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Isotropic hyperfine splitting in the nitroxide radicals 4-amino-2,2,5,5-tetramethyl-
3-imidazoline-N-oxyl and 4-amino-2,2,6,6-tetramethylpiperidine-N-oxyl
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Experimentally measured and DFT calculated isotropic hyperfine splitting constants for the nitroxide radicals 4-amino-2,2,5,5-
tetramethyl-3-imidazoline-N-oxyl and 4-amino-2,2,6,6-tetramethylpiperidine-N-oxyl were compared to provide the basis for a
choice of an appropriate level of low-cost DFT computations of electronic characteristics of nitroxide radicals.

Nitroxide radicals are widely used as spin probes for studying
the structural and dynamic properties of biopolymers, membranes
and different nanostructures.1–4 The use of nitroxide radicals as
spin probes is based on the sensitivity of their electron para-
magnetic resonance (EPR) spectra to molecular mobility and
environment (medium polarity, pH, microviscosity and ordering
of solvent molecules). The development of quantum chemical
approaches to adequate calculations of structural and electronic
characteristics of nitroxide radicals is a topical problem of com-
putational chemistry. The most informative EPR parameters of
nitroxide radicals are the g-tensor and hyperfine splitting tensor,
which are determined by the interaction of an unpaired electron
with the nitrogen nucleus of the >N–O· fragment. Among
spin labels, the nitroxide radicals 4-amino-2,2,5,5-tetramethyl-
3-imidazoline-N-oxyl (ATI) and 4-amino-2,2,6,6-tetramethyl-
piperidine-N-oxyl (TA) are of special interest because they are
often used as probes for measuring pH in different compart-
ments of living cells4–5 and heterogeneous chemical systems.6
The EPR spectra of protonated and deprotonated ATI molecules
are characterised by different hyperfine splitting constants; there-
fore, these species can be easily detected by EPR spectroscopy.

This work is aimed at the comparison of isotropic hyperfine
splittings (aiso) in nitroxide radicals ATI and TA, measured
from their EPR spectra, with the aiso constants calculated at
different levels of density functional theory (DFT). Such a
comparison is important for the development of appropriate
approaches to efficient DFT calculations of EPR parameters of
nitroxide radicals. It is known7–12 that spin densities at nuclei,
which determine the isotropic hyperfine splitting constant, are
extremely sensitive to a choice of the computation method
(exchange-correlation functional and basis set). Therefore, we
compared experimental data with the aiso computed at different
levels of theory. All our calculations were performed for the
nitroxide radicals in a gas phase. To the best of our knowledge,
the gas phase constants aiso for TA and ATI molecules are
not available in the literature. To evaluate these constants, we
measured the EPR spectra of TA and ATI dissolved in water-
free organic solvents of different polarity (hexane, CCl4, benzene,
isopropanol and acetone) and water. The EPR spectra were
measured on a Varian E-4 X-band spectrometer at 298 K. Spin
label TA from Sigma was used, spin label ATI was a gift from
Dr. I. A. Grigor’ev.

Figure 1(a) compares the EPR spectra of TA (at 298 K)
dissolved in water or CCl4, demonstrating a decrease in the
hyperfine splitting constants aiso in a non-polar solvent (CCl4,
e = 2.23) as compared to water (e = 78.38). Figure 2 shows the
plots of measured aiso versus solvent dielectric constant e. For
both radicals, TA and ATI, there is a correlation between the
splitting constant aiso and solvent polarity characterised by
dielectric constant e. In general, the parameter aiso increases
with e. These results can be interpreted qualitatively in terms of
the two main resonance structures >N–O· and >N+· –O–, which
differ with respect to the localisation of an unpaired electron
either on the oxygen or nitrogen atom of the nitroxide fragment.

