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Abstract: In this study, electron spin resonance spectroscopy was employed to investigate the modification
of paramagnetic centers in TiO, nanoparticles after neutron irradiation. The initial and irradiated
samples were compared over a broad magnetic-field range of 0-6000 G and in a selected resonance region
of 3300-3700 G. The wide-field spectra reveal that neutron irradiation does not produce a completely new
dominant resonance line over the whole magnetic-field range, but it strongly modifies the intensity, line
shape, and baseline behavior of the main paramagnetic response. The enlarged resonance region
demonstrates a systematic attenuation and redistribution of the Electron Spin Resonance (ESR) signal after
neutron exposure, especially near the principal resonance feature around 3500-3550 G. These spectral
changes are attributed to the restructuring of native defect states, electron trapping at irradiation-induced
vacancies, and a possible contribution from neutron-transmutation-assisted vanadium-related centers
formed through the activation of titanium isotopes. The results indicate that neutron irradiation modifies
nanocrystalline TiO, not only through displacement-type defect generation but also through spin-center
conversion processes that affect the detectable ESR response.

Keywords: TiO; particles, neutron irradiation, defect states, oxygen vacancies, radiation-induced defects,
titanium dioxide.

1. Introduction

Titanium dioxide is one of the most extensively studied oxide semiconductors because of
its chemical stability, wide band gap, photocatalytic activity, and relevance to energy,
environmental, sensing, and radiation-related technologies [1-4]. Among its crystalline forms,
anatase is particularly important due to its high surface activity and strong sensitivity to point
defects [5-7]. When TiOz is reduced to the nanocrystalline scale, the large surface-to-volume ratio
increases the contribution of surface defects, undercoordinated atoms, oxygen vacancies, trapped
electrons, and localized paramagnetic centers. Therefore, nanocrystalline anatase serves not only
a functional oxide material but also a useful model system for studying radiation-induced defect
formation.

Neutron irradiation is fundamentally different from many other external modification
methods. In addition to producing atomic displacement and defects, neutron exposure can activate
specific isotopes and may cause nuclear transmutation [8—14]. In TiO, the oxygen sublattice and
titanium sublattice can both be affected, although titanium-related reactions are generally expected
to dominate because of the isotopic composition and neutron-capture probability of titanium. In
particular, neutron capture by titanium isotopes can produce unstable intermediate nuclei that may
subsequently decay into new atomic species. This process can introduce chemically different
centers into the oxide lattice and influence the local electronic environment. Electron spin
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resonance (ESR) spectroscopy is highly suitable for detecting such changes because it directly
probes unpaired electrons and paramagnetic defect states [15-20]. In irradiated oxides, ESR
signals may originate from oxygen vacancies, Ti** centers, trapped electrons, surface radicals,
vacancy-related complexes, or transmutation-related paramagnetic centers. The line shape, line
width, and intensity of the ESR spectrum can therefore provide valuable information about defect
evolution following neutron exposure. The present study provides a reinterpreted ESR-based
analysis of neutron-irradiated nanocrystalline anatase TiO2 using two spectral views: a broad
magnetic-field spectrum and a magnified view of the main resonance region. Unlike a purely
descriptive comparison of spectra, this article focuses on the dose-driven redistribution of
paramagnetic centers and the possible coexistence of defect annihilation, electron trapping,
vacancy formation, and transmutation-assisted spin-center modification.

2. Experimental

Nanocrystalline anatase TiO, powder was used as the material under investigation.
The nanoparticles had an average particle size of approximately 5 nm, a specific surface area of
480-650 m?/g, and a true density of about 3.9 g/cm®. The high specific surface area is important
because surface-related paramagnetic centers can strongly influence the ESR response of oxide
nanoparticles. The TiO, nanopowder was divided into several groups: an unirradiated control
sample (c.s.) and neutron-irradiated samples exposed to different fluences. The irradiation was
carried out in the TRIGA Mark Il research reactor at the Jozef Stefan Institute, Ljubljana, Slovenia.
The reactor operated at full power of 250 kW, and the samples were irradiated under a neutron
flux of approximately 5.79 x 102 n/cm?-s. The applied neutron fluences were: 1.6 x 10 n/cm?,
8 x 10%° n/cm?, 4 x 10 n/cm? and 2 x 10" n/cm?. After irradiation and at appropriate decay period,
ESR measurements were performed at room temperature using an X-band ESR spectrometer
operating near 9.85 GHz. The spectra were recorded in two magnetic-field ranges. The first
measurement range covered the broad interval from 0 to 6000 G and was used to observe the
general spectral structure. The second measurement range focused on the principal resonance
region between 3300 and 3700 G, allowing a more detailed comparison of the main ESR line shape
before and after neutron irradiation.

