AHOTAIILA
PasuieB M. B. E¢exTn T2 MeXaHi3MU MiACUJIEHHS ONTUYHUX MEPEXO0iB MOJIEKYJI
THUMIiHY Ta IJIIUHY HA KOMOiHOBaHUX HaHOCTPYKTYpax Fe3O4 nonoBanux
O0s1aropoaaumu Mmetaaamu. — Kpanidgikaniiina HaykoBa po0oTa Ha mpaBax
pykomnmucy.

Jucepmayis na 3000ymms  HAykogozo cmyneHs Ookmopa ¢inocodii 3a
cneyianvricmio 104 «Disuka ma acmpounomiay — Incmumym izuku Hayionanonoi
Axaoemii Hayx Vxpainu. — Kuis, 2026.

Jlucepraiiisi NpUCBsiYeHA EKCIIEPUMEHTATLHOMY BUBUYECHHIO €()EKTiB Ta MEXaH13MIB
MTOBEPXHEBOTO IMiJICUJICHHS ONITUYHUX MEPEXO/IIB Y MOACIbHUX O10MOJIEKYJIaX, TUMIHY Ta
rimnudy, 3a gonoMoror SERS ta SEIRA, 13 3anmydyeHHsAM pi3HMX HIICUIIOBAIBHUX
miatdpopMm Ha 0a3li komMOiHOBaHMX HaHOCTPYKTYp FesOs momoBanHux OiaropogHUMHU
Metanamu (Au, Ag, Pt).

3a yMOB MIBHJIKOTO PO3BUTKY HAHOHAYKH 3pOCTA€ IHTEPEC A0 BIIACTUBOCTEU
riOpuIHUX HAHOCTPYKTYP, IO MOEIHYIOTh MarHiTHI Ta TJIa3MOHI BJIACTUBOCTI, 30KpeMa
(epuTiB 1 MAarHETUTIB JIOMOBaHUX OJaropoAHUMU MeTajaMu. HuH1 3’ IBUBCS BaXkIMBUN
TpeH  BUKOpUCTaHHS HAaHOCTPYKTYp FesOs, momoBanux GmaropogHumu metanamu (Au,
Ag, Pt), sixi popmyroTh Ki1ac Maa3MOHHO-MarHiTHUX HAHOCTPYKTYD, e FesO4 3a0e3neuye
MarHiTHY cenaparlito Ta KepoBaHy arperaiiito, a Au/Ag/Pt — nokanizoBaHU MIa3MOHHUM
pe3oHanc 13 “hot-spots”, 1m0 pi3Ko MiACHIIOE KOJMWBAIBHI CIIEKTPU O10JIOTTYHUX MOJICKYJT
3a nponomoroto SERS (Surface Enhanced Raman Spectroscopy) i SEIRA (Surface
Enhanced Infrared Absorption) cnektpockomii. HaHo4acTUHKM OaropogHUX METalliB
CTBOPIOIOTH JIOKAJIbHI TUTA3MOHHU, IO TiACHIIOIOTH TOOIU3Y MOBEPXHI €IEKTPOMArHiTHE
oJie; SIK HACIIAOK, 3pOCTa€e IHTEHCUBHICTh PamaHiBcbkoro po3citoBanHs (SERS) ta Y-
nornuHanHa (SEIRA) ancopboBanumu mosekynamu. Takuii migxia po3KpuBae aeTai
B3a€EMOJIIN Ha HaHOIHTepdenci W J03BOJISIE MPAIOBAaTH 3 YJIBTPAMAIUMHU KUIBKOCTSIMU
PEYOBHHHU, 11O CYTTEBO PO3LIMPIOE MOXKJIMBOCTI MOJICKYJISIPHUX JOCIIKeHb y (i3uiii,
ximii Ta 6i0J10Tii.

