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The use of density functional methods for the elucidation of the structure of radiation-induced bio-radicals
by comparison of computed and experimental EPR properties is discussed. Three case studies, radiation
induced radicals of the amino acid alanine, steroid hormones and b-D-fructose, with increasing degree of
uncertainty about the proposed radical structures, are investigated. Next to the analysis of the isotropic and
anisotropic components of the hyperfine tensor, also the direction cosines of the principal axes of this tensor
were investigated in greater detail in the case of the b-D-fructose radicals. Since all radicals considered in
this contribution are formed in a solid matrix, also the question as to how to incorporate the effect of the
molecular environment is addressed. It is concluded that the methodology outlined represents a powerful
tool to aid experimentalists in the assignment of the contributions of various radicals contributing to the
observed EPR spectra. Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Prologue
In this contribution, which is of a review type, electron
paramagnetic resonance (EPR) properties are discussed as a
source of information on the structure of radiation-induced
bioradicals in the solid state. More precisely, we will show,
via three case studies, how the comparison of the computed
and experimental EPR properties of a series of radiation-
induced radicals can be used to confirm or propose the
structure of these radicals.

A large number of the studies on amino acids (in
particular alanine) and sugars are motivated by their
potential dosimetric applications. L-˛-Alanine, for example,
is currently used as a reference dosimeter suitable over a wide
dose range.1 In the first part, the hyperfine coupling constants
for various candidate alanine radicals are discussed.2 For this
system, many studies are available yielding a substantial
amount of structural information and EPR spectroscopic
properties of irradiated solid L-˛-alanine. As a result, this
system represents and ideal test case for the purpose of
exploring and validating the DFT calculation of hfccs in
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radiation-induced bioradicals for the purpose of structure
elucidation. At the end of this section, we will briefly mention
the results of a study on the EPR properties of steroid
radicals,3 where various experimental studies available agree
on the identity of two different radicals whereas another
two radicals form the subject of ongoing debate, to which
the results of the theoretical analysis presented here can
contribute significantly.

In the final section, a theoretical study is discussed
on the tentative structures of fructose radicals,4 following
an earlier study of the EPR spectra of irradiated sugars
(e.g. glucose, fructose, sucrose) by Vanhaelewyn et al.5

The accurate calculation of hfccs in several candidate
fructose radicals provides the experimentalist with valuable
information on their possible structure but in turn requires
a validated computational approach owing to its highly
exploratory nature, as relatively few EPR studies are
available. In addition to the computation of the isotropic
and anisotropic components of the hyperfine interaction
tensor, the eigenvectors of the proton hyperfine tensors also
had to be investigated in order to elucidate the structure of
the radicals involved.

In conclusion, the studies described in this work are
characterized by a systematic increase in both the level
of complexity of the molecular species considered and in
the degree of uncertainty concerning the proposed radical
structures. They represent case studies to which the essentials
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in the development of ESR studies can be attached and
the resulting conclusions may be used as a general guide
for future workers in the field dealing with structure
elucidation of radiation-induced bioradicals using computed
ESR properties.

It should be mentioned that during the last decade, a
large number of studies have emerged on the theoretical
prediction of EPR properties of biomolecular radicals, such
as DNA, DNA bases and framework sugars, amino acids,
steroids and sugars. These applications, focusing more on
the performance of molecular orbital and density functional
methods, have recently been compiled.6

Electron paramagnetic resonance — basic
principles
Electron paramagnetic resonance (EPR) or electron spin
resonance (ESR) is an important technique for studying
the structures and properties of species with unpaired
electrons.7 – 9 Central in the field of EPR spectroscopy
is the determination and interpretation of the hyperfine
tensors describing the interaction between the unpaired
electron(s) and the magnetic nuclei in the radical.

Complementary to the information available through
a variety of experimental techniques, quantum chemi-
cal methods of ever increasing accuracy are available to
gain insight into the particular EPR spectroscopic fea-
tures of radicals. In this contribution, we review research
work conducted in recent years dealing with the theo-
retical study of the EPR properties of bioradicals, often
created by irradiation, and their importance in the radi-
cal identification process. The systems investigated range
from amino acids and steroids to sugars, investigated
both at the single molecule and radical in solid-state lev-
els.

A simplified Hamiltonian can be proposed, adequate
for treating most EPR and ENDOR spectra. For a system
containing an unpaired electron and one interacting nucleus
N, this spin Hamiltonian can be written as10

H D ˇeBTgS � gNˇNITB C STAI �1�

The first term is the Zeeman interaction accounting for the
interaction energy of the magnetic moment of the electron
with the applied external magnetic field. It contains the Bohr
magneton ˇe, the magnetic field vector B, the electron spin
momentum operator S and the so-called g-tensor g. As a rule,
this electronic Zeeman interaction constitutes the dominant
contribution to the EPR spectrum.

The Hamiltonian for the nuclear Zeeman interactions
constitutes the second term of Eqn (1). In these terms, ˇNgN

is the nuclear magnetogyric factor, a constant for a given
isotope, and I the nuclear spin operator. In general, this term
only has a measurable contribution in ENDOR spectroscopy.

The final term of the spin Hamiltonian is the hyperfine
interaction term, describing the interaction between the
electronic and nuclear spin magnetic moments, where A is
the hyperfine tensor. In general, this term is very important
in ESR spectroscopy as the type and number of couplings
(i.e. lines) in the ESR spectrum are determined by this
interaction.

In organic �-type radicals, which will be central in this
work, it appears that the g-tensor shows relatively little
anisotropy and does not deviate substantially from the free
electron value. For these kinds of systems, this parameter
will not be very sensitive to (small) changes in geometry or
conformation, even up to the point that the g-tensors of two
different radicals of the types studied in this work can be
virtually identical. As a consequence, we have not put our
focus on the g-tensor.

As a result, the spin Hamiltonian can be further simplified
to

H D gˇeSzBz � gNˇNIzBz C STAI �2�

We will now investigate the nature of this hyperfine
interaction (giving rise to a contribution in the Hamiltonian
denoted Hhf ) and its direct importance for EPR spectroscopy.
There are two types of magnetic interaction between the
electron and the nuclear spins, i.e.

Hhf D STAI D H�1� C H�2� �3�

The first part of the Hhf Hamiltonian describes the direct
dipolar interaction between the magnetic moments of the
electronic and nuclear spins and has the following form:

H�1� D ��0gˇegNˇN

(
1

4�h̄2r3

)

ð
[

ST Ð I � 3�ST Ð r��IT Ð r�
r2

]
�4�

where r is the electron–nucleus distance.
Once a suitable coordinate system is chosen that is fixed

with respect to the sample (e.g. parallel to the crystal axes
with the nucleus placed at the origin), the electron can be
described by Cartesian coordinates x, y and z. Averaging
over the electron distribution transforms Eqn (4) to

H�1� D �
(

�0gˇegNˇN

4�h̄2

)
ð [ Sx Sy Sz ]

ð
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〉




ð [ Ix Iy Iz ] �5�

or

H�1� D �
(

�0gˇegNˇN

4�h̄2

)
STTI �6�

It can be easily derived from this equation that an electron in
an s-orbital has no net magnetic interaction with the nucleus,
since the electron distribution in such an orbital is spherically
symmetrical. Consequently, this interaction cannot account
for the hyperfine coupling that is observed in the hydrogen
atom.

The second part of the Hhf Hamiltonian [Eqn (3)] therefore
stands for a second hyperfine interaction mechanism, the
so-called Fermi-contact interaction:

H�2� ³ 2
3

gˇegNˇN�0υ�r�STI �7�

Copyright  2004 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2004; 42: S3–S19



DFT for structure determination of bioradicals S5

In finite perturbation theory, the expectation value of
H�2� with respect to the total wavefunction is needed. For
practical reasons, only the integration in coordinate space
is performed, resulting in an expression with only spin
operators:

H�2� D 2
3

gˇegNˇN�0j�r D 0�j2ST Ð I D A0ST Ð I �8�

where �r D 0� is the single-particle wavefunction of the
unpaired electron at the position of the nucleus. The factor

A0 D 2
3

gˇegNˇN�0j�r D 0�j2 �9�

in this expression is called the isotropic hyperfine coupling
constant.

