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We present the results of density functional calculations of1H, 13C, and14N hyperfine coupling constants
(hfcc’s) in radicals derived from the simple amino acidL-alanine. The calculations are performed using the
B3LYP functional in combination with Pople basis sets (6-31G(d) and 6-311G(d)) and the IGLO-III basis
set. Both isotropic and anisotropic hfcc’s show good agreement with available experimental data. Detailed
study of the isotropic hfcc’s allows for investigation of specific geometrical features of the various radical
structures. The scope and limitations of this type of calculations both for elucidation of experimental electron
paramagnetic resonance spectra and investigation of radical structure are briefly discussed.

1. Introduction

The amino acidL-R-alanine (see Figure 1) is one of the most
intensively studied simple amino acids mainly because of the
specific properties it displays in the solid state form. Especially
its good dose yield factors, linear signal response over a wide
dose range, excellent fading characteristics, and limited depen-
dency on dose rate, radiation quality, and environmental factors,
such as temperature and humidity, make it an ideal candidate
for a wide range of applications in electron paramagnetic
resonance (EPR) dosimetry.1 As a result of extensive EPR and
electron nuclear double resonance (ENDOR) studies onL-R-
alanine, a substantial amount of experimental data concerning
electronicg values and hyperfine coupling constants (hfcc’s)
of magnetic nuclei in alanine-derived radicals is now available.

Central in the field of EPR research is the determination and
interpretation of the hyperfine tensors describing the interaction
between the unpaired electron(s) and nearby magnetic nuclei
in the radical or neighboring radicals. Complementary to the
information obtained by the available experimental techniques,
quantumchemical calculations of hyperfine coupling constants
(hfcc’s) could be very valuable in the investigation of the
electronic structure of the radicals involved and consequently
in the process of elucidation of experimental EPR spectra.

Computational schemes of increasing complexity have been
used with varying success to gain insight into the particular EPR
spectroscopic features of radicals. Traditionally, Hu¨ckel typeπ

orbital calculations in combination with the Heller-McConnell
equations2 have provided a way of estimating the isotropic hfcc’s
from the atomic unpaired spin population. However, this type
of calculation does not allow for prediction of structural or
geometrical features of the radicals. Semiempirical methods such
as AM13 or INDO4 and ab initio Hartree-Fock (HF) methods
have enabled geometry optimizations and direct calculation of
hfcc’s. While predictions of anisotropic coupling constants are
often reliable at HF level, the aforementioned methods produce
inconsistent results for the isotropic hfcc’s of many radicals.
Furthermore, the use of restricted open-shell Hartree-Fock
(ROHF) calculations is limited due to the need to account for
spin polarization, e.g., for the accurate description of alpha
proton hfcc’s inπ radicals. Unrestricted Hartree-Fock (UHF)
calculations can alleviate this problem but suffer from spin
contamination as the UHF wave function is not an eigenfunction
of the spin operatorS2. Due to the local nature of the Fermi
contact interaction, isotropic hfcc’s are very sensitive to effects
such as basis set size, geometry, and electron correlation5 and
therefore necessitate an elaborate calculational scheme. This was
provided by the development of high-level post-Hartree-Fock
treatments (e.g., configuration interaction, coupled cluster,
multiconfiguration SCF). These methods have enabled the
accurate calculation of the Fermi contact interaction in radicals
containing a small number of atoms.6

In comparison to these sophisticated ab initio techniques, the
density functional theory (DFT) formalism7 requires less
computational resources with increasing system size and often
yields comparable or better agreement with experiment. Both
review5,8 and regular9-14 articles concerning the performance
of DFT procedures with regard to calculations of properties of
open-shell molecules in general and EPR hyperfine coupling
constants in particular are available.

Radiation Chemistry of L-r-Alanine. In the numerous
irradiation studies of organic crystals performed over the years,
it was found that irradiation at 77 or 4 K results in entirely
different species from those produced at room temperature and,
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furthermore, that stable radicals are formed as secondary
products from the initial unstable species. The main primary
process induced by ionizing radiation is the ejection of an
electron from a molecule, effectively creating molecular cations,
followed by electron capture and the formation of a molecular
anion. Both ionic species, which are in principle detectable by
EPR as paramagnetic centers, are stabilized at low temperatures
and give rise at higher temperatures to an oxidative and reductive
chain of radical reactions, respectively. The created neutral
radicals are finally stabilized at room temperature or disappear,
e.g., by recombination.

