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Abstract

The radical anions of five-membered cyclic nitrone spin traps, 3,3,5,5-tetramethyl-1-pyrroline-1-oxide and 1,2,2,5,5-pentamethyl-

3-imidazoline-3-oxide, formed under radiolysis of liquid squalane solutions at 250–268 K, were registered by the method of optically

detected ESR, and the hfc constants and g-values of the radical anions were determined. The hfc constants of these radical anions

were predicted by DFT calculations and were found to be in quantitative agreement with experiment. It was demonstrated that rad-

ical anions of the five-membered cyclic nitrones have non-planar geometry with the spin density localized in the C@NAO fragment.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Nitrones are widely used as spin traps to validate par-

ticipation of free radicals in different chemical and bio-

chemical reactions [1]. This application is based on the

ability of the nitrone group (1) to add short-lived free rad-

icals to form stable nitroxide radicals (2) (see Scheme 1).

In 1986, Chandra and Symons [2] reported on the
ESR spectrum of the radical cation (RC) of 5,5-di-

methyl-1-pyrroline-1-oxide in the Freon matrix at 77

K. They revealed the ability of this radical cation to re-

act with nucleophiles, forming a nitroxide radical. This

process, confirmed by further investigations, e.g. [3–5],

was called the �inverted spin trapping� [6]. It was as-

sumed [4,7–10] that nitroxide radicals could also be

formed via the mechanism involving the radical anions
(RAs) of spin traps. Obviously, alternative channels of

the nitroxide radical formation must be taken into
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account in the interpretation of the spin traping

experiments.

While a considerable attention was paid to the study

of the processes involving RCs [3–5,10–14], much less is

known about RAs of nitrone spin traps, probably, due

to a lower stability of these species as compared with

the RCs of nitrones. To the best of our knowledge there

is only one communication [15] about an ESR spectrum
of RA detected during electrochemical reduction of

dinitrone.

In the present Letter, the radical anions of cyclic nit-

rones have been detected for the first time by the method

of optically detected ESR (OD ESR).
2. Experimental and computational details

2.1. OD ESR experiments

The OD ESR method is applied to detect spin-corre-

lated radical ion pairs formed in dilute solutions of elec-
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Fig. 1. Structures of the studied compounds.

Scheme 1. Spin trapping reaction.
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tron acceptor A and electron donor D upon continuous

ionizing irradiation [16]. The radical ion pairs A��/D�+,

produced in the non-polar solutions in the singlet spin

state, can recombine to form singlet excited molecules,

which can emit light.

D�þ þA�� ! D� þAðor DþA�Þ ! DþAþ hm

In a magnetic field of the OD ESR spectrometer, the

hyperfine coupling (hfc) and the difference in the g-val-

ues of the radicals cause the singlet–triplet S–T0 transi-

tions in a pair. Under the resonance mw pumping, the
ESR-transitions occur between the T0 and T+ T� states

of the pair. This leads to an additional decrease in the

population of singlet level and as a consequence to a

drop in fluorescence intensity, thus giving rise to the

OD ESR signal. When mw magnetic field is much less

than the width of the ESR spectrum, the OD ESR spec-

trum is the superposition of ESR spectra of both recom-

bining radical ions with equal integral intensity [16].
Therefore, the OD ESR method, being sensitive selec-

tively to radical ion pairs, allows detecting spectra of

short-lived (with lifetimes up to 10�8 s) RCs and RAs

in liquid solutions.

The OD ESR spectrometer is based on an ER-200D

Bruker ESR-spectrometer supplied with a source of ion-

izing radiation (X-ray tube) and photomultiplier (FEU-

130, Russia) to measure fluorescence intensity [17]. As a
detecting device, the SR810DSP lock-in amplifier (USA)

was used. The OD ESR spectra were recorded at a mw-

power of 5 W and a modulation amplitude of 0.36 mT.

To determine hfc constants, the recorded OD ESR spec-

tra were simulated using the �WinSim-2002� program.

The g-values were determined from the shift of the ana-

lyzed spectrum relative to the signal of the para-terphe-

nyl-d14 RA for which g = 2.0027 [18].