Taking into account expressions (6) and (9), the hyperfine
matrix A of Eqn (2) can be divided in an isotropic and an
anisotropic part:

A D A013 C T �10�

where 13 is a 3 ð 3 unit matrix.
Free radicals are often encountered as structural species

in a rigid matrix (e.g. a crystal lattice), a situation with which
we will be almost exclusively dealing in this contribution. As
a result, a maximum amount of information can be obtained if
the EPR spectra are obtained as a function of the orientation
of the crystal in the magnetic field. The analysis of the
data resulting from such an approach requires, however, a
detailed understanding of the nature of anisotropic hyperfine
interactions. It is the interaction between the electron and a
nuclear dipole at some distance away [see Eqn (4)] that
will give rise to the observed anisotropy in the hyperfine
interaction and this will now be discussed in detail.

It can be shown that the hyperfine matrix A itself
is not available experimentally. However the symmetrical
hyperfine matrix AAT, to within a factor š1, can be obtained
from a set of measurements at different orientations of the
magnetic field.

The procedure for evaluating the elements of the
hyperfine matrix is the following. The magnitude of the
symmetrical hyperfine matrix is

A2 D nTAAn �11�

where n is a unit vector in the direction of B, so that

n D B
B

�12�

Taking into account the form of this unit vector expressed in
spherical polar coordinates:

nT D [ cx cy cz ] D [ sin � cos � sin � sin � cos � ] �13�

A2 can be written as

A2 D [ cx cy cz ]

ð

 �AAT�xx �AAT�xy �AAT�xz

�AAT�yy �AAT�yz

�AAT�zz





 cx

cy

cz


 �14�

or

D �AAT�xx sin2 � cos2 � C 2�AAT�xy sin2 � cos � sin �

C �AAT�yy sin2 � sin2 � C 2�AAT�xz cos � sin � cos �

C 2�AAT�yz cos � sin � sin � C �AAT�zz cos2 � �15�

Consequently, one needs to determine the six independent
components of the symmetric AAT tensor, which can, in
principle, be accomplished by six different measurements
at suitable crystal orientations. Once this matrix has been
determined, it can be diagonalized, yielding the principal
axes and principal values. Next, taking the square root of its
three principal values yields the magnitudes of the principal
values of the symmetrized hyperfine matrix �A C AT�/2.

Finally, the matrix is written in the form of Eqn (10);
the isotropic hyperfine coupling constant A0, together with
the elements of the traceless tensor T and their respective
eigenvectors (defining the principal axes) are the values most
frequently reported in experimental studies.

Computational considerations
Ab initio computations of hyperfine structures have been
performed for about 30 years.11 – 14 Only when calculations
could be performed that included electron correlation
and appropriately well-chosen basis sets could substantial
increase in accuracy be obtained.15 – 24 Many studies on
the performance of various theoretical approaches in the
computation of hyperfine structures of molecules have been
performed. One of the main conclusions drawn is that
isotropic hyperfine coupling constants (hfccs) are extremely
sensitive to the geometry of the system, necessitating careful
geometry optimizations.15 – 24

In the literature, a number of studies have emerged con-
centrating on the performance of DFT computational meth-
ods in the computation of hfcc’s for small molecules.6,25 – 45

A general study of the performance of different theoreti-
cal methods in the prediction of radical hfccs was performed
by Gauld et al.42 They investigated a series of small radicals,
more specifically OH, H2OC, CN, HCN�, FCN�, HCCH�,
CH3, CH4

C, NH2, NO2 and H2COC, and applied both
ab initio–post-Hartree–Fock (HF) and DFT methods in com-
bination with a large number of extended basis sets. In
this work, the QCISD (quadratic configuration interaction
with single and double excitations) method46 was found
to yield results that were superior to both other post-
HF methods and DFT. For the DFT approaches, the best
overall accuracy was found for the B3LYP functional47,48 in
combination with either the Pople 6–311GC(2df,p)49 or the
IGLO-III basis set.50 However, with respect to the issue of
the basis set, it was suggested that for larger anions and
neutral radicals, the 6–311G(d,p) set would represent a rea-
sonable compromise between accuracy and computational
cost. Adamo et al.33 analysed the performance of different
hybrid density functionals in the computation of structural
and electronic characteristics of organic � radicals. They
performed extensive DFT calculations of geometric and ther-
mochemical properties, infrared frequencies and hyperfine
coupling constants for a series of representative carbon-
centered � radicals. It was concluded that, overall, B3LYP
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geometries and hfccs for both H and C atoms show approxi-
mately the same accuracy as the most sophisticated post-HF
methods.

Another assessment was put forward by Batra et al.40

They applied semiempirical, HF and DFT methods in the
calculation of hfccs of a set of 17 organic neutral and charged
radicals, chosen to cover a broad range of compounds. It was
concluded that the combination of UHF/3–21GŁ geometries
with single-point DFT calculations of the EPR properties at
the BLYP/6–31GŁ or B3LYP/6–31GŁ level yields maximum
deviations between computed and experimental hfccs of
about 10%. The performance of other, more recently
proposed density functionals has also been investigated
and has recently been reviewed.6 In that review, attention
was also been focused on other effects that determine the
magnetic properties of organic free radicals, such as the effect
of the environment and the effect of the vibrational averaging
of the properties. These two matters will also be encountered
in the present review.

From all these studies, it can be generally concluded that
DFT methods provide a good quality/cost ratio for the study
of hyperfine interactions are hence are the methods of choice
to use with large molecules.

Within a Kohn–Sham density-functional scheme, the
hyperfine properties can be obtained once the unpaired
ground state spin density is known:6,34,37,51

	s D
∑

�

∑



P˛�ˇ
�
 ���
 �16�

It should be mentioned that the atomic spin densities
reported in this work are always obtained within the
Mulliken formalism. We have

Aiso D 2
3

gˇegNˇN

∑
�

∑



P˛�ˇ
�
 h���r�jυ�r�j�
�r�i �17�

and

Tkl D � gˇegNˇN�0

4�h̄2

∑
�

∑



P˛�ˇ
�


〈
���r�

∣∣∣∣ �r2υkl � 3rkrl�

r5

∣∣∣∣ �
�r�
〉

�18�

for the k,l component of the anisotropic hyperfine interaction
tensor T.

Computational approach
The radical species that will be treated in this work are
all relatively large, organic (mostly �-type) radicals for
which hfccs of mainly protons are to be calculated. In
this case, the available literature data univocally suggest
that the combination of a hybrid functional with either a
moderate-size Pople basis set or a purposely built basis set
can provide a very cost-effective computational method. It
is widely accepted that the B3LYP/6–31G(d) level yields
geometries of sufficient quality for a broad range of chemical
applications.51

Next, a comparative study was undertaken of the
performance of a variety of computational levels towards
hfcc calculations in a selection of radicals that will be
presented in the following sections. The results displayed
in Fig. 1 show that indeed only DFT calculations offer a
satisfactory agreement with experimental values and this at
a computational cost that is of the same order of magnitude
as the HF approaches. Additionally, the combination of the
B3LYP functional with the 6–311G(d) basis set results in
the best overall quality (mean deviation from experimental
values <5%).

