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Preface

Electron paramagnetic resonance (EPR) spectroscopy has been widely used for more than 60
years, mainly due to its advantages, such as its high sensitivity (to 10'2-10'3> molecules, which
translates to 107! to 10712 M) and selectivity (only for paramagnetic species). Moreover, it is a quick,
non-destructive method, and in some cases, samples may be kept as documents for future inspection.
These basic qualities of X-band EPR spectroscopy have been enhanced with new generations
of spectroscopies, which have introduced advantages such as the ability to use multifrequency
approaches, improved time resolutions, better pulsed techniques, and the incorporation of multiple
irradiations. These developments have significantly extended the range of applications of EPR
spectroscopy to different fields, including EPR research in biology and medicine, chemistry (metal
complexes, polymers, and catalysis), dosimetry, geology, mineralogy, archaeology, environmental
control, food technology, quantitative EPR, etc. The design of portable EPR spectrometers with
small dimensions greatly facilitates the use of this method in practice. The aim of the Special Issue
“Applied EPR spectroscopy” is to highlight the current status as well as trends in the development
and application of EPR spectroscopy.

Additionally, I want to thank all the authors and co-authors of this book who contributed to this

Special issue.

Yordanka Karakirova
Editor

ix






molecules

Article
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Abstract: Graphitic carbon nitride (gCN) materials have been shown to efficiently perform light-
induced water splitting, carbon dioxide reduction, and environmental remediation in a cost-effective
way. However, gCN suffers from rapid charge-carrier recombination, inefficient light absorption,
and poor long-term stability which greatly hinders photocatalytic performance. To determine the
underlying catalytic mechanisms and overall contributions that will improve performance, the elec-
tronic structure of gCN materials has been investigated using electron paramagnetic resonance (EPR)
spectroscopy. Through lineshape analysis and relaxation behavior, evidence of two independent spin
species were determined to be present in catalytically active gCN materials. These two contributions
to the total lineshape respond independently to light exposure such that the previously established
catalytically active spin system remains responsive while the newly observed, superimposed EPR
signal is not increased during exposure to light. The time dependence of these two peaks present in
gCN EPR spectra recorded sequentially in air over several months demonstrates a steady change in
the electronic structure of the gCN framework over time. This light-independent, slowly evolving
additional spin center is demonstrated to be the result of oxidative processes occurring as a result
of exposure to the environment and is confirmed by forced oxidation experiments. This oxidized
gCN exhibits lower Hy production rates and indicates quenching of the overall gCN catalytic activity
over longer reaction times. A general model for the newly generated spin centers is given and
strategies for the alleviation of oxidative products within the gCN framework are discussed in the
context of improving photocatalytic activity over extended durations as required for future functional
photocatalytic device development.

Keywords: EPR spectroscopy; photocatalysis; carbon nitride; electronic relaxation; semiconduc-
tor; oxidation processes; power saturation analysis; light-dependent EPR; electronic structure
characterization; graphitic materials

1. Introduction

In the context of the global search for new sustainable energy technologies, graphitic
carbon nitride (gCN) has gained a lot of attention in the research community as a potentially
stable, readily available, and non-toxic photocatalyst for H, production via water splitting
and other energy dense molecular syntheses via CO, reduction reactions as well as for
environmental remediation via pollutant destruction [1,2]. The success of these proof-of-
concept reactions using gCN photocatalysts has prompted research towards the highest
possible catalytic output through a variety of surface area enhancements, doping schemes,
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and other unique applications of graphene-like structural modifications [2] to target the
shortcomings of gCN materials. However, the lack of conclusive theoretical explanations
or experimental investigations into the understanding of the underlying physical processes
restricts gCN photocatalytic efficiency to below industrially applicable values [1]. To date,
numerous modifications of gCN structure have been reported to increase catalytic activity
without a clear mechanistic reasoning as to how or what process contributes to these
increased rates of production. Additionally, gCN continues to suffer from fast quenching
of photocatalytic activity and continues to require platinum cocatalysts to improve the
stability and reproducibility of catalytic output, preventing gCN from being employed on
any large scale as a truly metal-free photocatalyst [3].

Electron paramagnetic resonance (EPR) spectroscopy is particularly well suited to
study the electronic structure of gCN materials owing to its non-destructive methods of
interrogation and high specificity to paramagnetic electrons. Together with other methods,
EPR has been employed to directly monitor spin transitions of photocatalytic species during
light-irradiation [2,4]. Figure la—c shows an overview of the structural and electronic
properties of gCN. The tri-s-triazine units are comprised of alternating carbon and nitrogen
atoms, where the electron density of gCN materials allows for electrons in the sp? orbitals
of the carbon and nitrogen atoms to form a m-conjugated framework that extends over
the entire triazine unit (Figure 1b, green). Unpaired electrons distributed over the -
conjugated structure are responsible for photocatalytic activity via transfer from the valence
band (o-type bonds, Figure 1b,c, grey) to the conduction band (n-conjugated structure,
Figure 1b,c, green) under light irradiation [4]. Electrons in the 7-conjugated structure are
paramagnetic and are therefore observable by EPR spectroscopy. It has been shown that
the EPR signal is observable in the dark state, presumably because electrons are already
present in the m-conjugated structure; however, under light illumination the EPR double
integral intensity increases indicating an increase in the number of spins present [4]. Each
triazine unit acts as a contributor to photocatalytic activity and as such, it has been shown
in numerous reports that catalytic activity increases with increasing surface area, which
could be modified through various synthesis routes [5]. The stability of these materials has
previously only been investigated on the scale of hours and a decrease in the efficiency of
hydrogen evolution over multiple catalytic cycles has been observed [6]. This timescale
is insufficient for commercial applications and therefore the stability should be evaluated
over extended durations.

”1)%:‘ CN-M
g 7-conjugated structure
Melaomme oNU 1 t 't CB
>|21~4)qu'»1Z N ee '.,:
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S H
CN-TU i
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Figure 1. An overview of the structural and electronic properties of gCN. (a) Overview of precursors
used to synthesize gCN materials; see methods for synthesis procedures. (b) The tri-s-triazine unit
consists of alternating carbon and nitrogen atoms with bridging nitrogens connecting multiple units
into a polymeric structure where single-unit 7-conjugation (green) and o-type bonds (grey) are shown.
(c) Schematic illustration of the photoexcitation mechanism of gCN where electrons in the o-type
bonds, which are paired and therefore diamagnetic due to counteracting spin magnetic moments, are
excited to the 7-conjugated structure where they are then paramagnetic and observable by EPR [4].
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Within this work the gCN electronic structure is further investigated by EPR spec-
troscopy to describe the current photocatalytic performance of gCN materials and to
provide guidelines for further improvement of its photocatalytic efficiency. By providing
direct and non-destructive access to the behavior of electrons in materials, examination
of the dynamic properties of gCN photocatalysts is made possible in a way that allows
increased understanding of the slow alterations to the gCN framework that affect long
term stability. This investigation of gCN samples synthesized from various precursors
additionally allows for the understanding of correlations between electronic structure and
photocatalytic performance with respect to minute changes in synthesis procedures. In
this study, we investigate graphitic carbon nitride (gCN) derived from various precursors,
namely melamine (CN-M), urea (CN-U), thiourea (CN-TU), as well as supramolecular
assemblies of cyanuric acid-melamine (CN-CM) and supramolecular assemblies of cyanuric
acid-melamine-barbituric acid (CN-CMB) (Figure 1a). We herein present EPR investigations
of gCN materials as a function of time, with saturation and relaxation behavior determined
using a combination of both continuous wave and pulse EPR methods to define and probe
the environment of the spins and underlying dynamic properties resulting in catalytic activ-
ity in gCN materials. Incorporation of laser excitation to classical CW-EPR experiments was
similarly employed to study any effects on light response of the samples and to confirm the
correlation between light-irradiation and EPR signal as previously reported [4,7]. Interac-
tions with the latent environment were taken into consideration and were further evaluated
using forced-oxidation schemes. To evaluate the impact of the herein reported changes in
the EPR spectra with respect to time, the catalytic activity via hydrogen production rate
measurements were performed using freshly synthesized gCN materials and subsequently
reevaluated after twenty months of continuous exposure to normal atmosphere.

2. Results
2.1. gCN Electronic Stability over Time

The gCN EPR response has been mainly reported to be a single Lorentzian line and
associated with unpaired electrons from 7m-conjugated structures responsible for photo-
catalytic activity [2,4,5,8]. More recent studies have shown evidence that multiple spins
may contribute to the overall CW-EPR spectrum; however, variety in synthesis proce-
dures leading to differences in morphology [5] does not allow for direct comparison of
these results [7,9]. In this study EPR spectra were recorded initially and sequentially for
18 months following the initial synthesis of several gCN samples. Significant changes in
the EPR spectrum were observed with respect to time and a deviation from the previously
reported Lorentzian lineshape was observed in all gCN samples investigated.

Spectra recorded for all gCN samples investigated exhibited initially a more symmetric
lineshape in agreement with previously reported observations [2,4]. As early as six months
following the successful synthesis, the overall EPR lineshape was observed to deviate from
a single Lorentzian for all five samples in the recorded spectra (Figure 2, black). The overall
lineshape continued to change over time, providing initial evidence that a change in the
electronic structure of the gCN framework has occurred. After 16 months following the
successful gCN synthesis, an additional peak may be clearly distinguished (Figure 2, red).
This observation suggests that an additional paramagnetic species arises in gCN over time
and likely alters both the electronic structure of the catalytic material and the physical
structure of the bonding character within the triazine units.
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Time after synthesis
——6 months
— 16 months

/

Normalized EPR intensity [a.u.]

336 387 38 339 340
Magnetic field [mT]
Figure 2. The CW-EPR spectrum recorded after 6 months (black) and 16 months (red) following
successful synthesis of gCN (CN-M) under the same operating conditions. A deviation from a
purely Lorentzian lineshape is observed near g = 2.0035 £ 0.00003, as shown by the black arrow in
the spectra.

A fitting routine which considers two independent spin contributions to the over-
all spectrum was introduced using a linear combination of two derivative Lorentzian
lineshapes according to the following formula,

/ /
AB,? ABy?
T=my( 50— ) tmy( 2%
(B—Bo, ) +AB; (B—Bo, ) "+AB,

1 16(B=Bo, )ABy 16(B—B,, ) AB, @

1
1 27
" (4(B-Bo, )2+AB12>2 § (4 (B—BOZ)Z+ABZZ)2

where weighting coefficients mj, my, central positions B, , By, and FWHM (full width at
half maximum) AB;, AB, values were allowed to vary within a least squares regression
(performed in Matlab, Mathworks) [10]. In Figure 3a, the gCN spectrum shown previously
in Figure 2 (red) is modelled using the above relationship. The overall fit is the sum of
two Lorentzian lineshapes such that each independent Lorentzian lineshape can be built
using one set of coefficients [m;, By,, AB1] or [my, Bo,, AB;] obtained from the fit. The
same fitting routine and initial parameters were utilized for all five investigated samples.
Spectra recorded at different observation times and different microwave powers were
found to be in good agreement throughout all samples. While the observed g-values of the
two peaks were constant, the intensities and linewidths varied with microwave power,
time, and temperature.

Here, the wider lineshape (Figure 3a, green, ABp, = 0.6 mT) labeled as spin
species 1, corresponds to unpaired electrons distributed over the 7-conjugated structure
of the triazine unit of gCN, also known to be responsible for photocatalytic activity, as
both linewidth and g-value agree well with previous reports [2,4]. The origin of the
narrow lineshape (Figure 3a, blue, ABpp = 0.1 mT), labeled spin species 2, has not been
investigated before.

By separating the two Lorentzian contributions to the overall EPR spectrum via the
fitting routine described above, the peak-to-peak intensities of each species were determined
for spectra recorded under the same conditions at different time points between 2 and
18 months after synthesis (Figure 3b). The intensity of the line associated with spin species
2 (Figure 3b, blue) increases drastically over time, while the intensity of the line associated
with spin species 1, typically attributed to catalytically active spins, (Figure 3b, green)
decreases slowly over the same time duration. The exponential increase in the intensity
at g =2.003 & 0.00003 and slow decrease in the intensity at g = 2.004 & 0.00003 provides
insight into the dynamic nature of gCN. It is likely that the second spin species (g = 2.003)
forms spontaneously from interactions with the environment, followed by a decreasing
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concentration of the spin species associated with photocatalytic activity (g = 2.004). Such
behavior provides initial implications that a degradation process occurs over time.

Normalized EPR intensity [a.u.]
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Figure 3. (a) The EPR spectrum of gCN (CN-M) shown with individual Lorentzian fits assum-
ing a model comprised of the superposition of two Lorentzian lines, where each independent
Lorentzian line is shown at g = 2.004 £ 0.00003 (green) and g = 2.003 = 0.00003 (blue). The overall fit
is shown as a sum of both individual Lorentzian components (red). (b) The time-dependent change
in the observed EPR peak-to-peak intensities of the two spin species estimated by the fitting proce-
dure is shown in (a). The color-scheme corresponding to the individual Lorentzian components is
preserved throughout.

In newly synthesized gCN materials, the EPR spectral component corresponding to
spin species 2 is negligible, so the gCN spectrum in principle may be described with a single
Lorentzian lineshape and has been shown by previous groups where a single symmetric
Lorentzian lineshape in the gCN EPR spectrum was observed [2,4,5,8]. Deviation from a
Lorentzian shape as presented in this work is only observable following significantly long
times after synthesis. Nevertheless, evidence of the presence of the second spin species
long after the synthesis has made it possible to reconstruct the contributions of both spin
species in recently synthesized samples allowing for investigation of the potential effects
on photocatalytic activity on a relevant timescale and are herein reported.

2.2. Saturation and Relaxation Behavior

To investigate the independent behavior of the two observed Lorentzian contribu-
tions to the gCN EPR spectrum, power saturation behavior was recorded and the fitting
procedure described previously was applied to each EPR spectrum recorded at varying
microwave power levels. Power saturation curves interrogate the dependence of EPR
amplitude on the applied B, field such that saturation behavior may be used for the de-
termination of electronic longitudinal (T; or spin-lattice) and transverse (T or spin-spin)
relaxation rates of the system because these processes are closely correlated allowing for
their estimation from CW-EPR experiments [10,11].

EPR spectra were recorded sequentially using microwave powers from 0.1 mW to
100 mW while keeping all other parameters constant. The maximum integrated intensities
of the recorded spectra were plotted against B;, which is proportional to the square root of
microwave power (Figure 4, black circles). Because the spectra within this power range may
be fit using two Lorentzian lines, the individual intensities of each of the two lines were
constructed via the previously described fitting routine and were similarly plotted against
B, (Figure 4, g = 2.004, green circles, and g = 2.003, blue circles), to yield simulated power
saturation curves. Fits to the power saturation data were performed using the analytical
formula for homogeneous saturation as follows,
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B IY,
T 11 BN2TT, @)
1+ Byy*Ti T,
where I represents the integrated intensity of the EPR signal, By is the magnetic field
of the microwaves, I, = Blimg(%), v is the gyromagnetic ratio, T is the spin-lattice
1—

relaxation time, and T, is the spin-spin relaxation time [11]. This model provides an
estimation of T; relaxation times under the assumption that T, may be determined by
the linewidth of a purely Lorentzian signal and no additional unresolved contributions
to relaxation are present [11]. Both simulated saturation curves constructed based on
individual signal intensities were found to be adequately described independently using
a homogeneous saturation model (Figure 4, green and blue dashed lines) allowing for the
conclusion that the gCN EPR spectrum consists of two spin centers at approximately
g = 2.004 and g = 2.003. Since the involved spin species are not identical, the overall
saturation of the system cannot be described by a homogeneous saturation model. Due to
the complexity of non-homogeneous saturation and the many possible processes involved,
an analytical description for the general case is not valid; however, the saturation behavior
of gCN resulting from the recorded EPR spectra may be described as the sum of two
separate power saturation curves within reasonable error (Figure 4, red dashed line). The
significantly higher experimental values when compared to those obtained from the sum
of the independently derived saturation curves could be explained by consideration of the
integrated noise contributions to the overall intensity, which is not considered in the fitting
routine [12]. Such discrepancies between the observed and calculated intensities may also
arise from the assumption of absolute independence with respect to the simulations of the
two spin systems, which is unlikely given their close proximity to one another. Therefore,
additional weakly coupled interactions resulting in cross-correlations between the spin
centers might occur and affect the saturation and relaxation behavior of each individual spin
system [13,14]. Nevertheless, relaxation behavior may be qualitatively determined from
these experiments such that spin species 1 (g = 2.004) which is represented by a wider EPR
linewidth and saturation at lower microwave powers would typically correspond to faster
T, and slower Ty, respectively, in comparison to spin species 2 (g = 2.003), which is instead
described by a narrower EPR linewidth and later saturation, which would conversely have
slower T, and faster T, respectively. This routine provides only an estimation and is not a
direct observation; therefore, these results were further evaluated using complimentary
pulse EPR and continuous wave saturation recovery EPR experiments.

Microwave power [mW]

1 3 7 15 30 50 70 100
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Figure 4. Simulated power saturation curves recorded via CW-EPR for the independent spin species
identified in Figure 3a shown with the color scheme preserved (g = 2.004, green, g = 2.003, blue)
with fits to the simulated data shown (green and blue dashed lines) assuming homogeneous saturation
behavior. The experimentally recorded power saturation data are shown (black open circles) with the
sum of the two simulated power saturation curves overlaid (red dashed line).
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Following qualitative analysis of relaxation via CW experiments, relaxation time con-
stants of gCN materials were measured directly by CW saturation recovery EPR techniques
at X-band and by pulse EPR techniques at Q-band. CW saturation recovery measure-
ments were preferentially performed at X-band due to the presumably very short T, time
constants which therefore render pulse techniques at this frequency ineffective due to
low echo intensities after consideration of the dead time of the instrument. The Ty times
estimated from the constructed saturation curves agree qualitatively with those obtained
via continuous wave saturation recovery experiments. The relaxation times observed in
gCN materials are not reported in the literature; however, these values may be compared
with those observed in similar materials, for example, N-doped graphene oxide is reported
to have similarly long T; relaxation [15-17]. Because only T relaxation times increase with
microwave frequency and T, is primarily frequency-independent [18,19], the two-pulse
Hahn-echo sequence for measuring T, relaxation at Q-band was used for T, relaxation mea-
surements. The resulting echo lasted sufficiently beyond the dead time of the instrument
to enable not only T, measurements but also the three-pulse inversion recovery sequence
for measuring T; relaxation at Q-band. In all experiments for all gCN compounds, similar
and consistent results were obtained. For all relaxation data, fits using a biexponential
function resulted in lower standard deviation in a residual analysis (Figures S1-S3 from
Supplementary Materials). Mono-exponential functions were considered, but the residual
analysis demonstrated nonlinear deviation above the noise levels in both cases. The spin—
lattice (T7) relaxation times and spin—spin (T5) relaxation times varied by factors of only
about two to three between all samples investigated and may be explained by differences
in the morphologies of the samples due to diverse synthesis pathways [5], different spin
concentrations influencing dipole coupling, and varying magnitudes of contributions from
the first and second species and the resulting effects of cross correlated relaxation [13,14].
Further descriptions of the relaxation data and the various fitting approaches may be found
in the supporting information. The multi-component relaxation behavior observed via
CW saturation recovery at X-band and via pulse experiments at Q-band provide further
support that two spin species are present in the gCN systems investigated.

A summary of relaxation times observed is given in Table 1. Longer T; values, which
correspond to a lower degree of spin-lattice interactions, together with shorter T, values,
which correspond to a greater contribution from spin-spin interactions, may indicate high
delocalization and give some idea of the mobile character of spin species 1 (g = 2.004).
These spins are primarily localized to the m-conjugated structure of the triazine rings and
are responsible for photocatalytic activity [4]. On the contrary, shorter T; values and longer
T, values observed for spin species 2 (g = 2.003) indicate a much greater interaction with the
lattice or surrounding environment and a lower contribution from spin—spin interactions
which may instead be correlated with an immobilized spin system and suggests that this
species may not directly participate in the photocatalytic activity of the material.

Table 1. Relaxation time constants observed in continuous wave saturation recovery EPR experiments
at X-band, two-pulse echo decay EPR experiments at Q-band, and three-pulse inversion recovery
EPR measurements at Q-band after fitting with a biexponential model.

Ty [us] X-Band T, [ns] Q-Band Ty [us] Q-Band
CW Saturation Recovery Hahn-Echo Inversion Recovery

1st Species 2nd Species  1st Species 2nd Species  1st Species 2nd Species

CN-M 40 +10 4+1 590 + 30 3900 + 200 450 £ 90 90 £+ 20
CN-U 70 £ 10 4+1 1300 £ 300 4800 + 1200 370 £70 80 £ 10
CN-TU - - 700 £ 100 2600 + 400 410 £ 60 100 + 20
CN-CM 100 £ 20 15+3 500 £ 100 1700 £ 400 700 £ 100 130 +£20
CN-CMB 50 £5 20+£0.2 700 £ 50 1570 + 80 520 £+ 30 85+ 5
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EPR intensity [a.u.]

2.3. Light Response

To understand the EPR signal response to light and therefore define the probabilities of
each spin species exerting any effects on gCN photocatalytic performance, light-dependent
EPR measurements were performed at X-band. For all gCN materials investigated, an
increase in the resulting EPR signal was observed in response to irradiation by visible light.
The EPR spectra recorded under dark conditions and under continuous light irradiation
for the melamine-based gCN material are shown in Figure 5a. After applying the fitting
routine described previously to differentiate the contributions from each of the spin species
observed (Figure 5b), the EPR spectrum under light irradiation shows that the low field,
wider component corresponding to spin species 1 (g = 2.004) increases by 60% when
under irradiation, while the high field, narrower component corresponding to spin species
2 (g = 2.003) remains unchanged. Similar light-response behavior was observed for all
investigated gCN materials and wavelengths of light in the range 400-700 nm. This
demonstrates that only spin species 1 is light-active while species 2 which appears months
after synthesis is light-inactive. Prolonged irradiation using white light resulted in further
increase in the EPR peak-to-peak intensity of spin species 1 while the EPR intensity of spin
species 2 remained unchanged. Similarly, the reverse effect was observed when removing
the sample from light. After keeping the gCN materials in the dark for prolonged times,
decreases in the EPR intensity of spin species 1 were observed while the EPR intensity of
spin species 2 remained unchanged. These findings bring forth the implication that spin
species 1 is likely associated with the spins responsible for photocatalytic activity [2—4].
The light-inactive character of spin species 2 instead implies that these spins likely do not
contribute positively to photocatalysis. Rather, in conjunction with the time-dependent
increase in the EPR intensity of spin species 2 following synthesis of the material, it is
likely that this species may be indicative of the formation of degradation products within
the gCN material. In much later stages of this study, a third spin species was detected in
some but not all of the gCN samples investigated; however, this contribution to the overall
signal was significantly lower than the two signals reported and was not well reproduced
such that it was not considered for the further analysis (Figure S4 from Supplementary
Materials). This signal likely corresponds to further degradation processes and may be
attributed to an additional localized spin species as it does not respond to light; however, a
thorough analysis of this contribution was beyond the scope of this work.

—in dark (exp. data) - = Lorentzian 1 (dark) o7 (I 400-500 nm
------ in dark (fit) e - Lorentzian 2 (dark) @' [771500-600 nm
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Figure 5. (a) EPR spectra of gCN (CN-M) recorded under dark conditions and under light irradiation
(A = 500-600 nm). (b) Individual Lorentzian lines obtained from the fits of the light irradiated
and dark state spectra (c) The relative change of the EPR peak-to-peak intensity of spin species
1 (g = 2.004) under light irradiation using varying wavelengths of light compared to the EPR intensity
recorded in the dark state for different gCN samples.
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To better investigate the light-dependence of the EPR signals in the spectra obtained
for gCN, EPR measurements were performed for all gCN samples while exposed to con-
tinuous light irradiation using the following 100 nm bands: 400-500 nm, 500-600 nm,
600-700 nm and in the dark state as a reference. Each recorded spectrum was fit using
two Lorentzian lines, as described previously, and the relative change of the EPR peak-to-
peak intensities between the dark state and under illumination at each of the irradiation
bands for both Lorentzian lines was calculated independently. The relative changes in the
EPR intensity at different bandwidths of excitation were normalized to the same photon
flux while the linear dependence of the light-induced increase in EPR intensity with re-
spect to photon flux was verified separately using a halogen cold light source (Schott KL
2500 LCD and Thurlby Thandar TSX1820P). As stated previously, the intensity of spin
species 2 remained unchanged in all irradiation conditions. Therefore, only the relative
change in the EPR intensity of spin species 1 is shown in Figure 5c. For all gCN materials
investigated, the maximum increase in EPR intensity was observed when the spectrum
was recorded using light irradiation bandwidths of 400-500 nm, while the increase in
EPR intensity was significantly lower for the 500-600 nm bandwidth and even smaller for
the 600-700 nm bandwidth. Noticeably, this behavior correlates very well with UV-Vis
spectra previously recorded for gCN materials [20,21]. Though the EPR spectrum of gCN
materials is typically interpreted as a single component, separating gCN EPR spectra into
multiple components and considering only the light-active species in the assessment of
light-dependent properties leads to better predictions of photocatalytic activity [4,7]. While
this experiment allows for the comparison of the light response within the material under
irradiation from different wavelengths, comparability between the overall activity of differ-
ent gCN materials with respect to surface effects must be considered. It has been shown
that photocatalytic activity mainly occurs on the surface of the material [22-24]. However,
due to morphological differences within the materials impacting the diffraction of the
incident light, as well as variations in porosity and therefore variations in both density and
surface area, the number of spins exposed to irradiation may vary greatly between different
gCN materials. Therefore, a comparison between materials according to the light-induced
EPR response was not considered due to the difference in the responses between samples
(Figure 5c) which primarily corresponds to the difference in numbers of spins accessible by
light irradiation and not directly the total number of photoactive spins within the material.

2.4. Oxidation Effects

In order to investigate the origin of spin species 2 (g = 2.003) which was thought to
result from interactions with the environment leading to the observed time-dependent
changes in the EPR spectra, attempts were made to elicit similar processes artificially while
recording the EPR spectrum both before and after the elicited process. The gCN materials
were stored in non-sealed vials open to the air, where both reactive oxygen and water are
present [25]. Since gCN is a photocatalyst, it is possible that H, may be formed via water
splitting reactions using water from the air even without special conditions. To determine
if this is the case, the relative humidity was increased in the sample tube and any resulting
effects on the observed EPR lineshape were recorded. This was performed in two ways: by
blowing water vapor into the sample tube and by adding water dropwise directly to the
sample tube. In neither of these experiments were any changes to the lineshape observed.

To test the effects of oxygen in the environment on the spectral lineshape, the sample
tube with gCN powder was exposed to an oxygen-enriched environment by replacing the
atmosphere of the EPR sample tube with oxygen. EPR spectra were recorded immediately
after oxygen was introduced and continuously for 8 h. In Figure 6a spectra taken in
the oxygen-enriched environment and in normal atmospheric conditions are shown for
comparison. Both an increase in the signal corresponding to spin species 2 and a decrease
in the signal corresponding to spin species 1 were observed. In Figure 6b Lorentzian lines
calculated from the fitting routine described above and corresponding to spin species
1 (g = 2.004, dotted lines) and spin species 2 (g = 2.003, dashed lines) are shown under
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normal atmospheric conditions (black) and oxygen-enriched conditions (red). The observed
relative change in the peak-to-peak intensities of the Lorentzian lines demonstrates that
concentrations of spin species 2 increased while concentrations of spin species 1 decreased
after oxygen enrichment in a manner similar to those observed to be taking place slowly
over time. Direct oxidation of the gCN material was attempted via treatment with aqueous
HyO; solution (3%) and the EPR response before and after treatment was recorded. The
obtained results demonstrated a similar effect where the signal from spin species 2 increases
in intensity while the signal from spin species 1 decreases. This effect is quickly followed by
additional degradation of the material, characterized by numerous additional overlapping
signals (Figure S5 from Supplementary Materials) [9]. Further analysis of these results
was not pursued due to low SNR from the increased microwave absorption of aqueous
solutions. From these experiments taken together, it may be concluded that a local increase
in oxygen concentration interacting with the gCN material leads to similar spectral changes
to those observed in the time-dependent response, providing unambiguous support for
oxidation processes as the primary influence on the time-dependent appearance of spin
species 2 and may be attributed to new spin centers formed via the interaction of gCN with
atmospheric oxygen.

——Normal conditions (exp.data) | | | Lorentzian 1 (N.C.)
------- Normal conditions (fit) — —Lorentzian 2 (N.C.)
O2 environment (exp. data) Lorentzian 1 (O,

- — Lorentzian 2 (O

)

0, environment (fit) )

e A .‘}W\n'fnhﬂcw

EPR intensity [a.u.]
EPR intensity [a.u.]

336 337 338 339 340 336 357 338 359 340

Magnetic field [mT] Magnetic field [mT]
(a) (b)

Figure 6. (a) The change in the EPR spectrum observed under normal atmospheric conditions and
after exposure to an oxygen enriched environment. (b) The individual Lorentzian lines obtained
from the fitting routine correspond to spin species 1 (g = 2.004) and spin species 2 (g = 2.003) for both
atmospheric and oxygen enriched conditions, shown on the same scale as the experimental data.

2.5. Impact on Catalytic Performance

To determine the effects from the time-dependent structural changes in gCN ma-
terials observed by EPR on their photocatalytic performance, hydrogen evolution mea-
surements on fresh gCN materials and gCN materials synthesized 20 months prior were
conducted. Among the gCN materials studied, CN-CM and CN-CMB were chosen on
account of their notably high reproducibility and stability in terms of hydrogen evolution
rates [21]. As shown in Figure 7, both CN-CM and CN-CMB materials demonstrated
a decrease in the observed H, evolution rate over time, with the appearance of spin
species 2 in the EPR spectrum. The introduction of spin species 2 is accompanied by
a reduction in spin species 1 which is presumed to be the spin species predominantly
responsible for photocatalytic activity and correlates well with a decrease in the overall
concentration of photoactive electrons over time, negatively impacting the photocatalytic
H; evolution rate. The oxidative processes in the gCN materials are detrimental for the
photocatalytic performance of both CN-CM and CN-CMB and is representative of all gCN
materials investigated.

10
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Figure 7. Hydrogen evolution rates observed for two different gCN materials, CN-CM and CN-CMB,
when measured immediately after synthesis and 20 months after synthesis.

3. Discussion

In Figure 8, a structural model is given depicting the potential sites for spin centers
that would likely result in the EPR signal (spin species 2, g = 2.003) observed to appear
and increase over time in gCN materials. While spin species 1 (g = 2.004) is attributed to
electrons delocalized over the entire 7-conjugated structure of the triazine unit, it is now
suggested that the signal associated with spin species 2 originates from oxidation-produced
radicals localized at carbon atoms [26]. These radicals may be formed by either the intro-
duction of an oxygen-centered species (denoted with R in Figure 8) or via oxidation of
carbon atoms directly, most likely at the border of the triazine unit, without incorporation
of the reactive oxygen into the molecule [17,25,27]. Alternatively, reactive oxygen could
attack the nitrogen atoms to form nitrogen-centered radicals; however, the g-value of the
narrow line (spin species 2, g = 2.003) is in much better agreement with the formation of
carbon-centered radicals [28]. Formation of radicals via oxidative damage destroys the
local electronic configuration in a way that decreases the total area of delocalization within
the m-conjugated structure accessible by the electrons [6,25]. Thus, with increasing concen-
tration of radicals formed from oxidative damage in gCN materials, the concentration of
photoactive delocalized electrons decreases simultaneously. This results in quenching of
the overall photocatalytic activity.

J\ \ / Species 1 J\

N7 oxid N7 N
xidation
J[N/ \N*N/)\N’h l[N \N/I\N/)\N’h

/

Figure 8. Potential oxidative processes in the gCN structure where delocalization of spin species

Species 2

1 (g = 2.004) is highlighted in green while the introduction of spin species 2 (g = 2.003) associated
with radicals formed via oxidation is highlighted in blue.

The oxidation mechanism proposed aligns well with the herein reported observations
based on the experiments performed. EPR spectra recorded from CW experiments reveal
simultaneous contributions from multiple spin centers as early as six months after synthesis
of gCN materials, where two spin species, one of which is highly mobile and likely responsi-
ble for photocatalytic activity as shown by the observed relaxation behavior, light-response
and literature support [2,4,7,8], while another demonstrates both relaxation behavior and a
lack of any light-response typical of immobilized states or isolated radicals [17,27]. Both

11



Molecules 2023, 28, 6475

processes, the increasing concentration of spin species 2 (g = 2.003) and the decreasing
concentration of spin species 1 (g = 2.004) were observed to occur with time. Evidence of
the influence of reactive oxygen species, and not water present in the atmosphere, on the
EPR lineshape and thus the spin centers present is provided by the EPR measurements
performed both before and after exposure to water, oxygen-enriched environments, and
HyO; solutions. The detrimental behavior of these interactions is demonstrated by the
reduced photocatalytic H, production rates in the newly synthesized and oxidized gCN
materials investigated.

These findings concerning the long-term stability of gCN materials indicate a need for
further investigation of the degradation processes and how they might be alleviated in large-
scale applications. As has been demonstrated by the observed reductions in photocatalytic
performance, possibilities to prevent oxidative damage are necessary enroute to functional
devices. Methods of oxidation may be reduced by close attention to handling of the
materials during synthesis and while in use such that the H; production rate is maintained
over long durations.

4. Materials and Methods
4.1. Synthesis

The gCN samples investigated in the present work were synthesized from different
precursors (Figure 1a) with slightly different synthesis procedures.

4.1.1. Synthesis of Supramolecular Assemblies

Cyanuric acid-melamine (CM) complex was prepared by mixing cyanuric acid
(0.51 g, 4 mmol) and melamine (0.50 g, 4 mmol) in a 1:1 molar ratio in 40 mL DI water for
12 h in an automatic shaker (KS-260, IKA-Werke GmbH & Co. KG, Staufen, Germany). The
obtained solid precursor was filtered and then dried at 60 °C in a vacuum oven. Cyanuric
acid-melamine-barbituric acid (CMB) complex was synthesized by mixing in a 1:1:0.05
molar ratio, following the same procedure as for the CM complex.

4.1.2. Preparation of CN Materials

The gCN materials were prepared via thermal condensation of each precursor; melamine
(M), urea (U), thiourea (TU), cyanuric acid and melamine following supramolecular pre-
organization methods (CM), and cyanuric acid, barbituric acid, and melamine follow-
ing supramolecular preorganization methods (CMB) at 550 °C for 4 h under an inert
N, atmosphere in a muffle furnace (heating rate of 2.5 °C min™' from room tempera-
ture). All gCN products were collected and labelled as CN-X, where X represents the
corresponding precursor.

4.2. Electron Paramagnetic Resonance (EPR) Measurements

Powder gCN samples were placed in quartz/suprasil 4 mm O.D. EPR tubes. Since the
density and thus the spin concentrations vary considerably between different gCN powders,
from 10'? spins per milligram for CN-M to 10'# spins per mg for CN-CMB, the volume
of each sample was carefully controlled rather than the mass. Each tube was filled with
approximately 0.25 cm® powder, which is equal to 2 cm sample height in the EPR tube and
is equivalent to the active space of the resonant cavity. EPR measurements were performed
using a Magnetech MS-5000 benchtop X-band spectrometer with an operating frequency
of 9.45 GHz at room temperature and ambient light access. Modulation amplitude and
frequency were 0.1 mT and 100 kHz. CW spectra were recorded using a microwave power
of 15 mW, while for power saturation measurements, microwave power was varied from
0.05 mW to 100 mW. Comparative CW spectra were normalized to the integrated intensity
of the absorption signal, when appropriate. The standard deviation and total variance of
the g-values reported were calculated from three consecutive CW measurements using
N@Cg as a reference standard and were found to be +-0.00003 and 4-0.00006, respectively.

12
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Pulse EPR measurement were performed using an Elexsys E580 spectrometer (Bruker
Biospin, Ettlingin, Germany) with a Q-band resonator (33.75 GHz) and microwave power
of 20 mW. Samples were placed in quartz/suprasil 1.6 mm EPR tubes. Saturation recovery
measurements were performed using a modified Bruker E500T spectrometer described
previously [29].

For light-dependent measurements a Magnettech MS-5000 EPR spectrometer and a
supercontinuum laser, a SuperK Fianium equipped with a Varia filter (NKT Photonics,
Birkered, Denmark), were used. The pulse repetition rate of the laser was 78.2 MHz,
much faster than the rate of the CW EPR measurements. The EPR spectrometer and laser
were connected in such a manner that the laser beam was directed into the middle of the
resonator and uniformly illuminated one face of the sample volume, while outside of the
resonator dark conditions were maintained.

EPR spectra were recorded for each gCN material investigated. CW spectra presented
herein are shown for CN-M, but the spectral descriptions and resulting observations and
conclusions are relevant for all gCN materials investigated unless otherwise stated.

4.3. Photocatalytic Hy Production Measurements

The hydrogen evolution reaction was conducted under a constant temperature of
25 °C in a sealed quartz vessel held by a jacketed beaker thermally regulated with a
circulating cooling system. In each, 15 mg of CN material was suspended via sonication for
15 min in an aqueous solution containing 17.1 mL of DI water, 1.9 mL of TEOA as the hole
scavenger, and 19.6 uL of HyPtClg solution (3%wt Pt relative to CN-X photocatalyst mass).
After purging with Ar to remove residual air in the vessel, Pt cocatalyst nanoparticles
were in-situ photodeposited on the CN-X catalyst surface under white light-emitting diode
(LED) light irradiation (BXRA-50C5300, 100 W, A > 410 nm, Bridgelux, Fremont, CA, USA)
for 0.5 h with continuous stirring (600 rpm). Gas chromatography (Agilent 7820 GC) was
employed to monitor the amount of evolved H; gas in the headspace every 0.5 h.

Supplementary Materials: The following supporting information can be downloaded
at: https:/ /www.mdpi.com/article/10.3390 /molecules28186475/s1, Figure S1: T, relaxation decay
curve measured via the Hahn-echo sequence in Q band and fit with a biexponential function for
CN-CMB. Figure S2: T; relaxation recovery curve measured via the 3-pulse inversion recovery
sequence in Q band and fit with a biexponential function for CN-CMB. Figure S3: Example of residual
analysis after subtraction of fits via either exponential or biexponential functions for T; relaxation
data. Figure S4: EPR spectrum of gCN fit with a superposition of 3 Lorentzian lines. Figure S5: EPR
spectrum of gCN after adding HyO,.
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Abstract: The material with a high Curie temperature of cobalt-doped zinc oxide embedded with
silver-nanoparticle thin films was studied by electron magnetic resonance. The nanoparticles were
synthesized by the homogeneous nucleation technique. Thin films were produced with the pulsed
laser deposition method. The main aim of this work was to investigate the effect of Ag nanoparticles
on the magnetic properties of the films. Simultaneously, the coexisting Ag0 and Ag2+ centers in
zinc oxide structures are shown. A discussion of the signal seen in the low field was conducted. To
analyze the temperature dependence of the line parameters, the theory described by Becker was used.
The implementation of silver nanoparticles causes a significant shift of the line, and the ferromagnetic
properties occur in a wide temperature range with an estimated Curie temperature above 500 K.

Keywords: ferromagnetism at room temperature; electron magnetic resonance; low-field microwave

absorption; zinc oxide; silver nanoparticles

1. Introduction

Zinc oxide (Zn0O) is an inexpensive well-known semiconductor with potential in vari-
ous applications [1-3], such as varistors [4] or sensors [5,6]. It is important that some of the
zinc can be replaced by magnetic transition metal ions (TM) to create a metastable solid solu-
tion. Since both Zn?* and Co?* ions have nearly identical ion radii, doping ZnO with cobalt
is most interesting [7]. Furthermore, parameters such as piezoelectricity and transparency
in the visual region have attracted great interest from researchers in ZnO-based diluted
magnetic semiconductors (DMS) [8,9] due to their possible technological applications in
spintronics [10-13]. Using the modified Zener model, Dietl et al. suggested that p-type
DMS based on ZnO could lead to a transition temperature greater than room tempera-
ture [14]. In this theory, p—d interactions are the cause of long-range magnetic coupling,
but the studied ZnO samples are either insulating or conducting n-types. Some theoretical
works using density functional theory (DFT) [15,16] show that n-type cobalt-doped ZnO
shows ferromagnetism (FM) at room temperature (RTFM). Some research groups reported
ferromagnetism in ZnO doped with transition metals with Curie temperatures (T¢) from
30 to 550 K [17-23], and some found antiferromagnetic, spin-glass, or paramagnetic be-
havior [9,24,25]. The existence of a ferromagnetic order in Co-doped ZnO is suggested
to be attributed to double exchange [8] or the Ruderman—Kittel-Kasuya—Yosida (RKKY)
interaction between Co ions [26]. Theoretical calculations show that ground-state ZnO with
Co ions is spin-glass because of the short-range interactions between TM atoms [27].

ZnO doped with gold (Au) or silver (Ag) increases the photocatalytic activity of the
composite by reducing electron-hole recombination and improving separation [28]. Silver
nanoparticles (NP) have been investigated by many scientists because of their significant
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role in applications of visible light absorption [29,30]. Many works have described the
synthesis nanocomposites of heterogeneous ZnO/Ag via a variety of synthetic routes for
various applications, such as disinfection and wastewater treatment [31-39]. In addition,
research confirms that the existence of Ag NPs on the ZnO surface reduces the intensity of
electron magnetic resonance (EMR) signals and may lead to improved photodegradation
efficiency [40].