While in many cases detailed knowledge on intermediate
reaction steps leading to the final products is often lacking, the
initial steps can be characterized as proton donation of the
positive primary ion to a neighboring molecule and proton
acceptance by the negative primary ion.

This can also be demonstrated in the case ofL-alanine. Its
solid-state radiation chemistry is complex, involving a long
series of radical transformations and reactions in both the
oxidative and reductive chain of processes. From an EPR
viewpoint, the stable radicals formed in the oxidative pathway
are most important. Somewhat simplified, the main reactions
in this chain can be summarized as follows. As alanine exists
in the zwitterionic form in the crystal lattice, its molecular anion
should have the structure CH3CH(N+H3)C•OO2-. However, it
was shown that the observed spectrum originates from the
protonated structure, giving rise to the primary radical anion as
shown in Figure 1.15,16When gradually warming the irradiated
crystal, the anion radical degrades by deamination, turns into
an unstable radical conformation at approximately 150 K17 and
finally to a stable radical conformation at approximately 220
K.18,19Both the stable and the energetically more unstable radical
have the same chemical structure, CH3C•HCOO-, as represented
in Figure 1, 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, the EPR
absorption is to be interpreted in terms of the statistical average
of the two types of radicals.20

While it has been commonly assumed that the room-
temperature EPR spectrum of polycrystalline alanine could be
ascribed to the radical R115,22 there have been speculations on
the possible coexistence of several stable radical species,17,18

possibly originating from other primary radicals than the one
presented in Figure 1. Only recently, Sagstuen et al. presented
substantial experimental evidence for the existence of a stable

secondary radical R2 in irradiated alanine, contributing sub-
stantially to its room-temperature EPR spectrum.23 In the same
study, a third minority radical species was identified in the ala-
nine spectrum which was tentatively suggested to be the species
R3. The structure of both radicals is presented in Figure 1. The
compositeness of the alanine powder spectrum was recently also
analyzed by Vanhaelewyn et al. using heated and high-
temperature X-irradiated alanine powder with a high-temperature
cavity and a multivariate statistical decomposition method.24

Already a number of properties of alanine, e.g., basic peptide
conformational stabilities,25 gas-phase proton affinities,26 proton
chemical shifts,27 and vibrational frequencies28 have been inves-
tigated theoretically. In all of these studies resort was sought to
DFT calculations combined with a post-Hartree-Fock method.
To the best of our knowledge no thorough quantum chemical
study of EPR spectroscopic properties of alanine has yet been
performed. In this work, we present the results of calculations
of both isotropic and anisotropic hfcc’s of selected nuclei in
some alanine-derived radicals. These include the aforementioned
primary anion radical, the room-temperature-stable alanine
radical R1 and the two “candidate” room-temperature-stable
radicals R2 and R3. The calculated hyperfine interaction values
are compared with the available experimental data, and the
current role and scope of quantumchemical calculations of EPR
spectroscopic radical properties is briefly discussed.

2. Methods

Some of the present authors already investigated the perfor-
mance of DFT-based methods in the calculation of a large
number of atomic and molecular properties.29 Moreover, recent
studies indicate that a computational protocol consisting of a
DFT procedure both for geometry optimization and single-point
property determination is likely to be the method of choice when
calculating isotropic hfcc’s of organic radicals.12 In this respect,
all calculations in this work were performed in the Gaussian
94 program30 using the hybrid B3LYP functional31 in combina-
tion with either standard Pople basis sets or the larger IGLO-
III basis set.32 The latter was designed for accurate calculation
of magnetic properties. More specifically, all radicals were first
optimized at the B3LYP/6-31G(d) level of theory, followed by
UB3LYP/6-311G(d) or UB3LYP/IGLO-III single-point hfcc
calculations. Unless mentioned otherwise, all computed values
refer to the UB3LYP/6-311G(d) level of calculation.