A partial displacement of spin density from the O atom towards
the N atom observed with the rise of solvent polarity is usually
explained by stabilisation of the dipolar structure N+· –O– in
polar surroundings. Stabilisation of the dipolar structure N+· –O–

at the expense of the non-polar structure >N–O· reveals itself in
the rise of parameter aiso. However, there are specific interac-
tions between a spin label and solvent molecules that can
influence spin density partitioning in the nitroxide fragment.
Actually, for spin labels dissolved in polar organic solvents
characterised by similar dielectric constants, acetone (e = 20.74)
and isopropanol (e = 18.30), the values of aiso were markedly
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Figure 1 (a) Normalised EPR spectra of TA (0.1 mM) dissolved in water
(dashed line) and CCl4 (solid line). (b) EPR spectra of TA inside a quartz
tube (internal diameter of 10 mm): (1) TA evaporated from a TA droplet by
heating (» 350 K); a TA sample droplet was placed on the bottom of a
closed quartz tube; (2) EPR signal recorded immediately after opening
a tube cap; (3) TA in the bulk phase; this signal belongs to TA in the bulk
phase (small droplets of TA accumulated on the tube walls). Microwave
power, 1 mW; peak-to-peak modulation amplitude, 1 G.

Table 1 The examples of the basis sets B1 and B2 used in this work. 

Basis set Atoms Orbital basis set Auxiliary basis set

B1 C, O, N (11s6p2d)/[6s3p2d] (10s3p3d1f)
H (5s1p)/[3s1p] (5s2p)

B2 C, O, N (17s4p1d)/[3s2p1d] (25s11p6d1f)/[4s3p2d1f]
H (8s1p)/[2s1p] (8s1p)/[2s1p]
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different (Figure 2). For TA in acetone and isopropanol, we
obtained aiso = 15.57 (±0.02) and 16.01 (±0.02) G, respectively;
for ATI in acetone and isopropanol, aiso = 14.44 (±0.02) and
14.83 (±0.02) G, respectively. In case of non-polar solvents,
CCl4 (e = 2.23) and benzene (e = 2.27), the corresponding
differences in hyperfine splitting constants were negligible
(Figure 2).

We also attempted to measure the gas-phase splitting constants
directly, by evaporating radicals from the droplets placed on the
bottom of a closed EPR tube (below the EPR cavity). These
measurements are complicated due to the low volatility of TA
and ATI. However, we observed a weak triplet signal from TA
[Figure 1(b), spectrum 1], which can be attributed (at least
partly) to radicals in the gas phase. This signal quickly dis-
appeared after opening the EPR tube [Figure 1(b), spectrum 2].
We suggest that the triplet signal can be attributed to either TA
in gaseous surroundings or TA molecules adsorbed on the walls
of the EPR tube. In the latter case, a surface concentration of
TA is not high enough to cause a transformation of the triplet
spectrum to a single line. Figure 1(b) (spectrum 1) allows us to
characterise weakly interacting molecules of TA by aiso »
» 15±0.5 G, which is the same (within experimental error) as
the hyperfine splitting constant of TA in hexane (aiso = 15 G).
A broadening of the triplet lines [Figure 1(b), spectrum 1] can
be caused by TA interactions with oxygen inside a closed tube.
Batchellor13 also mentioned that EPR signals in polyatomic
species in gases are complicated by a broadening of the EPR
spectra due to the spin–rotation interaction. Note that an obvious
asymmetry of the triplet indicates that the central line might be
contaminated by a singlet line from the bulk-phase species
[Figure 1(b), spectrum 3], which differs from a triplet signal
assigned to the gas-phase TA. For ATI, we failed to detect a
gas-phase-like EPR signal. However, it is reasonable to suggest
that the isotropic hyperfine constant for the gas phase ATI has
approximately the same value as ATI in hexane, i.e.,
aiso » 14 G (Figure 2).

All calculations were performed for deprotonated forms of
TA and ATI using the PRIRODA program developed by
Laikov14 or the standard GAUSSIAN98 package.13 In case of
the PRIRODA program, we optimised a spin label geometry
using the PBE or BLYP functionals and basis sets B1. To
determine the hyperfine coupling constant aiso, we performed
single-point computations with the use of the basis set B2
(Table 1). Computations with the functional B3LYP were carried
out with the use of the GAUSSIAN98 package and a standard
basis set (Table 2). To verify the calculation methods used, we
have compared geometry parameters (bond lengths, angles and
torsions) calculated for the spin label 4-hydroxy-2,2,6,6-tetra-
methylpiperidine-N-oxyl (TEMPOL), which is similar to TA,
with published data on the crystal structure of TEMPOL.7 The
results of our calculations for TEMPOL are consistent with
experimental data. Note that, in both cases, TA and ATI, the
calculations of geometry parameters performed at different
levels of theory (Table 2, left column) gave practically the same
results.

