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A Quantitatively Constrained Framework for Defect Identification in 
Materials via Integrated Machine Learning, Zero-field Field Splitting 
Modeling, and EPR data 
 
Muhammed Açıkgöz a 

 
a Department of Science, State University of New York, Maritime College, New York 10465, USA  
macikgoz@sunymaritime.edu 
 
Key words: Defect chemistry, Transition-metal doping (3dN, 4fN), Charge compensation mechanisms, Structure–
property relationships, Machine learning interatomic potential (MLIPs) 
 

Identifying the microscopic nature of defects in crystalline materials remains a central 
challenge in electron paramagnetic resonance (EPR) spectroscopy, particularly when competing 
defect configurations exhibit similar spectroscopic signatures. This work presents a 
quantitatively constrained computational framework for defect identification that integrates 
machine learning-based structural optimization, crystal field modeling, and EPR parameter 
analysis. 

The workflow begins by generating and optimizing candidate defect structures using the 
CHGNet [1] machine learning interatomic potential [2,3,4], allowing efficient exploration of 
local structural relaxations beyond ideal crystallographic models. For each optimized 
configuration, zero-field splitting parameters (ZFSPs) are computed via the superposition model 
(SPM) [5,6] to establish a direct link between local coordination geometry and spin Hamiltonian 
parameters. Concurrently, bond valence sum (BVS) analysis evaluates local charge states to 
ensure chemical consistency. 

A key feature of this framework is the simultaneous application of structural, electrostatic, 
and spectroscopic constraints. Calculated ZFSPs are systematically compared with experimental 
EPR data, and candidate defect models are refined through SPM-based fitting to achieve optimal 
agreement with observed parameters. As recently demonstrated for Cr3+ centers in PbTiO3 [7], 
this multi-constraint strategy significantly reduces ambiguity in defect assignment by 
eliminating chemically or structurally inconsistent configurations. 

The integration of machine learning-accelerated structural optimization, semi-empirical 
modeling, and charge validation provides a reliable, cost-effective pathway for defect 
identification. This framework directly correlates local structure, charge distribution, and EPR 
observables, enhancing the reliability of spectroscopic interpretation. Applications to 
representative defect centers demonstrate the effectiveness of this approach in distinguishing 
competing models and providing physically meaningful insights into defect structure–property 
relationships, offering a generalizable tool for complex materials. 
 
[1] B. Deng, P. Zhong, K. Jun, J. Riebesell, K. Han, C.J. Bartel, G. Ceder, Nat. Machine Int. 5, 1031 (2023).  
[2] C. Chen, S.P. Ong, A universal graph deep learning interatomic potential for the periodic table, Nat. Comput. Sci. 
2, 718 (2022).  
[3] K. Choudhary, B. DeCost, L. Major, K. Butler, J. Thiyagalingam, F. TavazzaK, Unified graph neural network 
force-field for the periodic table: solid state applications, Digit. Discovery 2, 346 (2023).  
[4] S. Takamoto, S. et al., Towards universal neural network potential for material discovery applicable to arbitrary 
combination of 45 elements, Nat. Commun. 13, 2991 (2022).  
[5] D.J. Newman, W. Urban, Adv. Phys, 1975, 24, 793-844.  
[6] C. Rudowicz, P. Gnutek, M. Açikgöz, Appl. Spectrosc. Rev., 2019, 54 (8), 673-718.  
[7] YB Dinler, M Acikgoz, A quantitatively constrained framework for defect identification in oxides: application to 
Cr3+ centers in PbTiO3, Phys. Chem. Chem. Phys. 28, 9251 (2026). 
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EMR studies of Magnetic Defects Generated by Grinding Glass-like 
Carbons 
 

Maria Augustyniak-Jabłokow a, Roman Strzelczyk a, Ryhor Fedaruk a 
 
a Institute of Molecular Physics, Polish Academy of Sciences, Smoluchowskiego 17, 60-179 Poznan, Poland  

maria.augustyniak@ifmpan.edu.pl 
 
Keywords: glass-like carbon; magnetic susceptibility, surface effects, exchange interactions, superantiferromagnetism, 

EMR studies require appropriate preparation of carbon samples. Powdering electrically 
conductive materials avoids resonance line asymmetry due to a skin effect. Dilution in a 
diamagnetic medium allows for the preparation of samples small enough to avoid Rabi splitting 
effects [1]. The developed surface of powdered samples requires protection from contact with 
oxygen, hence they should be studied in a vacuum or a protective atmosphere. However, such 
sample preparation does not always guarantee success. In the case of anthracite, we have 
previously observed differences between the EMR spectra of diluted powders and small 
platelets with thicknesses below the skin layer depth [2]. 

Our study of nonconducting glassy carbon (GLC) obtained from polymerized furfuryl 
alcohol by pyrolysis at 600 ºC reveals that the number of paramagnetic centers increases with 
temperature leading to a non-Curie temperature dependence of susceptibility. Additionally, a 
significant discrepancy between the susceptibility measured by EMR and DC magnetometry is 
observed. DC magnetometry shows the presence of ferromagnetically ordered phase. However, 
the EMR study of the large bulk GLC sample reveals only a narrow signal characteristic for the 
exchange interacting paramagnetic centers. At the same time, in large powdered samples, broad 
additional signals are clearly visible. This means that conditions for their appearance are created 
by grinding, which significantly increases the surface area of the GLC. In the temperature range 
100-296 K the broad EMR signals have a constant intensity suggesting that they arise from 
ferromagnetically coupled centers. This hypothesis is supported by observation of a narrow 
magnetic hysteresis. Such grinding-induced ferromagnetism is observed for nanoparticles of 
antiferromagnetic materials [3, 4] and interpretated as manifestation of superantiferromagnetism 
described by Neel [5]. This justifies conclusion that the studied GLC is a diluted 
antiferromagnet. 
 
[1] Fedaruk, R., Strzelczyk, R., Tadyszak, K., Markevich, S.A., Augustyniak-Jabłokow, M.A. Journal of Magnetic 
Resonance, 274, 73-79 (2017). 
[2] Tadyszak, K., Augustyniak-Jabłokow, M.A., Więckowski, A.B., Najder-Kozdrowska, L., Strzelczyk, R., 
Andrzejewski, B. Carbon, 94, 53-59 (2015). 
[3] Silva, N. J. O., Millan, A., Palacio, F., Kampert, E., Zeitler, U., Rakoto, H., & Amaral, V. S. Physical Review B, 
79(10), 104405 (2009). 
[4] Balaev, D. A., Krasikov, A. A., Popkov, S. I., Semenov, et al, Journal of Magnetism and Magnetic Materials, 539, 
168343. (2021). 
[5] Néel, L. CR Acad. Sci, 253, 203-208 (1961). 
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EMR studies require appropriate preparation of carbon samples. Powdering electrically 
conductive materials avoids resonance line asymmetry due to a skin effect. Dilution in a 
diamagnetic medium allows for the preparation of samples small enough to avoid Rabi splitting 
effects [1]. The developed surface of powdered samples requires protection from contact with 
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by grinding, which significantly increases the surface area of the GLC. In the temperature range 
100-296 K the broad EMR signals have a constant intensity suggesting that they arise from 
ferromagnetically coupled centers. This hypothesis is supported by observation of a narrow 
magnetic hysteresis. Such grinding-induced ferromagnetism is observed for nanoparticles of 
antiferromagnetic materials [3, 4] and interpretated as manifestation of superantiferromagnetism 
described by Neel [5]. This justifies conclusion that the studied GLC is a diluted 
antiferromagnet. 
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Multiharmonic analysis has been developed for years [1–5] and enables, among other things, 
the reconstruction of the unmodulated shape of CW EPR spectra regardless of the modulation 
amplitude used. Ultimately, the quality of the obtained signals is influenced by experimental 
parameters, hardware parameters, and the analysis algorithms used. Properly performed 
multiharmonic analysis requires consideration of a number of factors, in particular: the impact 
of the detection bandwidth on the recorded harmonics and the passage effect in the recorded 
data. 

The solutions used in the new algorithm allow for the correction of these effects and the 
acquisition of spectra unaffected by these factors. Firstly, this results in signal reconstruction 
with the highest possible efficiency, even if the signal's bandwidth was wider than the detection 
bandwidth. Secondly, it is possible to perform multiharmonic analysis for radicals for which the 
passage effect known from the rapid scan technique is observed on the harmonics, which is 
corrected during the analysis. Additionally, the procedures used in the multiharmonic analysis 
algorithm to optimize the noise parameters of the spectrum provide an above-average increase 
in sensitivity. The use of multiharmonic analysis results in a multiple increase in the signal-to-
noise ratio of the spectra, which, depending on the experimental conditions, can reach up to two 
orders of magnitude. 

