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TEXHIYHUN 1HCTUTYT HU3bKUX TemmepaTyp iM. b.I. Bepkina HamionanbHoi akagemii

HayK Ykpainu, Xapkis, 2026 pik.

VY nucepraniiiHiii poOOTI MIpeACTaBlIeH] pe3yJIbTaTH JOCIIKEHb CTPYKTYpH Ta
MDKMOJICKYJIIPHOT B3a€EMOJIIi Y HaHOKOMILIEKcax AucCyibdimy momidmeny (MoS,) 3
OlosioriyHUMU MoJieKyJdaMu (ocHOBM HykieiHoBuUx kucioT (OHK)), mikapceki
npenapatyd JamiByJauH Ta Teradyp). byno Bmepiie BHUKOpUCTaHO METOJ Teopii
(GYHKIIOHAMy TYCTUHHU JUIS BCTAHOBJICHHS BIUIMBY TPbHOX THINB MIKMOJEKYJISIPHUX
B3a€EMOJIH — KOBAJICHTHUX KOOPJWHALIMHUX 3B'A3KIB, BOJHEBUX 3B'SI3KIB Ta
IUCTepciiHOl  B3aeEMOJIi — Ha CTPYKTYypy, CTaOUIbHICTh Ta  CIEKTpaibHI
XapaKTepUCTUKU KOMIUIEKCIB. OKpeMO JOCHIAKEHO BIUIMB CTPYKTYpHUX Je(EeKTiB
MoS; Ha MIKMOJEKYJSIpPHY B3a€MOJIII0 Ta KOJMBAIBHI criekTpu. [lokaszaHo, mo came
YTBOPEHHS KOOPAMHALIWHUX 3B'A3KiB BUKIMKAE€ HANCHIBHILI XapaKTEepPUCTUYHI
CIIEKTpaJibHI 3MIHM B JOCIIPKYBaHMX HaHOKOMILIEKcax. Po3poOieHo mnpakTudHi
peKoMeH Al 11010 METO1B MiATOTOBKH 3pa3KiB JJI1 €KCIIEPUMEHTAILHOT peecTpartii
1H(pauepBOHUX Ta pPaMaHIBCBKUX CIEKTPIB KOMILIEKCIB MoS; 3 6losoriyHUMH
monekynamu. [l kaHoniunux OHK BcTaHOBIEHI crieKTpalibHI MapKepu B3a€MOI 3

MOSz.

VY BeTyni KOPOTKO OOIPYHTOBAHO aKTyaldbHICTh TEMU AUCEPTAIIHHOI pOOOTH K
y pyHIaMEHTAIbHOMY, TaK 1 y MPUKJIAJIHOMY aclleKTax, BU3HAYCHO METY, 3aBJaHHS,

00’€KkTH, MpeaMeT Ta MeToau AociimkeHHs. ChopMynbOBaHO HayKOBY HOBH3HY Ta



OMMCAaHO TMPaKTUYHE 3HAYCHHS OTPUMAHUX pe3yibpTaTiB. HaBeneHo BimOMOCTI mpo
nmyOJikarii, ocoOucTHii BHECOK 3700yBada Ta ampoOallifo pe3yJabTaTiB JIUCEpPTAIlii.
Takox HaBeeHO 1H(POPMAITiIO PO CTPYKTYPY Ta 0OCAT MPEACTaBICHOT AUCePTAIIHHOT

poboTH.