The formulas for calculating hyperfine parameters, assuming
an isotropicg tensor, are obtained from the spin Hamiltonian

The first two contributions are the electronic and the nuclear
Zeeman terms, respectively, caused by the interaction of the
magnetic fieldBz and the magnetic moments of the electrons
or nuclei in the system.g andgN are the electron and nuclear
magnetogyric ratios, andâe and âN are the Bohr and nuclear
magnetons. The remaining term is the hyperfine interaction term
and results from the interaction between the unpaired electrons
and the nucleus (I * 0).

The 3× 3 hyperfine interaction matrixA can be separated
into an isotropic, spherically symmetric part (Fermi interaction)
and dipolar, anisotropic components. The isotropic hyperfine
splittingsAiso are related to the spin densities at the positions
of the corresponding nuclei by

Figure 1. L-R-Alanine and derived radicals studied in this work.

H ) gâeSzBz - gNâNIzBz + SAI

Aiso ) 2
3

µ0gâegNâN|ψ(0)|2
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In this expression,µ0 is the magnetic permeability in a vacuum
and |ψ(0)|2 is the probability of finding the electron at the
nucleus. From the classical expression of interacting dipoles at
a distancer, the anisotropic componentsAR,â (R,â ) x, y, z)
are derived as

with the angular brackets indicating spatial integration over the
electron wave function.

3. Results and Discussion

Table 1 presents an overview of experimental and calculated
hfcc’s of nuclei in the four alanine-derived radicals considered
in this study. Anisotropic hfcc’s are only mentioned in case the
corresponding experimental values are available or when
considered interesting for discussion.

Primary Alanine Radical. To investigate the electronic
structure of the primary alanine radical as represented in Figure
1, a geometry optimization was performed of the undamaged
alanine molecule, starting from the experimentally available
atomic positions in the crystal structure, as determined in a
neutron diffraction study.33 This proved to be problematic as
intramolecular proton transfer would occur from the amino
group to the O6 oxygen atom. Therefore, the hydrogen bond

TABLE 1: Calculated versus Experimental Hyperfine Coupling Constants for the Various Alanine-Derived Radicals; UB3LYP/
6-311G(d)//B3LYP/6-31G(d) Level of Calculation (All Values Are in MHz)

primary radicala R1b R2 b R3b

Aiso

Txx

Tyy

Tzz

Axx

Ayy

Azz

Aiso

Txx

Tyy

Tzz

Axx

Ayy

Azz

Aiso

Txx

Tyy

Tzz

Axx

Ayy

Azz

Aiso

Txx

Tyy

Tzz

Axx

Ayy

Azz

127.6 375.5 -6.8 -49.0 -2.4 -34.0 -8.4 -32.2
calcd 247.9 -63.2 184.7 -42.2 0.9 -41.3 -31.6 -0.4 -32.0 -23.8 -4.6 -28.4

C 1 -64.4 183.5 5.9 -36.3 1.9 -29.7 13.0 -10.8
128.3 379.7

exptl 251.4 -51.3 200.1 -35.9c na na na na na
-77.4 174.0

12.1 37.4 131.9 191.4 153.9 18.6 90.5 116.4
calcd 25.3 -5.3 20.0 59.5 -66.1 -6.6 94.0 -76.4 19.6 25.9 -45.6 -19.7

C 2 -6.8 18.5 -65.8 -6.3 -77.5 251.0 -44.9 -19.0
exptl na na na na na na na na

8.2 63.1 -30.5 -83.8
calcd 54.9 -2.4 52.5 -53.3 -4.4 -57.7

H 7 -5.8 49.1 34.9 -18.3
-31.8 -87.9

exptl 52.7 na -56.1 3.9 -52.2
27.9 -28.2

7.8 73.5 8.5 77.0 6.5 42.3
calcd 65.7 -3.2 62.5 68.4 -3.8 64.7 35.8 -3.0 32.8

H 8, H 9, H 10 -4.6 61.1 -4.7 63.8 -3.6 32.2
4.8 74.7 5.6 76.4 5.0 44.5

exptl na na 69.9 -2.3 67.6 70.8 -2.7 68.1 39.5 -2.2 37.3
-2.6 67.3 -2.9 67.9 -2.7 36.8