Obtaining a homogeneous thin layer with p-type ZnO is a challenging task. One of the
proposed methods is the addition of silver ions [41—43]. The pulsed laser deposition (PLD)
method has a wide range of particle energies, allowing mainly Zn ions to penetrate deeper
into the substrate, forming a mixed structure with the desired conductive type [43]. The
main aim of this work was to investigate the influence of silver nanoparticles on ZnO doped
with cobalt-ion thin film and to determine the changes in magnetic properties compared to
that of layers without silver NPs.

2. Results and Discussion

Measurements of EMR were taken on samples with a quartz and silicon substrate.
Angular dependence measurements of the Zn gCop 0/ Ag film on the quartz substrate
were measured at room temperature; a summary is shown in Figure 1.

—0 —5

10 15

—20 25

—_—30 —35

—_—40 —45

—50 ——55

60 65
—

3 70 75
2

= —80 —35
&

a | —90 =95
o

s ——100 —— 105
w

=110 ===115

120 125

130 135

140 145

—150 —155

—1 60— 165

—1F —175

=50 50 150 250 350 450 550 650 750
Magnetic field (mT)

180 185

190 195

Figure 1. EMR spectra as a function of the angular dependence of Zng gCo,0O/Ag film.

The resulting angular dependence is characteristic of magnetic layers and the combina-
tion of magnetic and nonmagnetic layers. A strong anisotropy of the spectrum is observed,
along with a change in the shape of the line, with the result that, at certain angles, the
width of the line increases significantly as the intensity decreases, and the EMR line is no
longer visible. However, a line visible all the time in the low field remains, the so-called
low-field microwave absorption (LFMA), which is also called an indicator of FM properties
for a large group of materials. The LFMA signal for ferrites and magnets is related to the
beginning of the ordered phase and is a sensitive detector of magnetic ordering [44,45]. For
soft magnetic materials, the signal is due to low-field processes of spin magnetization [46].

EMR measurements as a function of temperature were performed in two tempera-
ture ranges, from 300 to 500 K and from 97 to 300 K. Figure 2 shows the EMR spectra of
Zn(gCop 0/ Ag as a function of temperature in the range from 300 to 500 K. The measure-
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ment was performed at an angle when the EMR line was close to its extreme position, and
it corresponds to an orientation of 115 degrees from the angular dependence in Figure 1.
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Figure 2. EMR spectra of ZnjgCo,0/Ag as a function of temperature in the range from 300 to 500 K.

In contrast to the angular dependence of the EMR spectrum, the temperature depen-

dence over the entire temperature range studied does not show large changes in the shape
and position of the EMR line. We can see a broad line moving in the direction of the low
magnetic field for ZnygCop 0/ Ag compared to the sample without silver NPs (Figure 3)
and to layers of Co-doped ZnO (in our previous papers [47—49]).

(arb. u.)

EMR signal

Zn, ,Co, ,0/Ag
Zn,,Co, 0

100 200 300 400 500 600 700
Magnetic field (mT)

Figure 3. EMR spectra of ZnygCog0 (purple) and ZnggCop,O embedded with Ag NPs (blue),
obtained at temperature 160 K.

Such a large shift of the EMR line can be explained by the appearance of ferromagnetic

properties in Zny gCop 2O embedded with Ag NPs. A similar effect is observed in many
works; for example, in spin-glasses or soft and hard magnetic layers [50-53]. The hard and
soft layers of the spring magnets are coupled at the interfaces due to the strong exchange
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coupling between them. A high magnetic saturation is achieved by a soft magnet, whereas
a high coercivity field is achieved by the magnetically hard material. The shift of the
EMR line towards a low magnetic field for the layers of work [52] is related to the layer
thickness and occurs when the thickness changes from 10 to 20 nm. In our sample, we
observe conglomerates of nanoparticles with sizes in the order of 80 nm, as well as single
nanoparticles, so, in addition to the EMR line, we also observe a spectrum from single silver
nanoparticles. Low-intensity lines can also be seen in a field of about 340 mT. These were
assigned to silver ions Ag® (4d'%5s!) and/or Ag?* and Ag® (4d°) (Figure 4) (described in the
literature [54]). This confirms that Ag’ and Ag?* centers can coexist simultaneously in zinc
oxide structures, with Ag* being inactive in the EMR signal. Matching the EMR spectrum
with the Dyson-type line results from a good fit to our sample ZnygCo(,0O (Figure 4),
and hence the line parameters were obtained: the peak-to-peak linewidth (Hyy), the EMR
intensity (I), and the resonance field (H;). Xepr software was used to analyze and determine
the parameters of the EMR line; this is the standard EPR spectrometer software used to
control and analyze the spectrum.
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Figure 4. EMR spectra of ZngCo(,0O embedded with Ag NPs film obtained at temperature 300 K
with the simulated Dyson-type line. Small intensity lines from Ag>* and Ag? are described.

Figure 5 shows the intensities of the EMR line as a function of temperature in two
temperature ranges.
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Figure 5. The EMR line intensities as a function of temperature in two temperature ranges, below (a),
and close to T¢ (b).
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The nature of the temperature dependence of the line parameters (Hyp, I, and H;)
suggests that the Tc is higher than 500 K. The theory described by Becker [55] was used
to analyze the temperature dependence (where T is the temperature of the measurement).
Becker calculated the EMR resonance field shift and linewidth as a function of temperature
and frequency near freezing temperature for spin-glass alloys, using RKKY exchange
coupling and a smaller anisotropic interaction. To fit our line parameters’ behavior, we
adopted Becker’s theory for the critical regime (T~T¢) and spin-glass regime (T < T¢). In
ZngCop 0/ Ag, we can see an abnormal reduction in the linewidth resonance (Hp,) with
a minimum at or near the critical temperature (Figure 6).

110

108 A
106 4
104 A
102 A

(mT)

100 A
98 4

pp

H

96 4
94 1 —Fit.
92

90

300 350 400 450 500
Temperature (K)

Figure 6. Temperature dependence of the resonance linewidth Hyp.

To fit the linewidth about the minimum, we used the function [50,51,55]:

n

T — Tmin

AH = ay + 14
Tmin

M

where ag is the residual linewidth; V' is the thermal broadening constant (independent
of the orientation of the static field); n is the exponent of the expression for the length
of the correlation associated with the distributed magnetization of Huber’s theory of
linewidth in isolated ferromagnets and antiferromagnets in the region near the critical
temperature [56,57]; and T,,;, represents the temperature of the minimum linewidth. The
large value of the exponent n = 3 v/2 that we obtain is consistent with the presence of a
strong perturbation, which is expected to increase the rate at which the correlation length
decreases as the temperature moves away from the critical temperature. In the theory of the
mean-field 3D Heisenberg model v = 0.71, and the value that we obtained was v = 1.33 [58].
The best fit of Equation (1) is shown in Figure 6 as the black line, where ay = 97.7 mT,
b' =89 mT, Ty, = 380 K, and n = 2.0. This agrees with experimental data in the temperature
range of 300 to 500 K, and the value of ay = 97.7 mT implies that the effects of the crystal
field and demagnetization in Zny gCoy 20O/ Ag are high. The origin of the residual linewidth
component in the spin-glass alloys has been assigned to local moment imperfections and
crystal-field effects via a mechanism of demagnetization.

In the low-temperature regime (T < T¢), we can see a linewidth broadening and a
shift in the resonance field. This is similar to the dependence in spin-glass alloys (for
example, AgMnySby) and in molecule-based magnets [50,55]. In these alloys, the excess
linewidth was assigned to an exchange-narrowed anisotropic interaction. With the decreas-
ing temperature, the slowing down of the spin fluctuations reduces the effectiveness of
the exchange-narrowing. Moreover, these alloys also show a related shift in the resonance
field, which is neither a frequency-independent internal field nor a pure g-shift. Becker
calculated the EMR linewidth and line shift effects for spin-glasses with anisotropy [55].
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For systems with no remnant magnetization, Becker has shown that the resonance field
and linewidth are given by formulas [50,51,55]:

ABT
AH = —— 2
B2+ T2 @)
and )
AT
H, = HO + W (3)

5K
constant of anisotropy, x, is the static susceptibility of transverse, and Mj is associated

with spin relaxation.

The best fits to the experimental data (shown in Figures 7 and 8) are A = 39.62 mT,
B=4449K, and Hy = 19.12 mT. Very good agreement between the experimental data and
the fitting (Equations (2) and (3)) is found. The linewidth and resonance field shift are
compatible with a disordered ferrimagnet near and below critical temperature. Additional
confirmation of the observed ferromagnetic properties is provided by the LFMA line.
The absorption of microwave power centered at zero magnetic field has been reported in
ferromagnetic materials and in various other materials, such as ferrites, high-temperature
superconductors, and soft magnetic materials [44,46,59]. For soft magnetic materials, the
LFMA signal is induced by low-field processes of spin magnetization [46]. The appearance
of LMFA lines is an indicator of the ferromagnetic properties of the material. Figure 9
shows the magnetic hysteresis that is very often peeled off in the literature for LFMA lines.

_ 8p _ M _ hw. : :
where A = £7°=, B = Kiyo” Hy = 2 and w is the resonance frequency. Here K is the
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Figure 7. Temperature dependence of the peak-to-peak linewidth for Zng gCo,0O/Ag. Theoretical
line fitted based on Equation (2).
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Figure 8. Temperature dependence of the resonance field for ZnygCop,0/Ag. Theoretical line fitted
based on Equation (3).
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Figure 9. EMR spectrum recorded for an increasing (red) and decreasing (blue) magnetic field at
300 K for Zny gCoy»0O/Ag on a quartz substrate.

A similar hysteresis of the LFMA line was observed for ZnygCop20/Ag on a silicon
substrate, shown in Figure 10.
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Figure 10. EMR spectrum recorded for an increasing (red) and a decreasing (blue) magnetic field at
140 K for Zn gCop,O/Ag on a silicon substrate.

For the ZnygCoy,0/Ag film on a silicon substrate, we observe a lower intensity of
the EMR lines and LFMA lines, but the nature of the observed magnetic properties is
similar. The addition of gold produces a similar effect, although with a weaker intensity.
The same layer deposited on a silicon substrate produces an analogous effect, including
a hysteresis loop, although with a weaker intensity. The observed changes in the EMR
spectrum obtained in both directions of registration show hysteresis only near the zero
magnetic field; meanwhile in the rest of the range, the spectrum has an identical form and
we do not observe changes in the shape of the EMR spectrum as presented in the paper [60].

3. Materials and Methods

Electron magnetic resonance measurements in the continuous wave X-band were
taken on the Bruker FT-EPR ELEXSYS E580 spectrometer (Bruker Analytische Messtechnik,
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Rheinstetten, Germany). To control the temperature, Bruker liquid nitrogen cryostats
were used with the 41131 VT digital controller, and the angular dependences of the EPR
spectra were performed using a one-degree programmable goniometer E218-1001 (Bruker
Analytische Messtechnik, Rheinstetten, Germany).

Samples of ZnO doped with cobalt thin films (Zn;_,Co,O, x = 0.2) embedded with Ag
NPs were obtained using a combination of PLD and homogeneous nucleation techniques.
A homogeneous nucleation technique was chosen for the synthesis of silver nanoparticles
(more details on the creation of noble metal NPs are given in the work [61]). A droplet of
aqueous Ag NPs was then deposited on the surface of the substrate with further drying
under surrounding conditions. For the PLD method, a silicon and quartz substrate was
chosen. The KGd(WOQOy,), laser was used—radiation characteristics: A = 1067 nm, beam
energy density 6-8 ] /cm?, repetition rate 10~0.3 Hz, pulse duration t = 20 ns. The technology
module used the Q-switch to irradiate in modulated goodness factor mode. The deposition
temperature (substrate temperature) was about 200 °C. The thickness of the resulting layer
was about 300 nm. Therefore, a planar nanocomposite consisting of a ZngCo ;O thin
film deposited on silver nanoparticles (ZnygCop20/Ag) was formed. The specificity of the
PLD method is the wide particle energies spread, so we expect a deeper penetration of the
applied particles into the substrate and the formation of a complex structure at the contact
zone of the resulting layer and Ag NPs.

The basic parameters of the obtained layers were controlled, and the results are
included in the Supplementary Materials.

4. Conclusions

We have performed X-band EMR studies of the Zny §Cog O embedded with Ag NPs.
A line in a broad asymmetric Dyson shape associated with magnetic interactions was
observed. The results of a temperature dependence analysis for the EMR linewidth and
resonant field based on Becker’s model were developed. From the critical regime (T~T(),
the temperature T},;, = 380 K was determined for the minimum width of the EMR linewidth.
The value of ag = 97.7 mT suggests that demagnetization and the effects of the crystal field in
Zn(gCop 0/ Ag are high. For the range of the low-temperature regime (T < T¢), constants
A and B related to the magnetic properties were determined. A = 39.62 mT, B = 44.49 K,
and Hyp = 19.12 mT. Very good agreement between the experimental data and the fitting
was found. The linewidth and resonance field shift are in accordance with a disordered
ferrimagnet near and below the critical temperature. In addition, small, intense lines are
assigned to the silver ions Ag?* and Ag® [54]. There is a shift of the line towards the
low-field direction for samples with silver nanoparticles.

The aim of this study was to investigate the effect of silver nanoparticles on the mag-
netic properties of ZnygCop20O. It was shown that the implementation of silver nanoparti-
cles causes a significant shift of the ferromagnetic resonance (FMR) line (Figure 3) and that
the ferromagnetic properties occur in a wide temperature range with an estimated Curie
temperature above 500 K; the description is consistent with the adopted model, which can
be considered as a major achievement of this work. Based on the results obtained, it can be
claimed that a material with desirable magnetic properties at room temperature has been
obtained, with potential applications that are important in spintronics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/molecules27238500/s1, Figure S1: SEM images of the ZngCo( 0/ Ag film with clusters
of Ag NPs; Figure S2: XRD diffractogram of ZngCop,O/Ag film on a silicon substrate; Figure S3:
EDS analysis of the Znp gCo( 0O/ Ag composition; Table S1: The average crystallite size of Ag NPs;
Table S2: EDS analysis of ZnygCo,O/Ag composites
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Abstract: The magnetic properties of lead selenide (PbSe) and indium-doped lead telluride (PbTe:In)
composites have been studied by using the electron paramagnetic resonance (EPR) technique. The
samples were obtained by using the pulsed laser deposition method (PLD). Temperature dependences
of the EPR spectra were obtained. The analysis of the temperature dependencies of the integral
intensity of the EPR spectra was performed using the Curie-Weiss law. In these materials, the
paramagnetic centers of Pb!* and Pb%* ions were identified. The results are discussed.

Keywords: EPR; PbTe; PbSe; DMS; paramagnetic species

1. Introduction

The great interest in ferromagnetic semiconductors with a wide band gap [1,2] is
related to the possibilities of their various applications, e.g., in spintronics and so-called
translucent electronics [3-5]. The longitudinal optical phonons are the principal scattering
mechanism in p-type PbTe. On the contrary, the scattering caused by transverse optical
mechanisms is the weakest [6]. The density approximation results in an energy gap, the
experimental value of which is greater than in most materials. The fitting of the experi-
mental range was proposed using the Slater—Koster fitting method. Only the addition of a
compression component to the narrowed Hamiltonian definition must result in significant
modifications in the band structure [7]. The main difficulty in the production of materials
with low thermal conductivity is the problem with the effective scattering of phonons
in the entire frequency spectrum. Some calculations show that the passage of PbTe to a
ferroelectric phase transition can provide a balanced solution to this problem [8]. In recent
years, the topic of functional ferromagnetic semiconductors has aroused great interest.
The ferromagnetic reaction usually takes place above room temperature in thin layers of
semiconductors and oxides doped with small amounts of magnetic compounds [9-11]. EPR
studies have proven that Cr** ions describe the n-type conductivity, as well as the magnetic
properties of the PbCrTe compound. The paramagnetic resonance and its correlation with
the chromium concentration prove the existence of a Cr donor resonance in PbTe. There is a
noticeable shift in the g factor, which is caused by the increased concentration of the carrier.
It is the earliest manifestation of the existence of a large sp-d coupling between Cr>* ions
and conducting electrons [12]. All samples show the dependence of the Curie temperature
(T¢) on the carrier concentration p, and it has the form of a threshold [13]. The result
of the displacement of factor g is that the magnetic moment Mn2*of the semiconductor

27



Molecules 2022, 27,4381

diagrams PbTe and SnTe is observed for n- and p-type crystals. The observation of this
effect makes it possible to determine the carrier for holes and electrons in PbTe and light
and heavy holes in SnTe [14]. Although PbTe is a reference thermoelectric material, its
applications are still being investigated by attempts to change its properties [15]. There are
models of thermoelectric transport mechanisms in the L and XPbTe valleys, with particular
emphasis on thermally induced shifts. Semiconductors with magnetic properties are an
interesting research object due to their spintronic properties and the interaction of spin—spin
exchanges between localized magnetic moments and band electrons [16]. PbTe with an
energy gap of 0.29 eV at a temperature of 300 K [17] are used for infrared detectors and
solar cells [18-20]. Based on Biy(Te, Se)s, Ag,Te, PbTe, and SnSe, functional fibers can be
obtained as new flexible materials for thermoelectric devices [21,22]. Furthermore, there
are potential applications of thermoelectric fibers or devices for electricity generation [23].
Due to the metallic conductivity of composites, the skin effect limits the penetration depth
of microwave radiation to approximately10 pm, resulting in an asymmetrical (dissonant)
shape of the resonance lines [24]. The most interesting effects related to the influence of
electronic properties of semi-magnetic semiconductors on their magnetic behavior are
observed in the IV-VI groups of semiconductors, such as PbSe or PbTe [25-29]. Interesting
ferromagnetic properties have been observed in many diluted magnetic semiconductors
(DMS), e.g., ZnTe + Mn [30] and CdTe + Cr [31]. In addition, interesting ferromagnetic
properties have been studied in works [32-35] for the doping of the Cu ion in ZnO. Al-
though Cu, CuO, and Cu,0 are not ferromagnetic, typical ferromagnetic interactions of
DMS are observed. Depending on the oxidation state of the copper ion, paramagnetic
Cu?*, and diamagnetic Cu*, we can “switch” the magnetic properties by interactions with
the defects. The introduction of hydrogen (H") into the (Zn, Cu)O layer results in the
appearance of ferromagnetic properties because of the interaction with the defects. Curie
temperatures of 42.5 K (spin-only) and 106.1K (spin—orbit coupling), respectively, were
observed, depending on the type of defect and associated interactions [35]. A high Curie
temperature (T¢ ~ 320 K) and band gap opening are two key challenges (MnSe,) for the
integration of photoconductivity into two-dimensional (2D) magnets [36]. The primary
subject of this paper is a review of the magnetic properties of the PbSe, PbTe, and PbTe:In
layers studied by the EPR method, learning about these magnetic properties in combination
with electrical measurements can be helpful in building thermoelectric devices.

2. Results and Discussion
EPR Measurements

X-band EPR spectra were measured for all samples, Figure 1 shows the spectra at
room temperature (RT).

05

FMR EPR

—N150

——N111

EPR Signal (arb.u.)

w——N151

———nN108

0 1000 2000 3000 2000 5000 6000 7000 8000
Magnetic Field (Gs)

Figure 1. EPR measurements of PbTe (N111), PbTe (N112), PbTe (N150), PbTe:In (N151), and PbSe
(N108) at room temperature. FMR-line area for ferromagnetic resonance, EPR- line area for para-
magnetic resonance, Bpp-peak-to-peak width of the resonance line, I-resonance line intensity, and
B;-resonance field.
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All spectra are characterized by an EPR line in the vicinity of 300 mT. For samples
N151, N112, and N150, a wide line was observed in a low field of about 150 mT. However,
in the case of the EPR spectrum for PbSe, we observed a typical Pb%* ion line with a visible
hyperfine structure in the vicinity of 300 mT. The configuration of the outer electron shell of
Pbis 6s26p2 and, thus, S=1,L =1, and ] = L-S #0. Therefore, the conditions enabling the
prevalence of polarization para-magnetism of an atomic electron shell over its precession
diamagnetism are fulfilled. On the other hand, in the PbTe interstitial, the Pb atom will be
surrounded by alternatively positioned ions of opposite signs, Pb*>*and Te?~, forming a
PbTe lattice of the NaCl type [1]. As a result, the outer electron shell of interstitial Pb will
experience a strong attraction to Pb%* ions of the metal sublattice and a strong repulsion
from Te?~ of the chalcogen one. Thus, the interstitial Pb in the PbTe lattice can be a strong
Van Vleck-type paramagnetic center. The Pb?* ion has the electron configuration 6s? and
therefore has no electron magnetic moment and no observed EPR spectra. Lead ions, Pb*
and Pb3*, have electronic configurations 6s’p! and 6s!, respectively. In the EPR spectra of
both ions, a hyperfine structure induced by the interaction of an unpaired electron with
the magnetic moment of the 207Pb nucleus (spin 1 = 1/2, natural content 21.1%) should be
observed. The natural occurrence of even Pb isotopes without a nuclear spin (I = 0) is 78.9%.
EPR spectra for Pb ions have been observed in many works, (see, e.g., [37—41]). They are
successfully described using a rhombic-symmetry spin Hamiltonian (1) with an electron
spin S = 1/2 and nuclear spins I = 0 or % of the form (in the usual notation).

H, =gBBS + AIS 1)

where: g—spectroscopic splitting factor, f-Bohr magneton constant, B-magnetic field,
A-hyperfine structure tensor, I-nucleus spin, and S-total spin.

Based on this relationship, the factor g.¢s values were determined (see Table 1), while,
for PbSe, the hyperfine structure constant A. Moreover, we performed fitting and simulation
using MATLAB software with an Easyspin toolbox for both Pb%* and Pb!* ions at room
temperature. The obtained results are shown in Figure 2. The parameters of the spine
Hamiltonian (Equation (1)) were determined. For the Pb!* ion, g = (1.000, 1.002, 1.504) and
A =(5.20, 3.62, 4.58) MHz (N108); for the Pb3* ion, g =(2.105, 2.106, 2.105), A = (1584.0,
1579.7, 1757.0) MHz (N150), and a g = (2055, 2006, 2216) and A = (1634.0, 1673.6, 1754.0)
MHz (N150). In the literature (e.g., [41]), for Pb*, ge¢ = 1.12, and, for Pb3*, gog =~ 2. We
can assume that we mainly observed the EPR spectrum from Pb3* ions and, for 3 samples,
additional magnetic interactions.

Table 1. Summary of the Curie temperature with constant and g.¢ parameters from EPR measure-
ments at room temperature.

Magnetic Properties 8ett (RT)
Sample | Te(K) C ff;?(‘;‘:f‘:ts‘f Pb3* (gos ~2) | PbM™ (gege ~ 1.1)
N108 - - 2.14
N150 75.83 3.31 x 107 5.20 2.07 1.115
N151 13299 | 1.94 x 10° 4.67 2.36
N112 5.31 1.79 x 108 4.46 2.39
N111 17421 | 1.59 x 1010 - 2.11
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Figure 2. EPR spectra at room temperature for PbTe (N150) and PbSe (N108) experimental (exp.)
and fitted (fit), as well as an example of simulated EPR spectra for 207Pb3* ion and even Pb isotopes
(206Pb, 208Pb, and 210Pb).

To characterize the samples from a magnetic point of view, we made dependencies of
the EPR spectra as a function of the temperature. Figures 1 and 3-5 present the EPR spectra.
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Figure 3. Temperature dependence of the PbSe EPR signal (N108).
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Figure 4. Temperature dependence of the PbTe EPR signal (N111).
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Figure 5. Temperature dependence of the EPR signal of PbTe:In (N151).

On the basis of the performed EPR measurements, the line parameters were deter-
mined, peak-to-peak width (Bpp), line intensity (I), and resonant field (B;). From the
dependence (1), the value of the factor g.;s was determined. Figures 6-8 show the de-
pendence of g as a function of temperature for the “ferromagnetic” line (ge¢ ~ 5), the
Pb3* (geg ~ 2), and Pb!* (geg ~ 1.1). For the EPR line with g.¢ ~ 1.1, we observe the
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overlapping of signals from the Pb!* ion and various defects related to oxygen ions [42].
At lower temperatures, there is a clear separation of these lines, and for the Pb!* ion, we
can observe a clear and narrow line (e.g., sample N150), while, in the other samples, this
line is much weaker.

550 -
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L2 X X
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ab |
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Figure 6. g.¢ as a function of the temperature for the “ferromagnetic” line (ge¢ ~ 5).
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Figure 7. g as a function of the temperature for Pb>* (gug = 2).
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Figure 8. g.¢ as a function of the temperature for Pb'* (gug =~ 1.1).
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The greatest differences are observed for the “ferromagnetic” line, whereas the gq
value for the Pb3* jon is constant in this temperature range.

An analysis of the changes in the EPR spectrum as a function of temperature on the
total intensity of the EPR spectrum was performed. The total intensity of the EPR spectrum
is determined on the basic line parameters according to the relation:

Tepr = 1(Bpp)® @)

We use the Curie-Weiss law to analyze the temperature dependence of the integral
intensity, which is directly proportional to the magnetic susceptibility x. A linear increase
of x~1(T) at higher temperatures can be fitted to the Curie-Weiss law:

T Tc

(X —x0) (T) = cC 3)

where C is the Curie constant, Tc is the paramagnetic Curie temperature, and X, is a
temperature-independent term to account for the diamagnetic host and any Pauli Paramag-
netism contribution. An example of the relationship (x — Xo) '(T) for the N112 sample is
shown in Figure 9. The calculated values of the Curie temperature and the Curie constant
for all samples are presented in Table 1. The lines are linear extrapolations illustrating the
ferromagnetic (positive) Curie-Weiss temperatures.
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Figure 9. Temperature dependence of the 1/(integral intensity) of PbTe (N112).

When analyzing the obtained results, depending on the parameters of the obtained
layers, we notice that ferromagnetic interactions appeared in only four samples. For sample
N112, we observed a weak “ferromagnetic” line, and it was in correlation with the low Curie
temperature. For sample N111, we observed the appearance of lines from ferromagnetic
interactions at a temperature of about 240 K.

The highest ferromagnetic interactions were observed for PbTe (N111) and indium-
doped PbTe (N151). In addition, the substrate temperature for the range of 200-250 K
has a large influence, the PbTe layers have ferromagnetic properties, and, for a lower
temperature, we do not observe ferromagnetic properties, while, at 300 K, these properties
are still visible but weaker, and the obtained Curie temperature is lower. The appearance of
the low-field line (LFMA) together with the “ferromagnetic” line is interesting; especially,

33



Molecules 2022, 27, 4381

it is visible in Figure 4 (N111). Different interpretations and explanations have been
presented to try and explain the appearance of the LFMA signal at B = 0 in a wide variety
of materials. For magnets and ferrites, the LFMA signal is associated with the onset of
the ordered phase and provides a sensitive detector of magnetic ordering [43,44]. For soft
magnetic materials, the LFMA signal is due to low-field spin magnetization processes [45].
In our case, we connected the appearance of the LFMA signal with the occurrence of
ferromagnetic properties.

3. Materials and Methods

The experimental setup of the pulsed laser deposition method (PLD) used to deposit
the PbSe and PbTe layers has previously been extensively described [46] and is only briefly
described here. It uses a Q-switched Nd3*: KGd(WO,), laser (A = 1067 nm, pulse duration
T =20ns, 6-8]/cm? fluence, and 0.3 Hz repetition rate) to ablate the polycrystalline targets
in a quartz steel chamber. The final pressure in the deposition chamber was in the low
10~% Pa. The layers were deposited under residual vacuum. For various samples, the
temperature of the substrate (Ts) was changed, as well as the layer deposition time, related
to the number of pulses and, hence, their thickness. The layers were prepared on quartz for
EPR measurements (Table 2) and Al,Oj3 for electrical measurements (Table 3).

Table 2. Layer growth parameters deposited on a quartz substrate for EPR measurements.

N111 N112 N150 N151 N108

PbTe PbTe PbTe PbTe:In PbSe
Ts(°C) 120 200 300 250 220
Time (min) 20 25 25 30 25
Number of pulses 400 500 500 600 500

Table 3. Layer growth parameters deposited on the Al,O3 substrate for electrical measurements.

N110 N158 N160

PbTe PbTe:In PbSe
Ts(°C) 200 200 200
Time (min) 25 45 45
Number of pulses 300 550 550

EPR measurements were performed in X-band (~9.5 GHz) using a Bruker EleXSYS-
E580 spectrometer (Billerica, MA, USA and Karlsruhe, Germany) equipped with a Bruker
liquid Ngas flow cryostat with the 41131 VT digital controller (Bruker Analytische Messtech-
nik, Rheinstetten, Germany) within the temperature range 100-400 K.

Measurements of the electrical parameters of the semiconductor layers were performed
on the developed automated installation developed according to the classical method.
After applying a voltage to the sample (10 V), the current flowing is measured. During
the measurement, the sample (layer) was placed in a standard copper-based holder with
four measuring probes and a built-in reference resistor for current measurement with a
digital microvoltmeter. The handle is attached through a detachable joint in the middle
of a glass cylinder, in which a precise temperature sensor is mounted on a thermocouple
connection. The production of reliable ohmic contacts that do not damage the layer and
meet all the requirements was carried out by pre-brazing indium traces on the surface of
the Al,O3 substrate prior to the production of the layer.

The structural quality of the respective films was investigated by transmission high-
energy electron diffraction (THEED) for the samples grown on KCl (001) substrates. We
used an EMR-100 electron diffractometer with acceleration voltages of 60-80 kV. For a
better explanation of the good crystalline quality of the samples, in Figure 10, a summary
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of THEED images (a) for the PbTe:In layer studied and (b) PbTe published in Figure 10a)
in [33]. All samples in Table 2 are of similar quality, as can be seen in the THEED image
in Figure 10a. However, the same layers with different thicknesses are described in [33],
and the parameters of the elemental cell are determined for them, along with the assigned
Muller indexes. For example, the PbTe layer (Figure 10b) from Figure 11 [33].

Figure 10. THEED patterns of (a) PbTe:In and (b) PbTe. The most pronounced Miller indices (hkl)
are indicated.

o N110
N158
A N160

R(Q)

10°/T (K?)

Figure 11. Electrical resistance as a function of the temperature of PbTe (N110), PbTe:In (N158), and
PbSe (N160).

Electrical Measurements

The properties of the established contacts were controlled by analyzing the volt-
ampere characteristics of the samples. The measurement temperature range was 77-500 K
(sample temperature change).

Measurement soft electrical resistance as a function of temperature are shown in
Figure 11. The type (carrier type) of conductivity is defined by the sign of the thermoelectro-
motive force (ters). The electrical characteristics of the layers are presented in the following
coordinates: resistivity to inverse temperature (p 103/T).

The dependence of the resistance as a function of the temperature is linear over a
wide range for all samples, and we see only differences in the slope of this line. On the
other hand, for both samples, PbSe and PbTe:In at about 220 K, we observe a change in the
slope of the straight line. In all samples, two drops in activation energy, depending on the
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resistivity temperature, are related to self-conductivity (at relatively high temperatures)
and to doped conductivity (at temperatures below 200 K).

In paper [33], THEED images with high reorientation of crystallites were observed,
practically only Debye-Scherrer rings and weakly visible reflections were visible. On the
other hand, the RHEED images presented in Figure 10 are characterized by very good
reflections with weakly visible Debye-Scherrer rings.

4. Conclusions

Electrical measurements were carried out to indicate that the obtained materials
are of a semiconductor nature. All samples observed two activation energy slopes on
the temperature dependence of resistivity: related to self-conductivity at relatively high
temperatures and to a doped conductivity at temperatures below 200 K.

Identification of the paramagnetic centers present in the tested materials was carried
out using EPR measurements. It was determined that the EPR spectrum comes from the
Pb!* ions in the sample (it is most visible in sample N150) and from Pb%*. The geff Values
were found, which agree well with the data reported in the literature. In addition, we
observed additional defects, i.e., vacancies and interstitial ions, which cause a widening
of the line for go ~ 2 and ger =~ 1.1. The natural oxidation state of the Pb ion is Pb?+,
while our measurements indicate the presence of both Pb3+ (8efr ~ 2) and Pbl+ (Zefr ~ 1.1)
ions. The EPR line derived from Pb!'* ions was weaker, due to the large broadening of the
line and, thus, lower intensity. The observation of these two ions is related to the charge
compensation in all samples. The Pb?* ions are probably responsible for the ferromagnetic
interactions (ges &~ 5). Pb!* ions are observed at low temperatures in all samples.

A hyperfine structure for PbSe was observed. The determined temperature depen-
dence was almost linear, while the constant value A = 1740 MHz (at 109 K) changed as a
function of the temperature. The highest value of A = 2533 MHz was taken at 240 K and
A =1392 MHz at 373 K.

Ferromagnetic interactions were observed in samples N111, N112, N150, and N151.
The greatest effect was observed in PbTe (N111). The temperature of the substrate has a
large impact on the ferromagnetic properties; the lower it is, the better the ferromagnetic
properties, while the admixture of indium gives similar properties at a higher temperature
of the substrate. The temperature range of 200-240 K was also defined, in which it was
possible to obtain DMS.

An interesting effect was observed for the temperature around 200-240 K. There is a
change in the slope of the temperature dependencies g, especially for the ferromagnetic
line g.¢ ~ 5 (Figure 6), and it is in correlation with the electrical measurements (Figure 11).
A likely source of ferromagnetism is localized electrons that, under increasing temperature,
move into the conduction band and undergo delocalization. This is particularly clear for
sample N111, for which the Curie temperature is near this range, and for this sample, we
observe a decay of ferromagnetic properties above 240 K. Since the Curie temperatures of
the other samples are low, this effect is not observed, and we only see changes in the value
of the spin—orbit coupling for the g-factor example. Further research of these materials is
planned to improve the ferromagnetic properties and obtain the highest Curie temperature.
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Abstract: The accumulation of proteins in filter membranes limits the efficiency of filtering technolo-
gies for cleaning wastewater. Efforts are ongoing to coat commercial filters with different materials
(such as titanium dioxide, TiO,) to reduce the fouling of the membrane. Beyond monitoring the
desired effect of the retention of biomolecules, it is necessary to understand what the biophysical
changes are in water-soluble proteins caused by their interaction with the new coated filter mem-
branes, an aspect that has received little attention so far. Using spin-label electron paramagnetic
resonance (EPR), aided with native fluorescence spectroscopy and dynamic light scattering (DLS),
here, we report the changes in the structure and dynamics of bovine serum albumin (BSA) exposed
to TiO, (P25) nanoparticles or passing through commercial polyvinylidene fluoride (PVDF) mem-
branes coated with the same nanoparticles. We have found that the filtering process and prolonged
exposure to TiO, nanoparticles had significant effects on different regions of BSA, and denaturation
of the protein was not observed, neither with the TiO, nanoparticles nor when passing through the
TiO,-coated filter membranes.

Keywords: wastewater cleaning; polyvinylidene fluoride filter membrane; titanium dioxide
nanoparticles; P25; serum albumin; spin-label EPR; fluorescence; dynamic light scattering

1. Introduction

The efficiency of the filtering of biomolecules certainly depends on the effect of the
surface of the filter on the biomolecules. The separation of proteins from aqueous solutions
can be efficiently achieved by membrane filtration. However, membrane fouling seriously
limits its application when proteins tend to adsorb to the surface of the membrane pores,
hence reducing the pass-through efficiency and, ultimately, the lifespan of the membranes.
An ideal filter membrane would keep proteins in the pre-filter space without losing its
filtering efficiency. Until now, several new methods have been developed to produce
antifouling membranes, such as membrane modification by nanoparticles (e.g., titanium
dioxide, TiO,). Although a number of modified membranes were developed, there is
only limited information available regarding whether the applied nanoparticles cause
any changes in the protein structure, altering their filterability and other biophysical
properties [1-3]. Our previous results showed that coating membranes with TiO; kept
the membrane structure intact; however, it surprisingly worsened the retention of bovine
serum albumin (BSA) [4,5]. This phenomenon can only be partially explained by changes
in the roughness and morphology of the membrane surface, and previous investigations
have also raised the possibility of changes in the protein structure as well [6]. In the present
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study, we address precisely this aspect of filtering out proteins from wastewater. We have
chosen BSA as the model protein in this work, not only because other teams [7-11] and we
also have used it in our recent relevant studies [4,5,12], but also because it is a well-known
protein, with plenty of biophysical data about its water-soluble state [13-18], that can
serve as reference for comparison. Spin-label EPR spectroscopy is our main technique
here because it has proven to be among the most powerful techniques in studying serum
albumins [19-22]. Commercial PVDF filter membranes were modified by coating them with
TiO, nanoparticles (P25), and the effects of the filtration through them and the contact with
TiO; on the protein structure were investigated by spin-label EPR and native fluorescence
spectroscopy, as well as DLS, to reveal the potential changes in the protein structure.
Apart from their diverse physiological functions, serum albumins are the major vehi-
cles of fatty acid transport through blood plasma, as they can bind several long-chain fatty
acids with high affinity [23-26]. Due to this fatty-acid-binding function of BSA [27-31] and
because spin-label EPR spectroscopy played a crucial role in identifying and characterising
the fatty-acid-binding sites of serum albumins [27,30-33], we have used a spin-labelled
stearic acid analogue (5-SASL) to detect changes in the fatty acid binding of the protein
in its process-relevant interactions with the membrane and the nanoparticles. Fatty acid
binding to serum albumins has proven to be sensitive to the physical state of the protein
(affected by, e.g., pH, ligand-induced allosteric modulation, and temperature) [25,27,28,32].
We have also used two common maleimide-type spin labels binding to unblocked Cys
residues to detect changes in the dynamics of the spin-labelled Cysteines and structural
changes in their vicinity [21,34-37]. According to the crystal structure [38], the labelled
residue is likely to be Cys34 (in Figure 1, the blue-coloured residue in the sequence and
structure [39,40]) because the others are participating in disulfide bridges [21,28].

DTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQOEPFDEHVKLVNELTEFAKTCVADESHA
/\ GCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKLKPDPN
TLCDEFKADEKKFHGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQAEDKGACLLPK
IETMREKVLASSARQRLRCASIQKFGERALKAISVARLSQKFPKAEFVEVTKLVTDLTKV
HKECCHGDLLECADDRADLAKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKDAIPEN
LPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRRHPEYAVSVLLRLAKEYEATLEECC
AKDDPHACYSTVFDKLKHLVDEPQNLIKQONCDQFEKLGEYGFQONALIVRYTRKVPQVSTP
TLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESL

VNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKPKATE
EQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVVSTQTALA

Figure 1. The amino acid sequence (A) and an illustrative 3-dimensional structure (B) of BSA (PDBi.d.
4s5f). The autofluorescence residues (W, Trp) and the spin-label binding site (C, Cys) are highlighted
and coloured in magenta and blue, respectively.
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Since BSA has fluorescent residues, it can be studied with fluorescence spectroscopy
without attaching a fluorescent dye to the protein [41-43]. Indeed, the two Tryptophan
residues of BSA (in Figure 1, magenta-coloured) are sensitive to conformational changes
via the altered polarity and rotational dynamics [42-45]. Therefore, we have carried out
fluorescence spectroscopic measurements for BSA in the absence and presence of TiO,
nanoparticles and for filtrated BSA. Since BSA may be present in different states in an
aqueous solution depending on its concentration and other conditions, such as folded
or denatured monomeric or multimeric, aggregated and micellar forms [10,14,22,46], we
tested changes in the particle size distribution of BSA upon the above different treatments
using dynamic light scattering (DLS).

2. Results and Discussion
2.1. Chemical Oxygen Demand (COD)

Ultrafiltration experiments were carried out to investigate the effect of a TiO; coating
on the filtration performance of composite membranes, while microfiltration was used in
another series of experiments aimed at investigating the potential effect of TiO, nanopar-
ticles on BSA structure and filtration behaviour. In this case, the aim of microfiltration
was to separate the TiO, nanoparticles from the BSA solution. The BSA rejection of the
pristine and modified membranes in the presence (BSA@PVDF/TiO;) or absence of TiO,
(BSA@PVDF) is illustrated in Table 1.

Table 1. BSA retention during filtration of BSA through PVDF or PVDF/TiO; composite membrane.

Sample [BSA/M Membrane R%
BSA 1.5 x 107 PVDF 92
BSA 1.5 x 107° PVDF/TiO, 28
BSA(TiO,) 1.5 x 107° PVDF 91
BSA(TiO,) 49 x 1076 PVDF 37
BSA 49 x 1076 PVDF 37

It was found that the pristine membrane rejects more BSA than the modified one. This
is a very surprising result; thus, we also checked if the higher BSA permeability of the
membrane was caused by the contact of the BSA with TiO, nanoparticles. The BSA was
mixed with TiO,; then, the BSA was separated from the TiO, by microfiltration, and the
clean BSA solution was filtrated through the PVDF membrane (BSA(TiO,)@PVDEF). It was
found that the contact of the BSA with TiO; resulted in no noticeable change in the filtration
performance after it was separated from the TiO,. The filtration alone through cellulose
acetate (CA) membrane caused an approx. 5% BSA loss from the 1.5 x 107> M solution,
while the retention during the filtration through the PVDF membrane was dependent on the
BSA concentration: in three-fold-diluted solutions, the retention decreases. Nevertheless,
this cannot explain the decreased retention of the BSA filtrated through the TiO,-modified
membrane; thus, in further experiments, the potential effect of the contact between the
TiO, and BSA on BSA structure was investigated.

