AHOTAIIIS

Bymosuw I'A. Komm'torepHe MOAEIIOBAHHS MOJIIMEPHO-(PEPMEHTHUX KOMILIE-
KCIiB Ta XeJJaTHUX CTPYKTYP 10HIB BaxKKNX MeTaIiB.— KpaJsidikallilina HayKoBa IIpald
Ha IIpaBax PYKOIIUCY.

Huceprarist Ha 3700yTTs CTYIeHdA JTOKTOpa (pisocodil 3a crenianabuictio 104 —
dizuka Ta acTpoHOMisd. — IHCcTHTYT disukn KougeHcoBaHux cucrem HAH Vkpainm,
JIbBiB, 2025.

lwnceprallis NMpuUcBsgvYeHa BUBYEHHIO YTBOPEHHS KOMILIEKCIB B  IOJIMEpPHO-
depMeHTHEX cyMmimax Ta XeJaTHUX CTPYKTYDP 10HIB BayKKHUX MeTaJsiB. 3B s3yBaHHS
MOJIEKYJT (DEPMEHTIB i3 MOJIIMEpHIMH JIaHIFOraMu-KapKacaMi, sike BiIiIpae BarKJIUBY
poJIb Y OiOKATAJITUIHUX IIPOIiecax Py BUPOOHUIITBI OiomnaJinBa, OYJI0 BUBUEHE B PaM-
KaxX KPYITHO3EPHUCTOI MOJIE/ 3a JIOTIOMOI0OI0 KOMII' IOTEPHOTO MOJIETIOBAaHHST METO/IOM
JIAaHYKEeBEeHOBOT JiuHaMikn. PopMyBaHHS XeJTaTHUX KOMILIEKCIB 10HIB BaXKKUX MeTaJIiB Yy
BO/I1, 1[0 CTAHOBJISATH IHTEPEC 3 TOUKHU 30PY OUUIIEHHS CTIYHUX BOJI, JJOCJIIZKYBaJIOCHd Ha
ATOMICTUYHOMY PIBHI JleTasi3allil 3 BUKOPUCTAHHAM METOJIIB KJIACUYHOI MOJIEKYJISIPHOT
JIMHAMIKK Ta KBAHTOBO-XIMITHOI'O MOJIEIOBAHHS, 3aCTOCOBYIOUN TEOPit0 (PYHKIIOHATY
I'YCTUHU.

Pobora ckitajiaeThbest 3 4OTUPHOX PO3ILIIB Ta OpraHi3oBaHa TAKUM YNHOM: OIS
JIITepaTypH, JOCIIJIKEHHS YTBOPEHHS MOJTIMEPHO-(DEPMEHTHUX KOMILJIEKCIB, BUBUYEHHS
XeJIaTyBaHHS 10HIB PTYTI JIHIAHUM IOJIIETUJIEHIMIHOM y BOJHOMY PO3YHMHI Ta aHaJIl3
XeJlaTyBaHHS 10HIB JIeIKNX BayKKUX MeTaJllB eTUJ/IeH/[1aMiHTeTPaoITOBOIO KICJIOTOIO.

[epruit posiia oryisjiae Jiteparypy, B aKiil pO3KpUBAIOTHCA MPOOJIEMHU, M0 3Ha~
XOJAThCA Y (DOKYCI IIpejicTaBIeHol pobOTH, PO3IIOBiTaE, SKUMI METOIAMI BOHU BHUPI-
MIYIOThCH 1 K1 € JIOCSTHEHHS B IIUX HaIPsIMKaX.

Y Jpyromy po3Jil 3alpoloHOBAHO KPYITHOZEPHUCTY MOJEIb Ta TEOPETHIHi
OCHOBH JIJIs1 OIMCY KOMILIEKCOYTBOPEHHS y JBOKOMIIOHEHTHIN cucTteMi IoJiMepy Ta
depMenTy gK cucTeMy IJISIMUCTUX JIAHIIOTIB Ta IJIAMUCTUX MOHOMEPIB, sKa YCITi-
IITHO OIIMCYETHCSI 3a JOIIOMOI'OI0 MOAUGIKOBAHOI BePCil TepMOAMHAMIUHOI Teopil 30y-

