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The amino acidL-R-alanine and its associated radiation-induced radicals display particular characteristics in
solid-state that make it very appropriate for use in Electron Paramagnetic Resonance (EPR) dosimetry. In
contrast to the number of experimental studies, relatively few theoretical studies have been published concerning
the EPR parameters of these radicals. However, these studies inadequately account for the molecular
environment of the alanine radicals in the crystalline lattice. Here, we present Density Functional Theory
(DFT) calculations on one of the stable radiation-induced radicals ofL-R-alanine both in molecular cluster
models and in periodic models. An extensive investigation is presented on the various geometrical ingredients
which have a substantial impact on the hyperfine coupling constants as the planarity of the radical backbone
and the internal rotations of the final methyl and amino group vary. It is found that the accurate modeling of
the hydrogen bonds with neighboring molecules is of utmost importance for an adequate reproduction of the
experimental data.

1. Introduction

The amino acidL-R-alanine is one of the most intensively
studied amino acids, mainly because of the properties it displays
in the solid-state form. More specifically, upon irradiation of
solid alanine, a variety of stable radicals is produced within the
lattice. Because of good dose-yield factors, a linear signal
response over a wide range of radiation doses, excellent fading
characteristics and a small dependency of temperature, humidity,
and other environmental factors, these radicals are ideally suited
for Electron Paramagnetic Resonance (EPR) dosimetry.1 As a
result, numerous EPR and Electron Nuclear DOuble Resonance
(ENDOR) studies onL-R-alanine have produced a large amount
of experimental data concerning the electronic g-factor and the
hyperfine coupling constants (hfcc’s) of magnetic nuclei in
alanine-derived radicals.2

It has been commonly assumed that the solid-state radical
population ofL-R-alanine at room temperature consisted of only
one radical type, the so-called Stable Alanine Radical (SAR)
or R1 as shown in Figure 1, and that all variations in the EPR
spectrum could be ascribed to various properties of this radical.3

This radical is formed by deamination from a protonated alanine
radical anion, and was first detected in a single crystal by van
Roggen et al.4 and later refined by Miyagawa et al.5 Speculations
had been made on the possible coexistence of several stable
radical species.6 Only recently however, Sagstuen et al.7

presented compelling experimental evidence in a combined EPR,
ENDOR and ENDOR-Induced EPR (EIE) study of irradiated
solid-state alanine for the existence of two more radiation-
induced radicals, R2 and R3 (Figure 1). The figure also includes
the primary radical anion which can only be observed at low
temperature (77 K). Radical R2 is a hydrogen-abstraction

product, and contributes substantially (40%) to the solid-state
radical population, while R1 is the most found species (60%).7

Radical R3 is a minority species, which is produced by
hydrogen-abstraction followed by proton-transfer. In this study,
we will focus on model systems of the radical R2 in the presence
of its molecular environment in the crystal lattice, as it is the
simplest adduct of alanine. The abstracted hydrogen is expected
to disturb the crystal lattice in a minor way.

Alanine, as all other amino acids, adopts the zwitterionic form
in the crystalline state and in solution. Upon irradiation,
zwitterionic radicals are formed. Numerous theoretical studies
have been performed on amino acids and their derived radicals
in the zwitterionic form.8 High-level ab initio calculations on
the simplest amino acid, glycine, have shown that the zwitter-
ionic form is not the energetically most favored structure in
vacuo. Instead, the molecule undergoes intramolecular proton
transfer from the amino group to one of the oxygen atoms to
adopt the nonionic form.9 Correspondingly, Barone and Adamo
showed that the zwitterionic form for an isolated glycine radical
does not correspond to a stationary point.10 Consequently, to
study amino acids like alanine or one of its derived radicals in
solid state or solution, it is essential to account for intermolecular
environmental effects.

Recently, ab initio Density Functional Theory (DFT) calcula-
tions have been carried out to calculate the hfcc’s of selected
nuclei in radicals of organic crystals in general11 and alanine-
derived radicals in specific. Lahorte et al.12 performed calcula-
tions on alanine radicals in vacuo, where the radical structures
were proposed from the experimentally available atomic posi-
tions of undamaged alanine13 and constrained geometry opti-
mizations had to be performed on this structure in order to
prevent the intramolecular hydrogen transfer. Ban et al.14 kept
the radicals in their zwitterionic forms during geometry opti-
mization by using a continuum model.15 In this Onsager model,
the radical under study is placed in a cavity surrounded by a
continuum with a uniform dielectric constant.
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Although the environmental modeling in both approaches of
Ban14 and Lahorte12 is inadequately described or even com-
pletely omitted, both studies succeed in reproducing in a
satisfactory way the experimental isotropic hfcc’s values, but
only after adopting some crucial but acceptable assumptions.
The agreement is only achieved after rotating the amino group
about a specific angle. This assumption accounts for the missing
environmental forces in the models, such as hydrogen bridges,
but they remain speculative and deserve a more elaborate study
by taking into account an adequate modeling of the crystalline
environment. It might be expected that the neighboring mol-
ecules will affect the geometry of the radicals in the solid state
and hence the hyperfine coupling constants.

In this paper, the environment is modeled by placing discrete
molecules around the target radical. This should, in principle,
allow for a straightforward determination of the correct geometry
and conformation of the radical in the crystal lattice, by
explicitly accounting for hydrogen bonds and other environ-
mental forces. To this purpose we will adopt two approaches.

(i) The first approach is the cluster model, undoubtedly one
of the most appropriate and successful methods for studying
the condensed phase. It was first introduced by Saebo et al.16

in its simplest form, where a central molecule was surrounded
by atomic point charges, in positions as determined by an X-ray
study. This simple point charge model has been extensively
used, with relative success, to simulate the effects of the
crystalline environment on a central molecule.17 However, this
model can only account for the long-range electrostatic interac-
tions, but neglects the short-range overlap between the central
molecule and its nearest neighbors.18 A complete quantum
mechanical treatment of both the central molecule and the
environment is desired to model the intermolecular interactions
correctly. This ‘supermolecule’ model has been used in this
study to obtain an accurate geometry of the radical R2 embedded
in a crystalline environment.