VY nepuomy po3aini npencTaBieHo OIS JITepaTypH 3a TEMOIO aucepraiiii. B
OTJIsiA1  PO3IJIAHYTI BIZOMI  pe3yNbTaTd MIOJO CTPYKTYpPH Ta BIIACTUBOCTEH
OJIHOIIApOBUM ABOBUMIpHUX (2D) auxanbkoreHiaiB nepexinnux metanis (IIIM). Y
MepIIii 4acTUHI OTJISy MPOaHai30BaHO CTPYKTYpy MoS,, y sKoMy cepenHiil map
MICTUTh aTOMH MOJIOJIEHy, a Ha TOBEPXHEBHUX IIIapax PO3TAIIOBAaHI aTOMHU CIPKH.
[ToBepxHi, yTBOpEHI aTOMaMH CipKH, XIMIYHO BIJHOCHO 1HEPTHI 1 € aHajJoramu
ByIJIeIeBOi MoBepxHI rpadeny. OmHak, Ha BiAMIHY Bia rpadeny, kpai ¢parMeHTiB
MoS; MaroTh Habarato CKJIagHINLY CTPYKTYpPY, SKa 3aJ1€KUTh Bl CIOCO0Y OTpUMAaHHS
oaHomapoBoro MoS,. Ilpu BUKOpUCTaHHI METOAIB XIMIYHOro abo (I3UYHOTO
HANWICHHS MapiB 11 Kpal MPaKTUYHO MOBHICTIO TEPMIHOBAaHI aTOMaMH CIPKH 1, SIK 1
noBepxHs MoS,, € iHepTHUMHU. Y TOH XK€ Yac Ha Kpasx (parMeHTIB, OTPUMaHUX
METOJIOM YJIbTPa3ByKOBOTO pO3IIapOBYBaHHS, IPUCYTHI aToMu MoJioaeny. Lli atomu
MalOTh HE3allOBHEHI BAJIEHTHOCTI (HEAOKOOPAMHOBAHI) 1 MOXYTh YTBOPIOBATH
KOOpAMHAIIIMHI KOBAJEHTHI 3B’SI3KM 3 aTOMaMu O10MOJIEKYJI, SIKI MarOTh HEMOI1IeH]
CJICKTPOHHI apu. Y CKJIaJll 610MOJIEKYJI TAKUMH aTOMaMU Hal4yacTIIIe € aTOMH KUCHIO

Ta a30Ty.

Came HasBHICTh KOOPAWHAIIIMHO HEHACUYCHUX aTOMIB MEPEXITHUX METaIiB Ha
Kpasix (pparMeHTiB € XapaKTEpHOIO OCOOJIUBICTIO, IO HAJA€ ABOBUMIPHUM MOJIEKYJIaM
JIIM 31aTHICTH 10 B3a€MO/I1 3 aJICOPOOBAHUMH MOJIEKyIaMu. Po3yMiHHS MeXaH13MiB
B3a€EMO/IIT aacopOOBaHUX MOJICKYJ 13 KpaOBUMHU CTpyKTypamu MoS, BaxiuBe, 00
caMe Il CTPYKTypHI (parMeHTH BH3HAYAIOTh BHUCOKY KATaTITUYHY AaKTHUBHICTh

JOCJTIKYBaHOTO HAaHOMATepiay.



Hactynna wactunHa Oriisiy MPUCBSYEHA aHANI3y BIUIUBY METOJIB OTPUMAaHHS
omHOIapoBoro MoS, Ha CTPyKTypy MOro KpaiB Ta Ha MPUCYTHICTh MOBEPXHEBUX
nedexTiB. BigzHauaeTbcs, 110 HaAWMOMIMPEHIMUMHU Je(eKkTaMu € BaKaHCli aTOMIB
MOBEPXHEBOI CIPKH, a TAKOXK CKIIAAHIII 1e(EKTH, K1 yTBOPIOIOTHCS P 3aMiH1 OJJHOTO
a00 JIEKIJILKOX aTOMIB CIPKM aTOMaMU MOJIiOJIeHy 1 HaBMaku. Tum n1eeKkTiB 3aJIeKUTh
BiJl METOAYy OTPUMaHHs ofHomapoBoro MoS,. V crpykrypi MoS,;, oTpumaHOTro
MEXaHIYHUMHU METOJaMH IMepeBakaloTh BaKaHCIi aTOMIB Cipku. MeToa XiMIYHOTO
OCaJKCHHsI TaKOXX CYNPOBOUKYETHCS TMEPEBAXHUM YTBOPCHHSM BaKaHCIH aTOMIB
cipku. Ilpu BukopucTaHHi MeTOAy (PI3UYHOrO HAMWIEHHS CHOCTEPIraloThCs
MepeBaKHO 3aMiHM aTOMIB CIPKM aTOMaMHU MOJII0JIEHY 1 HaBIIaKu — 3aM1HUA MOJIIOJICHY
aToMaMHu CipKu. 3po0JjIeHO BUCHOBOK, IO MPUCYTHICTh Je(PEeKTiB Ha MOBepXHI MoS,
3MIHSI€ €JEKTPOHHY CTPYKTYpYy IMOBEpPXHI 1 MOXE ICTOTHO BIUTUBAaTH Ha B3a€EMO/IIIO

MOBEPXHI1 3 aJICOPOOBAHUMH 010MOJIEKYJIAMH.

B ormami kopotko mpoanamizoBaHo 3actocyBaHHs J[IIM y OGioceHcopuii Ta
MeauIHI. BigMmidaeTbes, 1o B OCTaHHI POKH JOCTIKEHHS HaHOMAaTepialliB, 30KpemMa
JIIM, BBaxkaeThCs HANOUIBIN TEPCIEKTUBHUM HAMNpsSMKOM Yy cdepl MeperoBoi

O10MEIUIINHH.