It should be emphasized that the development and practical implementation of 
multiharmonic analysis has been significantly advanced thanks to the work of Novilet, whose 
technological solutions and innovative algorithms played a key role in refining this technique. 
Multiharmonic analysis can be performed on Novilet ERI DUO imagers or as an add-on to 
existing or new Bruker EPR spectrometers. 
 
[1] M. Gonet, et al., Free Radic Biol Med. (2020) 152, 271-279. 
[2] M. Tseitlin et al. J. Magn. Reson. (2011) 209, Issue 2, April 2011, Pages 277-281. 
[3] Zhelin Yu et. al. J. Magn. Reson. (2015) 254, May 2015, Pages 86-92. 
[4] R. Nakaoka, et al., Anal. Chem. (2023) 95, 8, 3940-3950. 
[5] M. Wehbi, et al, Mol. Imag. and Biol. (2024) 26, 484-494. 
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The advanced oxidation processes (AOPs) based on hydrogen peroxide offer a versatile 
approach to eliminating persistent organic contaminants, such as dyes, pesticides and 
pharmaceuticals, from industrial effluents. The effectiveness of the aforementioned substances 
is derived from their ability to generate reactive oxygen species (ROS) in a localised manner. 
This predominantly includes hydroxyl radicals (•OH) and singlet oxygen (1O2). The presence of 
ROS initiates an oxidative transformation and, under optimal conditions, the mineralisation of 
highly resistant molecules. One method for detecting the radicals generated during such 
reactions is the utilization of EPR spectroscopy, whereby spin trapping, spin probes and direct 
measurements of surface superoxide species are employed. Another technique involves using 
scavengers for reactive oxygen species during the degradation of model pollutants. As 
scavengers react more rapidly with ROS, they slow down the pollutant's degradation and reduce 
its degree of decomposition after a specified time. Furthermore, using selective scavengers 
enables the contribution of specific ROS to pollutant degradation to be determined. However, it 
is important to note that certain redox catalysts are not susceptible to scavenging, and in some 
cases, scavengers can actually accelerate the reaction. In this study, a series of synthesised using 
solvothermal and precipitation routes heterogeneous, copper based, Fenton-like catalysts were 
examined in terms of the reactive oxygen species they generate and their interaction with 
selected quenchers. This examination was conducted using the EPR spectroscopy techniques 
mentioned earlier. The overarching objective of the present research endeavour is to assess the 
evolution of ROS speciation in relation to catalyst composition and surface state. Such studies 
are anticipated to enhance the precision of structure-activity-selectivity relationships, thereby 
furnishing a more robust foundation for the optimisation of catalysts under authentic water 
treatment conditions. 
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In pulsed EPR, Rabi oscillations (transient nutations) are used to determine electron spin 
multiplicities, discriminate allowed and forbidden transitions, separate overlapping EPR 
spectra, and study solid-state spin qubits which have a variety of applications in quantum 
information technologies. They are successfully applied when the Rabi frequency significantly 
exceeds the spin relaxation rates. However, the short transverse relaxation time, being 
comparable to or even shorter than the dead time of EPR spectrometers (a typical value about 
80 ns at X-band), makes it difficult to observe and describe Rabi oscillations.  

In the present report, peculiarities of observation and simulation of Rabi oscillations of 
paramagnetic centers with short relaxation times are considered. We demonstrate that in this 
case the frequency of Rabi oscillations depends not only on the intensity of the microwave pulse, 
but also on its shape and relaxation rates. At short relaxation times, Rabi oscillations cannot be 
detected directly during the exciting MW pulse or after the pulse by measuring a primary or 
rotary spin echo, and only the FID detection can potentially be used. Two techniques suitable 
for this purpose are considered in which Rabi oscillations are detected by monitoring the FID 
amplitude as a function of pulse duration or microwave field amplitude. We describe the FID-
detected Rabi oscillations analytically or numerically for rectangular or shaped pulses, 
respectively. The description is confirmed by EPR experiments using DPPH (𝑇𝑇! = 𝑇𝑇" = 89 ±
7 ns) as a model sample [1].  

The applicability of the proposed measurement protocol with varying the MW amplitude 
have recently been demonstrated for fast-relaxing spins in glass-like carbon [2] where the 
relaxation times (𝑇𝑇! = 𝑇𝑇" = 35 ns) were about three times shorter than in DPPH. 

 
[1] Barbon A., Rusetsky G. A., Linarello S., Strzelczyk R., Fedaruk R. Journal of Magnetic Resonance, 2024, 368, 
107781. 
[2] Fedaruk R., Strzelczyk R., Rusetsky G. A., Barbon A., Majchrzycki Ł., Augustyniak-Jabłokow M. A. 2023, 213, 
118270. 
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Transition-metal ions (TMI: 3dN, 4fN) are widely used as activators in luminescent materials, 
as their optical properties are strongly governed by oxidation state, crystal-field (CF) strength, 
and site symmetry. Among these, Mn4+-activated oxides have attracted significant attention as 
efficient red-emitting phosphors for optoelectronic applications. Reliable identification of 
valence state and coordination environment is, therefore, essential for designing and tailoring 
the physical properties of TMI-activated oxide phosphors. EPR provides a powerful 
microscopic probe, directly revealing the spin states, zero-field splitting (ZFS), and CF effects 
[1]. EPR is also an effective tool for identifying radical species and assessing pollutant levels, 
including environmentally persistent and biogenic free radicals, underscoring its versatility 
across solid-state, environmental, and biological systems. 

This plenary lecture overviews EPR investigations on TMI activators in luminescent oxides, 
with emphasis on Mn4+ (3d3) centers in octahedral coordination. We show how the CF energy 
levels, and thus the spin-Hamiltonian parameters (g-factors and ZFS parameters) can be reliably 
modelled using the exchange charge model and/or superposition model to enable correlation 
with lattice distortions and site symmetry [1]. The role of orbit-lattice interactions and strain-
induced distortions in modifying CF energy levels and ZFS [1] will be also addressed. 

As case study, the results for Mn-doped oxides, e.g., pyrochlore Y2GaSbO7:Mn4+ [2] and 
double perovskite BaSrYTaO6:Mn4+, will be presented. Temperature-dependence of EPR 
spectra, which provides evidence for Mn4+ centers and reveals characteristic spectral features, 
is also discussed. These results are correlated with photoluminescence to establish structure-
property relationships. Overall, the lecture will demonstrate the effectiveness of EPR in 
elucidating the CF levels and spin levels of TMI activators, with Mn4+ systems providing 
representative examples. 
 
[1] (a) Biswas et al., Effects of distortions in ion-host systems on optical spectra, crystal-field and spin-Hamiltonian 
parameters of Cr3+ ions doped pyrochlores Y2Ti2O7 and Y2Sn2O7: exchange charge model and superposition model 
calculations, PCCP 25 (2023) 5082; (b) Biswas et al., Orbit-lattice interaction, induced structural distortions and 
lattice strain affecting energy levels of Ni2+ ions doped pyrochlores: Y2Ti2O7 and Gd2Ti2O7, Comput. Mater. Sci. 240 
(2024) 113016. 
[2] Y.M. Jana et al., Tuning structural, spectroscopic and electronic properties of Mn4+ doped Y2GaSbO7 phosphor for 
optoelectronics and phototherapy applications, J. Alloy. Compd. 1037 (2025) 182169. 
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Electrochemical energy storage and conversion technologies, including flow batteries, 
electrolyzers, and fuel cells (FCs), are central to the renewable energy supply chain. While 
proton-exchange membrane fuel cells are technologically mature, their reliance on scarce noble 
metals limits large-scale deployment. Anion-exchange membrane fuel cells (AEMFCs) offer a 
promising alternative because non-PGM catalysts and less expensive hydrocarbon membranes 
can be used under alkaline conditions. However, AEMFC durability is still limited by 
degradation of hydroxide-conducting ionomers, which decreases membrane-electrode assembly 
performance and promotes catalyst agglomeration [1]. Using operando EPR, we previously 
demonstrated radical formation during AEMFC operation on both PGM and non-PGM 
catalysts, including Fe-N-MWCNT systems [2,3]. EPR spectra of DMPO-OH adducts recorded 

from a Pt/C-coated cathode placed 
directly in the spectrometer cavity 
confirmed hydroxyl radical generation 
during FC operation. In this work the 
radical-scavenging properties of 
commercially available TiO₂, 
synthesized Ru-doped TiO₂ (RTO), and 
CeO₂ were evaluated under alkaline 
conditions. 

