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Abstract

The X- and W-band electron paramagnetic resonance (EPR) spectroscopies were employed to
investigate a series of imidazolidine nitroxide radicals with different number of ethyl and methyl
substituents at positions 2 and 5 of a heterocycle in liquid and frozen solutions. The influence of
the substituents on the line shape and width was studied experimentally and analyzed using
quantum chemical calculations. Each pair of the geminal ethyl groups in the positions 2 or 5 of the
imidazolidine ring was found to produce an additional hyperfine splitting (hfs) of about 0.2 mT in
the EPR spectra of the nitroxides. The effect was attributed to the hfs constant of only one of four
methylene hydrogen atoms of two geminal ethyl substituents not fully averaged by ethyl group
rotation and ring puckering. In accordance with this assumption, the substitution of hydrogen
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atoms of CHy groups in 2,2,5,5-tetraethyl-substituted imidazolidine nitroxides by deuterium leads
to the substantial narrowing of EPR lines which could be useful for many biochemical and
biomedical applications, including pH-monitoring. W-band EPR spectra of 2,2,5,5-tetraethyl-
substituted imidazolidine nitroxide and its 2,2,5,5-tetraethyl-dg deuterium-substituted analog
measured at low temperatures demonstrated high sensitivity of their g-factors to pH, which
indicates their applicability as spin labels possessing high stability.

1 Introduction

Stable nitroxide radicals are used intensively as probes for measurement of oxygen [1, 2],
pH [3-5], glutathione [6, 7], redox state [8, 9] in living tissues, for structural studies of
biological macromolecules [10], as magnetic resonance imaging contrast agents [11, 12] and
in other fields [13-16]. The nitroxide radicals of imidazoline and imidazolidine types were
shown to reveal the changes in their electron paramagnetic resonance (EPR) spectra due to
reversible protonation of N-3 nitrogen [17] of the radical heterocycle and are widely used as
pH-probes [4, 5, 14, 15]. However, instability of the paramagnetic N-O- fragment towards
chemical reduction is an unavoidable factor that significantly limits their application,
particularly in biological systems. Dependence of nitroxides stability towards reduction on
their structure has been the subject of numerous investigations [18-22]. It has been found
recently that bulky alkyl groups adjacent to the N-O- fragment significantly increase the
stability of nitroxides towards reduction by ascorbate, blood and tissue homogenates [23—
26], e.g., 3,4-dimethyl-2,2,5,5-tetraethylimidazolidine-1-oxyl (In4, see Scheme 1) showed
40 times lower rate of reduction by ascorbate than its 2,2,5,5-tetramethyl analogue (In1,
Scheme 1). These radicals have pH-dependent EPR spectra with pKj, in the physiological
range of pH from 4 to 6, and their enhanced stability towards reduction is very important for
in vivo and in vitro pH assessment in biological systems. However, introduction of several
bulky alkyl groups to a-carbons of nitroxide moiety may lead to significant broadening of
EPR lines, which demolishes the advantage in stability. A similar line-broadening effect has
been previously reported for piperidine nitroxides with bulky spiro-cyclohexyl rings in the
positions 2 and 6 of the heterocycle [25, 26].

In order to clarify the nature of line broadening in the EPR spectra of the nitroxides with
bulky substituents and to estimate their applicability as spin probes and spin labels for pH
measurements, we performed X- and W-band EPR investigations of a series of imidazoline
and imidazolidine nitroxides with methyl and ethyl substituents, and corresponding quantum
chemical calculations.

2 Materials, Methods and Computational Details

2.1 Synthesis

The nitroxide radicals were synthesized according to the previously described methods (Inl
[27], In2, In3, In5-In10 [28], In4, Im2 and Im1 [29], see Table 1; Scheme 1).