0.7 10.8 -0.5 -8.5 -13.4 -7.4
calcd 10.1 -0.2 9.9 -8.0 0.2 -7.8 6.0 -12.7 -6.7

N 4 -0.5 9.6 0.4 -7.6 26.1 32.1
1.0 8.3

exptl na na 7.3 0.9 8.2 na na
-1.8 5.5

10.3 90.6 -14.7 -35.8
calcd 80.3 -4.8 75.5 -21.1 -6.1 -27.2

H 11 -5.5 74.8 20.8 -0.3
9.5 95.8

exptl na na 86.3 -2.7 83.6

-6.9 79.4
11.3 41.2

calcd 29.9 -5.3 24.6

H 12 -5.9 24.0
10.7 40.9

exptl na na 30.2 -4.7 25.5
-6.1 24.1

9.6 23.5
calcd 13.9 -4.4 9.5

H 13 -5.2 8.7
9.7 19.9

exptl na na 10.2 -4.8 5.4
-4.9 5.3

a Reference 15.b Reference 23.c Experimentally, the absolute value is reported.

AR,R )
µ0

4π
gâegN âN〈3R2 - r2

r5 〉
AR,â )

µ0

4π
gâegN âN〈3Râ

r5 〉
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formed by O6 and an H atom of a neighboring amino group in
the crystal lattice was taken into account. In a first step, a
geometry optimization was performed while the internal coor-
dinates of the two oxygen-bonded H atoms were kept frozen at
the respective crystal values (bond distance O5-H14 ) 1.828
Å, bond angle H14-O5-C1 ) 135.3° , dihedral angle H14-
O5-C1-C2 ) -30.8°; bond distance O6-H ) 1.861 Å, bond
angle H-O6-C1 ) 136.8°, dihedral angle H-O6-C1-C2 )
-97.8°). As this did not result in any good agreement with
experiment, a full geometry optimization was performed,
followed by single-point UB3LYP/6-311G(d) level hfcc calcula-
tions at these optimized coordinates, upon rotation of the
carboxyl group over 360° around the C1-C2 bond axis, in steps
of 18°. As the atomic displacements upon formation of this
radical are significant and isotropic hfcc’s are strongly geometry
dependent, the effect was examined of allowing for reoptimi-
zation of all internal coordinates for every fixed value of the
dihedral angle formed by the directions of the C2-H1 bond
and the lone electron orbital (LEO) situated at C1. This was
done only for those rotation angles that, on the basis of the
results of the calculations without reoptimization during rotation
(Figure 2), seemed likely to result in a good correspondence
with the available experimental values. More specifically, the
region of rotation angles around 0° and 180° was investigated.
At these angles, the C2-H7 bond and the LEO are respectively
parallel and antiparallel to each other.

As explained by the theory of isotropic splittings at carbon
centers, the magnitude of the hyperfine interaction reflects the
s character of the molecular orbital occupied by the unpaired
electron. In this way, the large reported experimental value of
251.4 MHz for the carboxyl carbon C1 is indicative of a
deviation of planarity of the CCO2 backbone. On the basis of
empirical calculations, the authors suggested a deviation of
planarity of the carboxyl group of about 8°,15 which corresponds
well with the DFT value of about 14°. This value was obtained
from the radical geometries where reoptimization of all internal
coordinates upon rotation of the carboxyl group was allowed.
Furthermore, as can be seen in Figure 2, this “reoptimization
upon rotation” procedure also confirms the fact that the only
conformation where a quantitative agreement with experimental
hfccs’s is obtained, is for a rotation angle of 180° where the
C2-H7 bond and the LEO at C1 are pointing in opposite
directions. In this conformation, the direction of the LEO in
our calculated model radical has rotated over 53° with respect
to the direction of the LEO as calculated from the experimentally
determined atomic coordinates in the undamaged molecule.33

The corresponding calculated hfcc’s are displayed in Table 1.

The agreement with the experimental values is very good
(difference< 5%). Figure 2 also displays the typicalâ proton
character of atom H7.

Stable Alanine Radical: R1.The stick and ball model of
the B3LYP/6-31G(d) optimized geometry of the radical R1 is
shown in Figure 3. In their experiment withL-alanine-1-13C,
Sinclair and Hanna reported an essentially isotropic splitting
with an absolute value of 35.9 MHz for the13C nucleus of the
carboxyl group.15 As can be seen from Table 1, these findings
correlate very well with the results from the calculation.

