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EPR insights on reactive species, surface sites, and radical
processes in chemical environmental systems

P. Pietrzyk'™
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zeolites

Electron Paramagnetic Resonance (EPR) spectroscopy offers a powerful and robust suite of tools
essential for acquiring profound insights into chemical and physical systems. The diverse array of
contemporary spectroscopic methodologies facilitates the examination of molecular systems, as well
as complex, extended structures exhibiting various geometric characteristics and engaging in intricate
processes over different spatial and temporal resolutions. Distinguished by its inherent specificity and
selectivity, EPR is a versatile technique for investigating the reactivity and dynamics of open-shell
systems, which hold significant importance across a multitude of disciplines, including bioscience,
materials science, quantum computing, catalysis, coordination chemistry, food chemistry, and many
others.

Modern EPR encompasses a spectrum of sophisticated techniques derived from the fundamental
physical principle of magnetic resonance. These techniques span continuous wave and microwave
pulse methods for measuring magnetic interactions (isotropic, dipolar, quadrupolar) over diverse
timescales (transient EPR, kinetic measurements), spatial distributions of paramagnetic species (EPR
imaging), distance measurements (dipolar spectroscopy), and a wide range of the electromagnetic
spectrum (from microwaves to far-IR). From a chemistry perspective, including environmental
chemistry, EPR spectroscopy enables the quantification of paramagnetic species, their identification
through spin-Hamiltonian parameters, and offers profound insights into interactions within their
immediate environment [1]. When examining radical reaction pathways or systems with open-shell
active centers, EPR spectroscopy emerges as an indispensable tool for elucidating their underlying
mechanisms [2].

A few examples of applications of EPR will be discussed. They include (i) a study of amorphous,
acidic, non-redox oxides that are active in the generation of reactive oxygen species (ROS) via
interaction with H2O- [2], (ii) the use of the advanced oxidation process (AOP) assisted by H>O, for the
removal of water soluble model toxicants [3], (iii) the activation of O by transition-metal ions in zeolite
channels [4], generation of ROS in photocatalytic systems [5]. Special features of powder EPR spectra
of selected supported species will be discussed in terms of symmetry constraints imposed by the
environment, symmetry of paramagnetic adducts themselves, and interpretation of dipolar hyperfine
parameters in terms of molecular (geometric) parameters. The presented EPR results will be supported
by other spectroscopic techniques such as IR, Raman, UV-vis, microscopic observations
(TEM/STEM/EDS), and molecular modelling with density functional theory (DFT) methods.
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Unveiling Hidden Signals of Reactive Species: Indirect EPR
Techniques in Environmental and Antibacterial Research
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Reactive oxygen species (ROS) play a pivotal role in environmental and antimicrobial research,
particularly in the context of wastewater treatment and the mitigation of antibiotic-resistant bacteria. To
combat this issue, advanced oxidation processes (AOPs) that generate ROS have been investigated
for their efficacy in degrading micropollutants and eradicating resistant bacteria. Studies have shown
that classical or modified Fenton reactions producing hydroxyl radicals, are particularly effective in this
regard. However, challenges remain unresolved in optimizing these processes for practical application.

Many studies highlighted that the material's performance could be enhanced by enhanced by
optimizing its structural and electronic properties. For example, the “classical” photocatalyst active in
the UV region, can be modified by small organic molecules to form interfacial charge-transfer complex,
which can be activated by more practical visible light and utilized in pollutant degradation as well as in
kiling harmful microbes [1]. Studies also underscore the versatility of g-CsN, in environmental
catalysis, particularly in air purification and pollutant degradation applications [2]. As an interesting form
of practical application appears to build active material directly into fibres. Incorporation of g-C;N, into
fibres typically involves blending the g-C3;N, material with polymer precursors, followed by special
processes to form composite fibres. This integration leverages the photocatalytic properties of g-CsN,,
enabling the fibres to produce ROS under appropriate conditions, so the material combine the
structural benefits of fibrous materials with the photocatalytic capabilities for various applications.

However, the common denominator of the mechanism of action of these materials is the AOP. Since
the detection of non-persistent radicals with conventional cw-EPR is not convenient or even possible,
applying of indirect techniques such spin-trapping or scavenging is a useful tool for photocatalytic
studies. The main advantage of these indirect methods is that the sample may be irradiated directly in

the EPR cavity and thus the spectra can be recorded simultaneously with irradiation [3].

Acknowledgement

This study was supported by APVV projects VV-MVP-24-0039, SK-AT-23-0004 and The call for
doctoral students and young researchers of Slovak University of Technology in Bratislava to start a
research career (Grant 23-04-02-B) and VEGA PROJECT under the contract n. 1/0542/24

References

[11 D. Dvoranova, Z. Barbierikova, V. Brezov4, Radical Intermediates in Photoinduced Reactions on
TiO2 (An EPR Spin Trapping Study) Molecules 19 (2014) 17279-17304.

[2] V. Svitkova, K. Neméekova, A.P. Drdanova et al. Advancing wastewater treatment: The efficacy
of carbon-based electrochemical platforms in removal of pharmaceuticals. Chemical Engineering
Journal 500 (2024) 156946.

[3] D. Dvoranova, Z. Barbierikova, M. Mazur. EPR investigations of polymeric and H202-modified
C3N4-based photocatalysts J. Photochem. Photobiol.375 (2019) 100-113.



Synthesis, Electronic Structure, and Photocatalytic
Properties of g-C;N.,
D. D. A. Buelvas '2*, A. Urbano?®, V.T. Santana', F.A. La Porta?,

T Central European Institute of Technology, Brno University of Technology, Czech Republic

2 Nanotechnology and Computational Chemistry Laboratory, Federal University of Technology—
Parana, Londrina, Parana, Brazil

3 Department of Physics, State University of Londrina, Londrina, Parana, Brazil

* arenas@vutbr.cz

Keywords: Electron paramagnetic resonance (EPR); Graphitic carbon nitride (g-C3N4); photocatalyst
activity; Reactive oxygen species (ROS).

Heterogeneous photocatalysis through light-irradiated semiconductors is an advanced oxidative
process with high efficiency for the degradation and removal of organic pollutants (OPs). The
photocatalytic process consists of the generation of electron-hole pairs by UV or visible light, and their
separation and recombination lead to the formation of hydroxyl radicals (*OH) with high oxidizing
character, hydrogen peroxide (H202), and superoxide ions (s O;). These products can degrade OPs
to their basic forms (such as CO; and H-O) in redox reactions at the surface of the photocatalyst [1].
Therefore, an enhanced oxidative process involves semiconductor materials with high photocatalytic
activity in the UV and visible regions.