(ii) In the second approach explicit periodic calculations are
performed on the crystal lattice. A simulated annealing tech-
nique, proposed by Car and Parrinello,19 is used to minimize
simultaneously the electronic and nuclear degrees of freedom.
In this case the molecular environment is modeled in a full ab
initio way, without introducing artificial boundaries.

The paper is organized as follows: in the next section we
report on the computational details of both the cluster model
and the periodic calculations. Section 3 gives an overview of

the results. In a first part, we examine the influence of the
environment on the geometry of the studied radical. The two
ingredients which are primordial in the description of the global
systemscentral radical and environmentsare the model space
and the level of theory. Their role on the various geometrical
parameters will be reported and discussed. In the next part of
this section the isotropic and anisotropic hfcc’s of the magnetic
nuclei in the radical R2 are reported for all optimized geometries.
A detailed comparison of the theoretical predicted hfcc’s with
experimental values will be performed. Finally, some general
conclusions are made.

2. Computational Details

In this study, we make use of two models which are
essentially different in nature: the molecular-cluster model and
the plane-wave model based upon periodic boundary conditions.
This section deals with the computational details of both models,
and elaborates on the method used for calculating the isotropic
and anisotropic parts of the hyperfine coupling tensor.

2.1. Cluster Model. The radical of interest, R2, was sur-
rounded by alanine molecules according to the space group
symmetry P2⊥2⊥2⊥ of the L-R-alanine crystal.13 The unit cell
contains four alanine molecules and has unit cell constants of
a ) 6.025 Å,b ) 12.324 Å, andc ) 5.783 Å. Both the number
of neighbors taken into account and the level of theory at which
they are described were varied. Table 1 gives a schematic
overview of all applied methods, and their short abbreviations
for later reference. The methods used in earlier theoretical
calculations12,14 are also added for comparison.

In a first set of calculations, a cluster model of 15L-r-alanine
molecules was built in accordance with the appropriate space
group symmetry. This model space was obtained by considering
all surrounding molecules with at least one atom in one of the
spheres with radius 3.7 Å, encircling every atom of the central
radical. Finally, one hydrogen atom was abstracted from the
central alanine molecule to obtain a starting geometry for radical
R2. The methods, labeled PM3/PM3/14, B3LYP/PM3/14, and
B3LYP/AM1/14 in Table 1, are based on this nearest- neighbor-
ing cluster model.

In a second set of calculations, the number of neighbors was
reduced to six. Only those molecules are retained that are
engaged in hydrogen bonds with atoms of the central radical.
The structure of this hydrogen-bond cluster model is shown in
Figure 2. Six hydrogen bonds are observed between the

Figure 1. L-r-Alanine and derived radicals.
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hydrogen and oxygen atoms of the central radical and those of
the neighboring alanine molecules. The methods PM3/PM3/6,
B3LYP/PM3/6, B3LYP/AM1/6, BLYP/I/6, BLYP/II/6, and
BLYP/III/6 refer to this second cluster model.

For both large (14 neighbors) as medium-large (6 neighbors)
clusters, full geometry optimizations were performed on the
central radical, while keeping the coordinates of the surrounding
alanine molecules fixed in space at the experimental geometry.13

The level of theory describing the central radical and its
surrounding molecules is varied to determine its influence on
the optimized geometry of the central radical.

Ab initio modeling of chemical systems with a large number
of atoms on a high accurate level often poses numerical
problems due to the limits of computational resources. One way
to circumvent this problem is to use a simplified Hamiltonian,
as in semiempirical and molecular mechanics methods.20 In the
models labeled PM3/PM3/6 and PM3/PM3/14, the full system
was described by a semiempirical PM3 Hamiltonian21 as
implemented in the Gaussian 98 package.22

Although these methods are very attractive from a compu-
tational point of view, their empirical input limits their general
applicability.20 Full ab initio treatment of the cluster is more
widely applicable, but is unfortunately very time-consuming.

A possible solution to this problem is the use of hybrid
methods: the cluster model under study is subdivided into
several parts or layers, each described at a different level of
theory. The interesting parts of the systemsthe “inner” layerss
are treated at a high level of theory; the rest of the systemsthe
“outer” layerssare described by a computationally less demand-
ing method. In our study we employed a two-layered ONIOM
approach23salso implemented in the Gaussian 98 software
packageswhere the inner layer consists of the central radical
R2. This part of the system was described within the Density
Functional Theory (DFT)24 framework by using Becke’s three-
parameter hybrid B3LYP functional.25 Several studies26 have
indicated that this functional gives a reliable description of the
geometry of a radical. The molecular orbitals were expanded
in a double-ú 6-31G split valence basis augmented with single
d- and p-polarization functions.27 The outer layer, consisting
of 6 or 14 alanine molecules, was treated at the semiempirical
level, either using a PM3 Hamiltonian21 or an AM1 Hamilto-
nian.28 These “layered” methods are referred to as B3LYP/PM3/
6, B3LYP/PM3/14, B3LYP/AM1/6, and B3LYP/AM1/14.