A competitive kinetic (CK) 
approach based on spin-trapping EPR 
was applied to quantify the hydroxyl-
radical scavenging ability of the 
investigated oxide systems [4]. For a 
linear CK plot (Fig. 1), the slope 
corresponds to kC/kDMPO and provides 
a quantitative measure of hydroxyl-

radical quenching efficiency: higher slope indicates more effective radical scavenging.  
 
Acknowledgements: This work was supported by the NCN under Grant No. 
2024/53/B/ST4/01150. 
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[2] Wierzbicki, S., et al, Journal of Physical Chemistry Letters 2020, 11(18), 7630-7636 
[3] Wierzbicki, S., et al, ACS Catalysis 2023, 13(4), 2744-2750 
[4] Danilczuk, M., et al, Macromolecules 2010, 43, 3352-3358 
  

 
Fig. 1. CK plots for ORR catalysts supports: 
XC-72 carbon, TiO2 and RTO. 
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The 3d metal chalcogenides (MC) is known class of materials in which the idea of 
2D magnetism can be realized. The crystal structure of bulk crystals of such materials 
is layered, in which the atoms within the layer are bound by strong covalent bonds, 
while weak van der Waals bonds act between the layers. 

Bulk crystals can be used to obtain layers (monolayers) containing several or more 
atomic layers, either by thinning a bulk sample into a thick layer on a substrate or by 
exfoliation. Monolayers are two-dimensional objects and exhibit physical properties 
distinct from bulk crystals. However, the use of monolayers in spintronics is limited 
because, according to the Mermin-Wagner theory, long-range magnetic order 
(ferromagnetism, antiferromagnetism) does not exist in a two-dimensional system. 
Combining ferromagnetic properties (if such existed in 2D materials) with their unique 
optical or electrical properties will open up new applications in magnetooptical or 
magnetoelectric devices. 

The first 2D materials in which long-range magnetic order was observed were CrI3 
[1] and Cr2Ge2Te6 [2]. It turned out that such long-range order is possible due to the 
high magnetic anisotropy in these materials. Recently, extensive studies on two-
dimensional magnetism have been conducted for a group of transition metal sulfides 
materials. Some of these materials have high Curie temperatures, approaching room 
temperature. In this paper, we focus on Cr3Te4, whose Curie temperature in bulk 
crystals is 306-314 K. We demonstrate that the source of magnetic anisotropy is double 
superexchange as a result of the structure of Cr3Te4 crystals. We explain the role of the 
magnon spectrum in the emergence of long-range order in monolayers. 

We have measured EPR spectra for polycrystalline Cr3Te4. The temperature 
dependence of the spectra have been analyzed in the frame of magnon approach to the 
dynamic spin susceptibility depending on the wave vector and the frequency [3]. This 
model enables to estimate the ratio of Jperp/Jpar of quasi-two dimensional Cr3Te4. 
 
[1] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, K. L. Seyler, et al. Layer-dependent Ferromagnetism in a 
van der Waals Crystal down to the Monolayer Limit, Nature 546,270 ( 2017). 
[2] C. Gong, L. Li, Z. Li, H Ji, A Stern, Y Xia, T Cao, et al. Discovery of intrinsic ferromagnetism in two-dimensional 
van der Waals crystals, Nature 546, 265–269 (2017) 
[3] I. Eremin, P. Thalmeier, P. Fulde, R. K. Kremer, and A. Simon, Large magnetoresistance and critical spin 
fluctuations in GdI2, Physical Review b, v. 64, 064425 (2001).  
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The spectroscopic properties of Cr³⁺-activated 
spinels are governed by variations in the local 
crystal-field environment, cation disorder, and Cr–
Cr magnetic interactions, all of which directly 
influence near-infrared (NIR) emission 
characteristics. In this presentation, electron 
paramagnetic resonance (EPR) spectroscopy was 
combined with photoluminescence spectroscopy to 
establish correlations between paramagnetic Cr³⁺ 
centers and their emission properties in the mixed 
spinel system Mg(Ga,Al)₂O₄:0.06Cr³⁺. 

Optical spectroscopy reveals systematic 
modifications of the crystal-field strength through the energetic evolution of the 4T2 and 2E 
states, while EPR provides direct insight into local symmetry, exchange interactions, and the 
distribution of isolated Cr³⁺ ions, exchange-coupled Cr–Cr pairs, and cluster-like centers. 
Particular attention is devoted to the evolution of EPR line shape, linewidth broadening, and 
effective g-factor variations as a function of the Ga/Al ratio, reflecting changes in short-range 
structural disorder and magnetic coupling pathways. 

The combined spectroscopic analysis demonstrates that the broadband NIR emission 
originates from a heterogeneous distribution of Cr³⁺ environments rather than from a single 
crystallographic site. The relative contributions of isolated ions and magnetically interacting 
centers are shown to strongly affect emission bandwidth and spectral position. These results 
provide a direct spectroscopic link between local paramagnetic structure and luminescence 
properties in Cr³⁺-activated spinels. 

The presented EPR–luminescence correlation offers a framework for the targeted 
engineering of broadband NIR phosphors based on controlled crystal-field tuning and defect-
assisted formation of interacting Cr³⁺ centers. 
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In this review our and other articles [1–5] devoted to EPR studies of the radiation-induced 
centers in crystalline and glassy borate compounds are considered and discussed. In particular, 
the X-band (n @ 9.4 GHz) EPR spectra of borate glasses with Li2B4O7, LiKB4O7, LiB3O5, 
LiCsB6O10, CaB4O7, SrB4O7, and SrB6O10 chemical compositions, which were irradiated by 
high dose of the g - ray (107 Gy) and X - ray (1 ÷ 2 · 104 R) at room temperature are detailed 
analyzed and interpreted.  

The X - and g - irradiation at RT of the investigated borate glasses with different chemical 
compositions leads to generate 3 types of stable paramagnetic centers, which have been 
identified by EPR spectroscopy and denoted by us: RC 1, RC 2, and RC 3. The efficiency of 
generation and type of the radiation-induced paramagnetic centers weakly depends on the basic 
borate glass composition (i.e., ratio of the network former to the modifiers) and practically is 
independent of the kind of ionizing radiation (X or g ) as well as presence of the Fe3+ non-
controlled impurity ions in the glass network. EPR spectra of most intense RC 1 centres are 
characterized by hole-like g - factor (g @ 2.014) and can be described in the framework of model 
of the ensemble of O- hole centers (or BOHC), located in different sites of non-bridging oxygen 
of borate glass network. The 4-component EPR spectrum of the O- centers are related to the 
superhyperfine (SHF) structure (a @ 1.3 mT), caused by interaction of the unpaired electron spin 
with one nearest nucleus of the 11B magnetic isotope (nuclear spin I = 3/2, natural abundance – 
80.1 %). The weak EPR signal with 7-component SHF structure belong to the O- centers, 
localized near one nucleus of the 10B isotopes (nuclear spin I = 3, natural abundance – 19.9 %). 
Observed in the X - and g - irradiated borate glasses unstructured broad EPR signal of the RC 2 
centers can be attributed to the ensemble of O- hole centers (g ≈ 2.041), located in the positions 
of bridging oxygens far from magnetic isotopes of glass network. The RC 3 signal (g @ 1.961), 
observed in the Li2B4O7 glass can be attributed to centers of the electron type and their nature 
needs additional more detailed study.  
 
[1] Ya.V. Burak, B.V. Padlyak, V.M. Shevel, Nucl. Instr. and Meth. Phys. Research, B 191 (2002) 633.  
[2] Ya.V. Burak, B.V. Padlyak, V.M. Shevel, Radiation Effects & Defects in Solids, 157 (2002) 1101.  
[3] V. Grachev, G. Malovichko, V. Pankratov, T. Rust, Ya. Burak, Phys. Stat. Sol. (c) 4 (2007) 1288.  
[4] Sook Lee, P.J. Bray, J. Chem. Phys., 39 (1963) 2863.  
[5] D.L. Griscom, P.C. Taylor, B.C. Ware, P.J. Bray, J. Chem. Phys., 48 (1968) 5158.  
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Powder coatings are widely used in industry because of their high mechanical strength and 
chemical resistance. In this study, commercially available powder coatings were examined 
using electron paramagnetic resonance (EPR) spectroscopy to analyze structural defects and 
paramagnetic centers in polymeric coating materials. Measurements were performed in the 
temperature range of 300–500 K. The EPR spectra revealed broad resonance lines characteristic 
of complex paramagnetic systems. The observed changes in all line parameters indicate 
alterations in the local environment of paramagnetic centers and defect-related structures in 
polyester powder coatings. 