3,4-Dimethyl-2,2,5,5-tetraethyl-perhydroimidazole-1-oxyl-Dg+ (In4d) was synthesized
according to the procedure proposed for non-deuterated nitroxide In4 using bromoethane-Ds
and D50 as isotope-containing starting materials (Scheme 1). 3-Pentanone was repeatedly
stirred with 5% solution of NaOD in D50 until methylene proton signals disappeared in the
nuclear magnetic resonance *H spectrum, dried with MgSO, and distilled. The 3-pentanone-
Dy4 (10 ml, 0.09 mol) was added dropwise to ethylmagnesium bromide solution, prepared
from bromoethane-Ds (11.4 g, 0.1 mol), Mg (3 g, 0.125 mol) and dry diethyl ether (50 ml).
After addition was over, the reaction mixture was stirred for 1 h and quenched with
saturated NaCl solution. The organic layer was separated, dried with Nap,COs3 and the ether
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was distilled off. lodine (50 mg) was added to the residue and the mixture was heated to
boiling, and 3-ethylpentene-2-D formed was slowly distilled with water. The organic layer
was separated, dried with MgSO,4 and distilled again. 3-Ethyl-pentene-2-D; was then
converted into 3-hydroxyamino-3-ethylpentan-2-one-Ds hydrochloride using the procedures
described for non-deuterated compounds; overall yield was 5.9 g (32%). The obtained
material (3 g, 16 mmol) was enriched with deuterium using repetitive dissolving in
methanol-D and evaporation of the solvent under reduced pressure. Then ND4OAc (4.9 g,
60 mmol), 3-pentanone-Dy4 (5.4 g, 60 mmol) and methanol-D (5 ml) were added, the
reaction mixture was thoroughly degassed using bubbling with argon and sealed up. The
mixture was stirred for 21 days under argon, then the flask was opened and the solvents
were removed under reduced pressure. The residue was dissolved in water (30 ml), basified
with NaHCOg3 and extracted with diethyl ether. The extract was washed with water, and
dried with Na,CO3. Then MnO, (4 g, 46 mmol) was added and the mixture was stirred for 1
h. The manganese oxides were filtered off, ether was removed under reduced pressure and
the residue was separated using column chromatography on silica gel (eluent hexane—diethyl
ether, 20:1) to give 2.1 g (57%) of 4-methyl-2,2,5,5-tetraethyl-2,5-dihydroimidazole-1-oxyl-
Dg+. The latter was then converted into nitroxide In4d using the procedures described for
non-deuterated compounds.

2.2 X-Band EPR Characterization of Nitroxides in Aqueous Solutions

The 0.5 mM nitroxide solutions were prepared by dissolving in water containing 0.01 M
HCI or 0.01 M NaOH. The poorly soluble nitroxides were first dissolved in acetone or
dimethyl sulfoxide (DMSO) and then added to the solution (the content of acetone or
DMSO in final solutions was less than 5%). EPR spectra were recorded on a Bruker
ER-200D-SRC or Bruker EMX spectrometer using 50 pl quartz capillaries with an inner
diameter ID = 0.8 mm, placed in a rectangular TE1q, resonator. Typical experimental EPR
settings were: sweep width, 60 G; microwave power, 10 mW; modulation frequency, 100
kHz; modulation amplitude, 0.5 G; time constant, 40.96 ms; sweep time, 83.89 s; number of
points, 1,024; and harmonic, first. Simulation of EPR spectra was performed using the
WINSIM software [30].

2.3 X-Band EPR Characterization of Nitroxides in Toluene at Various Temperatures

Nitroxides (50 uM) In2, 3, and 4 were dissolved in toluene, deoxygenated by several freeze—
pump-thaw cycles to 10> mbar, and sealed off under 100 mbar of He in conventional EPR
tubes with an inner diameter of 3 mm. EPR spectra were recorded on an EMX spectrometer
(Bruker) equipped with a temperature controller at various temperatures. Typical EPR
settings were: sweep width, 10-15 G; microwave power, 10 mW; modulation amplitude, 0.5
G; time constant, 40.96 ms; sweep time, 83.89 s; and number of points, 1,024.

2.4 W-Band EPR Characterization of Nitroxides

The W-band EPR spectra (95 GHz/3.4 T) were recorded on laboratory-built spectrometers
described elsewhere [31, 32]. Nitroxides (50 uM) were dissolved in buffer solution with
addition of 30% of glycerol and placed into capillaries with an inner diameter of 0.1 mm.
EPR spectra of frozen solutions were simulated using the EasySpin software [33].

2.5 Quantum Chemical Calculations

Geometries of a series of conformations of the imidazoline and imidazolidine nitroxides
with different alkyl substituents at positions 2 and 5 of the heterocycle were optimized at the
UB3LYP/6-31G(d) level [34, 35]. The hyperfine splitting (hfs) constants were calculated at
the same level of theory. All calculations were performed with the Gaussian-03 [36] suite of
programs. The influence of a solvent on the hfs constants was taken into account using the
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polarizable continuum model [37]. The results of the UB3LYP calculations did not suffer
from the spin contamination effects; the expectation values of S2 were within 0.754-0.756
for all studied radicals.