As a result, we chose the triple zeta Pople basis set
6–311G(d) or 6–311G(d,p), taking into account the results
of available studies and the nature of the molecular species
under study. In some selected cases, calculations with the

Figure 1. Evolution of mean errors (bars) and mean relative CPU times (lines) as a function of the single-point hfcc calculation level
for selected alanine and steroid radicals studied in this work. Protons whose isotropic hfcc value is included in the calculations:
H7–H10 (alanine radical R1), H8–H13 (alanine radical R2), H8–H11 (alanine radical R3), H4, H6, H7A and H7B (steroid radical R1),
H1A, H1B, H2 (steroid radical R2). The geometries were optimized at the B3LYP/6–31G(d) level; errors are defined as the
percentage deviation of the respective reference experimental values. All mean CPU times are relative to the CPU time required for
the UB3LYP/STO-3G single-point calculation.
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DFT for structure determination of bioradicals S7

more involved IGLO-III50 or EPR-III6,34 basis sets, specifically
designed for the computation of NMR and EPR properties,
were performed.

Finally, we want to stress that all radicals studied here are
embedded in the solid state. Hence another item emerges,
namely how to treat the molecular environment. In the
simplest case one can adopt a single-molecule approach. In
this approximation, it can be expected that from the geometry
optimization of the single radical, one will not necessarily
obtain the geometry corresponding to the observed EPR
properties. Basically two approaches, both described in
this work, can then be adopted to determine the valid
conformation of the radical. In a first strategy, one can vary
the geometric parameters of the isolated radical in order to
obtain maximum agreement with the experimental findings.
In a second, more refined approach, one can explicitly take
into account the radical neighbourhood, by performing either
cluster or periodic calculations.

ALANINE-DERIVED RADICALS: A TEXTBOOK
CASE: STRENGTHS, WEAKNESSES,
OPPORTUNITIES AND THREADS

Introduction
In this section, we will focus on a first application of DFT
calculations to predict the EPR properties of bioradicals.
The amino acid L-˛-alanine in its solid state is an ideal
candidate for a wide range of applications in EPR dosimetry,
because it yields good dose factors, a linear signal response
over a wide dose range, excellent fading characteristics
and limited dependence on dose rate, radiation quality and
environmental factors (e.g. temperature and humidity).1 As
a result, many EPR and ENDOR spectroscopic studies on
this species have emerged and many experimental data on
electronic g-factors and hyperfine coupling constants of the
magnetic nuclei in this radical are available. The radiation-
induced radicals of this species are therefore ideal candidates
for theoretical calculations.

A simplified picture of the different radiation-induced
alanine radicals occurring at different temperatures, studied
in this section, is given in Fig. 2. In the crystal lattice,
alanine occurs in the zwitterionic form. As shown in Fig. 2,
irradiation of the crystal at 77 K yields a primary alanine
radical anion.52 When the crystal is gradually warmed,
this anion degrades by deamination, turns into an unstable
radical conformation at 150 K53 and finally into a stable
radical conformation at about 220 K.54,55 Both the stable
and the unstable radicals have the same chemical structure,
CH3CžHCOO�, as represented in Fig. 2, but differ with
respect to their relative orientation in the crystal lattice and
internal bond lengths and angles. According to the model of
Itoh and Miyagawa,56 the EPR absorption is to be interpreted
as a statistical average of the two types of radicals. While
it has been commonly assumed that the room temperature
EPR spectrum of polycrystalline alanine could be ascribed
to the radical R1,57 – 63 there have been speculations on the
possible coexistence of several stable radical species, possibly
originating from primary radicals other than that shown
in Fig. 2.64 Recently however, Sagstuen and co-workers

Figure 2. L-˛-Alanine and derived radicals studied in this
section. Reproduced with permission from Lahorte P et al.
(Ref. 2). Copyright 1999 American Chemical Society.

presented experimental evidence for the existence of R2
in irradiated alanine.64 – 66 In these contributions, evidence
for the existence of a third radical R3 was put forward.64 – 66

In the next section, the EPR properties of the above-
mentioned alanine radicals are compiled and discussed
at the single-molecule level. For radical R2, which is the
simplest adduct of the undamaged alanine molecule, com-
parison is made with calculations including the molecular
environment.

The primary radical
The constrained optimization of this species mimicking
its geometry in the crystal lattice did not result in good
agreement of the EPR properties with experiment. Therefore,
a full geometry optimization of this species was performed,
followed by a series of single-point calculations of the
hyperfine coupling constants upon rotation of the carboxyl
group over 360° around the C1—C2 bond axis, with a
stepsize of 18°. Next, for a series of fixed values of this
angle (between 0 and 180°), a partial geometry optimization
was performed. The results of these calculations are given in
Fig. 3.

The large isotropic hyperfine coupling constant for
the carbon atom C1 (251.4 MHz) indicates that the CO2

group deviates from planarity at the radical centre on C1.
Experimentally, a deviation of 8° was suggested, which is
in good agreement with the 14° resulting from the DFT
geometry optimization. As can be seen from Fig. 3, only the
primary radical conformation with a rotation angle of 180°

yields a good identification with the experimental hfcc. The
corresponding hfccs are displayed in Table 1. The agreement
with the experimental values is very good (difference <5%).
At a qualitative level, Fig. 3 also displays the typical ˇ proton

Copyright  2004 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2004; 42: S3–S19
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Table 1. Calculated versus experimental hyperfine coupling constants for the various alanine-derived radicals. Reproduced with
permission from Lahorte P et al. (Ref. 2). Copyright 1999 American Chemical Society

Primary radicala R1b R2b R3b

Aiso

T1

T2

T3

A1

A2

A3 Aiso

T1

T2

T3

A1

A2

A3 Aiso

T1

T2

T3

A1

A2

A3 Aiso

T1

T1

T1

A1

A2

A3

C1 Calc. 247.9 127.6 375.5 �42.2 �6.8 �49.0 �31.6 �2.4 �34.0 �23.8 �8.4 �32.2
�63.2 184.7 0.9 �41.3 �0.4 �32.0 �4.6 �28.4
�64.4 183.5 5.9 �36.3 1.9 �29.7 13.0 �10.8

Exptl. 251.4 128.3 379.7 �35.9c n. a. n. a. n. a. n. a. n. a.
�51.3 200.1
�77.4 174.0

C2 Calc. 25.3 12.1 37.4 59.5 131.9 191.4 94.0 153.9 18.6 25.9 90.5 116.4
�5.3 20.0 �66.1 �6.6 �76.4 19.6 �45.6 �19.7
�6.8 18.5 �65.8 �6.3 �77.5 251.0 �44.9 �19.0

Exptl. n.a. n.a. n.a. n.a. n. a. n. a. n. a. n. a.

H7 Calc. 54.9 8.2 63.1 �53.3 �30.5 �83.8 — — — — — —
�2.4 52.5 �4.4 �57.7
�5.8 49.1 34.9 �18.3

Exptl. 52.7 n. a. �56.1 �31.8 �87.9 — — — — — —
3.9 �52.2

27.9 �28.2

H8, Calc. 65.7 7.8 73.5 68.4 8.5 77 35.8 6.5 42.3
H9, �3.2 62.5 �3.8 64.7 �3.0 32.8
H10 �4.6 61.1 �4.7 63.8 �3.6 32.2

Exptl. n. a. n. a. 69.9 4.8 74.7 70.8 5.6 76.4 39.5 5.0 44.5
�2.3 67.6 �2.7 68.1 �2.2 37.3
�2.6 67.3 �2.9 67.9 �2.7 36.8

N4 Calc. 10.1 0.7 10.8 — — — �8.0 �0.5 �8.5 6.0 �13.4 �7.4
�0.2 9.9 0.2 �7.8 �12.7 �6.7
�0.5 9.6 0.4 �7.6 26.1 32.1

Exptl. n. a. n. a. — — — 7.3 1.0 8.3
0.9 8.2

�1.8 5.5

H11 Calc. — — — 80.3 10.3 90.6 �21.1 �14.7 �35.8
�4.8 75.5 �6.1 �27.2
�5.5 74.8 20.8 �0.3

Exptl. n. a. n. a. — — — 86.3 9.5 95.8
�2.7 83.6
�6.9 79.4

H12 Calc. — — — 29.9 11.3 41.2
�5.3 24.6
�5.9 24.0

Exptl. n. a. n. a. — — — 30.2 10.7 40.9
�4.7 25.5
�6.1 24.1

H13 Calc. — — — 13.9 9.6 23.5 — — —
�4.4 9.5
�5.2 8.7

Exptl. n. a. n. a. — — — 10.2 9.7 19.9 — — —
�4.8 5.4
�4.9 5.3

a Ref. 62.
b Ref. 63.
c Experimentally, the absolute value is reported.