In addition, we present in this work full ab initio calculations.
However, due to the computational demand of such an exact
treatment, only the cluster with six surrounding molecules is
considered. For this type of calculations we used the Amsterdam
Density Functional program (ADF1999) developed by Baerends
et al.,29 as similar calculations performed with the Gaussian 98
software package posed some serious convergence problems
in the SCF procedure. All the atoms of the system were
described within a DFT framework with the use of Becke’s
nonlocal exchange potential,30 combined with a correlation
potential as proposed by Lee, Yang, and Parr.31 Basis sets of
increasing size (and quality) were introduced to describe the
molecular orbitals in a series of calculations, labeled by BLYP/
I/6, BLYP/II/6, and BLYP/III/6. The basis sets I, II, and III in
the ADF nomenclature employ Slater-type orbitals as basis
functions. The sets I, II, and III correspond roughly to a single-ú
basis set, a double-ú basis set and a double-ú basis set extended
with polarization functions, respectively. To accelerate SCF
convergence, we used the electron-smearing option:32 electrons
were smeared out in an interval of 0.02 au over orbitals that lie
around the Fermi level.

2.2. Periodic Calculations.In the second approachswhich
shall be referred to as BP86/PWsthe crystal phase was modeled
by performing periodic calculations. The crystal lattice ofL-R-
alanine is experimentally well characterized.13 To simulate a
radical R2 in the crystal lattice, we doubled the unit cell in the
a and c direction to ensure that the radical defects are well
separated from each other. The resulting orthorhombic unit cell
contains 15 alanine molecules and a central R2 radical, as is

TABLE 1: Overview of Applied Methods and Their Shortcut for Later Reference

central radical surrounding alanine cluster notation

G98 PM3 14 molecules, PM3 PM3/PM3/14
G98 PM3 6 molecules, PM3 PM3/PM3/6
G98 B3LYP/6-31G** 14 molecules, PM3 B3LYP/PM3/14
G98 B3LYP/6-31G** 6 molecules, PM3 B3LYP/PM3/6
G98 B3LYP/6-31G** 14 molecules, AM1 B3LYP/AM1/14
G98 B3LYP/6-31G** 6 molecules, AM1 B3LYP/AM1/6
ADF BLYP/I 6 molecules, BLYP/I BLYP/I/6
ADF BLYP/II 6 molecules, BLYP/II BLYP/II/6
ADF BLYP/III 6 molecules, BLYP/III BLYP/III/6
AIMD BP86/PW 15 molecules, BP86/PW BP86/PW
G94 B3LYP/6-31G* 0 molecules B3LYP/0/0a

G94 B3LYP/6-31+G** Onsager water-model, 0 molecules B3LYP/Onsager/0a

a B3LYP/0/0 and B3LYP/Onsager/0 refer to earlier theoretical calculations by Lahorte et al.12 and Ban et al.14

Figure 2. Optimized geometry of radical R2 and its neighboringL-R-
alanine molecules, calculated at the B3LYP/PM3/6 level of theory.
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shown in Figure 3. The software package used for these
calculations is the Ab Initio Quantum Molecular Dynamics
(AIMD) Package33 based on the Car-Parrinello code.34 This
algorithm was first proposed in a broader context of molecular
dynamics simulations, with interatomic forces calculated “on
the fly” from the instantaneous electronic potential. In this paper,
the simulated annealing technique was used for the simultaneous
optimization of the electronic and nuclear degrees of freedom
toward a global energy minimum. This optimization scheme is
based on a conjugate gradient minimization of the energy
functional.35 In our calculations only the structure of the radical
was optimized, while the coordinates of all other atoms of
surrounding alanine molecules were kept fixed at the experi-
mental geometry by use of the SHAKE algorithm.36

The quantum mechanical description of the electronic struc-
ture is based on the DFT formalism. The exchange-correlation
energy functional is treated within the local density approxima-
tion (LDA)37 for which we employed the Perdew-Zunger
parametrization for the homogeneous electron gas.38 In addition,
gradient corrections were included according to the schemes
proposed by Perdew39 and Becke,40 known as BP86. Only
valence electrons are treated explicitly and their corresponding
single-particle orbitals are expanded in plane waves. Very soft
pseudopotentials of the Vanderbilt type41 are used to account
for the core. An energy cutoff of 25 Ry (1 Ry) 1314 kJ/mol)
is taken for the plane-wave expansion. Several other studies42

have shown that this value is sufficient to describe the structure
accurately.

2.3. EPR Hyperfine Coupling Constants.EPR hyperfine
coupling constants represent the interaction between a nuclear
spin and the electronic magnetic moments. This interaction is
included in the spin Hamiltonian, which carries all interactions
taking place in the molecular system as resulting from the
presence of a magnetic field. For an organic paramagnetic
system characterized by an electronic spinS) 1/2 and nuclear

angular momentI ) 1/2, the general expression for this
Hamiltonian can be simplified to

The first two terms reflect the electronic and nuclear Zeeman
contributions arising from the interaction of the external
magnetic fieldH and the magnetic moments of the electrons
and nuclei, specified byS andI , respectively.âe, ân andgn are
the Bohr magneton, the nuclear magneton, and the nuclear
magnetogyric ratio;g is the so-called g-tensor. The hyperfine
interaction matrixA in the last term of the spin Hamiltonian
can be divided into an isotropic part and an anisotropic part.
The isotropic part of the hyperfine matrix arises from coupling
between the magnetic moments of the electronsi and the nucleus
n through a contact interaction. It depends solely on the unpaired
spin density∑µ,νPµ,ν

R-â at the position of the nucleus. This is
shown in the following equation, assuming the g-tensor is
isotropic:

The anisotropic part of the hyperfine matrix is due to the
interaction of magnetic dipoles, and is described by the
following equation:

for the uVth component.
Computation of both terms is already included in most ab

initio codes. There are numerous examples available in the
literature that have successfully calculated EPR hyperfine
coupling constants in such way.43 In this study, the hfcc’s were
calculated for all optimized geometries using the Gaussian 98

Figure 3. Optimized geometry of radical R2 and its neighboringL-R-alanine molecules in the periodic calculation, using plane waves and the
BP86 density functional.