 
Figure. 1. Temperature dependence of the EPR spectra of powder paint 
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The paramagnetic centers created in titanium dioxide modified with 3-aminopropyltrieth-
oxysilane (APTES) powders were probed by the electron paramagnetic resonance (EPR) 
spectroscopy at liquid nitrogen temperature. The nanomaterials based on TiO2 modified with 
APTES: TiO2-4h-1800C-500mM-800∘C (sample 1), TiO2-4h-1800C-500mM-900∘C (sample 2) 
and TiO2-4h-1800C-500mM-1000∘C (sample 3) were obtained by solvothermal processes, 
thermal modification in the argon atmosphere and calcination at 800°C, 900°C and 1000°C.  

The EPR spectra recorded in temperature range 80 - 300 K for the samples (1) – (3) reveal 
the presence of an electron trapped on an oxygen vacancy (V0) with of the sharp signal (L1) 
centered between geff = 2.0025(7) and geff = 2.0028(9). Additionally, the EPR broad signal 
(L2), observed only at temperatures below 135 K for samples 2 and 3, indicates the existence 
of some Ti3+ ions located at low coordination sites. The signal (L2) was centered between geff = 
1.9565(8) and geff = 1.9750(4).  

The temperature dependence of EPR integrated intensities has shown the presence of 
different relaxation processes at various temperature ranges. These differences may arise from 
varying concentrations of conduction electrons in the samples. The two types of EPR signals 
observed in our study may be attributed to existence of distinct paramagnetic centers. Modifying 
titania with APTES has been found to lead to enhanced photocatalytic properties compared with 
unmodified TiO2 calcined at the same temperatures.  
 
[1] T. Berger, M. Sterrer, O. Diwald, E. Knozinger, D. Panayotov, T. L. Thompson, and J. T. Yates, Jr., J. Phys. 
Chem. B 109 (2005) 6061-6068. 
[2] M. Açıkgöz and C. Rudowicz, Coordination Chemistry Reviews 539 (2025) 216740. 
[3] A. Sienkiewicz, Kusiak-Nejman, A. Wanag, K. Aidinis, D. Piwowarska, A. W. Morawski, and N. Guskos, 
Reviews on Advanced Materials Science 61 (2022) 726–733. 
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The {110}-oriented samples were prepared from vapor-grown CdTe single crystals, and then 
implanted with 500 keV Cr⁺ ions at fluences up to 5∙1017 cm-2 to overcome the low equilibrium 
solubility of this element in the CdTe lattice. Using HAADF-STEM and EDXS, it was revealed 
that implantation induces phase separation and the formation of dopant-related particles with 
sizes of 10−40 nm at depths up to 500 nm from the irradiated surfaces. These were identified as 
precipitates of the monoclinic Cr3Te4 with the (31)3))Cr3Te4∥(202))CdTe and [101]Cr3Te4∥[111]CdTe 
orientation relationships with respect to the host matrix, which are known to be ferromagnetic 
at RT. 

Magnetization measurements revealed ferromagnetic ordering in the implanted samples at 
LNT and RT, with low-coercivity hysteresis loops characteristic of soft magnetic materials. 
Their magnetic resonance properties were investigated using a 9.43 GHz X-band Bruker FT-
EPR spectrometer over the 100–300 K range. The samples exhibit broad, asymmetric resonance 
lines, which at RT can be fitted with two broad Lorentzian components, indicating magnetically 
non-equivalent resonance contributions associated with different local anisotropy conditions 
within the ensemble of ferromagnetic nanoprecipitates. A weak contribution from the 
surrounding Cd1-xCrxTe matrix cannot be completely excluded. 

Upon cooling, the resonance line progressively broadens, becomes strongly distorted, and 
its peak intensity decreases substantially. The observed temperature evolution may arise from 
strong inhomogeneous broadening of the FMR absorption due to enhanced magnetic anisotropy, 
stronger internal magnetic fields, and increasing interparticle dipolar interactions. The shift of 
the resonance toward lower magnetic fields with decreasing temperature is attributed to an 
increase in the effective internal magnetic field associated with spontaneous magnetization. The 
results are consistent with magnetic blocking in an ensemble of ferromagnetic Cr3Te4 
nanoprecipitates upon cooling below approximately 220 K. 
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Electron magnetic resonance (EMR) and optical spectroscopy enable characterization of 
transition metal 3d/4f ions in coordination compounds, which often exhibit low (monoclinic or 
triclinic) symmetry sites. Low symmetry aspects (LSAs) are largely unexplored as yet due to 
lack of adequate knowledge. Thus they are often neglected and orthorhombic or higher 
symmetry approximations are employed instead. To alleviate these problems, the key notions 
are elucidated to provide valuable insights in EMR, optical spectroscopies, magnetism and 
related areas [1]. 

Categorization of high and low site symmetry cases is provided based on point symmetry 
groups (PSGs) and the unique character of orthorhombic site symmetry is exposed [1]. The 
LSAs, including the low symmetry effects (LSEs) observable in EPR spectra of 3d/4f ions with 
spin S > ½, cannot be described using the conventional 2nd-rank zero-field splitting (ZFS): HZFS 
= S.D.S. The tensor operators of the rank k = 2, 4, 6 play crucial role in EMR and optical 
spectroscopy in describing LSAs and LSEs. The tesseral tensor operators (TTO) - Stevens 
operators (SO): extended SO (ESO) and generalized (GESO), and the spherical tensor operators 
(STO), as well as respective ZFS parameters (ZFSPs) are overviewed to clarify their mutual 
relationships [2]. 

Fundamentals of the spin Hamiltonian and the crystal field (CF) Hamiltonian are briefly 
presented [1]. This includes: (i) role of PSGs and site symmetry in spectroscopy, (ii) symmetry-
adapted axis systems and crystallographic axis systems, (iii) crystallographically and 
magnetically inequivalent sites in crystals, (iv) triclinic and symmetry-specific forms of spin 
Hamiltonians, (v) distinctions between HZFS and HCF, (vi) laboratory and magnetic axis systems.  

The intricate problems encountered in the fitted and modelled ZFSP sets for Gd3+ ions at 
trigonal and triclinic sites in dinuclear complexes [3] are discussed. Our study [3] reveals serious 
inadequacy of the packages SHAPE as well as DFT-based MOLCAS for ZFSP modelling. 
 
[1] C. Rudowicz, M. Açıkgöz, M. Karbowiak, Low symmetry aspects in EMR and optical spectroscopy of 
coordination compounds of transition ions, Coord. Chem. Rev., 512, 215865, 2024 
[2] C. Rudowicz, S.K. Misra, Evolution of Tesseral and Spherical Tensor Operators in EPR and Optical Spectroscopy: 
Legacy of K.W.H. Stevens, Appl. Mag. Res. 56, 1317–1333, 2025 
[3] D. Marcinkowski, et al., Critical evaluation of ambiguities in computational modelling of ZFS parameters: trigonal 
and triclinic dinuclear Gd3+ complexes, J. Mag. Magn. Mat. 633, 173546, 2025 
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Increasing environmental contamination with persistent organic pollutants, including dyes, 
pharmaceuticals, and other emerging contaminants, has become a major environmental concern 
due to their toxicity, chemical stability, and resistance to conventional wastewater treatment 
methods. In this context, advanced oxidation processes (AOPs), particularly Fenton and Fenton-
like reactions together with their modifications, have attracted considerable attention as 
effective methods for the degradation and mineralization of recalcitrant organic contaminants. 
These processes are based on the generation of reactive oxygen species (ROS), such as hydroxyl 
radicals (•OH), superoxide radical anions (O2•−), and singlet oxygen (1O2), which exhibit 
exceptionally high oxidative activity toward a broad range of organic pollutants. ROS are 
typically generated through reactions involving hydrogen peroxide, enabling efficient oxidation 
without the formation of secondary toxic by-products. Owing to their high efficiency, AOPs are 
increasingly considered a valuable complement or alternative to conventional biological, 
mechanical, and chemically assisted purification methods, particularly as a final polishing step 
for the removal of low concentrations of persistent contaminants from aqueous systems. The 
effectiveness of these processes strongly depends on the properties of the applied catalyst, as its 
composition and structure determine the generation efficiency of highly reactive oxidizing 
species.  