2.2. Dynamic Light Scattering (DLS)

We tested the particle size distribution of the BSA in our samples with dynamic
light scattering (DLS). Table 2 summarises our data and the literature data, along with
the different states of BSA in an aqueous environment. The DLS curves for the stock
(6 x 1072 M) and the 100-fold-diluted BSA solution can be seen in Figure 2.

A narrow peak at around a mean particle size of 1.7 nm, and two very broad and highly
overlapping peaks at 24.4 and 85-102 or 105-200 nm are present in the BSA stock solutions
(Figure 2A). The 100-fold-diluted BSA solution (Figure 2B) results in the disappearance of
the peaks at 1.7 nm, and the appearance of a new peak at ~11 nm can be observed, along
with the strong reduction in the broad (20-1000 nm) scattering region. There are a wide

41



Molecules 2023, 28, 6750

range of particle sizes reported in the literature for BSA in different concentration regions
and conditions as summarised in Table 2.

Table 2. Particle size of BSA.

[BSA)/10-¢ M d1/nm d2/nm Particle Type Medium Reference
0.6 11 dimers (d2) H,O own result
pH7.2,10 mM
0.65 8.9 compact aggregates (d2) phosphate buffer [16]
4.5 10 monomer (d1) pH 7.0, H,O [17]
5 7.3 13.5 monomer (d1), dimer (d2) pH 7.4, H,O [46]
10 34 monomer (d1) pH 7.0, H,O [18]
pH7.2,10 mM
25 10.6 compact aggregates (d2) phosphate buffer [16]
60 17 24-200 unfolded monomers (d1) H,0 own result
large aggregates (d2)
100 52 undefined particle (d1) pH 7.4, H,O [47]
denaturated monomers (d1),
1204 2 22 aggregation of denaturated H,O [48]
monomers (d2)
1204 124 dimer (d2) pH 7.4, 0.01 M PBS buffer [48]
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Figure 2. Particle size distribution in BSA solutions in water: [BSA] = 6 x 1075 M (A), and
[BSA] =6 x 10~7 M (B). The different curves represent independent experiments.
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Comparing our results with this set of previously reported data, we can conclude that
the 11 nm peak in our 100-fold-diluted solution is likely to correspond to dimers, whereas
the non-diluted BSA dispersion contains large aggregates and a very minor contribution of
small (probably unfolded) monomers (considering the logarithmic scale of the x-axis) [48].
It is important to note that, in the present work, the concentration of BSA was 10 or 100 times
higher (for the diluted and the stock solutions, respectively) than the 6.5-6.9 x 107 M
critical micelle concentration (CMC) [16]. Therefore, the disappearance or dissolution
of micelles upon their filtering and interaction with TiO, can be excluded. It should be
noted here that the average size of the membrane pore was estimated to be ~14 nm by
Howe and Clark [49], whereas the size of the primer TiO, particles is ~25.4 nm, but they
form aggregates in water with a diameter of ~1 um [50]. There is, therefore, a very low
probability for the TiO, particles to pass through the membrane pores; consequently, the
TiO, content must be very low in the filtrated BSA sample.

2.3. Samples for Fluorescence and EPR Spectroscopy

Regarding the industrial process of wastewater filtration, we have used four types
of samples in our spectroscopic measurements: (i) 6 x 1072 M BSA in water, (ii) 2 x 1072 M
TiO, in water, (iii) BSA-TiO, mixture in water where [BSA] = 6 x 107> M and
[TiO;] =2 x 1072 M, and (iv) 6 x 107> M BSA filtrated through composite ultrafilter mem-
branes. These samples are marked as “BSA”, “TiO,”, “BSA+TiO,”, and “filtrated BSA”,
respectively, in the EPR and fluorescence spectroscopic experiments. Some samples had to
be diluted 30-fold for optimal conditions in the fluorescence experiments, as mentioned
below. Other than this, we did not apply any centrifugation, washing, filtering, or other
separation techniques on the samples, to exclude any dilution and concentration effects.
Therefore, the free (unbound) spin probe was not removed from the EPR samples. It is
important to note that, due to the filtration, the protein concentration in the filtrated BSA
samples was only 1.8 x 107> M—that is, 3.3-fold lower than in the BSA and BSA+TiO, sam-
ples. Since BSA is sensitive to pH [27,43], which might be affected by a high concentration
of TiO;, we have measured the pH of the above four types of samples and obtained values
of 7.4,4.9,7.0, and 7.3 for the BSA, TiO,, BSA+TiO,, and filtrated BSA samples, respectively.
(We did not buffer the pH to the same value in the different samples because it would
be incompatible with the industrial wastewater filtration process.) The corresponding
pH values for the 30-fold-diluted samples were 6.7, 6.1, 6.7, and 6.4, respectively. This
result shows that the pH effect of the TiO; is compensated for by the ~2.5-times-higher
concentration of BSA.

2.4. Fluorescence Spectroscopy

BSA has two Tryptophan residues (Trp134 and Trp213; see Figure 1) with fluorescence
emission maxima at ~348 nm in pure water [51]. The fluorescence from the Tyrosines
is negligible compared to that of the Tryptophanes [42]. We have made fluorescence
spectroscopic measurements on all four types of samples from their stock solutions. Table 3
contains the wavelengths of the emission maxima (Amax) (from Gaussian fits) of the BSA-
containing samples and the (weighted) mean fluorescence emission maximum (<Ag>) as
calculated by Equation (1) [52].

YA
YA

where A is the wavelength and f,, is the emission intensity at A.

The emission maximum (Amax) and the mean emission maximum (<Ag>) for the fil-
trated sample were 340.2 nm and 356.9 nm, respectively, which are red-shifted by 1.3 nm and
4.6 nm, respectively, relative to the BSA sample (with Amax = 338.9 and <Ag> = 352.3 nm).
The BSA+TiO, sample could not be measured at this concentration because of strong light
scattering. Therefore, the samples were diluted 30-fold to reduce the disturbing light
scattering (Figure 3). Dilution alone resulted in a negligible blue shift (0.5 nm) for the BSA

< Ag >= 1)
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and red shift (0.5 nm) for the filtrated BSA samples relative to the original samples in the
case of the fitted emission maximum. The mean emission maximum showed little blue shift
(1.9 nm) for the filtrated BSA. The diluted BSA+TiO; sample yielded an intensity maximum
at 355.6 nm (<Ap> = 363.3 nm), which means a strong red shift relative to the BSA and
filtrated BSA (Figure 3, Table 3). It should be noted that TiO, did not give a measurable
contribution to the fluorescence spectra (Figure 3).

Table 3. Tryptophan emission maxima.

Fitted Emission Mean Emission

Sample [BSAIM Maximum (Apax)/nm Maximum (<Ag>)/nm
BSA 6 x 107> 338.9 352.3

Filtrated BSA 1.8 x 10~° 340.2 356.9

BSA+TiO, 6 x 107> - -

BSA 2 x10°° 338.4 352.3

Filtrated BSA 6 x 10~7 340.7 355.0

BSA+TiO, 2 %107 355.6 363.3

Fluorescence intensity / a.u.

I I I I T
320 340 360 380 400 420 440
Wavelength / nm

Figure 3. Representative fluorescence spectra. Blue: BSA ([BSA] =2 x 107 M), magenta: filtrated
BSA ([BSA] = 6 x 10~7 M), green: BSA+TiO, ([BSA] =2 x 107° M, [TiO;] = 6.7 x 10~* M), and red:
TiO, ([TiO,] = 6.7 x 10~ M).

In the case of Tryptophan, any negative charge in the environment of the pyrrole ring
or any positive charge close to the benzene ring causes a change in the electron densities
of both rings [44], hence resulting in a bathochromic shift in the fluorescence spectrum.
Based on quantum mechanics (DFT) calculations on TiO;, it has been reported that the
charge state of Ti is +3 and the oxygen is —1.5 in the molecule [53]. This means that TiO,
is very polar and able to induce a change in electron density both in the benzene and
pyrrol rings. It should be noted that, whereas the red shift caused by the filtration is
modest and comparable to the dilution effects, that caused by a direct interaction with
TiO, is much larger. The reduction in intensity for the filtrated BSA is simply a dilution
effect, since the protein concentration is ~3.3-fold lower in that sample than in the BSA
(control) and BSA+TiO, samples. However, it is striking that the fluorescence intensity of
the BSA+TiO, sample is almost seven-fold smaller than that of BSA in water at the same
concentration (Figure 3). This loss of intensity can be explained by fluorescence quenching,
since it has also been reported that, apart from causing a red shift, TiO, nanoparticles can
quench fluorescence upon the formation of a higher-order complex [54]. It can, therefore,
be assumed that the observed large red shift and loss of intensity in the spectrum of the
BSA+TiO, sample is caused by the TiO, molecules reaching both the pyrrol and benzene
rings of the Trp residues. In contrast to the BSA+TiO, sample, the relatively short interaction
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of the BSA with TiO, during filtration results in no red shift and no fluorescence quenching.
This means that the TiO,—-BSA interaction during filtration is either too short to be effective
on the Trp residues, and/or the effect is reversible. The relatively small difference between
the emission maxima of the BSA and filtrated sample can be explained by a small amount
of TiO, getting in the waste during filtration.

2.5. EPR Spectroscopy

The shape of the continuous-wave (CW) EPR spectrum of the spin labels attached
to biological molecules is directly sensitive to the speed, amplitude, and symmetry of
the rotational dynamics of the label constrained by the orienting potential of its environ-
ment [55-58]. We have utilised both known types of labelling targets in BSA: fatty acid
bound to the protein [27] and Cys residues with a free sulfhydryl group [21,37]. We have
used 5-SASL as a spin-labelled fatty acid analogue, and 5-MSL and MTSL as covalent labels
of the Cys residues. These spin labels are shown in Figure 4.

A

Figure 4. The chemical structure of the spin labels used for the EPR measurements. The EPR spectrum
is originating from the unpaired electron located in a 7* orbital of the N-O bound: (A) 5-SASL, (B) 5-
MSL, and (C) MTSL.

All three labels have some solubility in water, and, since unbound labels were not
removed from the EPR samples, we recorded their spectra also in the absence of BSA and
TiO; in order to identify the different spectral components in the protein-labelled samples.
It should be noted that, since TiO; is diamagnetic, it did not contribute at all to the EPR
spectra of the spin labels, as expected.

2.5.1. Spin Labelling with 5-SASL

Figure 5 shows the CW EPR spectra of 5-SASL in water and in the three different
aqueous BSA-containing samples, i.e., in the BSA, BSA+TiO,, and filtrated BSA.

The spectra are normalised to the same integrated intensity (second integral), so
they represent the same number of spins. The 5-SASL in water has a single component
EPR spectrum of three sharp lines, as expected for a spin label freely rotating in a solvent
(see, e.g., [30]). The protein-containing samples are qualitatively similar to those in previous
EPR reports on spin-labelled fatty acids in the presence of serum albumins [20,27,28,30,33],
showing composite spectra with different contributions from a mobile and an immobile
component. Since the mobile component was identical with that of 5-SASL in water,
optimised subtraction allowed us to determine the shape and relative contribution of
the spectrum from 5-SASL bound to BSA, and also the mobile component (see [59] for
a detailed description of the technique). The spectra of BSA and BSA+TiO, have almost
only the immobile component, with only a few percentages of the mobile component. In
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the spectrum of the filtrated BSA, the mobile component is apparently the dominant one
(providing ~2/3 of the integrated intensity). However, it should be kept in mind that the
BSA concentration in that sample is 3.3-fold lower than in the other two BSA-containing
sample types. The relative contributions of the mobile and immobile components are given
in Table 4.
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Figure 5. Normalised CW EPR spectra of samples labelled with 5-SASL. Black: water, blue: BSA in
water, magenta: filtrated BSA, and green: BSA+TiO,. [5-SASL] =1.2 x 1074 M.

Table 4. EPR parameters of samples spin-labelled with 5-SASL. [5-SASL] = 1.2 x 10~* M

Mobile Immobile

Sample Component/% Component/% w/ns 2Az/G
Water 100 - 0.1206 -

BSA 24 97.6 - 64.62
Filtrated BSA 71 29 0.1312 62.3-64.1
BSA+TiO, 1.0 99.0 - 65.05

Considering the lower protein concentration in the filtrated BSA sample, we can
conclude that all BSA-containing samples bind the same (high) amount of 5-SASL per
protein. With the exception of the filtrated BSA sample, the 5-SASL spectra are dominated
by either the mobile or the immobile component to an extent that the minor component is
too weak for meaningful component separation. The mobile and immobile spectral shapes
require different spectrum analyses in order to obtain data on the rotational dynamics
of the doxyl group of 5-SASL: The sharp hyperfine lines of the mobile component (the
dominating spectra of the BSA in water and filtrated BSA) can be used to derive the mean
rotation correlation time using the Kivelson formula (Equation (2)) [60,61].

Tr(ns) = 0.65 - Wy (Gauss) (\/E Hh}fl) (2)

where TR is the rotation correlation time in ns, Wy is the line width of the narrowest (central)
peak, and h., hg, and h_; are the intensities of the hyperfine lines. On the other hand,
if the rotational dynamics are slow (on the EPR time window) or limited in amplitude,
then the EPR spectrum shows an anisotropic spread between the line positions at the
minimum and maximum hyperfine-splitting values, corresponding to the z-axis of the
doxyl group being oriented perpendicular or parallel, respectively, to the magnetic field. In
our experiments, the immobile components represent rotational dynamics constrained by
the local environment of the spin label. In this case, the orientational order determines the
inner and outer hyperfine splitting (A,,), from which the orientational order parameter
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can usually be determined (see, e.g., [61,62]). However, the immobile components do not
sufficiently expose the inner splittings and only the outer splitting constant can be easily
determined (which is half of the magnetic field difference between the first local maximum
and last local minimum); they are still in a monotonic relationship with the order parameter,
with a larger outer splitting meaning a higher order. The rotation correlation times and
outer hyperfine-splitting constants are also reported in Table 4. The rotation is very fast for
water and for the filtrated BSA, and the values (0.12062 ns and 0.13124 ns, respectively) are
very close to each other, meaning that the mobile component in the filtrated BSA spectrum
corresponds to the unbound free 5-SASL. The presence of a strong immobile component
in the BSA-containing samples suggests that the fatty-acid-binding sites are preserved
both in the presence of TiO; and after filtration. Similar outer-splitting values (64.6 G and
65.1 G) were obtained for BSA and BSA+TiO;. There is some uncertainty with regard to the
outer splitting for the filtrated BSA because of the big signal/noise ratio of the decomposed
spectrum, but it is safe to say it is ~2 G smaller for this sample. This means more disorder
for the 5-SASL bound to BSA in the presence of TiO;, which may be an indication to loosen
the fatty-acid-binding pocket of the BSA by TiO,.

2.5.2. Spin Labelling with 5-MSL

BSA contains 35 Cystein residues. However, according to the experimental structure of
the protein (illustrated in Figure 1) and the literature data, only one (Cys34) is not involved
in forming S-S bridges, with a non-bonded sulfhydryl group offering a single unique site
for covalent labelling with maleimide-type spin labels [28,63-66]. The EPR spectra of 5-MSL
added to water and the different BSA samples are shown in Figure 6A.
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Figure 6. Normalised CW EPR spectra of samples labelled with 5-MSL. Black: water, blue: BSA,
magenta: filtrated BSA, and green: BSA+TiO,. (A) Full spectra; (B) 73-fold-magnified spectrum to
visualise the immobile component (shown with arrows on panel A). [5-MSL] =1.2 x 1074 M.

According to its chemical structure (Figure 4B), the covalent binding of 5-MSL to a
Cystein yields a relatively rigid connection between the N-O bound (bearing the unpaired
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electron) and the protein backbone; hence, an immobile component is expected for a
covalently bound 5-MSL [21,22,28,34,67]. The EPR spectra in Figure 6A have very similar
shapes but different intensity. (It should be kept in mind that the spectra represent the same
number of spins; therefore, smaller amplitudes indicate line broadening.) However, there is
a clear sign of a weak immobile component present in the spectra of the BSA and BSA+TiO,
samples (and, to lesser extent, in the filtrated BSA, which, however, has a 3.3-fold lower
protein concentration), as indicated by the arrows and in the bottom part of the figure. We
could separate the mobile and immobile components and analyse them in a similar way as
with the 5-SASL spectra, and the extracted parameters are presented in Table 5.

Table 5. EPR parameters of samples spin-labelled with 5-MSL. [5-MSL] = 1.2 x 10~* M.

Mobile Immobile
Sample Component/% Component/% w/ns 2Az/G
Water 100 - 0.0043 -
BSA 71 29 0.0082 63.92
Filtrated BSA 93 7 0.0056 cc. 61G*
BSA+TiO, 67 33 0.0084 64.20

* The immobile component of this sample is very noisy (because of its small contribution to the composite
spectrum); hence, the outer splitting is much less certain than for the other samples.

Comparing the corresponding immobile fractions for 5-SASL (Table 4) and 5-MSL
(Table 5), it is evident that the labelling of BSA is more efficient with 5-SASL than with
5-MSL. The immobile fraction, the rotational correlation time, and the outer splitting values
are very close to those of the BSA and BSA+TiO, samples, whereas the filtrated BSA has an
apparently much smaller immobile component (but with a smaller outer splitting, similarly
to 5-SASL). However, if we correct for the 3.3-fold lower protein concentration in the
filtrated BSA than in the other two BSA-containing samples, the immobile component
per protein is the same. It should be noted that the rotational correlation times are at the
fast limit of the EPR time window for spin labels [55,68]. These values most probably
correspond to the free rotation of the spin label in water (5-MSL is much smaller than 5-
SASL). Again, the reduced fraction of the immobile component in the filtrated sample is
mostly caused by the similarly lower concentration of BSA in the filtrated sample than in
the BSA and BSA+TiO; samples. The variation in 7R is likely to be caused by the colliding
of the unbound label with the surface of the slow-tumbling BSA (reducing the mean TR),
which agrees with the observation that TR is smaller in the filtrated BSA sample, in which
the BSA concentration is smaller than in the other two BSA-containing samples. A similar
explanation applies when comparing the 5-MSL in water vs. in the BSA samples. It should
be also noted that the outer splitting (hence, the orientational disorder) is comparable to
those obtained with 5-SASL.

2.5.3. Spin Labelling with MTSL

Spin-labelling with MTSL was performed in the same way as with 5-MSL. MTSL
(Figure 4C) has a disulfide bridge between the doxyl ring and the free sulthydryl group of
the Cysteine amino acid, which provides more rotational freedom and flexibility to this
label compared with 5-MSL. It is, therefore, expected that MTSL displays higher mobility
than 5-MSL. The EPR spectra of MTSL in water and the BSA-containing samples are shown
in Figure 7.

Through optimised spectral subtractions, we found that the MTSL spectra have three
components: in addition to the expected mobile and an immobile component, we observed
a five-peak component known to originate from the dimeric (biradical) form of this type
of label [69]. Fortunately, the five peaks of the dimeric form do not overlap with the three
lines of the immobile component of the normal, monomeric form. Therefore, by using
diluted samples to change the contribution of the five-peak component (not shown), the
three components could be separated: We first obtained the pure five-peak component
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from the series of spectra of MTLS at different label concentrations. Then, the five-peak
component was subtracted from the composite spectra, leaving the normal mobile plus
immobile components, which were then treated with the routine technique for the two
components [59]. Although we see the immobile component as observed earlier [31], it is
almost undetectable; hence, the outer splittings could not be determined. (Again, it should
be kept in mind that the filtrated BSA sample has a 3.3-fold lower protein concentration
than the other two BSA-containing samples.) Table 6 reports the fractional contribution of
the mobile and immobile component and the rotational correlation time derived from the
mobile component of the monomeric MTSL in water and in the BSA-containing samples.
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Figure 7. Normalised CW EPR spectra of samples labelled with MTSL. Black: water, blue: BSA,
magenta: filtrated BSA, and green: BSA+TiO,, [MTSL] = 1.2 x 1074 M.

Table 6. EPR parameters of samples spin-labelled with MTSL. [MTSL] = 1.2 x 10~* M.

Mobile Immobile

Sample Component/% Component/% /ns 2A2/G
Water 100 - 0.0094 -
BSA 97-98 2-3 0.0303 -
Filtrated BSA 100 - 0.0224 -
BSA+TiO, 97-98 2-3 0.0536 -

According to its mobile component, the rotation of the monomeric MTSL is ~5-6 times
slower in the BSA-containing samples than in water, and ~5-8 times slower than the 5-MSL
in the corresponding samples. We cannot exclude the idea that the mobile components are
from bound MTSL, but it is more likely that the mobile component is from MTSL monomers
in water, and the effective rotational correlation time is increased in BSA-containing samples
by diffusional collisions with the protein micelles, which is confirmed by the apparent
concentration dependence of T in the dilution experiment (not shown). As opposed to
the results with 5-MSL (where the BSA+TiO, and BSA spectra report similar rotational
dynamics, as shown in Table 5), the MTSL spectrum of the BSA+TiO, yields somewhat
slower rotational correlation time than those of BSA or filtrated BSA (Table 6). This is
probably due to the higher accessibility of TiO, to bound MTSL because of its longer linker,
or to its preferable interaction in water.

3. Materials and Methods
3.1. Chemicals and Sample Preparation

Bovine serum albumin (BSA) and TiO, Aeroxide P25 were of analytical grade and
purchased from VWR International (Debrecen, Hungary). Pristine and modified Polyvinyli-
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dene fluoride (PVDF) with molecular weight cut-off (MWCO) values of 100 kDa and ultra-
filter (UF) membranes Kynar 400 PVDF with 100 kDa molecular weight cut-off (MWCO)
were purchased from New Logic Research Inc. (Minden, NV, USA). The spin labels, 5-
doxyl stearic acid (5-SASL) and 3-maleimido-proxyl (5-MSL), were purchased from Sigma
(Budapest, Hungary), and 1-(oxyl-2,2,5,5-tetramethylpyrrolidine-3-methyl) methanethio-
sulfonate (MTSL) was obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Ethanol
was obtained from Molar Chemicals (Halasztelek, Hungary).

The aim of ultrafiltration experiments was to investigate the effect of TiO, coating on
filtration performance of composite membranes. The ultrafilter membranes were prepared
by coating PVDF with inorganic TiO, nanoparticles. Commercial PVDF membranes were
used to prepare nanoparticle-coated membranes by a physical deposition method [4]. For
this purpose, 0.04 g of commercial TiO, was added to 100 mL of ultrapure water and
ultrasonicated for 3 min. Then, the ultrasonicated suspension was filtrated through a
membrane in a dead-end filtration device (Millipore, XFUF04701, Merck KGa, Darmstadt,
Germany) at 0.3 MPa and dried for 1 h at room temperature before use. The procedure of
the filtration has been performed as described previously [4]. Briefly, BSA rejection tests
were performed at 0.1 MPa. In each filtration, 250 mL of water or model solution was
filtrated until a 200 mL of permeate was obtained. Concentration of BSA was measured
before and after filtration by measuring chemical oxygen demand (COD) of the solution,
and BSA rejection was calculated. To check the potential effect of TiO, nanoparticles on BSA
filtration performance, another sample was prepared as follows: 0.04 g TiO, and 250 mg
BSA were dissolved in 250 mL ultrapure water and stirred (350 rpm) for 1.5 h, then filtrated
through a 0.22 um cellulose acetate (CA) syringe filter to separate BSA from TiO,. The
clear BSA solution was then filtrated through the unmodified PVDF ultrafilter membrane
(labelled as BSA /TiO,@PVDF), and COD rejection was calculated. Rejection was calculated

using the following equation:
Cop —C

R(%) = % 100 ®)

€0
where ¢y and c are the concentrations of feed and permeate solutions, respectively.

In order to examine the potential effect of TiO; on BSA, four types of samples were
analysed with EPR and fluorescent spectroscopy: (1) BSA 6 x 10> M in water, (2) TiO,
2 x 1072 M in water, (3) BSA-TiO, mixture in water with [BSA] = 6 x 10~®> M and
[TiO;] =2 x 1072 M in water, and (4) BSA 6 x 107° M filtrated through composite ul-
trafilter membranes. The bandgap of TiO; P25 is around 3.2 eV, which means that 385 nm
UV light can activate it, but it has poor activity under visible light [70]. The effect of
light exposure was checked and excluded during experiments; nevertheless, the filtration
experiments were performed in dark conditions.

The spin labels were dissolved in ethanol (6 x 10~ M) for the stock solutions. Protein
concentration was checked by Lowry method [71]. The BSA concentration was always
reduced by the filtration; concentrations for filtrated BSA stocks were determined to be
typically ~1.8 x 10~> M. However, the protein concentration in the (unfiltrated) BSA and
BSA+TiO, samples were not adjusted to that of filtrated ones because we wanted to avoid
any change in the original samples.

3.2. Experimental Procedures and Data Analysis

COD was measured by the standard potassium dichromate oxidation method using
standard test tubes (Lovibond, Tintometer Gmbh, Dortmund, Germany) and digestion and
COD measurements were carried out in a COD digester (Lovibond, ET 108, Tintometer
Gmbh, Dortmund, Germany) and a COD photometer (Lovibond PC-Checklt, Tintometer
Gmbh, Dortmund, Germany).

Dynamic light scattering measurements for BSA were made by a Zetasizer Nano ZS
(Malvern Panalytical, Malvern, UK) instrument. The principle of the DLS technique is
that fine particles and molecules that are in Brownian motion diffuse at a speed relative
to their size. To measure the diffusion speed, the scattered light of a He-Ne laser (633 nm)
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illuminating the particles is recorded. The light intensity at a specific angle fluctuates with
time, which is recorded using a sensitive avalanche photodiode detector. The autocorre-
lation function of this time-series curve is informative in terms of the size distribution of
the hydrodynamic radius of the particles [72]. The samples contained 0.03, 0.3, 0.6, and
6 x 107> M BSA in water.

Fluorescence measurements were carried out by a Fluorolog-3 (FL3-222) modular
spectrofluorimeter (Horiba (Jobin Yvon), Kyoto, Japan) with an excitation wavelength of
295 nm. Stocks and 30-times-diluted solutions of BSA, BSA+TiO,, and filtrated BSA were
used for the measurements.

Continuous-wave EPR measurements were carried out on a Bruker ELEXSYS-1I E580 X-
band spectrometer at room temperature, with the following instrument settings: scan range
3300-3400 G; microwave frequency ~9.42 GHz; microwave power 9.464 mW; modulation
frequency 100 kHz; modulation amplitude 0.4 G; resolution of field axes 1024; to scans
16; sweep time 40.96 s. The first series of experiments had the molar ratio of protein and
spin labels 1:2 where the concentration of the spin label was 1.2 x 10~* M with the volume
ratio of 2%. Further sample series were 5- or 10-fold-diluted either for both the stocks and
the spin labels, hence preserving all the molar ratios, or only for spin labels. There was
no column chromatography or other separation technique used to remove unbound spin
labels to avoid any further agitation of the samples.

Data analysis and fitting the plotting were performed with Igor Pro, version 8.02
(Wave Metrics, Lake Oswego, OR, USA). Molecular graphics were made with YASARA,
version 21.12.19 [73].

4. Conclusions

Our previous results on the effect of coating filter membranes with TiO, nanoparticles
on the membrane and filtration [4,5] could not explain the changes in the BSA structure
observed here. Although filtering causes a 3.3-fold reduction in the BSA concentration, it
is still significantly above the CMC. Therefore, the observed effects, as reported by EPR
and fluorescence spectroscopy, are not caused by changes in the particle sizes. We can also
exclude an indirect structural effect of TiO, on BSA through the pH, because the observed
pH changes in the BSA+TiO, and filtrated BSA relative to the BSA samples are too small
(<0.4 units) to be effective [43]. Unfolded protein monomers represent a negligible phase of
BSA as opposed to the large micelles or assemblies present in all the samples over the wide
range of size distribution. These large particles represent low mobility in the EPR time
scale, which is reflected by the immobile component of the EPR spectra of the tightly bound
fraction of the spin labels (5-SASL and 5-MSL). The potentially more loosely bound MTSL
has a negligible bound fraction. It is important to note that the source of the fluorescence
signal and the EPR of spin-labelled fatty acids are not as specific as the EPR of the uniquely
unblocked Cys34, since there are two Trp residues and up to seven fatty-acid-binding
pockets in BSA. Indeed, there are indications that all the binding sites in an albumin may
have bound fatty acid even at the lowest levels of ligand loading [31]. In addition, Cys34
(in domain I) is relatively close to the protein surface [65,66], and, when spin-labelled,
it has been reported to be more accessible to collisional interaction with a water-soluble
paramagnetic relaxant than the acyl chain of non-covalently bound spin-labelled fatty acids
(located in hydrophobic channels in the protein) [28]. Here, we found that the Trp regions
are more sensitive to the presence of TiO; nanoparticles, whereas both the stearic-acid-
binding pockets and the environment of the spin-labelled Cysteine are more sensitive to
the mechanical stress on BSA caused by the filtration process: the labels are more mobile
in these samples, despite a comparatively very similar level of binding. The difference
between these processes (as compared to the BSA dissolved in water) is that filtration exerts
a mechanical stress on the protein and its aggregated forms (micelles) with a relatively short
duration of contact with the TiO,. On the contrary, mixing BSA with TiO, does not result in
a mechanical stress to the BSA, but the protein is permanently exposed to interaction with
TiO,. The visual appearance of the BSA solutions suggests that there is no precipitation of
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BSA. In addition, our spectroscopic data show that BSA has a native-like fluorescence after
filtration and retains the control level of the binding of fatty acid and 5-MSL spin label both
after filtration and in the presence of TiO,, evidencing that the structural integrity of the
BSA is preserved in the present experiments.

It can be concluded that the filtration process and prolonged exposure to TiO, have
a significant effect on different regions of BSA. However, the unfolding, denaturing, or
precipitation of the protein by the prolonged presence of TiO, or filtration through a
TiO,-coated filter membrane was not observed. Obviously, further research is needed, for
instance, in the direction of slower filtering and/or different coating materials with higher
elimination efficiency, filtration, and TiO, effect on the particle size of BSA and its binding
of fatty acids and CD spectroscopy of changes in the secondary structure.
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Abstract: A study of grape snails (Helix pomatia) using the electron paramagnetic resonance (EPR)
spectroscopy method, where shells were exposed to ionizing gamma radiation, indicated that the
effect of radiation up to certain doses results in the emergence of magnetic properties in the organism.
The identification of the EPR spectra of the body and shell parts of the control and irradiated grape
snails separately showed that more iron oxide magnetic nanoparticles are generated in the body
part of the grape snail compared to the shells. A linear increase in free radical signals (g = 2.0023)
in the body and shell parts of grape snails, and a non-monotonic change in the broad EPR signal
(g = 2.32) characterizing iron oxide magnetic nanoparticles was determined depending on the dose
of ionizing gamma radiation. Additionally, the obtained results showed that grape snails can be
used as bioindicators for examining the ecological state of the environment. At the same time, the
radionuclide composition of the body and shell parts of the grape snails and their specific activities
were determined by CANBERRA gamma spectroscopy. The FTIR spectra of mucin, a liquid secreted
by snails, were recorded.

Keywords: grape snails; stress factors; gamma radiation; magnetic properties; magnetic nanoparticles;
EPR signals; radionuclide composition

1. Introduction

To date, some research has been carried out on various living systems that are affected
by various stress factors [1-4]. Several studies have investigated the effects of ionizing
gamma radiation, ultraviolet rays, drought, humidity, temperature, and other stress factors
on living systems [5-7]. Previously, we performed different research on the effect of various
stress factors (temperature, gamma radiation, UV radiation, etc.) on plant systems [8-13].
The mechanisms of action of stress factors on various types of tree and shrub plants taken
from nature, on seedlings of seeds grown in laboratory conditions, and on chloroplasts
isolated from the leaves of higher plants have been studied. In the current study, para-
magnetism phenomena occurring in living systems under the influence of stress factors
were evaluated.
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In our comparative studies, the plants were derived from both ecologically clean and
polluted areas, and then, using the EPR method, it was revealed that environmental pollu-
tion causes the generation of iron oxide magnetic nanoparticles in plants. The identification
of EPR spectra of plants of the same species showed that the intensities of broad EPR
signals (g = 2.32, AH = 320 G) characterizing iron oxide magnetic nanoparticles in plants
growing in ecologically polluted areas are higher than the intensities of the corresponding
signals of plants growing in clean areas [14,15]. At the same time, the study of sprouts
of some plant seeds (corn (Zea mays L.), wheat (Triticum L.), and peas (Cicer arietinum
L.)) irradiated with different doses of ionizing gamma radiation in laboratory conditions
showed that the effect of gamma radiation up to certain doses causes the formation of
iron oxide magnetic nanoparticles in plants. We have also provided the mechanism of
occurrence of this event [10,16,17].

To confirm the results, we continued our research with animal organisms and investi-
gated the effects of radiation factors on laboratory rats (Wistar albino) and grape snails with
shells (Helix pomatia) [18-21].

Some biophysical parameters of grape snails (Helix pomatia), which belong to the
phylum of mollusks and are commonly found in Absheron (Azerbaijan), were investigated.
During the study of the effect of radiation factors on grape snails, it was determined that
these factors cause the emergence of magnetic properties in them.

There are several reasons why grape snails with shells are of interest as research objects.
First of all, they are distinguished by their high vitality. Thus, snails are very resistant to
biological, physical, chemical, and radioactive stress [22-24]. Their blood—vascular systems
are open. Snails carry hemocyanin, a protein containing copper molecules, dissolved in
blood plasma. Grape snails live in lightly shaded gardens, vineyards, and open areas.
Their day is spent hiding in a shell. They feed at night. They mainly eat the green parts of
plants [25-27].

In our previous works, we have shown that magnetic nanoparticles, especially mag-
netite (Fe30,4) and maghemite (y-FepO3) play an important role in the function of biological
systems. These nanoparticles lead to the appearance of magnetic properties in natu-
ral systems and the formation of broad EPR signals, which we first discovered in plant
leaves [28-32].

For this reason, the study of the mechanisms of formation of nanoparticles of biogenic
origin in all living systems is of great interest. With this in mind, in further experiments,
we chose grape snails as the research object.

2. Results and Discussion

While conducting research with grape snails, the effect of ionizing gamma radiation on
young and old grape snails was studied separately. Note that the age of snails is determined
by the size of their shells. Young and old grape snails were placed in plastic containers.
Young grape snails were irradiated with doses of 200 Gy, 400 Gy, and 600 Gy, and old grape
snails were irradiated with ionizing gamma radiation at doses of 150 Gy, 250 Gy, 400 Gy,
600 Gy, and 800 Gy. Control snails and snails that underwent irradiation with different
doses of gamma radiation young and old grape snails were stored in special containers in
laboratory conditions at a temperature of 22-25 °C for 60 days. During this period, they
were fed the same amount of vegetables (carrots and cucumbers) and water. The grape
snails were kept in a regime of 16 h of light and 8 h of darkness.

After 60 days, their shell and body parts were separated, dried at room temperature
under natural conditions, and prepared for EPR studies.

Then, EPR spectra of control and irradiated samples were recorded in a wide range
of magnetic fields (500-5500 G). It should be noted that consecutive measurements were
performed at least five times. Figure 1 shows the EPR spectra of shell parts of the control
and irradiated old snails at different doses.
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Figure 1. EPR spectra of shell parts of the control and irradiated at different doses of old snails.
(A) control, (B) 150 Gy, (C) 250 Gy, (D) 400 Gy, (E) 600 Gy, and (F) 800 Gy.

The parameters of the EPR spectrometer are as follows: center field—3000 G; sweep
width—5500 G; resolution—1024 points; frequency—9870 GHz; power—2102 mW; modu-
lation frequency—100 kHz; modulation amplitude—10 G.

The identification of the EPR spectra of the shell parts of old grape snails recorded
in Figure 1 illustrates the formation of free radical signals (g = 2.0023), broad EPR signals
characterizing iron oxide magnetic nanoparticles (g = 2.4), six-component manganese ion
signal with hyperfine structure (g = 2.01), and copper ions signals (g = 2.1). It was also
observed that the increase in gamma radiation dose leads to a linear increase in the intensity
of free radical signals (g = 2.0023). Depending on the dose of radiation, the monotonically
dependent change in the intensity of the free radical signals obtained from the shell parts
of grape snails allows us to use them as bioindicator parameters. Therefore, the regular
change in the parameters of free radical signals depending on the dose of radiation allows
us to use them in the assessment and monitoring of the ecological state of the environment.

Broad EPR signals characteristic of iron oxide magnetic nanoparticles (g = 2.4) ap-
peared in the EPR spectra of the shell parts of grape snails. When the radiation was at
150 Gy, 250 Gy, we observed this signal at a small amplitude. Additionally, when the
radiation dose reaches 400 Gy, the intensity of the broad EPR signal characterizing magnetic
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nanoparticles takes its maximum value. It has been found that irradiation of 600 Gy slightly
reduces the intensity of this signal. Irradiation with ionizing gamma radiation at a dose of
800 Gy causes a doubling of the signal intensity.

Thus, as a result of the effect of radiation as a stress factor on snails in certain doses
(150 Gy, 250 Gy, and 400 Gy), an increase in free iron ions in their body and the creation of a
reducing environment occur. This leads to the formation of nanophase iron oxide particles
as a result of biomineralization. However, although the escalation of radiation dose (600 Gy)
increases free iron ions in the organism of the grape snails, the weakening of the reducing
system decreases the formation of magnetic nanoparticles. The effect of radiation at the
highest dose (800 Gy) results in the complete failure of the reducing system, and therefore
the formation of nanoparticles does not occur. Thus, the absence of a reducing system leads
to the generation of free radicals and reactive oxygen species (ROS). It is known that during
stress, as a result of breaks in the living system, the bound iron changes to the free iron
form. Due to the Fenton reaction, the increase in iron ions leads to the formation of ROS
(for example, hydroxyl radical (HO®); superoxide anion (O2°~); hydrogen peroxide (H,O»);
hydroxide ion (HO™), etc.). The living system transforms ROS into nano-sized magnetic
particles to prevent them from multiplying. Additionally, the shells of snails do not have a
reducing system. However, iron-based nanoparticles occur in them. This can be because
the shells of grape snails are directly connected with the body and are “fed” through it.
Thus, the body parts of grape snails affect the formation of the structure and composition
of the shells’ parts.

Figure 2 shows the EPR spectra of body parts of the control old grape snails and the
old grape snails irradiated at different doses of gamma radiation. As shown, the spectra
obtained from the body parts of snails show signals of free radicals (g = 2.0023), broad
EPR signals characterizing iron oxide nanoparticles (g = 2.32), and signals of iron ions
(g = 3.43). A comparison of the EPR spectra obtained from the shell and body parts of the
grape snails shows that the intensity of the generated signals was more intense in the body
samples. This may be due to the presence of a reducing system in the body parts of snails.
Compared to the control, irradiation up to 250 Gy produces a broad EPR signal with a very
high amplitude, which characterizes iron oxide magnetic nanoparticles. Increasing the
radiation dose from 400 Gy to 800 Gy leads to a gradual fall in the intensity of this signal.
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Figure 2. EPR spectra of body parts of old grape snails in the control and irradiated objects.
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Certain doses (200 Gy and 350 Gy) of ionizing gamma radiation increase free iron
ions in their body, and the presence of a reducing environment leads to the formation of
nanophase iron oxide particles inside them as a result of biomineralization. Within the dose
increment (600 Gy), again, the weakening of the reducing systems causes the formation
of iron oxide magnetic nanoparticles to plummet there. Irradiation at the highest dose of
gamma radiation (800 Gy) causes the complete breakdown of the reducing system, so the
formation of nanoparticles does not occur. Thus, the absence of a reducing system leads to
the formation of free radicals and ROS. This leads to the destruction of the living system.

This means that the formation of iron oxide magnetic nanoparticles as a result of stress
has the purpose of self-defense of the organism.

EPR spectra of the body and shell parts of young grape snails were also recorded
(Figures 3 and 4). It was identified that the changes in the behavior of the EPR signals shell
and body parts of old snails were also observed in the EPR spectra of young grape snails.

However, depending on the dose of gamma radiation in old grape snails, the dynamics
of the changes in free radical signals (g = 2.0023) and characteristic broad EPR signals of
iron oxide magnetic nanoparticles (g = 2.32) obtained from body parts were more intense
than the dynamics of corresponding signals. This can be explained by the fact that old grape
snails have lived longer in nature and have been more exposed to various environmental
factors (for example, temperature, humidity, drought, UV radiation, and others).

The recorded spectra of the alterations of the intensity of the free radical signals and the
intensity of the EPR signals of iron oxide magnetic nanoparticles depending on the radiation
dose are shown graphically (Figures 5 and 6). The obtained result is very important in
monitoring and evaluating the ecological condition of the environment. We can say that
the regular change in parameters of wide EPR signals characterizing iron oxide magnetic
nanoparticles (g = 2.4) obtained from the body and shell parts of grape snails under the
influence of stress factors is informative in assessing the degree of environmental pollution.

When studying the effect of various stress factors on living systems, it was found that
stress factors cause the emergence of new magnetic properties in animal organisms as well
as in plant systems.