3 Results and Discussion

3.1 X-Band EPR Characterization of the Substituted Imidazoline and Imidazolidine

Nitroxides

The EPR spectra of the imidazoline (Im) and imidazolidine (In) nitroxides in liquid solution
show a triplet pattern resulting from hfs on the 14N (I = 1) atom of N—O- moiety. Reversible
protonation of the N-3 atom of the radical heterocycle (see Scheme 1) affects spectroscopic
parameters (hfs constants, g-factors), which allows to measure pH changes using the EPR
technique [17]. The structures of imidazoline-type (Im) and imidazolidine-type (In)
nitroxides studied in this paper are represented in Scheme 1.

The pK, values of the imidazolidine nitroxides lay in the range of 4.3-5 [38], e.g., pK; are
equal to 4.7 for Inl, 4.7 for In3, and 4.95 for In4 [24], whereas for imidazoline, pK, are
equal to 1.3 for Im1 and 1.2 for Im4 [24]. The parameters of protonated and deprotonated
forms were determined using the procedure similar to that described in Ref. [17]. First, the
pH dependence of the EPR spectra was measured, and then the observed two superimposed
triplets (at pH close to pK,) as well as hfs and g-factors of these triplet spectra were assigned
to protonated and deprotonated forms. The measured parameters of the EPR spectra
correspond to pH < pK, (0.01 M HCI, pH 2) and pH > pKj, (0.01 M NaOH, pH 12) for
protonated and deprotonated forms, respectively. The EPR spectra measured at these
specific conditions were assigned to the protonated and deprotonated forms of the radicals.

The replacement of methyl groups by ethyl groups at positions 2 and 5 of the heterocycle
results in broadening of the components of the EPR spectra of Im nitroxides and in revealing
additional hfs of the EPR lines for In nitroxides. Figure 1 shows the EPR spectra of
protonated tetramethyl substituted (Im1, spectrum A) and tetraethyl substituted (Im2,
spectrum B) imidazoline nitroxides measured in 0.01 M HCI. The line width increased from
0.083 mT for Im1 to 0.152 mT for Im2, apparently due to additional unresolved hfs on
protons of ethyl groups. A similar effect was observed for deprotonated forms of the
nitroxides measured in 0.01 M NaOH (data not shown).

The EPR spectra of 0.01 M HCI solutions of 2,2,5,5-tetramethyl-4-methyl-substituted
imidazolidine (In1, spectrum A), 2,2-diethyl-5,5-dimethyl-4-methyl-substituted
imidazolidine (In2, spectrum B), 2,2-dimethyl-5,5-diethyl-4-methyl- substituted
imidazolidine (In3, spectrum C), and 2,2,5,5-tetraethyl-substituted imidazolidine (In4,
spectrum D) nitroxides are shown in Fig. 2. In contrast to imidazoline nitroxides, the
introduction of two ethyl groups at position 2 or 5 of the imidazolidine heterocycle resulted
in appearance of an additional doublet splitting of each 14N hyperfine line of the EPR
spectrum (see Fig. 2b, ¢). Moreover, substitution of all methyl groups by ethyl groups at
both positions 2 and 5 of the heterocycle resulted in additional quadruplet splitting (see Fig.
2d; Table 1).

As mentioned above, the nitrogen hfs constant depends on the medium pH. In order to verify
the pH dependence of additional splitting, the EPR spectra were measured for both the
protonated and deprotonated forms of nitroxides. As an example, Fig. 3 presents the EPR
spectra of protonated and deprotonated forms of imidazolidine nitroxide In3 measured in
0.01 M HCl and 0.01 M NaOH, respectively. Both the hfs constants on the 14N-1 atom and
additional doublet hfs were found to be significantly different in protonated and
deprotonated forms and are summarized in Table 1. Note that nitrogen hfs constants
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decrease upon protonation, whereas additional hfs constants assigned to protons increase
(see Table 1; Fig. 3).

A similar observation of proton hyperfine splitting was published by Khramtsov et al. [1] for
5,5-dimethyl-2-methoxy-2-(2-methoxycarbonylethyl)-4-phenyl-2,5-dihydroimidazole-1-
oxyl 3-oxide [4]. The authors [1] were able to measure the splitting constant of about 0.07
mT assigned to hyperfine interaction with one of the methylene protons of the
(CH)»,COOCHg3 group. This hfs was found to be temperature-dependent, decreasing upon
temperature increase. A similar dependence of the proton hfs constant on temperature was
observed for diethyl- and tetraethyl-substituted imidazolidines In2, In3, and In4 as illustrated
in Figs. 4 and 5. Figure 4 represents the second derivative of the central component of the
EPR spectra of the In nitroxides dissolved in toluene. The proton hfs constants decreased
with increasing temperature, resulting in the collapse of the doublet splitting into an
unresolved singlet line at temperatures above 350 K in the case of In2. Figure 5 shows the
temperature dependence of the proton hfs for ethyl-substituted imidazolidines In2, In3, and
In4.