Graphitic carbon nitride (g-C3N4) is a promising candidate for semiconductor photocatalysts
due to its unique visible-light response, electronic structure, microstructural properties, non-toxic, low-
cost, and good chemical and thermal stability [2]. The g-CsN4 is characterized as an aromatic
heterocyclic structure with graphite-like and nitrogen-rich sites, forming two main possible structures,
the heptazine and triazine structures. In addition, g-C3N4 has a nonlocalized n-conjugate structure with
interconnected layers of the hybrid carbon and nitride atoms [3]. The nonlocalized m-Conjugate
structure facilitates efficient charge separation and transfer, which is essential in photocatalytic
oxidation and reduction reactions.

Several different techniques and methods are currently used to comprehend the photocatalysis
mechanism on semiconductors, one of these being electron paramagnetic resonance (EPR)
spectroscopy. This technique is a useful tool to identify and monitor paramagnetic species such as free
radicals, impurities, vacancies, defects, and so on. In this perspective, we focus on the use of EPR as
a powerful tool to characterize the electronic structure and to understand the mechanism nature
involved in the active sites in g-CsN4 as successful visible light-active photocatalysts. Our work is
divided into three steps, starting with (i) synthesizing g-CsN4 and characterizing it using FTIR, XRD,
PL, and UV-visible DRS, where we seek to understand the structural and electronic properties, followed
by (ii) using the DFT modelling to study the electronic properties of g-csN4, and finally, (iii) analyzing
the photocatalytic activity of the material from EPR
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Intrazeolite adducts of O, NO and CO with mono- and
divalent nickel ions hosted in ZSM-5 zeolites
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* sojkar@chemia.uj.edu.pl

Keywords: metallozeolites, DFT, HYSCORE, ETS-NOCV

The interfacial coordination chemistry of transition-metal cations (TMI) encaged in zeolites has
significant relevance for heterogeneous catalysis. This research area includes accommodation and
speciation of TMI, coordination of extra-framework ligands, and redox activation of small molecules
with particular emphasis on the role of electronic and spin state of the active sites and molecular orbital
interpretation of the binding and activation processes.

Interaction of non-innocent Oz, NO and innocent CO ligands with transition-metal cations can lead
to various paramagnetic and diamagnetic complexes. In case of paramagnetic adducts, CW and pulse
EPR (HYSCORE) spectroscopy has been widely used to elucidate their nature. Yet, quantitative
molecular interpretation of the corresponding EPR parameters (g and A('70, '“N, '3C) tensors) is not
a trivial task, taking into account an intricate nature of the magnetic interactions within the metal-O,,
metal-NO and metal-CO magnetophores.

This contribution deals with the activation of O, NO and CO on Ni(l) and Ni(ll) ions dispersed inside
the ZSM-5 zeolite. The side-on coordination of the nickel-superoxo adduct was ascertained by detailed
analysis of the EPR spectra of both 80, and 7O, species (Figure 1) supported by computer
simulations of the spectra and relativistic DFT calculations of the EPR signatures. Molecular analysis
of the g and A('7O) tensors (gu« = 2.0635, gy, = 2.0884, g,, = 2.1675, and |Ax| ~ 1.0 mT, |A,| = 5.67
mT, |Az| ~ 1.3 mT) and quantum chemical modelling revealed an unusual electronic and magnetic
structure of the observed adducts. Interaction of nickel(l) centers with '2'3CO led to the formation of
T-shaped, top-on monocarbonyl adducts with a unique trigonal nickel core, supported by two oxygen
donor ligands (g« = 2.018, gyy = 2.380, g, = 2.436, Ax = +1.0 £ 0.3 MHz, Ay = -3.6 £ 0.9 MHz, A,
=-1.6 = 0.3 MHz) and Q(?’Al) parameters (e2Qq/h = =13 MHz and n = 0.8), as revealed by HYSCORE
and DFT studies. The mechanism of the formation of the these adduct was accounted for by a
quantitative molecular orbital correlation diagram of O, and CO ligation.

By means of the ETS-NOCYV population analysis, three distinct orbital channels (associated with
o, m, and 3 overlap shown in Figure 1) of congruent and incongruent charge and spin density flows
within the metal-O,~ and CO units were identified. The nature of the g tensor was rationalized in terms
of the contributions due to the magnetic couplings of the relevant molecular orbitals that control the g
tensor anisotropy.

The chemical reactivity of the coordinated NO is often explained in terms of the removal of the
unpaired electron from the 2x* antibonding orbital to form a nitrosonium NO* cation (actually NO®" ) or
the addition of an electron to the 2xn* orbital, giving rise to a nitroside anion NO~ (NO?¥) of distinctly
different reactivity. The other pathway leading to the activation of NO consists of an oxygen transfer
(OT), leading to the oxidation of NO to NO,. Attachment of NO to Ni(ll) occurs along the spin paring
pathway, revealed by combined use of time-resolved Rapid-Scan 2D COS IR, CW-EPR and
HYSCORE investigations using isotopically labelled 3'Ni (/ = 3/2). The resultant nitrosyl adducts exhibit
a complex electronic and magnetic structure, due to static correlation effects. Their spin-Hamiltonian
parameters were determined by computer simulation and the intricate structure ascertained by
CASSCF molecular modelling. As a result, we could propose that the NO ligation to the Ni2+ (S = 1)
center occurs via spin pairing mechanism TNO + TNi(Il) — [TNi(TJ)NOJ%*. The observed quadrupolar
splitting due to 27Al confirm that the [TNi(TJ)NOJ?* moiety is attached directly to the framework A-O—
-Si sites. The intimate nature of the Ni>*-NO unit was next substantiated by corroborative
DFT/CASSCF calculations.