Kepyroun posmipoMm 1 QopMoro MeraseBux abo  HaIiBIPOBITHUKOBUX

HAaHOYACTHMHOK, MOKHA CIEKTPAJIbHO Y3TOJWTH IXHI ONTHYHI TapaMeTpu, 30Kpema



YacTOTy IUTa3MOHHOTO PE30HAHCY 3 CMyraMH TOTJIMHAHHS/PO3CIIOBaHHS MOJICKYII,
pO3TaIIOBaHUX MOOIM3y HAHOCTPYKTYp. Taki HOCTIHKEHHS PO3KPUBAIOTH MPUPOIY
B3a€MOJIII Ha MEX1 «HAHOCTPYKTYPa—MOJIEKYJIa» Ta BIIKPUBAIOTH HOBI MOKJIMBOCTI JISI
CTBOPEHHS KaTaJi3aTOpiB MEJAMYHHMX JIarHOCTHYHUX CHCTEM, O10CEHCOpIB, Ta IHIIUX
BHCOKOTEXHOJIOTIYHUX pimeHb. OTKe, aHali3 MeXaHI3MIB IiJICHJICHHS ONTHYHUX

NEePEXO/IiB y TIOPUIHUX CTPYKTYpax Mae€ K QyHAaMEHTaJIbHY, TaK 1 IPUKJIAJHY HIHHICTb.
OCHOBHHMH 3MICT POBOTH

Y Berymi MICTUTBCS MOSICHEHHS NMPUYMH BHUOOPY TEMH, BUKIIAJIEHO KIFOYOBI
BUXIJIHI TIOJIO’KEHHSI, C(hOPMYJIbOBaHA METa Ta MEPeNliK 3aBAaHb JTOCHIKEHHS, a TaKOXK,
MIpOaHasi30BaHa HOBU3HA Ta MPAaKTUYHA 3HAYYIIICTh OTPUMAHUX HAYKOBUX PE3yJIbTATIB.

B nepmomy po3aisi HaBeIeHO aHATITUYHHUI OIS JIITEPATYPHUX JHKEpeT 1 pIBHA
PO3BUTKY TEMATHKH, KOPOTKO BHCBITJICHO TEOPiI0 KOJUBAJbHUX CIEKTPIB, IOJIaHO
METOJMYHI acrnekTu kiacuuHoi [Y- Ta PamaHIBCbKOT CHEKTPOCKOIIi, MiACUICHOI
konuBanbHOI criekTpockorii - SEIRA/SERS, onucano B1acTUBOCTI TECTOBUX MOJIEKYJI, &
TAKOX CHUCTEMATH30BAHO MIIXOAHA IO MHOSICHEHHS MEXAaHI3MIB ITIJCHIIEHHS 3 OIIHKOO
BIUITMBY KOHCTPYKTHMBHUX Ta MAaTeplajJbHUX MapaMeTpiB TIOpUIHUX IUIA3MOHHO-
MarHiTHUX HAaHOCTPYKTYp Ha ocHOBI FesO+—M (M = Ag, Au, Pt).

Y napyromy po3aiii po3KpUTO EKCIIEPUMEHTAIbHI METOJUKH CHHTE3y Ta
XapakTepu3alli riOpuIHUX MJIa3MOHHO-MarHiTHUX HAHOCTPYKTYpP Ha OCHOBI MarHeTUry,
MOJU(}DIKOBAHOTO OJIATOPOJHHMH METaJlaMHd METOJIaMH  XIMIYHOTO OCQDKCHHS 1
pOTaIIfHO-KOPO31iHOTO AucnepryBaHHs. HaBelneHO METOAMKY MIATOTOBKM PO3YHMHIB 3
TECTOBUMH MOJIEKYyJIaMH Ta METONUKH aomyBaHHS Fe3O, OmaroponHuMu MeTallaMu.
PosrasnyTo MeToau (hi3uko-XiMigHOT XapakTepu3allii HAaHOT10pU/IiB, SIKi TAal0Th YSIBJICHHS
PO CKJIaMd, CTPYKTYPY 1 MOP(hOJIOT1H0 HAHOKOMIMO3UTIB. [[eTanbHO onucano o0 HaHHS,
[0 BUKOPHUCTOBYBAJIOCS I peanizaiii komuBaibHOI criekTpockorii Ta SEIRA/SERS
e(heKTiB.