It is clear that the observed temperature dependences of the additional splitting and line
broadening indicate the conformational changes in the nitroxide molecules. Note that there
are four protons of two CH, groups at each of the positions 2 and 5 of the radical
heterocycle, whereas hfs of only one proton is evident in the EPR spectra (see Figs. 2, 4). In
order to interpret the EPR spectra of the nitroxides In2, In3, and In4 and their temperature
dependences, we employed the quantum chemical calculations.

Magnetic properties of a series of nitroxides, including 2,2,5,5-tetramethyl-4-methyI-
imidazoline nitroxide, Im1, have been previously analyzed in detail using density functional
theory (DFT) calculations [39, 40]. It is well documented that all DFT methods
underestimate the absolute values of isotropic hfs constants of the nitrogen atom of
nitroxides (ay). These hfs constants could be quantitatively predicted using high-level
calculations as well as vibrational averaging. Moreover, the formation of nitroxide
complexes with two water molecules should be taken into account to predict quantitatively
the ay value in water. Taking all these effects into account provide the possibility to
calculate the magnetic titration curve for Im1 in quantitative agreement with the experiment
[40].

On the other hand, it is well known that simple B3LYP calculations predict fairly well the
hfs constants of hydrogen atoms of organic radicals [39, 41]. The main purpose of our
calculations is to reveal the influence of the alkyl substituents at positions 2 and 5 on the
EPR spectra of nitroxides. Therefore, we employed the simple B3LYP/6-31G(d) method to
calculate the hfs constants and free energies of different conformations of In and Im
nitroxides, and the free energy of activation for the transitions between these conformers.

Figure 6 represents calculated hfs constants of nitrogen and hydrogen atoms of nitroxide In1
and In4. The hfs constants of methyl groups are usually averaged due to their fast rotation
around the C—C bond on the EPR time scale. The averaged values are very low (0.01 mT)
and contribute only to small broadening of the EPR lines. The calculations predict that the
free energy of activation for the rotation of methyl groups at position 5 (Inl) is 4.4 kcal/mol.
The rate constant of this rotation at room temperature is calculated to be 3.9 x 1079571,
which is really fast on the EPR time scale.

Figure 6b displays the hfs constants calculated for one of the low-energy conformers of
tetraethyl-substituted imidazolidine, In4. It demonstrates that only two ay values for four
CH, groups are high enough (about 0.23 mT), the absolute values of all others do not exceed
0.05 mT. Similar situation was observed for all conformers optimized for rotation of ethyl
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groups. The ay constants for methyl groups were averaged as the rate constant of their
rotation at room temperature is calculated to be 2.2 x 1010 571,

To interpret the temperature dependence of the experimental ay values we analyzed the
dynamics of the radical structure. As a matter of fact, two types of motions can modulate ay
hfs constants, notably, the rotation of alkyl groups and the ring puckering. We calculated
stationary points on the potential energy surface (PES) for the ring puckering of
unsubstituted nitroxide Inl and its derivatives, In2 and In4. Figure 7 demonstrates that
conformers of unsubstituted nitroxide In1 have the same energy and ring puckering proceeds
at room temperature with a high rate constant (k ~ 1010 s1). Situation is different in the case
of nitroxides In2 and In4, notably, one conformer is much more preferable than the other.
Thus, calculations predict that ring puckering does not lead to noticeable averaging of the ay
hfs constants of nitroxides In1 and In4.

In addition, we calculated the stationary points on the PES for rotation of ethyl groups.
There is a large set of minima on the PES for rotation of ethyl groups in the tetraethyl-
substituted In4. The free energies of different structures obtained by rotation of ethyl groups
at position 2 were predicted to differ within 3 kcal/mol. The free energies of activation for
these rotations were predicted within 6.5-7.7 kcal/mol. Thus, these rotations have enough
low rate constants at room temperature (in the range of 107108 s71). Therefore, calculations
predict that additional splitting of about 0.2 mT in the EPR spectra of ethyl-substituted
imidazolidines arises from the hfs constant of only one of four methylene hydrogens of two
geminal ethyl substituents. The rotation of the ethyl groups is retarded when compared to
methyl groups due to sterical hindrance, and the hfs constants of the protons of methylene
groups are not rotationally averaged in contrast to those of methyl groups.