Amnamiz gocmimkeHb KomiiekciB  JIIIM  oOumciaroBaJIbHUMH — KBaHTOBO-
MEXaHIYHUMH METOJIaMH TI0Ka3aB HEBEJIMKY KUIBKICTh MOJIOHUX JTOCITIIKCHb,
0COOJIMBO B MOPIBHSHHI 3 1HIUM mnonyispHuM 2D HaHomatepiamom — rpadeHoM.
3po06s1eHO BUCHOBOK, IO 1€ MOSICHIOETHCS OCOOIMBOIO CKJIQIHICTIO TPOBEICHHS TAKUX
OO0YHCITIOBAJIBHUX JIOCIIIKEHb Yepe3 3HauH1 po3Mipu mojenen pparmentis JI1M, ski
HEO0OX1JJHO BUKOPHUCTOBYBATH B Takux po3paxyHkax. llle omna mpuunHa moB's3aHa 3
MIPUCYTHICTIO aTOMIB MIEPEX1THUX METAJIIB, 110 € TPAJAMUIIHHO CKJIAJIHUM 3aBJIaHHSIM JJIs

Cy4aCHUX KBAaHTOBO-MEXaHIYHUX METO/IB.



VY apyromy po3aiji JeTaJbHO ONMKUCAHO METOJIU IMPOBENECHHS PO3PaXyHKOBHX
JOCITIIKEHb CTPYKTYPH, CTa0ITLHOCTI Ta KOJUBAIBLHUX CIIEKTPiB M0S, 3 O1010TiYHIMEU
MosekyiaaMu. OOTpyHTOBaHO BUOIp HAMOUIBII ONTUMAILHOTO (DYHKITIOHATY TYCTHHH,

a TakoX 0a3uCHUX HAOOPIB 711 KOKHOTO THUITY aTOMIB Y IOCHIKEHUX CUCTEMAX.

Omnucano METOMKU ypaxyBaHHS MOIMPABOK HAa EHEPril0 HYJbOBUX KOJIMBAaHb Ta
Ha CYIEPHO3UIliI0 0a3uCHUX HAOOpPIB, SKi JO3BOJSIIOTH MIABUIIUTH TOYHICTH
po3paxyHKiB. Takox onucaHo BUOIp ONTUMAIbHOI METOAUKH ISl ypaxXyBaHHsI BILTUBY
BOJITHOT'O OTOUYEHHSI, @ TAKOXK METOJIMKH aHAJII3y HaTypaJbHUX OpOiTajeH, sika 103BOJIsE
OTPUMYBATH KUIBKICHI XapaKTEPUCTUKN KOOPAMHALIMHUX 3B S3KIB Y JOCIIIKYBaHUX

CUCTCMaAX.

TpeTiii po3ain npucBsYEHO TOCTIKEHHIO 3M1H y [U Ta paMaHiBChbKUX CHIEKTpax
OHK mnpwu ix B3aemonaii 3 MoS, Ta ineHTu(iKaIil XapaKTePUCTUYHUX CIEKTPaIbHUX
MapKepiB 1€l B3aeMo/ii. J{jis BCTAaHOBIIGHHS BIUIMBY B3aeMojii 3 MoS, Ha CIEeKTpHu
OHK, Oyno mnopiBHSHO 4YacTOTH, [Y-IHTEHCHMBHOCTI Ta pPaMaHIBCHKUX CIEKTPIB
KoMBaHb okpemMux Mosiekysl OHK 3 ananoriuHuMu JaHuMH JIsl KOMIUIEKCiB MoS,-

OHK.

AHaii3 OTpUMaHUX pe3yJbTaTiB JO3BOJUB BUSBUTH YHIKAJIbHI CIEKTpaJbHI
mapkepu ais koxkHoi OHK. Bci 11i Mapkepu BiIHOCSTBCS O KOJIMBAaHb KOBAJEHTHO
3B’si3aHUX KOMIUIeKCiB. HaitHamifiHimn mapkepu 3HaxonasThes B objyacti 1850-1500

!, ;e posramoBaHi HaWOLIBIIN IHTEHCMBHI KOJMBaIbHI cMyrd. HalcuibHini

cM
CIIEKTpasibH1 3MiHU crocTepiratotbes g pparmentiB OHK, sxi Oe3mocepenHbo
OepyTh y4acTh B YTBOPEHHI KOOPAHMHAIIMHUX 1 BOJHEBHUX 3B’SI3KIB 3 aTOMaMH
MOIIOACHY Ta CIPKH BIJIMOBIIHO. XapaKTEPUCTUYHUX KOJIMBAaHb CTEKIHT-KOMILIEKCIB B
[4 Ta paMaHIBCHKUX CIIEKTpax HE BUSABICHO. L[e MOSCHIOETHCS HU3BKOK BiJHOCHOIO

IHTEHCHBHICTIO KOJIMBAHb y X KOMILUIEKCAX.