penb Beprraiima nepiioro pojy. PospaxoBaHi cTylieHi 3B’sI3aHOCTI MiK MOJIEKYJIaMI
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depMeHTIB Ta IoJIiMepiB B 3a/I€2KHOCTI BiJI KOHIIEHTpaIlil pepMEHTIB y cucTeMi Ipu
JIBOX 3HAYEHHSIX TEeMIIepPaTypPH JO3BOJMJIM BCTAHOBUTHU, IO 3allpOIOHOBaHA MO IN(i-
Kallisg Teopil CyTTEBO MOKPAIIYE PE3YILTAT MOPIBHAHO 13 HEMOIMMIKOBAHOIO BEPCIEIO.
Kowmr'torepre MOJIe/IIOBaHHS, BUKOHAHE METOJIOM JIAHXKEBEHOBOT JIMHAMIKH TIPU PI3HUX
yMOBaX, IOKa3ye J00PY TOUHICTH TEOPil, IPOTe BUSIBJISIE TAKOXK 1 HEJAOJIKH 11y BUIIaI-
Ky HIiJIbHO (DYHKIIOHAJI30BaHUX JIaHIIOrIB. OCOO/IMBICTIO MTPOBEJIEHOIO JTOC/IiJIXKEHHS
IpoIiecy 3B’ A3yBaHHA (DEPMEHTIB 3 TOJIIMEPaMU € aHaJI3 BILJIUBY PO3TalllyBaHHs PYHK-
IIOHAJILHUX T'PYIl TIOCEPE/INHI JIAHIIOra 1 Ha ioro kpasdx. llokazano, 1mo BpaxyBaHH:d
1ILOr0 (PAKTOPY € KJIOUOBUM JIJIsi KOPEKTHOI'O OIKUCY KOMILJIEKCOYTBOPEHHS B CHCTEMI
B paMKax 3aIIPOIIOHOBAHOIO TEOPETUIHOIO Iiaxoy. OCKIIbKE 3alIPOIIOHOBAaHA, MO
1 JIXOIUTH JIJIsl OITUCY (POPMYyBaHHsI OJIMEPHO-(DEPMEHTHUX KOMILIEKCIB, 11 MOKHA BH-
KOPHUCTOBYBATHU JIJIT KOMIT' IOTEPHOTO MOJIEJIFOBAHHS B raJiy3l BUPOOHUIITBA OloNaJINBa,
HAITPUKJIA, JJIs KPalol ONTUMI3allil mapaMeTpiB MPOMUCIOBUX TIporieciB. Kpim Toro,
1[I0 MOJIeJIb MOYKHa BUKOPUCTOBYBATHU JIJIsI MOJIEJIOBAHHS 1 IHIIINX MAKPOMOJIEKYJISIPHUX
riopuaiB, 1i1i0paBIIy BiIIIOBLIHI TapaMeTpu Mi2K1acTUHKOBOI B3aemoil. TeopeTnanmii
11 JIX1J1, 3aCTOCOBaHMIl B JaHiil pobOTi, Ja€ MOXKJ/IUBICTL POOUTU aHAJIOTIYHI, BOIHOYAC

MIBIJIKI, IlepebadeHHsl i3 JOCUTh J00POI0 TOUHICTIO.

Y TPeTboMy PO3/ILI BUBYAETHCA XeJaTyBaHHS 10HIB PTYTI (Hg2+) MOJIEKYJIOIO
noyierusieniminy (PEI) y Bognomy cepeosuii. s Bunagky jiHiiHOTO e1eKTpoHeii-
tpasibHoro moJiimepy PEI pisnol gosxunn (Big 4, 5 ta 10 a30TOBMICHUX JIAHOK) MTPO-
aHaJli30BaHoO CTPYKTYPY yTBopenmx kKoMmiaekcis PEI-Hg Ta ixnro criiikicTs. /s 11po-
0 TIPOBOJIIJIOCH KOMIT FOT€PHE MOJIETIOBAHHST METOIOM MOJIeKy isipHOi quHamMikn (M/I)
pu HOCTiiiHi{ TeMiepaTypi Ta THCKY (HOpMaJibHI yMOBHU), & pO3paxyHKH Teopil (yH-
kijoray rycrutn (TOI') BukopucToByBaUCh Jjist yTOUHEHHSI CTPYKTYDH XeJIATiB Ta
Bastigamil pesyabrarie M/I. Takum gmHOoM, oTpuMaHO AeTajabHI aTOMapHi CTPYKTYPH
KOMILJIEKCIB, HA OCHOBI YOI'0 pO3paxoBaHO XapaKTepHl BljicTaHl MI»K 10HAMHU PTYTI Ta
aroMamu a30Ty B PEI, MixK ioHaMu pTyTi TO MOJEKyJIaMi BOJU B TEpIIiil KOOPMHA-
IifiHi 00OJIOHIN, & TaKOXK 3PO0JIEHO OIIHKY KOHMOPMAIIHIX XapaKTEePUCTUK CaMOI0
oJTiMEPY Ha OCHOBI BijicTaHelt Mixk aroMaMu a30Ty. [IpoanasizoBaHo BIIUB JOBKUHU