2.2. Materials

The cyclic nitrone 3,3,5,5-tetramethyl-1-pyrroline-1-

oxide (TMPO) was kindly provided by prof. V.A.

Reznikov (NIOC, Novosibirsk), and 1,2,2,4,5,5-pen-

tamethyl-3-imidazoline-3-oxide (PMIO) was synthesized

according to [19]. The structures of both cyclic nitrones
are presented in Fig. 1.

There are no data on the electron affinities of TMPO

and PMIO. However, it can be assumed from the data

on similar compounds, that TMPO and PMIO can form

RAs in alkane solutions. To record the OD ESR spectra

of a radical anion, the electron donor with a high quan-
tum yield of fluorescence was added to the solution. In

this case, the spectrum obtained would belong to the

pair D�+/(cyclic nitrone)��.

In the present work, we used as positive charge traps

durene C10H14 (>99%, Fluka, EA<0.048 eV [20],
IE = 8.07 eV [21]), deuterated toluene C7 D8 (98%, Al-

drich, IE = 8.83 eV [22]), or tetramethyl-para-phenylen-

diamine (TMPD) (98%, Aldrich, IE = 6.1 eV [23]). We

also used para-terphenyl-d14 (p-TP) (99%, Aldrich) char-

acterized by the fluorescence quantum yield close to

unity, as emitting probe. All the luminophors were used

as received.

As solvent, we used squalane (2,6,10,15,19,23-hexam-
ethyltetracosane, 99%, Fluka). To increase the geminate

recombination time and thus increase the OD ESR sig-

nal-to-noise ratio, the samples were cooled down to tem-

peratures of 255–268 K. The solvent was purified on a

chromatographic column with alumina activated with

silver nitrate (10%). The solvent purity was monitored

by its UV absorption spectrum. The optical density of

the fraction used was equal to 1 at a wavelength of
210 nm in a 1 cm layer. Solutions were degassed by re-

peated freeze–pump–thaw cycles (pump to �10�3 Torr)

and sealed off in thin-walled quartz cuvettes.

2.3. Quantum chemical calculations

The geometries of the RAs were optimized using both

ab initio (UMP2/6-311G(p,d)) and semi-empirical
(UPM3 [24]) quantum chemical methods as well as den-

sity functional theory at the hybrid UB3LYP level

[25,26] with the 6-311G(p,d) basis set using the GAUS-AUS-

SIANSIAN 98 suit of programs [27]. The hfc constants were

calculated using B3LYP method with 6-31G* and

EPR-II [28,31] basis sets at geometries optimized as de-

scribed above.

The energy (DE) released during recombination of
radical ion pairs A��/D�+ and accessible for the elec-

tronic excitation of one of the partners was estimated

as the difference in the total electronic energies of the

radical ion pair (taking into account solvation energy

and the Coulombic interaction of ions) and the resulting

molecules.

A�� þD�þ ! AþDþ DE ð1Þ



Fig. 2. OD ESR spectrum of squalane solution of 10�2 M
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Here it was assumed that during electron transfer, the

geometrical structure had no time to relax and a neutral

molecule exhibited the radical ion geometry. The elec-

tronic energies of radical ions and neutral molecules

were calculated at the B3LYP/6-311G(p,d) level. The

free energies of solvation of all the species were calcu-
lated using the polarized continuum model (PCM or

Tomashi model) [30,31] as implemented in the GAUS-AUS-

SIANSIAN 98 suit of programs. Calculations were performed

for a non-polar solvent (heptane) whose properties are

similar to those of squalane used in our experiments.

The energy of the electrostatic interaction Eel of RC

and RA in the radical ion pairs was estimated according

to the Eq. (2)

Eel ¼ �e2=�R; ð2Þ
where R is the distance between the cation and the
anion.
TMPD + 10�2 M TMPO at T = 262 K. Smooth curve is modelling

of the spectrum with parameters: aN(2NH2) = 0.71 mT,

aH(4CH3) = 0.68 mT, aH(2NH2) = 0.2 mT for TMPD RC;

aN(NO) = 1.2 mT, aH(CH) = 0.53 mT for TMPO RA, the individual

line width is 0.27 mT.