Rapid scan ESR: A Versatile Tool for the Spin Relaxation
Studies at (sub)THz Frequencies

O. Laguta, V.T. Santana, J. Dubsky, A. Sojka, M. Sedivy, A. Marko, J. Dubsky, O. Martyniuk, J.
Dubninska-Midlikova, A. Solodovnyk, P. Neugebauer*

CEITEC—Central European Institute of Technology, Brno University of Technology, Purkyriova 123,
61200 Brno, Czech Republic

* neugebauer@vutbr.cz

Keywords: High Frequency EPR, Rapid Scan EPR, Spin Relaxations

The development of pulse electron spin resonance spectroscopy at microwave frequencies above
100 GHz is rather challenging and expensive task due to the low output power of modern high-
frequency solid-state electronics. However, there is a number of scientific problems, e.g., DNP
enhancement of NMR, that require spin relaxation measurements at THz frequencies. The rapid scan
ESR is an alternative technique that does not require high microwave power and still provides
information on the spin relaxation times. The method takes advantage of fast sweeps of the excitation
microwave frequency over the ESR line. When the frequency sweep reaches a sufficiently high rate,
distinct oscillations (also called wiggles) appear in the spectrum'3. It is possible to retrieve the

undistorted (slow-scan) spectrum by Frequency (GHz)
employing the Fourier Transform 0 50 100 150 200 250 300 350 40
analysis as Josef Dadok had 4.0 f f f f } f f f
i 4
demonstrated in NMR . Qn the other LiPc crystal at 2
hand, these oscillatons bear T 35T ro0m temperature
. . . I
information about the electron spin- = e 1/,
spin relaxation time, which can be g 30T A 1Ty A "
extracted via fitting the rapid scan E 251
spectrum using the modified Bloch S A
equations. This technique allows one % 204+ A o
to capture the spin-spin relaxation time @ ® L
at the nanosecond time scale. .g_ 15+
Furthermore, the particular design of 2 %
modern high-frequency ESR £ 1.0r+4
ili 3 By,=11.72T

spectrometers greatly facilitates the @ 0

. . A w o5+
multifrequency operation bringing the
spin relaxation measurements to an . . . . . .
unprecedentedly broad range of 0.0 "‘ é ' ' ' 1'4

magnetic fields using only one ESR Magnetic ﬁe|1dO(T)
spectrometer (Fig. 1). Finally, we will
discuss the future steps necessary to
make the THz rapid scan ESR a
convenient and easy to use tool for the

broad scientific community.

Figure. 1 Magnetic field dependence of the electron spin
relaxation times T, and T3 in LiPc at room temperature.
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EPR investigation of Co(ll) complexes
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Molecular magnets are materials whose magnetic properties originate from magnetism at the
molecular level. Molecular magnetism is an interdisciplinary field that has been intensively studied in
recent decades and involves physicists, chemists, materials scientists, and theorists. It is a fantastic
playground for physicists to investigate quantum phenomena at the mesoscopic level. It motivates
chemists to synthesize many interesting and challenging compounds with interesting crystal structures
and connect the crystal structure with the magnetic properties. The chemical synthesis of materials
has advanced to the point that it is possible to synthesize many desired crystal structures, and by
tuning the crystal structure, the material's magnetic properties are tuned. The backbone of this tuning
is the knowledge of how structural features affect the magnetic properties.

Among the metals from the 3d group, Co(ll) stands as the most interesting from the magnetic point
of view as it has an unquenched orbital angular momentum [1] and its complexes may possess
significant magnetic anisotropies [2,3]. Here we present a detailed magnetic study (EPR, SQUID, AC
susceptibility) of three Co(ll) complexes. Slow magnetic relaxation and potential spin-crossover
behavior in these complexes are investigated. Magneto-structural correlation of the octahedral
surroundings of Co magnetic centers and the obtained magnetic parameters is discussed.
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A Hysteretic Spin-Crossover (5/2-1/2) Transition in Iron(lll)
Complexes Detected by EPR Spectroscopy
Milan Mazur’, Lukas Pogany, Barbora Brachiiakova, Ilvan Salitros
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The EPR spectroscopy can be valuable tool for exploring spin-crossover (SCO) in iron(lll) systems
[1]. The high-spin (HS) state (S = 5/2) is characterized by a broad signal varying from g = 4.0 - 4.5. In
contrast, the low-spin (LS) state (S = 1/2) is generally sharp with rhombic and tetragonal systems easily
distinguishable [2]. Despite this, EPR spectroscopy remains much under used probably because SCO
is more readily characterized by magnetic susceptibility measurements [2]. The main motivation of the
present contribution is to study a hysteretic spin-crossover (5/21/2) transition in the iron(lll) Schiff
base complexes by X-band EPR spectroscopy.

The first derivative EPR spectra of four powder iron(lll) complexes (C24 - C27) were recorded on
EMX plus EPR spectrometer (Bruker BioSpin, Germany) To examine a possible hysteretic SCO
transition, variable-temperature experiments were performed by four-time cycling of the cooling and
heating modes with temperature steps of 5 K and 5 minutes of time-delay before each EPR
measurement. The relative integral intensity (/) of LS (S = 1/2) iron(lll) state EPR lines was calculated
by numerical double integration of the first derivative EPR spectra with the error of 5 % or less, but for
EPR lines of HS (S = 5/2) iron(lll) state of 20 % or more.

The EPR spectra of complexes C25 and C27 exhibited the relative sharp resonance lines, which
confirmed the presence of the LS iron(lll) state (S = 1/2) only. In this case, no thermally induced SCO
transition was detected. However, the EPR spectra of complexes C24 and C26 confirmed the presence
of both the HS (S = 5/2) and LS (S = 1/2) iron(lll) states. The variable-temperature EPR spectra
recorded in the cooling and heating mode cycling indicated the clear hysteresis in the thermally-
induced SCO transition (S = 5/2 « S = 1/2) for both the iron(lll) complexes C24 and C26. In the case
of the complex C24, the variable-temperature EPR spectra confirmed hysteretic, two-steps SCO
transition. However, in the case of the complex C26, the variable-temperature EPR spectra confirmed
one step abrupt SCO transition with hysteresis.

The presented EPR results are consistent with those obtained for the iron(lll) complexes C24 - C27
from the magnetic measurements [3]. It is clearly demonstrated that EPR spectroscopy can be
successfully applied in the study of hysteretic spin-crossover transition in iron(lll) complexes.
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Several complexes will be highlighted to consider the performance of DFT compared to
CASSCF/NEVPT2. These will include two-center copper and chromium complexes, ketimides of the
Ti-Co series, and selected carbazone complexes of copper. We will show several examples where the
restricted singlet Kohn-Sham state is found to be unstable, leading to a broken-symmetry unrestricted
singlet (or triplet) state. We will consider the antiferromagnetic contribution within the singlet CASSCF
wave function in a selected case. The ordering of the spin states will also be touched upon.