Takox y TpeThbOMy pO3MIiIl MPEACTABICHI PE3yJbTaTH JOCTIIKCHb BILTUBY
TOUKOBUX JieekTiB MoS; Ha KOJIMBalIbHI CHEKTpU KOMIUIeKciB 3 mypunoBumu OHK.
byma BcTaHOBIEHa CTPYKTypa Ta €Heprii B3aeMOii BCIX MOMJIMBHX KOMILJIEKCIB
aJicHIHy Ta TyaHiHy 3 ¢pparMeHToM MoS,, SiKHif Ma€ JBa TUIU MMOBEPXHEBUX JTE(PEKTIB
— Mos (3amiHa MOBEPXHEBOTO aToMa CIPKH aTOMOM MOJiOAeHYy) Ta Vs (BakaHCIs
yTBOpEHa BUAAJIECHHSIM JIBOX CYCIAHIX aToMiB cipku). [lokazaHo, 110 HasBHICTh came
uX 1e(hEeKTIB YMOMXIIUBIIIOE YTBOPEHHS KOOPAUHAIIIHIX 3B’ SI3KIB 13 a1COPOOBAaHUMHU
monekynamu OHK. AHamiz oTpuMaHuMX OaHUX TOKa3aB, IO TPU THIH B3a€MOJIN
BU3HAYAIOTh CTAOUTBbHICTh KOMILIEKCIB M0S,(Mos) 3 ameHiHoM Ta ryaHiHoM. lle
KOOPAMHAIIMHUI 3B’S30K 3 MOBEPXHEBUM aTOMOM MOJIOJEHY, CTEKIHI-B3aEMOIis
afcopOOBaHMX MOJIEKYJI 13 MOBEPXHEI aTOMIB Cipku ¢parmeHta MoS,, a Takox

BOJ1HEBI 3B 13K NHeeeS 1 CHeeeS.

BcranoBiieHo, 10 OCHOBHUM BHECOK Yy eHeprito B3aemomii (75-90%) nae
YTBOPEHHSI KOOpAMHALIWHUX 3B's3KiB. [lokazano kopensiito eHepriii B3aemonii 3i
3HaYEHHSIMU 1HJIeKCIB 3B's13KiB Bibepra. byno Takox mpoaHani3oBaHO 3MiHU 1HJEKCIB
3B's3kiB Bibepra mosiekys ajieHIHy Ta TyaHIHY IiJ] 4yac iX KOBaJEHTHOI B3aeEMOJIl 3
MoS,. Ili nmani cBiguath mpo 3MiHy riopuguzanii atomiB OHK npu yTBOpeHHi
KOOpAMHAIIIMHUX 3B’SI3KiB. Y TBOPEHHSI KOOPIMHAIIHHUX 3B’S3KiB CYMPOBOIKYETHCS
3HayHUM TiepeHocoM 3apsany Mk OHK Tta dparmentamu MoS,. CymapHi aTomHI
3apsAM A BCIX KOMIUIEKCIB aJCHIHY Ta TyaHiHy OyJiu po3paxoBaHI Ha OCHOBI
€JIEKTPOCTATUYHOTO TMOoTeHIany 3a cxemoro Mepua-Komnmmana (MK). ¥V  Bcix
koMmiiekcax 3 MoS,(Mos) croctepiraerbest mepenoc 3apsaay Bim mosnekyn OHK mo
dparmenta MoS,. Lle mosicHioeThest THM, 10 aToMu OHK € moHOpamu HemomineHuX
CJICKTPOHHUX Tap I1J1 4Yac YTBOPEHHS KOOPAUHALIIMHUX 3B’ I3K1B 3 aTOMaMH MOJII0JIeHY .

Came 11e MpU3BOUTH 10 MOSIBH MO3UTUBHOTO 3apsaay y OHK.