To confirm the assignment of the ay constants, the deuterium-substituted imidazolidine In4d
(see Scheme 1; Table 1) was synthesized. Figure 8 presents the EPR spectra of In4 and In4d
nitroxides in water solution at pH 3.0 at X-band (spectrum A) and W-band (spectrum B).
The most important difference between these spectra is the presence of splitting in the
spectrum of In4 radical and its absence in the spectrum of its deuterated analog In4d. These
data unambiguously confirm that additional hfs constants originate from methylene protons
of the ethyl groups.

Temperature dependences of the observed ay constants shown in Figs. 4 and 5 could be
used to estimate the activation energy of transitions between the conformers. Unfortunately
we failed to simulate the EPR spectra of In2, In3 and In4 at different temperatures by taking
into account the exchange interaction and assuming different contributions of the Gaussian
and Lorentzian shapes. The estimated rate of exchange (assuming the two-position model),
with taking into account the ay values of 0.25 mT at T =175 K and 0.16 mT at 365 K, is in
the range of 5 x 108-2.5 x 107 s~ for T = 200-350 K. The obtained values of activation
energy lie in the range of 2-1.5 kcal/mol for In2 and 1.5-0.7 kcal/mol for In3, and the pre-
exponential factors are in the range of 10’~108 s~1. The obtained values of activation energy
and pre-exponential factors are unreasonably low. The reason for this can be the use of a
simplified two-position model for a complicated process of transition between a big set of
conformers with different relative energies.

As discussed above, the calculations predict relatively high activation energy for ethyl group
rotation, implying that the observed spectra of In2, In3, and In4 at ambient temperatures
should correspond to slow-to-medium exchange on the EPR time scale. Meanwhile,
calculations predict for all low-energy conformers only one large ay constant (ca. 0.2 mT)
for a pair of geminal ethyl groups. The superposition of spectra of different conformers with
similar hyperfine structures could not be excluded. Temperature elevation leads to increase
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of the rate of transitions between the conformers with partial or complete averaging of ay,
leading to decrease or disappearance of splitting. The hfs averaging is more effective for
2,2-diethyl-substituted nitroxide In2 than for 5,5-diethyl-substituted In3 (Figs. 6, 7),
presumably due to the contribution of the ring puckering into averaging.

The EPR spectra of other sterically substituted nitroxides, In5—-In10 (see Scheme 1; Table 1),
were studied revealing additional hfs on hydrogens similar to that for In1-In4 (see Table 1).
The difference between In6 and In7 (resolved additional hfs on hydrogen for In7 and the
absence of additional hfs for In6) is determined by the conformationally more rigid structure
of the cyclohexyl ring in In7 in comparison with the cyclopentyl ring in In6.

It is worth to note that we were unable to resolve splitting in the EPR spectrum of tetraethyl-
substituted nitroxide Im2. The difference in hyperfine structure of the spectra of Im and In
nitroxides results from the difference in geometry of the rings. Due to the planar geometry
of the imidazoline ring the rotation of ethyl groups in these nitroxides is less hindered and
leads to more effective hfs averaging.

3.2 W-Band EPR Characterization of the Substituted Imidazoline and Imidazolidine

Nitroxides

It was demonstrated previously that W-band EPR spectroscopy allows the pKy
determination from the precise g-factor measurements. To check the pH-sensitivity of the
nitroxides with bulky substituents we employed W-band spectroscopy for the measurement
of g-factor changes in frozen solutions. Figure 9 shows the W-band EPR spectra of In4 and
its deuterium-substituted analogue In4d in protonated and deprotonated forms measured at
180 K. The low-temperature W-band spectra are typical for the frozen-solution continuous-
wave EPR spectra of the nitroxide radicals. They were simulated using a powder pattern and
assuming anisotropic hyperfine interaction with the spin of 14N nucleus (I = 1) and an
anisotropic g-tensor. Both tensors were supposed to be diagonal in the molecular frame of
the nitroxides.