H ) âeH‚g‚S - gnânI ‚H + S‚A‚I (1)
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software package22 within the DFT framework. The B3LYP25

functional was used and all atoms were assigned a triple-ú
6-311G basis augmented with single first d- and p-polarization
functions.44 Recent studies indicate that a DFT procedure with
a BLYP or B3LYP functional is to be preferred when calculating
isotropic hfcc’s of organic radicals.45

3. Results and Discussion

3.1. Geometry. As mentioned in section 2, geometry
optimizations were performed at various levels of theory on
the radical R2. In Table 2 a summary of selected geometrical
parameters is given for the various optimized geometries. We
also report on the geometries predicted by Lahorte et al.12 and
Ban et al.14 These parameters include bond lengths, selected
bond and dihedral angles, and hydrogen-bond distances. The
position of the amino and methyl group relative to the rest of
the central radical is given by the dihedral angles H10-N5-
C4-C2 and H8-C6-C4-C2 respectively. The other hydrogen
atoms lie in planes that form approximately 120° or 240° with
respect to the (H10,N4,C4) and (H8,C6,C4) planes for the amino-
and methyl group, respectively. No bond angles involving
hydrogen atoms are mentioned as they lie all around 110°. We
also report on two “improper” torsion angles, namely O1-O3-
C4-C2 and C2-N5-C6-C4. The first angle is a measure of
deviation from planarity of the C2 carbon center. All optimized
geometries point toward an almost planar conformation (see
Table 2). The second improper torsion angle C2-N5-C6-C4

indicates the deviation from planarity of the radical backbone
which is formed by the atoms N5, C4, C6, and C2. It accounts

for a measure of sp3 character of the radical center C4. It turns
out that all optimized geometries deviate from planarity but that
the deviation largely depends on the employed level of theory.
The maximum deviation amounts to 26° in the BLYP/I/6
optimized geometry, while only 1.2-1.6° in B3LYP/AM1/14
and PM3/PM3/6. On average, the deviation from planarity
remains almost 7° and this is remarkable as it was previously
always assumed in both experimental and theoretical studies,
that upon hydrogen abstraction from C4, the carbon atom
transforms from an sp3 to a perfectly planar sp2 center. Our
calculations do not support this picture. The interactions with
the neighboring molecules force the central radical into a
nonplanar conformation. This nonplanarity of the radical
backbone can be clearly seen in Figure 2, displaying the
optimized geometry at the B3LYP/PM3/6 level, and in Figure
3 as well, showing the results of the periodic calculation.

We notice a strong correlation between the nonplanarity of
the radical backbone and the rotation of the CO2 group relative
to the reference (C2,N5,C6) plane of the radical backbone. This
is best illustrated in Figure 4 where we plot the two relevant
parameters characterizing the two above-mentioned features for
each level of theory. The dihedral angle O1-C2-C4-C6

determines the rotation angle of the almost planar O1-O3-
C2-C4 constellation with respect to the planar conformation at
180° (see Figure 4). We observe an almost linear behavior
between the nonplanarity of the radical backbone and the CO2-
rotation. This is a very striking result, which can be explained
by considering theπ-system of the CO2 group. When the
position of this group would not be influenced by attracting

TABLE 2: Summary of Selected Geometrical Parameters for the Various Optimized Geometries

B3LYP/
0/0

B3LYP/
Onsager/0

PM3/PM3/
14

PM3/PM3/
6

B3LYP/
PM3/14

B3LYP/
PM3/6

B3LYP/
AM1/14

B3LYP/
AM1/6

BLYP/
I/6

BLYP/
II/6

BLYP/
III/6

BP86/
PW

Bond Lengthsa

O1-C2 1.271 1.277 1.254 1.251 1.261 1.264 1.272 1.277 1.335 1.317 1.278 1.285
C2-O3 1.242 1.295 1.264 1.272 1.282 1.292 1.270 1.277 1.399 1.339 1.302 1.307
C2-C4 1.511 1.507 1.507 1.500 1.466 1.455 1.468 1.464 1.540 1.450 1.465 1.467
C4-N5 1.492 1.478 1.460 1.458 1.503 1.503 1.465 1.466 1.563 1.489 1.472 1.464
C4-C6 1.479 1.478 1.463 1.461 1.487 1.484 1.478 1.475 1.547 1.492 1.484 1.483
H7-C6 1.102 1.100 1.105 1.099 1.107 1.103 1.104 1.101 1.118 1.110 1.107 1.114
H8-C6 1.093 1.090 1.103 1.097 1.094 1.090 1.092 1.087 1.105 1.096 1.093 1.103
H9-C6 1.102 1.100 1.102 1.133 1.102 1.107 1.104 1.112 1.110 1.104 1.102 1.106
H10-N5 1.023 1.030 1.024 1.005 1.058 1.053 1.044 1.040 1.100 1.047 1.043 1.064
H11-N5 1.025 1.030 1.025 1.015 1.055 1.051 1.038 1.034 1.125 1.057 1.054 1.109
H12-N5 1.037 1.052 1.024 1.025 1.052 1.057 1.039 1.043 1.222 1.076 1.078 1.054

Bond Angles
O1-C2-O3 132.98 128.10 120.62 118.04 126.70 124.90 127.08 125.02 117.71 121.81 123.85 124.16
O1-C2-C4 111.27 113.50 116.96 120.62 116.40 118.18 116.21 117.35 127.63 119.11 117.94 116.19
C2-C4-N5 108.37 111.40 116.22 115.25 112.66 114.22 112.18 113.29 116.39 115.69 115.51 114.78
C2-C4-C6 131.77 130.20 122.05 124.07 124.52 126.72 128.41 128.94 114.74 125.74 125.12 119.59

