that the selectivity and efficiency of alkali metal ion extraction depend
on the size of the crown ether cavity, the nature of the solvent, and the macrocycle
structure. It was shown that polymeric crown ethers exhibit higher complexation ability
than their low-molecular counterparts. Thus, new thermally stable polycrownsulfones
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with high selectivity toward alkali metal ions were successfully synthesized for the
first time, indicating their promising applications in analytical chemistry and separation
technologies.

Keywords: polymeric crown ethers, dibenzocrown ethers, polycondensation,
sorbents, selectivity
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Annorauusi. Kpayn soupnepaid nmoiauMepiik TYBIHIABUIAPH KypAeTi Ty3imyzmeri
JKOFapbl EpEKILENIriMeH JKOHE OPTYpPJIl TEXHOJOTHSUIBIK MpOLECTepAe KOJIAaHy
MYMKIHIITIMEH  3epTTeyLIIepAiH  Ha3apblH aygapaabl. TeMeH  MOJEKyJallbl
aHAJIOTTapMEH CaJNbBICTBHIPFAHAa ONapAblH apTHIKUIBUIBIFBIHA —KaWTanam KoJJaHy
MYMKIHJIT, epiTiHAiaepaeH oHail Oeny, COpOLMSUIBIK JKOHE KEIIeH —TY3y
KacUeTTEepiHiH jKaKcapysl )KaTaasl. MyHaall MakpoJUraHibl KypbulbIMIap copOnusiia,
yAbpTpaduIbTpaysiga, CeHCopiapAa, XxpoMarorpadusga KoHe MeTall HMOHAApBIMEH
TaHAaMaJIbl dceplecyi KaKeT eTeTiH 6acka Ja mpouecTepae KoianaHbuiaapl. KymMeicta
®punenv—Kpapre karanmuzaropnaper  (FeCl,, AICl;, SnCls) xemeriMen kpayH
sduprepain  OucxIopcynbGOHUI TYBIHIABUIAPBIH MOJIMKOHACHCALMATIAY —OMAiCiMEH
anbIHFaH KpayH a¢up ¢pparmentrepi (1b12K4, IB18K6, A1b24KS, 1630K10) 6ap xana
noJucynb()OHIAPABIH CHHTE31 MEH KacueTTepi 3eprrenesi. [lonumepnepaid mbFbIMBI
MEH TYTKBIPJIBIFbIHA KaTaau3aTopAblH TaOUFAThl MEH MOJIIEpiHiH, TeMIepaTypa MeH
epiTKimTiH ocepi aHbIKTaNAbl. FeCls-mbl katanutukaiblk wmedmmiepae >xkoHe 120°C
TemIeparypaaa KoJlAaHFaHIa eH KOFapbl OHIMAUTIIKKE KOJI JKETKI31IeTiHl aHBIKTaIbI.
UK-criekTpockonusi jkoHEe TEPMOTPAaBUMETPHSUIBIK Tajl/ay KOMEIriMeH CHHTE3/ICIreH
MOJMMEPICPAIH KOFapbl TEPMUSUIBIK TYpakThUIbIFl (600°C  neifin) pacTanmbl.
CopOuusnblK KaOIIeTTIMIKTI 3epTTey CUITIII MeTangap HOHAAPBIH IKCTPAKIMSIAYIbIH
TaHAaMaJIbIBIFBl MEH THIMALUIITI KpayH 3(QHp CAKHMHACBIHBIH KYBICHIHBIH MOJIILEpiHe,
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epITKIIITIH TaOUFaThIHA )KOHE MaKPOLMKI KYPBhUIBIMBIHA OaiIaHBICTHI €KEHIH KOPCETTI.
Temen MolleKynajbIK aHAIOT TAPMEH CallbICTBIPFaH/Ia IOIUMEPITi KpayH Ikl 2pupiepain
KeIIeH Ty3y KaOileTi »KoFaphl eKeHAIr aHbIKTanasl. OchUiaiiima, CINTIIK MeTasul
HOHJApblHA JKOFAapbl TAHIAMAJbl, XKAaHA BICTBIKKA TO3IMIl MOJHMKpPayH Cylb(oHIapHI
QIbIHABI, Oy ONapibl aHAJUTUKAIBIK XUMHALA >KOHE Oelly TEeXHOJOrHMsapblHAA
KOJIZIaHy MEePCHEeKTUBAIAPbIH Alllabl.