Thus, during the study of the effect of various stress factors on living systems (plants,
animal organisms, and chloroplasts isolated from higher plant leaves) using the EPR
method, it was found that any stress factor in certain doses as a result of biomineraliza-
tion causes the formation of iron oxide magnetic nanoparticles (magnetite—Fe3O4 and
maghemite—y—Fe;O3) in a living system. These nanoparticles lead to the formation of
new magnetic properties in living systems. This result is very promising and relevant in
terms of assessment and biomonitoring of the ecological state of the environment. Because
our research showed that the parameters of EPR spectra of control and irradiated samples
can be used as bioindicator parameters, these signals are informative in environmental
monitoring.

In addition, the obtained results are also considered very important in terms of biomed-
ical applications. Thus, our experiments showed that as a result of stress factors up to
certain doses, nano-sized iron oxide particles are formed in living systems. These nanopar-
ticles play an important role in medical treatment and diagnostics.
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Figure 3. EPR spectra of body parts of the control and irradiated at different doses of young grape
snails. (A) Control, (B) 200 Gy, (C) 400 Gy, (D) 600 Gy.
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Figure 4. EPR spectra of shell parts of the control and irradiated with different doses of young grape
snails. (A) Control, (B) 200 Gy, (C) 400 Gy, (D) 600 Gy.
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Figure 5. Dependence of the intensities of free radical signals (1) and broad EPR signals characterizing
magnetic iron oxide nanoparticles (2) recorded in the body parts of grape snails on the radiation dose.
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Figure 6. Dependence of the intensities of free radical signals (1) and broad EPR signals characterizing
magnetic iron oxide nanoparticles (2) recorded in the shell parts of grape snails on the radiation dose.

As a continuation of the experiments, the radionuclide composition of the bodies and
shells of the studied grape snails and their specific activities were also determined (Table 1).

It was found that more radionuclides (*°K, 232Th, 226Ra, 228Ra, 137Cs, 23°U, 238U) are
collected in the shell than in the body parts of grape snails. At the same time, higher specific
activities of radionuclides were found in the shell. This can be explained by the fact that
the shell is exposed to more stress factors than the body.

63



Molecules 2023, 28, 1872

Table 1. Radionuclide compositions of shell and body parts of grape snails and their specific activities.

Radionuclides Unit of Measure Grag;:jln ail Gra]};: dSynall
40K Bq/kg 26.1 +3.1 6.7+ 15
22Th Bq/kg 6.2+03 MDA = 0.32
226Ra Bq/kg 31+05 MDA = 0.63
228Ra Bq/kg 43+04 MDA = 0.55
137¢s Bq/kg 1.39 + 0.12 0.91 +0.14
25y, Bq/kg 0.08 & 0.03 MDA = 0.03
28y Bq/kg 1.65 4 0.31 MDA = 0.65

Our research continued with the study of the mucin secreted by grape snails. Infrared
spectra of mucin were recorded (see Figure 7).
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214284

147075 145547

165163 463301
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Figure 7. FTIR spectra of mucin secreted by grape snails.

In the spectra, the 3800-3300 wavenumbers belong to OH groups, 2142 to the absorp-
tion bands of C=C double bonds, 1667-1651 to the CO group, 803 (R)2 to the absorption
band of out-of-plane deformation oscillations of C-H bonds connected to the double bond
in the corner position of the C=CHR double bond, and 656, 508 to skeletal oscillations of
C-C bonds.

3. Materials and Methods

In the conducted studies, young and old grape snails with shells collected from
different areas of Absheron (Azerbaijan) were used as research objects. It should be noted
that the age of snails is determined by the size of their shell parts. The shell color of grape
snails is usually yellowish brown. Usually, they have wide stripes of dark brown color on
their shells, but there are snails without them at all.

Snails are usually collected from nature in spring, summer, and early autumn. This
is due to the hibernation of snails in cold seasons (at temperatures below 7 °C). Although
the grape snail has a large shell and is slow, it can be a good digger. As soon as autumn
comes, the snail digs a hole in the ground with its foot and then hibernates. If the ground
cannot be dug due to the high density of the earth, the snail rolls over onto its back, scoops
up more fallen leaves, and hibernates in this way. How long grape snails live is greatly
influenced by their living conditions. In nature, this period is up to 8 years.

The grape snails that are the objects of research were collected from nature in spring
and summer. After the snails were placed in special containers with 20 individuals in
each, they were irradiated with different doses of ionizing gamma radiation (young snails:
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200 Gy, 400 Gy, and 600 Gy; old snails: 50 Gy, 250 Gy, 450 Gy, 600 Gy, and 800 Gy) in a
“RUHUND—20000" device with a CO 60 source (Figure 8). For 60 days after irradiation, the
life activities and feeding of snails were monitored, and their death rates were determined.
It should be noted that during this period, the food ration of the snails was completely the
same. It was revealed that the life activities and nutrition of snails weaken with a high
dose of gamma radiation. At the same time, the increase in the radiation dose led to an
increase in their mortality rate. Thus, it was determined that two individuals irradiated
with a dose of 200 Gy died, three individuals irradiated with a dose of 400 Gy died, and
five individuals irradiated with a dose of 800 Gy died. In general, it was found that snails
are resistant to the effects of radiation factors.

Figure 8. Control and irradiation with different doses of packaged grape snails.

After 60 days, the shells and body parts of the snails were separated and dried under
natural conditions at room temperature (22-25 °C) (Figure 9) for 10-14 days. Spectra of the
dried samples were recorded at room temperature on an Electron Paramagnetic Resonance
Spectroscopy (EMX-BRUKER (Rheinstetten, Germany)).

Figure 9. Shell and body parts of grape snails dried at room temperature.

In addition, the mucin secreted by grape snails with shells was studied by the infrared
(IR) spectroscopy method (Figure 7). The quality of the extracted mucin depends on
many factors: temperature, season, and diet of the snail. The study of snail mucin is of
great interest. The snails release mucin during times of stress or injury. As a complicated
biological complex, mucin increases the regeneration properties of the epidermis, enriches
the cells of the deep layers of the skin with water, fights inflammation, and acts as a highly
effective natural antioxidant. Mucin is also used for cosmetic products.

The radionuclide composition of grape snails’ bodies and shell parts and their specific
activities were determined using CANBERRA gamma spectroscopy. This gamma spec-
troscopy is designed to measure the energies of X-ray or gamma radiation quanta emitted
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by radionuclides, as well as the activity (specific, volume) of gamma-emitting radionuclides
in samples and objects. The results we obtained are shown in Table 1. For this purpose,
when preparing the samples, the shell and body parts of the grape snails were separated
from each other, dried at room temperature, and crushed by grinding. Then, the dried
samples were placed in special Marinelli containers, and after some time (7-10 days), their
radiospectrometric analysis was performed.

4. Conclusions

Using the EPR method, we studied new paramagnetic centers formed in living systems
during the impact of various stress factors. The study of paramagnetic centers in various
types of plant organisms has shown that the effect of stress factors causes the emergence of
magnetic properties in them. In recent years, we have been conducting research on animal
organisms to show the generality of the observed phenomenon. The presented work is
dedicated to the study of new paramagnetic centers formed in old and young grape snails
during the impact of ionizing gamma radiation, which is one of the stress factors.

The effect of ionizing gamma radiation on old and young grape snails was studied
using the EPR method. The formation of paramagnetic centers was investigated in control
grape snails and grape snails exposed to gamma radiation. It was found that gamma
radiation causes the emergence of new magnetic properties in animal organisms, as well as
plant systems.

EPR spectra of the body and shell parts of the control and exposure to various doses
of gamma-irradiated young and old grape snails were recorded in a wide range of the
magnetic field (500-5500 G). It was found that the intensity of the free radical signals
(g =2.0023) recorded in both the shell and body parts of grape snails increased linearly by
elevating the gamma radiation dose. However, non-monotonic behavior of the intensities
of the EPR signals (g = 2.32) characterizing the nanophase iron oxide particles was observed
with the increase in the dose of gamma radiation in both the shell and the body parts.
Therefore, the intensity of these signals was observed to increase gradually up to radiation
doses of approximately 250-400 Gy, and gradually decrease during the subsequent increase
of the radiation dose. In addition, it was determined that the amplitudes of the broad EPR
signals characterizing iron oxide magnetic nanoparticles are more intense in the body parts
of snails than in the shells. At the same time, a comparative study of old and young snails
using the EPR spectroscopy method showed that the magnetic properties of old snails were
higher than those of young snails. This can be explained by the fact that older snails are
more exposed to various stress factors (temperature, UV radiation, drought, humidity, etc.).

The results obtained during the studies conducted with grape snails can be used in
the assessment of the ecological status of the environment and many modern biomedical
studies. The changes in the behavior of the EPR spectra of grape snails depending on the
radiation dose show that these signals are informative in monitoring and evaluating the
ecological state of the environment. Thus, depending on the dose of radiation, the regular
change in the intensities of the free radical signals (g = 2.0023), as well as of the wide range
of EPR signals characterizing iron oxide magnetic nanoparticles (g = 2.4) from the body
and shell parts of snails, allows us to use snails as bioindicators.

The obtained results are also of practical importance in terms of applications in
biomedicine, because in modern times, magnetic nanoparticles are widely used in medicine
for both diagnostic and therapeutic purposes [33-35]. Additionally, we show in our research
that magnetic properties are created in living systems during stress.

Thus, the study of paramagnetic centers in grape snails using the method of electron
paramagnetic resonance spectroscopy showed that as a result of the impact of ionizing
gamma radiation, which is one of the stress factors, nanophase magnetic iron oxide particles
are formed in living systems.

It was determined that magnetite crystals in biological tissues are generated due to
the phenomenon of biomineralization. The detection of iron oxide nanoparticles using
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EPR signals can be used as a new source of biochemical and biophysical information in
biomedical research.

Determining the radionuclide composition of the shell and body parts of grape snails
separately, it was concluded that the radionuclides in the shell have a higher specific activity.
This is explained by the fact that the shell of snails is more exposed to stress than the body.
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Abstract: The cytochrome P450 family consists of ubiquitous monooxygenases with the potential to
perform a wide variety of catalytic applications. Among the members of this family, CYP116B5hd
shows a very prominent resistance to peracid damage, a property that makes it a promising tool
for fine chemical synthesis using the peroxide shunt. In this meticulous study, we use hyperfine
spectroscopy with a multifrequency approach (X- and Q-band) to characterize in detail the electronic
structure of the heme iron of CYP116B5hd in the resting state, which provides structural details
about its active site. The hyperfine dipole-dipole interaction between the electron and proton
nuclear spins allows for the locating of two different protons from the coordinated water and a beta
proton from the cysteine axial ligand of heme iron with respect to the magnetic axes centered on
the iron. Additionally, since new anti-cancer therapies target the inhibition of P450s, here we use
the CYP116B5hd system—imidazole as a model for studying cytochrome P450 inhibition by an azo
compound. The effects of the inhibition of protein by imidazole in the active-site geometry and
electron spin distribution are presented. The binding of imidazole to CYP116B5hd results in an

imidazole-nitrogen axial coordination and a low-spin heme Fe!ll

. HYSCORE experiments were used
to detect the hyperfine interactions. The combined interpretation of the gyromagnetic tensor and the
hyperfine and quadrupole tensors of magnetic nuclei coupled to the iron electron spin allowed us to
obtain a precise picture of the active-site geometry, including the orientation of the semi-occupied
orbitals and magnetic axes, which coincide with the porphyrin N-Fe-N axes. The electronic structure
of the iron does not seem to be affected by imidazole binding. Two different possible coordination
geometries of the axial imidazole were observed. The angles between g (coinciding with one of the
N-Fe-N axes) and the projection of the imidazole plane on the heme were determined to be —60°
and —25° for each of the two possibilities via measurement of the hyperfine structure of the axially
coordinated N.

Keywords: EPR spectroscopy; CYP450; HYSCORE; peroxygenase; hyperfine interactions; low-spin
hemeprotein; multifrequency EPR; quadrupole interaction; imidazole binding

1. Introduction

The cytochrome P450 family (CYP450s) consists of ubiquitous and versatile monooxy-
genases primarily responsible for catalyzing the hydroxylation of non-activated hydrocar-
bons using O, and NADPH, but they are also involved in numerous other reactions [1].
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Existing in all living organisms such as human beings, animals, plants, bacteria, and fungi,
CYP450s catalyze many important biological processes [2,3]. This great catalytic versatility,
exploited in different ways to obtain high-value products such as steroids, fatty acids,
and prostaglandins, as well as to eliminate xenobiotics and drug metabolites [4-6] has,
over the years, attracted much interest in the scientific community. Additionally, CYP450s
have also found use in the catalysis of specific reactions, such as epoxidation, desatu-
ration, O, S, N-dealkylation, and sulfoxidation, as well as, if conveniently engineered,
unnatural reactions [7-12]. Lately, CYP450s have also been reported to be key enzymes
in cancer generation and treatment because they mediate the metabolic activation of nu-
merous precarcinogens and participate in the inactivation and activation of anticancer
drugs [13]. In this sense, azo compounds are part of several inhibitor-based drugs targeting
CYP450s [14,15]. Finally, unwanted inhibition of CYP450s during drug metabolism and
transport is one of the main causes of drug—drug interactions (DDIs) with consequent
hospitalization and deaths related to drug use [16]. For these reasons, developing therapies
allowing the possibility of controlling CYP450 inhibition is very attractive and could lead
to substantial improvement in the treatment of certain medical conditions.

Among the members of the wide CYP450 family, CYP116B5 belongs to class VII
CYP450 [17], which is defined as “self-sufficient” CYP450s [18] because they possess the
P450 domain fused with the CYP450 reductase domain. Low activity, poor stability, and
cofactor dependence are the main barriers to the industrial /biotechnological applicability
of CYP450s and limit their use only to the production of high-value molecules such as
fine chemicals and pharmaceuticals. Therefore, various efforts have been undertaken in
recent decades to increase the application of CYP450s in biotechnology owing to enzyme
engineering. For example, the heme domain (CYP116B5hd) obtained from the full protein
CY116B5 showed outstanding resistance to H,O, damage. This feature allows the enzyme
to use the so-called peroxide shunt path to perform catalysis and, therefore, carry out dif-
ferent oxidative reactions on aromatic compounds and generate drug metabolites without
economic or environmental drawbacks [19]. This pathway is a shortcut of the CYP450
catalytic cycle consisting in the use of hydrogen peroxide or peracids to generate, directly
from the resting state, Compound 0, which precedes the formation of reactive Compound
I, the true catalytic species of the whole catalytic cycle. Then, the latter can, through a
stepwise or dynamically concerted radical rebound mechanism, immediately perform the
hydroxylation reaction [20,21]. Therefore, without needing expensive electron donors, such
as NADPH, used in the classical CYP450 catalysis, but simply by using hydrogen peroxide
or peracids, products can be obtained with high catalytic performances [19,22].

The exceptional behavior of CYP116B5hd, which makes it different from a classical
CYP450 monooxygenase, relies on the potential to exploit its peroxygenase-like reactiv-
ity [23]. With the conviction that this particular behavior had to be investigated by focusing
on the properties and characteristics of the CYP116B5hd active site—the place where all
the catalytic events take place—we undertook the study of the resting state of the enzyme
via electron paramagnetic resonance (EPR) spectroscopy. Since CYP450s possess a charac-
teristic active site with an Fe!ll-heme center as the fulcrum, and given the paramagnetic
nature of the iron, not only in the resting state of the enzyme but also in several interme-
diates generated during the CYP450 catalytical cycle, EPR spectroscopy lends itself as a
very suitable technique to characterize and analyze this system [24-31]. In our previous
work [32,33], we carried out a study on CYP116B5hd, where we analyzed the g-values
according to the electronic model for low-spin Fe!ll by Taylor [34,35] and compared our
results with those obtained for other classical (monooxygenase-like) CYP450s, such as
CYP102A1 (CYPBMS3), and more exotic (peroxygenase-like) CYP450s, such as CYP152B1,
CYP152K6, and CYP152L1. From this comparison, it was concluded that the electronic state
of the enzyme was very much like the classic P450, determined by the active site in the
close proximity of iron. Therefore, the peculiar behavior of this enzyme with respect to per-
oxide damage resistance would rather be associated with the supramolecular interactions
between the protein scaffold and its active site. In the same study, the inhibitor imidazole
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was shown to bind the protein at the active site through direct coordination with the heme
iron. The proof was the finding of an imidazole *N nucleus coupled with the electron
spin of the iron using hyperfine sublevel correlation (HYSCORE) experiments. However,
the complete analysis of nuclear spin frequencies obtained via HYSCORE spectroscopy or,
in general, via hyperfine spectroscopy can still expose a wealth of information encoded
in the hyperfine and nuclear quadrupole interactions. Such information is related to the
geometry of the active site; for example, the location of a magnetic nucleus in virtue of
its through-space magnetic interaction with the electron spin or related to the mapping
of the electron spin density distribution [36—41]. This knowledge is relevant to enable
structure—function relationships and to develop a molecular-level understanding of the
factors governing the catalytic properties of heme-based enzymes.

This work, in particular, aims to clarify the coordination of the axial water molecule,
since water molecules connected to the active site can shuttle proton channels and influence
reactivity [42,43]. They definitely play an active role during the catalytic cycle of CYP450s,
whether they electronically stabilize the Fe!ll center in the resting state, favor the substrate
approach to the active site, or the protonation of catalytic intermediates [44-46]. At the same
time, there is the goal of conveying the geometric details of the active site and, especially,
the orientation of the third iron orbitals where the unpaired electron resides and relating
it with the coordination of the axial water molecule to find out the possible structural
determinants of the electron distribution. Finally, the EPR spectroscopy characterization
of CYP116B5hd is intended to be used as a model to study CYP450 inhibition by azo
compounds and the effects of imidazole coordination on the structure of the heme.

In order to access this information, the complete hyperfine and nuclear quadrupole
tensors have to be determined experimentally. We conducted this determination in a disor-
dered sample (protein frozen solution) by taking advantage of the anisotropic g-tensor and
systematically performing mostly HYSCORE experiments at different magnetic field values
through the EPR spectrum, with special interest in the magnetic field positions that contain
a principal axis of the g-tensor. Starting from there, we report on a detailed multifrequency
(X-band and Q-band microwave frequencies) EPR spectroscopy investigation of the heme
iron properties of CYP116B5hd, a self-sufficient monooxygenase acting as a peroxygenase,
either in its resting state or interacting with imidazole, a basic model for azo compounds.
This study was carried out by means of CW-EPR combined with hyperfine spectroscopy,
providing a precise description of the electronic structure and environment of this peculiar
cytochrome P450.

2. Results and Analysis
2.1. Effect of Nuclear Spin Labeling on the CW-EPR Spectrum

The CW-EPR spectrum of CYP116B5hd as a substrate-free protein either in an aqueous
or deuterated frozen solution showed the typical powder pattern of an Fe!l' low-spin
(S= %) heme center (see Figure S1 in Supplementary Materials) with g-values (see Table 1)
coinciding, within the error limits, with the ones previously reported [32].

Table 1. The g-values and crystal field parameters of the CYP116B5hd Fel-heme system in different
experimental conditions.

Sample gz 8y gz VI/E AJE

CYP116B5hd in D,O 2443 +0.005 2253 £0.002 1.923 +£0.002 4.74 +0.06 5.44 + 0.18
CYP116B5hd in H,O [32] 2440 +£0.005 2250 £0.002  1.920 +£ 0.002  4.74 + 0.06 5.44 + 0.18
2) 2.466 + 0.005 2.258 4+ 0.002 1.902 + 0.002 3.47 +£0.03 511 +0.17

CYP116B5hd in H,O + 1°N,-imidazole
(1) 2589 4+0.005 2258 +0.002 1.857 +£0.002 4.40 + 0.05 5.13 £0.17
. . (2) 2468 4+0.005 2258 +0.002 1.902 +£0.002 3.50 + 0.03 5.13 £0.17

CYP116B5hd in H,O + Imidazole [32]
(1) 2.58540.005 2258 +0.002 1.860 +0.002  4.39 +0.05 5.14 +£0.17
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In the presence of an excess of imidazole or 1°Nj-imidazole, the CW-EPR spectrum
is characterized by two new low-spin populations quantified to be approximately in the
same amount, with neither one retaining the substrate-free protein g-values, as was found
before in the protein-imidazole complex [32].

Labeling the nuclei of the axial distal ligand, H,O or imidazole, with isotopes 2H
and °N, did not have any effect on the CW-EPR spectra, and consequently, on the crystal
field parameters A and V. Therefore, one can conclude that the hyperfine couplings of
the iron with these nuclei are smaller than other line-broadening mechanisms. To access
the information about the hyperfine interactions occurring between the iron spin and
the magnetic nuclei present in its environment, we previously tested the suitability of
HYSCORE experiments, which showed couplings with several nuclei in the active site
of the protein [32,33]. To fully characterize the anisotropy of the hyperfine and nuclear
quadrupole interactions, HYSCORE experiments were recorded at different values of the
magnetic field spanning the whole EPR spectrum of the protein, both with and without
imidazole. To minimize the effect of blind spots, several T values were used for the most
significative spectra.

2.2. Hyperfine Interactions with Hydrogen Nuclei

The information related to couplings with hydrogen nuclei is observable only in the
(+,4) quadrant, suggesting that these nuclei are weakly coupled to the iron electron spin.
Among the closest protons to the iron are those belonging to the axial ligands, i.e., the
two protons of the distal water molecule and the {3 (closest) or o protons of the proximal
cysteine ligand (a.a. 381), and then the meso and pyrrole protons in the porphyrin ring.

In Figure 1, the (+,+) quadrants of the HYSCORE spectra best depicting the pro-
ton signals at the magnetic field position corresponding to the principal magnetic axes
are shown.

All the proton signals emerge in the spectra as small ridges symmetrically placed with
respect to the diagonal of the quadrant and located at or slightly above the antidiagonal
crossing at the proton Larmor frequency for every magnetic field (dashed lines in the
figure), consistent with proton signals in the weak-coupling regimen (A < 2vy;). The lower
range of frequencies in the 2D spectrum shows signals attributed to the 1*N nuclei, which
are analyzed in the next section. The upper row of the figure (Figure 1a) collects the spectra
from the resting state of the enzyme in an aqueous solution at the magnetic field positions
corresponding to the g, (left spectrum), g, (center), and gy (right).

For the g, spectrum, three short ridges with slightly different directions are detected;
they have been assigned to three different protons in the heme environment and labeled
Hj, appearing at (15.9, 9.3) MHz, H; at (15.5, 9.5) MHz, and Hj at (13.5, 10.9) MHz. It has
been reported for CYP450s and other heme enzymes that the principal axis g, is oriented
approximately along the heme normal plane [47]. This means that the external magnetic
field is perpendicular to the heme plane for this single-crystal position spectrum, which
is an excellent opportunity to assign the proton signals using the electron—nuclear dipole—
dipole interaction (Equation (1)). This approximation should be accurate enough when the
interacting nucleus is located more than 0.25 nm away from the metal center and there is
no significant spin delocalization out of the iron ion (see page 30 of [48]):

3c0s%60 — 1
0
Adp = g 8e Hog MN(ria) =T (30’0 - 1) M
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Figure 1. X-band, (+,+) quadrant, HYSCORE spectra of CYP116B5hd (300 uM) in KPi 50 mM pH

6.8, 30% glycerol substrate-free in H,O (a), substrate-free in D,O (b), and interacting with 15N-

imidazole (c). The spectra, as shown in the insets, were recorded at the (left column) g,, (center
column) gy, and (right column) gx magnetic field positions. The spectra were recorded at 10 K. T

values of (a) the sum of 208 ns and 250 ns spectra, 250 ns and 250 ns; (b) 400 ns, 250 ns, and 250 ns;

and (c) the sum of 208 ns and 250 ns spectra, 250 ns and 168 ns.

The equation above is the expression of the hyperfine coupling between a nuclear
and an electron spin with gy and g, respectively. The distance between the two magnetic
. . . - .
dipoles is represented by 7, and 0 is the angle between the vector r and the magnetic
dipoles (oriented along the external magnetic field). For the HYSCORE spectra collected at
g», the magnetic field is oriented along the heme normal plane, thus 6 is the angle between
the heme normal plane and v (see Figure 2).
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N

Fe 7
f/ ¢
gx

Figure 2. Sketch of Felll-heme center showing the geometric relationships between the g-tensor
principal axes and a coupled proton nucleus belonging to an axial ligand and bound to a coordinated
atom X.

Starting from the structural data of the closest protons to the iron, obtained from the
X-ray diffraction study of the protein [49] (in Table 2), the position of the HYSCORE signals
was calculated assuming exclusively a dipole-dipole hyperfine interaction with the electron
density concentrated entirely on the position of the iron ion.

For cysteine beta protons (HP), the information about r and 6 was obtained directly
from the structure; for the water protons, a range of compatible distances and angles
was estimated from the position of the distal water oxygen. This simple calculation was
sufficient to preliminary assign H; and H; signals to the two axial water protons and
Hj3 to one of the HP of the cysteine proximal ligand since the calculations were already
giving results very close to the experiment. The water proton assignment of H; and Hp
was further confirmed by the lack of corresponding signals in the HYSCORE spectrum
of the protein recorded under the same conditions but in a deuterated buffer, together
with the appearance of symmetric peaks above the ?H antidiagonal (see Figure 1b). The
dipole—dipole couplings from other non-exchangeable protons in the active site, that is, the
other HP proton of the proximal cysteine and from the porphyrin, were calculated to be too
small to have a contribution to the signal outside the diagonal peak, especially considering
that porphyrin protons have been reported to contribute to ENDOR spectra at this field
position with couplings of 2 MHz [50-57]. With this argument, we confirm the assignment
of Hj signals to HP of the proximal cysteine ligand.

The HYSCORE spectra at the other single-crystal position, gx, are depicted in the
right column of Figure 1. Besides the matrix proton line at the diagonal, two short ridges
are present along the 'H antidiagonal at frequency coordinates (17.0, 14.1) MHz, which
slightly move and change shape upon buffer deuteration. Concomitantly, a strong peak
at the diagonal, close to the Larmor frequency of the deuterium appears. In this case, the
magnetic field of the molecules contributing to the spectrum lies on the heme plane, in the
direction of the principal x-axis of the g-tensor (which is in principle unknown).

The spectrum for the intermediate position g, (central column in Figure 1) is con-
tributed by molecules with different orientations of the magnetic field. The full range of ori-
entations, containing the y-axis of the g-tensor, is depicted in Figure S1 (see Supplementary
Materials). In addition to a strong peak in the diagonal, four peaks symmetrically placed
with respect to the diagonal and the 'H antidiagonal become evident together with weaker
correlations forming a cross with the proton matrix peak at the center. These are combina-
tion peaks between the proton Larmor frequency (vy) and the double quantum frequencies
of N nuclei interacting with the electron spin (see below). Also, on the diagonal but
slightly above the proton Larmor frequency, a small ridge is attributed to axial water
protons based on their disappearance upon solvent deuteration (see Figure 1b, center).

The first step of the analysis procedure after the described assignment was to process
the data according to Dikanov’s procedure [58,59], as described in the Supplementary
Materials. The correlation signals in the (v2, v?) plot are shown as straight lines, which
indicates axial hyperfine interactions. Their linear fit allowed having a first estimate of
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the isotropic and axial anisotropic hyperfine contributions T and a;;,. These values were
subsequently refined using HYSCORE simulations (see Figure 3) whereby the orientation

of the anisotropic hyperfine was also determined.
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Figure 3. Simulation of the (+,+) quadrant, HYSCORE spectra of the substrate-free CYP116B5hd at
the X-band. Exp. conditions: (300 uM) in KPi 50 mM pH 6.8, 30% glycerol in H,O (a), substrate-free
in D,O (b), and interacting with 15N-imidazole (c). The spectra, as shown from the insets, were
recorded at the (left column) ¢, (center column) gy, and (right column) gx magnetic field positions.
The individual simulations of the water protons, H; and Hj, are shown in pink and blue, those of the
cysteine beta proton, Hj, in green, and the imidazole protons, Hy, in purple.

The angles oc and {3 are the two Euler angles connecting the gyromagnetic axes with
the hyperfine frame. Since the hyperfine tensor is axial, there is no need for the third Euler
angle, y. The parameters yielding the best simulations for the 'H and ?H signals of the
complete set of spectra (shown in Figure 3) are collected in Table 2. Note that the angle §,
which is the angle between the normal plane to the heme (directed as g, in our case) and P
and «, which is the angle between the g, principal axis and the projection of 7 in the heme
plane, corresponds to the angles 6 and ¢ in Table 2 (see Figure 2).
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11T

Table 2. Spin Hamiltonian parameters of 1H and 2H proton nuclei coupled to the Fe'™ electron spin,

derived from simulations in Figure 3 on the spectra reported in Figure 1.

EPR Crystal Crystal
Species Label  a;,, [MHz] T [MHz] NEII;I[{O] r (Fe-H) CrFyst;le SZ' str. str.
' (A r@EeHIAL 4] [°]
H,0 H;,  —0.09 +0.06 5.60 + 0.02 0+522+5 2424 29b 23b 5b
H,0 H, —1.095+0.080 520+ 0.02 0+516+5 2482 2.7b 19b ob
D,O D; —0014+001 086040003 0+522+5 2422
D,O D, —017-+003 080040003 0+516+5 2484
Cysteine ~ Hy 0794022 2604004  0&54745 3122 RSP0 usec 413
Imidazole (2) ’ 1.76 = 0.11 2.66 + 0.08 —25+ 5, 40+ 5 310 3142, 3.487 41 38¢ N A
Imidazole (1) 1.76 + 0.1 2.66 + 0.08 604,40+ 5 ' [60] ’ o

2 Distances obtained through the point-dipole approximation (see Equation (1)). P Distances and angles obtained
from the CYP116B5hd crystal structure (Res.: 2.60 A) by tentatively adding the water protons using software.
¢ Distances and angles obtained from the CYP116B5hd crystal structure, referring to the proximal cysteine, HP.
The farthest proton is not resolved from the matrix line in the HYSCORE spectrum. ¢ « angle obtained from
the spectral simulation of *N-Im g, HSYCORE features since no proton signals are observed at the gy of the
Imidazole (1) species. ¢ Distances and angles obtained from a CYP450c,m—imidazole complex (Res.: 1.50 A,
see [60]) and referring to both imidazole protons, H(2) and H(5).

From the value of T obtained from the simulations, the iron-proton distance was
estimated (column 6 in Table 2) and compared with the distance and 6 angle obtained from
X-ray diffraction experiments (column 7). The agreement is remarkable. Note that the
best simulations are obtained for « = 0 for water and cysteine protons, which means the
projection of the respective r vectors coincides with the axis gy.

The parameters for deuterium simulations were obtained by scaling the corresponding
proton parameters by their nuclear gyromagnetic ratios. The simulations of the deuterium
signals obtained using these hyperfine parameters together with a small nuclear quadrupole
contribution of (0.1, —0.06, —0.04) MHz were satisfactory (see Figure 3). According to the
crystal structure, the distance between the iron ion and the second HP of the proximal
cysteine is 4.26 A so the expected value for T would be around 1.03 MHz. The heme
meso protons are located at 4.50 A from the iron center and the heme pyrrolic protons
have distances between 5.88 A and 7.74 A, corresponding to T values of 0.87 MHz and
0.39 MHz and 0.17 MHz, respectively. Such couplings were not detected in the HYSCORE
spectra; they probably remain unresolved from the proton matrix line. To obtain very
weak couplings, Mims ENDOR was performed (see Figure S4). They showed unresolved
couplings within 1 MHz of the proton Larmor frequency, none of which was attributable to
an exchangeable proton.

Upon inhibition by imidazole, the HYSCORE patterns change. To maintain the focus
on the proton signals, the spectra shown in Figure 1c correspond to the protein with an
excess of 1°Ny-imidazole, which has a much weaker axial nitrogen nuclear modulation.
In the g, spectrum, the proton signals assigned to the coordinated water molecule are
absent in accordance with the replacement of the distal water ligand by the inhibitor. The
proton signal that is actually detected consists of a ridge perpendicular to the diagonal.
This signal overlaps with the correlation peaks detected in the substrate-free samples that
were attributed to cysteine HP; however, there is a substantial difference in the shape of the
signal, which is more elongated along the 'H antidiagonal. This difference is attributed to
the additional contribution of 3- and 5-H imidazole protons. In the experimental spectrum
at gy (Figure 1, bottom right), the cross peaks assigned to the cysteine protons that are
clearly visible in the deuterated sample could not be detected. On the other hand, a
relatively intense peak on the diagonal newly emerges. At g;, only a broad matrix peak
on the diagonal is observed, which seems to be a bit more elongated along the diagonal
than at the resting-state sample. The water proton signals vanished while the combination
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lines (v1y + "*N(dq)) remained. Simulations of the 3- and 5-imidazole protons flanking the
coordinating nitrogen were performed using the point dipole approximation with Fe-N-Im
distances from other imidazole-coordinated heme proteins as the starting point [60] to
search for the « angle to optimize the fit. This optimum value was —25°, which defines
the orientation of the imidazole plane with respect to the axis gx. The disappearance of
the cysteine protons from the spectrum g, is puzzling and could be due to a change in the
direction g of the gyromagnetic tensor upon the addition of imidazole. We will investigate
this instance carefully in the next section.

Note that the value of g;5, found for imidazole protons (1.76 MHz) is larger than those
from water (0.09 MHz and 1.095 MHz) and cysteine protons (0.79 MHz).

2.3. Hyperfine Interactions with Nitrogen Nuclei

In Figure 4, selected X-band HYSCORE spectra of CYP116B5hd in the H,O buffer
showing the spectral regions with the contribution of 1N heme signals are displayed.
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Figure 4. Experimental (left) and simulation (right) of X-band HYSCORE spectra of CYP116B5hd
(300 uM) in KPi 50 mM pH 6.8, 30% glycerol substrate-free in H,O. The spectra were recorded at the
(@) gz, (b) gy, and (c) g» magnetic field positions, at 10 K. T values of (a) sum of 208 ns and 250 ns
spectra, (b) 250 ns, and (c) 250 ns. The individual simulations of the heme 4N pairs, N1 and Ny, are
shown in green and blue, respectively.

In general, the spectra are dominated by strong signals in the (—, +) quadrant. In
all cases, the position of the more intense features lies on the two lines parallel to the
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diagonal that intercept the coordinate axes at 4 vy; that is, the difference between the
nuclear frequencies in both spin manifolds is approximately four times the nuclear Larmor
frequency of N at the given magnetic field. This allows assigning these features as
correlations of double quantum (dq) nuclear frequencies of two different 14N nuclei (labeled
as Nj (dg) and N (dg) in the figure) in the strong coupling regime (A > 2 vy). For the
spectra corresponding to g, these peaks are found at (—7.00, 3.66) MH and (—7.61, 4.23)
MHz, at (—6.77, 3.30) MHz for gy, and at (—7.14, 2.89) MHz for gx.

At frequencies below 5 MHz, there is a peak-dense region with correlation peaks
involving single quantum (sq) nuclear frequencies that span both quadrants, (—,+) and (+,+).

The peaks observed at frequencies higher than 12 MHz in the (—,+) quadrant can be
identified as combinations of nuclear frequencies of two nuclei. For the peak cluster around
(—14, 4) MHz at the g, spectrum, one of the coordinates is the sum of dg frequencies in
one spin manifold (2-dg™! and dgN! + dgN?) and the dg"! or dgN? nuclear frequency in the
other spin manifold. Additional combination peaks are recognized above this cluster, for
which the nuclear frequencies at both spin manifolds are the sum of dg frequencies. These
combination peaks are also identified in the same region of spectra g, and g, and they
provide evidence of (at least) two equivalent nuclei of the one labeled N (dg).

Further experiments were performed at higher microwave frequencies in order to
increase resolution, an equivalent set of Q-band HYSCORE spectra is shown in the Sup-
plementary Materials (see Figure S5). For the Q-band, the hyperfine coupling is not in the
strong regime but rather it is close to the exact cancellation condition A~2 vy for g, and,
therefore, the correlations appear in both quadrants. For g, and g, the correlation peaks
are found in the (+,+) quadrant since the interaction is, for the corresponding magnetic
field value, in the weak coupling regimen (A < 2 vy). In the Q-band spectra, dg and sq
correlations are observed, as labeled in the figure, but the s/n of the data did not allow
recognition of combination peaks.

The simulations that are shown in Figure 4 (right) and Figure S5 of the Supplementary
Materials were conducted by fitting all the spectra with a common set of parameters. The
simulation routines were started by trying to minimize the number of varied parameters;
therefore, reasonable assumptions were made such as taking the heme normal plane (g,) as
a principal axis for A and Q tensors of the nitrogen nuclei (see Equation (1)) [35-37,39], that
is, the Euler angles for all tensors started as p = 0° and y = 0°. In general, the hyperfine
coupling parameters were estimated from the dq signals and the nuclear quadrupole
couplings from the sq peaks. Taking the axes of the Q tensor of the heme N nuclei as the
molecular axes, two groups of the N nuclei were considered that were initially bound to
differ by 90° in their orientation of the nuclear quadrupole axes with respect to the g-frame
on the heme plane (Euler angle «). Complying with these assumptions, we were able to
obtain the simulations shown in the figures without the need to release any of them. The
simulation parameters are collected in Table 2. The hyperfine couplings of the two nitrogen
nuclei differ only slightly, both hyperfine tensors are mostly isotropic, and the values are
in the range of what has been reported before for other P450 enzymes and other low-spin
heme centers [29,36-39,51,61]. While the isotropic contributions of the two sets of heme
nitrogen nuclei are almost identical (N1, a;5, = —4.93 MHz and Nj, a;;, = —5.10 MHz, see
Section 3 for assignment of the sign), the anisotropic contributions are very small, a bit
larger for the set Ny (N1, T =[0.035 0.135 —0.17] MHz and N, T = [0.30 0.40 —0.70] MHz).
The traceless nuclear quadrupole tensors have principal values similar to those that have
been reported [29,36,39] and the orientation in the heme plane coincides approximately
with the N-Fe-N directions.

Upon imidazole addition, as discussed above, the formation of two imidazole-bound
species takes place. For the EPR spectrum of this mixture of species, only the positions g
and gy of the species labeled Imidazole (1), the one with the most anisotropic EPR spectrum,
is in a single crystal-like position. The positions g, and g, of Imidazole (2), the least
anisotropic species have a more intense echo signal, and the HYSCORE spectra, with better
s/, contain the contribution of a single orientation of this species plus a set of orientations
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of the most anisotropic species. The spectra are depicted in Figure 5. They clearly differ
from the ones recorded at the equivalent field positions of the enzyme resting state in an
aqueous buffer. We have previously identified *N signals from the imidazole [32,33], but
to make a complete assignment and analysis we prepared a sample by the addition of
isotopically labeled >N-imidazole to the resting state of the protein. The corresponding
HYSCORE spectra are shown for both species in Figure S6 of the Supplementary Materials
and are all very similar to the ones obtained for the aqueous resting state at equivalent
magnetic field positions and are well reproduced with its parameters (collected in Table 2).
Additional weaker ridges present in the spectra are attributed to the heme nitrogen atoms
of the other (most anisotropic) imidazole-bound species. These results evidence the lack
of a substantial perturbation of the iron electron density upon imidazole binding and
rule out a change in the orientation of gy, which still coincides with one of the porphyrin
N-Fe-N axes (« = 0). Also, a detailed comparison of the aqueous and °N-imidazole bound
spectra allowed the identification of weak °N correlation peaks along the diagonal parallel
crossing at 2-v15y for some of the spectra.

After studying the N-Im and *N-heme signals, the signals from *N-imidazole
were analyzed using the spectra of protein samples prepared with an excess of naturally
abundant imidazole, evidencing drastic changes in the patterns of the single quantum
transitions, at frequencies below 5 MHz. The dg correlation peaks of a new strongly coupled
nitrogen nucleus, labeled N3, at (—5.58, 2.40) MHz and (—5.96, 2.23) MHz frequencies at gy
and gx magnetic field components of both Im-coordinated species are also visible in the
spectra. The coupling tensors that best fit the imidazole *N signals are collected in Table 3
and the corresponding simulations are shown in Figure 5 on the right.

111

Table 3. Spin Hamiltonian parameters of 4N and >N nuclei coupled to the Fe!' electron spin derived

from simulations in Figures 4 and 5 of the experimental spectra reported in Figures S5 and Sé6.