Since several of these systems are of open shell nature, theoretical calculations of the EPR
parameters will be compared with experimentally available data.

Theoretical calculations were performed with Gaussian16 [1] and Orca4-6 [2-4] packages.
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Polymeric complexes poly-[M(Schiff)] (M = transition metal, Schiff = N>O, Schiff base) are
considered as important advanced functional materials with a wide range of potential applications in
energy storage, electronics and electrocatalysis. In this work, we investigated a series of polymers
derived from the monomeric complexes containing various metal centers and substituents within the
ligand backbone (Fig.1). Potential-driven structural changes in the polymeric complexes were
monitored using EPR, UV-vis—NIR and FTIR spectroelectrochemistry (Fig.2). The comparative
analysis of the spectral features allowed us to detect and characterize the charge carriers formed at
different doping levels [1-3]. Also, we provided the information about the charge localization as well as
magnetic interaction between the spins in the doped polymers. Based on the results of three
spectroelectrochemical techniques, the mechanism of the p-doping in polymeric complexes was
proposed.
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Figure 1. Molecular structure of polymeric complexes poly-[M(Schiff)] studied in this work
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Figure 2. EPR/ UV-vis-NIR (left) and FTIR (right) spectroelectrochemistry on poly-Ni[(CH3OSaltmen)]

400 800

References

[1] Dmitrieva, M. Rosenkranz, J.S. Danilova, E.A. Smirnova, M.P. Karushev, |.A. Chepurnaya, A.M.
Timonov. Electrochim. Acta 283 (2018) 1742-1752.

[2] J.S. Danilova, E. Dmitrieva, S.M. Avdoshenko, I.A. Chepurnaya, M.P. Karushev, A.M. Timonov,
Electrochim. Acta 492 (2024) 144387.

[8] J.S. Danilova, E. Dmitrieva, A.M. Timonov. J. Electroanal. Chem. 970 (2024) 118549.

14



The redox properties of para substituted 2,5-
bis(pentafluorophenyl)-1,3,4-oxadiazoles investigated by
EPR and UV-vis-NIR spectroelectrochemical techniques

M. Unhliar™, D. Végh?, V. Lukes', P. Rapta’

T Institute of Physical Chemistry and Chemical Physics, Faculty of Chemical and Food Technology,
Slovak University of Technology in Bratislava, Radlinského 9, SK-812 37 Bratislava, Slovak Republic
2 Institute of Organic Chemistry and Catalysis and Petrochemistry, Faculty of Chemical and Food
Technology, Slovak University of Technology in Bratislava, Radlinského 9, SK-812 37 Bratislava,
Slovak Republic

* matej.uhliar@stuba.sk

Keywords: bis(pentafluorophenyl)-1,3,4-oxadiazoles, electrochemistry, UV-Vis-NIR
spectroelectrochemistry, EPR spectroscopy, spin distribution, charge transporters

The incorporation of electron-withdrawing 1,3,4-oxadiazole to the extended oligomeric T1-electron
structure can lead to highly attractive compounds in the research and development of organic light-
emitting diodes [1-3]. Studied molecules were prepared with proposed synthetic schemes. The redox
properties of new prepared parental 2,5-bis(2,3,4,5,6-pentafluorophenyl)-1,3,4-oxadiazole (1) and its
new derivatives substituted in the para position with lateral N,N-diphenylamine and p-tolyloxy moieties
were investigated using electrochemical and in situ EPR/UV-vis-NIR spectroelectrochemical
techniques in anodic and cathodic regions. Upon repetitive cycling, the formation of new dimeric and/or
oligomeric products of 1 with an elongated T-conjugation was observed with considerably lower
negative reduction potentials compared to the initial monomer. The coupling of anion radicals from
bis(pentafluorophenyl)-1,3,4-oxadiazoles is accompanied by the release of fluoride anions at different
positions on the fluorinated phenyl ring leading to the formation of new oligomeric structures. The
simultaneous charging of these products leads to the stable anion radicals with delocalised spin (g =
2.0176, p.p. 9.6 G). Detailed quantum chemical calculations of the monomer and its several model
dimers and trimers were performed in different charge and spin states to interpret the obtained
spectroelectrochemical outputs. The phenyl-phenyl coupling of unstable monomeric cation radicals
was experimentally confirmed for structures bearing the N,N-diphenylamine groups, in which the
dimeric benzidine structure arises after two-proton release and can be oxidised to the corresponding
cation radical and the dication. The site of dimerization and further oligomerization and the mapping of
the unpaired spin density for both the corresponding radical anions and the radical cations were
interpreted using the quantum chemical calculations performed at the density functional theory level.

Acknowledgments:
The study was supported by Slovak Research and Development Agency under the contracts nos.
APVV-23-0195.

References

[11 M. Wu, Z. Wang, B. Zhao, P. Chen, D. Li, Z. Tian, J. Mol. Struct. 1312 (2024), 1358578.

[2] M. S. Najare, M. K. Patil, T. S. Tilakraj, M. Yaseen, A. A. Nadaf, S. Mantur, S. R. Inamdar, |. A.
M. Khazi, J. Fluor. 31 (2021), 1645-1664.

[8] A.-E. Bejan, C.-P. Constantin, M.-D. Damaceanu, J. Phys. Chem. C 123 (2019), 15908-15923.

15



Extended Tetrathiafulvalenes: Multi-Redox Systems with
Polycyclic Aromatic Hydrocarbon Cores

Michal Zalibera'”’, Viktor Bliksted Roug Pedersen?, Jeppe Granhoj?, Michal Mal¢ek', Israel
Fernandez®, Peter Rapta', and Mogens Brgndsted Nielsen?

! Institute of Physical Chemistry and Chemical Physics, Faculty of Chemical and Food Technology,
Slovak University of Technology in Bratislava, Radlinského 9, SK-812 37 Bratislava, Slovak Republic
2 Department of Chemistry, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen,
Denmark

3 Departamento de Quimica Orgéanica and Centro de Innovacion en Quimica Avanzada (ORFEO-
CINQA), Facultad de Ciencias Quimicas, Universidad Complutense de Madrid, 28040 Madrid, Spain

* michal.zalibera@stuba.sk

Keywords: electron paramagnetic resonance, tetrathiafulvalenes, optoelectronic materials

The radical and multi-electron redox states of m-extended tetrathiafulvalenes (TTFs) incorporating
polycyclic aromatic hydrocarbon (PAH) cores are crucial for understanding their potential in
optoelectronic applications. This study employs electron paramagnetic resonance (EPR) spectroscopy
to investigate the charge states of two distinct families of PAH-extended TTFs, including those with
fluoreno[3,2-b]fluorene and diindeno[1,2-b:1’,2’-iJanthracene cores [1], and others featuring 4,5-
dihydroazuleno[2,1,8-ija]lazulene units [2].