Copyright  2004 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2004; 42: S3–S19
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Figure 3. Angular variation of the C1 (�) and H7 (�) hfccs upon
rotation of the carboxyl group around the C1—C2 bond axis in
the primary alanine radical. Filled symbols [(�) and (�)] are
used to denote the respective values when performing
reoptimization of all internal coordinates upon rotation.
UB3LYP/6–311G(d)//B3LYP/6–31G(d) level of calculation. All
values are in MHz. Reproduced with permission from Lahorte P
et al. (Ref. 2). Copyright 1999 American Chemical Society.

character of atom H7, as the magnitude of the coupling varies
with the square of the cosine of the rotation angle.

The stable alanine radical R1
The B3LYP/6–31G(d) geometry of this radical is depicted in
Fig. 4.

The EPR properties of this species are also listed in
Table 1. In their experiment with [1-13C]-L-alanine, Sinclair
and Hanna61,62 reported an essentially isotropic splitting
with an absolute value of 35.9 MHz for the C1 nucleus of
the carboxyl group. As can be seen, the agreement with
experiment is very good for this nucleus. Moreover, the
calculations confirm that the unpaired electron is primarily
located at the carbon C2, as indicated by the (Mulliken)
spin populations for this atom being 0.88 and 0.89 at the
B3LYP/6–311G(d) and B3LYP/IGLO III levels, respectively.
As a result, the hyperfine couplings in this radical will
be mainly due to the interaction with the ˛-proton H7

Figure 4. Molecular structures of the radicals R1, R2 and R3.

and the three symmetry equivalent, rotationally averaged
methyl ˇ-protons. The ˛-proton interaction in the stable
alanine radical R1 has been extensively investigated. As
can be seen from Table 1, both isotropic and anisotropic
calculated ˛-proton hyperfine coupling constants are in very
good agreement with the experimental values. It should be
remarked, however, that different experimental techniques
used to determine these coupling constants can give rise to
different numerical values.2

In a next step, the dependence of the hfccs of the ˇ-methyl
protons on the rotation of the methyl group over an angle of
180° in steps of 18° about the C2—C3 axis was investigated.
The properties obtained using this procedure are plotted in
Fig. 5, which clearly reveals the ˇ-proton character of the
methyl protons.

It has been shown in several radical systems that isotropic
interactions of ˇ-protons may vary considerably between
approximately 10 and 140 MHz, with symmetry equivalent
(i.e. rotationally averaged) protons typically showing split-
tings of about 70 MHz. In general, anisotropic interactions
in ˇ-protons are limited. In the B3LYP/6–31G(d) optimized
geometry, the radical has Cs symmetry, showing a perfectly
planar radical centre, the two methyl protons H8 and H9
being symmetrically above and below the symmetry plane.
The dihedral angle � of the H8—C3 and H9—C3 bonds
with the H10—C3 bond is 121.4 and �121.4°, respectively.
Hence the proton H8 would make a dihedral angle of 31.4°

with the lone electron orbital (LEO) in a �-type radical. As
a result, rotation of the methyl group over this angle results
in a maximum contribution of the H8 to the singly occupied
molecular orbital (SOMO), yielding a maximum hyperfine
coupling constant, which can be clearly seen in Fig. 5(a).
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Figure 5. Angular variation of the methyl proton hfcc’s on
rotation of the methyl group around the C2—C3 bond axis in
the radical R1. UB3LYP/6–311G(d)//B3LYP/6–31G(d) level of
calculation. All values are in MHz. (A) Using original optimized
internal coordinates: (�) H8; (�) H9; (°) H10. (B) Effect of
reoptimization of methyl group internal coordinates upon
rotation [(�) H8; (�) H9; (ž) H10] versus using original
optimized internal coordinates [(�) H8; (�) H9; (°) H10].
Reproduced with permission from Lahorte P et al. (Ref. 2).
Copyright 1999 American Chemical Society.
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The slightly smaller interaction of H10 is completely due to
the use of optimized internal coordinates in the single-point
calculations. Whereas for the H8 and H9 protons the H—C3
bond lengths are both 1.100 Å and the H—C3—C2 bond
angles 110.8°, the H10—C3 bond length and H10—C3—C2
angle are 1.091 Å and 111.9°, respectively. This results in a
maximum isotropic hfcc of 124 MHz for H10 and 129 MHz
for H8 and H9, a relative difference of about 4%. In order to
eliminate this effect, a reoptimization of the geometry of the
methyl group was performed along each step of the rotation.
The methyl group was rotated around the C2—C3 axis over
40°, with a step size of 5°, containing the regions where
the best agreement with the experimental hfcc’s occurs. The
results are displayed in Fig. 5(b). As can be seen, allowing for
a partial reoptimization of the internal coordinates has only
a very small effect (on average less than 3%) on the hfccs of
the methyl protons.

It can be invoked from the data in Table 2 that the
calculated average value of 65.7 MHz for the isotropic hfcc
of the methyl protons deviates less than 10% from the listed
experimental value. This is also the case when a comparison
is made with other experimental values.2

The values reported by Matsuki and Miyagawa55 refer
to the above-mentioned unstable conformation of the radical
R1 in the crystal lattice. In this unstable conformation,
the methyl group motion is free at 77 K. In contrast, the
methyl group motion is frozen at this temperature for the
stable conformation, resulting in individualized hyperfine
tensors for the three methyl protons. These were reported by
Miyagawa and Itoh54 and the principal values are given in
Table 2.

The calculated results reported in Table 2 are the best fits
from Fig. 5(a), which were obtained by rotating the methyl
group over 13° towards the LEO. This results in a final angle
of 18.4° for proton H8, which is in very good agreement
with the experimental value of 17°. Other possibilities that
arise from Fig. 5(a) simply arise from symmetry equivalence
of the three methyl protons. It can therefore be concluded
that, solely by considering the hfccs, the conclusions drawn
from experiment can be confirmed, i.e. that in the crystal

Table 2. Calculated and experimental methyl proton hfccs in
the stable radical R1 at 77 K: UB3LYP/6–311G(d)//B3LYP/6–
31G(d) level of calculation; all values are in MHz. Reproduced
with permission from Lahorte P et al. (Ref. 2). Copyright 1999
American Chemical Society

H8 H9 H10

Aiso A1 Aiso A1 Aiso A1 Reference,
A2 A2 A2 (method,
A3 A3 A3 temperature)

121.3 129.2 77.6 84.1 14.9 19.3 54 (EPR, 77 K)
118.0 75.1 15.1
116.6 73.7 10.1

118.5 126.5 71.3 79.0 10.8 18.2 2
115.4 68.0 7.3
113.6 66.8 6.9

lattice, the ‘frozen’ methyl group takes up a non-symmetrical
conformation with respect to the plane of the radical.

Radical R2
Figure 4 shows the B3LYP/6–31G(d) geometry of the radical
R2, which is formed by abstraction of the ˛-proton in alanine.
At the UB3LYP/6–311G(d) level, the total spin density on the
central carbon atom C2 amounts to 0.93 (0.96 with the IGLO
III basis set), which is substantially higher than the previously
estimated value of 0.72 reported by Sagstuen et al.64 It can
therefore be expected that the hyperfine interaction will be
mainly due to the methyl and amino protons. For the methyl
protons, our calculations suggest comparable couplings to
those obtained for radical R1, as can be seen from Table 1.