TpeTiii po3aia npucBsiueHo BUBUEHHIO HaHOT10pu 1B Fe3O4 nomnoBaHux 30J10TUMU
HAHOYACTHMHKAMU TSI JIETEKTYBAaHHS MOJIEKYJ TJIIHUHY 32 JIOMOMOTOI TTOBEPXHEBO-

nigcunenoi criekrpockonii  (SEIRA/SERS). ¥V posaini mpeactaBieHO pe3ysbTaTu



eKCIIEPUMEHTAJIbHUX JOCHIDKeHh B3aemonii HaHoriOpuaiB FesOs-Au Ta TectoBoi
MoJIeKyIu TminuHy. s anamizy HaHocTpykTyp FesOs ta FesOs-Au Oyno 3actocoBaHO
MeTo]l peHTreHiBebkoi nudpakiii (XRD), tepmoanamituyni BumipioBanua (TG/DTG,
DTA), ximiko-ananituuHi gociimpkents, TEM ta SEM wikpockomito, UV-Vis, FTIR ta
Mikpo-Paman cmekTpockormito. Y X0/l JOCHIKEeHb OyJo IMOoKa3aHo, 1m0 MOoAuQiKaris
FesOs 307m0TMMHM HaHOYACTHMHKAMU CHpHsUIa 30yIKEHHIO JIOKATBHUX TUTA3MOHHUX
KOJMBaHb Ha TNoBepxHI MarHiTHUX HY, mpu wnpomy, 30epiramucs iXHI MarHiTHi
BiactuBocTi. Momudikariis FezO43010THMH HaHOYACTUHKAMU TIACHITIOBAIa CUTHAI BiT
TecToBUX MoJiekyn riiiuHy B ekcnepumeHTax SEIRA Tta SERS. Ilokasano, 1mio
OpI€EHTAlllI TECTOBOI MOJIEKYJIM ICTOTHO BIUIMBA€ Ha CEJIEKTUBHICTH CHEKTPAIbLHOTO
IT1JICUJICHHS.

Y derBepTOMY pO3AiJi MOJAHO PE3yJbTATU JIOCITII)KEHHS HAaHOKOMIIO3UTIB Ha
ocHOBl (eputiB FesQs, MonudikoBaHux AQ-HAHOYACTMHKAMHU, JJIs J€TEKTYBaHHS
MOJIEKYJI TAMIHY METOJIaMU TOBEPXHEBO-MICHIIeHO] criekTpockorii. Komno3zutu FesOQs—
Ag onep>xyBanu criiBocamxeHHsM po3unHiB cynbdatiB Fe(Il) ta Fe(Ill) y cnabomyxaOMYy
CEepeZIoBUIIIl 3a MPUCYTHOCTI akBadopm cpibna. Posmip 1 posmoain cpidonux HY
Bu3Hauanu 3a jgonomororo SEM/TEM Ta pentreniBeskux wmeroziB; UV-Vis
CIeKTpockomi€ro (hIKCyBalld HASBHICTh IIJIA3MOHHOTO pe3oHaHcy. llincumoBanbHi
BiacTuBOCTI FesQs—Ag kommiekcHo omiHoBanu Merogamu SERS 1 SEIRA: Bu3HaueHO
rpaHUyHl KOC(IIIEHTH TMIJACWICHHS Ta MEXI BHSIBICHHS /I TECTOBUX MOJICKYIL.
[Tokazano, mo «xemocopOiis» TUMiHy Ha FesOs-Ag crpuse MiICUJICHHIO CUTHATY
SEIRA ta SERS. Iloka3ano, mo xoopauHaiis TuMiny 3 Ag y FesO4-Ag BinOyBaeThes
MepeBaXHO dYepe3 JAenpoToHoBaHWil N1 THUMiHY, ajne MOXIJIHBA TaKOXX YacTKOBA
KoopAuHalliss TuMmiHy uepe3 N3. 3rigHo 3 pesyJbraTaMud JOCHIKCHHS, OTpUMaHi
HaHoriOpuan Fe3Os-Ag MaroTh BIACTMBOCTI IUIA3MOHHHUX MeETajiB, 30epiraroud IMpu
1IbOMY (pepoMarHiTHI BJIACTUBOCTI, Ta MalOTh BEJIMKWNA TMOTEHIAN K CyOCTpaTH s
CHEKTPOCKOIIT MOBEPXHEBO-TTOCUJICHUX KOJIMBAHb Yy trace aHamisi.