Species Label i) el [MFiz] MEY (MFiz] el MFiz] “fp
Heme Ny —490+0.1 —4.80 £0.1 —5.10+£0.1 90+£50+50+5 0.90 +0.10 —0.60 £ 0.10 —0.30 £ 0.10 90+50+£50+5
N> —4.80+0.1 —4.70 £ 0.1 —5.80 £0.1 0+50+50£5 1.00 £ 0.10 —0.60 £ 0.10 —0.40 £ 0.10 0+50+50+5
Imidazole (2) N3 —3.570.1 —3.204+0.1 —254+0.1 65+50+£50+5 0.30 £ 0.10 0.80 £ 0.10 —1.10 £ 0.10 65+50+£50+5
Imidazole (1) N3 —3.570.1 —3.20+0.1 —254+0.1 30+£5,0£50£5 0.30 £ 0.10 0.80 £ 0.10 —1.10 £ 0.10 30+£50£50%5
Imidazole-">N, Ny 5.00 +0.1 448 +0.1 3.56 + 0.1 65+5,0+50+5 N/A N/A N/A N/A

For both species, the 1¥N-Im hyperfine interaction was also found to be mostly isotropic
(N3, a;50 = —3.10 MHz) but somewhat weaker than the ones with the heme nitrogen nuclei.
The small anisotropic contribution (N3, T = [-0.47 —0.10 0.56] MHz) is small, in the same
range as that observed for the porphyrin nitrogen nuclei; but, in any case, the total hyperfine
contribution is less than the one reported for coordinated nitrogen atoms of imidazole in
bis-histidine or histidine-methionine coordinated heme systems [36,38,62]. The nuclear
quadrupole values are, however, very similar to the ones reported for imidazole in these
systems [36]. The quadrupole parameters of '*N-Im in many imidazole complexes have
shown that the principal direction of a larger absolute value is the metal-'*N bond (for
us, z) and the smallest one corresponds to the normal imidazole plane [63]. Therefore,
taking the Q-tensor to indicate the orientation of the imidazole molecule, we determine
that the orientation of the direction perpendicular to the imidazole plane with respect to
the g-frame, which does not seem to be affected by imidazole coordination, is about 65° for
Imidazole (2) and 30° for Imidazole (1). This explains why the g, spectra are very similar
for both species, whereas the gy spectra differ substantially.
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Figure 5. Experimental (left) and simulation (right) of X-band HYSCORE spectra of CYP116B5hd
(300 uM) interacting with an excess of imidazole (1:10) in KPi 50 mM pH 6.8. The spectra were
recorded at the magnetic field positions of (a) gz (1), (b) gz (2), (c) gy, (d) gx (2), and (e) gx (1) at 10 K.
T values of (a) 208 ns, (b) 250 ns, and (c) 250 ns. The individual simulations of the heme 14N pairs, Ny
and Ny, are shown in green and blue, respectively. The simulation of the imidazole 14N is shown in

dark red.

80



Molecules 2024, 29, 518

3. Discussion

In the CYP116B5hd active site, the Fe!ll is coordinated by the four nitrogen atoms of
the heme ring, forming a very stable complex; in addition to that, a water molecule and
a cysteine residue act as axial ligands. The octahedral geometry and the strong ligands
coordinating the Fe'l! define a low-spin electron state (S = 1), with the only unpaired
electron of the ion dwelling in an orbital, which results from the mixing of the ty d orbitals
caused by spin—orbit coupling [33-35,64,65]. Following this model, the g-values obtained
from the CW-EPR spectra of the enzyme and of low-spin hemeproteins, in general, can
be related to the energy of the t,, orbitals of the iron considering a one-electron model
(or rather a “hole”). The energy of the orbitals in a distorted octahedral environment
can be parametrized by the axial crystal field parameter, A, and the rhombic crystal field
parameter, V. Changes in the coordination environment of the Fe!''-heme center are reflected
in a change in the relative energy of the orbitals and a change in the crystal field parameters
in units of the spin—orbit coupling constant, £. As expected, isotope labeling of the axial
water or imidazole does not affect the coordination environment reflected in A and V,
which is driven by electronic interactions. However, the replacement of the axial water by
imidazole causes a decrease in the value of A/&, which indicates a change in the strength
of the ligand field caused by the change in the axial ligand. Both imidazole-coordinated
species have, within the error limits, the same A/ parameter. The V/¢ values, accounting
for the lack of axiality in the spin system since it measures the energy difference between
the d;y and d;y orbitals, are different for the two species, which, as we demonstrate here, is
due to the imidazole plane adopting a different orientation with respect to the porphyrin
ring [32,33].

The CW-EPR analysis (see Section 2.1) indeed helped to characterize the electron
density distribution within the #,, orbitals and understand changes in the coordination
geometry of the iron; however, the CW spectra do not allow studying the weak interactions
between the iron unpaired electron spin and nuclei close by because the hyperfine structure
is not resolved. Since further valuable information about the active site is contained in
these interactions, the Fel'l-heme system in the resting state and inhibited with imidazole
was meticulously studied with HYSCORE, leading to the complete characterization of
the hyperfine and nuclear quadrupole tensors of protons and nitrogen nuclei in the close
environment of the electron spin.

The Dikanov methodology allowed us to determine that the proton hyperfine coupling
tensors were axial and to obtain an estimation of a;,, and T for the proton signals visible in
the HYSCORE spectra that were later refined with simulations. From the value of the axial
anisotropic hyperfine parameter T determined with this method and using the spin—nuclear
dipole-dipole approximation (see Equation (2)), the distances between these nuclei and
the unpaired electron of iron were calculated. These distances are highly consistent with
the ones obtained from the crystal structure (see Table 1). Also, the Euler angle  was
found to be very close to the angle § measured between the heme normal plane and the

vector 7 for every nucleus. This fact confirms that the principal axis associated with g,
is directed along the heme normal plane. Additionally, the angle ¢, which is the angle
between the projection of the Fe-H bond onto the heme plane and the direction of g, was
obtained for every proton by simulating the set of experimental data (this angle is the Euler
angle o). The combination of ¢ values obtained for all protons allowed us to locate the
direction of the g, axis itself, which coincides with the direction N (A pyrrole)-Fe-N (C
pyrrole) of the heme plane. For the axial water molecule, we were able to resolve two
different proton nuclei with very similar anisotropic couplings (~5 MHz), which is the main
contribution to the hyperfine tensors for both protons but differs in the small isotropic
hyperfine contribution a;s,. The values of the distance estimated using the point dipole
approximation are ~2.4 A, which are consistent with what has been observed before for
other CYP450s with a difference of 0.2 A [52,66]. From the & angles of the hyperfine tensors,
found to be 0 for both water protons, one can conclude that the plane of the water molecule
is perpendicular to the heme plane lying on the gy axis. The distances and theta angles
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found for each of the two protons were very similar, which, taking into account that the
two protons are in the same water molecule, could be interpreted as the coordination bond
of Fe-O between the axial ligands and the iron by approximately bisecting the H-O-H angle
(see Figure 6) as has been observed in previous studies [52,66].
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Figure 6. Sketch of the active site of CYP116B5hd. Views from the proximal (left) and distal sites
(right). (a) CYP116B5hd in the resting state. (b) Imidazole inhibited CYP116B5.

The possibility of the two water protons belonging to two slightly different confor-
mations of the axial water cannot be ruled out with the presented evidence; however, this
result is not preferred since we think the extreme sensitivity of the CW-EPR spectrum
to the conformation of the axial ligands would have shown two resolved species in the
spectrum. As can be seen from Figure 1b, the presence of deuterated water in the active
site is confirmed by the disappearance of the two external ridges (H; and H;) from the
proton signal pattern and the appearance of deuterium signals with hyperfine couplings
that correspond perfectly to the reported values for the proton hyperfine tensors once the
appropriate scaling is carried out according to their different nuclear Larmor frequencies.
The nuclear quadrupole coupling observed is very small and consistent with what was
observed before for water in a Fe-S cluster protein [67].

The signals from the cysteine 3 proton are consistent with those found for other
CYP450s [30,40,66]. Again, the Fe-HP-CYs distance obtained from the point dipole approxi-
mation of the hyperfine coupling and the tensor orientation allowed understanding that,
from the two beta protons, the observed couplings originate from the one directed toward
the heme, which is closer to the iron. Of course, the signals assigned to this proton do
not disappear from the spectra upon solvent deuteration since only the water protons
are exchangeable protons (pKa = 15.7); those of the cysteine, being an alkane-like species
(pKa = 50), are not. The angle « obtained for this proton is 0 £ 5°, which indicates that the
projection of the Fe-beta proton direction approximately coincides with g, (see Figure 6).
Structural XRD studies of the protein show that this projection is 4° from the N (A pyrrole)-
Fe-N (C pyrrole) direction. The cysteine proton signal that was observed in the gy spectrum
should remain after the binding of imidazole unless the g, direction changes. We deter-
mined that this last hypothesis is not compatible with the observed nitrogen hyperfine
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structure; therefore, we conclude that for some unknown reason, we failed to detect these
signals that lie below the s/n ratio of the spectra.

Parallel studies were carried out by means of the ENDOR technique, which is another
useful method that is able to detect nuclei coupled to the unpaired electron; this method
could have confirmed what was observed with HYSCORE. However, the results were
unsatisfactory in detecting the near axial water molecule proton. The Davies ENDOR
sequence yielded a very low s/n and hardly any signal was discernible. Regarding the
distant heme peripheral protons (meso/pyrrolic) of the porphyrin ring, the Mims ENDOR
showed only unresolved signals of non-exchangeable protons corresponding to couplings
of less than 2 MHz.

The proton signals originating from the imidazole were never completely resolved
from the ones of cysteine HP in the HYSCORE spectra. The distances and 6 angles ob-
tained from the HYSCORE spectrum (note that there is no crystal structure of the Im-
inhibited protein), correspond to what was seen before for axially coordinated imidazole
cytochromes [60]. The « angle of 65° obtained for the species Imidazole (2) is interpreted as
the orientation of the imidazole plane relative to the g direction (coinciding with the N-
Fe-N¢ direction). The hyperfine couplings between the iron electron spin and the nitrogen
nuclei also yield important structural information and further details about the electron
spin localization in the active site of CYP116B5hd. In the resting state of the enzyme, the
only nuclei strongly coupled to the metal are the 1*N of the porphyrin covalently bound
to the iron ion. The experimental spectra show two sets of non-equivalent nuclei that we
call Nj and Nj. This non-equivalency between the heme N has previously been observed
in CYP450cam or low-spin heme complexes [39], although they have been reported as
equivalent in other ferric low-spin systems [29,62]. The various combination cross peaks
emerging at the sum of dq nuclear frequencies that are detected in the different spectra
led us to the conclusion that the signals of N originate from at least two magnetically
equivalent nuclei.

The whole set of HYSCORE spectra at X- and Q-band frequencies could be reason-
ably simulated with the hypotheses that (1) the direction perpendicular to the porphyrin
plane, as a symmetry axis, is approximately a principal axis of the hyperfine and nuclear
quadrupole tensors for *N coordinated nuclei and (2) the two sets of nitrogen nuclei
correspond to the two sets of diametrically opposed heme nitrogen atoms and therefore
their Euler o angles differ by 90°. Table 3 collects the parameters used for the simulations
of the experimental data sets of nuclear frequency patterns (both shown in Figure 4). For
both sets of nitrogen nuclei, N; and Ny, the hyperfine tensor is predominantly isotropic
with principal values that are in the range of those found for pyrrole nitrogen nuclei of
other ferric heme proteins [31,38-41,53,63]. The observed lack of magnetic equivalence
of the four heme N ligands is basically due to a small but measurable difference in the
hyperfine coupling constant along the heme normal plane, which is a bit larger for Nj.
This effect must be due to the breaking of the heme symmetry by distortions affecting
the heme. Indeed, in the crystal structure at room temperature, the heme is reported to
suffer from a small ruffling distortion: (in absolute values) 0.30 for CYP116B5hd, 0.38
for P450cam, and 0.09 for human aromatase, calculated using the PyDISH online tool at
https:/ /pydish.bio.info.hiroshima-cu.ac.jp/, accessed on 18 January 2024 [68].

Nitrogen combination cross-peaks similar to the ones observed here have been ob-
served in bis-histidine low-spin heme systems which, together with an additional combi-
nation peak between a coupled proton and a heme nitrogen, allowed us to assign in this
system a negative sign to the hyperfine coupling of the 4N coordinated nuclei [36] (heme
and imidazole in that case). Based on the similarities of the two systems, we tentatively
assign a negative sign to the hyperfine coupling constants of heme nitrogen atoms in
CYP116B5hd.

The nuclear quadrupole tensors obtained from our data are close to the ones reported
for similar proteins [36,39]. The fact that the Q-tensor principal values are very similar,
with a B Euler angle of 0° and an « angle close to 0° for one of the nitrogen sets (Ny) and
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90° for the other (N7) set, supports the premise that both sets are chemically equivalent
but their spatial arrangement in the heme plane are rotated by 90°. Taking into account
that the principal axes of the nuclear quadrupole tensors follow the molecular symmetry
directions at the nucleus and that the larger principal value for pyrrole heme nitrogen
nuclei has been reported to be perpendicular to the Fe-N direction in the heme plane, we
can assign the set Nj to the nitrogen atoms, whose N-Fe-N direction is alighed with the gy
direction (x~90°), and the set N to the other set of heme nitrogen atoms, whose N-Fe-N
would be aligned with g,. Therefore, from both the heme nitrogen and the cysteine HP
nuclear frequency data, we can conclude that the direction of the g, axis (and therefore the
gy axis too) coincides with the experimental uncertainty with the N-Fe-N directions of the
heme. According to the counter-rotation theory [35], this means that the t,, orbitals are
also oriented along the heme axes. One of the structural asymmetries of the axial ligands
that are expected to split the energy of the orbitals d.y and dz; is the orientation of the
second lone pair of sulfur in the cysteine. In the crystal structure, the projection of this
lone pair onto the heme plane also approximately coincides with one of the heme axes
(4°). Moreover, according to the water proton data presented here (x ~ 0°), the axial water
arrangement also follows the heme directions. This makes sense since the axial water is free
to rotate to attain the minimal energy configuration. In conclusion, from our experimental
data, it seems that the porphyrin N-Fe-N bonds and the cysteine command the orientation
of the Fel! electron density and the axial water accommodates it.

The addition of the inhibitor strongly changes the appearance of the nitrogen HYSCORE
spectrum in all the magnetic field positions. This is due to the presence of an extra nitrogen
nucleus, which directly and strongly coordinates with the metal center. The inhibition of
the protein with imidazole isotopically labeled with >N allows for studying the effect of
imidazole on the hyperfine structure of heme nitrogen nuclei and cysteine protons since the
echo modulation amplitude due to the axial °N is very small and hardly visible in the spec-
tra. The data show that imidazole coordination does not disturb the hyperfine couplings
for any of the imidazole-coordinated species. The large echo modulation amplitude due to
the imidazole N nuclei allows for identifying its cross-peaks in all HYSCORE spectra and
leads to the determination of the full hyperfine and nuclear quadrupole coupling tensors of
this new N nucleus (Table 3). The hyperfine values are smaller (in absolute value) than
those found for the iron-binding bis-His or His-Met heme centers, [36] but agree with those
reported for the aromatase—anastrozole complex [29], which has cysteine-azo coordination.
Moreover, hyperfine values of about 2 MHz have been reported for the axial amine’s
nitrogen in imidazole-heme-mercaptoethanol and in pyridine-heme-mercaptoethanol
complexes [69,70].

Additionally, according to a 4N and ?H quadrupole double resonance study of im-
idazole and substituted derivatives, the largest value of the nuclear quadrupole tensor
in absolute value, |1 Q, | = 1.1 MHz, is an indication that the coordination occurs via the
N(3) of the imidazole ring [71]. The difference of this value with respect to the one re-
ported, 1Q, | =1.61 MHz, is explained by the fact that the addition of a Lewis acid (Fe'™!)
to an amine (imidazole) leads to a reduction in the electric field gradient at the nitrogen
nucleus [72]. This value is consistent with nuclear quadrupolar tensors measured for the
N(His) of the myoglobin—mercaptoethanol complex and metal-coordinated nitrogen nuclei
in different ligands, including imidazole, studied via nuclear quadrupole resonance [63,72].
The important feature to be emphasized from these studies is that nuclear quadrupole
values of the order of those measured here for imidazole 4N are associated with the lone
pair nitrogen donor orbital defining the principal axis of the nuclear quadrupolar coupling
tensor (Q,). This orbital is axially directed toward the empty iron d,> orbital forming an
s bond along the heme normal plane. Simulation of the HYSCORE spectra demonstrates
that Q, is nearly aligned along g, (0° < 8 < 10°), indicating that the axial nitrogen ligand
is directed close to the heme normal plane. The Euler angle alpha of the *N-imidazole
nuclear quadrupole tensor indicates the projection of the direction perpendicular to the
imidazole plane onto the heme plane. The HYSCORE patterns show that this orientation
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is 65° for the least anisotropic imidazole-coordinated species (Imidazole (2)), which is in
full agreement with what was found in analyzing the imidazole proton signals, where
the alpha angle indicates the orientation of the projection of the imidazole plane onto the
heme plane. On the other hand, the orientation perpendicular to the imidazole plane was
found to be closer to 30° for the second species (Imidazole (1)), which substantiates the
differences between both species as hypothesized based on the crystal field parameter
V/&. No cysteine proton signals were found but, interestingly, the hyperfine parameters
of the 1*N-heme ligands remained the same for the resting state and Imidazole (2), which
confirms that heme and cysteine control the electronic structure of the iron.

4. Materials and Methods

Cloning, expression, and purification of CYP116B5hd. The construct used in this
work was obtained by cloning the initial part of the gene of CYP116B5 (coding for the
first 442 amino acids, the heme domain) between Ndel and EcoRI restriction sites in
a pET-30a(+) vector with the insertion of a N-terminal 6xHis-tag [19]. Expression and
purification of the protein were carried out as previously described in detail in [19]. Briefly,
protein expression was carried out in E. coli BL21 (DE3) cells at 2224 °C for 24 h in LB
medium supplemented with 0.5 mM of é-aminolevulinic acid (5-Ala) and 100 uM of IPTG.
For the purification process, the cells were resuspended and sonicated in 50 mM of KPi
buffer, pH 6.8, supplemented with 100 mM of KCI, 1 mg/mL of lysozyme, 1% of Triton
X-100 and 1 mM of PMSF (phenylmethylsulphonyl fluoride), and 1 mM of benzamidine.
After ultracentrifugation at 90,000x g for 45 min at 4 °C, the supernatant was loaded
onto a 1 mL His-trap HP column (GE Healthcare, Chicago, IL, USA) and eluted using
a linear gradient of imidazole ranging from 20 to 200 mM. The purest fractions were
then concentrated, loaded into a Superdex 200 size exclusion chromatography column (GE
Healthcare, Chicago, IL, USA), and eluted using 50 mM of KPi buffer, pH 6.8, containing 200
mM of KCl. The purified protein was then concentrated and stored in 50 mM of KPi buffer,
pH 6.8, containing 10% glycerol after buffer exchange via ultrafiltration using Amicon Ultra
30,000 MWCO devices (Merck, Darmstadt, Germany). Deuterated protein samples were
prepared by exchanging the aqueous buffer with 50 mM of KPi buffer, pH 6.8, containing
10% glycerol, prepared in D20O. Protein concentration was estimated from the spectrum of
the P450—CO complex upon reduction with sodium dithionite and CO bubbling, using an
extinction coefficient of 91,000 M~ em~1 [73].

Electron Paramagnetic Resonance. All the protein samples in 50 mM of KPi buffer,
pH 6.8, with 10% glycerol were mixed with 30% glycerol as a glassing agent to an ap-
proximate final protein concentration of 200 pM. The samples with imidazole (natural
abundance, hereinafter called simply imidazole) or 1°N,-imidazole were prepared adding
an excess of this chemical to reach the ratio (1:10) with respect to the protein. X-band
experiments were performed on a Bruker ELEXSYS E580 spectrometer (microwave fre-
quency 9.68 GHz) equipped with a cylindrical dielectric cavity and a continuous helium
gas flow cryostat from Oxford Inc. (Atlanta, GA, USA). Q-band Pulse EPR experiments
were performed on a Bruker ELEXSYS E580 spectrometer (microwave frequency 34 GHz)
equipped with a continuous helium gas flow cryostat from Oxford Inc. (Atlanta, GA, USA).
The magnetic field was measured by means of a Bruker ER035M NMR gaussmeter (Bruker,
Ettlingen, Germany).

Continuous-Wave EPR. The experiments were performed on the Bruker ELEXSYS
E580 X-band spectrometer at a temperature of 40 K. A microwave power of 0.31 mW, a
modulation amplitude of 0.6 mT, and a modulation frequency of 100 KHz were used.

Hyperfine Sublevel Correlation (HYSCORE) [74]. Pulse EPR experiments were performed
at 10 K using the pulse sequence 7/2-t-11/2-t;-m-tp-11/2-T-echo with microwave pulse
lengths t;/» = 16 ns and t; = 16 ns. The time intervals ¢; and f, were varied in steps
of 16, 24, or 48 ns. To avoid overlooking correlation peaks due to blind spot effects, the
experiments were performed for several T values between 96 ns and 400 ns. A four-step
phase cycle was used to remove unwanted echoes [75]. The raw time traces were baseline
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corrected with a third-order polynomial, apodized with a Hamming window, and zero
filled. After the two-dimensional Fourier transformation, the absolute value spectra were
calculated and plotted in 2D vs the two frequency axes.

Mims Electron Nuclear Double Resonance (ENDOR) [76]. ENDOR experiments were
carried out with a Bruker ESP 380E spectrometer (X-band) equipped with an EN 4118X-
MD4 Bruker resonator with the pulse sequence 7t/2-t-71/2-T-7t/2-T-echo, with a 7t/2 pulse
of 16 ns and a radiofrequency (rf) pulse of 10 ps length.

Simulations. CW-EPR and HYSCORE spectra were simulated using the EasySpin®
toolbox for MATLAB [77]. The time traces obtained from the HYSCORE simulations were
processed like the experimental ones, baseline corrected, apodised, and 2D-FFTransformed.

The simulations of the electron—nuclear spin system were performed using a spin
Hamiltonian containing the electron Zeeman (EZ) term, a nuclear Zeeman (NZ), hyperfine
(HF), and if I > %, a nuclear quadrupole (NQ) term for every magnetic nucleus interacting
with the electron spin:

— =T — T =
N N
I; 1

i Qi

i ()

h h

2
where i is the Bohr magneton, / is the Planck constant, By is the applied external magnetic

field, E (S= %) and 7 are the electron and nuclear spin operators, and g, A, and Q are the
gyromagnetic, hyperfine, and nuclear quadrupole tensors, respectively.

To have a complete Hamiltonian formulation, the summation 7 should be the overall
magnetic nuclei coupled to the electron spin, four porphyrin 4Ns, N-Im for the Im-inhibited
protein, and several protons. However, to spare computational time, each nucleus was
simulated separately and once the individual parameters were optimized, simulations
considering more than one nucleus were performed selectively, specifically for those
indicated in the text, to check for combination frequencies.

5. Conclusions

In this work, we presented a detailed analysis, by means of multifrequency Pulse EPR
spectroscopy, of the active site of the peroxygenase-like CYP450, CYP116B5hd, in which the
electronic location of the semi-occupied orbital is determined with respect to the heme site
geometry and linked to the geometry of the axial ligands. Since during the reaction cycle,
this protein receives 1 + 1 electrons from the reductase domain/partner that end up in the
axial molecular oxygen ligand of the iron, the location of the orbitals where the transferred
electron is hosted is a relevant piece of information to help understand the catalysis of this
CYP450. The complete spin Hamiltonian parameters describing such a center were obtained
with high accuracy and are consistent with similar systems previously characterized. The
results showed that the imidazole binding, easily detectable with the joint effort of CW and
Pulse EPR spectroscopy, does not severely alter the electronic environment of the Fell-heme
system. Moreover, the inhibitor ring orientation can be obtained through its interaction
with the unpaired electron. Since CYP450s are involved in the metabolism of xenobiotics
such as anti-cancer drugs, the study of imidazole inhibition of CYP450 could be useful for
the development of imidazole-containing drugs to be used as coadjuvants to prolong and
increase the effect of cancer treatments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29020518 /51, Figure S1: Experimental X-band CW-EPR
spectra; Figure 52: X-band echo detected field sweep EPR; Figure S3: Dikanov Methodology for the
analysis of 1H HYSCORE Spectra; Figure S4: Mims ENDOR spectra of CYP116B5hd in H,O and
D,O; Figure S5: Q-band HYSCORE spectra of CYP116B5hd in HyO—Experiments and simulations;
Figure S6: HYSCORE spectra of CYP116B5hd interacting with imidazole-">Ny; Figure S7: Complete
HYSCORE spectra of CYP116B5hd in H2O; Figure S8: Complete HYSCORE spectra of CYP116B5hd in
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D,0; Figure S9: Complete HYSCORE spectra of CYP116B5hd interacting with imidazole in H,O; and
Figure S10: Complete HYSCORE spectra of CYP116B5hd interacting with imidazole-">N; in H,O.
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Abstract: The possibility of EPR dating for sediments using Al-h signals of fine (4-11 pm) grains of
quartz has not been previously discussed. Here, the Al-h and peroxy EPR spectra of fine (4-11 pum)
and coarse (63-90, 125-180 um) sedimentary quartz from thoroughly investigated loess sites in
Eastern Europe were examined. By comparing experimental spectra with a simulated signal, we
evaluated the overestimation observed when using the standard approach established by Toyoda
and Falgueres to measure Al-h intensity for different doses of radiation, up to 40,000 Gy. This
overestimation, caused by the presence of peroxy signals, was much more pronounced for fine
grains. Fine grains exhibited some additional dose-dependent signals, which, for some samples,
caused a complete distortion of the Al-h spectra at high doses, making it impossible to measure the
standard amplitude. We propose a new approach to measuring Al-h signal intensity, focusing on
the peak-to-baseline amplitude of the part of the signal at g =~ 2.0603, which is not affected by the
peroxy signals and therefore has the potential of providing more accurate results. The shapes of dose
response curves constructed for coarse and fine grains using the new approach show considerable
similarity, suggesting that Al-h centre formation in fine and coarse grains upon artificial radiation at
room temperature follows the same pattern.

Keywords: electron paramagnetic resonance (EPR); electron spin resonance (ESR); quartz; Al-h
centre; fine grains; dose response curve

1. Introduction

Quartz (Si0,) is a material of great importance in many areas of Earth sciences, as well
as in industry. As all crystals, it contains a vast number of point defects, which may be either
intrinsic (involving only atoms of the host lattice—vacancies, interstitial atoms and excess
atoms) or extrinsic (belonging to foreign atoms in lattice and inter-lattice positions) [1,2].
Those of most interest in the field of geochronology include Si- and O-vacancies and
impurity related defects. Among the latter, AI3* always presents in quartz, substituting for
Si** with charge compensation generally achieved by Li*, Na* or H*, which gives rise to
[AlO;/M*]° (where M* denotes an alkali metal or hydrogen ion) [3]. Ti** may substitute
for Si** in quartz with no charge compensation, creating [TiO4]° [4]. Ge centre, namely
[GeO4/M*]0 (most notably [GeOy/ Li*]°) is sometimes observed in irradiated natural
quartz [4,5]. A neutral oxygen vacancy can trap an electronic hole, forming a paramagnetic
oxygen vacancy (E1 centre) [4,5]. Performing systematic investigations on quartz using
electron paramagnetic resonance (EPR) (or electron spin resonance—ESR) spectroscopy, a
method of high sensitivity, allows for gaining a deeper understanding of the mechanisms
involved when the defects in quartz are subjected to irradiation.
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EPR has been applied in dating geological and archaeological materials for over
40 years. Together with optically stimulated luminescence (OSL) and thermoluminescence
(TL), the so-called trapped-charge dating methods have been extensively used for dating
sediments using quartz (e.g., [6-9]). Quartz records the amount of ionising radiation it
has been exposed to as a latent signal within its crystal lattice, and therefore can be used
as a natural dosimeter for quantifying the radiation history of materials. Irradiation at
room temperature leads to the dissociation of [AlO,/ M*]°, resulting in the formation of
[AlO,/H*]" and [AlO4]° [10]. [AlO4]°, also referred to as Al-hole or Al-h, as a param-
agnetic centre, is therefore detectable by EPR, and has been extensively used for dating
sediments [6,7,9,11-19]. Ti centres have also been widely used for dating [6,11,18-20]. Upon
room temperature irradiation, Ti** may trap an electron together with an alkali ion M*
for charge compensation, forming [TiO4/ M*1%, where M* can be either Li*, H* or Na* [4].
Trapped-charge dating methods are based on the assumption that the natural growth of
the signal of interest can be reproduced by laboratory irradiation, which leads to the con-
struction of a dose response curve—a plot of EPR intensity versus the doses of irradiation,
obtained separately for every investigated sample. The equivalent dose—a total dose of
radiation absorbed by the crystal, giving rise to the signal measured in the natural sample—
is determined by extrapolation (in the case of additive dose protocols) or interpolation (in
the case of regenerative protocols) of the dose response curve.

In many luminescence and EPR dating studies, the choice of grain size fraction used for
analysis has been most often dictated predominantly by the nature and availability of the
material. Based on a series of previous research, Timar-Gabor et al. [21] showed that there
is a discrepancy in the ages obtained by the single aliquot regeneration protocol (SAR) OSL
between different grain sizes and an age underestimation for finer grains, and suggested
a potentially worldwide phenomenon. However, defects giving rise to luminescence in
quartz have not yet been unambiguously identified, and their correlation with the defects
detected by EPR remains unestablished. Consequently, observations concerning grain size
effects based on luminesce results are not directly transferable to EPR defects, which leaves
this topic largely unexplored.

To fill this gap, a systematic approach needs to be employed, starting with a thorough
investigation of the dependence of EPR intensity of defects on grain size, and followed
by experiments showing their behaviour when subjected to laboratory irradiation, which
would expose any possible differences between fine- and coarse-grained quartz. It goes
without saying that such experimental studies should also be complemented by the devel-
opment of appropriate models. The first objective was addressed by Timar-Gabor [22] by
showing the dependence of EPR intensity of the main paramagnetic defects in quartz with
grain size, for fraction 4-11, 63-90, 90-125, 125-180, and 180-250 um. The intensity of the
E;’ and Al-h signal in natural samples was found to decrease with increasing grain size,
while [TiO4/Li*]° signals, detected only in coarse fractions, increased with increasing grain
size. The second objective, the investigation the behaviour of the defects under laboratory
irradiation, is the subject of this work. To achieve any of these goals, or, in fact, to obtain
any reliable dating, an accurate measurement of EPR signal intensity is crucial.

In this study, we focus on the Al-h signal in fine (4-11 um) and coarse (>60 pm) grains.
The Al-h signal can only be measured by EPR at cryogenic temperatures due to the very
short spin-lattice relaxation time of the defect. It produces a complex EPR spectrum arising
from the interaction of the unpaired electron with nearby magnetic nuclei. The Al-h signal
consists of a central set of peaks around g ~ 2.008 displaying a distinct hyperfine structure,
and a much less intense set of peaks at about g ~ 2.06. In early attempts at dating using
the Al-h signal [23-25], different peaks from the central set were considered for evaluating
its intensity. Their reliability was compared in a study by Lin et al. [26]. Eventually, a
common approach proposed by Toyoda and Falgueres [27] was adopted, and it has been
widely used ever since by the EPR dating community (e.g., [6,9,15-17]). This approach
is based on the measurement of a peak-to-peak amplitude between the top of the first
peak (g = 2.018) and the bottom of the last peak (g = 1.993) of the central part of the 2’ Al
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hyperfine structure. This method has been extremely useful due to its simplicity and the
fact that it focuses on the most distinct peaks, which are clearly distinguishable even for
very weak signals. However, its applicability is sometimes limited by the presence of
additional signals superimposed on the central part of the Al-h signal.

These additional signals are referred to as “peroxy” species or, for simplicity, some-
times as a peroxy centre (singular), although their spectrum is clearly composed of many
overlapping signals. They are visible most clearly at room temperature, when the Al-h is
not detectable. Friebele et al. [28] first established a peroxy radical in neutron or gamma-ray
irradiated 7O-enriched fused silica and suggested it derives from pre-existing bridging
peroxy linkages (=5i-O-O-Si=, where = represents three Si-O bonds), which shed an
electron to form peroxy radicals by irradiation and/or thermal treatment. Peroxy radicals
in crystalline SiO, (x-quartz) have been suggested by several EPR studies and established
by Botis et al. [29,30], Nilges et al. [31,32] and Pan et al. [33,34] in their very detailed studies.
Based on their research, it was concluded that most of the discrepancies in the literature
concerning the g-factor values, linewidths and hyperfine structure reported for the peroxy
centres can be attributed to incompletely resolved site splittings in previous X- and Q-band
studies. For an in-depth investigation of these species, higher microwave frequencies
should be applied, but the accessibility of such equipment is very limited. Despite the
wealth of information provided by these studies, there are still many unanswered questions
regarding the nature of these signals, answers to which are essential considering their
relevance in EPR dating and provenance investigations. It should be noted that, apart
from peroxy centres, another type of oxygen excess centre has been identified, namely, the
non-bridging oxygen hole centre (NBOHC), described as oxygen dangling bonds =Si-O-
(where - represents an unpaired electron) [35]. For simplicity, however, in this study, we
use the term “peroxy” to describe all signals observed between g ~ 2.01 and g ~ 1.99 at
room temperature, with the exception of E” and Ge centres.

The complexity of the peroxy spectrum, combined with the limitations of the X-band
spectroscopy routinely used for dating, makes attempts at isolating these signals to obtain
an undisturbed signal from the Al-h centre extremely challenging. Perhaps for this reason,
the issue of peroxy signals interfering with Al-h measurements has been largely ignored in
the literature. However, some amendments have been occasionally employed to circumvent
the problem, such as subtracting the overlapping peroxy signal intensity using its EPR
signal intensity after annealing [36]. The assumption here is that the peroxy signal changes
neither with heating nor with the dose of irradiation, and the same signal can be used for
subtraction at low and high doses. While the latter assumption is generally accepted in the
case of coarse grains, this has not been confirmed for fine grains. Indeed, Timar-Gabor [22]
reported on a dose-dependent signal at g ~ 2.011, detected in a fine-grained fraction of
quartz, which suggests that this approach might not be applicable in every case. Moreover,
it introduces additional uncertainty related to the determination of peroxy signal intensity.
Another approach, used by Tsukamoto et al. [7] for Al-h measurements conducted at 123 K,
when the % Al hyperfine structures were not visible, was based on the measurement of the
peak-to-peak intensity of the first central peak. It was reported to be consistent with the
peak-to-peak intensity of the whole peak minus the intensity of the peroxy centre, which
was measured at 183 K. No significant changes in the peroxy centre intensity were observed
when raising the temperature from 123 to 183 K, and the Al-h signal at 183 K became almost
undetectable. As in the previous example, this method bears some additional uncertainties.
Additionally, the authors noted that their measurements might not be directly comparable
with other studies, which use the traditional approach. It is clear that developing an
alternative approach to measuring Al-h signal intensity, unaffected by the presence of the
peroxy signals, would improve the accuracy of age determination and, therefore, greatly
benefit the EPR dating community.

The aforementioned study by Timar-Gabor [22], conducted on several samples, in-
cluding two (ROX 1.14 and STY 1.10) studied in this work, shows that peroxy signals
have significantly higher intensities in fine grains (4-11 um) and decrease when grain
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size increases. Extended etching experiments resulted in obtaining partial evidence that
these defects are concentrated in damaged areas of the grains. The weaker signals of
peroxy centres would suggest that coarser fractions should be preferred for conventional
EPR dating using the approach of Toyoda and Falgueres [27] to measure Al-h intensity.
However, assuming that the issue of accurately determining Al-h signal intensity could
be solved, finer grains would not have to be automatically dismissed solely on that basis,
especially as they are the main constituents of many sedimentary archives, such as loess,
lake or marine sediments. That would allow for a thorough comparison of the properties
of the Al-h signal observed in fine and coarse grains and open the possibility of EPR dating
based on fine grains, which has not been discussed before.

In this work, we propose an alternative method of evaluating Al-h signal intensity,
which circumvents the issue of interfering peroxy signals. The results obtained for the new
approach and the standard approach by Toyoda and Falgueres [27] are compared using
the measurements of fine (4-11 um) and coarse (63-90, 125-180 um) quartz separates from
thoroughly investigated loess palaeosol sites in Eastern Europe (Roxolany, Stayky and
Mircea Voda), which were used in the previous investigations carried out by our group.
By comparing the experimental spectra with a simulated signal of the Al-h centre, we
evaluated the overestimation that results from using the standard approach for different
doses of radiation, up to 40,000 Gy. We then used the dose response curves constructed from
the intensities obtained with the new approach to compare, for the first time, the response
of the Al-h signal to laboratory irradiation displayed by fine- and coarse-grained fractions.

2. Materials and Methods
2.1. Samples

Experiments presented in this study were conducted on archived quartz separates of
different grain sizes from previous investigations carried out by our group.

Sample Rox 1.14 originates from Roxolany, loess palaeosol section, Southern Ukraine,
and was collected below the Brunhes/Matuyama polarity transition. The results of EPR
dating using a multicentre approach, along with optically stimulated investigations using
both the standard single aliquot regenerative (SAR) multigrain OSL procedure, as well as
single grain investigations, are presented in detail in [37].

Quartz sample Sty 1.10 comes from Stayky, loess palaeosol section, Northern Ukraine.
The OSL chronology of this section, as well as extended SAR-OSL dose response curves on
the Styky samples, are presented in detail in [38].

Sample 2 MV 80 was collected near the village of Mircea Voda, which is situated
in the Dobrogea plateau of SE Romania, about 15 km from the Danube River. Optical
dating results for this site were published in [39] (including this sample) and in [8,40]
(previous sampling).

Preparation protocol, following the standard OSL preparation guidelines, is described
in detail in the aforementioned references, as well as in [22].

The selection of samples for the current study was based on the availability of sufficient
material for EPR investigation and the high purity of the quartz extracts, as confirmed by
routine tests in OSL dating as well as by scanning electron microscopy imaging, coupled
with energy dispersive X-ray spectroscopy (EDX) [22].

2.2. EPR Measurements

EPR measurements were performed on an X-band Bruker EMX Plus spectrometer at
Babes-Bolyai University, Cluj-Napoca, Romania. All samples were placed in quartz glass
tubes filled with a mass of 200 mg + 10% for coarse grains (>63 pm) and 100 mg + 10%
for fine grains, maintaining the same volume, and with measurements later normalized to
100 mg for intercomparison. Care was taken that all samples were centred inside the cavity.
Samples were rotated in the cavity using a programmable goniometer and measured at
3 different angles (every 120°, 1 scan per angle). Measurements were usually repeated
2-5 times at a few weeks’ intervals. Details of reproducibility tests are described in [22].
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A mean EPR intensity was used for constructing a dose response curve, and standard
error was indicated in all the plots. Exposure of samples to sunlight during measurements
was restricted to a minimum. Measurements were carried out at 90 K for Al-h centres
and at room temperature (295 K) for peroxy centres, using a variable temperature unit.
Spectra were acquired using the following settings: 3350 £ 150 G scanned magnetic field,
modulation amplitude 1 G, modulation frequency 100 kHz, microwave power 2 mW,
conversion time 40 ms, time constant 40 ms. Baseline correction was performed when
necessary using Bruker’s Xenon software.

Samples were gamma-irradiated with doses up to 10,000 Gy on top of the natural dose
for sample ROX 1.14, and up to 40,000 Gy for samples STY 1.10 and 2 MV 80. Due to the
limited availability of the material, fewer aliquots were obtained for the coarse fraction
than for the fine fraction. Gamma irradiations were performed at room temperature at the
Department of Health Technology at DTU (Dosimetry Research Unit) in Denmark using
a calibrated ®*°Co gamma cell with a dose rate of 2 Gy/s (dose rate to water) at the time
of irradiation. Dose rate to quartz was estimated to be 96% of dose rate to water based on
Monte Carlo simulation considering the irradiation geometry used, as in [22].

2.3. Al-h Signal Simulations

Al-h signal was simulated with EasySpin [41] using parameters listed in Table 1. Initial
parameters were based on [5,42] and adjusted to fit the experimental spectra. The values of
quadrupole splitting were used as in [42] with no adjustments. When comparing with an
experimental spectrum, an average of baseline-corrected experimental spectra obtained
for a given dose was used. A spectrum recorded at a microwave frequency of 9.42 GHz
was chosen as a reference, and magnetic field values for all spectra were adjusted to match
the position of the signal. A simulated spectrum is shown in Figure 1, together with the
principal components of the g-tensor values mentioned in the text.

Table 1. Spin Hamiltonian parameters used for simulating [A10,4]° spectrum. A—hyperfine splitting,
Q—quadrupole splitting. S = 1/2, 7 Al (I = 5/2), Lorentzian peak-to-peak linewidth 0.185 mT.

Parameter X y z
g-Tensor 2.0603 2.0083 2.0021
A (MHz) 14 17 18.2
(mT) 0.499 0.606 0.649
(MHz) —0.62 —043 1.05
(mT) —0.022 —0.015 0.037

I ¥ T * T L 1 " T d T ¥ 1
320 325 330 335 340 345 350
B (mT)

Figure 1. A simulated EPR signal of the Al-h centre with the g-factor values mentioned in the text.
The parameters used for simulation are listed in Table 1.
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3. Results and Discussion
3.1. Contribution of Peroxy Signals to Al-h Signal Measurements

The spectra of the Al-h and peroxy signals obtained for the coarse and fine grains of
the quartz irradiated with different doses were compared based on three examples: sample
ROX 1.14, STY 1.10 and 2 MV 80. Due to the different sources of quartz, one would expect
these three samples to have different types and concentrations of defects, which makes
them great subjects for studying the diversity of signals recorded by EPR.

3.1.1. Sample ROX 1.14

Figure 2 shows a comparison of coarse (125-180 pm) and fine (4-11 um) quartz EPR
spectra for sample ROX 1.14 acquired at 90 K and at room temperature. Both fractions
exhibit clear differences in the shape of the spectra. Experimental spectra of natural and
additionally irradiated (with 1000 and 10,000 Gy) samples recorded at 90 K were overlaid
with a simulated spectrum of Al-h (Figure 2a,b). The shape of the experimental spectra
differs from the simulated one, which is caused by overlapping with signals assigned to the
so-called peroxy species. The difference between Al-h simulation and experimental spectra
recorded at 90 K is much more significant in the case of fine grains, as the peroxy signals
in 4-11 um quartz are much stronger than in the bigger fractions, which was previously
reported by Timar-Gabor [22]. In the case of coarse grains, this difference is visible only in
the centre of the spectra and remains more pronounced for the smaller doses of irradiation.