nanmioris PEI ma xenaryBanus ioHiB pTyTi 1 HACMYeHHS KiTbKOMa KaTiIOHAMU OJIHOTO
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nosriMepHoro JaHiora. CTifiKicTh JOC/TXKYBaHIX KOMILJIEKCIB BU3HAYABCS 3HAUCHHSI-
MU eHepril ajicopobiiil, orpumanumMu 9K 3 M1, tak i 3 T®I'. [Tokazano, 1o Jiniitnnit PEI
3JIATHUI yTBOPIOBATU CTIKI KOMILJIEKCH 3 10HAMU PTYTI, 1 HAHOLIBIN CTIHKUM BUSIBUB-
ca Kominieke i3 PEI goBkunoo y 1m'aTh a30ToBMicHUX JIaHOK. OTpuMaHi pe3yibTaTu
PO3IIUPIOIOTE PO3yMiHHs XejaTyiounx BiaactuBocTeil PEI 1 MoKy Th 6yTH BUKOpucTa-
HI Y KOHCTpYIOBaHHI (DyHKIIIOHAJIBHUX HaHOMaTepiaJiB Ha ocHOBI mosiekysn PEI s

epeKTUBHOIO BUJIyYEHHS 10HIB PTYTi 3 BOJHOIO CEPEJIOBUIIIA.

YerBepTuit po3ia 30cepe/zKyeThes Ha 0COOJMBOCTAX MEXaHI3MIB XeJlaTyBaHHd
BAKKIX META/IB eTuaeHiaMinreTpaontroBoio kuciaorowo (EDTA) y Boii 3a HOpMab-
HUX yMOB. JLJIst I[bOTO CIIOYATKY HPOBOJUTHCS JOCJIPKEHHS CTPYKTYPHU Ta CTabiJIbHO-
CT1 XeJIaAaTHUX KOMILJIEKCIB 10HIB PTYTi (EDTA+Hg2+) 3aJ1e2KHO BlJI PIBHS IIPOTOHAITI]
EDTA. IloTtiMm BUKOHY€ThCs MOPIBHAHHS BJIACTUBOCTEN CTPYKTYpU Ta 11 cTabijibHOCT
muist ionis gBosasenTHnx Metanis Hg?t, Cd?T ta Pb?t, gxi € naiibinbim TOKCHIHIME
eJeMeHTaMI Ta Ha3BUYAHO MIKIIMBIMI HABITH Y HaliMeHmmx ngo3ax. [lokazamno, 1o
EDTA naiibinbmn ebeKTUBHO 3B’SI3YEThCs 3 I0HAMI, KOJIA € Y HOBHICTIO JIeIIPOTOHOBA~
HOMY CTaHi, IO CIOCTEPIra€ThCA B JIY?KHOMY CEPEJIOBUIIL. 3 POCTOM KUCJIOTHOCTI JIO
kapookcmibHuX rpyin EDTA npueanyoTbest aroMnu BOIHIO, ITOCTA0IIOIYN IPH [IHOMY
XeJlaTalliiiny 3/1aTHICTh IbOro Jiranga. 7k iy sunaaky PEIL, pociigzkennst mpoBouim-
csl 3a JIOIIOMOT'OI0 KOMII'FIOTEPHOr0o MoJjie/toBanasg MeTonoM M/I Ta KBaHTOBO-XIMIUHIX
pospaxynkis T®I. MJI mo3BommIo oTpuMaTn XeJgaTHI KOMILIEKCH, OIIHUTH 1X CTPY-
KTYpy Ta o04YuC/JIUTU eHeprito ajcopbiiii. Kondirypariil jgoc/izKyBaHIX KOMILIEKCIB
MOTIM OyJI YTOYHEHI MIJIsAXOM onTuMizariii, BukonaHol T®I' y pisHux HabJIMKEHHSIX,
Ha OCHOBI 40T0 OyJIa TaKOYXK po3paxoBala BlIbHA eHeprid ['i0bca KOMITIEKCOY TBOPEHH .
PesysibraTi mopiBHIOBaJINCSA 3 €KCIIEPUMEHTAJILHUME JTaHUMUI JTOCTYITHUMU B JIiTEpaTy-
pl, Ta aHAJII3yBaJIMCI B KOHTEKCTI PO3PaxyHKIB, IIPOBEJIEHUX IHIINMU JIOCITHUKAMHU.
CyTTeBuil BILUIUB piBH«A NpoTOHAIT Ha Xejaaryouy 3aTHictb EDTA j103B0JIs1€ KOHTPO-
JIIOBaTH fOr0 KOMILIEKCOYTBOpPEHHsI 3 loHamu 3a jornomoroio pH. Ileit miaxin moxke
3HANTH 3aCTOCYBaHHs y PIZHUX TEXHOJIOTIIHUX MpoTecax MPU OUUIIEHHI CTIYHUX BOJI,