Dihedral Angles
O1-C2-C4-C6 180.00 180.00 122.73 120.47 115.27 125.69 153.77 163.76 99.51 137.81 134.40 114.67
O3-C2-C4-C6 0.00 0.00 -59.88 -63.95 -66.18 -55.55 -28.16 -17.32 -83.88 -42.96 -46.03 -61.55
H8-C6-C4-C2 0.00 0.00 26.21 351.25 34.62 23.13 9.22 355.62 42.47 8.97 14.10 42.56
H10-N5-C4-C2 82.40 79.00 82.39 80.40 71.04 73.45 10.79 10.77 60.36 77.76 75.20 71.77

Improper Torsion Angles
O1-O3-C4-C2 0.00 0.00 1.52 2.47 0.83 0.70 1.11 0.62 1.69 0.44 0.24 2.21
C2-N5-C6-C4 0.00 0.00 6.60 1.57 17.22 11.62 1.22-4.79 25.99 7.70 9.88 20.14

Hydrogen Bond Distancesb

O1-H* ? ? 1.84 1.83 1.87 1.86 2.13 2.13 1.61 2.10 2.10 2.01
O3-H* ? ? 1.78 1.73 1.78 1.80 1.91 1.94 1.79 1.74 1.76 1.78
O3-H* ? ? 1.81 1.74 1.79 1.76 1.95 1.97 1.47 1.74 1.74 1.49
H10-O* ? ? 1.84 2.51 1.81 1.87 2.70 2.93 2.04 1.94 1.99 1.83
H11-O* ? ? 1.76 1.76 1.76 1.79 2.47 2.52 1.75 1.75 1.77 1.52
H12-O* ? ? 1.83 1.75 1.83 1.78 2.38 2.28 1.37 1.71 1.68 1.85

a Units of bond lengths are angstroms.b The H* and O* symbols refer to one of the nearest hydrogen or oxygen atoms of the surrounding
molecules.
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hydrogen bonds, the associatedπ-cloud would be oriented
parallel to the lone electron orbital (LEO) on carbon C4. The
LEO conjugates with theπ-cloud of CO2 and the radical carbon
center is stabilized by the effect of resonance stabilization.
However, when strong hydrogen bonds force the CO2 group to
shift out of the plane of the radical backbone, theπ-cloud gets
rotated relative to the direction of the LEO and is no longer
parallel, resulting in a diminished conjugation. Since, in this
case, sp2 hybridization of the C4 carbon does not cause an overall
stabilization of the radical, the atom has some sp3 character as
well. Methods which substantially differ from this quasi-linear
pattern (Figure 4) are systematically of lower level of theory.
Both PM3/PM3/6-14 models describe the central molecule
within the semiempirical approach of PM3, which is clearly
insufficient.

Concluding, the deviation from planarity of the radical
backbone is a direct consequence of the appearance of hydrogen
bridges which induce a rotation of the CO2 group, forcing the
radical center to a nonplanar conformation. It should be stressed
that the strong hydrogen bonds only take place between the
oxygen atoms and the amino protons, which is clearly seen in
the Figures 2 and 3. Methyl protons are not involved in any
hydrogen bond and remain submitted to quasi-free rotations, in
contrast to the amino protons whose internal rotations are
completely hindered by the hydrogen bonds. The strength of
the hydrogen bond is a determining factor to which extent the
radical backbone deviates from planarity. The intermolecular

hydrogen bridges coming into play are composed of oxygen
and hydrogen atoms belonging to the central molecule and one
of the neighbors. The levels of theory at which the central radical
and the environment are described may differ. The PM3/PM3/
6-14 and layered B3LYP/PM3/6-14 methods rely on the
semiempirical PM3-method for the description of the relevant
hydrogen bridges, while the layered B3LYP/AM1/6-14 models
are based on the AM1 Hamiltonian.

The effect of the molecular environment on the optimized
geometry is illustrated in Figure 5, where the relative B3LYP-
and ONIOM-extrapolated energies are plotted as a function of
the rotation angle of both the methyl and amino group. This
plot was obtained by gradually rotating the methyl and amino
group, starting from the B3LYP/PM3/14 optimized geometry,
while keeping all other geometrical parameters fixed. Quite
striking in this figure is the fact that the starting geometry at 0°
(the B3LYP/PM3/14 optimized geometry) does not represent a
minimum for the amino group rotation (marked2). On the other
hand, the ONIOM-extrapolated energy of the starting geometry
turns out to be a minimum, since in this case the molecular
environment is included. The surrounding alanine molecules
force the central radical to a conformation that does not
correspond to an energetically most-favored structure in vacuo.
A similar effect is not observed for the methyl group rotation,
indicating that this internal motion is a quasi-free rotation in
the crystal lattice.

Figure 4. Relation between the torsion angle O1-C2-C4-C6 with respect to the C2-N5-C6-C4 angle in the various optimized geometries,
obtained at different levels of theory: the ONIOM or ab initio optimized geometries ([) and the purely semiempirical optimized geometries (b).
In addition, the results of earlier theoretical calculations are indicated (]).

Figure 5. B3LYP/631G** energies versus ONIOM-extrapolated energies relative to the energy of the optimized B3LYP/PM3/14 geometry as a
function of the rotation angle for both the methyl (b) and amino (2) group (ONIOM-extrapolated energy) -324.877522 au; B3LYP/631G**
energy) -323.034459 au).
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3.2. EPR Parameters.For all optimized geometries, the EPR
parameters of the central radical have been calculated at the
B3LYP/6311G** level of theory. This means that for each
optimized geometry of the central radical, we have recalculated
the electronic wave functions at a high and uniform level in
order to get EPR parameters constructed on the same basis. This
allows us to attribute differences in the behavior of the EPR-
parameters to geometrical features rather than to methodological
grounds. The results are listed in Table 3. The partial sp3