After a complete optimization of the radical (constrained
for the zwitterionic form), the amino group was rotated over
180° around the N4—C2 bond axis in steps of 18°; at each
of the resulting conformations, single-point computations
of the hfccs were performed, assuming a dihedral angle of
120° between the respective N4—H bonds. The results are
presented in Fig. 6.
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Figure 6. Angular variation of the amino proton (a, b) and
nitrogen N4 (c) hfccs on rotation of the amino group around the
N4—C2 bond axis in the radical R2.
UB3LYP/6–311G(d)//B3LYP/6–31G(d) level of calculation; all
values are in MHz. (A) Using original optimized internal
coordinates: (�) H11; (�) H12; (ž) H13; (B) effect of
reoptimization of amino group internal coordinates upon
rotation [(�) H11; (�) H12; (ž) H13] versus using original
optimized internal coordinates [(�) H11; (�) H12; (ž) H13].
Reproduced with permission from Lahorte P et al. (Ref. 2).
Copyright 1999 American Chemical Society.
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Analogous to the methyl protons, the amino protons
show a typical ˇ-proton character, but with a smaller average
isotropic coupling of 41.4 MHz, which is in good agreement
with the experimental result of 42.2 MHz. Again, the fact
that the angular variation of the hfccs for the three protons
H11, H12 and H13 is not entirely the same is due to the
use of the optimized geometry during the variation of this
angle. In order to eliminate this effect, the amino group was
reoptimized during each rotation step; more specifically, the
amino group was rotated over 40° around the N4—C2 axis in
steps of 5°. The amino proton bond lengths and bond angles,
together with the N4—C2 bond length, were allowed to
relax while all other geometry parameters were fixed. As can
be seen from Fig. 6, contrary to the situation for radical R1,
there is a substantial effect (¾10% at a rotation angle of 35°)
associated with this procedure for the hfcc of proton H11.
As a result, the remainder of the discussion for this radical
will be conducted using the data resulting from the latter
procedure.

Experimentally, the free rotation of the amino group
around the N4—C2 axis is prevented by the nearest
neighbour atoms in the crystal lattice, which results in
three individual hyperfine coupling tensors for the amino
protons. The best agreement with the experimental values
is obtained for a rotation angle of 22.4°, which results in
a dihedral angle of the H11—N4 bond with the LEO of
7.6°. The corresponding hfcc values are given in Table 1.
It can therefore be concluded that the amino group is
slightly ‘skewed’ from the radical plane in the radical R2
conformation. This is in line with the conclusions of Sagstuen
et al.,64 who suggested a value of 7.3°, assuming a perfectly
planar radical backbone. In their work, 8.3, 8.2 and 5.5 MHz
were proposed for the principal values of the N4 hyperfine
interaction. This proposal was obtained by downscaling the
experimental glycine values, reported by Deigen et al. by a
factor of 0.75/0.90 of the C2 carbon spin population.67 The
variation of the N4 isotropic hfcc upon rotation of the amino
group is also shown in Fig. 6, confirming both the sign and
the magnitude of the N4 atom hfcc.

Radical R3
The geometry of this radical is depicted in Fig. 4; at the
B3LYP/6–311G(d) level, the spin population amounts to
0.24 on the nitrogen N4 atom and to 0.53 and 0.16 for the
C2 and O6 atoms, respectively, the corresponding values
obtained with the IGLO III basis set being virtually identical.
The average value for the isotropic hfcc of the methyl
protons amounts to 37.1 MHz (IGLO III level), whereas the
anisotropic values are 43.5, 34.2 and 33.5 MHz, respectively.
These values are comparable to the 6–311G(d) values,
listed in Table 1. Sagstuen et al. assigned two hyperfine
coupling tensors for the methyl protons corresponding to
two conformations of the radical R3 in the crystal lattice.64

Apart from the H8, H9, H10 values present in Table 1, they
also reported a value of 33.1 MHz for the isotropic hfcc and
37.7, 30.9 and 30.8 as the principal values for a second radical
R3 conformation in the crystal lattice. Again, the agreement
between the theoretical and experimental values is excellent.
However, the current study does not allow for investigation

of the influence of the two above-mentioned orientations of
this radical in the crystal lattice.

Ban et al.68 also investigated these alanine irradiation
products and showed that the computed hyperfine couplings
are in good agreement with experiment. These authors also
performed computations on the zwitterionic forms using an
Onsager solvent model. Moreover, they also concluded that
the amino protons in radical R2 are fixed by intermolecular
hydrogen bonding in the L-˛-alanine crystals. The identity
and properties of this radical will now be further examined
including the introduction of the crystal environment.

Effect of the crystal environment — Radical R2
We have previously studied the effect of the molecular
environment on both the geometry and the EPR hyperfine
coupling constants for the radical R2.69,70 In order to
describe the crystal environment, both cluster and periodic
calculations were performed.

In the cluster calculations, a cluster model of seven
and 15 alanine molecules, respectively, was constructed;
the starting geometries for these optimizations were then
obtained by abstracting a hydrogen atom from the central
alanine molecule. The geometries of these clusters were
optimized using a two-layered ONIOM model,71 – 75 and the
level of theory at which the separate layers were treated
was varied. The inner layer contained the radical and was
described at either the semi-empirical PM3 level or at the
DFT level, using a series of different functionals. The semi-
empirical PM3 and AM1 levels and the DFT level were
adopted separately to treat the surrounding alanine cluster.

The periodic calculations were initiated starting from
the experimental crystal structure of L-˛-alanine. Next, the
radical was constructed by abstracting one hydrogen atom
and it was placed in a periodic supercell, obtained by
doubling the unit cell in both the a and c directions.

From the geometric point of view, the main conclusion
was that the central carbon atom of the radical deviates
from planarity and that the magnitude of this deviation
depends on the level of theory employed. On average,
this deviation amounts to 7°, contrasting with previously
used geometries which were considered to be perfectly
planar, in line with the transformation of this carbon atom
from sp3 to sp2 hybridization upon radical formation. It
can therefore be invoked that the interactions with the
neighbouring alanine molecules force the radical into a non-
planar conformation. This deviation from planarity appears
to be a direct consequence of the appearance of hydrogen
bonds, which induce rotation of the CO2 group. The methyl
protons, obviously not involved in hydrogen bonding, can
therefore be involved in quasi-free rotations in the crystal,
as opposed to the amino protons which are involved in
hydrogen bonding and thus remain relatively fixed. The
strength of these hydrogen bonds determines the magnitude
with which the radical deviates from planarity. It is clear
from this work that the central alanine radical is forced
into a conformation that would not correspond to an isolated
radical equilibrium conformation by the surrounding alanine
molecules.

It turns out that the partial sp2 character of the C4 atom
has an important influence on the hfccs of the surrounding
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atoms; this non-planarity turns out to be essential for the
accurate reproduction of the nitrogen hfcc in the radical.
In Fig. 7, the N hfcc is plotted against the dihedral angle
C1—N4—C3—C2, a measure of the non-planarity of the
radical backbone.

As can be seen, the N hfcc shows an almost linear
dependence on the deviation from planarity. The experi-
mental value is best reproduced by the B3LYP/PM3/14 and
BP86/PW geometry. This finding is confirmed by taking
the geometry yielding the worst agreement with experiment
for the N hfcc, and fixing this dihedral angle at 17.22°, the
value resulting from the B3LYP/PM3/14 level. Using this
geometry to recompute the N hfcc yields the entry in Fig. 7
indicated by an asterisk, very close to the regression line.

For the methyl group, the result is somewhat different:
good agreement with experiment, as was found earlier,
appears to be possible only when assuming a planar radical
backbone.

In order to investigate this finding, the following
procedure was performed. Starting from the B3LYP/PM3/14
geometry, the planarity of the radical was gradually
increased by first reducing the dihedral angle C1—N4—
C3—C2 to zero, keeping all other internal coordinates fixed
at their optimized values. Next, the CO2 group was gradually
rotated toward a fully planar conformation of the radical
backbone. During this procedure, the average methyl proton
hfccs were computed at each step and are depicted in Fig. 8.