The reversible oxidation of PAH-TTFs yields persistent radical cations, characterized by strong
near-infrared (NIR) absorption and distinct EPR signatures.[1] The dications of these systems can
exhibit a closed-shell quinoidal or an open-shell diradical character, often with near-degenerate
energies according to computational studies. EPR spectroscopy serves as a key experimental tool to
directly probe the spin multiplicity of these states. EPR measurements of the generated dications
indicated a predominantly singlet ground state for both PAH core types. In azulenoazulene-extended
TTF derivatives, this singlet state is associated with the formation of a large 22m-electron aromatic
system stabilized by bond length equalization.[2]

. Our results provide crucial insights into the charge-dependent optical and magnetic behaviors of
extended TTF frameworks, demonstrating the power of EPR spectroscopy in characterizing their
electronic ground states and paving the way for future functional molecular materials.
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Figure 1. a) EPR of the radical cation of a TTF-azuleno-azulene system, b) predicted spin density
distribution and hyperfine couplings (DFT UB3LYP/def2-SVP) [2]
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Two-component radical polymerization systems are an attractive option for applications in bulk
curing at room temperature. Such systems are often based on a redox pair, with the oxidant stored in
one component and the reductant stored in the other. The most common redox pair is a combination
of benzoylperoxide and tertiary amines. Not only are the tertiary amines toxic, they also yield discolored
oxidation products, compromising the color stability of the cured polymers.

EPR spin trapping Mechanism:

1g-NMR B(OR);

Curing 0 0
at RT Cyclic voltammetry ® :B . O—B:
(o) (0]
O

Cu B—B

UV/vis spectroscopy
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Figure 1. A new two-component polymerization system based on Cu salts and diboranes is
investigated using several analytical techniques.

Here we showcase a new two-component system based on copper salts (acetates or
acetylacetonates) and various diboranes (such as bis-pinacolato-diborane).[1] The mechanism behind
this reaction is elucidated using various analytical techniques such as EPR spin-trapping, UV/vis
spectroscopy, "B NMR and cyclic voltammetry. We can show that the polymerization proceeds with a
radical mechanism and highlight the key role of a Cu-salt/diborane adduct that must form before the
polymerization is initiated.
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Photo-induced radical polymerization has been used for various industrial and biomedical
applications like resin-based 3D printing, preparation of dental and biomedical materials, coatings and
inks. The key component for this process is the photoinitiator. In our study, we explored novel
phosphorus-containing photoinitiators using a combination of UV-Vis, IR, EPR, and NMR
spectroscopic techniques. Here, we present multifunctional bisacylphosphine oxides with low migration
properties, used as potential two-stage, two-color photoinitiators. We report on the stepwise
photoinduced synthesis of (i) homopolymers using a single irradiation wavelength and monomer, (ii)
cross-linked polymers via sequential irradiation with two wavelengths and one monomer, and (iii) star-
shaped polymers using two wavelengths and two different monomers.
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polymeric films obtained by combining different monomers.
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Photo-induced free radical polymerization is a light-triggered process where photoinitiators absorb
photons and generate reactive free radicals that start the polymerization process. This technique
provides precise spatial and temporal control, making it highly suitable for applications such as
coatings, adhesives, and 3D printing. It is valued for its rapid curing, low energy requirements, and
compatibility with a wide range of materials. Evaluating the efficiency of photoinitiators at the early
stages of polymerization is crucial, as it directly determines the rate of radical generation, their kinetic
properties, and the overall success of the polymerization process.[1]
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Here we present a convenient way to assess the relative efficiency of different chemical classes of
photoinitiators in reacting with double-bond containing monomers by using photo-CIDNP (Chemically
Induced Dynamic Nuclear Polarization) spectroscopy. With just a few short photo-CIDNP experiments,
valuable kinetic and structural insights into Type | photoinitiators may be extracted. Additionally,
competition experiments allow for a direct comparison of the efficiency of two or even three
photoinitiators simultaneously. In principle, the experimental setup can be adapted to any type of light
source, monomer, solvent, or additive, enabling the comparison of photoinitiators under application-
relevant conditions.
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Alkoxyamines can decompose into radicals under mild and controllable conditions. A variety of
distinct triggers are capable of inducing such reactivity. Prime examples include thermal
decomposition, photochemical reactivity'?, electron transfer!'3l and interactions with radicalsi. The
involved fragmentation pathways can be complex and are highly dependent on the reaction conditions.
With the appropriate choice of trigger, nitroxides can be released in a controlled and selective way for
a variety of applications!®.. Herein, we will explore how different methods of activation qualify for
employing alkoxyamines as mediators in radical polymerization reactions (Figure 1).
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Figure 1. Decomposition of alkoxyamines upon various triggers yields nitroxide radicals suitable of
mediating radical polymerization reactions.

Following a mechanistic approach, we will elaborate on the reactivity of selected alkoxyamines and
exemplify, how their activation can be tuned by substitution. In doing so, we will illustrate how
synergistically employing theoretical, electrochemical and spectroscopic (EPR/CIDNP) methods can
shine light on the underlying fragmentation processes.
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Porous polymer materials are highly effective and versatile matrices for the incorporation and
stabilization of catalytically active species. These polymers offer several advantages: they can be
synthesized from a diverse range of monomers and with varying pore sizes, providing significant
flexibility to customize functionality.

Furthermore, they can be prepared using a photochemical approach, which allows for spatial and
temporal control while eliminating the need for hazardous reactants and time-consuming multi-step
procedures.

We present selected examples of the photochemical preparation of polymers with embedded
catalytic species, highlighting their potential as candidates for heterogeneous catalysis. We
demonstrate how EPR spectroscopy can be effectively utilized to facilitate the formation of these
polymers and to assess their stability and chemical activity.[1-4]

References

[11 M. Schmallegger, M. Wiech, S. Soritz, M. de J. Velasquez-Hernandez, B. Bitschnau, H. Gruber-
Woelfler, G. Gescheidt, Catal. Sci. Technol. 15 (2025) 1983-1988

[2] M. Schmallegger, A. Eibel, J. P. Menzel, A. M. Kelterer, M. Zalibera, C. Barner-Kowollik, H.
Griitzmacher, G. Gescheidt, Chem. - A Eur. J. 25 (2019) 8982-8986.

