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

The amino acid_-a-alanine is one of the most intensively Radical R3 is a minority species, which is produced by
studied amino acids, mainly because of the properties it displayshydrogen-abstraction followed by proton-transfer. In this study,
in the solid-state form. More specifically, upon irradiation of we will focus on model systems of the radical R2 in the presence
solid alanine, a variety of stable radicals is produced within the of its molecular environment in the crystal lattice, as it is the
lattice. Because of good dose-yield factors, a linear signal simplest adduct of alanine. The abstracted hydrogen is expected
response over a wide range of radiation doses, excellent fadingto disturb the crystal lattice in a minor way.

characteristics and a small dependency of temperature, humidity, - ajanine, as all other amino acids, adopts the zwitterionic form
and other environmental factors, these radicals are ideally s.uitedin the crystalline state and in solution. Upon irradiation

for Electron Paramagnetic Resonance (EPR) dosimetya zwitterionic radicals are formed. Numerous theoretical studies
result, numerous EPR and Electron Nuclear DOuble Resonance, 4ye peen performed on amino acids and their derived radicals
(ENDOR) studies on-o-alanine have produced a large amount j, the zwitterionic forme High-level ab initio calculations on

of expt_erlmental _data concerning the electronic g-factor anql _thethe simplest amino acid, glycine, have shown that the zwitter-

hyperfine coupling constants (hfcc's) of magnetic nuclei in jonic form is not the energetically most favored structure in

alanine-derived radicafs. vacuo. Instead, the molecule undergoes intramolecular proton
It has been Commonly assumed that the solid-state radicaltransfer from the amino group to one of the oxygen atoms to
population ofi-a-alanine at room temperature consisted of only - adopt the nonionic forrd Correspondingly, Barone and Adamo
one radical type, the so-called Stable Alanine Radical (SAR) showed that the zwitterionic form for an isolated glycine radical
or R1 as shown in F|gure l, and that all variations in the EPR does not Correspond to a stat|onary péthonsequently’ to
spectrum could be ascribed to various properties of this radlical. study amino acids like alanine or one of its derived radicals in

This radical is formed by deamination from a protonated alanine sjid state or solution, it is essential to account for intermolecular
radical anion, and was first detected in a single crystal by van anyironmental effects.

Roggen et at.and later refined by Miyagawa et&aSpeculations
had been made on the possible coexistence of several stabl?io
radical specie§. Only recently however, Sagstuen et’al.

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

Recently, ab initio Density Functional Theory (DFT) calcula-
ns have been carried out to calculate the hfcc’s of selected
nuclei in radicals of organic crystals in genétand alanine-
'derived radicals in specific. Lahorte et'dlperformed calcula-
tions on alanine radicals in vacuo, where the radical structures
were proposed from the experimentally available atomic posi-
tions of undamaged alanitfeand constrained geometry opti-
mizations had to be performed on this structure in order to
prevent the intramolecular hydrogen transfer. Ban ét képt

the radicals in their zwitterionic forms during geometry opti-
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Figure 1. L-a-Alanine and derived radicals.

Although the environmental modeling in both approaches of the results. In a first part, we examine the influence of the
Ban'# and Lahort#? is inadequately described or even com- environment on the geometry of the studied radical. The two
pletely omitted, both studies succeed in reproducing in a ingredients which are primordial in the description of the global
satisfactory way the experimental isotropic hfcc’s values, but system-central radical and environmenére the model space
only after adopting some crucial but acceptable assumptions.and the level of theory. Their role on the various geometrical
The agreement is only achieved after rotating the amino group parameters will be reported and discussed. In the next part of
about a specific angle. This assumption accounts for the missingthis section the isotropic and anisotropic hfcc’s of the magnetic
environmental forces in the models, such as hydrogen bridges,nuclei in the radical R2 are reported for all optimized geometries.
but they remain speculative and deserve a more elaborate study detailed comparison of the theoretical predicted hfcc’'s with
by taking into account an adequate modeling of the crystalline experimental values will be performed. Finally, some general
environment. It might be expected that the neighboring mol- conclusions are made.
ecules will affect the geometry of the radicals in the solid state
and hence the hyperfine coupling constants. 2. Computational Details

In this paper, the environment is modeled by placing discrete | this study, we make use of two models which are

molecules aro_und the target rad_|cal_. This should, in principle, essentially different in nature: the molecular-cluster model and
allow for a stralghtforward deter_mmapon of the correct ggometry the plane-wave model based upon periodic boundary conditions.
andllclinlnformatlotrll Off thi r(‘jadlcal II: tf&e cr)éstatlh Iattlce,. by This section deals with the computational details of both models,
explicitly accounting for nydrogen bonds and other environ- 5,y ejaporates on the method used for calculating the isotropic
mental forces. To this purpose we will adopt two approaches. and anisotropic parts of the hyperfine coupling tensor.