The peroxy signals can be clearly registered at room temperature, when Al-h signal
is not detectable (Figure 2c,d). The structure of the spectra is complex and consists of
several overlapping signals. Their detailed characterisation and interpretation have been
a subject of several studies (e.g., [29-34]) and is beyond the scope of this work. What
is relevant for this study is whether the intensity of some of these signals depends on
the dose of irradiation, an issue which, to our knowledge, has not been addressed in the
literature. The only exception is a mention of a dose-dependent signal at g ~ 2.011 detected
by Timar-Gabor [22] in fine grains. The spectra of coarse-grained quartz shown in Figure 2c
indicates that only two signals, at g = 2.000 and g ~ 1.996, increase with the applied dose,
while the rest do not show any changes. The signal at g ~ 2.000 can be ascribed to the
E’ centre and the peak at g ~ 1.996 to the Ge centre, namely, [GeO4/ Li*]° [5] (their EPR
spectra can be found therein). The peroxy signals detected in fine grains (Figure 2d) are
much stronger, and the presence of some additional peaks is visible. In addition to the
E’ signal observed at g ~ 1.999 and the Ge signal at g ~ 1.994, at least two other signals,
at g ~ 2.009 and g ~ 2.001, also show an increase with an increasing dose. The presence
of these dose-dependent signals strongly influences the overall shape of the spectrum at
high doses. The precise relationship between the intensity of these signals and the dose of
laboratory irradiation cannot be determined at this point, as it requires separating them
from the overlapping peaks, which is not possible without the aid of simulations and/or
measurements at higher microwave frequencies.

As the peroxy signals in the 125-180 pm fraction of ROX 1.14 (and most of them in the
case of the fine grains) are not dose-dependent, their contribution to the overall intensity
of the signals registered in the considered range at low temperature decreases with the
dose of radiation due to the increase in the Al-h signal. For coarse grains (Figure 2a), the
experimental spectrum at high doses is very close in shape to the simulated one, while for
fine grains (Figure 2b), the difference is still clearly visible.

When overlaying the experimental spectrum with a simulated one, we were faced
with the issue of properly adjusting the amplitude of the latter. Since the central part of
experimental spectra has proven to be distorted, to a varying degree, it should not be used
as a reference point to adjust the simulated spectra. Therefore, a logical course of action
was to choose peaks in the low-field part of the spectral range, specifically, the centre of the
peak around g ~ 2.0603 (see Figure 1), and match the amplitude of the simulated spectrum
to the experimental spectrum each time, using this point as a reference.
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Figure 2. EPR spectra of the coarse (125-180 um) and fine (4-11 pm) fraction of sample ROX 1.14,
natural and additionally irradiated with 1000 and 10,000 Gy, recorded at 90 K ((a,b), respectively) and
at room temperature ((c,d), respectively), and simulated spectra of Al-h signal (in red). Amplitudes
Aexp, Asim, Bexp and Bgin, are marked with arrows. Major dose-dependent signals observed at room
temperature are marked with blue dashed lines. The 90 K spectra for coarse grains are multiplied by
a factor of 2.6.

The interference of peroxy signals may naturally cause problems for accurate measure-
ments of Al-h signal intensity. A well-established method of measuring the intensity of the
Al-h signal is based on the measurement of peak-to-peak amplitude between the top of the
first peak of the central signal (g = 2.018) and the bottom of the last peak (g = 1.993) (see
Figure 1) [27]. In Figure 2a,b we mark the amplitudes measured using this approach (de-
noted further as “A”), obtained from the experimental (Aexp) and simulated (Asim) spectra
of ROX 1.14 sample. As demonstrated for the additional dose of 10,000 Gy, both Aexp and
Agim give basically the same value (less than 2% difference) for coarse grains at high doses.
However, due to the greater contribution of peroxy signals, Aexp amplitude at low doses is
slightly overestimated compared to Ay, for the natural sample, giving about 13% and, for
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1000 Gy, about 5% higher value compared to Agjy,. For fine grains, the overestimation of
Aexp compared to Agip, is much more significant. For the natural sample of 4-11 um ROX
1.14, it amounts to approximately 54%; for natural + 1000 Gy, about 38%; and for natural
+ 10,000 Gy, about 27%, as a result of the increasing contribution of dose-dependent Al-h
signals and the decreasing contribution of mostly non-dose-dependent peroxy signals.

It is therefore clear that, although the approach based on measuring amplitude A
works very well for samples of coarse-grained quartz which have accumulated a high
dose of irradiation (e.g., very old samples and laboratory-irradiated samples), it can re-
sult in a significant overestimation in the case of fine-grained and young coarse-grained
quartz, which can affect the slope of the dose response curve. A more reliable method for
quantitatively describing the changes in Al-h concentration with the dose would be using
the simulated signals and calculating the area under the curve with double integration.
This value is directly proportional to spin concentration and will not be affected by any
contributions from other paramagnetic species. Despite these advantages, this method
is very time consuming, demands more signal processing and is not always accessible.
However, as mentioned previously, adjusting the simulated spectrum to the experimental
one requires a reference point (or, to be precise, a second reference point, the first being
the baseline), which in this case, was chosen as the centre of the peak around g ~ 2.0603
(see Figure 1). This provides the possibility of obtaining a reliable measurement of the
amplitude simply by measuring the peak-to-baseline height of this peak of the experimental
spectra, further referred to as “B”. The values of Bex, and B, (Figure 2) will therefore
always be, by definition, equal to each other for every example of coarse and fine spectra.
This approach allows for a much more accurate representation of Al-h signal intensity
for fine grains, and may also improve the measurement of coarse grains, particularly for
younger samples.

To investigate the effect of this overestimation on the shape and slope of the dose
response curve (DRC), two sets of DRCs were constructed for sample ROX 1.14 (coarse and
fine grains), using amplitudes Aexp (DRC A) and Beyp (DRC B) (Figure 3a,b). A sum of two
exponential functions was used to fit the datapoints.
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Figure 3. Dose response curves obtained for samples ROX 1.14 125-180 pm (a) and 4-11 um (b) by
measuring amplitudes Aexp and Bexp. Data normalised by the maximum value. Negative dose values
indicate the dose accumulated in the material prior to laboratory irradiation.

As expected from the comparison between simulated and experimental spectra, the
lower dose part of DRC A for coarse grains (Figure 3a) bends upwards compared to DRC
B due to the contribution from peroxy signals, while at higher doses, curves A and B
overlap. As a result, the equivalent dose obtained from DRC A is overestimated. The
divergence between DRC A and B is more pronounced in the case of quartz fraction
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4-11 um (Figure 3b). Because of the peroxy contribution, DRC A has a much smaller slope,
which leads to a considerable overestimation of the equivalent dose obtained from this
curve compared to curve B. It should be kept in mind that, while both these curves seem to
almost overlap at high doses, the values of amplitude A are still over 25% overestimated
compared to amplitude B at 10,000 Gy. Since the exact nature of the dose-dependency of
the signals observed in the case of fine grains is not known, the relationship between A and
B values for doses above 10,000 Gy cannot be predicted at this point, and may further affect
the shape and slope of DRC A.

3.1.2. Sample STY 1.10

The second example of comparison between Al-h measurements for coarse and fine
grain spectra is sample STY 1.10 (Figure 4). The spectra of the 125-180 pm fraction demon-
strate a similar situation to ROX 1.14—the shape of experimental spectra differs slightly
from the simulation for smaller doses, and this difference becomes less significant as the
radiation dose increases (Figure 4a). The value of Aexp amplitude overestimates Agiy, by
about 13% for the natural signal, and about 5% for 1000 Gy and 10,000 Gy. For fine grains
represented by a 4-11 pum fraction (Figure 4b), the spectra for the natural sample and the
sample irradiated with 1000 Gy show differences between simulation and experiment
analogous to the ones observed for sample ROX 1.14. Due to the contribution of peroxy
signals, Aexp Overestimates Agn by about 24% for the natural sample and about 21% for
1000 Gy irradiated sample. However, for higher doses, the situation becomes even more
complex, as the overestimation of Aexp compared to Agjm, increases again, to about 30% for
10,000 Gy. The explanation for this fact comes from analysing the peroxy signals observed
at room temperature (Figure 4c,d). While the spectra of coarse grains (Figure 4c), as in the
case of sample ROX 1.14 (Figure 2c), do not show significant changes as the dose increases,
with only the Ge signal at g ~ 1.996 and E’ signal at g ~ 2.000 being more prominent at high
doses, the spectra of fine grains (Figure 4d) exhibit some additional signals, which increase
their intensity with the laboratory dose. Most of them—the signal at g ~ 2.002, 2.010, the
Ge signal (g ~ 1.995) and the E’ signal (g ~ 2.000)—are also detected in sample ROX 1.14
(Figure 2d), but two other signals at g ~ 1.991 and 2.016 are not. In particular, the signal at
g ~ 2.016 exhibits a considerable growth, and due to its position, which almost coincides
with the top of the first peak of the central Al-h signal (g = 2.018) used for Aeyp estimation,
it strongly affects the outcome of this measurement for higher doses. As a result, Aexp
amplitude obtained for fine grains provides unreliable measurements not only for lower
doses, but also for higher doses, making it unsuitable for Al-h intensity determination.
It is worth mentioning that, at first glance, the low-temperature spectrum of STY 1.10
irradiated with 10,000 Gy does not show clear signs of distortion around g = 2.018, as it
still resembles the shape of the Al-h signal quite well, which can be very misleading, as it
encourages attempts to measure Aexp. It is only through analysing the room temperature
measurements that the dose-dependent nature of the signal at g ~ 2.016 can be revealed.
In cases such as this, measuring Aexp, although technically possible, results in unreliable
data, leading to a distorted shape in the dose-response curve. Amplitude B, however,
remains unaffected by the contribution of other signals, and therefore provides a reliable
representation of Al-h signal intensity changes.
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Figure 4. EPR spectra of the coarse (125-180 um) and fine (4-11 um) fraction of sample STY 1.10,
natural and additionally irradiated with 1000 and 10,000 Gy, recorded at 90 K ((a,b), respectively) and
at room temperature ((c,d), respectively), and simulated spectra of Al-h signal (in red). Amplitudes

Aexp, Asim, Bexp and Bgip, are marked with arrows. Major dose-dependent signals observed at room

temperature are marked with blue dashed lines. The 90 K spectra for coarse grains are multiplied by

a factor of 5.9.
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3.1.3. Sample 2 MV 80

The third example is based on measurements of sample 2 MV 80 (Figure 5). The
spectra recorded at 90 K for coarse grains (Figure 5a), in this case represented by a 63-90 pm
fraction, show a more significant distortion than in the case of samples ROX 1.14 and STY
1.14. This is most likely due to the smaller size of the coarse grains—63-90 um instead
of 125-180 pm—compared to the other two samples. As shown by Timar-Gabor [22], the
intensity of peroxy signals decreases with increasing grain size. For the natural sample,
Aexp Overestimates Agjy, value by as much as 82%, by 62% for 500 Gy and by 44% for
5000 Gy. A small part of this overestimation might be attributed to performing a baseline
correction, as the original baselines displayed a steeper slope and more complex shape,
but even then, the differences between Aexp and Agjy, are still very considerable. Due
to a limited availability of coarse material, fewer additional doses could be investigated;
therefore, the overestimation present at 10,000 Gy could not be determined. The spectra
recorded at room temperature resemble those obtained for samples ROX 1.14 and STY 1.10,
with the same dose-dependent signals at g ~ 2.000 and g ~ 1.996, ascribed to the E’ and Ge
centre, respectively, being visible.

As with samples ROX 1.14 and STY 1.10, for fine grains (Figure 5b), the contribution
of the peroxy signals in the central part of the spectrum is clearly visible, leading to an
overestimation of Aexp by 50% compared to Agjy, for the natural sample and 64% for the
1000 Gy irradiated sample. At the higher doses, as shown for 10,000 Gy, the spectrum
becomes very distorted, to the point that the measurement of Acyp, is basically impossible,
as it is clearly too affected by the overlapping signals. Measurements performed at room
temperature (Figure 5d) show the same dose-dependent signals, as in the case of the
samples ROX.1.14 and STY.10—at g ~ 2.010, 2.002, and at g ~ 1.999 (E’ centre) and 1.995
(Ge centre), as well as very strong dose-dependent signals at g ~ 2.015 and g ~ 1.991, also
observed in sample STY 1.10, in addition to the non-dose-dependent signals, also visible in
the coarse grains. In the case of samples like 2 MV 80, with very strong dose-dependent
signals overlapping with the Al-h signal, the measurement of amplitude B is not only more
reliable, but also appears to be the only viable option for obtaining Al-h amplitude without
the use of simulations. It should be noted that the presence of dose-dependent signals
will also cause problems when attempting to remove the peroxy signals by subtracting
the spectra recorded after heating (as performed by Richer and Tsukamoto [36]), since the
peroxy spectrum will look different for every dose, and the heating will likely affect the
ratio of dose-dependent and non-dose-dependent peroxy signals. These arguments further
support using amplitude B for Al-h intensity determination for both fine and coarse grains.

The comparison between the results obtained for the three presented examples by
measuring the amplitude A and B shows the advantage of using amplitude B for Al-h in-
tensity estimation. Contrary to amplitude A, it is not affected by the peroxy signals present
in the centre of the analysed range, and it can therefore provide more accurate results, or,
in fact, any results in cases where a spectrum is too distorted to allow for an estimation of
amplitude A. Measurements of amplitude B were used in the second part of this study to
compare the response of coarse and fine grains of quartz to laboratory irradiation.
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Figure 5. EPR spectra of the coarse (63-90 um) and fine (4-11 um) fraction of sample 2 MV 80, natural
and additionally irradiated with 500 and 5000 Gy for coarse grains, and 1000 and 10,000 Gy for
fine grains, recorded at 90 K ((a,b), respectively) and at room temperature ((c,d), respectively), and
simulated spectra of Al-h signal (in red). Amplitudes Aexp, Asim, Bexp and Bgjm are marked with
arrows. Major dose-dependent signals observed at room temperature are marked with blue dashed
lines. The 90 K spectra for coarse grains are multiplied by a factor of 5.6.
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3.2. Comparison of DRCs of Coarse and Fine Grains

Dose response curves obtained using amplitude Bex, were used for comparing the
response of coarse and fine grains of quartz to laboratory irradiation (Figure 6). The
behaviour of the Al-h signal was investigated up to 10,000 Gy on top of the natural dose
for sample ROX 1.14, and up to 40,000 Gy for samples STY 1.10 and 2 MV 80. Due to the
limited availability of the material, fewer aliquots were obtained for the coarse fraction
than the fine fraction. No correction for the residual dose was applied.

A note of caution regarding the fitting is necessary before proceeding to describe
these results. A sum of two saturating exponential functions was used to fit the data.
This choice was dictated by the results obtained in a recent study by Benzid and Timar-
Gabor [43], where a phenomenological model of Al-h formation upon room temperature
irradiation was proposed. In this model, the Al-h centre is considered to be formed upon
laboratory irradiation by two processes: (i) directly by transforming [AlO,/M*]° into Al-h,
and (ii) indirectly by transforming [AlO4/ M*]% into [AlO4/H*1°, and then [AlO4/H*]°
into Al-h. By assuming that the dissociation rates of these centres are proportional to their
concentrations, the model shows that the increase in the Al-h EPR signal with increasing
dose can be well described by a sum of two exponential functions. Benzid and Timar-Gabor,
however, acknowledge the dangers of interpreting the parameters derived through fitting
with multiple exponentials, stating that, for quantitative assumptions using the derived
parameters to be made, the DRC needs to be raised until it reaches full saturation; otherwise,
the parameters depend on the maximum given dose, as was shown previously by Timar-
Gabor et al. [21] for DRCs obtained for OSL signals fitted with a sum of two saturating
exponentials. As is clear from Figure 6, this is not the case for DRCs constructed in the
current study; therefore, we refrain from deriving any conclusions based on parameters
obtained from the fittings. As such, the fitted curves presented in Figure 6 should be
regarded primarily as a visual aid in comparing the response to laboratory irradiation.
Additionally, due to a smaller number of datapoints for coarse-grained samples STY 1.10
and 2 MV 80 and their noticeable scatter, a fitting was not performed.

Proceeding to the comparison of fine and coarse quartz DRCs, it is immediately
apparent from Figure 6a that both the 4-11 pm and 125-180 um fractions of the ROX 1.14
sample show almost identical DRC shape. While the number of datapoints is limited, it
can be assumed that the effect of increasing the laboratory dose on the Al-h signal, even
if not identical, is remarkably similar in fine and coarse grains. As mentioned before, the
data obtained for the coarse fraction of samples STY 1.10 (Figure 6b) 2 MV 80 (Figure 6c)
did not allow for a satisfactory fitting, as the shape of the fitted curves would be largely
affected by an arbitrary choice of parameters. Instead, the datapoints were overlaid on
the DRCs obtained for fine grains. Some differences can be observed for the sample STY
1.10 (Figure 6b), namely, the datapoints obtained for coarse (125-180 um) grains seem to
indicate a faster saturation of the DRC. However, the shape of the curves is likely affected
by a noticeable scatter of the datapoints and the absence of data for coarse grains above
20,000 Gy, so the divergence observed in Figure 6b may very well be exaggerated. In the
case of sample 2 MV 570 (Figure 6c), as far as the doses up to 5000 Gy are concerned, the
data for coarse (63-90 um) and fine grains is in very good agreement, suggesting that, in
this range, there are no significant differences in the behaviour of the Al-h signal in coarse
and fine grains for this sample. Despite the aforementioned issues with the fitting, simply
by visually following the datapoints, it can be observed that, in all three cases, the intercept
of the DRCs with the x axis seem to be the same for both fractions.
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Figure 6. Dose response curves for the amplitude Bexp obtained for fine (4-11 um) and coarse
(125-180 um) grains of samples ROX 1.14 (a), STY 1.10 (b), and fine (4-11 um) and coarse (63-90 um)
grains of sample 2 MV 80 (c). Data were normalised to the maximum datapoint (a) or maximum
datapoint for fine grains and overlaid on the curve for coarse grains (b,c). Negative dose values
indicate the dose accumulated in the material prior to laboratory irradiation.
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It can therefore be stated that no significant divergence in the behaviour of the Al-h
signal with the increasing radiation dose in the investigated range can be observed between
the fine (4-11 pm) and coarse (63-90 pm and 125-180 pm) grains of quartz studied in
this work. A logical conclusion is to assume that Al-h centre formation in fine and coarse
grains due to artificial radiation is governed by the same processes. To our knowledge, the
influence of grain size on the formation of the Al-h centre has not been discussed in the
literature. The phenomenological model of Al-h formation upon laboratory irradiation at
room temperature proposed by Benzid and Timar-Gabor [43] does not suggest that this
process would be significantly different for coarse and fine grains. As Al-h centres are
extrinsic, impurity-related defects, it is to be expected that they would have a relatively
homogeneous distribution in the volume of a sedimentary quartz grain. Indeed, Timar-
Gabor [22] report that no significant effect could be observed when measuring Al-h signals
as a function of etching time. More experimental and theoretical studies are certainly
needed to further examine the mechanism of Al-h centre formation; however, our results
show that, in the first approximation, the response of both fine- and coarse-grained quartz
to artificial irradiation is remarkably similar.

Should coarse and fine grains of quartz therefore be provided with the same equivalent
dose when dated using the Al-h centre? The answer to this question requires a separate
consideration and cannot be answered at this point. It is generally accepted that sunlight
exposure does not completely bleach the EPR intensity of Al-h, and the signal is reset only to
anon-bleachable residual level (e.g., [6,7,44-48]). Our study focuses on unbleached samples,
which have a residual signal composed of bleachable and unbleachable components. These
components can be of different magnitudes for coarse and fine grains and should be
determined separately for every fraction, which is beyond the scope of this work. To
our knowledge, the only study showing the effects of grain size on the results of the
EPR dating of quartz was conducted by Liu et al. [49] for the Ti-Li centres of fluvial and
lacustrine sediments. They assumed complete bleaching and reported that, for grain sizes
above 100 pm, the equivalent dose decreased with the increase in grain size. However, for
the smallest fraction (50-100 um, which, in our study, would still be considered coarse),
the equivalent dose was smaller than for the larger fraction. They also showed that the
beta irradiation dose rate of grains with different sizes accounts for only about 6% of
the total deviation of dating results, making if far less significant than the effect of grain
size on EPR sensitivity. No similar studies have been conducted on the Al-h centre of
sedimentary quartz. It should be mentioned that the effect that the size of grains has on
the obtained equivalent dose was investigated for E” and the Al-h centre in quartz from
fault gouge (e.g., [50,51]), but due to the different mechanism involved in resetting the
signal (mechanical deformation and high temperature), these results cannot be of use for
other types of environments. The effects of natural irradiation and light exposure on fine-
and coarse-grained quartz should certainly be investigated in order to reach conclusions
regarding the equivalent dose estimation.

4. Conclusions

We examined the Al-h and peroxy EPR spectra of fine (4-11 pm) and coarse (63-90,
125-180 um) sedimentary quartz separates extracted from three well-characterised samples
collected from thoroughly investigated sites (Roxolany, Stayky and Mircea Vodd). Based on
the data presented in this work, as well as in the study conducted by Timar-Gabor [22], it is
clear that Al-h measurements of fine grains are affected by the presence of peroxy signals
to a much greater extent than coarse grains. However, the degree to which this affects the
standard amplitude measurement following the approach of Toyoda and Falgueres [27]
seems to be sample-dependent. It ranges from causing an overestimation, which is much
stronger for smaller doses (sample ROX 1.14), to a complete distortion of the spectra at
high doses (sample 2 MV 80) due to the presence of dose-dependent peroxy signals in
fine grains. For a proper understanding of the observed differences, a much larger set of
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samples would certainly have to be analysed, which is not an easy task, since it requires a
large amount of material from different sites divided into fractions.

The new approach to measuring Al-h signal amplitude proposed in this study, focusing
on the peak-to-baseline amplitude of the part of the signal at g ~ 2.0603, has the potential to
provide more accurate results. This region of the spectrum is not affected by strong peroxy
signals overlapping the central part of the Al-h signal and causing the overestimation.
While using the strongest absorption line, as in the standard approach, increases the signal-
to-noise ratio, which leads to greater precision in the dating result, our study shows that
this precision comes at the cost of accuracy. In other words, while the errors associated
with the standard approach may be smaller, the dates themselves may not reflect the true
age of the material. We believe that more accurate results, even if less precise, are of much
greater value to the dating community and the researchers using the reported values in
their studies. It should be mentioned that, while very useful for samples with strong Al-h
signals, as the ones investigated here, the new approach might not be applicable to very
weak signals. This part of the Al-h spectrum is considerably less intense than the central
signal typically used for measuring amplitude, and in the case of some samples, it may
simply be undetectable. Additionally, more studies are needed on the individual signals
composing the peroxy spectra in order to rule out the possibility of some weaker lower-field
peaks being present around g ~ 2.0603, which could affect the amplitude measurement
following this new approach.

We compared the response of the Al-h signal to laboratory irradiation displayed by the
fine- and coarse-grained fractions, which has not been previously shown in the literature.
The shapes of dose response curves constructed for coarse and fine grains using the new
approach show a considerable similarity, which suggests that Al-h centre formation in fine
and coarse grains upon artificial radiation follows the same pattern. These observations
have significant implications for the dating community and will hopefully inspire more
research, experimental and theoretical, allowing for a thorough comparison of dating
results obtained for different fractions of sedimentary quartz, which in turn will deepen
our understanding of the underlying processes and increase the accuracy of EPR dating.

It should be stressed that the behaviour of the Al-h signal in coarse and fine grains
upon laboratory irradiation might differ from behaviour observed in nature. Depending
on the grain size, the amount of alpha and beta radiation penetrating the grain will be
different, influencing the formation of defects. Understanding the processes induced in
fine and coarse grains by gamma radiation in a controlled laboratory environment is the
first step towards the development of a comprehensive model. The effect of grain size
on the formation and bleachability of Al-h centres under natural conditions needs to be
thoroughly studied before any conclusions are drawn regarding the overall result of EPR
dating using different fractions. We hope that our work will stimulate such studies.
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Abstract: The study of new materials for radiation dosimetry is important to improve the present
state of the art and to help in cases of accidents for retrospective dosimetry. Sulfites are compounds
that contain a sulfur ion, widely used in the food industry. Due to the significant application of
these compounds, sulfites are interesting candidates for accidental dosimetry, as fortuitous radiation
detectors. The presence of the SO3~ anion enables its detection by electron spin resonance (ESR)
spectroscopy. The Dose-Response behavior, signal stability and other spectral features were investi-
gated for sodium sulfite, sodium bisulfite, sodium metabisulfite and potassium metabisulfite, all in
crystalline forms. The ESR spectrum of salts presented stability and proportional response with dose,
presenting potential for dosimetry applications.

Keywords: radiation dosimetry; sulfite; radiation accidents; retrospective dosimetry

1. Introduction

Sulfites are chemical compounds widely used in the food industry as a preserva-
tive and additive. They are sources of SO, which is an antimicrobial agent known
since antiquity [1].

Parts of sulfites are the bisulfites (HSO3;~) and metabisulfites (S,0527), in which
the anions SO32~, HSO?>~ and S,052~ [2] are present and detectable by electron spin
resonance (ESR) spectroscopy, what makes them potential materials to compose dosimeters.
Because they are easily found in different applications and are in widespread use, they are
a candidate for radiation dosimetry in cases of accidents, in pure form at the location. They
can also be employed as a component of a dosimeter or blended with a binder, as is done
with alanine, for some specific applications.

The SO, ™ and SO3;~ anions are commonly cited in ESR papers about speleothems,
calcified tissues of shells, snails and corals, because they are generated by ionizing radiation.
They are present in the structure of calcites and aragonites as impurities. In these materials,
they are characterized by having stability, allowing their use to differ between irradiated
from non-irradiated material [3] and other applications such as dosimetry and dating [4-8].

Other inorganic compounds containing the SOz~ radical ion have already been
studied as ESR dosimeters. Bogushevich and Ugolev [9] have discussed some aspects of
inorganic ESR dosimeters for medical radiotherapy and have shown that alkaline earth
dithionates (S,042~) have great potential. Irradiated dithionates exhibit a narrow line
stable at room temperature attributed to SO3-~ radical anions [10,11]. The oxidation of
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dithionates (S,0¢2~) could result in sulfites (SO327) and dithionites (S,04%7) [12], also
detectable by ESR spectroscopy.

In this work, the spectroscopic characterization of the irradiated sulfites, the behavior
of the signal as a function of microwave power, the stability of the signal and the properties
of the ESR spectrum of irradiated sulfites as a function of dose of radiation are presented,
showing that these compounds have the potential for dosimetric applications. Thus, the
goal of this paper is twofold; first, to offer a characterization of the radicals created by
ionizing radiation produced by X-ray sources in these compounds by simulating the ESR
spectra, and to present the possibility of using these materials as fortuitous dosimeters.
To achieve this possible emergency application, the dose response was studied for doses
below 20 Gy. In this scenario, materials present at the local site of a radioactive accident
that produces stable radicals can be used as a dosimeter giving valuable information to
manage the situation.

2. Results and Discussion
2.1. ESR Spectra Characterization

Figure 1 shows the ESR spectra of samples before irradiation. The background signal
may be due to intrinsic defects present in the samples, which were commercial salts and
used as received without any further treatment to simulate a practical situation, and can
be used as a fortuitous dosimeter. The spectra of sulfites are shown with the Mn?* marker
that was used for determining the g-factor. The radicals present in sodium sulfite, sodium
bisulfite and sodium metabisulfite are characterized by a relatively simple ESR spectrum,
with the g-factor around g = 2.0085 and a width of 0.4 mT. Potassium metabisulfite presents
an asymmetric line leading to the hypothesis of the presence of two or more radicals or
crystal orientation in relation to the magnetic field.
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Figure 1. ESR signal of non-irradiated sulfites and their chemical structure. Spectra were recorded

with Mn marker.

As already mentioned, potassium metabisulfite appears to have a composite line
structure, different from the other sulfites studied. Thus, Figure 2 shows the simulation
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(EasySpin [13]) of the sulfites studied after irradiation with a dose of 500 Gy for comparison.
All radicals identified with 500 Gy fitted in the lower dose spectra. Table 1 lists the
parameters found in the spectra simulation.
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Figure 2. Simulation of ESR spectra of sulfites irradiated with 500 Gy.

Table 1. Parameters of Spin Hamiltonian of sulfites, g-factor and linewidth (LW).

Compound g-Factor LW (mT)
Sodium sulfite 2.0085 2.0062 2.0062 0.6266 0.2427
Sodium bisulfite 2.0133 2.0089 2.0098 0.3168 0.6736
2.0047 2.0071 2.0098 0.0083 0.3740
Sodium metabisulfite 2.0089 2.0045 2.0067 0.5546 0.2112
Potassium metabisulfite 2.0130 2.0093 2.0092 0.9715 0.2011
2.0052 2.0074 2.0078 0.2404 0.0961

Despite the spectral appearance of isotropic lines of the radical of sodium sulfite,
sodium bisulfite and sodium metabisulfite, the spectral simulation details orthorhombic
symmetry. A similar result is reported by Gustafsson et al. [14] that found axial symmetry
for an SO3;~ radical in irradiated potassium dithionite. On the other hand, Chanty et al. [15]
describe an isotropic line for an SO3~ radical in irradiated sodium dithionite, which leads
us to conclude that although the nature of the radical is the same, its spectrum depends on
the compound in which it is present.

The power saturation curve is presented in Figure 3, considering the peak-to-peak
amplitude of the ESR first derivative absorption line normalized by sample mass.
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Figure 3. ESR signal amplitude as a function of the microwave incident power at the resonant cavity.

The signal intensity as a function of microwave power for all sulfites demonstrates a
conventional characteristic, with a signal that increases with power!/?, with subsequent
saturation of the signal up to 3 mW, which is a usual characteristic of spin—spin relaxation.
The figure shows fitting with a single saturation exponential curve. For comparison
purposes, samples with the same dose (500 Gy) were used with the signal normalized by
mass. Sodium Bisulfite presented the smallest value of signal intensity at saturation and
potassium metabisulfite reached the highest.

The stability of the ESR signal is crucial for retrospective dosimetry. So, the signal
intensity as a function of time after irradiation was monitored until 166 h. Figure 4 shows
the results, all samples were irradiated with 500 Gy, and the signal was normalized by
sample mass for comparison. During this period of study, there was no fading of signals.
As already mentioned, the high signal produced with a dose of 500 Gy was valuable as it
gave better precision in determining the fading and the microwave power saturation.

120 | ] _ Am ] L] n
] L > Potassium metabisulfite
’__? 100 1
< Sodium metabisulfite
~ 1 ‘ 77777 iy [ I | - n n
2 80 *
%) - u ]
g 1 L & T ™ Sodi i
= t
£ 604 odium sulfite
= ]
&
& 40+
=4
g 20
] Sodium bisulfite
i S @ L [ —
0

20 0 20 40 60 80 100 120 140 160 180
Time (hours)

Figure 4. ESR signal amplitude of sample irradiated with a dose of 500 Gy as function of time after
irradiation, showing the stability of signals during this period.
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2.2. Dose-Response Curve

Table 2 summarizes the best spectrometer parameters for ESR dosimetry with the
materials. The modulation amplitude was selected to optimize the signal without its
distortion. For sodium sulfite, bisulfite and metabisulfite, a relatively large modulation
was employed to increase the signal amplitude. This procedure has been used in other
studies [16,17] and showed an alternative when the signal intensity must be correlated
with some variable, such as the radiation dose in the present case.

Table 2. X-band ESR spectrometer settings for Dose-Response Curve.

Parameter Sodium Sulfite Sodium Bisulfite Sodium Metabisulfite Potassium Metabisulfite
Center magnetic field ~337 mT
Microwave frequency 9 GHz
Resonant Cavity Cylindrical resonator, mode TE011, Q factor 6000
Modulation frequency 100 kHz
Microwave power 1 mW
Modulation amplitude 1.0 mT 1.4 mT 14mT 0.1mT
Sweep width 10 mT
Time constant 0.3s
Gain 10 x 100
Sweep time 1 min
Number of scans 3
Sample mass ~80 mg ~85 mg ~60 mg ~90 mg

The ESR spectra of the sulfites as a function of the dose are shown in Figure 5. We can
observe that the background signal, already present in the materials, has the same structure
as the signals induced by ionizing radiation. The amplitude of the background signal was
computed in the construction of the Dose—Response curve, ensuring that the calibration
of the dosimeter is carried out taking this character into account. We can also notice that
the signals increase in intensity with the radiation dose, and, in this dose range, no other
species appear. Further experiments are needed, and future work can be performed with
DFT to simulate the spectra to identify the nature of the radicals. Three of the compounds
exhibit mostly a single ESR line but potassium metabisulfite shows a composite spectrum as
demonstrated in the spectral simulation (Figure 2). Thus, the peak-to-peak of the main line
was used to construct the Dose-Response curve and a smaller value of field modulation, in
comparison to the other compounds, was employed.

Most substances used for ESR dosimetry exhibit exponential behavior over a wide
range of doses, up to kGy (Equation (1)). However, for the low dose range, as in the
present paper, linear adjustment can be applied, as it is compatible with the beginning of
the exponential curve (Equation (2)). Therefore, the experimental data points (Figure 6)
were adjusted by linear fitting (Equation (2)), and Table 3 summarizes the parameters of
fitting for each sulfite.

T—Tpx[1—e (Do) (1)
Izlox(1+2) )

where I is the signal intensity; D, the dose; Iy, the linear coefficient in Equation (2) and
Intensity at saturation in Equation (1); «, the dose related to I = 0; and Dy, the dose at
saturation. Table 3 summarizes the parameters of fitting for each sulfite.
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Table 3. Parameters of fitting of Dose—Response Curve for each compound studied.

Compound Model Io o Adj. R-Square
Sodium sulfite linear 2.7 2.3 0.997
Sodium bisulfite linear 4.0 2.3 0.997
Sodium metabisulfite linear 24.1 4.7 0.997
Potassium metabisulfite linear 15.3 3.5 0.995

The Dose-Response curves obtained with optimized acquisition parameters for each
compound studied demonstrate that metabisulfites are more sensitive to irradiation, be-
cause the curves, for the same dose range, reach higher intensities in relation to sodium
sulfite and sodium bisulfite. This can be explained by observing that chemical structures
composed of more elements show greater intensity of signal, due to the larger quantity of
free radicals and their stability. Additionally, tests with radiation doses greater than 20 Gy
may confirm the linear behavior of dose-response curves, so that sulfites can be used for
high-dose dosimetry.

Therefore, these characteristics open space for future research, in which the behavior
can be studied in relation to higher dose ranges, as well as to other energy ranges, opening
perspectives for their applications.

3. Materials and Methods

Potassium metabisulfite (Synth), sodium bisulfite (Sigma-Aldrich), sodium metabisul-
fite (Reagen) and sodium sulfite (Nuclear) of analytical grade were all commercially ob-
tained in powder form and used as received. The samples were not crushed or sieved to
avoid creation of defects by mechanical action.

3.1. Irradiation

For irradiation, each material was placed in a small capsule and positioned between a
solid water slab with thickness of 1.5 cm on top, corresponding to the build-up region for
6 MV energy, and a 15 cm solid water slab below, to allow proper back scattering conditions.
The irradiation was performed with a Siemens Mevatron 6 MV clinical linear accelerator
(Linac) with dose values varying from 1 to 20 Gy, for dose response investigation. This
dose range was chosen with the aim of using these compounds as fortuitous dosimeters.
The samples were positioned at source surface distance (SSD) of 100 cm at the Linac
isocenter and irradiated with a 2 Gy/min dose rate in a 10 x 10 cm? square field size. An
aliquot of each material was irradiated with a dose of 500 Gy through Cesio-137 source
for determination of the spectrum components by computer simulation, signal stability
experiments and characterization in relation to microwave power. Such a high dose was
employed to fully reveal all possible radicals created by ionizing radiation allowing a more
precise spectral simulation and identification of all the radicals.

3.2. ESR Spectra Characterization

The spectra were recorded in a JEOL-JES FA 200 X-band spectrometer, with cylindrical
resonator, mode TEg;;. A Mn?* marker was recorded simultaneously with the sample
allowing the determination of the g-factor of each sulfite with JEOL software.

The sample was placed in 4 mm diameter high-purity quartz tubes for ESR measure-
ments. Initially, the spectra of the sample before and after irradiation with 500 Gy were
recorded for spectral characterization such as determination of the g-factors of radicals.
Then, the signal intensity, considered as the peak-to-peak amplitude of the main line ob-
tained by the first derivative of the absorption spectrum normalized by the mass quantity,
was monitored as function of microwave power. The value of power that resulted in the
higher intensity, without signal saturation, was adopted to construct the Dose—Response
curve. Moreover, the signal was monitored over time to study its stability.

To confirm the assignment of the induced radicals by radiation, spectra simulation
with the software EasySpin [13] was compared with experimental results.
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3.3. Dose-Response Curve

For Dose-Response Curve construction, the peak-to-peak amplitude of the main signal
normalized by sample mass as function of dose was used. The software Origin (OriginLab)
was used to adjust the experimental data with the linear or exponential function.

4. Conclusions

Sulfites studied in this work presented a proportional response with radiation and
stable ESR signal, enabling their use as a dosimeter. The materials used in this study could
be good candidates for accidental dosimetry studies since their presence in many food and
pharmaceutical factories makes their use possible in the case of a radiological accident.
Further studies are required to determine the lowest detectable dose, identification of
radicals and influence of the energy of the radiation source among others, to establish a
complete protocol for their use.
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Abstract: A comparative investigation of amino acids (proline, cysteine, and alanine) as dosimetric
materials using electron paramagnetic resonance (EPR) spectroscopy in the absorbed dosage range of
1-25 kGy is presented. There were no signals in the EPR spectra of the samples before irradiation.
After irradiation, the complex spectra were recorded. These results showed that the investigated
amino acids were sensitive to radiation. In the EPR spectrum of cysteine after irradiation, RSe radicals
dominated. The effects of the microwave power on the saturation of the EPR signals showed the
presence of at least three different types of free radicals in proline. It was also found out that the DL-
proline and cysteine had stable free radicals after irradiation and represented a linear dosage response
up to 10 kGy. On the other hand, the amino acid alanine has been accepted by the International
Atomic Energy Agency as a transfer standard dosimetry system. In view of this, the obtained results
of the proline and cysteine studies have been compared with those of the alanine studies. The
results showed that the amino acids proline and cysteine could be used as alternative dosimetric
materials in lieu of alanine in a dosage range of 1-10 kGy of an absorbed dose of y-rays using EPR
spectroscopy. Regarding the radiation sensitivity, the following order of decreased dosage responses
was determined: alanine > DL-proline > cysteine > L-proline.

Keywords: electron paramagnetic resonance (EPR) spectroscopy; amino acids; proline; cysteine;
alanine; dosimetry; free radicals; y-radiation

1. Introduction

Among the various methods of dosimetry, for example, polarimetry, photo- and
thermo-luminescence, measurements of electroconductivity and dielectric losses, etc., EPR
dosimetry has particular significance. In a number of cases, EPR spectroscopy has shown
advantages over the other methods. These advantages include a high sensitivity for a
wide measurement range with high accuracy, the small size of the used samples, the non-
destructive character of the measurements, and the automation of the processing of the
dosimetric data. Many scientists have made valuable contributions to the development of
reference standard dosimeters for high energy radiation on the basis of using alanine in an
EPR dosimetry system [1,2]. Until the present, this has been the most common material
used in EPR dosimetry, and it has been formally accepted by International Atomic Energy
Agency (IAEA, Vienna, Austria) [3], the National Institute for Standards and Technology
(NIST, Maryland, USA) [4], and the National Physical Laboratory (NPL, Teddington, UK) [5]
as a secondary reference and transfer dosimeter for high-dosage irradiation. Alanine EPR
dosimetry has been applied successfully for measuring intermediate and high radiation
doses. Although the performance of alanine dosimetry has improved, the sensitivity of
the material is too low for a fast and simple low-dosage determination. However, there
are widely spread applications of alanine, and many scientists continue to search for
alternative materials with better characteristics. Materials with greater sensitivity are
required to make EPR dosimeters competitive with other dosimetry systems. Strategies
for identifying new EPR dosimeter materials have been proposed by Ikeya et al. and
Lund et al. [6,7]. The criteria that should be fulfilled by a useful dosimetry system can
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be divided into radiation dosimetry criteria and radiation chemistry criteria in regard to
EPR properties. The important radiation dosimetry criteria are tissue equivalence (with
respect to scattering) and the energy absorption of ionizing radiation, as well as the stability
of radicals over time and the linearity of the signal versus the dose. The radical stability
and linearity of the signal with respect to dose must be verified experimentally, and
tissue equivalence excludes materials containing heavy elements. The important radiation
chemistry criteria are a high radical yield and a suitable radical structure, which provide
longer-living radicals with a simple symmetrical line and a short longitudinal relaxation
time period. Many studies have already been carried out in an effort to identify new
materials for electron paramagnetic resonance dosimetry and to substitute alanine in such
dosimetry [7-16]. Many substances, such as saccharides [17], formates [18,19], tartrate [20],
dithionate [21], and ascorbic acid [22], have been studied as dosimetric materials, and a
number of amino acids in which free-radical populations form during irradiation have
been suggested for high-dosage dosimetry using electron paramagnetic resonance analysis.
Several compounds, all of which have been found to be more sensitive than alanine by a
factor of 2-10, have been investigated [23,24]. Sucrose has also been widely studied as a
dosimeter in radiation accidents, for irradiation with different types ionizing radiation, and
with mixed types of radiations [17,25-30]. In the current study, the dosimetric properties
of the amino acids proline and cysteine were investigated and compared with those of
alanine. These materials were chosen because they are known to have good characteristics
as dosimetric materials. They belong to a class of biological substances which, after
irradiation, exhibit reasonably well-resolved spectra. It is convenient to study them by EPR
spectrometry for two reasons: amino acids are components of proteins that can be purified
in crystalline form, and they are used in many foods and food additives. Because of this, if
they show good results, they could potentially be used for accidental and/or retrospective
dosimetry. The application of the amino acids to a successful and versatile free radical
method of dosimetry depends on the magnitude of the radical yield per unit of absorbed
dose and on the lifetime of the free radicals. On the other hand, proline and cysteine are
among the few left amino acids that have not yet been studied with respect their use in EPR
dosimetry. In view of this, in the present study, all characteristics for dosimetric materials
such as sensitivity to radiation, time stability of the radiation, the created free radicals, and
the dose-response characteristics of proline and cysteine were studied. The obtained results
showed the possibilities of using these materials for dosimetric purposes for y radiation,
and this study will enrich the existing knowledge about the EPR dosimetry of amino acids.