B XIMIUHIN TPOMUCIOBOCTI Ta MeJIUITNHI.

Y MACYMKY, IIe JTOC/IIKEHHsT MOKpPaIlye pO3yMIHHS MeXaHi3MIB, SKi CyNpPOBO-
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JIZKYIOThH SIBUIIA XeJlaTyBaHHS 10HIB BaXKKNX METAJIIB y BOJIHUX CepeJIOBUINAX Ta, JI03BO-
JIsie TiepejidbadaTi CTYIEHI 3B’g3aHOCTI B IMOJIIMEPHO-(PEPMEHTHUX CHCTeMaX. Pe3yiib-
TaTH 1€l JucepTaliil JaloTh IIHHY 1H(OPMAIio JI/Isi HAyKOBUX JIOCJIIXKEHb Ta IIpa-
KTUYHUX 3aCTOCYBaHb HalllJIEeHNUX, /I TPUKJIay — Ha OUYMCTKY BOJU BiJ] TOKCHYHUX
eJIeMEHTIB Ta IOKpallleHHsT e(beKTUBHOCTI OioKaTaJsi3y Ipu BUPOOHHUIITBI OiolajnBa 3
1EJTI0JIO3HOT CUPOBUHM. 3a pe3yJibTaTaMi BUKOHAHOI poOOTH OIyOJIIKOBAHO JIBI CTATTI,
IPEIPUHT 1 3p00JIEHO TPU JIONOBiAI Ha KOH(EPEHIisX.

Karowoei caosa: 00N BayKKNX MeTaJIB, XeJaTyBaHHdA, MOJIMEPH, KOMILIEKCOYTBOPE-
HH¢I, HOJIeTUJICHIMIH, eTHIeHIiaMiHTeTPaolTOBa KHUCI0Ta, (PepPMEHTH, MOJIEKYJ/IspHa,
JTMHAMIKa, JIAHKEeBEeHIBChbKa JMHAMiKa, Teopid (PyHKIOHATY T'YCTUHU, TEPMOIITHAMI-

yHa Teopid 30ypeHb Beptraiima.



ABSTRACT

Butovych H. Computer Simulations of Polymer-Enzyme Complexes and
Chelate Structures of Heavy Metal Ions. — Qualifying scientific work on the rights

of the manuscript.

Thesis for the Degree of Doctor of Philosophy on the speciality 104 — Physics
and Astronomy. — Institute for Condensed Matter Physics of the National Academy
of Sciences of Ukraine, Lviv, 2025.

This thesis is devoted to the study of complex formation in polymer-enzyme
mixtures and the chelate structures of heavy metal ions. The binding of enzyme
molecules to polymer chain scaffolds, which plays an important role in biocatalytic
processes during biofuel production, was investigated using a coarse-grained model
and computer simulations based on Langevin dynamics. The formation of heavy
metal chelation complexes in an aqueous environment, relevant to wastewater treat-
ment, was studied at the atomistic level using classical molecular dynamics (MD)
and by quantum-chemical modelling using the density functional theory (DFT).

The thesis consists of four chapters and is organised as follows: a literature
review, a study of polymer-enzyme complex formation, an investigation of mercury
ion chelation by linear polyethyleneimine (PEI) in an aqueous solution, and an
analysis of the chelation of heavy metal ions by ethylenediaminetetraacetic acid
(EDTA).

Chapter 1 reviews the literature addressing the problems that are central to
this thesis, the methods used to tackle them, and the progress achieved in the
respective research areas.