character of the radical center C4 in most optimized geometries
has a considerable effect on the EPR hyperfine coupling
constants of the surrounding atoms. In Figure 6 the hfcc of
nitrogen, calculated at the different levels of theory is plotted
as a function of the improper torsion angle C2-N5-C6-C4,
which stands for a measure of deviation from planarity of the
radical backbone. The plot indicates that the N hfcc exhibits an
almost linear dependence with the nonplanarity of the radical
backbone: the more the radical backbone deviates from the
planar conformation, the larger the N-hfcc prediction becomes.
The experimental value of 7.3 MHz7 is best reproduced by the
B3LYP/PM3/14 and the periodic BP86/PW calculations. Only

few calculations succeed in reproducing the N-hfcc in a
satisfactory way. The two B3LYP/AM1 models even underes-
timate the experimental value by 14 to 15 MHz. The striking
correlation between the hfcc of the nitrogen atom and the
nonplanarity of the radical backbone is confirmed by additional
calculations based on models whose ab initio prediction of the
N-hfcc differs significantly from the experimental value but
where we constraint the improper torsional angle C2-N5-C6-
C4 to be 17.22°, as resulting from the B3LYP/PM3/14 optimized
geometry. Applied to the BLYP/I/6 optimized geometry, we
get a value for the N-hfcc (indicated by the asterisk * in Figure
6) close to the experimental estimate and obeying the linear
correlation, as suggested.

As the methyl group acts as a quasi-free rotor even in a
crystalline environment (we refer to the discussion on this item)
only computed averages of the methyl proton couplings have
sense. Their absolute differences between calculated and
experimental isotropic coupling constants are displayed in Figure
7 for all optimized geometries. A striking feature is the excellent
reproduction of these average hfcc’s by the calculations in the
absence of any neighbors. All cluster and periodic models

TABLE 3: Summary of the Isotropic and Anisotropic Components of the Hyperfine Coupling Tensora

experimental B3LYP/0/0 B3LYP/Onsager/0 PM3/PM3/14 PM3/PM3/6

Aiso Axx Ayy Azz Aiso Axx Ayy Azz Aiso Axx Ayy Azz Aiso Axx Ayy Azz Aiso Axx Ayy Azz

O1 -2.6 -51.4 19.8 23.7 -0.4 -47.5 21.3 25.1
C2 -28.6 -34.5 -26.0 -25.2 -30.7 -36.4 -28.1 -27.5
O3 -0.7 -44.7 18.7 23.9 -2.6 -61.9 25.5 28.7
C4 94.0 16.5 17.6 247.9 82.0 12.0 13.8 220.1 71.5 3.7 5.1 205.7
N5 7.3 5.5 8.2 8.3 -8.0 -8.5 -7.8 -7.6 -3.7 -4.1 -3.8 -3.2 -6.5 -6.7 -6.6 -6.1
C6 -31.6 -34.0 -32.0 -29.7 -28.9 -30.9 -29.0 -26.8 -28.7 -30.4 -29.1 -26.6
H7 70.8 67.9 68.1 76.4 68.4 63.7 64.6 76.9 95.5 90.9 92.1 103.5 114.3 109.8 111.4 121.5 61.4 57.4 58.2 68.5
H8 2.2 -1.9 -1.7 10.2 11.6 7.7 8.1 19.1 6.5 2.6 3.5 13.5
H9 95.7 91.1 92.3 103.7 53.9 49.8 50.2 61.6 111.7 107.8 108.5 118.8
H10 86.3 79.4 83.6 95.8 80.3 74.8 75.5 90.6 86.0 81.2 81.5 95.3 86.8 81.6 82.0 96.7 76.2 70.9 71.5 86.3
H11 10.2 5.3 5.4 19.9 13.9 8.7 9.5 23.5 12.0 7.1 7.5 21.4 12.1 6.5 7.7 22.0 8.0 2.8 3.9 17.2
H12 30.2 24.1 25.5 40.9 29.9 24.0 24.6 41.2 30.0 24.4 25.1 40.6 23.8 18.4 19.2 33.7 32.6 27.9 28.1 41.9

B3LYP/PM3/14 B3LYP/PM3/6 B3LYP/AM1/14 B3LYP/AM1/6 BLYP/I/6

Aiso Axx Ayy Azz Aiso Axx Ayy Azz Aiso Axx Ayy Azz Aiso Axx Ayy Azz Aiso Axx Ayy Azz

O1 -0.9 -38.5 14.1 21.7 -0.7 -38.5 13.8 22.4 -2.1 30.6 10.1 14.1 -1.0 -30.1 11.3 15.8 1.0 -42.9 16.2 29.6
C2 -23.9 -31.4 -21.5 -18.8 28.4-36.5 -25.2 -23.4 -32.8 -41.4 -29.4 -27.6 -33.1 -42.3 -29.7 -27.4 -21.0 -29.8 -17.5 -15.7
O3 -4.8 -54.3 18.6 21.4 -6.2 -68.3 23.1 26.5 -4.8 -53.3 17.0 21.9 -6.6 -64.7 19.7 25.3-10.7 -116.7 39.6 45.1
C4 152.3 84.5 86.0 286.4 116.9 50.0 51.2 249.7 81.2 8.5 9.7 225.4 74.5 4.2 5.1 214.1 271.9 222.8 224.8 368.1
N5 7.7 6.9 7.5 8.7 2.7 2.1 2.5 3.5-7.2 -7.6 -7.3 -6.6 -8.4 -8.7 -8.7 -7.9 15.5 14.5 15.1 16.9
C6 -21.7 -23.8 -22.4 -19.0 -25.4 -27.3 -25.7 -23.2 -28.6 -30.6 -28.4 -26.8 -25.2 -27.1 -25.3 -23.1 -7.0 -9.1 -8.3 -3.7
H7 100.2 96.2 98.0 106.4 90.4 86.4 88.0 96.8 95.9 91.4 92.6 103.6 77.2 72.8 73.8 85.1 58.8 55.8 57.4 63.1
H8 4.2 0.0 0.3 12.2 2.0 -1.9 -1.6 9.6 2.8 -1.2 -1.0 10.7 1.7 -2.3 -1.8 9.3 0.8 -2.6 -1.7 6.8
H9 54.5 50.2 50.3 63.1 69.0 64.8 65.1 77.0 81.7 77.3 78.3 89.3 95.7 91.6 92.7 102.7 23.8 19.9 20.3 31.0
H10 84.6 80.3 80.9 92.7 80.7 76.3 76.8 88.9 4.5-0.9 -0.3 14.8 2.7 -2.5 -1.7 12.5 61.3 58.4 58.8 66.7
H11 5.2 -0.5 0.8 15.3 4.8 -0.5 0.6 14.3 65.9 61.4 61.6 74.7 65.7 61.1 61.3 74.8-1.4 -6.0 -4.6 6.4
H12 17.6 11.8 12.9 28.2 22.3 16.9 17.8 32.3 72.3 67.0 67.7 82.2 69.8 65.1 65.6 78.9 10.4 6.1 7.0 18.2