2. Results and Discussion
2.1. EPR Spectra

No EPR signals were observed in the samples before irradiation. After irradiation,
complex EPR spectra were recorded. It is known that complex spectra are composed as
a result of the superposition of the signals of several free radicals. The spectra of L- and
DL- proline are shown in Figure 1a,b. As can be seen, the EPR spectra of L- and DL-proline
are similar but not exactly the same. The EPR spectrum of DL-proline is characterized
by a g factor of 2.00378 £ 0.00002 of the central line, a constant of the hyperfine splitting
of A~ 2171, and a linewidth of AH ~ 0.94 mT. The EPR spectrum of L-proline is also
centered at a g value of 2.00379 £ 0.00002, and its most intensive three lines have widths of
AH =~ 0.96 mT and a splitting value of A = 2.107. As DL-proline is a racemic mixture of
the isomers D- and L-proline, it was not expected to have a different EPR spectrum than
that of L-proline. The difference was explained based on the type of sample. In comparison
with the DL-proline sample, which was crystalline, the L-proline sample was in the form
of powder. This supposes a higher hygroscopicity of the sample. It is known that the
absorbance of moisture from the air leads to decreases in the quantity of free radicals and
the intensity of the EPR signal, respectively, because of recombination processes. Likely,
some of the radicals were more sensitive to the moisture and they disappeared because of
the recombination, and this change the shape of the spectra at all.
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Figure 1. EPR spectra of (a) L-proline, (b) DL-proline, and (c) cysteine after y-irradiation with 10 kGy.

To compare both spectra, Figure 2 shows the EPR spectra of DL- and L-proline ir-
radiated with 25 kGy. It can be seen that some additional lines are observed at the low
and high magnetic fields in the EPR spectra of DL-proline. Besides these extra lines, a
small difference in the linewidths of the two lines on the left and on the right of the central
line is observed. This can be related to the various relaxation times that characterized
the interaction of the electron spin with the surroundings and with each other. Thus, in
some cases, the lifetime of the individual spin-orientation state in the radical, or that of the
radical itself, may be so short time that the linewidth is affected. These effects can arise
from the electron exchange and transfer between molecular species. However, this is not
so important for the aim of the current study because there were no observed differences
between the spectra of the samples of the L-proline irradiated with different doses and
the spectra of the DL-proline samples irradiated with different doses. Figure 3 shows the
spectra of the investigated samples irradiated with different doses of gamma rays. The fact
that there are differences between the spectra of the various materials did not influence
the results with respect to their dosimetric properties because they are being studied as
independent dosimetric materials. Since there were no changes in the EPR spectrum with
the dosage, an amplitude of the first derivative (“peak-to-peak”, from maximum to mini-
mum, denoted by I in Figure 1) can be taken as a relative measure of the quantity of the free
radicals. The EPR spectra of cysteine consisted of three lines with the g factors g; = 2.0542,
g2 =2.0251, and g3 = 2.0053, which are denoted by P1, P2, and P3, respectively, in Figure 1c.
According to the literature data, the spectrum of cysteine after irradiation is due to the
domination of RSe radicals [31]. This “sulphur pattern” is also found in the spectra of
various thiols and in compounds containing S-S bonds after gammairradiation at room
temperature. An interaction with one or two methylene protons in RCH,S- radicals may be
observed, though, generally, the proton interactions are too small to further characterize
the trapped species. However, a low intensive signal located between P1 and P2 in the
spectrum, due to another type of radical with an unknown nature, which was more visible
and is denoted by the arrow in Figure 3, was also observed.
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Figure 2. EPR spectra of L- and DL-proline irradiated with 25 kGy.
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Figure 3. Effect of the dose on the shape of the EPR spectra: (a) L-proline, (b) DL-proline, and

(c) cysteine.

The well-known powder EPR spectrum of irradiated a-alanine consists of five broad
lines having intensity ratios of 1:4:6:4:1, separated by approximately 2.5 mT (though this is
not shown). The observed quintet spectrum is attributed to the hyperfine interaction of
the unpaired electron with four protons—three protons from the methyl group and one
proton from the a-carbon atom—CH3;C-HCOOH. The peak-to-peak amplitude of the most
intensive central line is commonly used to monitor the dosage deposited in alanine samples
after exposure to ionizing radiation. Many studies on the composition of the alanine EPR
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spectrum are available in the literature [32-35]. It has been shown that the EPR spectrum
of irradiated alanine consists of at least three different radical species [36-38].

2.2. Effect of the Dose on the Shape of the EPR Spectra

As mentioned above, Figure 3 shows the effect of the dosage on the shape of the
signals in the EPR spectra. It is shown that in the spectra of L- and DL- proline, the different
doses do not lead to any changes in the shape of the spectra. At the same time, a small
change in the intensity of the central line in the spectrum of cysteine, relative to both lines
from right and left, with the increased doses was observed. This can likely be produced by
different densities of the radiation beams during irradiation with lower (1 kGy) and higher
(25 kGy) doses. However, this may also be due to saturation at high dosages of the radicals
responsible for this line. Previous investigations have shown that different dosages do not
impact the shape of the spectra of alanine.

2.3. Effect of the Microwave Power on the Shape and on the Saturation Degree of the EPR Signals

The intensities of the EPR signals are known to depend on the values of the instru-
mental settings, i.e., the microwave power and modulation amplitude. Therefore, the first
step after irradiation was to study the influence of these parameters on the EPR response.
In view of this fact, two series of investigations on the dependence of EPR intensity as a
function of the square root of the microwave power and of the magnetic field modulation
amplitude were made. The results (Figures 4 and 5) showed that for proline, the EPR
intensity remained linearly dependent on the microwave power up to 0.3 mW and on the
modulation amplitude up to 0.4 mT. For cysteine, the sample peaks 1 and 3 had linear
dependence up to 6 mW, whereas peak 2 was saturated at a lower value of the microwave
power (1 mW). The dependencies on the modulation amplitude were linear up to 0.4 mT.
The values of the parameters that were chosen for the measurements were required be in
the linear parts of the graphs. However, the appropriate instrumental settings to record
the EPR spectra of alanine were previously studied to compare the spectra, and it was
acceptable to determine them using the same instrument. Therefore, the following values
of the parameters were identified: in the case of proline, a microwave power 0.3 mW and
a modulation amplitude 0.4 mT were applied, and for cysteine and alanine, microwave
power of 1 mW and modulation amplitude of 0.4 mT, respectively, were applied.
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Figure 4. The dependence of the EPR intensity on the square root of the microwave power.
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Figure 6 shows the behavior of the saturation of the EPR signal of the observed lines
in the spectra of proline with regard to the microwave power. For this study, a sample
of DL-proline irradiated with 5 kGy was used. The results for L-proline were the same,
which is why they are not shown. The number of each line can be seen on the left panel
in the figure, whereas on the right, the dependence on the square root of the microwave
power is shown. As seen in the figure, peaks 3, 4, and 5 have similar behaviors, namely,
a linear dependence up to 0.3 mW, which slowly decreased after that point. Peaks 2 and
6 decreased with the increase in microwave power. When the power exceeded 1 mW, peak
6 disappeared. The changes in the magnitude of the microwave power weakly influenced
the intensity of peaks 1 and 7. At values higher than 1 mW, peak 1 was not observed. On
the basis of these results, it can be concluded that at least three types of free radicals were
created in proline during the y-irradiation. The first one was responsible for peaks 3, 4, and
5 in the EPR spectra of proline. Peaks 2 and 6 in the spectra are due to the second type of
radical. The last radical was responsible for peaks 1 and 7. Similar to this, if we look at
the dependence of different peaks in the spectra of cysteine with regard to the microwave
power (Figure 4, P1, P2, and P3), it can be seen that two different saturation behaviors were
observed. One of them was for peaks P1 and P3 and the second was for P2. Therefore, this
is evidence that in addition to RSe radicals in the EPR spectra, there are also contributions
by other paramagnetic species with unknown nature. This statement is in accordance with
the observation in Figure 3, where it can be seen that P2 had changed its intensity regarding
P1 and P3 after the increase in the dose.

123



Molecules 2023, 28, 1745

3000 A °
[ o .
2500 .. ° .
] ®
2000 @
1 o4
1500 N
= ] G A
5 g 1000 & A 4.
" 2 500 - A 5and 3
| 6 g 1404 Sv
A £ 1204 'v
\ NS T 100{ 2@, -
| 80
| ’ v
| 0] . ¢
| | 40] et 1% $
20] 7 < @ L 4 *
0 . . ' . . .
0.5 1.0 15 2.0 2.5 3.0 35
P mw

Figure 6. Saturation behaviors of the EPR lines in the spectra of proline versus the square root of the
microwave power.

The investigation of the saturation effect of the lines in the EPR spectra of alanine
upon increase in the microwave power showed the presence of three different types of
radicals (R1, R2, and R3) [36].

2.4. Time Dependence of the Free Radicals

The time stability of free radicals depends on their molecular surroundings and, espe-
cially, on the state of the atom. Normally, in solutions, the lifetimes of the unpaired electrons
or free radicals are very short. Some crystalline materials, even at room temperature, can
exist for as long as several years. The type and amount of the free radicals created by
ionizing radiation depend on the crystalline structure and storage conditions.

From a dosimetry point of view, the knowledge of the time stability of the radiation-
induced EPR signal in the samples, as well as their decay kinetics, are highly important.
This is especially important when several days can elapse between the exposure and the
instrumental evaluations. There are at least two mechanisms of decay in the monitored free
radicals: recombination with other paramagnetic species to create diamagnetic products
and their transformation into another paramagnetic molecule. In the first case, only the
intensity of the obtained EPR spectrum will decrease with time and no changes in its shape
will be observed, and in the second case, new EPR spectra will appear. As it is typical, the
effects of the second type were observed immediately after irradiation of the substance
under study until stable paramagnetic species were formed. After that, the remaining stable
free radicals could only recombine. In view of this, all measurements were performed at
least 72 h after irradiation in order to avoid short-living intermediate relaxing products.

For this study, the samples were stored at room temperature in the dark and then
measured for a period of six months. The results showed that for this period, the intensity
of the DL-proline decreased by approximately 25% (Figure 7a). The radiation-induced
signal of L-proline decreased by 83% for 3 months (Figure 7b). Six months after irradiation,
the signals had decreased by 99% and nearly disappeared. This result can be explained by
the fact that the samples of L-proline are more hygroscopic than DL-proline. The L-proline
was in the form of powder, whereas the DL-proline samples were crystals. However, the
samples were stored under the same conditions, it was visible that the samples of L-proline
had absorbed moisture from the air, even though they were stored in plastic bags in a dry
and dark place. In the results, the recombination of the free radicals was observed, and
therefore, there was a decrease in the signal intensity.
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Figure 7. Time stability of the free radicals recorded for: (a) DL-proline; (b) L-proline, where the
small graph shows the EPR signal intensity after six months of storage; and (c) cysteine.

The cysteine intensity decreased by 21% over the same time period of six months
(Figure 7c).

The investigations of the lifetimes of the radiation-induced radicals in alanine were
completed more than 35 years ago. They showed that the lifetimes of the free radicals were
very long [39]. It was reported that the decay rate was less than 1% for 3 years. On the
other hand, Hansen and Olsen [40] found a dependence between radical decay and applied
dosage. They discovered very low fading for doses below 10 kGy and more pronounced
fading for doses above 50 kGy. This showed that the radicals could likely begin to interact
with each other above a certain concentration. This fact can also explain the saturation
of the signal intensity at higher doses. There have been many other studies on the time
stability of irradiation-induced free radicals in alanine, and as a whole, they concluded that
they were stable for a long time period.

2.5. Dose—Response Characteristics

The dose-response characteristics of proline, cysteine, and alanine were obtained for
137Cs y-rays. The responses were expressed as changes in the EPR signal intensity (“peak-
to-peak” amplitude of the first derivative, denoted by “I” in Figure 1) of the irradiated
samples as a function of the absorbed dose. The dose —response curves are shown in
Figure 8. Each data point consists of three independent measurements of three separate
samples that were simultaneously irradiated.

The results showed the linear dependence of the EPR signal intensity on the absorbed
dose gamma rays up to 10 kGy and the saturation of the intensity at 25 kGy. These
results are in accordance with those published in the literature data for the dose-response
characteristics of other materials, for example, those of mono- and di-saccharides [6].
With respect to radiation sensitivity, the following order of decreases in sensitivity was
determined: alanine > DL-proline > cysteine > L-proline. The dose-response curves were
built with the data obtained 72 h after irradiation. This was necessary to avoid the short-
living intermediate relaxing products in the first hours after radiation treatment.
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Figure 8. Dependence of the EPR signal intensity on the applied dose of gamma radiation.

Because of the saturation processes, two types of equations were used to fit the results:
linear and polynomial regression. The obtained data are shown in Table 1.

Table 1. Coefficient values for the dependencies of the EPR signal intensity on the applied dosage.

Linear Regression Polynomial Regression
Sample I=A+BD I=A + By + B,D?
A B R A B1 B2 R
DL-proline 251.45 163.81 0.9872 17.93 279.50 —4.60 0.9984
L-proline 110.58 65.94 0.9865 14.32 109.46 -1.71 0.9997
Cysteine 77.41 101.76 0.9984 33.32 121.70 —0.78 0.9992
Alanine 360.99 290.95 0.9944 97.55 410.05 —4.69 0.9991

I—intensity of the EPR signal; A, B—coefficients; D—the absorbed dose of radiation in kGy; R—correlation
coefficient.

3. Materials and Methods
3.1. Materials

The amino acids (L-proline, DL-proline, alanine, and cysteine) were bought from
Sigma Aldrich. Both forms of proline—L- and DL—were used. The chemical structure of
cysteine and the isomers of proline are shown in Scheme 1. The structure of alanine is not
shown because it is well known.

0] SH
.Y
’,, ) O
HO H,N
HN OH
L-proline D-proline cysteine

Scheme 1. Chemical structures of proline and cysteine.
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L-proline is the only proteinogenic amino acid that is a secondary amine, meaning that
its amine nitrogen is bound to two alkyl groups. It is especially important in the production
of collagen, which is a primary component in skin, cartilage, and bones. L-proline can be
found in a large number of food supplements to support the growth of connective tissue.
DL-proline is a racemic mixture of the naturally occurring isomers of L and D-proline.
D-amino acids have been found in relatively high abundance in human plasma and saliva.

Cysteine is a sulfur-containing, semi-essential proteinogenic amino acid. It can be
synthesized by the human body under normal physiological conditions if a sufficient
quantity of methionine is available. The majority of L-cysteine is obtained industrially
through the hydrolysis of animal materials, such as poultry feathers or hog hair. Cysteine,
primarily the L-enantiomer, is a precursor in the food, pharmaceutical, and personal care
industries. One of its largest applications is in the production of flavors.

Alanine is the simplest x-amino acid after glycine. The methyl side-chain of alanine is
non-reactive, and therefore, it is rarely directly involved in protein function. Alanine is a
nonessential amino acid, meaning it can be manufactured by the human body, and it does
not need to be obtained through the diet. Alanine is found in a wide variety of foods, but it
is particularly concentrated in meats.

3.2. Irradiation

Three parallel samples of each amino acid were taken and irradiated with gamma rays.
The irradiation was performed by applying a source, 13’Cs, a dosage rate of 200 Gy /h, and
a dosage range of 1-25 kGy. For control of the absorbed dose distribution, we used the
alanine dosimeters of a Kodak BioMax. Three dosimeters were placed at each point. The
control measurements and calibration of the absorbed dosage in water were completed by
an X-band EPR spectrometer (E-scan, Bruker). The irradiation was performed in air and
at room temperature. After irradiation, all the samples were kept in closed plastic bags at
room temperature and stored in the dark.

3.3. Principles of the EPR Method

EPR spectroscopy can be defined as the resonant absorption of electromagnetic energy
in paramagnetic substances by the transition of the spin of an unpaired electron between
different energy levels (a state of lower energy and a higher-energy state), in the presence
of a magnetic field. In the presence of an external magnetic field, the spin of unpaired
electron is orientated to it in two directions: parallel and antiparallel to the field. The
energy difference, AE, between these levels is proportional to the Lande g-factor, the Bohr
magneton, B, and the magnetic field, H. The relationship is given by the equation:

AE = gBH

In case of thermal equilibrium, the population of the lower energy level E;, is slightly
higher than that of the upper level, E;. Therefore, the system is able to absorb energy,
AE = hv, from an external high-frequency field. When the sample is irradiated using
radiation with an appropriate frequency and hv = gBH, transitions from the lower to the
upper state appear and the EPR spectrum, as a first derivative of the absorption curve,
is recorded.

3.4. Instrument

The EPR spectra were recorded using a JEOL JES FA 100 EPR spectrometer at room
temperature. The X-band EPR spectrometer was operated at 9.5 GHz of frequency, and it
had a standard TE; cylindrical resonator.

3.5. Procedure of Measurement

For each single measurement, an equal weight of the samples was placed in quartz
tubes (4 mm inner diameters). For the best sensitivity, the tubes were positioned in the
center of the EPR cavity. Three independent measurements were used for every sample,
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including a procedure where inserting-removing-inserting of the sample was performed in
the cavity of the EPR spectrometer. The data were averaged, and in that way, the error of the
measurement was determined to be 3%. A reference sample, Mn magnetic diluted in MgO,
which is an internal standard in the above-mentioned spectrometer, was analyzed before
and after each series of measurements under the same conditions as those used for the
sample measurements to normalize the signal intensity of the samples and to minimize the
error resulting from any instability in the spectrometer. The parameters for recording the
spectra were as follows: modulation frequency of 100 kHz, microwave powers of 0.3 mW
(proline) and 1 mW (cysteine and alanine), modulation amplitude of 0.4 mT, time constant
of 0.03 s, and sweeping time of 2 min.

4. Conclusions

After irradiating DL-proline, L-proline, and cysteine samples with y-rays, complex
EPR spectra of all samples were recorded. The effect of the microwave power on the shape
and the saturation of the EPR signals showed that at least three types of free radicals with
unknown natures were created in proline during the y-irradiation, and two radicals were
created in cysteine, one of which was RSe. The time dependence analysis of the EPR spectra
after irradiation shows a fading of intensity of DL-proline with 25 %, L-proline — 99% and
cysteine — 21% for six months. For comparison, the free radicals created by the radiation in
alanine were stable for a longer time period. For all materials, the EPR signal amplitude
had a linear dose response up to 10 kGy, and it was saturated at higher doses. Under the
same experimental conditions, alanine also showed a linear response up to 10 kGy but with
better sensitivity. All these results provide an opportunity for DL-proline and cysteine to
be used as dosimetric materials for doses ranging from 1 to 10 kGy, but they have lower
sensitivity than alanine. However, in case of emergency dosimetry, if they are present in
such a situation, they could be successfully used for dose assessment. For retrospective
dosimetry, they are not very suitable because of the decay rates of the radiation-induced
free radicals. On the basis of the conducted research, it can be concluded that alanine
remains the best candidate for a universal dosimetric material.
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Abstract: A broadband EPR spectrometer is an instrument that can be tuned to many microwave
frequencies over several octaves. Its purpose is the collection of multi-frequency data, whose global
analysis affords interpretation of complex spectra by means of deconvolution of frequency-dependent
and frequency-independent interaction terms. Such spectra are commonly encountered, for example,
from transition-metal complexes and metalloproteins. In a series of previous papers, I have described
the development of broadband EPR spectrometers around a vector network analyzer. The present study
reports on my endeavor to start from an existing X-band spectrometer and to reversibly re-build it into
a broadband machine, in a quest to drastically reduce design effort, building costs, and operational
complexity, thus bringing broadband EPR within easy reach of a wide range of researchers.

Keywords: EPR; ESR; broadband; strip line; wire micro strip; metal complex; metalloprotein; free radicals

1. Introduction

EPR spectra generally change shape with changing microwave frequency, v, because
they are monitors of multiple electron interactions, some of which are linear in v, while others
are independent of v. Linear interactions are the electronic Zeeman interaction and also the
g-strain resulting from molecular conformational distributions. Examples of independent
interactions are electron-nuclear hyperfine interactions, zero-field interactions in high-spin
systems, and dipolar interactions between paramagnetic centers. Collection of data at multiple
frequencies, and their subsequent global analysis, increases our chances for a meaningful
spectral interpretation in terms of a unique spin Hamiltonian. A common application of
this philosophy is multiple high-frequency EPR for the resolution of g matrices with small
anisotropy and for the detection of systems with zero-field splitting significantly greater than
the standard X-band quantum of ca 0.3 cm ™! [1,2]. A similar, though less common, approach
at lower frequencies (of order X-band and below) is indicated for resolution and interpretation
of complex patterns of hyperfine and/or dipolar interaction.

Over the last decade, I have developed versions of low-frequency broadband EPR
as a practical solution for multi-frequency studies around and below X-band [3-6]. Com-
mercial low-frequency EPR spectrometers have been available previously; however, their
application has always been limited due to their single-frequency nature: each additional
frequency requires an additional investment of order 200 k€ (or k$), and each step in
frequency requires the interchange of single-mode resonators and associated cryogenics.
My broadband spectrometers were conceived as single stations with a resonator circuit
that is tunable to many different frequencies, without the need to change resonators and
cooling systems.

In spite of the obvious advantages of the broadband system, it has yet to show wider
distribution, which I understand from discussions with interested colleagues is rooted in
perceived fear for excessive costs of construction and for excessive complexity in construc-
tion and operation. I have therefore re-thought the concept of broadband EPR hardware,
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and I have now designed a simple and affordable (<15 k€) conversion kit intended as an
extension of commercial standard X-band spectrometers (I have used a Bruker EMXplus)
into an easily operable general purpose broadband spectrometer for experiments in the
approximate frequency range of 0.1-18 GHz. The kit consists of a few readily commercially
available microwave devices (source, circulator, amplifier, power meter, detection diode)
and a few items that can be easily constructed at low cost and without special skills (res-
onator, modulation coils). Assembly of the units into a broadband bridge with SMA cables
is a ten-minute job, and so is the subsequent implementation of the bridge into the X-band
spectrometer. Open-source software to operate the broadband bridge is provided in the
form of a simple, modifiable LabVIEW program.

2. Basic Theory

Since 1947, in EPR spectroscopy, the microwave frequency standard is X-band (circa
9-10 GHz) applied to a single-frequency cavity resonator [7]. ‘Standard” here means that
for many molecular systems, X-band EPR provides an approximate optimum in signal-to-
noise ratio, from a balancing of increased sensitivity with frequency due to the Boltzmann
distribution over states, and decreased sensitivity with higher frequency due to intrinsic
hardware properties such as the noise characteristics of detectors. In practice, this has led
to a situation in which the majority of EPR experiments are conducted with commercial
X-band spectrometers, and only when the results are insufficient for unequivocal interpre-
tation, additional experiments are carried out in different frequency bands, whereby each
additional frequency typically requires the laborious and costly procedure of employing an
additional spectrometer. Broadband EPR spectroscopy represents a different approach in
which the single-frequency cavity is abandoned in favor of a resonator that can be tuned
to many different frequencies over many octaves, all in a single spectrometer. In practice,
it is useful to operate the broadband spectrometer next to a standard X-band machine
because the sensitivity of the former is significantly lower than that of the latter, although
this difference may be less at frequencies outside the X-band [4,5].

Microwaves can be efficiently (that is, with minimal loss of energy) transmitted in a
number of ways. In the standard spectrometer, this is carried out by means of waveguides
of specific cross dimensions for the X-band. In the broadband spectrometer, transport is
via a combination of coaxial cable and, for the resonator, a specific variant of strip-line
technology: wire micro strip circuitry, whose basic geometry is illustrated in Figure 1.
Its four design parameters, d (wire diameter), i (height of wire above the ground plate),
b (extension of sample above the wire), and eg (dielectric constant or relative electric
permittivity of the sample), determine its characteristic impedance Z via intermediate
parameters w (height of square wire equivalent to round wire of diameter d), ¢, (effective
permittivity), and ¢,,,;, (embedded permittivity) as follows [4]:

w = d/1.1803 )
_ [(ert1 e —1 w
Seff_( 2 >+< 2 ) wrizh X @
w\ 2
X:0.04(l—ﬁ> forw/h <1, and X = 0 for w/h > 1 3)
_ —2b/h —2b/h
€omb = Eeff€ +£R(1_e ) 4)
3 L (2h+d
Zy = 27_[\/§cosh <d> (5)

in which 337 () is the characteristic impedance of air. With eg given for a particular sample,
the parameters d, h, and b are adjusted to afford a characteristic impedance as close as
possible to Zy = 50 Q). This is the universally used value for all components in microwave
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circuitry, to guarantee lossless connection. A simple calculator of Zj from eg, d, h, and b is
given in Supplementary Materials.
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Figure 1. Wire micro strip transmission line for EPR spectroscopy. In this schematic drawing of a cross
section through a transmission line, the diamagnetic isolation between a silver wire of diameter 4 and
an aluminium ground plate has been replaced with a paramagnetic sample of height & + b and with
electric permittivity eg. The square (black broken line), with side length w, is the surface equivalent
of the cross-sectional circle of the silver wire. E; and B; are the vectorial field lines of the electric
and magnetic components of the transmitted microwave. The resonator and sample-holder cell to
which this cross section belongs is placed in the spectrometer such that the static external magnetic
field vector, By, is perpendicular to the plain of the drawing, so that all B; lines are perpendicular to
the By field, as required for EPR. The parameters d (or w), i, b, and € are optimized to obtain a line
characteristic impedance Zy ~ 50 Q.

For example, for a compound with eg = 3.15, the values 4 = 0.25 mm, & = 0.15 mm,
and b = 0.1 mm give Zy = 49.7 Q). Also, the Z; value is found to be not very sensitive
to the value of b as long as b > 0. This leads to a resonator design (geometric details in
Section 3) consisting of a metal ground plate covered with four layers of isolating acrylate
tape (thickness 50 um), in which a rectangular sample compartment is cut out that is
surrounded by tight windings of metal wire of 0.25 mm diameter such that the isolator is
compressed to circa 0.15 mm. When the compartment is filled with sample that extends
somewhat above the wire, the resulting characteristic impedance will be approximately
50 Q). Ice has an eg = 3.15 [8], and dilute frozen solutions will not have a very different
dielectric constant, so this cell is appropriate, e.g., for frozen aqueous solutions of metal
complexes and metalloproteins. Moreover, since powders (microcrystals) of inorganic salts
typically have similar eg values, broadly in the range 2-5 [9,10], the cell design is also an
acceptable compromise for broadband EPR on many inorganics.

3. Results
3.1. Global Description of the Conversion

A schematic overview of the broadband spectrometer is given in Figure 2. Parts
of the existing X-band spectrometer are represented in gray; they can be used without
modification to control the magnetic field and to encode/decode the EPR signal with
100 kHz field modulation in the signal-channel unit. Also, the proprietary software for
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operation of the machine is retained (with slightly modified instructions; see below). The
X-band bridge is not used and is replaced with a broadband bridge whose elements are
represented in pink. All these elements are readily commercially purchasable from multiple
vendors. The new bridge is controlled with a dedicated PC (Windows). The X-band cavity
(with build-in modulation coils) and waveguide is demounted from the X-band bridge and
is removed. It is replaced with items represented in yellow to indicate that they are to be
constructed in-house: the multi-frequency resonator (alias sample holder) and a pair of
modulation coils providing sufficient space to encompass the resonator and an He/Nj flow
dewar. The latter is omitted from the drawing for clarity and is described later.

UsB
broadband 1 2
RF source Circulator
Sample
P_C 3 Modulation han‘dir
wiith coils
open SMA to BNC
source adaptor Twin BNC to
software double wire EPR
adaptor
Power
| meter . d?NC cabied
Switch isconnecte
/from X-bridge
Signal
Spectro channel
meter
PC Twin BNC cable
disconnected
S from X-cavity
power supply
/ h‘-—._,

Figure 2. Schematic overview of the proposed broadband EPR spectrometer. An existing, single-
frequency, X-band CW spectrometer (parts in gray) with its microwave bridge (not shown) disabled
and its cavity removed is extended with a conversion kit consisting of commercially available parts
(in pink) and home-made parts (in yellow). Required signal adaptors are also indicated. For clarity, a
cooling system is omitted from the drawing.

All microwave, or RF, elements of the bridge are interconnected with blue coaxial cable
(e.g., RG402) using SMA male and female connectors. The broadband RF diode detecting
the EPR signal has a video output with SMA connector, which is converted to BNC using an
adaptor. It is connected to the BNC signal channel cable previously disconnected from the
X-bridge, whose other end still connects to the phase-sensitive detector in the signal-channel
unit of the X-band spectrometer.

3.2. Details of Purchasable Parts

As a microwave source, I use a SynthHD PRO (ca 3500 €) from Windfreak Technologies
(New Port Richey, FL, USA), which is a tunable and scannable source from 10 MHz to
18 GHz with ca +18 dBm maximal output power (the ‘m’ in ‘dBm’ defines the power as
absolute: 0 dBm corresponds to 1 milliwatt; 18 dBm is 80 mW). Other vendors carry items
of similar specifications. The source is controlled by the PC via a USB cable. Note that a
microwave source is an active RF device (it consumes energy from a power supply), which
means (1) that it produces some heat that must be diverted to a sink such as an aluminium
ground plate, and (2) that it is a static-sensitive device, which must be handled with care
(ground operator hands) when being connected to other RF circuity.

The circulator accepts microwaves at its port-1, transfers them to port-2 for delivery
to the sample, and then power reflected back from the resonator into port-2 is directed
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to port-3 for detection. Circulators are passive devices and not vulnerable to external
disturbances (except for very strong local magnetic fields). The circulator is probably
the only item on our shopping list that is not obtainable in a form that covers the full
frequency range that we desire. Over the years, I created a wide collection through direct
purchase, second-hand purchase, and removal from old equipment. For most practical
purposes I suggest purchasing three circulators to cover the ranges 1-2, 2-6, and 6-18 GHz,
such as the broadband coaxial SMA circulators (ca 3 x 400 €) from UIY (Shenzhen, PRC).
Other vendors carry items of similar specifications. Exchanging the circulators to cover
different frequency bands is a minor inconvenience compared to the exchange of resonators
and dewars required with single-frequency bridges. The exchange may be automated by
building a switching unit with multiple electronic RF switches.

The amplifier must boost the weak reflection signal from the resonator to a level that
is optimal for detection by the RF diode. Under-amplification leads to poor signal-to-noise
ratios; over-amplification may result in destruction of the diode. The balancing act is taken
care of by the software within some limitations imposed on the amplifier. Amplification
should typically be of order 20 dB, and saturation (in RF language: the P13, point) should
preferably occur below the maximally allowed input power level of the diode. Single
amplifiers with these specifications and covering a frequency range of 1-18 GHz or more
are available at a price. Practically, I suggest purchasing two amplifiers, e.g., to cover the
frequency ranges 0.5-8 and 6-18 GHz such as the coaxial broadband amplifiers (together
ca 600 €) from Mini-Circuits (Brooklyn, NY, USA). Amplifiers are active devices and must
be connected to a cooling sink.

The amplifier is followed by a SPDT (single pole double throw) RF switch for DC-18
GHz (ca 500 € new; ca 50 € from eBay) to change between dip tuning via a power meter and
EPR recording via the spectrometer’s signal channel. The RF switch is manually operated
by means of a power supply (on-off).

The power meter is an NI USB-5681 (ca 7000 €) from National Instruments (Austin, TX,
USA). It operates from 10 MHz to 18 GHz with input up to +20 dBm. It has a maximum
damage level of +30 dBm, which should well exceed the maximum output level of the
RF amplifier. The power meter is the most expensive item on our shopping list. Other
vendors carry similar meters for comparable prices. In principle, the dip tuning could also
be performed, in a much cheaper way, on the voltage output of the detection diode (below);
however, each diode should then be calibrated (dBm; voltage out) at regular intervals with a
power meter. Also, the power meter can be attached to the output of any RF component in the
bridge, and thus may prove to be indispensable for identifying a malfunctioning component.

The purpose of the diode is to detect the microwave signal reflected from the resonator
and then amplified, and to convert it into a 100 kHz video signal that can be fed into the
signal channel for demodulation, and whose average amplitude can be monitored by the
PC for frequency-dip tuning. I use a PE 8013 (ca 1000 €) from Pasternack Enterprises (Irvine,
CA, USA), which is a zero-bias Schottky detector with flat response over its 10 MHz to
18.5 GHz frequency range. Also, its transfer function for voltage versus incident microwave
power is linear over the power range of our interest (0-20 dBm) and quasi-linear at lower
values (cf Figure S3 in [5]). Its response compares favorably with that of other diodes that I
have tried, and its stability in my hands is also better than tunnel diode detectors. Other
vendors may, however, carry items of similar specifications. Note that the diode may be
destroyed by application of excessive power. The maximum working power for the PE
8013 is 20 dBm and the maximally allowed peak input is 27 dBm, which is why we chose
an amplifier that saturates around 20 dBm.

All RF components can be connected with short pieces (10-20 cm) of male-male
RG402 coax cable except for the connection between the circulator and the resonator cell
inside the magnet, which may vary depending on the positioning of the broadband bridge,
and, especially, on the employed frequency. The connection may be made as short as
possible (say 30 cm) to minimize losses at the highest frequencies; it can be made longer
to increase the number of frequency dips (see Section 3.4) at lower frequencies, up to a
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to
resonator

few meters around 1 GHz, and tens of meters towards 0.1 GHz (cf [4]). An overview
picture of the actual components is given in Figure 3, which also specifies a few required
adaptors/connectors. I purchased all these connection items via eBay mainly from vendors
in the PRC at an overall cost below 100 €.

RF power meter

- -

amplifier

detection
diode

to signal
channel

Figure 3. Photograph of the actual components of the broadband microwave bridge. The RF source
and RF amplifier are active components and should be protected from overheating, e.g., by attaching
to an aluminium plate (here omitted). “‘Power” is a connection to a low-voltage power supply. ‘PC’ is
a connection to a dedicated computer. The shortest coax cable, e.g., between circulator and amplifier,
is 10 cm. Electrical grounding of hand wrists is strongly recommended before assembly.

3.3. Details of Home-Made Parts

A description of the resonator/sample holder has been given before and is reproduced
here for convenience (Figure 4). The basic ingredients are always the same: a metal base
plate of 1 mm thickness (not a critical dimension) is cut from a copper or aluminium
plate. A female SMA connector is soldered to one end (the end of the aluminium cell is
surrounded by a piece of 25 um copper foil to allow soldering). The cell is insulated with
4-5 windings of 50 um yellow acrylate tape of 5 cm width; this also fixes the copper foil
onto the aluminium plate. Tape of other, especially darker, colors may cause background
signals from, e.g., radicals and manganese. A rectangular cell compartment (sample
compartment) is cut out of the tape, e.g., with a snap-off blade knife, down to the bare
metal with dimension along the long cell axis that fits into the homogeneous field of the
modulation coils. For doubling of the EPR signal amplitude, a mirror sample compartment
may be cut out on the other side of the cell, whereby powder samples may later be held in
place with, e.g., Parafilm wrapping. Then, a 0.2-0.25 mm wire of bare copper, or lacquered
coppet, or bare silver, is soldered to the inner conductor of the SMA connector and led over
the cell (fixed in place with stripes of acrylic tape) to the sample compartment. It is then
hand-wound around the sample compartment such that adjacent windings do not touch
(separation space approximately equal to the wire diameter). From the end of the sample
compartment, the wire is fixed with acrylic tape with a short lead towards the end of the
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cell. At no point are the wire and the base plate in electric contact. They form a microwave
transfer line with full reflection at the open end. Note that for metalloproteins, aluminium
is preferred over copper for the ground plate, and silver is preferred over copper for the
wire, because aqueous protein solutions (that is, before the freezing act) have a significant
tendency to liberate copper ions from solid copper, which in the spectroscopy results in
Cu(II) background signals [5].

Figure 4. Isometric drawing of a wire micro strip cell. (A) Top view: (B) side view; (C) 3D view;
(D) cross view. The cross view shows acrylic tape isolator (yellow) with sample compartments on
both sides (black) surrounded by a low-permittivity wrap (brown), e.g., parafilm, or an extra layer
of acrylic tape, to keep the sample in place. See the main text for further details. This figure has
previously been given as Figure S1 in the Supporting Information to [4].

Figure 5 shows 2D drawings of resonators in three different forms. The simple,
small cell (6.5 mm wide; sample compartment 4 x 16 mm?) is intended for setup testing,
calibrating, familiarizing purposes. Its dimensions are limited such that it can be placed
inside a regular X-band cavity so that the original coils integrated in the side walls of the
cavity can be used for field modulation, and no home-made modulation coil assembly is
required. Note that in this approach, the cavity is simply a housing and is not used for
microwave storage. The intermediate-size cell in Figure 5 is the standard research cell for
low-temperature work. It fits into the flow dewar, which in turn fits into the home-made
modulation-coils assembly. The wide cell in Figure 5 is to optimize the EPR signal from
powders of maximized sample size at room temperature when no flow dewar is required.
Note that these cells were not designed to accept unstable samples. Nitrogen cooling of cells
(cf [4]) holding aqueous-solution samples in a glove box will provide protection against
denaturation by air.
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Figure 5. Geometries of the resonator cell intended for different applications. (A) Mini cell with
small sample compartment and with dimensions that allow its placement in a rectangular X-band
cavity, intended for learning and calibration purposes; (B) standard cell whose sample compartment
fits within the homogeneous-field space of the dedicated modulation-amplitude coils, and whose
dimensions allow it to be used in combination with a dedicated He/N, flow dewar; (C) oversized
cell with maximized sample compartment for use at ambient temperature.

In the last described version of the broadband machine, I used a ready cylindrical
modulation-coils assembly that was taken from a Varian E-line Q-band spectrometer. My
choice was based on the fact that it fitted an existing helium-flow dewar for the Q-band setup,
to which the dimensions of the low-temperature broadband resonator were adjusted [11]. Ob-
viously, these items are not generally available, hence the need to construct similar structures
in-house. A picture of the home-made modulation-coils assembly is in Figure 6. The coils
were obtained as brandless mobile phone inductive charging units (20 W) whose regulatory
printed circuit boards were disconnected and discarded. The coil wire (12 turns) is of the
Litz type made of 100 enameled thin copper wires each of 0.09 mm diameter. The coils were
wire-connected in series and mirror-image folded over a plastic (Teflon) cylinder, with an
inner diameter of ca 40 mm, such that their individual fields will add. When you are sure
you have the right orientation, the coils can be provisionally attached to the cylinder with
transparent tape. Sturdiness is then provided by surrounding the coils with heat shrink tubing
of proper size. The leads to the coil pair should be connected to a twin BNC to double wire
jack (Figure 6), so that it can be connected to the twin BCN male plug of the spectrometer’s
modulation cable. The quality factor of the coil pair should be optimized for use with 100 kHz
modulation. To this goal, measure the coils” impedance, L (in Henry), here: 17 uH, with an
impedance meter, or a multimeter with impedance option, and use the following well-known
tank circuit resonance equation to calculate a compensating capacitance, C (in Farad), for a
modulation frequency v (in Hertz), where typically v = 100 kHz,

2
LC = (271“,> )

which should be added in parallel to the coils circuit in the form of a polypropylene
film capacitor or a ceramic disc capacitor (do not use polarized capacitors). Then, fix
the assembly in the gap of the magnet of the EPR spectrometer, e.g., with two pieces of
polyurethane. For studies at ambient temperatures, the modulation cylinder may be placed
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horizontally inside the magnet; in combination with flow cryogenics, the orientation will
generally be vertical. The spectrometer’s internal signal channel calibration procedure can
now be employed to calibrate the coils using a BDPA sample (see Section 3.6). For the
coils in Figure 6, this gives a maximum modulation amplitude of 13.5 gauss at 100 kHz.
Modulation-field homogeneity was tested with two cells of type B (Figure 5), one of which
had a spot sample of BDPA in the center of the sample compartment, and the other had five
spots of BDPA in an X-form over the sample compartment. Both cells gave a single-line
spectrum with peak-to-peak width of 0.7 gauss at 462 MHz.