(i) The first approach is the cluster model, undoubtedly one 5 4 cjuster Model. The radical of interest, R2, was sur-
of the most appropriate and successful methods for studyingrounded by alanine molecules according to the space group
the condensed phase. It was first introduced by Saebolét al. symmetry Bz of the L-a-alanine crystat3 The unit cell
In its S|mple§t form, Where a cgntral molecule was surrounded contains four alanine molecules and has unit cell constants of
by atomic point charges, in positions as determined by an X-ray 5 — g 025 Ab=12.324 A, anct = 5.783 A. Both the number
study. This simple point charge model has been extensively of neighhors taken into account and the level of theory at which
used, with relative success, to simulate the effects of the they are described were varied. Table 1 gives a schematic
crystalline environment on a central molectii¢dowever, this — oyerview of all applied methods, and their short abbreviations
model can only account for the long-range electrostatic interac- for |ater reference. The methods used in earlier theoretical
tions, but neglects the short-range overlap between the centraly|cylation?14 are also added for comparison.
molecule and its nearest neighbdtsA complete quantum In a first set of calculations, a cluster model of t&-alanine
mechanical treatment of both the central molecule and the nojecyles was built in accordance with the appropriate space
environment is desired to model the intermolecular interactions group symmetry. This model space was obtained by considering
correctly. This ‘supermolecule’ model has been used in this 5 grrounding molecules with at least one atom in one of the
study to obtain an accurate geometry of the radical R2 embeddedspheres with radius 3.7 A, encircling every atom of the central
n a.l_crystallme environment. S _ radical. Finally, one hydrogen atom was abstracted from the

(i) In the second approach explicit periodic calculations are central alanine molecule to obtain a starting geometry for radical
performed on the crystal lattice. A simulated annealing tech- R2. The methods, labeled PM3/PM3/14, B3LYP/PM3/14, and
nique, proposed by Car and Parrinefids used to minimize  B3LYP/AM1/14 in Table 1, are based on this nearest- neighbor-
simultaneously the electronic and nuclear degrees of freedom.ing cluster model.

In this case the molecular environment is modeled in a full ab In a second set of Ca|cu|ati0n3, the number of neighbors was
initio way, without introducing artificial boundaries. reduced to six. Only those molecules are retained that are

The paper is organized as follows: in the next section we engaged in hydrogen bonds with atoms of the central radical.
report on the computational details of both the cluster model The structure of this hydrogen-bond cluster model is shown in
and the periodic calculations. Section 3 gives an overview of Figure 2. Six hydrogen bonds are observed between the
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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/11/6

ADF BLYP/II 6 molecules, BLYP/III BLYP/II/6

AIMD BP86/PW 15 molecules, BP86/PW BP86/PW

G94 B3LYP/6-31G* 0 molecules B3LYP/010

G94 B3LYP/6-3H-G** Onsager water-model, 0 molecules B3LYP/Onsager/0

2B3LYP/0/0 and B3LYP/Onsager/0 refer to earlier theoretical calculations by Lahorté?srad. Ban et at?

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 systethe “inner” layers-

are treated at a high level of theory; the rest of the systdra
“outer” layers—are described by a computationally less demand-
ing method. In our study we employed a two-layered ONIOM
approack—also implemented in the Gaussian 98 software
package-where the inner layer consists of the central radical
R2. This part of the system was described within the Density
Functional Theory (DF B framework by using Becke’s three-
parameter hybrid B3LYP functiond?. Several studié8 have
indicated that this functional gives a reliable description of the
geometry of a radical. The molecular orbitals were expanded
in a double¢ 6-31G split valence basis augmented with single
d- and p-polarization functior®d. The outer layer, consisting

of 6 or 14 alanine molecules, was treated at the semiempirical
level, either using a PM3 Hamiltonighor an AM1 Hamilto-
nian?8 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
Figure 2. Optimized geometry of radical R2 and its neighboring- treatment, only the cluster with six surrounding molecules is
alanine molecules, calculated at the B3LYP/PM3/6 level of theory.  considered. For this type of calculations we used the Amsterdam
Density Functional program (ADF1999) developed by Baerends
et al.2? as similar calculations performed with the Gaussian 98

hydrogen and oxygen atoms of the central radical and those of5tware package posed some serious convergence problems
the neighboring alanine molecules. The methods PM3/PM3/6, i, the SCF procedure. All the atoms of the system were

B3LYP/PM3/6, B3LYP/AM1/6, BLYP/I/6, BLYPI/II/6, and described within a DFT framework with the use of Becke's