Furthermore, our calculations confirm that the unpaired elec-
tron is primarily located at the carbon atom C2. The total atomic
spin population is 0.88 and 0.89 with the 6-311G(d) and the
IGLO-III basis sets, respectively. Thus, the hyperfine couplings
are mainly due to interactions with theR proton H7 and the
three symmetry equivalent, rotationally averagedâ methyl
protons. Table 2 gives an overview of the various experimentally
available values for the hfcc’s of theR proton and the methyl
protons. TheR proton interaction in the stable alanine radical
R1 has been extensively investigated. As shown in Table 2,
both isotropic and anisotropic calculatedR proton hfcc’s are in
particular good agreement with the experimental values of
Miyagawa et al.18 and the ENDOR data of Sagstuen et al.23

Following geometry optimization of the radical, the angular
variation of the methyl protons hfcc’s was investigated by
rotating the methyl group over 180° in steps of 18° around the
C2-C3 bond axis. Figure 4A presents the results of UB3LYP/

Figure 2. Angular variation of the C1 (4) and H7 (0) hfcc’s upon
rotation of the carboxyl group around the C1-C2 bond axis in the
primary alanine radical; filled symbols [(2) and (9)] 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 megahertz.

Figure 3. Ball and stick model of the B3LYP/6-31G(d) optimized
structure of the radical R1.

TABLE 2: Calculated and Available Experimental Values
for the Hyperfine Coupling Constants of the r Proton H7
and the Methyl Protons H8, H9, and H10 in the Radical R1;
UB3LYP/6-311G(d)//B3LYP/6-31G(d) Level of Calculation
(All Values Are in MHz)

H 7 H 8, H 9, H 10

Aiso

A11

A22

A33

Aiso

A11

A22

A33

reference,
(method, temperature)

-87.9 74.7
-56.1 -52.2 70.0 67.6 23 (ENDOR, 220 K)

-28.2 67.3
-72.8

-59.0 -54.9 20 (EPR, 77 K)
-49.2

-88.1 71.7
-59.8 -53.3 66.6 64.6 19 (ENDOR, 77 K)

-37.9 63.5

-89.7a 77.1
-53.2a -46.5a 72.4 70.1 18 (ENDOR, 77 K)

-23.5a 70.1 17 (EPR, 293 K)

-73a 73 21(EPR, 300 K,)
-60.3a -57a 70.3 71

-51a 67

-83.8 73.5
-53.3 -57.7 65.7 62.5 this work

-18.3 61.1

a Experimentally, the absolute value is reported.
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6-311G(d) single-point energy calculations at each conformation.
From a qualitative point of view, Figure 4A clearly indicates
theâ proton character of the methyl protons. It has been shown
in several radicals that isotropic interactions ofâ protons may
vary considerably between approximately 10 and 140 MHz, with
symmetry equivalent (i.e., rotating) protons typically showing
splittings of about 70 MHz. In general, anisotropic interactions
in â protons are limited. The relationship between the isotropic
â proton hyperfine interaction, the 2pπ spin densityFπ at the
atom X, and the structural parameters of a radical fragment
>•X-Y-H is described by the Heller-McConnell equation,2

θ is the dihedral angle of the Y-H bond with respect to the
plane of the LEO and X-Y bond andB0 andB2 are empirical
parameters.

In the B3LYP/6-31G(d) optimized geometry, the radical is
perfectly planar except for the two methyl protons H8 and H9
which are symmetrical to the radical plane. The dihedral angle
θ of the H8-C3 and H9-C3 bond with the H10-C3 bond is
121.4° and -121.4°, respectively. Thus, in this pureπ type
radical, the proton H8 makes a dihedral angleθ of 31.4 degrees
to the LEO at C2, which is perpendicular to the radical plane.
As can be seen from Figure 4A, rotation of the methyl group
over this angle toward the LEO results in a maximal contribution
of H8 to the singly occupied molecular orbital (SOMO) and,
consequently, a maximal hyperfine interaction. The slightly
smaller maximal interaction of H10 is completely due to the
use of the optimized internal coordinates in the single-point
calculations. While for the H8 and H9 protons, the B3LYP/6-
31G(d) H-C3 bond length is 1.100 Å and the H-C3-C2 bond
angle 110.8°, the H10-C3 bond length and H10-C3-C2 bond

angle are 1.091 Å and 111.9°, respectively. This results in a
maximal isotropic hfcc of 124 MHz for H10 and 129 MHz for
H8 and H9, or a relative difference of about 4%.