Y 1m’aroMy po3aiii TOKa3aHO OIHIOBAaHHS KOE(IIUEHTY MiACUICHHS IS
SERS/SEIRA edekriB peanizoBanux Ha HaHOTiOpuaax Fe:Os.—Pt ans nerexryBanHs

TUMIHY METOJaMH MMOBEPXHEBO-MIICUIICHOI CIIEKTPOCKOIIIi Ta TXHE MOPIBHSIHHSA 3 paHIIIe



nocimixeHumu cuctemamu FesOs—AuU 1 FesO+—Ag. HaHocTpyKTypu CHHTE30BaHO Ha
MOBEPXHI CTAJIEBOI0 0OEPTOBOI0 IUCKOBOTO €IEKTPO/Ia 32 YMOB MTOYEPrOBOr0 KOHTAKTY
3 TOBITPSIM 1 BOAHOIO AHUCIIEPCIEI0 METOJOM POTALIHHOTO KOPO31HHOTO TUCHIEPTyBaHHS
(PK). VY mifi cxemi JpKepeloM KaTiOHIB 3alli3a CIyryBaja KepoBaHa KOpPO3is, TOX
J0JaTKOBE BBEACHHs cosied Fe He BUMaranocs, 10 MiHIMI3yBajO PU3HK BKIIOYCHb
aHIOHIB HEOPTaHIYHUX COJIEW y MaTPUII0 KOMMO3UTY. XJOPUA IUIATUHHU JO0JaBald B
pPO3YMH Ha CTaaii 3apOJKEHHS 3aji30BMICHHX KiacTepiB, 3a0e3medyroud iNn-situ
(dbopmyBaHHs Pl-HaHOYACTMHOK HAa MarHeTUTHIM ocHOBI. Po3mipu Ta posmomin Pt-HY
BU3Ha4au 3a nanumu SEM 1 pentreniBcbkux nociimkens; UV-VIs 3acTocoByBaiu st
MIATBEPKCHHS] HASBHOCTI IUJIa3MOHHUX KOJMBaHb. [lificWimioBalibHI  BIACTHBOCTI
HaHoriOpuaiBe FesOs—Pt omimmmu y SERS ta SEIRA: BH3HaueHO MakcuMaibHI
Koe(DIiIieHTH MIACUICHHS 1 MEX1 BHSBJICHHS [JIsi TECTOBUX MoJiekysl. KoeditieHT
I1JICUJICHHS 3aJIe’KaB B1Jl OplEHTAIlli MOJIEKYJI TUMIHY Ta XapakTepy iXHbOI B3aEMOIl 3
HaHOT10puAHUM 1HTepdeiicom. XemocopOLisl BiAirpaBajia KIOYOBY pOJib, TPUUYOMY
TUMIH KOOPJMHYBAaBCS MEpeBakHO uepe3 cBoi kapOoHUIbHI (C=0) rpynu Ta, MEHIIOO
MIpOI0, aToM a30Ty B nosioxkeHH1 N1. JlogatkoBi cMyru norivHanHs npu ~744 ta ~830
cM ! OyM moB's3aHi 3 KOMOIHOBaHMMU KOJIMBAJILHUMU MOJIAMHM Ta IIOTEHIIHHMM BHECKOM
Pt—-N a6o Pt—O. HaHOCTpYKTYypH TakoX MPOJAEMOHCTPYBAIM MOKPAIICHI J1eIeKTPUYIHI
BJIACTUBOCTI Ta YaCTOTHO-3QJICKHY MPOBIHICTh, 3 ONTUMAILHOIO MPOAYKTUBHICTIO, 110
cnioctepiranacs mpu 7 mac.% Pt. PesynbraTu cBiguath npo Te, 1o HaHOCTPYKTypu FezOs—
Pt € nepcnektuBHuMHU Ak cyoctpatu SEIRA/SERS ans GioceHcopuku, 1O 103BOJISE
CEJICKTUBHO BUSBJIATH KOMIIOHCHTH HYKJICTHOBUX KHCJIOT Ta MIATPUMYE TOJAJbIIIE
3aCTOCyBaHHA B OIOMEIWYHIA JIarHOCTHIIl Ta MOHITOPUHTY HABKOJHUIITHHOTO
cepenoBuia. OTpuMaHi pe3yJIbTaTH CIIBCTABJICHO 3 aHAJIOTTYHUMU JaHUMU i AU- Ta
Ag HaHOT1IOpUIHUX KOMIIO3UTIB.