Tyiiin ce3mep: momumepii kpayH dpupiep, AMOCH30KPOYHIIBI dPUpIEp, TOITUKOH-
JIeHCaIUs, COPOSHTTEP, TaHIAMAJIBLIBIK
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Annotanus. [ToauMepHbie TPOU3BONHBIE KpayH-3(HUPOB NPUBICKAIOT BHUMAaHUE
HccrenoBaTeel Omarogapst IX BICOKOW CIIEMM(PUIHOCTH B KOMITJICKCOOOPAa30BaHUH U
MEPCIEKTHBAM IPUMEHEHHSI B PA3JIMUHBIX TEXHOJOIMUYECKHUX Ipoueccax. Mx npeumy-
LIECTBA MO CPABHEHHUIO C HU3KOMOJICKYISIPHBIMH aHAJIOIaMH BKJIIOYAIOT BO3MOXKHOCTD
MHOTOKPaTHOTO HCIIONIb30BaHUs, yIOOCTBO pa3ieieHus] U3 PaCTBOPOB, YIYUIICHHBIC
COpOIMOHHBIE M KOMILIEKCOOOpa3yrole CBOUCTBA. Takne MakpOIHTaHHBIE CTPYKTY-
PBI HAXOST IPUMEHEHHUE B COPOIIHH, YABTPaQUIBTPAIH, CEHCOPHKE, XpoMaTorpadhuu
U APYIUX IMpoLeccax, TPeOyIOIUX CEJIEKTUBHOTO B3aUMOACHCTBUS C MOHAMU METaj-
70B. B pabote uccinenoBaHbl CHHTE3 U CBOMCTBA HOBBIX MOJHCY/Ib()OHOB, COAEPIKALINX
kpayH-3¢upnbie pparmentsl (Ab12K4, 1Bb18K6, JIb24K8, IB30K10), moxy4yeHHBIX
METOJIOM MOJMKOHICHCAUH OUCXIOPCYNb()OHMIBHBIX TPOU3BOAHBIX KpayH-2(HUPOB ¢
ucnojb3oBanueM karaiauzaropoB Opunens-Kpadrea (FeCls, AICls, SnCls). BoisiBieno
BJIMSTHUE TIPUPOJIBI M KOJTMUYECTBA KaTajlu3aTtopa, TeMIIEpaTypbl U PACTBOPUTEIS Ha BbI-
XOJ ¥ BSI3KOCTh IIOJIMMEPOB. YCTaHOBIJICHO, YTO HAaWOOJBIINI BBIXOI JOCTUIaeTCs MPH
ucnonb3oBanuu FeCls B karanuzatopHbIx KonuuecTBax M Temmeparype 120°C. C no-
Moo MK-cnekTpockonuu u TepMorpaBUMETPHUYECKOTO aHAJIN3a TOATBEPXK/ICHA BbI-
COKasi TepMHYeCKast CTaOMIBHOCTh CHHTE3UPOBaHHBIX oimuMepoB (1o 600°C). Hccne-
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JOBaHHS COPOLIMOHHOM CIIOCOOHOCTH MOKAa3ajH, YTO CEIEKTUBHOCTh U 3()(PEKTUBHOCTD
W3BJICYCHHUSI MOHOB LIECJOYHBIX METAJJIOB 3aBHUCAT OT pasMepa MOJOCTH KpayH-d(up-
HOTO KOJIbLA, IPUPOABI PACTBOPUTEINS U CTPYKTYPBhl MAaKpOLMKIIA. YCTaHOBIEHO, YTO
MOJMMEpPHBIE KpayH-3(Upbl 00Ja1at0T MOBBIIIEHHON KOMILIEKCO00pas3yome crnocoo-
HOCTBIO 110 CPABHEHHIO ¢ HU3KOMOJIEKYJISIPHBIMU aHasioraMu. Takum o0pa3om, moyye-
HBI HOBBIE TEIJIOCTOWKHE MOIUKPayHCYIb(OHBI C BBICOKOH CEJIEKTUBHOCTBIO K HOHAM
LIETIOYHBIX METAJIOB, YTO OTKPBIBACT MEPCIEKTUBBI HX IPUMEHECHHUS B aHATUTHYECKOM
XUMMH U TEXHOJIOTHSX pa3/IesIeHusl.