To eliminate potential effects arising from the use of the
optimized geometry internal coordinates, reoptimization of the
methyl group variables upon rotation, was performed. In 5°
intervals, the methyl group was rotated around the C2-C3 axis
over 40°, thus effectively comprising the region where a best
fit is to be expected on the basis of the results in Figure 4A.
The methyl protons bond lengths and bond angles, together with
the C2-C3 bond length, were allowed to relax while keeping
fixed both the respective dihedral angles H-C3-C2-C1 at 120°
intervals and all other internal coordinates at their respective
optimized geometry values. The results are displayed in Figure
4B. It can be seen that allowing for reoptimization of the internal
coordinates, in this case, only has a very small effect (<3%)
on the methyl proton hfcc’s. This can be explained by the fact
that, in the original geometry optimization, the terminal methyl
protons experience very little influence from surrounding atoms.
Therefore, all results concerning radical R2, also those already
mentioned in Table 1, are based on the original optimized
geometry data displayed in Figure 4A.

Combining the above-mentioned calculated spin density of
0.88 with the results of Figure 4A allows for estimation of the
parameters in the McConnell relation for the methyl fragment
-C3-H3. In this way, we obtain 2.6 and 141.5 MHz forB0

andB2, respectively, which is in good agreement with previously
calculated values.22a Previously estimated spin densities range
from about 0.75 for the stable radical conformation18,23 to 0.86
for the unstable conformation.19

As presented in Table 2, the calculated average value of 65.7
MHz for the isotropic hfcc of the methyl protons differs less
than 10% from most of the experimental results. The values
reported by Matsuki et al.19 refer to the aforementioned 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 individual-
ized hyperfine tensors for the three methyl protons. These were
reported by Miyagawa and Itoh18 and the principal values are
displayed in Table 3. The calculated values reported in Table 3
are obtained as best fits of the curves in Figure 4A to these
experimental values. A best fit is obtained upon rotating the
methyl group over 13° toward the LEO. This results in a final
angleθ of 18.4° for proton H8, which is in very good agreement
with the experimental value of 17°.18 The other best fits which
can be determined from the results in Figure 4A simply arise
from the symmetry equivalence of the three methyl protons.
This means that, solely on the basis of consideration of the
hfcc’s, we can confirm the conclusion drawn from experiment

Figure 4. Angular variation of the methyl proton hfcc’s upon 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 megahertz: (A) using original optimized internal coordinates
[(4) H8, (0) H9, (O) H10]; (B) effect of reoptimization of methyl
group internal coordinates upon rotation [(2) H8, (9) H9, (b) H10]
versus using original optimized internal coordinates [(4) H8, (0) H9,
(O) H10].

Riso
â ) Fπ(B0 + Β2 cos2ϑ)

TABLE 3: Calculated and Experimental Methyl Proton
hfcc’s in the Stable Radical R1 at 77 K; UB3LYP/
6-311G(d)//B3LYP/6-31G(d) Level of Calculation (All Values
Are in MHz)

H 8 H 9 H 10

Aiso

A11

A22

A33

Aiso

A11

A22

A33

Aiso

A11

A22

A33

reference
(method, temperature)

129.2 84.1 19.3
121.3 118.0 77.6 75.1 14.9 15.1 18 (EPR, 77 K)

116.6 73.7 10.1

126.5 79.0 18.2
118.5 115.4 71.3 68.0 10.8 7.3 this work

113.6 66.8 6.9
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that, in the crystal lattice, the nonrotating methyl group takes
up a nonsymmetrical “skewed” configuration with respect to
the plane of the radical.

Extraction of additional information concerning radical
geometry and conformation would necessitate inclusion of the
relevant nearest neighboring atoms in the crystal lattice and
calculation and interpretation of the directions of the principal
elements of the hyperfine tensors.