OtpumaHi pe3yJabTaTH JEMOHCTPYIOTb, IO YTBOPEHHS KOOpPJAUHAIIIHUX
3B’A3KIB y KOMIUIEKCAX MPHU3BOJUTH JO CYTTEBUX 3MIH T'€OMETpii Ta €JIeKTPOHHOI
ctpyktypu OHK. Otxe, MoOXXHa 3pOOMTH BHCHOBOK, IO 1€ TakKoX Oyje
CYIIPOBO/)KYBAaTUCh 3MIHAMHU Y CHEKTPaxX KOJIMBAaHb aJICHIHY Ta T'yaHIHY, SIKI MOXYTb
CIIyI'yBaTU CIIEKTPaJIbHUMH MapKepaMH YTBOPEHHS KOMIUIEKCIB 13 KOOpAUHALITHUMU

3B’ I3KaMU.

Opepxani JaHl MOXKYTh OyTH KOPUCHUMU B €KCIIEPUMEHTAIBHUX JTOCITIKEHHSIX

komruiekciB MoS, 3 OHK Ta criopignennmu mosekynamu, 3okpema JIHK 1 PHK.

Y d4erBepTOMY PO3aijdi MPEACTABICHI Pe3yJbTaTH TOCHIIKEHbh KOMILUICKCIB
teraQypy Ta JnaMmiByauHy 3 @parmeHTamum MoS; 3a JOMOMOTOK KBaHTOBO-
MexaHiuHoro Mmeroxy DFT/M06-2X (teopis yHKIioHany rycTuHu). Po3paxyHku
HEKOBAJIEHTHUX Ta KOBAJCHTHUX KOMILJIEKCIB BUKOHYBAJIUCH SK JJI HEYLIKOKEHOTO
MoS,, Tak 1 miusg MoS, 3 ToukoBumu Jedexkramu noBepxHi. OTpuMaH1 JaHi 1010
eHepriii B3aeMojii, CTPYKTYp KOMIUIEKCIB Ta MapaMeTpiB 3apsAay MOXYyTb OyTu
BUKOPHUCTaHI JiJI1 BUOOpPY ONTUMAlIbHOIO pO3MIpy HaHOYacTUHOK MoS, B
EKCTIIEPUMEHTAILHUX JTOCIIKEHHSX IIJIbOBO1 IOCTaBKU Teradypy Ta jamiByauny. Lli
JaHl TakoXX MOXYTh OYTH BHMKOPUCTaHI Al KaliOpyBaHHS CHJIOBUX TIOJNIB Yy
MOJICKYJSIPHO-TUHAMIYHMX  CHUMYJIALiAX.  Takoxx  OyJo  po3paxoBaHO  Ta
npoaHaiizoBaHo [Y- Ta pamaHIBChKI CIEKTPU KOMILIEKCIB. Y pe3ynbTaTi Oyiu
BUSBIICH] XapaKTepHI CIIEKTPalIbHI MPOSBU B3a€EMOJINA MK MOJIEKYJIAaMHU JIIKaPCHKUX
npemnapaTiB Ta MoS,. Po3paxyHkyn BUKOHAHO SIK Y BaKyyMHOMY HaOJIDKEHHI, TaK 1 3
ypaxyBaHHSM BOJHOTO CepeoBHINA. BHU3HAUEHO BIUIMB BOJHOTO CEpEAOBUINA Ha

eHeprii B3aeMOJI1 Ta CIIEKTPaIbHI XapaKTEPUCTUKHU JOCIIIPKYBAHUX KOMILJIEKCIB.

KoMruiekcn 3 HeYIIKOIKEHO MOBEPXHEI0 CTA0LTI3YIOTHCS JIMIIE 32 PAXyHOK
CTEKIHT-B3a€EMOJIIM Ta MaloTh BIJHOCHO HU3BKI eHeprii B3aemoxii. BpaxyBanHus

BOJTHOTO CEpEJOBHUINA 3HAYHO 3HUXKYE EHEPril0 CTEKIHT-B3a€MOJIIi JTOCIIIKYBAHUX



MOJIEKYJI 3 TOBEpXHEI0 A0 2-3 kKain/mMonb. Lle edext Moxke mpu3BecTu A0 3MEHIICHHS
yTPUMaHHSI MOJIEKYJI Ha TMOBEPXHI Yy BOJAHHUX PO3YMHAX, 10, BIAMOBIAHO, 3HIKYE
edexTuBHICTE MOS; sik HOCIs 7711 TOCTaBKU Teradypy Ta JaMiByauHy. BogHodac s
KOMITJIEKCIB, CTAO1TI30BaHUX KOOPAUHAIIIMHUMH 3B’ I3KaMH, CHEPTril B3a€MO/Iii BCe e
3HAXOAThCS B Jiama3oHi Big -90 10 -40 kkan/mob. [{boro 1ocTaTHBO 11715 3B’ sI3yBaHHS
MOJIEKYJI Teradypy Ta JaMiByJUHY, HaBITh B BOJTHOMY CEPEIOBUIII, /Ie CHUIa B3a€MOI1

3HUXKY€EThCSA TPUOIN3HO 110 -20 KKaJI/MOJIb.