BLYP/III/6 refer to this second cluster model. nonlocal exchange potenti#,combined with a correlation
For both large (14 neighbors) as meditifarge (6 neighbors)  potential as proposed by Lee, Yang, and BhBasis sets of
clusters, full geometry optimizations were performed on the increasing size (and quality) were introduced to describe the
central radical, while keeping the coordinates of the surrounding molecular orbitals in a series of calculations, labeled by BLYP/

alanine molecules fixed in space at the experimental geortietry. 1/6, BLYP/II/6, and BLYP/III/6. The basis sets I, II, and 11l in
The level of theory describing the central radical and its the ADF nomenclature employ Slater-type orbitals as basis
surrounding molecules is varied to determine its influence on functions. The sets I, Il, and IIl correspond roughly to a sinyle-
the optimized geometry of the central radical. basis set, a doublgbasis set and a doublgbasis set extended
Ab initio modeling of chemical systems with a large number with polarization functions, respectively. To accelerate SCF
of atoms on a high accurate level often poses numerical convergence, we used the electron-smearing opfietectrons
problems due to the limits of computational resources. One way were smeared out in an interval of 0.02 au over orbitals that lie
to circumvent this problem is to use a simplified Hamiltonian, around the Fermi level.
as in semiempirical and molecular mechanics metiEdtisthe 2.2. Periodic Calculations.In the second approagetwhich
models labeled PM3/PM3/6 and PM3/PM3/14, the full system shall be referred to as BP86/PWhe crystal phase was modeled
was described by a semiempirical PM3 Hamiltodtams by performing periodic calculations. The crystal lattice_af-
implemented in the Gaussian 98 packége. alanine is experimentally well characteriZ€dTo simulate a
Although these methods are very attractive from a compu- radical R2 in the crystal lattice, we doubled the unit cell in the
tational point of view, their empirical input limits their general a and c direction to ensure that the radical defects are well
applicability20 Full ab initio treatment of the cluster is more separated from each other. The resulting orthorhombic unit cell
widely applicable, but is unfortunately very time-consuming. contains 15 alanine molecules and a central R2 radical, as is
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Figure 3. Optimized geometry of radical R2 and its neighboring-alanine molecules in the periodic calculation, using plane waves and the
BP86 density functional.

shown in Figure 3. The software package used for these angular momentl = 1/2, the general expression for this
calculations is the Ab Initio Quantum Molecular Dynamics Hamiltonian can be simplified to

(AIMD) Packagé® based on the CarParrinello codé? This
algorithm was first proposed in a broader context of molecular H=pH-g:S—g,f,l-H + SAl @)

dynamics simulations, with interatomic forces calculated “on The first two terms reflect the electronic and nuclear Zeeman
the fly” from the instantaneous electronic potential. In this paper, irst tw A . Ic u
contributions arising from the interaction of the external

the simulated annealing technique was used for the simultaneous S .

S . magnetic fieldH and the magnetic moments of the electrons
optimization of the electronic and nuclear degrees of freedom . . ;

- . oY . and nuclei, specified bg andl, respectivelySe, n andg, are
toward a global energy minimum. This optimization scheme is
based on a conjugate gradient minimization of the energy the Bohr magneton, the nuclear magneton, and the nuclear
. . . magnetogyric ratiog is the so-called g-tensor. The hyperfine

functional3® In our calculations only the structure of the radical 9 gy g 9 yp

timized. while th dinat £ all oth i ¢ interaction matrixA in the last term of the spin Hamiltonian
was optimized, while the coordinates ot all other atoms o .., e givided into an isotropic part and an anisotropic part.
surrounding alanine molecules were kept fixed at the experi-

) The isotropic part of the hyperfine matrix arises from coupling
mental geometry by use of the SHAKE algoritfifn. between the magnetic moments of the electiar the nucleus

The quantum mechanical description of the electronic struc- n through a contact interaction. It depends solely on the unpaired
ture is based on the DFT formalism. The exchange-correlation spin density ,,,P ~$ at the position of the nucleus. This is

energy functional is treated within the local density approxima- shown in the following equation, assuming the g-tensor is
tion (LDA)3 for which we employed the Perdevizunger isotropic:

parametrization for the homogeneous electron’gasaddition,

gradient corrections were included according to the schemes . 81 o p

proposed by PerdeW and Becke’? known as BP86. Only Aiso_ggﬁegrﬁnzpﬂ,v @u(rni)|é(rni)|¢v(rni)m (2)
valence electrons are treated explicitly and their corresponding wy

single-particle orbitals are expanded in plane waves. Very soft The anisotropic part of the hyperfine matrix is due to the

pseudopotentials of the Vanderbilt typere used to account jnteraction of magnetic dipoles, and is described by the
for the core. An energy cutoff of 25 Ry (1 Ry 1314 kJ/mol) following equation:

is taken for the plane-wave expansion. Several other stiidies
have shown that this value is sufficient to describe the structure A} = gﬁegnﬂnz Pﬁ;ﬂ@g‘u(rmnrrf’(rﬁi(julj = 3l i) @) 0
accurately. uw 3)
2.3. EPR Hyperfine Coupling Constants.EPR hyperfine (
coupling constants represent the interaction between a nucleafor the usth component.
spin and the electronic magnetic moments. This interaction is  Computation of both terms is already included in most ab
included in the spin Hamiltonian, which carries all interactions initio codes. There are numerous examples available in the
taking place in the molecular system as resulting from the literature that have successfully calculated EPR hyperfine
presence of a magnetic field. For an organic paramagnetic coupling constants in such wé¥In this study, the hfcc’'s were
system characterized by an electronic spir 1/2 and nuclear calculated for all optimized geometries using the Gaussian 98
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TABLE 2: Summary of Selected Geometrical Parameters for the

Pauwels et al.

Various Optimized Geometries

B3LYP/ B3LYP/ PM3/PM3/ PM3/PM3/ B3LYP/ B3LYP/ B3LYP/ B3LYP/ BLYP/ BLYP/ BLYP/ BP86/
0/0  Onsager/0 14 6 PM3/14 PM3/6 AM1/14 AM1/6 1/6 11/6 /6 PW
Bond Length%
01-Cc2 1.271 1.277 1.254 1.251 1.261 1.264 1.272 1.277 1.335 1.317 1.278 1.285
C2-03 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
01-C2-03 132,98 128.10 120.62 118.04  126.70 124.90 127.08 125.02 117.71 121.81 123.85 124.16
01-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 11525  112.66 114.22 112.18 113.29 116.39 115.69 11551 114.78
C2—-C4—-C6 131.77  130.20 122.05 124.07 12452 126.72 128.41 128.94 114.74 125.74 125.12 119.59
Dihedral Angles
01-C2-C4-C6 180.00 180.00 122.73 120.47 11527 125.69 153.77 163.76 99.51 137.81 134.40 114.67
03-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 4247 8.97 14.10 4256
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
01-03-C4-C2 0.00 0.00 1.52 2.47 0.83 0.70 111 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 Distances
Ol1—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 2,51 181 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
H12-0O* ? ? 1.83 1.75 1.83 1.78 2.38 2.28 1.37 171 1.68 1.85

aUnits of bond lengths are angstromisthe H* and O* symbols refe
molecules.

software packadgé within the DFT framework. The B3LY#®
functional was used and all atoms were assigned a ttiple-
6-311G basis augmented with single first d- and p-polarization
functions?* Recent studies indicate that a DFT procedure with
a BLYP or B3LYP functional is to be preferred when calculating
isotropic hfcc’s of organic radicafs.

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 Tall 2 a summary of selected geometrical
parameters is given for the various optimized geometries. We
also report on the geometries predicted by Lahorte & ahd
Ban et al* These parameters include bond lengths, selected
bond and dihedral angles, and hydrogen-bond distances. Th
position of the amino and methyl group relative to the rest of
the central radical is given by the dihedral angleg-HNs—
C4—C; and H—Cs—C,4—C,; respectively. The other hydrogen
atoms lie in planes that form approximately 220 240 with
respect to the (Ih,N4,Cs) and (H,Cs,Cs) planes for the amino-
and methyl group, respectively. No bond angles involving
hydrogen atoms are mentioned as they lie all around.]/@
also report on two “improper” torsion angles, namely-@s;—
C4,—C; and G—Ns—Cs—C,. 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-8s—Cs—C4
indicates the deviation from planarity of the radical backbone
which is formed by the atomsgNC,, Cg, and G. It accounts

€

r to one of the nearest hydrogen or oxygen atoms of the surrounding

for a measure of scharacter of the radical centey.Qt 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 2@n the BLYP/I/6
optimized geometry, while only 1-21.6° in BALYP/AM1/14

and PM3/PM3/6. On average, the deviation from planarity
remains almost 7and this is remarkable as it was previously
always assumed in both experimental and theoretical studies,
that upon hydrogen abstraction fromy,Ghe carbon atom
transforms from an Spto a perfectly planar gpcenter. 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,@@up relative
to the reference (§Ns,Cg) 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;-C,—C;—Cs
determines the rotation angle of the almost planar Os;—
C,—C, constellation with respect to the planar conformation at
187 (see Figure 4). We observe an almost linear behavior
between the nonplanarity of the radical backbone and the CO
rotation. This is a very striking result, which can be explained
by considering ther-system of the C® group. When the
position of this group would not be influenced by attracting
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energy= —323.034459 au).

hydrogen bonds, the associataecloud would be oriented
parallel to the lone electron orbital (LEO) on carbon The
LEO conjugates with tha-cloud of CQ and the radical carbon

center is stabilized by the effect of resonance stabilization.