Table 1

Estimation of the energy (DE), released upon recombination of radical

ion pairs (R – distance between ions)

Radical ion pair DE (R = 5 Å) (eV) DE (R = 10 Å) (eV)

TMPO��/TMPD+� 2.6 3.2

PMIO��/TMPD+� 2.3 3.1

TMPO��/p-TP+� 4.0 4.8

PMIO��/p-TP+� 3.9 4.6

p-TP��/p-TP+� 3.8 4.6
3. Results and discussion

For more reliable identification of the RAs of nitro-

nes, we used three different hole traps (TMPD, deutero-

toluene, and durene) as luminophors. For durene and
per-deuterotoluene, the recorded signals appeared to

be rather weak due to the relatively low quantum yield

of fluorescence of these substances. However, after addi-

tion to a solution of a small amount of p-TP (8 · 10�5

M), the signal-to-noise ratio increased several times

while the spectrum shape remained unchanged. It was

assumed that under these conditions, the contribution

of p-TP radical ions to the OD ESR spectrum was neg-
ligible. An increase in the signal intensity can be attrib-

uted to the electronic excitation transfer from durene or

per-deuterotoluene to the p-TP molecules whose fluores-

cence quantum yield is much higher and the fluorescence

spectrum is noticeably shifted toward longer wave-

lengths, where the photomultiplier spectral sensitivity

is much higher.

3.1. Tetramethyl-para-phenylenediamine as hole trap

TMPD is characterized by a high fluorescence quan-

tum yield, which allows us to record high quality OD

ESR spectra without adding p-TP as an emitting probe.

A hyperfine splitting in the ESR spectrum of TMPD RC

is determined by the interaction with two nitrogen nuclei

aN(2NH2) = 0.705 mT and protons of four methyl
groups aH(4CH3) = 0.677 mT and protons of two amine

groups aH(2NH2) = 0.199 mT [32]. Under our experi-

mental conditions, the spectrum of this RC is a broad

unresolved single line. The OD ESR spectrum of the

squalane solution containing 10�2 M of both TMPO

and TMPD is presented in Fig. 2. This spectrum is a

superposition of the unresolved line of TMPD�+ and
poorly resolved six-line multiplet of TMPO��. The best

fit (smooth) for the experimental spectrum gives for

TMPO�� g = 2.0038 ± 0.0002, aN(NO) = 1.20 mT, and

aH(CH) = 0.53 mT. The integral intensities of the

TMPO�� and TMPD�+ spectra are equal within the

experimental accuracy.

We failed to detect OD ESR signal in the PMIO/

TMPD solution. We propose that the energy released
upon recombination of the TMPD�+/PMIO�� pairs is

insufficient for the formation of TMPD molecule in

the singlet excited state. Indeed, the estimations accord-

ing to Eq. (1) suggest that the energy DE released upon

recombination of the TMPD�+/PMIO�� pair is 0.1–0.3

eV lower than for the case of the TMPD�+/TMPO�� pair

recombination (Table 1).

3.2. Deuterotoluene as a hole trap

Fig. 3 displays the spectra recorded in the solution

containing deuterotoluene as a hole-trap. Note, that its

RC has a relatively narrow spectrum, which superim-

poses the central part of the spectra of TMPO and

PMIO RAs.



Fig. 3. OD ESR spectra of squalane solutions of: (a) 8 · 10�5 M p-

TP + 10�2 M toluene-d8 + 10�2 M TMPO at T = 268 K; (b) 8 · 10�5

M p-TP + 10�2 M toluene-d8 + 10�2 M PMIO at T = 255 K. Smooth

curves are modelling of the spectra with parameters: aD(CD3) = 0.18

mT, aD(p) = 0.28 mT for toluene-d8 RC; aN(NO) = 1.23 mT,

aH(CH) = 0.46 mT for TMPO RA; aN(NO) = 1.32 mT, aH(CH) = 0.9

mT for PMIO RA, the individual line widths are 0.25 mT (spectrum a)

and 0.29 mT (spectrum b).