HuceprariitHa poboTa MpeACTaBise€ OpPUTIHAIBHI PE3yJbTaTH 3 JOCITIIKCHHS
MIXMOJIEKYJIIPHUX B3a€MOJIN y cucTeMax Ha ocHOBI M0oS, Ta 010JI0T1YHUX MOJIEKY
(OCHOB HYKJIETHOBUX KHCJIOT Ta JIKapChbKUX MpemnapariB). 3a JOMOMOTO KBaHTOBO-
MEXaHIYHOT'0 METOJIy Teopii (PyHKIIIOHATY TYCTHHH BCTAHOBJICHO MEXaHI3MU BILUIMBY
KOOpAMHALIIMHUX 3B S3KIB, BOJHEBHX Ta CTEKIHI-B3aEMOJINA Ha CTPYKTYpHY
CTallIBHICTh 1 KOJIMBAJbHI XapaKTEPUCTHUKU TaKUX KOMIUIEKCIB. BuspieHo
dyHIaMeHTaIbHY pOJb TOYKOBUX JedekTiB moBepxHi MoS, y ¢opmyBanHi
KOBAJEHTHUX KOOPJIMHAIIMHUX 3B’A3KIB, IO CYTTEBO 3MIHIOIOTh EJIEKTPOHHY
CTPYKTYpY Ta CHEKTpaJlbHI MapKepu AOCIIKyBaHMX OloMosiekysda. OTpumaHi AaHi
IIOJI0 €HEPrii B3a€MOJIl Ta CHEKTPAIbHUX MPOSBIB € TCOPETUUHUM MiIIPYHTAM IS
pO3pOOKM HOBHUX OIOCEHCOPHHMX IIPUCTPOIB Ta CHCTEM IIJIbOBOI JIOCTABKH
(dhapMaKkoJIOTIYHUX areHTiB, a TaK0XX MOXYTb OyTH BHKOPHCTaHI1 JJIsi KaiOpyBaHHS

CHJIOBHUX TOJIB Y HOJANBIINX PO3PAXYHKAX METOJIOM MOJIEKYJISPHOi-AUHAMIKH.

KuarwuoBi caoBa: 2D nHanomarepianu, JTuxajdbKOTEHIIW MEPEXiTHUX METaTiB,
MoS,, ocuoBu nykieiHoBux kuciot, JAHK, teradyp, mamiByauH, MIKMONEKYISpHI
B3a€MO/Ii1, KOOPIMHAIIIMHI 3B’ SI3KU, BOAHEBI 3B’ S3KH, JUCIIEPCIHA B3a€MO/IISI, TEOPis
dbyHKkIioHany ryctuHd, [Y CHeKTpocKomis, paMaHIBCbKa CIEKTPOCKOMIis, 1HIESKCH

3B’s13kiB Bibepra.



CHUCOK NYBJIKALIN 3I05YBAYA 3A TEMOIO JTMCEPTALIIT
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ABSTRACT

Piddubnyi T. Yu. Structure of 2D nanomaterial complexes with biological

molecules. — Qualification scholarly paper: a manuscript.

Thesis submitted for obtaining the Doctor of Philosophy degree in Natural
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Academy of Sciences of Ukraine, Kharkiv, 2026.

This dissertation presents the results of studies on the structure and
intermolecular interactions in nanocomplexes of molybdenum disulfide (MoS,) with
biological molecules (nucleic acid bases (NAB)) and the drugs lamivudine and tegafur.
For the first time, the density functional theory method was used to determine the
influence of three types of intermolecular interactions — covalent coordination bonds,
hydrogen bonds, and dispersion interactions — on the structure, stability, and spectral
characteristics of the complexes. The effect of MoS, structural defects on
intermolecular interactions and vibrational spectra was investigated separately. It was
shown that the formation of coordination bonds causes the most significant
characteristic spectral changes in the studied nanocomplexes. Practical
recommendations have been developed regarding sample preparation methods for the
experimental measurement of infrared and Raman spectra of MoS, complexes with
biological molecules. Spectral markers of interaction with MoS; have been established

for canonical NABs.