[8] M. Schmallegger, H. Gritzmacher, G. Gescheidt, ChemPhotoChem 6 (2022) e202200155.

[4] M. Schmallegger, G. Gescheidt, Monatshefte fiir Chemie - Chem. Mon. 149 (2018) 499-504.

21



EPR investigation of Scandium catalyzed photooxidation
K. Luspai'?*, J. Klima?, A. H. Tolba®4, R. Cibulka*

! Institute of Physical Chemistry and Chemical Physics, Faculty of Chemical and Food Technology,
Slovak University of Technology in Bratislava, Radlinského 9, SK-812 37 Bratislava, Slovak Republic
2 Department of Molecular Electrochemistry and Catalysis, J. Heyrovsky Institute of Physical
Chemistry, AS CR, v.v.i.,, 182 23 Prague 8, Czech Republic

3 Chemistry Department, Faculty of Science, Assiut University, Assiut 2074020, Egypt

4 Department of Organic Chemistry, University of Chemistry and Technology, Prague, 166 28 Prague,
Czech Republic

* karol.luspai@stuba.sk

Keywords: EPR, catalysis, oxidation, cyanation

In the recent study "Redox-Innocent Scandium(lll) as the Sole Catalyst in Visible-Light
Photooxidations" [1], the EPR spectroscopy in elucidating the mechanistic aspects of the
photooxidation process catalyzed by Sc(lll) was used. The EPR experiments were employed to detect
and characterize transient radical intermediates formed upon visible-light irradiation. Notably,
irradiation of the reaction mixture at room temperature in the presence of the scandium triflate catalyst
and organic substrate led to the appearance of eight-line isotropic EPR signal (Figure 1) indicative of
Scandium-superoxide complex formation. Further, light-on/light-off EPR studies confirmed the
photogenerated nature of the radical species, considering the control experiments without light or
oxygene, underscoring the necessity of both components. Scandium ftriflate Sc(OTf); can serve not
only as a Lewis acid for activating photocatalysts/substrates in photocatalytic reactions, but scandium
(1) salts can find applications as redox-innocent photocatalysts.
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Figure 1. EPR spectrum of [Sc**- O-O ] *~ recorded upon irradiation at room temperature
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Nowadays, innovative water and air treatment methods considering cutting-edge technologies
including ozonation, photocatalysis, chemical oxidation, or Fenton chemistry may be involved in
achieving a climate-neutral environment and reducing the pollution of water and air. Concerning
(photo)catalytic and Fenton-based processes, the important role plays reactive oxygen species, mostly
hydroxyl radical. The novel approach in these approaches lies in the addition of peroxydisulfate and
peroxymonosulfate which, upon activation by light, heat, transition and alkaline earth metals, and
heterogeneous catalysts, is the source of sulfate radicals. These radicals are known as strong and
non-selective oxidants with better stability in a wide pH range. Within our research we oriented on the
2D transition metal carbides MXenes, especially TisC.Tx, as co-catalyst with CoFe»0O4, but as an
innovative precursor to design TiNbOx metal oxide, their activity was tested in the presence of
peroxymonosulfate [1,2]. The indirect techniques of electron paramagnetic resonance (EPR)
spectroscopy, especially spin trapping and oxidation of sterically hindered amines [3,4], were utilized
to detect and identify transient paramagnetic species formed in these (photo)catalytic systems. The
application of spin traps, 5,5-dimethyl-1-pyrolline N-oxide (DMPO) and BMPO, in aqueous media in
the presence of catalyst and peroxymonosulfate proved the effective formation of hydroxyl and sulfate
radicals. Oxidation of sterically hindered amine, 2,2,6,6-tetramethyl-4-oxo-1-piperidine (Temp), is an
effective method for the determination of overall oxidation capacity of reaction systems. It is important
to point out here that this oxidation is non-selective due to involvement of other reactive species (e.g.,
hydroxyl radical, photogenerated hole, or peroxymonosulfate) and resulted in the formation of stable
free nitroxide 2,2,6,6-tetramethyl-4-oxo-1-piperidinyloxy (Tempone). Our results showed that the
presence of (photo)catalysts and peroxymonosulfate the stable free nitroxide Tempone is formed, but
crucial role played the initial concentration of reactants. We confirmed that under given experimental
conditions the formation of various paramagnetic species in the presence of peroxymonosulfate and
(photo)catalyst, sulfate and hydroxyl radicals or singlet oxygen which can be effectively involved in
degradation processes of various organic contaminants [1,2].
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Encapsulation of magnetic species within robust molecular containers is a natural route towards
stable and processable molecule magnets. Fullerenes provide an ideal platform for this goal since they
are able to stabilize simple yet unconventional metallic species in their interior space and thereby. A
spectacular example of this sort is the realization of the metal-metal bonding within the fullerene cage,
which for a long time deemed not possible in conventional lanthanide chemistry. Particularly interesting
are single-electron metal-metal bonds in dimetallofullerenes as the way to create very strong magnetic
interactions between lanthanide magnetic moments,[1-3] or as the way to realize very strong hyperfine
coupling due to the large s-orbital contribution to the M—M bonding orbital.[4,5] In this contribution we
will overview CW and pulsed EPR studies of endohedral rare-earth dimers inside fullerene cages, with
the main focus on spin distribution in Y» dimers, and their spin-lattice relaxation times and their relations
to spin-phonon coupling.
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Stabilization of covalently-bonded rare-earth dimers in endohedral metallofullerenes opened the
way to a family of molecular magnets with novel structures and unprecedented spin
states!’2.Endohedral metal units often exhibit extensive motion inside fullerene, and a detailed
understanding of the mutual influence of such dynamics and spin properties is essential for the
potential application of these molecules as molecular magnetst®l. Herein, a series of Y-based fullerenes
with single-electron metal-metal bond (Y2@In(7)-Cgo-CF3, Y2@Dsn(6)-Cgo-CF3, Y2@Cso-(CF3)2,
Y2@Cso-(CF3)s and LaY@In(7)-Cgo-CF3) were synthesized and isolated to study the influence of the
fullerene cage and exohedral derivatization on the internal dynamics and spin properties by EPR
spectroscopy. Y @Ir(7)-Ceo-CF3 exhibits a very characteristic hyperfine structure caused by the
interaction of the unpaired electron spin residing on the Y-Y bonding orbital with the isotropic aiso(2°Y)
hyperfine constant 80 G. Meanwhile, the measurement in frozen solution at 100 K revealed a well-
resolved powder-like pattern with slightly distorted axial g-tensor (1.9547, 1.9629, and 2.0012) and two
inequivalent Y atoms with axial A(®°Y)-tensors and principal A./Ay values of 87.5/76 and 87.5/75 G.
Furthermore, the comparison of EPR results of Y,-based fullerenes proves that different carbon cages
or different numbers of chemical groups did not significantly change the spin density distribution, mainly
derived from Y-4s orbitals, but hindered the rotation of Y, dimer. At low temperatures, subtle variation
of A and g-tensor anisotropy could be found, demonstrating that the molecular environment, such as
carbon cage isomerism or different numbers of chemical groups, impose a measurable variation of the
spin properties of the Y, dimer. Moreover, LaY@)Ir(7)-Cgo-CF3 revealed a spectrum featuring eight
double peaks, with a markedly increased a(®°Y) compared to Y>@In(7)-Cs-CF3 at both room and low
temperature, as La has a larger 1=7/2 nuclear moment. This approach of mixing metals within the cage
can strengthen the electron-nucleus Fermi contact interaction, thereby maximizing the hyperfine
interaction and enhancing the energy of possible clock transitions to 3.8 GHz.The unique properties of
the electron-nuclear spin system, well isolated from the environment inside the fullerene cage, will
motivate further experimental and theoretical studies and stimulate targeted synthetic design of new
endohedral metallofullerenes for clock transition and quantum information processing.
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Metal-organic frameworks, MOFs, are a class of porous polymers consisting of metal clusters
connected by organic ligands. Due to their structural and functional tunability, they have found huge
applicability in various fields, as well as in magnetism and the development of quantum technologies.