However, when strong hydrogen bonds force the G@up to
shift out of the plane of the radical backbone, theloud gets
rotated relative to the direction of the LEO and is no longer
parallel, resulting in a diminished conjugation. Since, in this
case, sphybridization of the G carbon does not cause an overall
stabilization of the radical, the atom has somédmaracter 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

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/PM3/614 methods rely on the
semiempirical PM3-method for the description of the relevant
hydrogen bridges, while the layered B3LYP/AM#/64 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

backbone is a direct consequence of the appearance of hydrogeﬁtriki”g in this figure is the fact that the starting geometry‘at 0

bridges which induce a rotation of the €@roup, forcing the

(the B3LYP/PM3/14 optimized geometry) does not represent a

radical center to a nonplanar conformation. It should be stressegMinimum for the amino group rotation (markag. On the other

that the strong hydrogen bonds only take place between thehand, the ONIOM-extrapolated energy of the starting geometry
oxygen atoms and the amino protons, which is clearly seen in turns out to be a minimum, since in this case the molecular
the Figures 2 and 3. Methyl protons are not involved in any environment is included. The surrounding alanine molecules
hydrogen bond and remain submitted to quasi-free rotations, inforce the central radical to a conformation that does not
contrast to the amino protons whose internal rotations are correspond to an energetically most-favored structure in vacuo.
completely hindered by the hydrogen bonds. The strength of A similar effect is not observed for the methyl group rotation,
the hydrogen bond is a determining factor to which extent the indicating that this internal motion is a quasi-free rotation in
radical backbone deviates from planarity. The intermolecular the crystal lattice.
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TABLE 3: Summary of the Isotropic and Anisotropic Components of the Hyperfine Coupling Tenso#f

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

ASO AX)( Ayy AZZ AiSO A)(X Ayy AZZ ASD AXX Ayy AZZ ASO AXX Ayy AZZ AiSO AX)( Ayy AZZ
o1 —2.6 —514 198 237 —-04 —475 213 251
c2 —28.6 —34.5 —26.0 —25.2 —30.7 —36.4 —28.1 —27.5
03 —0.7 —44.7 187 239 —2.6 —61.9 255 287
C4 940 165 17.6 247.9 820 120 138 220.1 715 3.7 5.1 205.7
N5 73 55 82 83 -80 -85 -78 -76 -37 —-41 -38 -32 —-65 —-67 —-66 —-6.1
Cé —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 708 679 681 764 684 637 646 769 955 909 921 1035 1143 109.8 1114 1215 614 574 582 685
H8 22 -19 -17 102 116 7.7 81 191 6.5 2.6 35 135
H9 95.7 91.1 923 103.7 539 49.8 502 616 111.7 107.8 1085 11838

H10 86.3 794 836 958 803 748 755 90.6 86.0 812 815 953 868 816 820 967 762 709 715 86.3
H11 102 53 54 199 139 87 95 235 120 71 75 214 121 65 7.7 220 8.0 2.8 39 17.2
H12 30.2 241 255 409 299 240 246 412 300 244 251 406 238 184 192 337 326 279 281 419

B3LYP/PM3/14 B3LYP/PM3/6 B3LYP/AM1/14 B3LYP/AM1/6 BLYP/1/6
AI'SO AXX Ayy AZZ AiSO A)(X Ayy AZZ AI'SO AXX Ayy AZZ ASO AXX Ayy AZZ AjSO AXX Ayy AZZ

01 -09-385 141 217 -0.7-385 138 224 -21 306 101 14.1-10-30.1 11.3 1538 1.0-429 16.2 29.6

C2 —239-314-215-18.8 28.4-36.5—-252—-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 —-48-543 186 214 -6.2-683 231 265 -48-533 170 219 —-6.6-64.7 19.7 253-10.7-116.7 39.6 451

C4 1523 845 86.0 286.4 1169 50.0 51.2 249.7 81.2 85 9.7 2254 745 4.2 5.1 2141 2719 2228 224.8 368.1
N5 7.7 69 75 87 2.7 21 25 3572 -76 —-73 —-66 -84 —-87 -—-87 —-79 155 145 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 —-83 -3.7

H7 100.2 96.2 98.0 106.4 904 864 880 968 959 914 926 1036 772 728 738 851 588 558 574 631
H8 42 00 03 122 20-19 -16 9.6 28 -1.2 —-1.0 10.7 1.7 —2.3 —-1.8 93 08 —-26 -—-17 6.8