Knrwowuoei cnosa: SEIRA/SERS edekrt, U-niacunenns, koeiieHT MiACUICHHS

PamaHiBChKOI CIIEKTPOCKOMIii, TUMIH, TIIUH, IJIA3MOHHO-MarHiTHI HaHOT10puau FesOs—

M.



SUMMARY

Rallev M. V. Effects and mechanisms of enhancement optical transition of
thymine and glycine molecules on combined FesO4 nanostructures doped with noble
metals. — Qualification scientific work in the form of a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 104 “Physics and
Astronomy” — Institute of Physics of the National Academy of S ciences of Ukraine. —
Kyiv, 2025.

The dissertation is devoted to the experimental study of the effects and mechanisms
of surface enhancement of optical transitions in model biomolecules, thymine and glycine,
using SERS/SEIRA, involving various enhancement platforms based on combined Fe3;04
nanostructures doped with noble metals (Au, Ag, Pt).

In the context of the rapid development of nanoscience, there is growing interest in
the properties of hybrid nanostructures that combine magnetic and plasmonic properties,
in particular ferrites and magnetites doped with noble metals. Currently, an important
trend has emerged in the use of FesOa nanostructures doped with noble metals (Au, Ag,
Pt), which form a class of plasmonic-magnetic nanostructures, where FesOs provides
magnetic separation and controlled aggregation, and Au/Ag/Pt — localized plasmonic
resonance with “hot-spots”, which dramatically enhances the vibrational spectra of
biological molecules using SERS (Surface Enhanced Raman Spectroscopy) and SEIRA
(Surface Enhanced Infrared Absorption) spectroscopy. Noble metal nanoparticles create
local plasmons that enhance the electromagnetic field near the surface; as a result, the
intensity of Raman scattering (SERS) and IR absorption (SEIRA) by adsorbed molecules
increases. This approach reveals the details of interactions at the nanointerface and allows
working with ultrasmall amounts of matter, which significantly expands the possibilities
of molecular research in physics, chemistry, and biology.

By controlling the size and shape of metallic or semiconductor nanoparticles, it is
possible to spectrally match their optical parameters, in particular the plasmon resonance
frequency with the absorption/scattering bands of molecules located near the
nanostructures. Such studies reveal the nature of interactions at the nanostructure—

molecule interface and open up new opportunities for the creation of catalysts for medical



diagnostic systems, biosensors, and other high-tech solutions. Therefore, the analysis of
the mechanisms of optical transition enhancement in hybrid structures has both
fundamental and applied value.

THESIS CONTENT WORK

The introduction contains an explanation of the reasons for choosing the topic, sets
out the key starting points, formulates the goal and list of research tasks, and analyzes the
novelty and practical significance of the obtained scientific results.

The first section provides an analytical review of the literature and the level of
development of the topic, briefly highlights the theory of vibrational spectra, presents
methodological aspects of classical IR and Raman spectroscopy, enhanced vibrational
spectroscopy - SEIRA/SERS, describes the properties of test molecules, and also
systematizes approaches to explaining the mechanisms of amplification with an
assessment of the influence of the structural and material parameters of hybrid plasmonic-
magnetic nanostructures based on FesO.—M (M = Ag, Au, Pt).

The second section reveals experimental methods for the synthesis and
characterization of hybrid plasmonic-magnetic nanostructures based on magnetite
modified with noble metals by chemical deposition and rotational corrosion dispersion
methods. The method for preparing solutions with test molecules and methods for doping
FesO4 with noble metals are presented. The main methods for the physicochemical
characterization of nanohybrids are considered, which provide an idea of the composition,
structure and morphology of nanocomposites. The equipment used for the implementation
of vibrational spectroscopy and SEIRA/SERS effects is described in detail.