The first step induces an increase of 10 MHz for this
quantity and the second step an additional increase of
5 MHz. The remaining discrepancy from the experiment
can probably be ascribed to remaining geometry parameters
that were not considered. This procedure confirms the earlier
findings that R2 shows a planar structure. This discrepancy
with the cluster and periodic calculations is probably due
to temperature effects on the geometry; thermal agitation
weakens the hydrogen bonds, weakening the forces that keep

Figure 7. Plot of the nitrogen hyperfine coupling constant as a function of the C1—N4—C3—C2 torsion angle at different levels of
theory. The dotted line represents the experimental value. For a definition of the different theoretical levels, see Refs 69 and 70.
Reproduced with permission from Pauwels E et al. (Ref. 69). Copyright 2001 American Chemical Society.

Figure 8. Plot of the averaged methyl proton hyperfine coupling constants as a function of the planarity of the radical backbone and
rotation of the CO2 group. For a definition of the different theoretical levels, see Refs 69 and 70. Reproduced with permission from
Pauwels E et al. (Ref. 69). Copyright 2001 American Chemical Society.
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the central radical in a non-planar conformation. Vibrational
effects can also be invoked to explain this discrepancy.

We finally focus on the amino protons. Since these
are involved in intermolecular hydrogen bonds, these are
relatively fixed geometrically. From Fig. 9, it can be seen that
both the cluster models and periodic structures satisfactorily
reproduce the hfcc.

In a subsequent paper,76 Petrenko performed a study on
the formation of various radical structures in the irradiated
L-˛-alanine crystal using a cluster consisting of 208 atoms.
Geometries and relative energies were obtained at the
semi-empirical PM3 level, which was found to reproduce
adequately the hydrogen bond lengths in the undamaged
alanine crystal in a series of test calculations. Next, a large
number (20) of radicals were generated and it was shown that
the radicals with the lowest energies yield EPR properties
in agreement with the experimentally observed radicals.
Close attention was paid to the correct description of the
rotationally averaged hyperfine properties of the methyl
protons.

From the isolated radical study of L-˛-alanine, it can
be concluded that the experimental assignments are largely
confirmed by the theoretical calculations. The proton hfccs,
computed at the B3LYP/6–311G(d) level, presented there
show a maximum deviation of 10% from experiment; using
the larger and therefore computationally more involved
IGLO III basis set yields comparable results.

It was found, however, that the accuracy of the calculated
carbon and nitrogen values is more difficult to assess,
mainly owing to the lack of sufficiently reliable experimental
data. In some cases, however, accounting for the molecular
environment, as was explicitly established in the case of
radical R2, proved crucial for the accurate modelling of the
radical geometry and was shown to yield further insight in to
the observed hfccs of the radicals. In that case, the effects of

vibrational averaging were shown to be of crucial importance
for obtaining an acceptable agreement with experiment.

The computational strategy and methodology described
are therefore a guide to investigate, on a routine basis,
the structure of radiation-induced bioradicals. It also offers,
when necessary, the possibility of including thermal effects
and effects of the molecular environment.

Learning from the case of alanine: hyperfine
couplings in steroid radicals
This methodology was also adopted and shown to be
valuable in the case of a series of radiation-induced free
radicals in steroid hormone crystals.

Steroid hormones are natural metabolites of cholesterol
and differ from the latter in the presence of a coupled system
of double bonds between the carbonyl group attached to the
C3 atom and the carbon atoms C4 and C5. The androstane
skeleton with the labelling of the rings and the carbon atoms
is shown in Fig. 10.

The radiation-induced radicals of steroid compounds
have been examined using electron paramagnetic resonance

Figure 10. (a) Carbon atom labelling and ring notation for
cholesterol; (b) the steroid skeleton [e.g. androgens
(testosterone): R1 D OH, R2 D H]. Reproduced with
permission from Lahorte P et al. (Ref. 3). Copyright 1999
American Chemical Society.

Figure 9. Overview of the different hfcc calculated at various levels of theory relative to the experimental results for the nitrogen and
the methyl and amino protons. For a definition of the different theoretical levels, see Refs 69 and 70. Reproduced with permission
from Pauwels E et al. (Ref. 69). Copyright 2001 American Chemical Society.
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(EPR) and electron nuclear double resonance (ENDOR)
spectroscopy.77 – 79 In general, these studies have led to the
conclusion that the majority of radicals in irradiated steroid
hormones are created in the A and B rings. More specifically,
four types of radicals have been identified or suggested,78

which are displayed in Fig. 11.
For each of the radical species, a model system was

constructed, by neglecting the C and D rings from the steroid
skeleton as their influence on the hfccs can be expected to be
small.

Again, for radicals R1, R2 and R3, overall good agree-
ment between the calculated and experimental values was
obtained, the differences on average being <5%. For R3, it
was even suggested that the experimental assignments for
two protons should be interchanged.

For radical R4 however, the agreement between the
experimental and calculated hfccs was found to be poor
for all atoms except one ˇ-type coupling at a hydrogen
atom. Several reasons were be invoked to explain this
discrepancy.

First and foremost, of all of the model radicals considered
in this section, the changes in conformation upon radical
formation are probably the largest in this radical. In this
species, the radical is created at a carbon atom connecting
the A and B rings, whereas in the other radicals, the change
in hybridization is in only one ring (R1 or R2) or even outside
the rings (R3).

Another possible reason for the discrepancy is the fact
that the omission of the C ring in this model radical structure
could have greater consequences for R4 than for the other
radicals. In order to check this, we constructed an extended
model radical, incorporating the C ring, but this did not
lead to a substantial improvement of the agreement with the
experimental hfccs. For this radical R4, it therefore appears
that the isolated molecule is partially successful. However,
in our opinion, the excellent quality of the calculations, as
demonstrated in the case of the radicals R1, R2 and R3,
suggests, in this case, the involvement of subtle geometry
effects. To resolve this issue, one should probably include
nearest neighbouring atoms in the crystal lattice in the
analysis, as performed and described above for the radical
R2 of alanine.

Therefore, the possibility should be kept open that the
proposed model structure for R4 is incorrect. In this case, a
different radical should be put forward which more closely
matches the experimental observations.

TENTATIVE STRUCTURES FOR RADICALS
DERIVED FROM CRYSTALLINE
b-D-FRUCTOSE: THE PROBLEM OF THE
EIGENVECTORS

Introduction
In the previous section, we have shown that the com-
putational methodology put forward in the first section
performs satisfactorily in the determination of the structures
of radiation-induced alanine and steroid radicals. In this final
section, this methodology will be used to propose possible
radical structures for the radiation-induced radicals of crys-
talline ˇ-D-fructose. It should be noted that this problem is
of greater complexity than the problem addressed in the
previous section, where radical structures were already put
forward by the experimentalists. It will indeed turn out that,
in order to provide an acceptable answer as to the nature and
the structure of these radiation-induced radicals, a detailed
analysis of the eigenvectors of the proton hyperfine tensors
had to be made.

In recent years, there has been considerable interest in
the radiation-induced radicals in sugars, in view of the
radiation treatment of sugar-containing food. This has led to
research into the development of dosimetric protocols for the
various foodstuffs that are eligible for radiation treatment.
In this respect, the radiation chemistry of sugars is enjoying
ever-increasing interest because of the stability of radiation-
induced sugar radicals that consequently might represent
suitable probes for the detection of irradiated, sugar-rich
foodstuffs using EPR spectroscopy.