Chapter 2 introduces a coarse-grained model and the theoretical approach to
describing complexation in a polymer-enzyme system, represented as patchy chains
and patchy monomers. This system is effectively described using a modified ver-
sion of Wertheim’s first-order thermodynamic perturbation theory. The calculated
degrees of binding between polymer and enzyme molecules as a function of the

enzyme concentration at two temperatures show that the proposed theoretical mod-



6

ification significantly improves the predictions compared to the unmodified version.
Computer simulations performed using Langevin dynamics at different parameters
confirm an accuracy of the theory, while also highlighting its limitations in the case
of closely functionalised chains. A particular feature of this study is the analysis
of how the arrangement of functional groups, either at the intermediate or at the
terminal monomers of the polymer chain, affect enzyme binding. It is shown that ac-
counting for this factor is essential for the accurate description of complex formation
within the proposed theoretical approach. Since the model is suitable for describing
polymer-enzyme conjugates, it may be applied to computer simulations in the field
of biofuel production, for example, to optimise industrial process parameters. More-
over, the model is adaptable to other types of macromolecular hybrids, provided the
interaction parameters are appropriately chosen. The theoretical approach used in

this study allows for similarly accurate yet computationally inexpensive predictions.

Chapter 3 investigates the chelation of mercury ions (Hg®") by
polyethyleneimine (PEI) in an aqueous solution. For linear, electroneutral PEI
chains of varying lengths (4, 5, and 10 nitrogen-containing units), the structures
and stability of the formed PEI-Hg complexes were analysed. To this end, MD sim-
ulations were performed under ambient conditions, and DFT calculations were used
to refine the chelate structures and validate the MD results. This approach yielded
detailed atomic structures of the complexes, allowing the calculation of character-
istic distances between Hg ions and nitrogen atoms in PEI, as well as between Hg
ions and water molecules in the first coordination shell. Conformational features
of the polymer were also evaluated based on nitrogen-nitrogen distances. The ef-
fect of the PEI chain length on mercury chelation and multi-ion binding to a single
PEI chain were investigated. Complex stability was evaluated based on adsorp-
tion energy values obtained from both MD and DFT calculations. It was shown
that linear PEI forms stable complexes with mercury ions, and the PEI chain with
five nitrogen-containing units demonstrated the highest stability. These findings
enhance our understanding of the chelating properties of PEI and may be used in

designing functional nanomaterials based on PEI for efficient mercury ion removal



from aqueous environments.

Chapter 4 focuses on the mechanisms of heavy metal chelation by ethylenedi-
aminetetraacetic acid (EDTA) in water under ambient conditions. It begins with an
investigation of the structure and stability of mercury-EDTA complexes depending
on the protonation state of the ligand. This is followed by a comparison of the
structural features and stability of EDTA complexes with the divalent heavy metal
ions Hg?", Cd?*", and Pb?*", which are extremely toxic even in very low doses. It
is shown that EDTA binds most effectively to metal ions when it is fully deproto-
nated, which occurs in alkaline environments. As acidity increases, protons bind
to EDTA’s carboxyl groups, weakening its chelating ability. Similarly to the PEI
case, the study involved MD simulations and quantum-chemical DFT calculations.
MD simulations enabled the formation and analysis of chelate complexes and the
estimation of their adsorption energy. The configurations of these complexes were
then refined using DFT optimisations based on several approximations, enabling
also the calculation of the Gibbs free energy of complexation. The results were com-
pared with experimental data available in the literature and analysed in the context
of other theoretical studies. The strong dependence of EDTA’s chelating ability
on its protonation state enables the pH control of complex formations with metal
ions. This approach has potential applications in various technological processes,
including wastewater treatment, the chemical industry, and medicine.

To summarise, this study improves the understanding of the mechanisms un-
derlying heavy metal ion chelation in aqueous environments and enables the predic-
tion of binding degrees in polymer-enzyme systems. The findings provide valuable
insights for both fundamental studies and practical applications, for example, in the
removal of toxic elements from water and in enhancing the efficiency of biocatalysis
during biofuel production from cellulosic biomass. Based on this work, two research

articles, a preprint, and three conference presentations have been produced.

Keywords: heavy metal ions, chelation, complex formation, polymers, polyethylen-
imine, ethylenediaminetetraacetic acid, enzymes, molecular dynamics, Langevin dy-

namics, density functional theory, Wertheim’s thermodynamic perturbation theory.
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