Radical R2. The radical R2 is formed by abstraction of the
R proton in alanine. Its B3LYP/6-31G(d) geometry-optimized
structure is shown in Figure 5. The UB3LYP/6-311G(d) total
atomic spin density on the carbon atom C2 is 0.93 (0.96 with
IGLO-III), which is substantially higher than the previously
estimated value of 0.72.23 Therefore, it is to be expected that
the hyperfine interactions will be due to the methyl and amino
protons. For the methyl protons, our calculations show couplings
comparable to the ones in the radical R1, as shown in Table 1.

Following geometry optimization, the amino group was
rotated over 180° around the N4-C2 bond axis in steps of 18°.
For determination of the hfcc’s of the amino protons at each of
the resulting 10 conformations, single-point energy calculations
at the UB3LYP/6-311G(d) level were carried out, assuming a
dihedral angle of 120° between the respective amino N4-H
bonds. The results are presented in Figure 6A. Analogous to
the methyl protons, the amino protons display the typicalâ
proton character, but with a smaller average isotropic coupling
of 39.8 MHz. This value compares well with the experimental
result of 42.2 MHz. The fact that the angular variation of the
calculated hfcc’s is not exactly the same for the three amino
protons is again due to the use of the optimized geometry
internal coordinates. Unlike proton H13, both proton H11 and
H12 are attracted by the carboxyl atom O6 at the optimized
geometry. The N4-H bond length for the H13 proton is 1.026
Å with a C2-N4-H bond angle of 116.2°. The respective
values for the H11 and H12 protons are 1.032 Å and 106.5°.
The resulting maximal isotropic hfcc for H13 is 85.0 MHz,
which is roughly 10 MHz larger than the corresponding values
for H11 and H12.

To eliminate these geometry effects, reoptimization of the
amino group variables upon rotation was performed in an
analogous procedure to the one presented in Figure 4B. The
amino group was rotated over 40° around the N4-C2 axis in
steps of 5°. The amino protons bond lengths and bond angles,
together with the N4-C2 bond length, were allowed to relax
while keeping fixed both the respective dihedral angles H-N4-
C2-C1 at 120° intervals and all other internal coordinates at
their respective optimized geometry values. As can be seen in
Figure 6B, there is a substantial effect (approximately 10% at
a rotation angle of 35°) of the reoptimization procedure for the
H11 proton isotropic hfcc in the covered region of the rotation
angle. Therefore, in contrast to the situation for the methyl group
in radical R1, all following quantitative conclusions will be
based on the results obtained using the reoptimization procedure
(Figures 3C and 4B).

Experimentally, steric hindrance by the nearest neighboring
atoms in the crystal lattice prevents the amino group from freely
rotating around the N4-C2 bond axis, resulting in three
individual hyperfine coupling tensors for the amino protons. A
best fit of the curves in Figure 6B to the experimental values is
obtained at a rotation angle of 22.4°, which results in a dihedral
angle θ of the H11-N4 bond to the LEO of 7.6°. The
corresponding hfcc values are presented in Table 1. The
implication of our calculations for the conformation of radical
R2 is that the amino group is slightly “skewed” with regard to
the radical plane. This was basically also the conclusion of
Sagstuen et al., who suggested a value of 7.3°, assuming perfect
planarity for the radical backbone.23

These authors also proposed the values 8.3, 8.2, and 5.5 MHz
for the principal values of the N4 nitrogen hyperfine interaction.
These values were obtained by scaling down the experimental
glycine values, reported by Deigen et al.,34 by the factor 0.75/
0.90 of the C2 carbon spin population and neglecting the
indication of these authors for the negative sign of the actual
nitrogen interaction. The variation of the N4 isotropic hfcc upon
rotation of the amino group is also displayed in Figure 6C, and
the rounded off values at the optimal rotation angle of 22.4°

Figure 5. Ball and stick model of the B3LYP/6-31G(d) optimized
structure of the radical R2.

Figure 6. Angular variation of the amino proton hfcc’s upon 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 [(4)
H11, (0) H12, (O) H13]; (B and C) effect of reoptimization of amino
group internal coordinates upon rotation [(2) H11, (9) H12, (b) H13]
versus using original optimized internal coordinates [(4) H11, (0) H12,
(O) H13].
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are presented in Table 1. Our calculations confirm both the
negative sign and the magnitude of the N4 atom hfcc in the
alanine radical, be it with a less pronounced anisotropic character
as the reported glycine values.