In this work, reactive oxygen species were identified, and the influence of catalyst 
composition (type of transition metal and presence of dopants) on their formation was 
investigated. The generation of reactive oxygen species was confirmed by EPR spectroscopy 
using spin trapping with DMPO and oxidation of TEMP, enabling the identification of hydroxyl 
radicals (•OH) and singlet oxygen, respectively. In addition, the catalytic activity was evaluated 
in the degradation of organic dyes (methylene blue and rhodamine B) as well as the antibiotic 
ciprofloxacin. The obtained results demonstrated a synergy between the adsorption of pollutant 
molecules on the catalyst surface and the catalytic activity in generating reactive oxygen species, 
including both hydroxyl radicals and singlet oxygen, as well as their effectiveness in the 
degradation of contaminants. 
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The chemistry of metallozeolites exchanged with 3d transition metals has attracted wide 
attention over the years due to their well-defined framework structures, redox flexibility, and 
remarkable adsorption and catalytic properties, as well as their vital relevance for chemical 
technology. The binding and activation of small reactant molecules are essential components of 
comprehensive experimental and theoretical investigations into the mechanistic complexity of 
the involved intrazeolite reactions and the associated processes. It is governed by the intricate 
mechanistic interplay of intrazeolite reactions, which are influenced by the flexible valence, 
spin, and coordination states of the encapsulated metal ions and their associated metal-oxo 
entities. The nature of active sites, confinement effects, and the complex activation mechanisms 
of reactant molecules, which act as both innocent and non-innocent ligands, are discussed at the 
orbital level. This contribution addresses the following issues: speciation of intrazeolite 
transition-metal ions, their structural dynamics, and reactivity toward catalytically relevant 
small molecules, such as CO, N2, O2, NO, N2O, and NH3. The attention is placed on ligand 
coordination, redox activation, and the role of electronic and spin states in dictating the catalytic 
behavior. The discussion integrates insights from site-selective spectroscopies and 
computational methods to elucidate the structure, metal-ligand interactions, and activation 
pathways. Particular emphasis is placed on computational spectroscopy applications for 
molecular interpretation of the spectroscopic EPR parameters of the produced adducts, and their 
structure sensitivity. 
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The purpose of this study was to analyze airborne particulate matter during the heating 
season (February and March) and during the off-season (September) over a 2-year period. It 
also included the Saharan dust inflow reaching southern Poland in the spring of 2025, and was 
determined to assess its impact on the chemical composition and oxidation potential of airborne 
particulate matter. Using the ultrasensitive Dekati instrument, aerosols were measured in 15 size 
fractions (6 nm–10 μm), enabling the detection of even the smallest particles – a feature 
previously undescribed for Saharan dust [1]. Electron paramagnetic resonance spectroscopy was 
used to quantify and identify radicals associated with various fractions of particulate matter. The 
analysis revealed a high content of ultrafine particulate matter (<1 μm), which may pose a 
potential risk to human health. The use of modern measurement equipment allowed the 
detection of ultrafine fractions and the identification of free radicals associated with Saharan 
dust, both during the heating season and outside of it, providing new information on airborne 
particulate matter, its oxidative potential, and its chemical reactivity. 

 
Figure. EPR spectra for filter #7 during the Saharan dust episode (blue line) and during the period without dust influence 
(orange line). 
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In this work, we are showing the results of the X- and Q-band electron magnetic resonance 
measurements of ultra-small Zn1-xMnxFe2O4 nanoparticles (c.a. 8 nm) with a very narrow size 
distribution. The chosen synthetic route allows for precise structural modifications with a broad 
concentration range (x – 0, 0.2, 0.5, 0.8, 1). The crystal structure was evaluated by means of the 
X-ray diffraction technique, while cell parameters were calculated using Rietveld refinement. 
EMR spectral studies indicated that the prepared nanoparticles were superparamagnetic. The 
linewidth of EMR signal for any ferrite material generally originates from two sources: (a) 
magnetic dipole-dipole interactions among particles and (b) interparticle superexchange 
interactions between magnetic ions through oxygen ions. Observed effects are more complex 
interactions than in pure zinc and manganese ferrites. As a result of the study, a relationship was 
observed between the composition of the material and the magnetic properties with striking 
antiferromagnetism and ferrimagnetism change. Hence, by structural modification of materials, 
the magnetic character (FM-AFM-FiM) can be controlled. 
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We have studied magnetic properties of zinc-oxide composite doped with high concentration 
(up to 20%) of Co and Cr ions. The pulsed laser deposition method was used to obtain samples 
on quartz glass and sapphire substrates. Samples were annealed at 100–250 ◦C for ZnO on quartz 
substrate, and 300–700 ◦C on sapphire substrate. EMR measurements were carried out and 
temperature dependence of the EMR spectra was obtained. The angular dependence in two 
samples orientation, vertical and horizontal, were also obtained. Analysis of the temperature 
dependences of the integral intensity of EMR spectra was carried out using the Curie–Weiss 
law. 

With increasing annealing temperature, we observe an increase in paramagnetic properties 
as a result of weakening of the exchange coupling between Cr and Co ions. Analyzing the 
behavior of the EMI linewidth for low ion concentration, we argue that the combined effect of 
exchange and dipole broadening plays an important role in the mechanism of linewidth 
formation in these materials. 
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Pentane-2,4-dione bis(amidrazone) Schiff bases bind first-row metals in a redox-non-
innocent tetradentate N₄ pocket. We compare Cu(II/III) and Ni(II/III) amidrazones built on the 
same scaffold by multifrequency cw-EPR, DFT (B3LYP/def2-TZVP*), electrochemistry, UV-
Vis SEC, and Cu K-edge XAS. 

The Cu(II) complexes [Cu(H2LR)]+ (R = Me, Ph) give axial spectra with g∥ ≈ 2.15, A∥ (⁶³Cu) 
≈ 215 × 10⁻⁴ cm⁻¹ and ¹⁴N superhyperfine - diagnostic of a dx²−y² ground state. The formally 
Cu(III) congeners are EPR silent, but cobaltocene reduction regenerates nearly identical Cu(II) 
signals. DFT and Cu K-edge XANES corroborate a Cu(II)-L•⁺ rather than d⁸ Cu(III) description. 

The Ni series behaves oppositely. Ni(II) parents are diamagnetic (low-spin d⁸). The formally 
di-Ni(III) dimer shows near-isotropic g ≈ ge - too small for a Ni-centred radical. Reduced 
[Ni(LPhO)]⁻ gives a narrow S = 1/2 spectrum with a ¹⁴N quintet from two equivalent amidrazone 
N donors (Figure). 

The same scaffold thus yields metal-centred spin with Cu and ligand-centred spin with Ni. 
The d-electron count is decisive: d⁹ Cu(II) cannot avoid a hole in dx²−y²; low-spin d⁸ Ni(II) is 
EPR-silent and leaves the ligand to host the spin. EPR discriminates formal from spectroscopic 
oxidation state. 

Figure. EPR spectra and DFT predicted 
spin densities in isoelectronic 
[Cu(LPhO)] and [Ni(LPhO)]⁻ 
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TEMPO-phosphate has been introduced as a phosphate analogue to study phosphate transport 
in erythrocytes. The nitroxide is reduced intracellularly upon entering the cells, the membrane 
transport being the rate-limiting step of the loss of the EPR signal. The use of TEMPO-
phosphate is convenient and avoids the hazard of radioactivity. We studied the inhibition of 
TEMPO-phosphate transport to human erythrocytes by various compounds. DIDS and SITS, 
inhibitors of Band 3, inhibited the TEMPO-phosphate transport. 1-cyano-4-hydroxycinnamic 
acid, an inhibitor of monocarboxylate transporters, did not affect the permeation of TEMPO-
phosphate. The transport of TEMPO-phosphate was inhibited by various polyphenols, 
especially curcumin, naringin, quercetin, and curcumin. 
 