MOF-74 compounds are characterized by a honeycomb structure and metal cations M(Il)
organized in infinite and separated 1D oxo-chains, presenting probably the most straightforward
realization of the 1D Ising model in nature. Here, we present a study on monometallic Cu(Il)- and Ni(ll)-
MOF-74, as well as on bimetallic Cu(ll)Zn(ll)- and Ni(ll)Co(Il)-MOF-74 compounds. Magnetic
properties are investigated using SQUID magnetization measurements and X-band and high-
field/high-frequency EPR spectroscopy, performed over a broad frequency range [1,2].

Additionally, an EPR study of molecular spin qubits incorporated into the diamagnetic zirconium
MOF PCN-223 will be presented (Figure 1). The properties of copper- and vanadyl-porphyrins were
investigated using pulse EPR spectroscopy, which gives electron spin-lattice and phase-memory
relaxation times, T7 and Tm, respectively. The various possibilities for enhancing quantum coherence
will be discussed [3].

Figure 1. EPR spectrum of 10% diluted vanadyl-porphyrines in MOF at 40 K.
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There is a theoretical and practical interest in studying rotational and translational diffusion of
solvent molecules (self-diffusion) and diluted solute molecules (tracer diffusion) in liquid systems such
as water, neutral and ionic molecular liquids, polymer melts, etc. [1-4]. When the solute molecule is a
nitroxide radical, its rotational and translational diffusion can be studied by EPR [5,6]. Rotation of
solvated radical modulates anisotropies of g-tensor and hyperfine interactions of its electron spin,
which affects the EPR spectrum of radical and enables one to determine its rotational diffusivity [5].
Similarly, the relative translational diffusion between solvated radicals modulates their electron spin
interactions and affects their EPR spectrum. This enables one to determine the translational diffusivity
of radical by measuring the shape changes of the EPR spectrum with radical concentration [6].

The EPR study of translational radical diffusion in glass-forming solvents revealed the crossover
behavior of radical diffusivity [7]. The radical diffusivities, being lower than the self-diffusivities at high
temperatures, was found to approach the self-diffusivities by lowering the temperature below the onset
temperature Ton. This crossover was explained in a way that radical diffusion as mostly single-molecule
process above Ton becomes more collective and cooperative process below Ton. A general agreement
that was found between Ton and the Arrhenius crossover temperature of viscosity Ta indicates the
same origin of both phenomena.

The crossover temperature behavior of translational radical diffusivity was found in the series of
normal alkanes and alcohols [8]. The alcohols and alkanes consist of similar molecules, but alcohols
exhibit heterogeneous structure due to the hydrogen bonding of hydroxyl groups, which is absent in
alkanes. The crossover behavior was found to strongly differ in alcohols and alkanes, which indicates
that the heterogeneous structure of alcohols affects the radical diffusion crossover.

Preliminary EPR results for translational radical diffusion in polymer melts of polydimethylsiloxane
(PDMS) also revealed the crossover behavior of radical diffusion. This crossover is most probably
caused by the increased cooperativity of radical diffusion and local segmental dynamics of PDMS with
temperature decrease [4], but further investigations are needed to confirm this assumption.
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Often, several software tools may be involved in the workflow (like data gathering = processing =
analysis = reports) of an EPR spectroscopist. Usually, these are comprised of a required
acquisition/processing tool at the spectrometer, software for scientific graphing (alternatively having
modules for data preparation and analysis), table editors and, last but not least, couple of programs to
share the results by publications, posters, books (thesis), blogs and presentations. However, such a
combination definitely implies that history of data operations and their analysis is hard (if not
impossible) to follow. To overcome the issue, there is a standard and excellent EPR toolbox/package
EasySpin [1], written in proprietary Matlab. Even though the toolbox is developed as open-source, not
all students/researches have access to the Matlab license, especially if additional toolboxes (e.g. data
science) [2] are to be applied. In this contribution a newly developed open-source package [3] for R
statistical language will be introduced. It is complementary to EasySpin, having the functionality similar
to acquisition/processing toolboxes at EPR spectrometers.