Dashed lines in Fig. 9 represent the best fits to the experimental EPR spectra obtained using
the EasySpin software [33]. The parameters of simulations (the canonical values of the 14N
hfs and g-tensors) are listed in Table 2 together with the values predicted at the UB3LYP/
6-31G(d) level. The individual line shape was assumed to be Gaussian with a line width of
0.7 mT. For In4, the ay constants obtained by X-band EPR at room temperatures (Table 1)
were taken into account. It is seen from Fig. 9 that protonation leads to the substantial
change in the gy component and does not affect the g, value. The increase of the gy value
upon protonation of In4 by 6.4 x 104 is very close to the same value reported for In1 (6.5 x
1074) [43]. Thus, the substitution by bulky substituents does not change the pH-sensitivity
of g-factors of nitroxides while substantially increases their stability.

4 Conclusions

The X- and W-band EPR and quantum chemical studies of the magnetic resonance
properties of a series of imidazolidine nitroxides with different alkyl substituents at positions
2 and 5 of the heterocycle demonstrated that an additional splitting of about 0.2 mT in the
EPR spectra of ethyl-substituted imidazolidines arises from the hfs constant of only one of
four methylene hydrogen atoms of two geminal ethyl substituents. The substantial

narrowing of EPR lines in the spectrum of 2,2,5,5-tetraethyl-substituted imidazolidine
nitroxide could be achieved by substitution of hydrogen atoms in CH, groups with
deuterium. This finding could be used in the design of spin probes for biochemical
applications.
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The observed phenomenon is likely to be of general nature. Slow conformation changes in
nitroxides with bulky substituents at a-carbons may lead to the line broadening of their EPR
spectra. Moreover, this problem can hardly be completely overcome by isotope substitution.
Thus, rigid structures seem to be preferable in molecular design of spin probes.

Nevertheless, the imidazolidine radicals with bulky substituents are very perspective pH-
probes for in vivo application due to their low reduction rates in living tissues. Deuteration
of ethyl groups substantially decreases the EPR line width without changes in the reduction
rates. This could be useful for many biochemical and biomedical applications, e.g., pH-
monitoring in the stomach [44]. W-band EPR study of 2,2,5,5-tetraethyl-substituted
imidazolidine nitroxide and its deuterium-substituted analog at low temperatures of their g-
factors to pH, which indicates their applicability as site-directed labeling probes possessing
high stability.
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Fig. 1.
EPR spectra of 0.5 mM aqueous solutions of the imidazoline nitroxides Im1 (a) and Im2 (b)
recorded in the presence of 0.01 M HCI at room temperature
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Fig. 2.
X-band EPR spectra of 0.5 mM aqueous solutions of the imidazolidine-type nitroxides In1
(@), In2 (b), In3 (c), and In4 (d) recorded in the presence of 0.01 M HCI at room temperature
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X-band EPR spectra of 0.5 mM aqueous solutions of the nitroxide In3 measured in the

presence of 0.01 M NaOH (a) and 0.01 M HCI (b)
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Central components of the second-derivative continuous-wave EPR spectra of imidazolidine
nitroxides In2 (a), In3 (b) and In4 (c) measured at 250 K, dashed line; 300 K, dotted line;

and 350 K (325 K for In3), straight line

Fig. 4.
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Fig. 5.

Temperature dependencies of the proton hfs constants for nitroxide In2 (filled squares) and
In3 (open circles) (a), and In4 (b). Data for nitroxide In3 at temperatures above 325 K is
unavailable due to radical decomposition. For nitroxide In4, two different proton hfs
constants, a1 and app (see Table 1), are denoted by filled squares and open circles,
respectively
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Fig. 6.

Structures of imidazolidine radicals In1 (a) and In4 (b), and values of the hfs constants
calculated by the B3LYP/6-31G(d) method. For methyl groups the average values are
shown. Methyl groups are represented by gray sticks
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Fig. 7.
Relative free energies (in kcal/mol) of stationary points on the PES for ring puckering of the
selected In nitroxides. Me and Et groups are represented by gray sticks
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Fig. 8.
X- (a) and W-band (b) EPR spectra of 0.5 mM aqueous solutions of nitroxide In4 (solid
line) and its deuterated analog In4d (dashed line) measured at pH 3.0 and temperature 293 K
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Fig. 9.

W-band continuous-wave EPR spectra of 0.5 mM tetraethyl-substituted In radicals In4 (a)
and In4d (b) measured at 180 K in the mixture of glycerol (20%) and phosphate-buffered
water solutions, corresponding to fully protonated (pH 1.2) and deprotonated (pH 8.5) forms
of the nitroxides. The simulated spectra of In4d with magnetic parameters listed in Table 2
are shown by dashed lines
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Scheme 1.

Reversible protonation of imidazoline (Im) and imidazolidine (In) nitroxides. For R! see

Table 1
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