From the data in Figure 6B and the abovementioned
calculated spin density at C2 of 0.93, the empirical parameters
in the McConnell relationship can be estimated for the C2-
N4-H fragment. They are 1.8 and 90.9 MHz forB0 and B2,
respectively, which is in good agreement with available values
calculated from experimental hfcc’s.35

Radical R3.At the UB3LYP/6-311G(d) level, the total spin
populations at the optimized geometry are 0.24 for the nitrogen
atom N4 and 0.53 and 0.16 for the C2 and O6 atoms,
respectively. Values obtained with the IGLO-III set are nearly
identical. In a recent paper on glycine radicals,36 the corre-
sponding values were 0.18, 0.45, and 0.29 for the N4, C2, and
O6 atoms, respectively. The slight differences in spin densities
between atoms in radicals R1 through R3 and some of the
literature data might be ascribed to the fact that those values
were calculated either using the McConnell relations or a lower
calculational level, semiempirical geometry (AM1 optimization)
in combination with RHF-CI calculations at the INDO level.
In the former case, the quality and even the validity of the
empirical parameters might be questionable, while in the latter
case it is clear that the quantum chemical model used in this
work (DFT) is strongly different. In a recent paper on sugar
radicals,37 very similar DFT type calculations (B3LYP funtional,
6-311G(2df,p) basis sets) were used for studying sugar radicals.
As in the present work, calculated spin densities of some carbon-
centered radicals in that study are as high as 0.95.

As average values for the methyl protons, IGLO-III yields
an isotropic hfcc of 37.1 MHz and anisotropic values of 43.5,
34.2, and 33.5 MHz. Again, these are quite comparable to the
6-311G(d) values 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.23

Next to the values given in Table 1, they also reported the
respective values of 33.1 MHz for the isotropic hfcc and 37.7,
30.8, and 30.8 MHz as principal values for a second configu-
ration of the radical R3 in the crystal lattice. Again, the
agreement between experimental and theoretical values is
excellent. However, the current study does not allow for
investigation of the influence of the different orientation of the
two radical configurations within the crystal lattice.

4. Conclusions

We have presented density functional theory calculations of
isotropic and anisotropic hyperfine coupling constants of
alanine-derived radicals. The theoretical coupling constants
support the experimental assignment of the observed radicals.
Combination of the B3LYP functional with the Pople 6-311G-
(d) basis set results in proton hfcc’s with a maximal deviation
of about 10% from the experimental values. The IGLO-III basis
set yields very similar results. Also taking into account the
substantially larger computational burden, the use of the IGLO-
III set is not advised for the molecular species under study.

The accuracy of the calculated carbon and nitrogen values is
more difficult to assess mainly due to the lack of sufficient
reliable experimental data. However, careful interpretation both
of the available values for the carbon C1 in the primary radical
and the radical R2 and of the nitrogen values in radical R2 leads
us to believe that the 10% margin is also realistic for “heavy”
atoms. To this purpose, the limitations of the current isolated
molecule model may have to be overcome.

The presented results explain and support a large number of
experimental observations and hypotheses about the nature and
structure of radical species in irradiated alanine. They form
another example of the feasibility of DFT calculations of EPR
spectroscopic properties of molecular species which are of real
interest to experimental scientists. However, a number of issues
cannot be dealt with in the current model. For instance, atomic
displacements are reported in the crystal lattice when heating
the sample and one radical species transforms into another.17,19

Experimental data also suggest that the conformation of the
methyl group in R1 at 77 K and of the amino group in R2 at
220 K is deviating from trigonal symmetry.18,23Verification of
these more subtle effects requires incorporation of the nearest
neighboring molecules in the crystal lattice. Such an extended
model will in principle also allow for radical geometry prediction
instead of post hoc verification as in the present simulation.
The investigation of these issues forms a topic of current
research.

Note Added in Proof.Prior to submitting the revised version
of this manuscript, a similar study as the one presented here
has become available.38 Both studies highlight different aspects
of the topic under study, and the results of the overlapping parts
are in close agreement.
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