KioueBble  ciaoBa:  momuMepHble  KpayH-d(UpbL,  TUOEH30KpayH-3(UpEHI,
MOJMKOHJCHCALHSI, COPOCHTHI, CETIEKTUBHOCTh

Introduction. Polymeric crown compounds attract the attention of researchers due
to the wide possibilities of their practical use as effective highly specific complexing
agents. Such polymeric ligands, while retaining all the advantages of their low-
molecular-weight analogs, should have additional advantages associated with their
macromolecular nature: ease of separation from solution, the possibility of multiple
use, higher efficiency and speed of complexation (Duan, 2022; Jonathan, 2022; Borisov
et.al.,, 2023; Huang, 2012). Polymeric macrocycles allow to create reagents of a new
type for ultrafiltration, flotation, reverse osmosis, flocculation, sorption, highly sensitive
sensors for metal ions, where the use of low molecular weight crown ethers is impossible
(Fical et.al., 2010; Bezhin, 2015; Liu, 2012). With their help such practically important
processes as selective separation of metal ions, concentration of microelements, ligand
chromatography, interfacial catalysis, etc. are carried out.

The state and prospects of research development in the field of synthesis and
application of polymeric crown ethers are first summarized in monograph (Yergozhin
et.al.,, 1994; Kurmanaliev et.al., 1997). Special attention is paid to the regularities of
their formation and mechanisms of complexation of macroligands with metal ions and
molecules of some compounds.

There are three main ways to obtain such polymers: polymerization, polycondensation
and polymeranalogous transformations of ready-made molecules, using which a variety
of polymeric crown ethers have been created (Yergozhin et.al., 1995; Gargol et.al.,
2022; Dong, 2013). However, the range of polymeric crown ethers is small. In addition,
many of them have a number of disadvantages that limit the possibilities and spheres of
their application: it is the complexity and multistage of initial monomers, low thermal
and chemical stability, low kinetic and sorption characteristics.

Therefore, we are developing methods for the synthesis of new polymeric
macrocycles based on available compounds with improved physicochemical and
complexation properties. This paper analyzes the results of research on the synthesis
and application of new supramolecular sorbents based on crown ethers. It should be
noted that there are no data on the application of sulfochlorinated derivatives of crown
ethers for these purposes.

Materials and methods. Dibenzo-12-crown-4 (DB12K4), dibenzo-18-crown-6
(DB18K®6), dibenzo-24-crown-8 (DB24K8), dibenzo-30-crown-10 (DB30K10) esters
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produced (Cherkassy, Ukraine).

Bischlorosulfonyl derivatives of crown ethers were prepared according to the
procedure (Yergozhin, et.al. 1991, Abramov, 2000).

Method of polymer synthesis. Polysulfones based on bischlorosulphonyldibenzo-18-
crown-6 and dibenzo-18-crown-6. 0.90 g (0,01 mol) DB18C6 dissolved in nitrobenzene
was charged into three-necked reactor equipped with mechanical agitator, refrigerator,
thermometer, the 0,01 mol of catalyst (AICL,, SnCl, FeCl,) was added. Then 1,39 g (0,01
mol) of BCISDBISC6 were added during few minutes. The reaction mixture was heated
from 25° to 140° C. The reaction was carried out 5 h. The product was precipitated in
methyl alcohol, washed by 10 % solution of hydrochloric acid to remove the catalyst
then it was washed by chlorophorm, distilled by water up to the neutral reaction of
washing water, then it was dried un high vacuum. Yield of polymer was equal to 85 %.

The polycondensation of BChSDB24C8 with DADB24C8 was carried out according
to the same method. The complexation properties were investigated by the limited
solution volume method (Yergozhin et.al. 2020, Voloshina, 2014). Sorption of ions
of alkali metals from aqueous and methanol solutions was studied according to the
following method: weighed polymer (1,0 g) was placed into the flask of 200 ml, then it
was poured by 0,1 M alcohol or aqueous solution of metal salt pf 100ml. The sorbents
were separated for 24h. The concentration of metal ions in the filtrate was determined
by flame spectrophotometry.

The content of metal ions in solution was determined by atomic adsorption method
on a Shimadzu AAC-6650 flame atomization spectrophotometer. Nuclear magnetic
resonance spectroscopy (NMR) spectra were recorded on a Mercury-300 spectrometer
(300 and 100 MHz). Polymer structure studies were carried out by IR spectroscopy on
a «Spectrum Two» IR spectrometer (Perkin Elmer) in the range from 4000 to 450 cm™.
Thermogravimetric analysis of synthesized polymers was carried out on a Perkin Elmer
TGA 4000 derivatograph in air. The temperature rise rate was 10°C/min.