Compound (100 µM) Relative transport rate [%] 
None (control)  100 
DIDS 11.4 ± 4.8*** 
SITS 14.0 ± 7.5** 
1-Cyano-4-hydroxycinnamic acid 100.5 ± 3.2 
1-Hydroxycinnamic acid 101.1 ± 2.8 
Ferulic acid 104.0 ± 5.1 
Daidzein 99.5 ± 4.7 
Genkwanin 96.8 ± 3.8 
Genistein 87.4 ± 5.3* 
Kaempferol 87.3 ± 1.9** 
Luteolin 76.8 ± 6.2* 
Quercetin 74.5 ± 7.1* 
Naringin 72.1 ± 6.4** 
Curcumin 71.2 ± 5.9** 
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The growing pollution of aquatic environments with heavy metals calls for increased efforts 
to identify effective and sustainable biosorbents. Among naturally occurring biomaterials, 
microalgae such as Spirulina platensis and Chlorella vulgaris exhibit significant metal ion 
adsorption capacity due to functional groups in their cellular structure. In this study, electron 
paramagnetic resonance (EPR) spectroscopy was used to investigate the structural and 
paramagnetic changes that occur in the Spirulina platensis and Chlorella vulgaris biomass 
before and after the adsorption of copper ions from aqueous solutions. The recorded EPR spectra 
revealed distinct changes in signal intensity, line width, and g-value following the adsorption 
process, confirming the effective adsorption of copper ions by both biomaterials. 

The results obtained show that EPR spectroscopy is a valuable tool for monitoring and 
characterizing biosorption processes. 

 
Figure 1. EPR spectra of Spirulina platensis before and after copper(II) ions biosorption. 

 



34
 

I.I. Rabi was born in Podkarpacie, Poland. Fundamentals of qubits and 
transient EPR 
 
Mateusz Drąg a, Tadeusz Jasiński a, Marian Kuźma b 
 
a Department of Physics and Medical Engineering, Faculty of Mathematics and Applied Physics, Rzeszow 
University of Technology, Powstańców Warszawy str. 6, 35-029 Rzeszów, Poland 

b University of Rzeszow, Institute of Materials Engineering, Pigonia 1, 35-959 Rzeszów, Poland 
m.drag@prz.edu.pl 
 
Keywords: two-level system, Rabi oscilations, qubits 
 

In this report, we recount the life and scientific work of physicist Isydor Isaac Rabi. Isydor 
Izaak Rabi was born on July 29, 1998, in Rymanów in Podkarpacie in Poland. As a child, he 
emigrated to America with his parents before World War I. After graduating with a degree in 
chemical engineering from Cornell University, he quickly earned a doctorate in physics and 
worked at renowned universities. His work in atomic and nuclear physics pioneered new 
research and application directions in physics. In his widely known, historic work from 1937 he 
derived a formula for the probability of transition between Zeeman levels of a particle in a 
constant and rotating magnetic fields within the formalism of quantum mechanics [1,2]. The 
probability is a periodic function of the sin2 type. In NMR, EPR and ODMR the effect is known 
as Rabi oscillations or transient nutations [3,4].This topic is closely related to the recording, 
processing, and reading of information using qubits in quantum computing. In 1944 I. I. Rabi 
received the Nobel Prize for the description and measurement of the magnetic properties of 
nuclei. In addition to being an outstanding physicist, Isidor Isaac Rabi was also a great humanist. 
This is evidenced by his book SCIENCE: THE CENTER OF CULTURE , in which, among 
other topics, he addresses the philosophical problems of science and armaments. He believed 
that: Science and peace do have a connection. On July 5, 1971, Isydor Izzak Rabi and his wife 
visited Rymanów. In 2019, twenty years after Rabi's death (January 11, 1988), his wife Margaret 
Beels, again came to Rymanów with Rabi’s four grandchildrens [5]. 
 
[1] Rabi I. I., Spin Quantization in a gyrating magnetic field, Phys. Rev. 51 (1937), s. 652–654. 
[2] Daniel Braak et al., Semi-classical and quantum Rabi models: in celebration of 80 years, 2016 J. Phys. A: Math. 
Theor. 49 (2016). 
[3] Torrey H.C., Transient nutations in nuclear magnetic resonance, Phys. Rev. 76 (1949) 1059–1068. 
[4] Fedoruk G.G., Transient nutation EPR spectroscopy of condensed media, J. Appl. Spectrosc. 69 (2002) 161–182.  
[5] Potocki A., Światowej sławy uczony z Rymanowa, Karpacki Przegląd Społeczno-Kulturalny, Nr 4(48), 2022, s. 
25–29 (in polish). 
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Ni–Mn–Ga-based alloys have been widely studied due to the strong coupling between their 
structural ordering, stoichiometry, and mechanical as well as magneto-mechanical properties 
[1,2]. Of particular interest is the magnetic-field-induced shape memory effect, first reported by 
Kari Ullakko [3], which makes these materials promising candidates for functional applications. 
Although single-crystal Ni–Mn–Ga alloys exhibit outstanding properties, their large-scale 
industrial use remains limited due to high production costs and technological constraints. 
Consequently, increasing attention has been directed toward polycrystalline forms, such as melt-
spun ribbons and powders, especially in the context of additive manufacturing [4,5]. 

This poster presents an electron magnetic resonance (EMR) study NiMnGaCoCu powders 
derived from melt-spun ribbons via mechanical milling. EMR measurements were carried out 
in the temperature range of 180–380 K during both cooling and heating cycles. Microstructural 
and compositional characterization was carried out using scanning electron microscopy (SEM) 
and energy-dispersive X-ray spectroscopy (EDS).  
 
[1] Zheng, Dong, et al. "Magnetostructural transformation and its multiple functional properties for Co-doped 
Ni56Mn18Ga26 Heusler alloy." Journal of Alloys and Compounds 694 (2017): 532-538 
[2] Entel, Peter, et al. "Properties and decomposition of Heusler alloys." Energy Technology 6.8 (2018): 1478-1490 
[3] Ullakko, Kari, et al. "Large magnetic-field-induced strains in Ni 2 MnGa single crystals." Applied Physics Letters 
69.13 (1996): 1966-1968 
[4] Maziarz, Wojciech, et al. "Microstructure and magnetic properties of selected laser melted Ni-Mn-Ga and Ni-Mn-
Ga-Fe powders derived from as melt-spun ribbons precursors." Metals 11.6 (2021): 903 
[5] Laitinen, Ville, et al. "Laser powder bed fusion of Ni-Mn-Ga magnetic shape memory alloy." Additive 
Manufacturing 30 (2019): 100891 
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Biogenic free radicals (BPFRs) are naturally occurring, stable, and persistent chemical 
compounds in plants that contain unpaired electrons. They are generated in plants as a result of 
metabolic processes. BPFRs are present in plant leaves, both in the senescent and active phases. 
Their concentration increases with plant aging. They can enter the soil from fallen and decaying 
plant parts, where they interact with soil particles and influence humification processes. 

The purpose of this study was to test the hypothesis that the content of biogenic free radicals 
increases with leaf aging. The study determined the EPR signal of free radicals and metal ions 
in plant material of varying degrees of aging, as well as in litter, topsoil, and soil sampled at a 
depth of 5 cm. The samples were collected from five sites located in natural forest ecosystems, 
in duplicate, with the site located in the city of Rzeszów serving as a control. 

 
Fig. EPR spectra of samples from a single site: F1 – needle from litter, F2 – young needle, F3 – secondary needle, F4 – 
tertiary needle, F5 – oldest needle, S-XII – litter, S24 – topsoil, and S26 – soil from a depth of 5 cm. 

 
The EPR spectrum revealed lines originating from Mn2+ ions, primarily in needles, and Fe3+ 

ions and free radicals. 
 