3. Results and Discussion

Fig. 1 presents the ESR spectra of the control and neutron-irradiated nanocrystalline TiO,
samples in the broad magnetic-field range from 0 to 6000 G. The spectra show that the dominant
ESR response is concentrated near the central high-field region, while the remaining portions of
the spectrum contain weaker broad components and baseline variations. The most intense
resonance is observed around the main resonance region near 3500-3550 G. This signal is
characteristic of paramagnetic centers with an effective g-factor close to that expected for electron-
type centers in oxide matrices. In nanocrystalline TiO2, such a signal can be associated with
trapped electrons, Ti**-related states, oxygen-vacancy-associated centers, or surface-localized
paramagnetic defects. Owing to the extremely small particle size and high specific surface area,
both bulk and surface centers may contribute to the measured ESR signal.
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Fig. 1. Broad-field ESR spectra of initial and neutron-irradiated nanocrystalline TiO; particles recorded
in the magnetic-field interval of 0-6000 G.

A key observation from Fig. 1 is that neutron irradiation changes the relative spectral
intensity and line shape without completely replacing the initial ESR pattern. This means that
neutron exposure modifies the existing defect system rather than generating only one isolated new
paramagnetic species. The spectra of the irradiated samples remain broadly similar in position, but
their amplitudes and background behavior differ from the control sample. This indicates that
irradiation affects the concentration, electronic environment, and interaction state of paramagnetic
centers. The broad low-field part of the spectra also changes after irradiation. Although these
features are weaker than the principal resonance line, they are important because they may reflect
magnetically interacting centers, surface-related disorder, or defect clusters formed under neutron
exposure. In nanocrystalline oxides, defect clustering is especially plausible because point defects
created in the lattice can migrate over short distances and interact with surfaces, grain boundaries,
or pre-existing structural imperfections.

The attenuation of the main signal with increasing neutron fluence can be interpreted as
evidence for electron redistribution. Neutron irradiation can produce oxygen vacancies, titanium
vacancies, interstitials, and trapped-charge states. Some of these defects may trap electrons that
previously contributed to the initial ESR signal. As a result, the detectable free-electron-type
resonance can decrease even while the total number of structural defects increases. Therefore,
lower ESR intensity does not necessarily mean fewer radiation defects; rather, it may indicate
conversion of ESR-active centers into less visible or differently broadened configurations.

Fig. 2 shows the magnified ESR spectra in the 3300-3700 G region. This selected interval
is more informative for evaluating the main paramagnetic resonance because it removes most of
the broad-field background and emphasizes the line-shape evolution around the principal
resonance. The control sample (c.s.) exhibits the strongest and most developed resonance profile.
After neutron irradiation, the signal intensity decreases and the resonance shape becomes more
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compressed. The irradiated spectra lie closer to each other than to the control spectrum, indicating
that even the lower irradiation levels strongly affect the initial defect population. The highest
fluence, 2 x 10*” n/cm?, shows a clearly modified spectral response compared with the unirradiated
state. The main resonance region contains two important features: the positive part of the
derivative-like ESR signal before the resonance crossing and the negative part after the resonance
maximum. The decrease in both components after irradiation suggests that the concentration or
mobility of the original paramagnetic centers is reduced. This can occur if irradiation-induced
vacancies and defect complexes act as electron traps. In this case, electrons become localized in
environments where their ESR response is broadened, shifted, or partially suppressed.

ESR signal (a.u.)
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Fig. 2. Magnified ESR spectra of initial and neutron-irradiated nanocrystalline TiO» particles in the
selected magnetic-field range of 3300-3700 G.