Fig. 4. OD ESR spectra of squalane solutions of: (a) 8 · 10�5 M p-

TP + 2.5 · 10�3 M durene at T = 259 K; (b) 8 · 10�5 M p-

TP + 2.5 · 10�3 M durene + 5 · 10�3 M TMPO at T = 256 K; (c)

8 · 10�5 M p-TP + 10�2 M durene + 10�2 M PMIO at T = 250 K.

Smooth curves are modelling of the spectra with parameters:

aH(4CH3) = 1.07 mT for durene RC; aN(NO) = 1.23 mT,

aH(CH) = 0.55 mT for TMPO RA; aN(NO) = 1.34 mT, aH(CH) = 0.94

mT for PMIO RA, the individual line width is 0.27 mT.
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Spectrum (a) is the spectrum of the squalane solution

of 10�2 M deuterotoluene + 8 · 10�5 M p-TP + 10�2 M

TMPO which consists of signals of deuterotoluene RC

and TMPO RA. The hfc and g-values for the TMPO

RA obtained by spectrum simulation (smooth curve un-

der the spectrum (a)) are close to those obtained in

experiments with TMPD. The integral intensities of
the TMPO�� and (deuterotoluene)�+ spectra are equal

within the experimental accuracy.

In a similar experiment on PMIO, spectrum (b) has six

lines whose positions correspond to the values

g = 2.0037 ± 0.0001, aN(NO) = 1.32 mT, and aH(CH) =

0.90 mT. As in the previous case, the integral intensities

of signals of deuterotoluene RC and PMIORA are equal.

3.3. Durene as a hole trap

Fig. 4 shows the OD ESR spectra of the squalane

solution of 2.5 · 10�3 M durene + 8 · 10�5 M p-TP,

and the same solution with TMPO or PMIO added.

Spectrum (a) is the superposition of the durene RC mul-

tiplet with hfc aH(4CH3) = 1.07 mT [32] and the singlet

of p-TP RA. Simulation indicates almost equal integral
intensity of these contributions. Thus, the main contri-

bution to this spectrum is made by the (durene)�+/p-TP��

pairs.
Adding TMPO (spectrum (b)) or PMIO (spectrum

(c)) to the solution leads to appearance of new lines cor-

responding to cyclic nitrone RAs. The spectra of p-TP

radical ions give a relatively small contribution to the

integral intensity. Therefore, the spectra are mainly

formed by the equal contributions of the durene RC
and RA of either TMPO or PMIO. The hfc values of

nitrone RAs obtained by fitting of these spectra (smooth

curves) are very close to those provided by previous

experiments.

The averaged hfc constants for RAs of TMPO and

PMIO are presented in Table 2.

3.4. Quantum chemical calculations

Analysis of the literature indicates that the DFT

methods, especially with hybrid functionals, are the

most successful in predicting hfc values of radicals and

ion-radicals [29,33]. In this Letter, we applied B3LYP

method, particularly recommended for hfc calculations

[33].

It is well known that five-membered cyclic neutral
nitroxide radicals have planar structure [29]. Neverthe-

less, according to our UB3LYP/6-311G** calculation,

a five-membered ring of RAs is substantially bent. For

example, the atoms C(3)C(4)C(5)N of the TMPO RA



Table 2

Experimental and calculated hfc constants (mT)

Radical anion Method of geometry optimization UB3LYP/6-311G** UMP2/6-311G** UPM3 Experiment