This research was supported by the Minister of Science of the Republic of Poland under the 
Programme „Regional initiative of excellence”. Agreement No. RID/SP/0010/2024/1. 
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Photocatalytic bleaching systems based on TiO2 are promising for applications in which a 
reduction of hydrogen peroxide concentration and excitation with visible light are required, for 
example in biomedical and teeth whitening applications. In this work we investigate the activity 
of photocatalytic systems of type H2O2-TiO2(S,C)-HAp/FAp under blue (460 nm) and green 
(525 nm) light irradiation using electron paramagnetic resonance (EPR) spectroscopy with the 
DMPO spin trap. Spin adduct spectra were recorded in the dark and under illumination to 
monitor the formation of hydroxyl and superoxide radicals generated from hydrogen peroxide 
in dimethyl sulfoxide solutions containing nanocrystalline hydroxyapatite and fluoroapatite 
modified with TiO2(S,C) and Ag. The radicals were identified, their spectral parameters were 
determined, and correlations between irradiation conditions and the yields of DMPO OH and 
DMPO OOH adducts were established. For fluoroapatite-based materials modified with silver 
and TiO2, such as Fap-AgNO3 and Fap-TiO2(S,C), a markedly stronger response to blue light 
was observed, whereas for pure FAp and samples modified with lutetium, e.g. FAp pure and 
Fap-AgLu, a higher generation of radicals occurred under green irradiation. The predominance 
of DMPO OH adducts in many cases is attributed to the transformation of DMPO OOH species, 
indicating efficient reactive oxygen species formation in these systems. The results demonstrate 
that H2O2-TiO2(S,C)-HAp/FAp system activated by visible light can generate reactive radicals 
effectively at reduced H2O2 levels, which is advantageous for potential simultaneous bleaching 
and remineralization applications. 

 

Figure 1. Summarizes the EPR spectra of all samples of hydroxyapatite and spin trap DMPO with the solvent 
DMSO with H2O2 without irradiation. 
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This paper presents preliminary studies on the correlation between free radicals and 
paramagnetic species present in house dust and in soil collected from agricultural green areas 
surrounding residential properties. The results suggest that organic soil is the dominant source 
of free radicals and paramagnetic ions in house dust, as evidenced by characteristic EPR spectra. 
This conclusion is further supported by a clear correlation between the shapes of EPR spectra 
obtained from soil samples and their corresponding house dust samples. 

Our findings provide new insights into potential risks to human health, particularly in 
agricultural regions where organic soils predominate. Interestingly, our study suggests that 
organic matter, such as humic substances—well-known components of organic soils—may not 
only constitute a significant source of free radicals but also influence biological systems. 
Previous studies have demonstrated that these substances can interact with lipid membranes, 
altering their fluidity, which may have important implications for respiratory health in 
populations exposed to organic dust. This may help explain the increased incidence of 
respiratory diseases, such as chronic lung diseases, in rural populations. 
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Gadolinium calcium oxoborate Ca4GdO(BO3)3 (GdCOB) crystals are of great interest due 
to their excellent nonlinear optical properties [1]. GdCOB has the monoclinic noncentro-
symmetric structure with two molecules per unit cell and space group symmetry Cm [2].  

The EPR measurements were obtained in the temperature range of 95 to 300 K, before and 
after irradiation by bismuth ions with an energy of 11.4 MeV/u (MeV per nucleon) and a fluence 
of 5x1011 cm-2 at room temperature. The selected EPR spectra before and after irradiation are 
presented in Figure 1. The aim of this paper is to determine the nature of the centers produced 
in the GdCOB crystal after irradiation with bismuth ions. Quantitative analysis of EPR spectra 
has been carried out using the program EMR_NMR assuming spin Hamiltonian for triclinic site 
symmetry. The shifting of the fundamental absorption edge and changes in absorption after 
irradiation will also be studied. 

 
Figure. 1 EPR spectra of GdCOB crystal after and before irradiation with bismuth ions at room temperature at the same 
orientation 

 
[1] A.Brenier, A.Majchrowski, E.Michalski, T.Lukasiewicz, Opt. Commun., 217, (2005) 595. 
[2] F. Mougel, A. Kahn-Harari, G. Aka, D. Pelenc, J. Mater. Chem. 8 (1998) 1619. 
  

! !"# !"$ !"% !"&

'(')*++,-*,.I-

*++,-*,.I-

0,1'I.*234*I5-33333333333333333333333333333333333333333333333333678

9'
.I
':
*.;

333
333
333
333
333
6,
+<
=3>
=8



40
 

Analysis of the influence of vanadium complexes on model membranes 
using electron paramagnetic resonance 
 
Barbara Pytel a, Dariusz Man a 
 
a Institute of Physics, Department of Medical Physics, Opole University, Oleska 48, 45-052 Opole, Poland 
bpytel@uni.opole.pl 
 
Keywords: EPR; vanadium complexes, model membranes, electron paramagnetic resonance, spin probes 
 

Vanadium is present in the human body in trace amounts, yet it is essential for its proper 
functioning. Vanadium compounds are necessary, among other things, for normal lipid 
metabolism. They may also play a role in stimulating glucose secretion and glycogen synthesis 
in the liver. The effectiveness of vanadium depends, among other factors, on the method of 
administration, the dose used and the duration of exposure. Above all, however, it depends on 
the oxidation state of vanadium and the type of ligand with which it forms a compound. 
Excessively high doses of vanadium compounds are toxic to living organisms. Hence, both the 
carcinogenic and anti-tumor properties of vanadium compounds are being investigated. It is 
known from the literature that vanadium(IV) acetylacetonate (V4) and vanadium(III) 
acetylacetonate (V3) stand out from other vanadium compounds due to their high activity and, 
at the same time, low toxicity. As vanadium complexes affect both diseased and healthy cells, 
work is underway to incorporate them into liposomes. By ensuring targeted transport of active 
substances, liposomes protect healthy tissues, reducing the side effects of their action. One of 
the best methods for studying the effect of biologically active substances on cell membranes is 
the electron paramagnetic resonance technique, as it allows the dynamics of the membrane to 
be studied in cross-section. 

The aim of this study was to investigate the effect of vanadium(IV) oxyacetylacetonate (V4) 
and vanadium(III) acetylacetonate (V3) complexes (Sigma-Aldrich) on the dynamics of model 
membranes prepared from dipalmitoylphosphatidylcholine (DPPC) (Sigma-Aldrich), as a 
function of exposure time. In the experiment, the spin probe 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) (Sigma Aldrich) was used, which can exist partly in the aqueous environment 
and partly in the hydrophobic region. Vanadium(IV) complexes were introduced into the 
aqueous liposome dispersion at ratios of 1% and 2.2% relative to the lecithin. EPR spectra were 
recorded over 72 h. Analysis of the probe partition coefficient determined from the obtained 
spectra provided information on the dynamic properties of the membrane under investigation, 
as a function of the duration of the vanadium(IIII) and vanadium(IV) complex’s interaction with 
the bilayer. 

After 72 hours of the experiment, no significant changes in the fluidity of the bilayer were 
observed under the influence of either the V3 or V4 complex at a concentration of 1%. In 
contrast, complexes at a concentration of 2.2% caused a slight increase in the surface fluidity of 
the membrane layer, with this effect being greater in the case of the V4 complex. Furthermore, 
no significant changes were observed for the V3 complex during the course of the experiment. 
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Multishell nanostructures based on ferrimagnetic cobalt ferrite (𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹!𝑂𝑂#) cores 
encapsulated by metallic or alloyed shells are crucial building blocks for next-generation spin-
polarized data storage, electromagnetic wave absorbers, and advanced biomedical platforms. 
Their functional performance is predominantly dictated by complex interfacial phenomena 
within the multishell architecture, where the competition between inter-phase exchange 
coupling and dipole-dipole interactions plays a key role. In this work, we present a systematic 
investigation of the temperature-dependent magnetization dynamics, internal magnetic fields, 
and spin-relaxation mechanisms across a compositional series of core-multishell configurations, 
designated as 𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹!𝑂𝑂#@𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹$ (where 𝑥𝑥 = 3, 5, 8). The magnetic properties and phase 
transitions were probed using temperature-resolved Electron Paramagnetic Resonance (EPR) 
spectroscopy from room temperature (300 K) up to 451 K at X-band microwave frequency. 