The line shape of the irradiated spectra also suggests that neutron exposure produces a more
heterogeneous defect environment. In an ideal single-center system, the ESR line would remain
narrow and well-defined. Here, the broadening and intensity redistribution indicate overlapping
contributions from several types of centers. These may include oxygen vacancy centers, titanium-
related centers, surface trapped electrons, and transmutation-related vanadium-associated centers.
A possible nuclear-transmutation pathway in TiOz is related to neutron capture by titanium
isotopes. The reaction involving *°Ti can lead to >!Ti formation, followed by p-decay to >'V. The
resulting vanadium-related centers may interact with the oxygen sublattice and form local charge-
compensation defects. Such centers can influence the ESR spectrum either directly, if they are
paramagnetic, or indirectly, by changing the charge balance and defect chemistry of the anatase
lattice. However, based only on the ESR spectra in Fig. 1 and Fig. 2, the contribution of vanadium-
related centers should be treated as a plausible interpretation rather than as an isolated direct
measurement. The observed spectral changes clearly demonstrate neutron-induced modification
of paramagnetic states, but complementary methods such as gamma spectrometry, ICP-MS, XPS,
or high-resolution EPR simulation would be necessary to quantify the exact concentration and
oxidation state of transmuted vanadium.
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The ESR behavior observed in Fig. 1 and Fig. 2 can be explained through a combined
defect-evolution mechanism. Before irradiation, the nanocrystalline anatase contains native
paramagnetic centers formed during synthesis, storage, and surface hydration/oxidation processes.
These centers contribute to the initial ESR signal. After neutron irradiation, several processes
occur simultaneously. First, elastic neutron interactions can displace atoms and form point defects.
Second, ionization and recoil processes can redistribute trapped charges. Third, neutron capture
by titanium isotopes can generate new nuclear products, including possible vanadium-related
species. Fourth, the high surface area of 5 nm particles provides many sinks for mobile defects,
allowing vacancy migration, surface trapping, and defect recombination. The observed decrease
in the central ESR signal suggests that irradiation does not simply increase the number of ESR-
active centers. Instead, it changes their electronic configuration. Some paramagnetic centers may
be converted into diamagnetic states, while others become broadened due to magnetic interactions
or local structural disorder. This explains why the irradiated spectra can show reduced main-line
intensity even though the material has experienced additional radiation damage. The magnified
spectra in Fig. 2 support this interpretation. The control sample has a stronger and more defined
resonance, while irradiated samples show suppressed and redistributed intensity. This behavior is
consistent with a transition from isolated native centers to a more complex defect network
containing vacancy clusters, trapped electrons, and possible impurity-like transmutation centers.

The results demonstrate that neutron irradiation can be used as a tool for controlled
modification of oxide nanoparticles. In nanocrystalline TiO>, neutron exposure changes the ESR-
visible defect structure and may promote the formation of intrinsic and transmutation-associated
centers. Such modifications can influence photocatalytic activity, charge separation, electrical
conductivity, and radiation tolerance. From an application perspective, this is important for two
reasons. First, TiO.-based materials may be used in radiation environments, where their defect
stability must be understood. Second, neutron irradiation may serve as a non-conventional method
for defect engineering and atomic-scale modification of nanomaterials. By controlling neutron
fluence, it may be possible to tune the concentration and type of paramagnetic centers in TiOx.

4. Conclusions

A new ESR-based analysis of neutron-irradiated nanocrystalline anatase TiO2 has been
presented using broad-field and magnified resonance spectra. The broad ESR spectra show that
neutron irradiation modifies the general spin response of TiO2 without producing a completely
separate dominant resonance across the full magnetic-field range. The magnified spectra in the
3300-3700 G interval reveal a clear weakening and reshaping of the principal resonance line after
irradiation. The spectral evolution is attributed to irradiation-induced restructuring of
paramagnetic centers, electron trapping at newly formed vacancies, possible vacancy-complex
formation, and potential contribution from titanium-to-vanadium transmutation processes. The
decrease in ESR intensity is interpreted not as a simple reduction of radiation defects, but as a
transformation of initially ESR-active centers into more complex, broadened, or electronically
compensated defect states.
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IBOJIIOIUSA JEPEKTHBIX COCTOSHUI B HAHOKPUCTAJUIMYECKHAX
YACTHIIAX TiO2 B 3ABUCUMOCTH OT ®JIIOEHCA HEUTPOHOB