Basis set 6-31G*(solvent)a EPR-II 6-31G* EPR-II 6-31G*

PMIO�� aN(NO) 1.19 (1.21) 1.05 1.29 1.14 2.05 1.33 ± 0.03

aN(NCH3) 0.006 (0.004) 0.005 0.016 0.017 �0.012 –

aH(CH) 0.90 (0.95) 1.27 0.94 1.31 �1.23 0.92 ± 0.04

aH(N-CH3) �0.006 (�0.008) �0.008 �0.004 �0.007 0.005 –

aH (4C-CH3)
b 0.1, 0.002, 0.03, 0.03 6 0.09 6 0.08 6 0.07 6 0.18 –

S2 0.754 (0.754) 0.754 0.754 0.754 0.754 –

S2 (an) 0.750 (0.750) 0.750 0.750 0.750 0.750 –

TMPO�� aN(NO) 1.24 (1.26) 1.08 1.33 1.18 0.95 1.22 ± 0.03

aH(CH) 0.58 (0.62) 0.94 0.67 1.02 �1.24 0.51 ± 0.05

aH(CH2) �0.05 (�0.05) �0.045 �0.05 �0.042 �0.052 –

aH (4CH3)
b 0.005, �0.03, �0.01, 0.08 6 0.07 6 0.05 6 0.08 6 0.19 –

S2 0.754 (0.754) 0.754 0.754 0.754 0.754 –

S2 (an) 0.750 (0.750) 0.750 0.750 0.750 0.750 –

Calculations are performed by the UB3LYP method with two basis sets for geometries optimised by UB3LYP, UMP2 and UPM3 methods,

respectively. The calculated values of S2 and the values after annihilation are also presented.
a Results of calculation in heptane obtained using PCM model.
b For every methyl group the calculated hfc constants were averaged to account for their free rotation.
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lie almost in the plane. However, the C(2) atom stands

out of this plane by 24.3�. The HAC(2) bond bents from

the C(2)NO plane by 42.8�. It is known that geometrical

factors significantly affect the hfc values. To confirm the

non-planar structure, we also optimized the geometry of

TMPO and PMIO RAs by UMP2/6-311G** method. It

was found that geometries optimized by UMP2 method

were very similar to those found by UB3LYP.
According to the calculations, the spin density in

both RAs is localized mainly in the CNO fragment

(0.39, 0.36, and 0.2, respectively, for both TMPO and

PMIO at UB3LYP/6-31G* level). Table 2 summarizes

the values for isotropic hfc constants of RAs predicted

by UB3LYP calculations with two different basis sets

and geometries optimized by the two different methods.

Since geometries optimized by the two methods are sim-
ilar, values of hfc calculated for these geometries are

very close, too. Table 2 demonstrates that the hfc calcu-

lated with simple 6-31G* basis set are in a very good

agreement with experiment, while results of calculations

with a special EPR-II basis set deviate from experiment

and the agreement is only qualitative.

Note, that the hfc constant aH(CH) with the hydro-

gen atom, which bents significantly from the C@NAO
plane, is positive and it is higher for PMIO RA due to

the larger dihedral angle of this hydrogen with C@NAO

plane (47.6�) comparing to TMPO (42.8�).
In contrast to the DFT and the MP2 methods, the

semi-empirical PM3 calculation leads to an almost pla-

nar structure of the five-membered ring of RAs and

thus, to a negative value of the hfc with the hydrogen

atom bound to carbon atom of C@NAO fragment.
Therefore, the procedure often used to calculate hfc con-

stants and involving the optimization of the geometry at

semi-empirical level (AM1 or PM3) followed by calcula-
tions of hfc constants using the INDO method fails for

the case of nitrone RAs.

Thus, for both radical anions the predicted values of

hfc constants aN(NO) and aH(CH) are in a good agree-

ment with experiment. Other hfc constants are small and

cannot be obtained under the experimental conditions

we used.
4. Conclusion

It was demonstrated that the OD ESR method can

be used to detect the short-lived radical anions of the

cyclic nitrones (TMPO and PMIO) formed by radiol-

ysis of their squalane solutions. The hfc constants of

the RAs of both nitrones were determined experimen-
tally and were found to be in quantitative agreement

with the results of B3LYP/6-31G* calculations. There-

fore, we can conclude from the calculations that RAs

of five-membered cyclic nitrones have non-planar

geometry with pyramidal NO moiety, and that the

spin density in these RAs is localized in the C@NAO

fragment.

Our data are indicative of an effective formation of
the radical anions of cyclic nitrones upon radiolysis,

which should be taken into account when using these

compounds as spin traps.
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