Figure 6. Photograph of modulation-coils assembly. The construct is based on a plastic cylinder on
which two Litz-wire coils, taken from cell phone chargers and connected in series, are folded and
attached. The diameter of the cylinder is such that it accommodates either room-temperature cell
C of Figure 5 or a cooling system in combination with cell B of Figure 5. Note the film capacitors,
with C =100 + 68 nF, that tune the tank circuit to resonance at 100 kHz, and the twin BNC jack for
connection to the spectrometer’s modulation cable.

A simple flow dewar (colloquially known as ‘the Swedish system’) for Q-band is
described in [11], which was designed for magnets on a stand accepting a 30-50 L helium
vessel underneath (as used in our lab). This simple dewar is topped with rubber corks and
a plastic (PVC) elongation tube in which the low-T cell of Figure 5 can have its sample
compartment cooled by helium flow, while its thin top extension is subject to a heat
gradient towards ambient temperature. This system was used in my previous broadband
EPR studies [4-6]. Unfortunately, there is no universal solution for the adaptation to
broadband EPR of the various flow cryostats in use in different laboratories. Perhaps the
most commonly employed systems are those from Oxford Instruments (Abingdon, UK).
Their CF935P cryostat for Q-band cavities has an inner diameter of 43 mm, which is more
than enough to accept our standard low-temperature cell (Figure 5B), or even the oversized
cell (Figure 5C). Its closing flange (KF50) would allow for the construct of a simple adapter
to accommodate broadband cells. Modification of their ESR900 cryostat for X-band cavities
would require a rather more challenging replacement of its quartz dewar by an elongated
glass dewar with a wide top.

3.4. Tuning Procedure

A user interface for the dedicated PC, written in LabVIEW, is employed for tuning the
broadband bridge. The program can be found in Supplementary Materials. A screenshot
is given in Figure 7. After start-up, the program asks for the limits of a frequency range
to be explored, which is then scanned at a low incident microwave power of —10 dBm,
providing a pattern of potential frequency dips as exemplified in Figure 7. The user should
then bracket any one of the dips, using a cursor, and re-scan (Figure 7). The chosen dip
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should preferably have its minimum below the input power. The frequency limits of the
dip should then be refined to zoom in on a depth of ca 4 dB, and the input power should
be raised such that the dip minimum corresponds to a power reading of ca 0-10 dBm
(Figure 7). The source should now be set to radiate continuously at the frequency of the dip
minimum and at the corresponding input power (‘operate’). The RF switch can now be
engaged to route the reflected microwave to the detection diode.
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Figure 7. Screen shot of the dip-tuning program. The LabVIEW program monitors the signal from the
power meter as a function of the scanned microwave frequency. (Upper panel) After an initial choice of
frequency limits (here: 4-5 GHz), the program produces the power response at —10 dBm input power.
A cursor is then used to single out an individual dip, using the ‘left’ and ‘right” buttons; (lower left
panel) this dip peak is re-scanned at low power and is then further reduced, using the cursor, to limiting
power levels of circa 4 dB above the dip power; (lower right panel) input power is raised such that a
dip power ensues that will be optimal for the detection diode, that is, circa 0-10 dBm. The bridge is now
tuned and can be turned to permanent RF output (‘operate’), and reflected power can be switched, with
the SPDT switch, to the detection diode for EPR spectroscopy.

The spectrometer can now be run with its proprietary software in which the X-band
bridge is not engaged (that is X-band tuning is at ‘stand by’). The spectrum is stored in the
standard way, e.g., the resulting file(s) are Bruker .DSC (=description in ascii) and .DTA
(=data in binary) files. The files are identical in every respect to files generated with the
X-band bridge engaged except that the microwave frequency value in the .DSC file is zero.
To fix this, open the DSC file, e.g., with Windows Notepad, and replace ' MWEFQ 0.0” with
the actually used frequency in Hz in Bruker notation, e.g., MWFQ 9.123456e+09.
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3.5. Small-Sample Testing: Mn>* in CaO

Employing the straight, mini test resonator (see Figure 5A), the broadband spectrome-
ter can be tested without the need to build a modulation coil assembly, that is, by using
the X-band cavity resonator, not as a resonator, but only as a broadband-cell holder with
modulation coils in its side walls. The purpose of this setup is to provide the operator with a
convenient way to check the success of the spectrometer conversion and to become familiar
with the use of the instrument. It can also be used for magnet field and scan calibration pur-
poses. The setup is limited in its sensitivity by the limited sample size (16 x 4 x 0.15 mm?)
of the resonator, and it does not allow for cryogenic measurements. An illustrative example
is given in Figure 8 using an Mn contamination in CaO. The commercial CaO sample
has a quoted metal-based purity of 99.95%, therefore the Min contamination is <0.05%.
Manganese is 100% %Mn with electron spin S = 5/2 and a nuclear spin I = 5/2, which
splits the main mg = | +1/2> line from substitutional Mn2* in the cubic CaO lattice into a
six-line pattern. The combination of a small line width (i.e., strong signal) and relatively
low Mn concentration (i.e., weak signal) affords a system that poses a mild challenge in
terms of attainable signal-to-noise ratio. The individual spectra of Figure 8 were obtained
as 16 x 100 s scans except for the lowest two frequencies, which took 36 x 100 s. The figure
is a clear illustration of the reduction in sensitivity that comes with decreasing the microwave
frequency as a result of a reduced Boltzmann population difference over the electron spin levels.
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Figure 8. Broadband EPR of Mn?* trace contaminant in cubic CaO. The room-temperature spectra
were obtained at the indicated frequencies with the low-sensitivity mini cell A of Figure 5 and with
three different circulators (2-6, 7-16, and 11-18 GHz). The 100 kHz modulation amplitude was

1 gauss. The figure illustrates the field range required for broadband EPR up to circa 18 GHz, and
also the decrease of signal-to-noise ratio with decreasing frequency.
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We now zoom in on the details of the spectrum taken at two significantly different
frequencies of 17.8 and 3.9 GHz (Figure 9). The Mn?* contaminant is substitutionally replacing
Ca?* in the cubic CaO lattice [12], so the spin Hamiltonian, with S =5/2 and [ =5/2, is

1
—a

: [s§+5§j+sg_15(s+1)(352+35—1)] @)

H = gBBS + ASI + =

describing the electronic Zeeman interaction, the central hyperfine interaction, and the fourth-
order cubic zero-field interaction [13]. Typically, a is much smaller than A [12], so the spectrum
should consist of six hyperfine lines, whereby each line should be split into a symmetrical
pentad from zero-field interaction. This latter fine structure is not observed (Figure 9), which
presumably means that four of the five lines are broadened, due to a distribution in zero-
field interaction strength. On the other hand, each central line (1+1/2> <—— | -1/2>)is
unaffected by the magnitude of a. Observed single satellite lines (Figure 9) are symmetrically
separated about the center (=g value) of the spectrum, and they are presumably from a
slightly different Mn?* site in these microcrystals of small dimensions. The satellite lines are
frequently observed, but not commented on, in “powder’ samples of Mn?* in CaO (e.g., [14]).
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Figure 9. Comparison of hyperfine details from Mn?* in CaO at 17.8 versus 3.9 GHz. The 100 kHz
modulation amplitude was 1 gauss. The spectra at 17,804 and 3856 MHz are compared to identify
frequency-dependent changes. With the help of simulations of the main signal from the transition
within the mg = 14+1/2> doublet, a deviation from field-equidistant hyperfine splittings is found,
which increases with decreasing frequency.
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Simulations of the transition within the mg = |+1/2> doublet (A = 85.7 gauss; a
is undetermined) illustrate spectral-shape dependence on frequency. At 17.8 GHz, the
hyperfine lines are almost equidistantly separated; the splittings at lowest and highest
field differ by 5% only. In other words, the hyperfine interaction is close to a first-order
perturbation of the Zeeman interaction. Contrarily, at 3.86 GHz the difference is increased
to 21%. The hyperfine splitting pattern has clearly become asymmetric. The g value
obtained from simulation is g = 2.0023 at 17.8 GHz, g = 2.0010 at 9.76 GHz (not shown), and
g =1.9968 at 3.86 GHz, and since there is no reason why the g value should be frequency-
dependent, this suggests that the fields near g ~ 2 at the extreme frequencies require
calibration correction (see below).

3.6. Field Calibration with DPPH and BDPA

Polycrystalline DPPH (2,2-diphenyl-1-picrylhydrazyl) is an indefinitely stable S = 1/2
radical with a single-line spectrum in the X-band (g = 2.0036) of circa 2-3 gauss peak-to-peak
linewidth from exchange narrowing and therefore high signal-to-noise ratio, which has been
widely and extensively used as a field marker and sensitivity marker. Its use in high-frequency
EPR has been under debate where several authors report asymmetry or resolution of
spectral structure at higher frequencies [15-18] while others find a single line of width
proportional to the frequency [19]. Differences in g anisotropy may be related to different
synthetic routes [20]. Due to its strong signal, DPPH is easily measurable with a mini test
resonator in the present setup. Using a sample recently obtained from Sigma-Aldrich, I mea-
sured the spectrum at frequencies near the extremes of the available range (Figure 10 top).
Here, broadband EPR proves its merit for deconvolution of frequency-independent and
frequency-dependent interactions.
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Figure 10. Cont.
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Figure 10. Frequency dependence of DPPH and BDPA calibration probes. DPPH (top) and BDPA
(bottom) were measured in the mini cell of Figure 5A at two extreme microwave frequencies. The
spectrum of DPPH can be seen to develop anisotropy (resolution of ¢ matrix) at 17.9 GHz, while
the spectrum of BDPA remains essentially isotropic over the full frequency range. BDPA is thus a
suitable probe for accurate field calibration in broadband EPR, and DPPH is not.

At 102 MHz, the spectrum is a single line of 2.2 gauss width, consistent with earlier
work down to a few MHz [21]. Contrarily, at 17.9 GHz, spectral anisotropy starts to resolve,
which implies that its reliability as field marker will worsen with increasing frequency.
Following field calibration at the X-band, the theoretical resonance field for g = 2.0036
at 102 MHz of 36.3 gauss is found experimentally to be 41.0, that is, off by +4.7 gauss.
The corresponding field at 17.9 GHz is 6382.6 gauss, and the experimental field can only
be estimated to be off by ca —3 to 4 gauss. Calibrations at higher frequencies will be
increasingly uncertain. Recall that previously one high-frequency study of DPPH from the
same manufacturer did not resolve anisotropy [19], so reproducible results over different
batches are apparently not guaranteed.

A possible alternative for DPPH is the polycrystalline, stable S = 1/2 radical BDPA
(e, y-bisdiphenylene-f-phenylallyl) complex with benzene (1:1), which exhibits a single-
line spectrum in the X-band (g = 2.00254) with even smaller peak-to-peak linewidth of
circa 0.6-0.7 gauss, and which is recommended by EPR spectrometer manufacturer Bruker
for modulation frequency calibration purposes [14]. For this compound, no anisotropy
is resolved (Figure 10 bottom), which suggests that BDPA (at least from this batch) is an
appropriate field calibration marker for broadband EPR over the available frequency range.
The field deviations of the EMXplus 9 kgauss magnet, found with BDPA, are +4.7 gauss at
102 MHz and —3.6 gauss at 17.9 GHz.
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4. Discussions

Over the last decade, I have developed a broadband continuous-wave EPR spectrome-
ter for the approximate frequency range of 0.1-18 GHz. In the present paper, the building of
the instrument has been simplified to the implementation of a conversion kit into existing
X-band spectrometers. This leads to a considerable reduction in construction costs and
complexity. The elements of the kit consist of readily purchasable parts plus a few items that
have to be manufactured in-house. Fabrication of a simple mini cell is the only requirement
for initial testing and getting acquainted with the setup. The complete kit is universally
applicable, except for the adaptation of the cryogenics, whose geometry will depend on the
targeted X-band spectrometer. Operation of the modified spectrometer requires only minor
additional instruction.

In terms of application, the reader is advised that the broadband spectrometer is not
intended to replace single-mode resonator spectrometers. Application of the described
extension should rather be seen as a natural follow-up to initial studies with the standard
X-band spectrometer. The latter is superior in sensitivity, although this may not necessarily
be true for cavity spectrometers at other frequencies. Also, attainable energy density in the
broadband resonator is less than in X-band cavities with their high-quality factors, which
makes it more difficult to saturate signals. Thus, if power saturation characteristics are
desired, they should be determined in the standard spectrometer. Also, since operation fre-
quency and dip characteristics may depend on exact cell geometry and sample permittivity,
quantitation (that is, spin counting) versus a standard compound of known concentra-
tion is more readily achieved with the standard spectrometer. The broadband extension
is specifically intended for spectral analysis from systems with all but the simplest spin
Hamiltonians. A broadband data set provides a much more rigorous test for interpretation
of the details of spectral shapes and line-broadening mechanisms.

5. Materials and Methods

DPPH (2,2-diphenyl-1-picrylhydrazyl), and BDPA («,y-bisdiphenylene-{3-phenylallyl)
complex with benzene (1:1) were obtained from Sigma-Aldrich of Merck (Amsterdam, The
Netherlands). Mn:CaO was obtained from Alfa Aesar of Fisher Scientific (Landsmeer, The
Netherlands) as calcium oxide 99.95% (metals basis). Silver wire was from Alfa Aesar as
soft, annealed silver wire, 0.25 mm in diameter, 99.9% (metals basis). The standard X-band
spectrometer is a Bruker EMXplus (Bruker Physik AG, Karlsruhe, Germany). All hardware
for its conversion into a broadband spectrometer is detailed in Section 3. Used software was
written in LabVIEW (2020) and is given in Supplementary Materials. For proper operation,
the BB-Tuner program requires (free) downloading from the NI site and installing of the
driver for the NI USB-5681 power meter. The Z-Calculator, for resonator design, does not
require additional software.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28135281/s1, a LabVIEW program to calculate the characteristic
impedance Z; for a wire micro strip resonator, and a LabVIEW program to tune the broadband-adapted
X-band spectrometer (requires LabVIEW 2020 to be installed).
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Abstract: By the early 1980s, unique devices appeared in the USSR: a series of benchtop specialized
EPR spectrometers. This equipment was quickly accepted not only in science but also in medicine
and in many technical and economic areas including chemical industries and geologic exploration.
The appearance of these devices was perceived as a salvation for the Soviet magnetic resonance
(MR) scientific instrumentation by those who worked in the field of EPR spectroscopy in the USSR.
(However, the program of MR scientific instrumentation ceased to exist along with the USSR a few
years later). The Belarusian State University in Minsk was the center of these developments. At
that moment and for many years afterwards, these devices were unique with no analogues in the
worldwide EPR industry. They remained the only mass-produced MR spectrometers on the territory
of the former USSR after its collapse. For the first time, based on archival materials, patents, and our
personal memoirs, we describe the development of these EPR spectrometers and discuss the most
original technical solutions and the scientific tasks solved with this equipment We also remember the
participants of the work, showing the historical context of these events.

Keywords: EPR instrumentation; geologic exploration; chemical industry applications; EPR dosimetry;
Belarusian State University

1. Introduction

In this paper, we describe the history of the creation of a series of scientific instruments,
which is work that involved many people and research teams and played a significant
role in scientific research in the field of EPR spectroscopy in the late 1970s-1980s and
contributed to the USSR economy. However, the work involved in the creation of innovative
scientific instruments, whilst essential for progress in science, often remains unnoticed by
the scientific community, which is aware of only the final result. Still, a “master’s tool” has
been a subject of interest in all ages. We believe that this applies to the work and innovation
of the EPR spectroscopy instruments.

This particular story has never been described in detail before; only a few early
episodes have been reflected on to some extent in memories and discussions. In addition,
despite the vast amount of work involved and the fact that a significant number of patents
were obtained, virtually no articles were published. Therefore, to fill this gap, in this article,
we describe the work involved based mainly on archival materials, patents, and personal
memoirs of one of the authors. As this is the first description ever published, we dare
to go into some historical details, focusing not only on the scientific tasks being solved
but also on the technical details of the devices being developed as well as on the people
participating in this work. We believe that the published memoirs of J. Hyde [1], who
did not consider it shameful to include aspects of live communication between colleagues
while telling about the technical history of “Varian”, serve as a good example of how this
mix of factual and personal aspects works well.
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The history of the development of EPR spectrometers in the USSR described here is
not an isolated one “without kith or kin”. It is inscribed in the context of many years of
research, development and instrumentation in the field, which began with the discovery of
the EPR by Eugene K. Zavoisky in 1944 [2,3]. Some previous stages of the development
of EPR spectrometers in the USSR were described in our earlier publications [4-7]. In this
paper, we describe the last stage in the USSR experimental design program in the field of
EPR, which later found continuation in the post-Soviet history of EPR instrumentation. The
development appeared on the background of significant stagnation in the development and
serial production of research-grade EPR spectrometers in the country which had become
obvious by the mid-1970s.

The leaders in the field were Varian (USA) and Bruker (Germany), who developed
and produced a set of unique EPR spectrometers which became state of the art standard for
EPR spectroscopy. It was impossible to achieve the same level of instrumentation in the
USSR with the outdated electronic components then available. Therefore, the salvation of
Soviet EPR spectroscopy capability in these conditions required an innovative and creative
approach rather than conventional design and technical solutions.

It is worth noting that although the article addresses the history of applied research, it
remains relevant to the issues of modern economic theory of high-tech innovations, espe-
cially Christensen’s Theory of Disruptive Innovation. The Department of Nuclear Physics
of the Belarusian State University, where the development of benchtop EPR spectrometers
started, was decades ahead of its time in terms of its scientific and institutional concept
to innovation and development processes. In fact, it was an innovative incubator, i.e., a
generator of high-tech ideas, which then resulted in establishing scientific laboratories,
research institutes, and design centers.

The benefits of this scientific and economic model are confirmed, in our opinion, by
the emergence of a group of high-tech companies including the LINEV Group, the producer
of specialized benchtop EPR spectrometers, which considers itself the heir to the scientific
and innovative traditions of the Department of Nuclear Physics.

2. Historical Background for the EPR Instrumentation in Minsk

In the 1950s, the main centers of EPR spectroscopy in the USSR were the Kazan
Physical-Technical Institute (PTL; now E.K. Zavoisky PTI), the Moscow P.N. Lebedev Physi-
cal Institute (LPI), and the Moscow Institute of Chemical Physics (ICP; now N.N. Semenov
ICP) of the Soviet Academy of Sciences (AS). The roots of the EPR instrumentation in Be-
larus were connected with these scientific centers. In 1956, the famous physicist Mikhail A.
Eliashevich (1908-1996) moved to Minsk from the ICP in Moscow. In the ICP, chemical and
biological EPR spectroscopy had been being developed since 1954, and Eliashevich was in
the middle of events and actively participated in them [7]. In 1956, Stanislav Stanislavovich
Shushkevich became his postgraduate student at the Institute of Physics and Mathematics
of the Academy of Sciences of the Belarusian Soviet Socialist Republic (BSSR) (Figure 1).
(Much later, in the 1990s, he became known as the head of Belarus who signed the Belovezh
Accords with M.S. Gorbachev declaring that the USSR had effectively ceased to exist).

Eliashevich set his new laboratory team the task of experimentally mastering the detec-
tion of electron and nuclear magnetic resonance (EPR and NMR) and nuclear quadrupole
resonance (NQR) spectra. To solve this problem, in early 1957, postgraduates S.S. Shushke-
vich and A.K. Potapovich went on an internship sat the LPI (specifically at the laboratory
of A.M. Prokhorov, the future Nobel laureate) and ICP where the problem had been already
had solved ([8], pp. 56-58).

In 1952-1953, Prokhorov, on behalf of the LPI director D.V. Skobeltsyn, switched to
work that eventually led to the appearance of EPR masers [9]. For this purpose, A.A.
Manenkov was transferred to LPI from Kazan PTI. In Kazan, A.A. Manenkov was a
graduate student of B.M. Kozyrev, a colleague of E.K. Zavoisky [10], the discoverer of EPR.
Thus, the EPR arrived in LPI from the “original source”. At the same time, in the ICP, V.V.
Voevodsky and L.A. Blumenfeld with their colleagues were developing EPR spectrometers
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suitable for chemical and biological works. The communication of Shushkevich and
Potapovich with these scientific groups and the study of their experience made it possible
to create in Eliashevich’s laboratory in Minsk in the next three years a superheterodyne ESR
spectrometer with two five-ton electromagnets made for this at the Leningrad “Electrosila”
factory ([8], pp- 58-59).

Figure 1. Mikhail A. Eliashevich (right) with his disciple Stanislav S. Shushkevich (left) near the
microwave assembly of their handmade EPR spectrometer. Minsk, 1957. Source: personal archive of
V.N. Linew.

3. Development of Benchtop EPR Spectrometers: The First Steps

Having experienced the influence of key figures in EPR spectroscopy in late 1950s,
the development of EPR instrumentation in Belarus bloomed and led to the concept (as
well as the “incarnation”) of small-sized EPR spectrometers a decade and a half later, when
Shushkevich was already working at the Belarusian State University (BSU) as the head of
the Department of Nuclear Physics and Peaceful Uses of Atomic Energy. His department,
including the teaching staff and research laboratories, was the largest at the Physics Faculty
of BSU (about 120 people) and, during its life, gave birth to several institutes and Special
Design Departments (SDD). It specialized in applied instrumentation in the field of nuclear
physics. Despite the obvious significance of this work today;, its beginning was prompted
by a rather accidental circumstance, namely, the attempts of the neighboring Department
of Semiconductor Physics to develop a small-sized device for educational purposes. These
attempts were based on the dead-end (as it turned out later) idea of using the pole tips of an
electromagnet as the walls of a resonator. Actually, this approach did not allow obtaining a
high Q-factor and hence high enough sensitivity of the resonator. V.E. Stelmakh, the head of
the Department of Semiconductor Physics, asked Shushkevich to help with this work. The
actual work was started in 1975 by one of the authors of this article, V.N. Linev, who had
become a department member shortly before then. This task became the topic of his PhD
thesis and later of his doctoral dissertation. (In the USSR, there was a two-stage system of
academic degrees.)

By 1978, manufacturing of the first device was completed. It was housed in an oscillo-
scope case of ca. 274 x 206 x 440 mm? size. Compare it with RE1306 EPR spectrometer—the
main mass-produced EPR spectrometer in the USSR at that time—which consisted of four
blocks. One of them, the electromagnet, was 1290 x 1255 x 710 mm? in size; the other three
blocks were slightly smaller but comparable in size [11]. Hence, the new equipment drasti-
cally surpassed existing models in compactness; however, its capabilities were limited.
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It was obvious that to create a full-fledged scientific device rather than one serving for
educational purposes only, significant efforts were still required. However, such a work de-
manded funding. Furthermore, before starting the development, it was necessary to assess
the need for benchtop EPR spectrometers of Soviet science and industry. S.S. Shushkevich
had a very wide network of acquaintances in Soviet radio spectroscopy, and he helped
Linev to get in contact with some specialists in EPR spectroscopy who became the key
customers and investors to drive the whole project. In Moscow, Linev met L.V. Bershov
from the Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry
(IGEM) of the Academy of Sciences of the USSR and B.M. Moiseev from the All-Union
Scientific-Research Institute of Mineral Resources (VIMS) of the Ministry of Geology of
the USSR.

These institutes were engaged in the exploration of uranium deposits [12,13]. Leonid
V. Bershov studied paramagnetic centers in minerals; he showed that they could be used in
petrographic research to study the diastrophic blocks, e.g., determining their radiation his-
tory and conditions of their formation as a whole (see, e.g., [14]). Boris M. Moiseev studied
paramagnetic Al- and E-centers in quartz crystals and determined the rate of their forma-
tion due to the radiation of different types resulting from the decay of uranium, thorium,
potassium and other radioactive nuclei contained in the rock. This made paramagnetic
properties of rocks an indicator for exploration of uranium deposits [15,16]. Thus, a new
direction of paleodosimetry, a paleodosimetric method of searching for uranium deposits,
was opened in geology. The detection of radioactive uranium ore lying at considerable
depths by studying paramagnetic centers in the rocks at the surface layers thus became
possible, and EPR allowed the delimiting of uranium deposits. However, the outdated
models of EPR spectrometers adjusted for laboratory work, e.g., RE1301 [14] or RA-100 [15],
remained the main instruments of these studies. The development of small-sized portable
EPR spectrometers suitable for work in expeditions would significantly reduce the cost
of and speed the exploration of minerals. Finally, L.V. Bershov and B.M. Moiseev found
funding for the development of small-sized EPR spectrometers.

Several contracts were agreed between BSU and VIMS on the basis of long-term
cooperation for at least 10 years in the future. An industrial scientific-research laboratory
for magnetic resonance and gamma resonance spectroscopy of geologic materials was
established in 1980 to carry out the development of small-sized EPR spectrometers. In 1985,
V.N. Linev was appointed head of the laboratory [17]. Formally, since ca. 1977 until 1991,
the laboratory developed and manufactured EPR equipment (e.g., [18]), as well as a wide
range of other scientific instruments, for the Ministry of Geology of the USSR (Mingeo).
Thus, for the first time ever, portable automated Mdssbauer spectrometers (used for analysis
of cassiterite, the main ore mineral for tin production, in ores) were developed, and the
experimental factory of BSU allowed the manufacturing of a series of these devices.

We have covered these organizational issues to show the motives and method of orga-
nizing such a study in the USSR where direct commercial activity was impossible. Actually,
the main challenges were related to innovating new technical ideas that were essential to
achieve compact spectrometers. To some extent, the developers learned the technique of
EPR instrumentation by studying the design of Varian and Bruker spectrometers available
in the USSR. Copying these devices was out of the question due to the lack of necessary
modern electronic components in the USSR coupled with the realization at an early stage by
V.N. Linev that the simple miniaturization of the full-size spectrometers developed earlier
was a dead-end. Compact devices had to be developed “from scratch” with essentially new
solutions for each component of the instrument. Surprisingly, this project benefited from
the fact that its participants were “amateurs” in the field of EPR spectroscopy. They were
not “blinded” by conventional technical solutions, and this meant that they were able to
innovate new solutions to the technical challenges.

150



Molecules 2022, 27, 5996

4. Technical Solutions for Compactization of EPR Spectrometers

By far, the most massive element of a full-size EPR spectrometer is the electromagnet.
In the most common Soviet X-band EPR spectrometer of that time, RE1306, the electromag-
net weighed more than a ton, and for the next model RE1307, it was ca. 3.5 tons. For a
portable instrument, it should not exceed 40-50 kg. The mass of the electromagnet grows
rapidly with the increase in the size of the pole gap in which a uniform magnetic field must
be provided. Hence, reducing the electromagnet mass by almost two orders of magnitude
should be the first step toward creating a benchtop device, and this reduction depended on
the minimum possible pole gap width. We mentioned above the attempt to use the pole
tips of the electromagnet as the walls of the resonator. This challenging idea (called “EPR
sensor”) allowed a pole gap as narrow as 8 mm, but this approach turned out to be a dead
end. The requirement to achieve a sufficiently high resonator Q-factor was incompatible
with a monolithic “magnet-plus-resonator” design and demanded at least a 14 mm pole
gap. According to this minimum distance and the requirements for maximum magnetic
field inhomogeneity (<10~°), various systems to create and customize a magnetic field
were developed.

Further technical findings involved using flat rectangular plates for magnetic field
modulation and a modular resonator [19]; the former provided reducing the size of the
resonator without reducing its Q-factor, while the latter allowed adapting the resonator to
different tasks. This extraordinary design required taking into account the distribution of
electric and magnetic fields along the assumed cutting lines of the resonator. The resonator
was combined with a synchronous detector of original design (Figure 2). The replacement of
the electromagnets conventionally used for EPR spectroscopy by permanent magnets-based
systems was probably the most paradoxical technical solution (Figure 3). This solution
allowed a reduction in the mass of the magnet by several orders (down to 8 kg!) and the
energy consumption by an order of magnitude.

Figure 2. EPR resonator combined with the synchronous detector, dismantled (a) and assembled (b).
Source: Personal archive of V.N. Linev.

To regulate and sweep magnetic field H in the pole gap, various methods of mechanical
and electro-mechanical H regulation were invented, employing moving the additional
permanent magnet relative to the magnetic circuit, introducing additional adjustable gaps
into the magnetic circuit, etc. [20-23] (Figure 4). This branch of experimental design was
supervised by V.V. Lisovsky, a member of the BSU Department of Nuclear Physics. The
electronic computing facilities available at the BSU at that time were used for mathematical
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simulation that preceded the experimental work. Along with permanent magnets-based
EPR spectrometers, the electromagnet-based lineup was developed. The design of a
compact electromagnet providing highly homogeneous magnetic field comprised modeling
of the magnetic circuit and the pole tips configuration as well as the search for a material
with optimal characteristics.

Figure 3. Two models of permanent magnet-based magnet blocks for benchtop EPR spectrometers.
A piece of waveguide of X-band EPR spectrometer in the left photo indicates the miniature size of
the magnet. The diameter of cylindrical magnet block in the right photo is 14 cm. 1—magnet yoke,
2—magnetic field adjustment mechanism, 3—frequency tuning and coupling nodes of the measuring
resonator, 4—lead-in waveguide. Source: personal archive of V.N. Linev.

Figure 4. The scheme of mechanical regulation of magnetic field in the pole gap employing mov-
ing the additional permanent magnet relative to magnetic circuit [21]. I—permanent magnet,
2—magnetic circuit, 3—pole gap, 4,5—movable part of magnetic circuit. This scheme provided
a change in the magnetic field in the pole gap in the range 0.01-0.7 T.

The other massive component of the EPR spectrometer, a power source, was reduced
significantly in size due to a reduction in the energy levels required. In a conventional
EPR spectrometer, the electromagnet and microwave source (klystron) are among the
main energy consumers. As the energy demand of the magnet was reduced, the klystron
energy requirements became the limiting factor. To solve the issue, the time-tested klystron
(which bore all the disadvantages of electro-vacuum devices) was replaced by a Gunn
diode, which was a solid-state electronic element invented a decade earlier. The original
Gunn diode-based X-band microwave generator, highly stable and tunable in frequency,
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was probably one of the key elements invented already at the start of the project and
subsequently being improved over the following years. The second approach was to use a
p-i-n diodes-based microwave attenuator. These inventions allowed reducing the total mass
and energy demand of the spectrometer as well as improving the microwave durability.

To simplify the use of the device, automatic tuning systems were developed for all the
units. One of these was an approach later called the Method of Adaptive Registration of
EPR spectra. This involved sweeping the magnetic field with a varying speed depending
on the spectrum slope [24]. This allowed skipping “empty” regions (free of EPR signals)
during H sweeping without manual tuning of recording parameters and hence significantly
increased the efficiency of recording multicomponent spectra (especially with long-term
signal accumulation). The techniques for stabilization of the magnetic field and resonance
conditions during long-term continuous measurements were developed as well as for
on-the-fly signal accumulation and processing, which was necessary for EPR recording in
the field [20,25]. All these solutions, in different combinations depending on the specific
requirements and tasks, were embodied in a whole series of small-sized EPR spectrometers
developed in the BSU Industrial scientific-research laboratory for magnetic resonance and
gamma resonance spectroscopy of geologic materials in subsequent years.

Below, we describe the scope of application of small-sized EPR spectrometers and how
it expanded (Section 5). However, each class of applications required the development of
special technical solutions. As an example, a special resonator for magnetic semiconductor
materials with magnetic bubble domains, a subject of great interest for the electronics
industry, was developed (in fact, it was a ferromagnetic resonance (FMR) spectrometer).
The size of the samples (usually large plates or films) did not allow them to be placed in
the resonator. An alternative design of measurement techniques was developed instead:
the sample was placed outside the resonator, and a coupling element between the sample
and the resonator was inserted inside the latter. The sample holders provided precise
movement of the sample relative to the coupling hole, which allowed obtaining a profile of
magnetic defects in the sample. Thus, an FMR scanner for magnetic films was developed.

For biological samples, a special model of the resonator was also developed. It
included a thick-walled ceramic or quartz tube of large diameter, which allowed partially
shielding of the electric component of the field in the resonator. Resonators with one-, two-
and three-axis goniometers were constructed for studying paramagnetic centers in crystals
in IGEM. The built-in goniometers allowed precise positioning of the crystals inside the
resonator. In addition, there was a method for measuring the anisotropy parameters of
paramagnetic samples employing an alternating modulating magnetic field perpendicular
to the polarizing magnetic field [26].

Eventually, a complex of original technical solutions for adjusting each of the nodes of
the EPR spectrometer design for specific applications was developed [27,28]. The experience
gained actually turned the BSU Industrial laboratory into one of the national-scale centers
for the development and production of EPR spectroscopy equipment (Figure 5).

This detailed description of specific technical solutions is interesting in understand-
ing the development of technology as a whole. Here, we can compare some different
approaches in the drift of technical ideas. The need for benchtop EPR spectrometers was
quite obvious. Two other groups of developers from the V.I. Ulyanov (Lenin) Leningrad
Electrotechnical Institute (LETI) and from the Leningrad Association of Electronic Instru-
mentation “Svetlana” were solving similar challenges, i.e., the development of small-sized
EPR spectrometers for oil production and refining. However, they started from “classic”
EPR spectrometer design and moved toward its miniaturization. Probably, this approach
based on the “scaling” of full-sized devices had more severe limitations. Thus, the min-
imum weight of the EPR spectrometer with this approach was about 75 kg (cf. 28 kg
achieved in BSU) ([29], pp. 11, 20).
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Figure 5. Among the participants of the XXIV Congress AMPERE on magnetic resonance and
related phenomena in Poznan, 1988: J. Hyde (4th from the left), Yu.V. Yablokov (in the center),
S.S. Shushkevich (4th from the right), V.N. Linev (3th from the right). Source: personal archive of
V.N. Linev.

5. New Applications of Benchtop EPR Spectrometers

As the development progressed, the contacts of developers with potential users ex-
panded, and positive feedback led to new applications of small-sized EPR spectrometers.
One of the most fruitful came from the contact of V.N. Linev with Peter M. Solozhenkin,
who was one of the leaders of the Academy of Sciences of the Tajik SSR. Tajik industry
needed an instrument to control ore cleaning at metallurgical plants, and in 1978-1979,
BSU produced a benchtop EPR spectrometer for this purpose. This work served as a
catalyst for expanding the scope of benchtop EPR spectrometers. The developers started
collaboration with Yuri A. Zolotov and his group from the V.I. Vernadsky Institute of
Geochemistry and Analytical Chemistry (GEOCHI) of the Soviet Academy of Sciences. The
interests of GEOCHI included the chemistry and geochemistry of uranium [30]. Although
Yu. A. Zolotov had already collaborated with another EPR spectrometers manufacturer,
the Leningrad Electrotechnical Institute [31], the new devices from BSU proved to be in
demand. A while later, they proved to be in demand in Zelenograd, the Soviet “Silicon
Valley”, where FMR could be used to control the quality of materials with magnetic bubble
domains (we described the development of an FMR scanner in the previous section). In
Zelenograd, Anatoly Yu. Kozhukhar coordinated this collaboration [32,33].

An important direction in the EPR equipment development appeared due to BSU
collaboration with Oleg P. Revokatov, Yuri M. Petrusevich, and their coworkers from
Moscow State University. O.P. Revokatov suggested an idea to detect the cancer risk
using spin probes in a blood test. Previously, Revokatov tried to employ NMR data on
proton spin-lattice relaxation in human blood serum as a cancer diagnostic method [34],
and he participated in the development of NMR equipment for the diagnostic testing of
biological liquids. The new idea was based on employing the rotational mobility of spin
probes (which is reflected in the EPR spectra) for assessing the formation of permolecular
structures in blood.
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All this work assumed clinical usage and hence required, in addition to compactness,
easy-to-operate (i.e., automated) devices. Together with Shushkevich, Revokatov managed
to interest the Belarusian Research Institute of Oncology and Medical Radiology (later
awarded the name of N.N. Alexandrov and transformed to National Cancer Centre of
Belarus”) and, personally, Alexander A. Mashevsky and Violetta V. Prokhorova, in this
idea. After the Chernobyl disaster in 1986, the collaboration with physicians transformed
into studies on EPR dosimetry. Although this collaboration did not lead to any joint
publications, the method for diagnosing malignant neoplasms of lungs using spin labels
and benchtop EPR spectrometer RM-10-40-RD was developed in the N.N. Alexandrov
National Cancer Centre of Belarus [35]. It also stimulated to some extent the further
development of EPR dosimetry in Belarus [36]. Motoji Ikeya, a Japanese physicist known for
his contribution to EPR dating [37] and dosimetry [38,39], visited BSU Industrial Laboratory
(mainly transformed to ADANI company by then) in Minsk in the early 1990s to review
new EPR equipment and met with one of the authors of this article (V.N. Linev).

6. Conclusions

The diversity of applications resulted in wide range of specialized models of EPR spec-
trometers. At least nine models were developed and serially produced by the mid-1980s
including the RM-6, RM-20P, REM-10, REM-12MFS, REM-10-30, REM-10-31, REM-10-32,
REM-10-33, and REM-10-35 models (Figure 6). Three of them, RM-6, REM-10 and REM-10-31,
were used in research in geology for paleodosimetry and the detection of deep-lying ore
bodies. Their use substantially changed the design of exploration expeditions, allowing
completion of the exploration within one season. RM-20P served for technological control
of ore enrichment in non-ferrous metallurgy (instead of more time-consuming chemical
methods used before). An REM-10-33 EPR spectrometer was developed and passed clinical
testing for the early diagnosis of oncological diseases using spin labels. Serial mass pro-
duction of an REM-10-32 universal EPR spectrometer was launched under the trade name
AE-4700 in Lviv (industrial group “Micropribor”). In the late 1980s, AE-4700 was the only
commercially produced EPR spectrometer in the USSR.

In addition to the above, in the chemical industry, benchtop EPR spectrometers were
used to build an automated control system for preparing a polyisoprene polymerization
catalyst; in the non-ferrous-metals industry, to develop methods of quantifying the micro-
content of 27 elements; in geology, to elaborate methods for evaluating and searching
for deposits of non-ferrous and rare metals; in the oil industry, to provide reliable and
safe methods for monitoring the movement of formation water in oil fields; in microelec-
tronics, to introduce non-destructive methods for measuring and certifying magnetic thin
films; and in agriculture, to control infestation of grain by pests ([29], pp. 2-3) amongst
other applications.

In summary, the impact of benchtop EPR spectrometers (developed in BSU, LETI and
“Svetlana”) on Soviet economics was assessed as already exceeding some 5 million rubles
(i.e., some $7.5 M) per year by the early 1980s ([29], p. 3). Hence, the series of benchtop
EPR spectrometers was awarded several prizes, the most major of which was the prize of
the Council of Ministers of the USSR in 1985 (all three groups of developers of benchtop
EPR spectrometers, from BSU, LETI and “Svetlana”, were awarded). That was one of few
prestigious awards in the USSR concerning EPR.

However, along with the industrial applications listed above, these devices were no
less important for radiospectroscopy in the USSR. The tragedy for Soviet radiospectroscopy
was that the serial production of EPR spectrometers in the USSR was stopped from 1984.
Given the difficulty of buying scientific equipment abroad, this had a detrimental effect on
science in the USSR. Erlen I. Fedin, who headed the Commission on radio spectroscopy
of the Soviet Academy of Sciences and dedicated his life to improving Soviet NMR/EPR
instrumentation [5], hoped that this last Soviet EPR developmental project could save
radiospectroscopy in the USSR from disaster and provide science and industry with much
needed EPR equipment ([29], pp. 162-163). Although it did not save the Soviet EPR
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instrumentation, the new conditions in the post-Soviet space helped to revive it to some
extent in due to the work of the “ADANI"” company.

RM-6 (2)

RM-8A
RM-20P

REM-10

REM-12-MFS

GRANAT

Figure 6. Family of benchtop EPR spectrometers developed and serially produced (in small series)
by 1985.
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In this paper, we have given a brief history of development of the benchtop EPR spec-
trometers in the USSR. For the Soviet science, this project was a chance to “revitalize” EPR
spectroscopy studies which were being suffocating due to the lack of modern instruments.

However, considering the broader context, this history could cause innovation for
the future. In our opinion, benchtop EPR spectrometers production could be a kind of
“disruptive innovation” in the sense of Clayton Christensen, i.e., the one that creates a new
market albeit initially inferior to the current favorite in terms of operating capabilities [40].

This means we can expect that, in the near future, benchtop EPR spectrometers will
conquer the market and, in a sense, will displace the research-grade EPR spectrometers as
well as smartphones have displaced the professional photo and video cameras. Already
now, there are more than 500 modern benchtop EPR spectrometers operating around the
world (Figure 7). New technologies in microelectronics make it possible to find even more
compact and low-cost technical solutions for all nodes of the EPR spectrometer than those
described above. Although they may not in the immediate future be able to compete with
research-grade EPR spectrometers in scientific studies, their cheapness and ease of use can
significantly expand the scope of their application in the future, and ongoing innovation
will enhance their performance step by step.

Figure 7. The appearance of a modern benchtop X-band EPR spectrometer (the 2022 model).
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