H9 545 502 503 631 690 648 651 770 817 773 783 893 957 916 927 1027 238 199 203 310

H10 84.6 803 809 927 807 763 768 889 4509 -03 148 27 —25 —-17 125 613 584 588 66.7

H11 52 -05 08 153 48-05 06 143 659 614 616 747 657 611 613 748.4 —-6.0 —4.6 6.4

H12 17.6 11.8 129 282 223 169 178 323 723 67.0 67.7 822 698 651 656 789 104 6.1 7.0 182

BLYP/11/6 BLYP/I1I/6 BP86/PW
Aiso Axx Ayy Az Aiso Axx A-yy Az Aiso Axx Alyy Azz

o1 0.1 -435 152 286 —1.2—-39.8 139 222 -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

03 —-87-905 304 339 —-47-634 231 264 -40-50.7 178 209

C4 847 217 227 2098 99.0 31.0 324 233.7 1434 774 79.1 273.7
N5 —-20 -24 -22 -15 -16 —22 —-18 09 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 716 676 69.1 781 847 804 821 0916 1051 101.3 102.8 111.1
H8 16 —22 —-11 8.0 14 -25 —-19 85 9.6 5.7 6.0 17.1

H9 749 711 716 821 778 73.6 742 857 410 36.8 37.0 492
H10 743 701 705 824 851 806 810 937 952 909 91.7 103.2
H11 49 0.0 11 137 6.0 0.7 19 153 6.7 1.3 2.8 16.0
H12 264 219 223 350 300 250 255 393 17.0 114 126 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.

3.2. EPR ParametersFor all optimized geometries, the EPR  few calculations succeed in reproducing the N-hfcc in a
parameters of the central radical have been calculated at thesatisfactory way. The two B3LYP/AM1 models even underes-
B3LYP/6311G** level of theory. This means that for each timate the experimental value by 14 to 15 MHz. The striking
optimized geometry of the central radical, we have recalculated correlation between the hfcc of the nitrogen atom and the
the electronic wave functions at a high and uniform level in nonplanarity of the radical backbone is confirmed by additional
order to get EPR parameters constructed on the same basis. Thisalculations based on models whose ab initio prediction of the
allows us to attribute differences in the behavior of the EPR- N-hfcc differs significantly from the experimental value but
parameters to geometrical features rather than to methodologicalwhere we constraint the improper torsional angie-Ns—Cs—
grounds. The results are listed in Table 3. The partidl sp Csto be 17.22, as resulting from the B3LYP/PM3/14 optimized
character of the radical center {0 most optimized geometries  geometry. Applied to the BLYP/I/6 optimized geometry, we
has a considerable effect on the EPR hyperfine coupling get a value for the N-hfcc (indicated by the asterisk * in Figure
constants of the surrounding atoms. In Figure 6 the hfcc of 6) close to the experimental estimate and obeying the linear
nitrogen, calculated at the different levels of theory is plotted correlation, as suggested.
as a function of the improper torsion angle-Ns—Cg—Cy, As the methyl group acts as a quasi-free rotor even in a
which stands for a measure of deviation from planarity of the crystalline environment (we refer to the discussion on this item)
radical backbone. The plot indicates that the N hfcc exhibits an only computed averages of the methyl proton couplings have
almost linear dependence with the nonplanarity of the radical sense. Their absolute differences between calculated and
backbone: the more the radical backbone deviates from the experimental isotropic coupling constants are displayed in Figure
planar conformation, the larger the N-hfcc prediction becomes. 7 for all optimized geometries. A striking feature is the excellent
The experimental value of 7.3 MHAs best reproduced by the  reproduction of these average hfcc's by the calculations in the
B3LYP/PM3/14 and the periodic BP86/PW calculations. Only absence of any neighbors. All cluster and periodic models
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Figure 6. The nitrogen hyperfine coupling constant is plotted as a function of the torsion apghs€Cs—C, 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
C>—Ns—Cs—C, (see text). The other symbols conform to the conventions in Figure 4.
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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.