The isotropic hyperfine coupling constant aiso, which measures
the Fermi contact interaction between the unpaired electron and
the nitrogen nucleus of the >N–O· fragment, was calculated as

where r( N) represents the electron spin density at the nitrogen
nucleus, ge is the free-electron g-factor, be is the Bohr magneton,
gn and bn are the nuclear g-factor and nucleus magneton,
respectively. The results of aiso calculations for the gas phase
TA and ATI are given in Table 2. We obtained a rather signifi-
cant scattering of aiso, whose values depended on the computa-
tion level. For TA, the calculation at the levels PBE/B2//B1,
BLYP/B2//B1, B3LYP/6-31G, B3LYP/6-31G* and B3LYP/
6-31G** gave the values of aiso close to the experimental value
aiso » 15 G. Other approaches led to underestimated (PBE/B1,
B3LYP/B1, B3LYP/6-311G and B3LYP/EPR-II) or over-
estimated (B3LYP/6-21G) constants. For ATI, a reasonable
result was obtained only at the B3LYP/6-31G level of computa-
tions, while the other methods (except for B3LYP/6-21G) gave
underestimated aiso values. Note that the B3LYP/6-31G level of
calculations provides the best results for both of the spin labels.
For TA, this approach gives a slightly overestimated result,
contrary to an underestimated aiso value for ATI. These results
demonstrate that an accurate calculation of the splitting con-
stant aiso strongly depends on the calculation level because
some of the methods overestimate spin density at the N nucleus
of the nitroxide radical, while the other give underestimated
values. Note that, contrary to calculated spin densities at the
nitrogen nucleus, which determines the Fermi contact spin-
nuclear interaction, spin densities on the nitrogen atoms (Table 2,
parameter sN) are much less sensitive to the computation level.
One might expect that further amendments (i.e., corrections for
radical vibrations10 or the use of more sophisticated ab initio
methods11) could provide more accurate results in the computa-
tions of EPR parameters of nitroxide radicals.

In summary, we conclude that in case of the functional
B3LYP the use of the basis set 6-31G provided the best results.
The use of the functionals PBE and BLYP with the basis set B2
incorporated into the PRIRODA12 package also gave reasonable
results. Note that the main advantage of the PRIRODA program
is that it allows relatively fast DFT calculations to be performed
for large molecular systems without losses of computation
accuracy. This opens perspectives for DFT computations of the
EPR parameters of nitroxide radicals in different chemical and
biochemical systems, i.e., spin labels surrounded by different
solvents.12 We hope that further progress in computational
chemistry will help to overcome the problem of accurate cal-
culations of the EPR parameters of spin labels.

We are grateful to Dr. V. A. Chertkov for his help in the
quantum chemical calculations with the GAUSSIAN98 program
suite and to Professor V. V. Lunin for fruitful discussions. This
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Figure 2 Spectral parameter aiso of TA and ATI spin labels versus solvent
dielectric constant.

Table 2 Calculated isotropic hyperfine splitting constants (aiso) and spin
densities on the atom (sN). 

Theory level
aiso/G sN (a.u.)

TA ATI TA ATI

PBE/B1 10.1 7.0 0.39 0.40
PBE/B2//B1 13.8 10.6 0.39 0.39
BLYP/B2//B1 14.1 11.2 0.39 0.39
B3LYP/B1 11.0 7.7 0.48 0.44
B3LYP/6-21G 17.2 15.7 0.40 0.40
B3LYP/6-31G 15.1 13.2 0.44 0.44
B3LYP/6-31G* 13.8 11.2 0.44 0.44
B3LYP/6-31G** 13.9 11.2 0.44 0.44
B3LYP/6-311G 9.6 7.5 0.44 0.45
B3LYP/EPR-II 12.3 9.8 0.45 0.46
EPR (in hexane) 15.0±0.2 14.0±0.2 — —
EPR (gas phase) 15.0±0.5 — — —

aiso = πgebegnbn r(rN),8
3

(1)

r
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