It was only recently that an EPR study was conducted
on irradiated solid-state ˇ-D-fructose using ENDOR and
ENDOR-induced EPR (EI-EPR). Vanhaelewyn et al. per-
formed a combined experimental and theoretical study on
the EPR properties of irradiated D-fructose crystals.5 In their
contribution, the identification of two dominant radicals,
which will be indicated as F1 and F2, is reported.5 Both of
these radicals are characterized by three ˇ-type hyperfine
couplings, as detected by the EI-EPR experiment, given in
Table 3. This suggests that the unpaired electron of both
the fructose radicals interacts with three protons yielding
six hydrogen hyperfine tensors. However, only five tensors
have been determined with ENDOR, the missing tensor in
F2 probably corresponding to a small hyperfine interaction
that could not be determined unambiguously.

On the basis of the experimental data and theoretical con-
siderations, several model fructose radicals can be suggested.

Figure 11. Schematic overview of the four types of radicals formed in irradiated crystals of steroids. Reproduced with permission
from Lahorte P et al. (Ref. 3). Copyright 1999 American Chemical Society.
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Table 3. Experimental hfcc values and direction cosines of
radicals F1 and F2, taken from our previous work.77

Reproduced with permission from Pauwels E et al. (Ref. 4).
Copyright 2002 American Chemical Society

Experiment

Coupling Aiso Taniso A Axes

F1–ˇ1 96.9 �4.2 92.7 �0.448 �0.253 0.858
�2.9 94.0 0.675 �0.724 0.139

7.1 104.0 0.586 0.642 0.495
F1–ˇ2 37.3 �4.1 33.2 �0.476 0.86 0.185

�2.4 34.9 �0.78 �0.51 0.362
6.6 43.9 0.406 0.028 0.914

F1–ˇ3 9.3 �3.3 6.0 �0.318 �0.946 �0.066
�1.7 7.6 �0.225 0.008 0.974

5.0 14.3 �0.921 0.325 �0.215
F2–ˇ1 87.5 �3.6 83.9 �0.479 �0.365 0.798

�3.2 84.3 0.642 �0.766 0.035
6.8 94.3 0.598 0.529 0.601

F2–ˇ2 43.1 �3.9 39.2 �0.262 0.929 0.263
�2.7 40.4 �0.852 �0.351 0.389

6.5 49.6 0.453 �0.122 0.883

In this section, we propose and investigate four model struc-
tures depicted in Fig. 12, all being serious candidates for the
experimentally observed fructose radicals.4

Radical FA is constructed by OH group abstraction from
C5; this yields a structure with no ˛-type proton. Moreover,
the unpaired electron is presumably delocalized over C5
and O1. Furthermore, at least three protons are suitably
located to produce a ˇ-type coupling with the radical centre:
these are the protons of the hydroxy methyl group at C6,
the proton at C4 and, through the probable delocalization
over the ring oxygen, both protons at C1. A second set
of possible radicals is obtained with the extraction of a
hydrogen atom from the undamaged ˇ-D-fructose structure.
Two structures, FB and FC, where a hydrogen is abstracted
from either C2 or C3, were further investigated owing to their
potential consistency with the experimental observations.
In FB, both C1 protons, the hydroxy proton at O2 and
the proton at C3 can produce a ˇ-type coupling with the
unpaired electron, whereas in the model structure FC, the
protons at C2 and C4, together with the hydroxy proton
at O3 are in a ˇ-position relative to the radical centre.
The fourth model radical structure that was investigated,
FD, was generated by the abstraction of the hydroxymethyl
group from C5. In this structure, the unpaired electron will,
most probably, be delocalized over the ring oxygen O1 and
carbon C5. As a result, four possible ˇ-type couplings can
be generated in this structure by the ring protons H1A
and H1B, through the delocalization of the radical centre,
together with the ring proton H4 and the hydroxy proton
HO4.

In the next section, radical FA will be investigated in full
detail to assess its value in reproducing the experimentally
observed coupling characteristics. For the model structures
FB and FC, investigation of the isotropic and anisotropic
hyperfine coupling constants and the comparison of the

Figure 12. Molecular structure of ˇ-D-fructose as determined
by neutron diffraction, together with the optimized geometries
of the proposed model radicals. Reproduced with permission
from Pauwels E et al. (Ref. 4). Copyright 2002 American
Chemical Society.

angles of the calculated proton tensor components and the
experimental ones revealed that these model radicals are not
realistic candidates to be identified as either F1 or F2. Also,
model radical FD was found to be not consistent with the
experimental results.

Model structure FA

In the optimized radical structure, the unpaired spin turned
out to be mainly located at C5 and to a smaller extent at
O1, the spin densities being 0.83 and 0.12, respectively. In
addition, it can be noted that the sp3 hybridization of C5 is
partially retained with respect to the undamaged fructose
molecule.

The most relevant degree of freedom of this radical is
the internal rotation of the hydroxy methyl group about
the C5—C6 single bond, characterized by the dihedral
angle O6—C6—C5—C4; the results of the variation of this
angle are given in Fig. 13. Also displayed in Fig. 13 are the
experimentally measured isotropic hfccs.

As can be seen and as could be expected, the largest
variation occurs for the protons H6A and H6B. The large
F1–ˇ1 coupling of 96.6 MHz most likely corresponds to
the H4 hfcc. The H1A and H1B proton hfcc values remain
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Figure 13. Isotropic proton hfccs in model radical FA as a function of the hydroxymethyl group rotation [(◊) H1A; (ð) H1B; (�) H4; (�)
H6A; (°) H6B; all other proton hfcc’s were close to zero throughout the rotation and are therefore not included]. Solid lines indicate
the experimental hfcc values. Reproduced with permission from Pauwels E et al. (Ref. 4). Copyright 2002 American Chemical
Society.

practically constant throughout the rotation, but the H1B
proton displays a smaller coupling then H1A. If one assigns
the H1A hfcc to the experimental F1–ˇ3 coupling (9.3 Hz),
it is clear that one of the hydroxy methyl proton hfcc
values should correspond to the F1–ˇ2 coupling (37.3 MHz)
whereas the other should be close to zero and consequently
not detectable experimentally. From Fig. 13, it can be invoked
that only four conformations succeed in reproducing the
three experimental signals of F1 theoretically:

1. A torsional angle of 49° yields an H6A hfcc of 37.8 MHz,
corresponding to the experimental F1–ˇ2 coupling of
37.3 MHz.

2. A torsional angle of 92° yields an hfcc of 37.8 MHz for
H6B, in agreement with experiment.

3. At an angle of 234°, the H6A hfcc amounts to 37.6 MHz.
4. At an angle of 270°, the H6B hfcc yields 37.6 MHz.

In addition, it should be mentioned that, for all of
the four cases outlined above, the hfcc of the counterpart
proton (H6A or H6B) is below 6 MHz, in agreement
with the fact that these signals have not been detected
experimentally.

In order to gain more insight into and to disentangle the
four conformations proposed above, a detailed study was
made of the anisotropic components of the hyperfine tensor
and their corresponding spatial directions. It turned out,
however, that the anisotropic components of the hyperfine
tensor were all in close agreement with the experimental
results and did not differ significantly from each other. In
order to determine the conformation that corresponds with
reality, an analysis was performed of the direction cosines
of the different associated eigenvectors. To the best of our
knowledge, this is the first analysis of this type for radicals
occurring in organic crystals.

The three principal axes of the experimental hyperfine
tensors are specified by the direction cosines with respect
to some reference frame, which usually coincides with the
crystal axes. However, since the theoretical analysis did not

simulate the crystal environment, it is impossible to insert
this reference axis system as was done in the experiments.
In order to proceed and to solve this ambiguity, the angles
between the experimental principal axes were compared
with the angles between the calculated proton tensor axes,
as shown in Fig. 14 for the ˇ1 and ˇ3 signals in radical F1. In
this way, the choice of the reference axis system is eliminated
and one obtains an additional reliable tool to differentiate
between the four conformations proposed by theory.