predict values which are not of that level of agreement. This is angle G—Ns—Cs—C, reflecting the measure of nonplanarity
an unlike feature, as this points toward the necessity of a planar-of the radical backbone. This change in geometry already
radical structure for getting satisfactory reproduction of the induces an increase of 10 MHz. In the second part of the figure,
methyl proton hfcc’s, and is apparently in contrast to preceding the isotropic hfcc is shown with respect to the-<C,—Cs—Ns
conclusions. This stimulated us to study into more detail the torsional angle. This rotation of the G@roup toward planarity
underlying reasons of this apparent contradiction. Therefore we gives rise to an additional increase of 5 MHz. The remaining
performed some additional calculations in an attempt to searchdiscrepancy between the experimental and the average methyl
for the geometrical parameters with the greatest impact on theproton hfcc can probably be attributed to the other geometrical
averaged value of the methyl hydrogen coupling constants. parameters that were not optimized. This calculation suggests
Starting from the B3LYP/PM3/14 optimized geometry, the that the experimental (rotationally averaged) value of the methyl
planarity of the radical is gradually increased by reducing the proton hfcc originates from a planar radical structure, as
improper torsional angle £ Ns—Cg—C4 to zero, while keeping suggested by both experimental and earlier theoretical stud-
all other variables at their optimized values. In a subsequenties!?14We believe that this apparent contradiction with earlier
step, the C@group is rotated gradually toward a fully planar conclusions is due to temperature effects on the geometry of
conformation of the radical backbone. During these geometry the central radical. All our calculations have been performed
changes, the average methyl proton hfcc values are systematiwithout accounting for finite temperature effects, our optimized
cally calculated and reported in Figure 8. In the first part of the geometries represent structures of the radical at 0 K. The
figure, the average hfcc is plotted versus the improper torsion minimal energy conformation is in most cases a nonplanar
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structure. Experimental hfcc values, on the other hand, are all ently, by accounting for the molecular environment of the central
recorded at room temperature and have been assigned to a planaadical this “manual” adjustment of the amino group rotation
radical structure. As a hypothesis it might therefore be put is no longer necessary.
forward that at 0 K, the radical resides in a nonplanar  The overview of the different results and discrepancies with
conformation, in which the hydrogen bonds between the oxygensexperiment in Figure 7 learns that most of the cluster and the
of the central C@group and the hydrogens of the surrounding periodic calculations succeed in a very satisfactory reproduction
alanine molecules are minimal, resulting in a rotation of the of the amino-proton hfcc’s. Two calculations emerge from the
CO; group and a nonplanarity of the radical backbone. By general pattern: those corresponding to the B3LYP/AM1/6
increasing the temperature, all vibrational modes are more 14 methods. Their optimized geometries are very unrealistic,
excited due to thermal agitation. This will decrease the strength as already mentioned, and they obviously result into large
of the hydrogen bonds, and the average energy of the radical isdiscrepancies as noticed in the coupling constants of the three
high enough to move away from its ground-state structure at O amino protons. The PM3/PM3/14, B3LYP/PM3/64, and
K. Consequently, the CQyroup can rotate toward a more planar BP86/PW geometries produce a comparable absolute error over
structure of the radical backbone and thec@rbon center will  all amino proton hfcc’s (15 to 25 MHz in total). The calculated
also evolve to planarity. Further theoretical and experimental amino proton hfcc’s for the PM3/PM3/6 geometry are in
work is needed in order to sustain previous assumptions. In thissomewhat better agreement with experiment, although the error
context, molecular dynamics calculations at room temperature is still quite large for proton kb. Figure 7 also shows that the
are in progress in order to determine the radical structure atsijze of the basis set has a substantial impact on the accuracy of
more elevated temperatures. the results. Among the three B3LYP/II/6 geometries, the
The situation is different for the amino protons. Their isotropic best agreement with experiment is reached by the model
hyperfine coupling constants are also displayed in Figure 7. The corresponding to the most extended basis set. This is probably
amino protons are involved in intermolecular hydrogen bridges. due to a more reliable reproduction of the hydrogen bridges.
Each proton participates in one hydrogen bond with an oxygen e are not going into detail on the anisotropic couplings,

atom from a neighboring alanine molecule. Due to steric since they generally behave as the isotropic contributions. For
hindrance caused by hydrogen atoms of the nearest moleculagompleteness, they are also shown in Table 3.