J.A. I'yceiiHoBa

Peziome: B 1aHHOM wHCClIeZOBAaHMM Al WM3y4eHHs MOIU(HUKALMK I[apaMarHUTHBIX ILIGHTPOB B
HaHo4yactunax 1102 mocie HeWTPOHHOTO 00JTyueHHsl OblIa HCIIOIb30BaHA CIIEKTPOCKOIHS AIEKTPOHHOTO
napamMarHUTHOrO pe3oHaHca. McxomHele W oOmyu€HHBIE 00pas3lbl OBUIM COMOCTABICHBI B IIMPOKOM
nmuana3zone MarHUTHbIX moned 0—6000 I'c, a Takxke B BbIACIEHHON pe3oHaHcHoU obnactu 3300-3700 Ic.
AHanu3 CHeKTpOB, MOMyYEHHBIX B NIMPOKOM JHAINla30HE MarHUTHBIX IOJIEH, MOKa3all, YTO HEUTPOHHOE
oOydeHre HE MPUBOIUT K TOSBICHUIO HOBOM JOMHUHUPYIONIEH pE30HAHCHOW IMHHHM BO BCEM
WCCIIEIOBAHHOM JTMaIa3oHe, OJTHAKO CYIIECTBEHHO M3MEHSIET MHTCHCUBHOCTD, POPMY JIMHUU U XapaKTep
0a30BOii JMHUU OCHOBHOI'O IapaMarHUTHOIO OTKIMKa. bonee nerambHOE paccMOTpEeHHE PE30HAHCHOU
00MacTH BBISIBUJIO CHCTEMAaTHYECKOE OCIa0lieHHe M IepepaclpenesieHue CHUTHalna 3IIEKTPOHHOTO
napamarautHoro pesonanca (OI1P) mocie Bo3neicTBUS HEHTPOHOB, OCOOGHHO BOJHM3M OCHOBHOM
pe3onancHo# ymHUK B 001actu 3500-3550 I'c. Habmomaemble criekTpalibHbIE H3MEHEHUST 00YCIOBICHBI
NEePEeCTPOUKOM COOCTBEHHBIX JAC(PEKTHBIX COCTOSHHMH, JIOKAaIM3alMEH »JJIEKTPOHOB Ha BaKaHCHUSX,
WHIIyIIMPOBAHHBIX OOIyYeHHEM, a TAKKEe BO3MOKHBIM BKIIQJIOM BaHAIMEBBIX IEHTPOB, (POPMHUPYIOLINXCS
B pe3yJbTaTe HEUTPOHHOW TPAHCMYTALMU NIPU aKTHBAIMM U30TONOB THUTaHA. [lomyueHHBIE pe3yIbTaThl
CBHUJICTENILCTBYIOT O TOM, YTO HEHTpoHHOEe oOsyueHune moguduuupyer HaHokpuctamumdeckuid TiO, He
TONBKO 3a c4y€T oOpa3oBaHUs AE(PEKTOB CMEIICHUS, HO M TMOCPEJCTBOM MPOIECCOB MPeoOpa3oBaHUsI
CIIMHOBBIX IIEHTPOB, OKA3BIBAIOIINX BIUSHUE HAa peructpupyemorit I1P-oTkiuk.

Knrouesvie cnosa: uactuipl TiO2; HeiliTpoHHOE oOnydeHHe;, AC(HEKTHBIE COCTOSHHS; KHCIOPOIHBIC
BaKaHCHHM; PaAHALIOHHO-NHAYLIMPOBAHHbIE Ne(EKThI; JUOKCU TUTAHA.

NANOKRISTALLIK TiO2 HISSOCIKLORINDO DEFEKTLORIN NEYTRON
AXININDAN ASILI OLARAQ FORMALASMASI

9.9. Hiiseynova

Xiilasa: Bu todqigatda, neytron stialandirilmasindan sonra TiO, nanozarraciklorinin paramagnit
morkazlorinds bas veran doyisikliklori aragdirmaq {iglin elektron spin rezonansi spektroskopiyasindan
istifado edilmisdir. Baslangic vo stialanmis niimunsalor 0-6000 G magnit sahasi diapazonunda vo 3300—
3700 G rezonans bolgasinds miigayisa edilmisdir. Genis sahali spektrlor gostorir ki, neytron siialanmasi
biitiin maqnit sahasi diapazonunda tamamila yeni dominant rezonans xotti yaratmur, lakin osas paramagnit
signalin intensivliyini, xott formasini vo baza Xottinin davranisimi giiclii sokilds doyisdirir. Genislondirilmis
rezonans bolgasi gostorir ki, xiisusilo toxminon 3500-3550 G otrafindaki osas rezonans xiisusiyyati
yaxinliginda neytron tosirindon sonra Elektron Spin Rezonansi (ESR) signalinda sistematik zaifloma vo
yenidon paylanma bas verir. Bu spektral doyisikliklor yerli defektlorin yenidon qurulmasi, siialanma
naticoasinds yaranan vakansiyalarda elektronlarin tutulmasi vo titan izotoplarinin aktivlesmasi yolu ilo
neytron transmutasiyasi ila alagsli vanadium markazlorinin miimkiin rolu ils slagoalidir. Naticalor gostarir
ki, neytron siialanmas1 nanokristallik TiO2-ni tokcs yerdayisma tipli defektlorin yaranmasi vasitasilo deyil,
ham ds askar edilo bilon ESR cavabina tasir edon spin-morkoz gevrilmo proseslari vasitasilo doyisdirir.

Agar sozlor: TiO; hissaciklori; neytron siialanmasi; defektlor; oksigen vakansiyalari; siialanma naticasinds
defektlar; titan dioksid.
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