Results and their discussion. It is known that in the presence of Friedel-Crafts
catalysts sulfochlorides easily interact with aromatic hydrocarbons and some of their
derivatives to form compounds containing sulfone bridges and possessing resistance to
thermal and thermo-oxidative degradation (Borisov et.al., 2023). Chemical resistance of
polysulfones is also high: they are resistant to mineral acids, alkalis, salt solutions, carbon
oils. Their features are relatively low moisture absorption and dimensional stability of
products in humid atmosphere (Gargol et.al., 2022). This whole spectrum of properties
should be inherent in kraun-containing polysulfones as well. Therefore, we obtained
such polymers for the first time by polycondensation of bischlorosulfonyl-dibenzo-18-
crown-6 with dibenzo-18-crown-6 in the presence of Friedel-Crafts catalysts (FeClL,
AICL, SnCl,):
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The reaction was carried out in equimolar amounts of the initial monomers, since
the yield of soluble polymer decreased in the presence of excess bischlorsulphonyl
derivatives, possibly due to side processes. The application of large amounts of catalyst
led to the same result.

Table 1 - Effect of the amount of catalysts on the yield and viscosity of crown-containing polysulfones

Catalysts [C_, T, C° Time, hour Cua Yield, % Viscosity,
C., pr dl/g
Ceoa Ceo.m
AlCI, 1,00 50 20 1,50 13 0,06
SnCl, 1,00 50 20 1,40 30 0,09
FeCl, 1,00 50 20 1,22 34 0,12
FeCl, 1,00 120 20 1,21 32 0,28
FeCl, 1,00 120 5 1,19 28 0,26
FeCl, 0,1 120 5 1,10 72 0,33
FeCl, 0,01 120 5 1,00 85 0,58

As can be seen from table 1, the polymer yield depends significantly on the amount
of catalyst used. In its excess, side reactions occur, which create structural irregularities

in the macromolecule:
r/\ 0’\(’3
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The formation of such structures is evidenced by Proton magnetic resonance (PMR)
spectra of the obtained polymers. The character and intensity of signals resonating in
the region of protons of the aromatic ring change, which confirms not trisubstitution,
but more. The duration of syntheses longer than 5 hour does not affect the yield and
viscosity of the resulting polycrownsulfones. Using catalytic amounts of FeCl3 and a
temperature of 120°C, the release of hydrogen chloride ceases and its amount reaches
the calculated amount within 5 hour.

The influence of temperature and nature of the catalyst on the polymer yield was
studied. It was found that the highest degree of transformation was achieved at a
temperature of 100-120 sec, duration of synthesis 5 hour in the presence of solvents
with proton-donor function Comparison of the completeness of the polycondensation
reaction in the presence of Friedel-Crafts catalysts allows us to place them by activity in
the following series: FeCl,>SnCl >AICl,. This change in the activity of the catalysts in
this process can be explained by the stability and activity of the intermediate catalyst-
sulfochloride group complex formed during the reaction. The strength of the catalyst-
sulfochloride group complex increases with increasing shift of the electron cloud from
the donor atom to the acceptor atom, i.e., with increasing polarity of the coordination
bond, which depends on the chemical properties of the catalyst.

The introduction of a strong electron acceptor group SO, promotes the pulling of
electrons from the aromatic ring and leads to a decrease in its sensitivity to electrophilic
attack, so the entry of a second sulfonyl group into the benzene core of the crown
ether becomes unlikely. Apparently, the presence of proton-donating crown rings also
plays an important role. All these factors contribute to the synthesis of linear soluble
polycrownsulfones.

As the temperature of the mixture increases during polycondensation, the polymer
yield increases from 25% at 25°C to 86% at 100°C. At a sufficiently high temperature
of 140°C the yield of the target product does not change significantly, and at 250°C
crosslinked polymers are formed. It is known (Ergozhin, et.al. 1995) that at temperatures
above 250°C sulfochlorides decompose with the formation of radicals, which non-
selectively attacking the benzene ring, contribute to the appearance of first branched and
then cross-linked structures. Therefore, we did not use the method of synthesis in the
melt, which requires high temperatures. Solvents used in the preparation of polysulfones
should dissolve the catalyst and not react with it, be resistant to electrophilic attack of
sulfonyl cations, dissolve the resulting macromolecule. Such solvents include some
chlorinated hydrocarbons (dichloromethane, dichloroethane, chlorinated biphenyl),
nitro compounds (nitrobenzene, nitroethane, chloronitrobenzene) and various sulfones
(dimethylsulfone, sulfolane, 4,4-dimethyldiphenylsulfone).