The main advantage of R statistical language [4] over other data science programming languages
(such as Julia, Python or Octave) consists in highly sophisticated packaging system, with perfectly and
uniformly structured documentation, as well as in great scientific and literally endless visualization
capabilities [5, 6]. These features are tightly connected with the version control system within the
RStudio integrated development environment (IDE) [7]. Hence, it represents an excellent facilitation of
the data processing workflows by extensive reducing of many steps, which have to be otherwise
performed by several programs. The functionality of the R package {eprscope} [3] will be demonstrated
on several examples coming from "everyday" EPR performance. These may include e.g. interactive
scientific plotting, simulation of isotropic EPR spectra and their fitting onto experimental ones,
processing and analysis or radical kinetics, smoothing and integration of EPR spectra, peak picking
and others. Finally, the results of the data/spectra analysis can be easily published right from the
RStudio IDE [7, 8].
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Rapidly increasing energetic demands of human population stimulated the search for renewable
energy resources. Consequently, hydrogen energy became one of the most extensively studied topics
[1]. However, hydrogen storage under ambient conditions remains to be an unresolved issue leading
to the search for novel hydrogen storage devices. In this respect, we performed a series of
computational studies of carbon- and boron-based nanomaterials modified with various transition
metal atoms to investigate their potential application as hydrogen storage devices [2-7]. In these
systems, the transition metal atoms serve as hydrogen binding sites capable of several different modes
of interaction with H; molecules (Kubas interactions, H, dissociation, “end-on” H; binding,
physisorption). Our studies suggest that there are several important factors that can affect the
hydrogen storage performance, such as spin state [3], application of external potential [4], shape and
curvature of the surface [5], or even the number of bound H, molecules [6, 7]. All these effects are
investigated using DFT calculations, QTAIM analysis and ab initio molecular dynamics.

Figure 1. Metal-decorated circumcoronene (left) and borophene nanoflake (right).
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Edible oils with a high content of oleic acid were examined by EPR and EPR spin trapping studies
[1]. The corresponding oil samples were thermally oxidised at different temperatures, mainly at 40°C
and 60°C. UV-vis-NIR and EPR experiments confirmed a high tocopherol content in the samples, that
remain stable even after heating at 40 °C and 60 °C in air for seven days. Using experiments with the
radical initiator AMVN (2,2-azobis (2,4-dimethyl valeronitrile)) significant changes in the optical spectra
of tocopherols, carotenoids and NIR bands were observed characteristic of the presence of lipid
oxidation products. A variety of radical species formed during thermally stressed edible oils were
confirmed using different spin trapping agents. The high importance of tocopherol concentration in the
oil stability of edible oils was confirmed [2,3]. In the first stages of the heating of edible oil, the reactive
radicals formed predominantly reacted with the tocopherols present in the sample to form tocopheryl
radicals. After a certain time, the antioxidant capacity of the plant oil sample was exhausted and after
twenty minutes of heating at 60°C, tocopherols and other antioxidants were no longer sufficient to
eliminate reactive oxygen species (ROS) in the sample, and there was a significant increase in spin
trapping adducts with ROS in time. It was shown that TMPO (4-oxo0-2,2,6,6-tetramethyl pyperidine)
reacts under UV-vis irradiation with hydroperoxides found in oil samples to form TEMPONE radical,
and the amount of hydroperoxides increases with the increase of dose of AMVN initiator.
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In aqueous solution, phenoxide anions and dianions may play a substantial role in the radical
scavenging activity and/or oxidation of flavonoids [1, 2]. Therefore, in this work, the reaction enthalpies
of Double Proton-Loss Electron-Transfer (DPLET) resulting in the formation of ortho-quinone structure
were studied for four flavonoids possessing the catechol structure of the B ring, Fig. 1, using Density
Functional Theory (DFT). For studied flavonoids in aqueous solution, 7-OH group deprotonation occurs
as the first step of the process. It is followed by the formation of thermodynamically favored 4',7-dianion
(DA) [3, 4]. The calculations for studied flavonoids, as well as various simple coumarins [5], confirmed
that deprotonation of two OH groups placed at the same aromatic ring is not thermodynamically
preferred. Successive electron transfer from the dianion leads to the formation of the 4',7-radical anion.

Kuwabara et al. [6] applied stopped-flow—electron paramagnetic resonance (EPR) method to
detect short-lived radical anions (RA) of flavonoids with the catechol structure of the B ring in alkaline
aqueous solution (pH = 10). It was confirmed that dianions produced by two successive deprotonations
at rings A and B are oxidized to the radical anions of the B ring. For luteolin-7-O-$-d-glucoside
(cynaroside), the formation of the B ring radical anion was also confirmed by EPR experiments in
dimethyl sulfoxide [7]. Thus, it can be supposed that primarily formed 4',7-RA is rapidly transformed to
3',4’-RA. After the second electron transfer, ortho-quinone structure is formed.

Figure 1. Skeleton of flavonoids: ring denotations and carbon atom numbering scheme

Obtained (SMD)M06-2X/6-311++G** results for quercetin (Fig. 2), luteolin, fisetin, and taxifolin
indicate that the reaction enthalpies of the two deprotonations are similar, the differences do not exceed
16 kJ mol-'. Reaction enthalpies of both electron transfers are close, as well. Found reaction
enthalpies show that the transformation of 4',7-RAto 3',4’-RA is exothermic. Computed Gibbs energies
also indicate that this step is spontaneous. Reaction enthalpies and Gibbs energies of RA
transformation usually reached practically the same value implying that this step does not show
a change in the entropy. Larger difference between reaction enthalpy and Gibbs energy was identified
only for taxifolin which does not possess C2=C3 double bond and the C ring is not planar.
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Figure 2. Quercetin: Reaction enthalpies of individual steps of ortho-quinone structure formation
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The cycloaddition of azides and terminal alkines using copper complexes (denoted as [4]°) as
catalysts (CuAAC) has been known for the last 20 years [1-3]. However, the mechanism of this reaction
is not fully understood. In this study, a quantum chemical consideration is provided utilizing semi-
empirical GFN2-xTB method [4,5] together with the B3LYP/def2-TZVP computational protocol [6-8].
Solvent effects for acetonitrile were approximated by the Integral Equation Formalism Polarizable
Continuum Model (IEFPCM) [9,10] as implemented in Gaussian16 [6]. The reactants phenyl acetylene
and benzyl azide are denoted HA and B, respectively, and the product is simply HAB. We assume that
HA is a weak acid and that the presence of A" together with the formation of a 4-A species is important
for the reaction. To further investigate the possible reaction mechanism, the B species was associated
with "[4H-A]°. The formation of a '[4H-AB]° is obtained for both GFN2-xTB and B3LYP/def2-TZVP,
computational methods.

Figure 1. Optimized structure of complex 4.
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