The introduction provides a brief rationale for the relevance of the dissertation
topic from both fundamental and applied perspectives and defines the purpose, tasks,
objects, subject, and methods of the research. The scientific novelty is outlined and the
practical significance of the results obtained is described. Information is provided on

publications, the candidate’s personal contribution, and the validation of the
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dissertation’s results. Information is also provided on the structure and scope of the

dissertation.

The first chapter presents a literature review on the topic of the dissertation.
The review examines known researches regarding the structure and properties of single-
layer two-dimensional (2D) transition metal dichalcogenides (TMDs). The first part of
the review analyzes the structure of MoS,, in which the middle layer contains
molybdenum atoms and the surface layers consist of sulfur atoms. The surfaces formed
by sulfur atoms are chemically relatively inert and are analogous to the carbon surface
of graphene. However, unlike graphene, the edges of MoS, fragments have a much
more complex structure, which varies depending on the method used to produce single-
layer MoS,. When chemical or physical vapor deposition methods are used, these edges
are almost entirely terminated by sulfur atoms and, like the MoS; surface, are inert. At
the same time, molybdenum atoms at the edges of fragments can be obtained by
ultrasonic exfoliation. These undercoordinated molybdenum atoms have unfilled
valence shells and can form covalent coordination bonds with atoms of biomolecules
that have lone electron pairs. In biomolecules, such atoms are usually oxygen and

nitrogen atoms.

The presence of undercoordinated transition metal atoms at the edges of the
fragments is a characteristic feature, providing two-dimensional TMD molecules with
the ability to interact with adsorbed molecules. Understanding the interaction
mechanisms between adsorbed molecules and MoS, edge structures is crucial, as it is
these structural fragments that determine the high catalytic activity of the studied

nanomaterial.

The next part of review is devoted to analyzing the effect of methods for
synthesizing single-layer MoS; on the structure of its edges and the presence of surface

defects. It 1s noted that the most common defects are surface sulfur atom vacancies, as
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well as more complex defects are a result of the substitution of one or more sulfur atoms
with molybdenum atoms and vice versa. In the structure of MoS; obtained via
mechanical methods, sulfur atom vacancies predominate. The chemical vapor
deposition method also primarily leads to the formation of sulfur atom vacancies. When
using physical deposition methods, substitutions of sulfur atoms with molybdenum
atoms and, conversely, molybdenum with sulfur atoms are predominantly observed. It
is concluded that the presence of defects on the MoS, surface alters the electronic
structure of the surface and can significantly influence the interaction of the surface

with adsorbed biomolecules.

This review briefly analyzes the application of TMD in biosensor technology and
medicine. It notes that research on nanomaterials in recent years — particularly TMD —

has been considered the most promising area in the field of advanced biomedicine.

An analysis of studies on TMD complexes using computational quantum
mechanical methods revealed a small number of such studies, especially when
compared to another popular 2D nanomaterial — graphene. It was concluded that this is
due to the particular complexity of conducting such computational studies because of
the large size of the TMD fragment models that must be used in these calculations.
Another reason is related to the presence of transition-metal atoms, which traditionally

poses a challenge for modern quantum-mechanical methods.

The second chapter provides a detailed description of the methods used to
conduct computational studies of the structure, stability, and vibrational spectra of
MoS, with biological molecules. Also, it justifies the selection of the most appropriate

density functional and basis sets for each type of atom in the systems under study.

Methods for accounting for corrections due to zero-point energy and the
superposition of basis sets, which allow for improved calculation accuracy, were

described. The chapter also describes the selection of an optimal method for accounting
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for the influence of the aqueous environment, as well as a method for analyzing natural
orbitals, which allows for the determination of quantitative characteristics of

coordination bonds in the systems under study.

The third chapter is devoted to investigating changes in the IR and Raman
spectra of NAB during its interaction with MoS, and to identifying characteristic
spectral markers of this interaction. To determine the effect of the interaction with MoS,
on the NAB spectra, the frequencies and intensities of the IR and Raman vibrational
spectra of individual NAB molecules were compared with corresponding data for

MoS,-NAB complexes.

Analysis of the results obtained allowed us to identify unique spectral markers
for each NAB. All of these markers are associated with the vibrations of covalently
bound complexes. The most reliable markers are found in the 1850-1500 cm-1 region,
where the most intense vibrational bands are located. The most significant spectral
changes are observed for NAB fragments that are directly involved in the formation of
coordination and hydrogen bonds with molybdenum and sulfur atoms, respectively. No
characteristic vibrations of stacking complexes were detected in the IR and Raman
spectra. This is explained by the low relative intensity of the vibrations in these

complexes.