Dichloroethane and nitrobenzene turned out to be the most suitable medium in our
case. As expected, the reaction of bichlorosulfonyl dibenzo-18-crown-6 with dibenzo-
18-crown-b in DMFA gives worse results, the viscosity of the obtained polymers is lower.
In the IR spectra of polycrown sulfones, the absorption bands (cm™) characteristic of the
crown ether groups at 1130 (C-O-C bonds of the aliphatic series) and duplet frequencies
at 1230, 1250 (C-O bonds at the aromatic ring) are retained. Absorption bands appear in
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the region of 1125, 1340 cm™ relating to symmetric and asymmetric valence vibrations
of SO* groups in sulfones.

Thermogravimetric analysis of polycrownsulfones indicates their high thermal
stability. Loss of polymer mass when heated to 200 °C is 3%, complete decomposition
of samples occurs at 600 °C. Thus, the insertion of macrocycles into the polymer chain
leads to the production of polycrownsulfones, which

can be classified as heat-resistant ones. The selectivity of polymeric crown ethers
in the separation of alkali metal ions depends on the size of the crown-ring cavity. The
results of investigation of complexation properties of synthesized polycrownsulfones
towards alkali metal ions under static conditions from standard solutions show that
regardless of the nature of anions the following sequence of extraction of cations with
DB12K4, DB18K6 and DB24K8 groups Li* > Na*> K> Rb*, K*> Rb"> Na*>Cs"
> Li*u Cs*> Rb">K">Na"> Li", respectively. Polysulfone with DB30K10 groups
does not show selectivity for K*, Na® u Cs* ions (Table 2). Conducting complexation
in alcoholic solutions contributes to an increase in the degree of extraction, which is
associated with less hydration of metal salts in these media. The higher complexation
ability of polycraunsulfone compared to low-molecular analogs is due to the effect of
the polymer chain.

The selectivity of the complexation ability of crown ethers, and consequently, the
efficiency of extraction of a particular metal from solution depend to a large extent on
the correspondence between the size of the cavity diameter of the polyether cycle and
the cation of the extracted alkali metal, the nature of the substituent in the macrocycle,
and the type of donor atoms.

Table 2 - Results of investigation of complexation properties of synthesized polycrownsulfones

Crown ether group | Crown ether group Exchange capacity, mmol/g

content, mmol/g Lit Na* |K* Rb* Cs*
DBI12K4 2,98 0,62 0,54 10,38 0,19 trace amount
DB 18K6 2,36 0,12 0,80 |1,93 1,18 0,62
DB 18K8 1,95 0,08 0,54 [1,00 2,30 1,68
DB 30K10 1,66 0,20 0,48 |1,25 1,27 1,30

Thus, for the first time, the optimal conditions for the preparation of kraun-containing
polysulfones with high thermal stability capable of selectively separating alkali metal
ions were established.

Conclusions. In this study, novel crown ether-containing polysulfones were
successfully synthesized through the polycondensation of bis(chlorosulfonyl)
derivatives of dibenzo-crown ethers in the presence of Friedel-Crafts catalysts. The
influence of various synthesis parameters, including catalyst type and concentration,
temperature, and solvent nature, on the polymer yield and properties was thoroughly
investigated. Optimal reaction conditions were identified, providing high yields and
favorable viscosities of the resulting polymers.

Spectroscopic (IR, NMR) and thermal analyses confirmed the formation of the target
polycrownsulfones and demonstrated their high thermal stability, with decomposition
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temperatures reaching up to 600°C. The synthesized polymers exhibited selective
complexation capabilities towards alkali metal ions, with extraction efficiency depending
on the size of the crown ether cavity and the solvent medium. The use of alcoholic
solutions significantly enhanced metal ion sorption due to reduced hydration effects.
The obtained polycrownsulfones not only maintain the advantageous complexation
characteristics of their low-molecular-weight counterparts but also offer improved
physicochemical stability, reusability, and enhanced extraction efficiency. These
properties make them promising candidates for application in selective ion separation,
analytical chemistry, sensor development, and other advanced separation technologies.
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