Figure 14. (a) Principal axes of the experimental ˇ1 and ˇ3
signals as given by their direction cosines with respect to the
abc reference frame. (b) Angles between the principal axes of
the hyperfine tensor; the principal angles of the hyperfine
tensors are specified by their corresponding anisotropic values
(MHz). Reproduced with permission from Pauwels E et al.
(Ref. 4). Copyright 2002 American Chemical Society.
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When analysing the results, however, it should be
stressed that there still remains some ambiguity in fixing the
relative angles because the absolute sign of the experimental
direction cosines cannot be determined. This ambiguity was
taken into consideration when analysing the relative angles,
which are reported in Table 4, together with their calculated
counterparts.

As can be seen from Table 4, the angles between the
principal axes, calculated for the conformation at 234°, are in
close agreement with the angles between the experimental F1

signals. The other conformations, however, do not succeed
by far in reproducing the experimental findings. It should
be noted that the smallest two anisotropic components
for the H4 proton have been switched to allow a fair
comparison. This means that for the conformation at 234°,
the eigenvector for the �2.0 MHz anisotropic component of
H4 matches the eigenvector of the �4.2 MHz experimental
component of F1, and that the �5.3 MHz eigenvector of
H4 can be identified with the �2.9 MHz F1 experimental
component. The reason for this switch between the low
anisotropic component axes can be attributed to the fact that
the present calculations did not take into account the effect
of the molecular environment, which, of course, should

be confirmed by performing larger cluster calculations.
Apart from this interchange, all anisotropic and isotropic
proton hyperfine couplings in the experimental species
F1 are in close agreement with the values of FA, as
summarized in Table 5. These results were confirmed using
the larger EPR-III basis set. Moreover, the fair reproduction
of the mutual angles between the anisotropic principal axes
strengthens the identification of the experimental species
F1 as having a radical structure in agreement with FA,
and with a hydroxy methyl torsional angle of 234° for
O6—C6—C5—C4.

These findings support the conclusion that the F1 and
F2 species are in fact manifestations of the same radical,
with a structure conform FA, but with slightly altered
conformations. On the basis of the comparison with the
experimental isotropic values, only minor conformational
changes are found (about 4°), which are not of sufficient
extent to differentiate further between radical species F1
and F2, based on the single-molecule approach. It should
be mentioned, however, that experimental information is
partially lost in this approach since crystal axes are not
involved in the model. Moreover, translational and rotational
degrees of freedom of the radical within the crystal lattice are

Table 4. Comparison of the angles between the calculated tensor components of the FA protons (calculated for a torsional angle of
234°) and the angles between the experimental tensor components. Reproduced with permission from Pauwels E et al. (Ref. 4).
Copyright 2002 American Chemical Society

Experiment Theory

F1–ˇ1 H4

Aiso 96.9 Aiso 87.4

Taniso �4.2 �2.9 7.1 Taniso �2.0 �5.3 7.3

�3.3 71.0 62.5 145.7 �4.3 84.2 75.4 164.3
F1–ˇ3 9.3 �1.7 20.9 91.3 69.2 H1A 7.9 �2.9 10.1 83.4 82.3

5.0 81.6 152.5 115.9 7.2 81.7 164.0 103.6

F1–ˇ1 H4

Aiso 96.9 Aiso 87.4

Taniso �4.2 �2.9 7.1 Taniso �2.0 �5.3 7.3

�4.1 81.1 156.7 68.6 �4.7 76.4 126.0 39.3
F1–ˇ2 37.3 �2.4 37.9 96.1 127.2 H6A 36.8 �3.0 35.4 108.3 119.1

6.6 53.5 67.6 44.9 7.7 58.1 41.8 66.1

F1–ˇ2 H6A

Aiso 37.3 Aiso 36.8

Taniso �4.1 �2.4 6.6 Taniso �4.7 �3.0 7.7

�3.3 132.4 45.0 102.4 �4.3 125.0 51.0 121.6
F1–ˇ3 9.3 �1.7 72.9 58.4 37.0 H1A 7.9 �2.9 66.2 39.3 60.7

5.0 47.3 61.6 124.1 7.2 44.5 86.0 134.2

F2–ˇ1

Aiso 87.5

Taniso �3.6 �3.2 6.8

�3.9 90.2 150.5 60.5
F2–ˇ2 43.1 �2.7 32.1 105.3 117.5

6.5 57.8 65.5 42.5
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Table 5. Summary of calculated proton hyperfine tensor components for the FA conformation with a torsional angle of 234°a.
Reproduced with permission from Pauwels E et al. (Ref. 4). Copyright 2002 American Chemical Society

Conformation at 234°

6–311GŁ EPR-III
Experimental

Aiso Taniso A Aiso Taniso A direction match

H1A 7.9 �4.3 3.6 8.5 �4.4 4.1 1.489
�2.9 5.0 �2.7 5.8 1.495

}
F1–ˇ3

7.2 15.1 7.1 15.6 0.172
H1B �2.4 �3.1 �5.5 �2.7 �3.0 �5.7 5.348

�2.6 �5.0 �2.5 �5.2 5.352
5.7 3.3 5.6 2.9 0.183

H4 87.4 �2.0 85.4 94.9 �2.2 92.7 3.656
�5.3 82.1 �5.2 89.7 3.652

}
F1–ˇ1

7.3 94.7 7.4 102.3 0.343
H6A 36.8 �4.7 32.1 39.5 �4.8 34.7 1.002

�3.0 33.8 �2.9 36.6 1.026

}
F1–ˇ2

7.7 44.5 7.7 47.2 0.212
H6B 1.7 �5.1 �3.4 2.0 �5.3 �3.3 4.972

�4.0 �2.3 �4.0 �2.0 4.978
9.1 10.8 9.3 11.3 0.285

a The Aiso, Taniso and A values (in MHz) are reported for a 6–311GŁ and an EPR-III basis. No direction cosines are given, but anisotropic
values are ordered in comparison with their experimental counterparts in Table 3. direction is the difference (in degrees) between the
anisotropic principal axes calculated with both basis sets

not present and also possible vibrational averaging effects
related to pyramidal inversion at the radical centre are not
taken into account. We therefore conclude that both radical
species F1 and F2, found in the experiments of Vanhaelewyn
et al.5 can be identified as having the radical structure FA,
possibly with a O6—C6—C5—C4 torsional angle at about
234°.

GENERAL CONCLUSIONS

In this contribution, the use of density functional methods for
the structure elucidation of radiation-induced bioradicals by
comparison of computed and experimental EPR properties
was discussed. From the case studies investigated (radiation-
induced radicals of the amino acid alanine, steroid hormones
and ˇ-D-fructose), it could be concluded that from the
methodological point of view, the choice of the B3LYP
functional with the 6–311G(d) or 6–311G(d,p) basis sets
on average results in proton hyperfine couplings with a
maximum deviation of about 10% from the experimental
values.

It has been shown the calculated coupling constants
support the experimental assignment of the observed
radicals in a number of cases such as the alanine radicals
and the steroid radicals R1 and R2. In some cases, such
as two protons in steroid radical R3 and for the steroid
radical R4, agreement with experiment was shown to be far
from trivial. Furthermore, tentative structures for the radical
occurring in irradiated fructose have been put forward and
carefully compared with experimental findings. In this case,
in addition to the study of the isotropic and anisotropic
components of the hyperfine tensor, the direction cosines of

the principal axes of this tensor also needed to be investigated
in great detail.

In some cases, however, in order to obtain good
agreement with the experimental findings, the complexity
of the molecular model used in the computations has to be
increased, introducing the environment of the radical in the
crystal. This methodology was described in the case of the
radical R2 of alanine.

Overall, one can state that DFT calculations of isotropic
and anisotropic hyperfine coupling constants and, if neces-
sary, analysis of the hyperfine tensor eigenvectors represent a
powerful tool to aid experimentalists in the elucidation of the
contributions of various radicals to the observed EPR spectra.
It allows for a systematic procedure to identify radiation-
induced bioradicals, providing the possibility of introducing
the effects of the molecular or crystal environment.
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