The third chapter also presents the results of studies on the effect of point defects
in MoS; on the vibrational spectra of complexes with purine NABs. The structures and
interaction energies of all possible complexes of adenine and guanine with a MoS,
fragment containing two types of surface defects — Mos (replacement of a surface sulfur
atom with a molybdenum atom) and Vs (a vacancy formed by the removal of two
adjacent sulfur atoms) — were determined. It was shown that the presence of these
specific defects enables the formation of coordination bonds with adsorbed NAB

molecules. Analysis of the obtained data revealed that three types of interactions
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determine the stability of MoS,(Mos) complexes with adenine and guanine. These are
a coordination bond with a surface molybdenum atom, a stacking interaction between
the adsorbed molecules and the surface sulfur atoms of the MoS; fragment, and NHeeeS

and CHee*S hydrogen bonds.

It was established that the formation of coordination bonds accounts for the
majority of the interaction energy (75-90%). A correlation between the interaction
energies and the values of the Wiberg bond indexes has been demonstrated. Changes
in the Wiberg bond indexes of adenine and guanine molecules during their covalent
interaction with MoS, were also analyzed. These data indicate a change in the
hybridization of NAB atoms upon the formation of coordination bonds. The formation
of coordination bonds is accompanied by significant charge transfer between the NAB
and MoS, fragments. The total atomic charges for all adenine and guanine complexes
were calculated based on the electrostatic potential using the Merz-Kollmann (MK)
scheme. Charge transfer from NAB molecules to the MoS2 fragment is observed in all
complexes with MoS,(Mos). This is explained by the fact that NAB atoms act as donors
of unshared electron pairs during the formation of coordination bonds with

molybdenum atoms. It leads to the appearance of a positive charge in NAB.

The obtained results demonstrate that the formation of coordination bonds in
complexes leads to significant changes in the geometry and electronic structure of
NAB:s. Therefore, it can be concluded that this will also be accompanied by changes in
the vibrational spectra of adenine and guanine, which can serve as spectral markers for

the formation of complexes with coordination bonds.

The data obtained may be useful in experimental studies of MoS, complexes with

NABs and related molecules, particularly DNA and RNA.

The fourth chapter presents the results of studies of tegafur and lamivudine

complexes with MoS, fragments using the DFT/M06-2X quantum mechanical method
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(density functional theory). Calculations of noncovalent and covalent complexes were
performed for both pristine MoS, and MoS, with point surface defects. The obtained
data on interaction energies, complex structures, and charge parameters can be used to
select the optimal size of MoS; nanoparticles in experimental studies of the targeted
delivery of tegafur and lamivudine. These data can also be used to calibrate force fields
in molecular dynamics simulations. The IR and Raman spectra of the complexes were
also calculated and analyzed. As a result, characteristic spectral features of interactions
between drug molecules and MoS, were identified. The calculations were performed
both in the vacuum approximation and in the water environment. The effect of the water
environment on the interaction energies and spectral characteristics was determined for

studied complexes.

Complexes with a pristine surface are stabilized solely by stacking interactions
and have relatively low interaction energies. Aqueous environment significantly
reduces the stacking interaction energy of the studied molecules with the surface to 2—
3 kcal/mol. This effect may lead to reduced retention of molecules on the surface in
aqueous solutions, which, in turn, reduces the effectiveness of MoS; as a carrier for
delivering tegafur and lamivudine. At the same time, for complexes stabilized by
coordination bonds, the interaction energies still range from -90 to -40 kcal/mol. This
is sufficient to bind tegafur and lamivudine molecules, even in an aqueous environment,

where the interaction strength decreases to approximately -20 kcal/mol.

The dissertation presents original results from research on intermolecular
interactions in systems based on MoS, and biological molecules (nucleic acid bases and
drugs). Using the quantum mechanical density functional theory method, the
mechanisms by which coordination bonds, hydrogen bonding, and stacking interactions
affect the structural stability and vibrational characteristics of such complexes have

been determined. A fundamental role of point defects on the MoS, surface in the
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formation of covalent coordination bonds has been revealed, which significantly alter
the electronic structure and spectral signatures of the studied biomolecules. The
obtained data on interaction energies and spectral features provide a theoretical basis
for the development of new biosensor devices and targeted delivery systems for
pharmacological agents, and can also be used to calibrate force fields in subsequent

molecular dynamics simulations.

Keywords: 2D nanomaterials, transition metal dichalcogenides, MoS,, nucleic
acid bases, DNA, tegafur, lamivudine, intermolecular interactions, coordination bonds,
hydrogen bonds, dispersion interaction, density functional theory, IR spectroscopy,

Raman spectroscopy, Wiberg bond index.
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