neighbors in the crystal lattice, the amino group cannot freely

rotate, regulting in three, individual, hyperfine coupling tensors 4 ~gnclusions

for the amino protons. Hydrogen bond distances fluctuate around

1.8 A, except for the B3LYP/AM1/614 structures where they The geometries and hyperfine coupling constants of the R2
are overestimated (see discussion on this matter). The hydrogemadical of L-a-alanine have been computed using primarily
bonds cause a rotation of the amino group about theNg density functional theory in both cluster and periodic models.
axis. This torsional motion is described by the dihedral angle The calculated results have been compared with the experimental
H10—Ns—C4—C,. From Table 2, it follows that most levels of  values obtained from X-irradiated crystalsLefi-alanine at 295
theory yield comparable values for this dihedral angle. Apart K. A detailed investigation has been conducted on the optimized
from the B3LYP/AM1/6-14 levels and the BLYP/I/6 level, the  geometries in a variety of models using different levels of theory
torsional angle always varies betweerf @d 80. In the case and their impact on the various hyperfine coupling constants.
of BLYP/I/6 the small deviation can most likely be attributed This work can be regarded as an extension of previously done
to basis size effects. The B3LYP/AMH@4 values differ work,214 where the lack of environmental effects was com-
significantly, as could be expected from the overestimated monly accepted as inadequate for an accurate description and
hydrogen bond lengths. In earlier studies by Lahorte é¢ al. reproduction of quantities that are strongly geometry-dependent.
and Ban et al** a geometry was proposed in which one of the The most dramatic change in the geometry due to the crystal
hydrogen atoms of the amino group lies in the plane of the fully environment on the alanine radical in its zwitterionic form is
planar radical backbone. To get good agreement with experi- the deviation of the radical backbone from its planar skeleton.
mental results, the amino group had to be rotated about4ghe C  This deviation of planarity is a prerequisite for the satisfactory
Ns axis. The final geometries proposed in ref 12 and ref 14 reproduction of the isotropic hyperfine coupling constants of
show a dihedral angle ig—Ns—C,—C; of approximately 860, the nitrogen atom and the amino protons. On the other hand
which is in close agreement with our ab initio results. Appar- the nonplanarity hinders the reproduction of the experimental-
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averaged methyl proton hfcc’s. We attribute this discrepancy M. W.; Wiberg, K. B.; Frisch, M. JJ. Am. Chem. Sod 992 114 523.
to temperature effects, since the static calculations correspond/Vong, M. W.; Wiberg, K. B.; Frisch, M. . Am. Chem. S04.992 114
to a situation at zero temperature, while the expenmgntgl (16) Saebo, S.; Klewe, B.; Samdal,Ghem. Phys. Letf.983 97, 499.
measurement took place at room temperature. Thermal agitation (17) Almlsf, J.; Kvick, A.; Thomas, J. Q). Chem. Phys1973 59, 3901.
probably weakens the strength of the intermolecular hydrogen Bridet, J.; Flisza S.; Odiot, S.; Pick, Rint. J. Quantum Chenl983 24,

; ; ; icq| 687. Mombourquette, M. J.; Weil, J. A.; Mezey, P.Gan. J. Chem1984
bridges, breaking down the forces keeping the central radical 62, 21. Angyan, J. G.: Silvi, B.J. Ghem. Phys1987 86, 6957. Helgaker.

R2 in the nonplanar conformation. This picture would suggest 1.y ; kiewe, B.Acta Chem. Scand. 2088 42, 269. Popelier, P.; Lenstra,
a tendency to a more planar structure as the average conformaA. T. H., Van Alsenoy, C.; Geise, H. Acta Chem. Scand. A98§ 42,
tion, giving a probable interpretation of the relatively good 539 Popelier, P.; Lenstra, A. T. H.; Van Alsenoy, C.; Geise, H. Am.
results obtained from the B3LYP/0/0 and B3LYP/Onsager/0 8Teg'éissgca?%%tlrﬁf;t_Sgii‘mplogpgel“ezr,’5_ - Lenstra, A. T. H., Van Alsenoy,
calculations on isolated molecules. We stress the overall success (18) Fischer, M. P.; Mehler, E. LJ. Comput. Cher991, 12, 811.
of the periodic calculations. They have posed considerably lessLiao, M.; Zhang, QJ. Solid State Chen1999 146, 239.

convergence problems than most of the cluster calculations. The (19) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471.
optimized geometries resemble those of the most adyancedchgﬁgst'f?;rp?gn%’ézme;ﬁ:Of\laevrvef]irggf ‘1N9‘g'1‘: (S:eh%ptﬁ"i%?' IQNantum
cluster results and the overall agreement with the experimental  (21) stewart, J. J. F.. Comput. Chen.989 10, 209. Stewart, J. J. P.
hfcc’s should be emphasized and is best illustrated in Figure 7.J. Comput. Cheml989 10, 221.

Methodologically, this study shows that accounting for the _ (22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
g. Y, - y . 9 M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;

molecular environment is of crucial importance for the accurate giatmann R. E. Burant. J. C.: Dapprich, S.: Millam, J. M.; Daniels, A.
modeling of the radical geometry and the reproduction and D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
prediction of EPR hyperfine coupling constants of organic g-;hf?anlgmjh 'F;-;t Men“UgC'ABA Plomlglh\'( CC ,Agaﬁl\}loy (f( C“f}f?rfli\h ?-;k
. . it . . cnterski, J.; Petersson, G. A.; Ayala, P. Y.; Cul, Q.; Morokuma, K.; MaliCK,
alanine radlcals. D(_anSIt_y functional theory provided a powerful D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
computational tool in this respect. It might be expected that the ortiz, J. V.: Stefanov, B. B.; Liu, G.; Liashenko, A.: Piskorz, P.: Komaromi,

approach adopted in this work is suitable for the study of other I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

organic radicals in the crystal phase.
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