The third section is devoted to the study of Fe;O, nanohybrids doped with gold
nanoparticles for the detection of glycine molecules using surface-enhanced spectroscopy
(SEIRA/SERS). The section presents the results of experimental studies of the interaction
of Fe;04-Au nanohybrids and the test molecule glycine. The X-ray diffraction (XRD)
method, thermoanalytical measurements (TG/DTG, DTA), chemical-analytical studies,
TEM and SEM microscopy, UV-Vis, FTIR and micro-Raman spectroscopy were used to
analyze the nanostructures of FesO, and Fe3O4-Au. The studies showed that the

modification of Fe;O, with gold nanoparticles promoted the excitation of local plasmon



oscillations on the surface of magnetic NPs, preserved their magnetic properties and
amplified the signal from the test molecules of glycine in SEIRA/SERS experiments. It
was shown that the orientation of the test molecule significantly affects the selectivity of
spectral amplification.

The fourth section presents the results of the study of nanocomposites based on
FesO4 ferrites modified with Ag nanoparticles for the detection of thymine molecules by
surface-enhanced spectroscopy methods. FesOs—Ag composites were obtained by
coprecipitation of solutions of Fe(ll) and Fe(ll1) sulfates in a weakly alkaline medium in
the presence of silver aquaforms. The size and distribution of silver NPs were determined
using SEM/TEM and X-ray methods; the presence of plasmon resonance was recorded
using UV-Vis spectroscopy. The enhancement properties of Fe:O+—Ag were
comprehensively evaluated by SERS and SEIRA methods: the limiting enhancement
coefficients and detection limits for test molecules were determined. It was shown that the
“chemisorption” of thymine on Fe304-Ag contributes to the enhancement of the SEIRA
and SERS signals. It is shown that the coordination of thymine with Ag in Fe;0s-Ag
occurs mainly through the deprotonated N1 of thymine, but partial coordination of
thymine through N3 is also possible. According to the results of the study, the obtained
FesO4-Ag nanohybrids have the properties of plasmonic metals, while retaining
ferromagnetic properties, and have great potential as substrates for surface-enhanced
vibration spectroscopy in trace analysis.

The fifth section shows the evaluation of the enhancement factor for SERS/SEIRA
effects implemented on FesO4+—Pt nanohybrids for thymine detection by surface-enhanced
spectroscopy methods and their comparison with previously studied Fe:O.—Au and
FesO4—Ag systems. Nanostructures were synthesized on the surface of a steel rotating disk
electrode under conditions of alternate contact with air and water dispersion by the
rotational corrosion dispersion (RCD) method. In this scheme, controlled corrosion served
as the source of iron cations, so additional introduction of Fe salts was not required, which
minimized the risk of inclusion of anions of inorganic salts in the composite matrix.
Platinum chloride was added to the solution at the stage of nucleation of iron-containing

clusters, ensuring the in-situ formation of Pt nanoparticles on a magnetite base. The sizes



and distribution of Pt NPs were determined by SEM and X-ray studies; UV—Vis was used
to confirm the presence of plasmon oscillations. The enhancement properties of the
FesO+—Pt nanohybrids were evaluated in SERS and SEIRA: the maximum enhancement
factors and detection limits for the test molecules were determined. The enhancement
factor depended on the orientation of the thymine molecules and the nature of their
interaction with the nanohybrid interface. Chemisorption played a key role, with thymine
being coordinated mainly through its carbonyl (C=0) groups and, to a lesser extent, the
nitrogen atom at the N1 position. Additional absorption bands at ~744 and ~830 cm™!
were attributed to combined vibrational modes and potential Pt—N or Pt—O contributions.
The nanostructures also demonstrated improved dielectric properties and frequency-
dependent conductivity, with optimal performance observed at 7 wt% Pt. The results
indicate that Fes;O,—Pt nanostructures are promising as SEIRA/SERS substrates for
biosensing, allowing for the selective detection of nucleic acid components and supporting
further applications in biomedical diagnostics and environmental monitoring. The results
obtained are compared with similar data for Au- and Ag nanohybrid composites.
Keywords: SEIRA/SERS effect, IR enhancement, Raman spectroscopy

enhancement factor, thymine, glycine, plasmonic-magnetic nanohybrids FesO.—M.
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