At 300 K, all samples exhibit broad, asymmetric, and shifted resonance profiles 
characteristic of strongly exchange-coupled regimes dominated by large internal fields. 
However, varying the shell component (𝑥𝑥) drastically modifies the line-shape evolution with 
temperature. For the lower stoichiometry system (𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹!𝑂𝑂#@𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹%), increasing temperature 
leads to a continuous, monotonic shift of the resonance field toward higher values (centered 
around 200 mT), accompanied by a substantial narrowing of the linewidth and signal 
enhancement due to thermally activated reduction in effective magnetocrystalline anisotropy. 
In sharp contrast, the higher alloy content systems (𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹!𝑂𝑂#@𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹& and 𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹!𝑂𝑂#@𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹') 
exhibit a robust, non-zero baseline plateau in the high-field region (> 350 mT) between 300 K 
and 370 K. This indicates strong spin-pinning effects at the interfacial boundaries of the 
multishell structure. For 𝑥𝑥 = 8, this high-field plateau is thermally stabilized up to 390 K. Only 
at elevated temperatures (430 K – 451 K) is the local anisotropy barrier overcome, leading to 
the suppression of the plateau and a sharp growth of the primary resonance peak around 200 
mT. These findings demonstrate that tuning the multishell stoichiometry provides a powerful 
degree of freedom to manipulate interface pinning strength and control spin-lattice relaxation 
paths. 
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Thin films and low-dimensional structures of chromium telluride (CrTe, CdCrTe) in the 
metastable zinc-blende (ZB) structure were synthesized via molecular beam epitaxy (MBE) 
method on hybrid GaAs/CdTe substrates. Technological parameters – including substrate and 
effusion cell temperatures, alongside Te, Cr and Cd fluxes – were optimized to achieve the target 
ZB phase under in situ RHEED monitoring. Secondary ion mass spectrometry (SIMS) depth 
profiling confirmed the formation of a well-defined, isolated Cr layer with a thickness of 
approximately 10 nm. 

Electron paramagnetic/magnetic resonance (EPR/EMR) spectroscopy served as the primary 
diagnostic tool to evaluate the magnetic properties. This method enabled direct analysis of spin-
orbit interactions of Cr3+ and the determination of their effective g-factor (geff ≈ 1.98). 
Temperature and angular dependent EMR spectra of the CrTe samples revealed distinct 
variations in the low-field line around 50 mT, clearly indicating magnetic ordering. These 
findings were compared with reference spectra of CdCrTe (resonance field of 95 mT) as well 
Cr2Te3 samples (resonance fields of 347 mT and 341 mT, solid and powder). With decreasing 
temperature, of the Cr2Te3 resonance line shape transitioned from a Lorentzian profile to a 
Dyson function. These studies establish a foundation for developing complex quantum 
structures with CdTe and HgCdTe barriers at the CDNMiN UR. 

Figure 
1. 

Characterization of thin CrTe layers (samples G013C13 and 
G014C13) grown by MBE: (left) temperature and angular dependence of electron magnetic resonance (EMR) spectra; 
(right) SIMS depth profiles showing the distribution of the Cr signal and the CdTe matrix. 
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Catechins (monomeric flavanols) and their gallate derivatives are a class of flavonoids 
mainly present in many plants, and therefore in fruits and vegetables and derived products like 
fruit juices or jams, Monomeric flavanols are abundant in teas derived from the tea plant 
Camellia sinensis, as well as in some cocoas and chocolates (made from the seeds of Theobroma 
cacao) and wine found in many other plant species. The main catechins present in green tea, as 
well as in black tea, are (−)-epigallocatechin (EGC) and the ester of epigallocatechin and gallic 
acid, (−)-epigallocatechin gallate (EGCG). 

The aim of this study was to characterize the interaction of chosen catechins erythrocytes 
as simple model human cells, concentrating on their effect on the membrane structure. 

Erythrocyte membranes (2.7 mg protein/mL) were added with catechins to the desired 
concentrations (0, 50, 100, and 250 µM) and spin-labeled fatty acids, 5-doxyl stearate (5DS) or 
16-doxyl stearate (16DS). EPR measurements were performed using microhematocrit 
capillaries in a Bruker multifrequency and multi-resonance FT-EPR ELEXSYS E580 apparatus 
operating at the X-band(~9.5GHz employing an ER4119-HS cavity. Flavanols increased the 
order parameter of membrane lipids and the rotational correlation time τc of the probes. 

Flavanol 5DS order parameter  
Concentration Catechin EGC EGCG 

0 0.610 ± 0.006 
50 0.616 ± 0.007 0.616 ± 0.007 0.616 ± 0.007 
100 0.617 ± 0.012 0.617 ± 0.012 0.617 ± 0.012 
250 0.618 ± 0.008 0.618 ± 0.008 0.618 ± 0.008 

Flavanol 16DS τc [ns]  
Concentration Catechin EGC EGCG 

0 1.73 ± 0.03 
50 1.62 ± 0.08 1.78 ± 0.005 1.77 ± 0.10  
100 1.73 ± 0.28 1.86 ± 0.03** 1.83 ± 0.20 
250 1.81 ± 0.15 1.99 ± 0.23 1.79 ± 0.01* 

As the doxyl group of 5DS is located close to the membrane surface, and that of 16DS in the 
hydrophobic core of the membrane, these results demonstrate that flavanols increase membrane 
rigidity both in the polar and in the hydrophobic region.  
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Reactive oxygen species (ROS) generated during photodynamic therapy (PDT) play a key 
role in oxidative damage of cancer cells. In type I PDT mechanisms, electron transfer processes 
lead to the formation of radical species such as superoxide and hydroxyl radicals, which are 
particularly important under hypoxic conditions. Indocyanine green (ICG), a clinically approved 
near-infrared dye, has recently attracted considerable attention as a potential photosensitizer due 
to its favorable photophysical properties and strong affinity toward serum albumin. 

In this work, electron paramagnetic resonance (EPR) spin trapping spectroscopy was used 
to investigate radical species generated by ICG under light irradiation. Experiments were 
performed for aqueous ICG solutions at concentrations of 55 μM and 160 μM, both in the 
absence and presence of bovine serum albumin (BSA). Radical intermediates were detected 
using the spin trap DMPO and EPR spectra were analysed using hyperfine splitting constants 
and EasySpin simulations. 

The dominant contribution originated from the DMPO-OH adduct, indicating efficient 
hydroxyl radical formation consistent with a type I photodynamic pathway. Quantitative 
analysis of EPR signal intensities revealed that both dye concentration and albumin binding 
significantly affect radical generation kinetics. UV-Vis measurements confirmed concentration-
dependent aggregation of ICG and showed that BSA stabilizes the monomeric form of the dye. 

The results demonstrate that aggregation and protein binding strongly influence the 
photodynamic activity of ICG and radical formation pathways. These findings may contribute 
to a better understanding and optimization of ICG-based photodynamic systems. 
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Chromium-doped titanium oxide (TiO₂:Cr) thin films were deposited on glass and silicon 
substrates by reactive DC magnetron sputtering under different oxygen partial pressures and 
chromium concentrations. The influence of deposition parameters on the structural, optical and 
magnetic properties of the obtained films was investigated. X-ray diffraction analysis confirmed 
the formation of nanocrystalline TiO₂ films with the incorporated chromium ions affected the 
crystallite size and induced lattice distortions. Surface morphology studies revealed 
homogeneous and compact coatings with good adhesion to the substrate. Optical measurements 
performed using UV–VIS spectroscopy indicated high transparency in the visible range and a 
gradual reduction of the optical band gap with increasing chromium content. The observed band 
gap narrowing is associated with the introduction of localized electronic states related to Cr ions 
within the TiO₂ band structure. Magnetic characterization demonstrated weak room-temperature 
ferromagnetic behavior for selected TiO₂:Cr films, suggesting the possibility of tailoring 
magnetic ordering through dopant concentration and deposition conditions. The obtained results 
demonstrate that reactive DC magnetron sputtering is an effective method for producing 
multifunctional TiO₂:Cr thin films with tunable optical and magnetic properties, which may be 
promising for applications in spintronics, optoelectronics, photovoltaics and photocatalytic 
systems. 
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The study evaluated the effect of high-energy laser radiation, commonly used in 
physiotherapeutic treatments, on selected tattoo inks. The aim of the research was to determine 
whether laser exposure may induce the formation of free radicals in tattoo pigments, which 
could be relevant to the safety of laser procedures performed on tattooed skin. Electron 
paramagnetic resonance (EPR) spectroscopy was employed to detect paramagnetic and radical 
centers. Ink samples containing various pigments, including carbon black, iron oxide black, 
titanium white, phthalocyanine green, phthalocyanine blue, monoazo yellow, monoazo orange, 
naphthol red, and madder dye, were exposed to a high-energy laser under conditions 
corresponding to real physiotherapeutic treatments. The EPR signals recorded before and after 
laser irradiation were subsequently compared. Particular attention was devoted to the potential 
generation of free radicals, which in biological environments may react with proteins and 
nucleic acids, including DNA, potentially leading to genetic material damage and changes 
associated with mutagenic effects. The findings of this study may contribute to the assessment 
of the safety of laser therapy procedures in individuals with tattoos. 
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