BLYP/II/6 BLYP/III/6 BP86/PW

Aiso Axx Ayy Azz Aiso Axx Ayy Azz Aiso Axx Ayy Azz

O1 0.1 -43.5 15.2 28.6 -1.2 -39.8 13.9 22.2 -1.8 -47.2 16.7 25.0
C2 -35.1 -45.7 -30.8 -28.7 -31.2 -40.1 -27.7 -25.8 -23.8 -32.3 -21.4 -17.5
O3 -8.7 -90.5 30.4 33.9 -4.7 -63.4 23.1 26.4 -4.0 -50.7 17.8 20.9
C4 84.7 21.7 22.7 209.8 99.0 31.0 32.4 233.7 143.4 77.4 79.1 273.7
N5 -2.0 -2.4 -2.2 -1.5 -1.6 -2.2 -1.8 0.9 6.6 5.6 6.4 7.8
C6 -24.9 -26.6 -24.6 -23.4 -26.7 -28.7 -26.6 -24.9 -20.9 -22.7 -21.7 -18.3
H7 71.6 67.6 69.1 78.1 84.7 80.4 82.1 91.6 105.1 101.3 102.8 111.1
H8 1.6 -2.2 -1.1 8.0 1.4 -2.5 -1.9 8.5 9.6 5.7 6.0 17.1
H9 74.9 71.1 71.6 82.1 77.8 73.6 74.2 85.7 41.0 36.8 37.0 49.2
H10 74.3 70.1 70.5 82.4 85.1 80.6 81.0 93.7 95.2 90.9 91.7 103.2
H11 4.9 0.0 1.1 13.7 6.0 0.7 1.9 15.3 6.7 1.3 2.8 16.0
H12 26.4 21.9 22.3 35.0 30.0 25.0 25.5 39.3 17.0 11.4 12.6 27.0

aValues were measured in MHz, calculated at the B3LYP/6-311G** level for all atoms in the R2 radical, and optimized at different levels of
theory. Experimental values were taken from ref 7.
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predict values which are not of that level of agreement. This is
an unlike feature, as this points toward the necessity of a planar-
radical structure for getting satisfactory reproduction of the
methyl proton hfcc’s, and is apparently in contrast to preceding
conclusions. This stimulated us to study into more detail the
underlying reasons of this apparent contradiction. Therefore we
performed some additional calculations in an attempt to search
for the geometrical parameters with the greatest impact on the
averaged value of the methyl hydrogen coupling constants.
Starting from the B3LYP/PM3/14 optimized geometry, the
planarity of the radical is gradually increased by reducing the
improper torsional angle C2-N5-C6-C4 to zero, while keeping
all other variables at their optimized values. In a subsequent
step, the CO2 group is rotated gradually toward a fully planar
conformation of the radical backbone. During these geometry
changes, the average methyl proton hfcc values are systemati-
cally calculated and reported in Figure 8. In the first part of the
figure, the average hfcc is plotted versus the improper torsion

angle C2-N5-C6-C4 reflecting the measure of nonplanarity
of the radical backbone. This change in geometry already
induces an increase of 10 MHz. In the second part of the figure,
the isotropic hfcc is shown with respect to the O1-C2-C4-N5

torsional angle. This rotation of the CO2 group toward planarity
gives rise to an additional increase of 5 MHz. The remaining
discrepancy between the experimental and the average methyl
proton hfcc can probably be attributed to the other geometrical
parameters that were not optimized. This calculation suggests
that the experimental (rotationally averaged) value of the methyl
proton hfcc originates from a planar radical structure, as
suggested by both experimental and earlier theoretical stud-
ies.12,14We believe that this apparent contradiction with earlier
conclusions is due to temperature effects on the geometry of
the central radical. All our calculations have been performed
without accounting for finite temperature effects, our optimized
geometries represent structures of the radical at 0 K. The
minimal energy conformation is in most cases a nonplanar

Figure 6. The nitrogen hyperfine coupling constant is plotted as a function of the torsion angle C2-N5-C6-C4 at different levels of theory. The
dotted line represents the experimental value, while the asterisk (*) stands for the B3LYP/I/6 result with a constraint on the improper torsion angle
C2-N5-C6-C4 (see text). The other symbols conform to the conventions in Figure 4.

Figure 7. Overview of the different hyperfine coupling constants calculated at various levels of theory relative to the experimental values. Note
that the B3LYP/Onsager/0 prediction for the N-hfcc has not been reported in ref 14 and accordingly not indicated.
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structure. Experimental hfcc values, on the other hand, are all
recorded at room temperature and have been assigned to a planar
radical structure. As a hypothesis it might therefore be put
forward that at 0 K, the radical resides in a nonplanar
conformation, in which the hydrogen bonds between the oxygens
of the central CO2 group and the hydrogens of the surrounding
alanine molecules are minimal, resulting in a rotation of the
CO2 group and a nonplanarity of the radical backbone. By
increasing the temperature, all vibrational modes are more
excited due to thermal agitation. This will decrease the strength
of the hydrogen bonds, and the average energy of the radical is
high enough to move away from its ground-state structure at 0
K. Consequently, the CO2 group can rotate toward a more planar
structure of the radical backbone and the C4 carbon center will
also evolve to planarity. Further theoretical and experimental
work is needed in order to sustain previous assumptions. In this
context, molecular dynamics calculations at room temperature
are in progress in order to determine the radical structure at
more elevated temperatures.

The situation is different for the amino protons. Their isotropic
hyperfine coupling constants are also displayed in Figure 7. The
amino protons are involved in intermolecular hydrogen bridges.
Each proton participates in one hydrogen bond with an oxygen
atom from a neighboring alanine molecule. Due to steric
hindrance caused by hydrogen atoms of the nearest molecular
neighbors in the crystal lattice, the amino group cannot freely
rotate, resulting in three, individual, hyperfine coupling tensors
for the amino protons. Hydrogen bond distances fluctuate around
1.8 Å, except for the B3LYP/AM1/6-14 structures where they
are overestimated (see discussion on this matter). The hydrogen
bonds cause a rotation of the amino group about the C4-N5

axis. This torsional motion is described by the dihedral angle
H10-N5-C4-C2. From Table 2, it follows that most levels of
theory yield comparable values for this dihedral angle. Apart
from the B3LYP/AM1/6-14 levels and the BLYP/I/6 level, the
torsional angle always varies between 70° and 80°. In the case
of BLYP/I/6 the small deviation can most likely be attributed
to basis size effects. The B3LYP/AM1/6-14 values differ
significantly, as could be expected from the overestimated
hydrogen bond lengths. In earlier studies by Lahorte et al.12

and Ban et al.,14 a geometry was proposed in which one of the
hydrogen atoms of the amino group lies in the plane of the fully
planar radical backbone. To get good agreement with experi-
mental results, the amino group had to be rotated about the C4-
N5 axis. The final geometries proposed in ref 12 and ref 14
show a dihedral angle H10-N5-C4-C2 of approximately 80°,
which is in close agreement with our ab initio results. Appar-

ently, by accounting for the molecular environment of the central
radical this “manual” adjustment of the amino group rotation
is no longer necessary.

The overview of the different results and discrepancies with
experiment in Figure 7 learns that most of the cluster and the
periodic calculations succeed in a very satisfactory reproduction
of the amino-proton hfcc’s. Two calculations emerge from the
general pattern: those corresponding to the B3LYP/AM1/6-
14 methods. Their optimized geometries are very unrealistic,
as already mentioned, and they obviously result into large
discrepancies as noticed in the coupling constants of the three
amino protons. The PM3/PM3/14, B3LYP/PM3/6-14, and
BP86/PW geometries produce a comparable absolute error over
all amino proton hfcc’s (15 to 25 MHz in total). The calculated
amino proton hfcc’s for the PM3/PM3/6 geometry are in
somewhat better agreement with experiment, although the error
is still quite large for proton H12. Figure 7 also shows that the
size of the basis set has a substantial impact on the accuracy of
the results. Among the three B3LYP/I-III/6 geometries, the
best agreement with experiment is reached by the model
corresponding to the most extended basis set. This is probably
due to a more reliable reproduction of the hydrogen bridges.

We are not going into detail on the anisotropic couplings,
since they generally behave as the isotropic contributions. For
completeness, they are also shown in Table 3.

4. Conclusions

The geometries and hyperfine coupling constants of the R2
radical of L-r-alanine have been computed using primarily
density functional theory in both cluster and periodic models.
The calculated results have been compared with the experimental
values obtained from X-irradiated crystals ofL-R-alanine at 295
K. A detailed investigation has been conducted on the optimized
geometries in a variety of models using different levels of theory
and their impact on the various hyperfine coupling constants.
This work can be regarded as an extension of previously done
work,12,14 where the lack of environmental effects was com-
monly accepted as inadequate for an accurate description and
reproduction of quantities that are strongly geometry-dependent.
The most dramatic change in the geometry due to the crystal
environment on the alanine radical in its zwitterionic form is
the deviation of the radical backbone from its planar skeleton.
This deviation of planarity is a prerequisite for the satisfactory
reproduction of the isotropic hyperfine coupling constants of
the nitrogen atom and the amino protons. On the other hand
the nonplanarity hinders the reproduction of the experimental-

Figure 8. The averaged methyl proton hyperfine coupling constants as a function of the planarity of the radical backbone and rotation of the CO2

group.

8802 J. Phys. Chem. A, Vol. 105, No. 38, 2001 Pauwels et al.



averaged methyl proton hfcc’s. We attribute this discrepancy
to temperature effects, since the static calculations correspond
to a situation at zero temperature, while the experimental
measurement took place at room temperature. Thermal agitation
probably weakens the strength of the intermolecular hydrogen
bridges, breaking down the forces keeping the central radical
R2 in the nonplanar conformation. This picture would suggest
a tendency to a more planar structure as the average conforma-
tion, giving a probable interpretation of the relatively good
results obtained from the B3LYP/0/0 and B3LYP/Onsager/0
calculations on isolated molecules. We stress the overall success
of the periodic calculations. They have posed considerably less
convergence problems than most of the cluster calculations. The
optimized geometries resemble those of the most advanced
cluster results and the overall agreement with the experimental
hfcc’s should be emphasized and is best illustrated in Figure 7.

Methodologically, this study shows that accounting for the
molecular environment is of crucial importance for the accurate
modeling of the radical geometry and the reproduction and
prediction of EPR hyperfine coupling constants of organic
alanine radicals. Density-functional theory provided a powerful
computational tool in this respect. It might be expected that the
approach adopted in this work is suitable for the study of other
organic radicals in the crystal phase.
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