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In this work, we present an extensive investigation of the radiation-indtlded—CH—CO,™ glycine radical,

using ab initio density functional modeling. The geometry and electron paramagnetic resonance (EPR)
characteristics of the radical have been calculated using several model space approaches, including a single
molecule approach, cluster models, and periodic calculations. Consecutively, both the calculated structural
and spectroscopic properties are compared with experimental values taken from the literature. This comparative
study involves the reproduction of the hyperfine coupling constants and the principal directions of the hyperfine
tensor. It is found that the accurate calculation of these two features represents a sensitive probe for the
accuracy of the proposed methodology to describe the glycine radical. The best overall agreement with
experimental EPR parameters is found for a cluster calculation, in which the molecular environment surrounding
the radical was explicitly taken into account, not only for the geometry optimization but also for the calculation

of the spectroscopic properties. In the case offiiel;—CH—CO,™ glycine radical, apparently, the magnetic
properties are indeed affected by the crystal environment.

1. Introduction not only measured enhanced hyperfine tensors for the discussed
o ) ) )  radical but also detected three new paramagnetic species.
_Due to_ the bas_lc |mp_ortanpe of amino gmds_and peptides in Prompted by the wealth of experimental results, several
biochemistry, amino acid radicals have gained interest, not only i gretical studies have been performed on glycine and its
in reactivity and rad|at|on_ chemlsﬂrput also in connection W|th_ associated radicalé:2° Furthermore, the advent of density
radical proteing. Ever since the first _electrc_)n paramag_netlc_ functional theory (DFT) has sparked a new impulse in the
resonance (EPR) analyses of the radiation-induced radicals incgcylation of EPR parameters, as it cost-effectively incorporates
solid-statea-glycine, the simplest amino acid, a vast amount g|actron correlatiod22 Nonetheless, for these calculated pa-
of studies have appeared concerning their precise structure, oMy meters to be in accordance with experiment, a decent radical
both an experimental and theoretical point of view. conformation has to be obtained first and this is somewhat
In the mid-1950s already it was established that at least two problematic with zwitterionic amino acids. High-level ab initio
radicals contribute to the EPR spectrum of irradiated glyghe.  calculations have shown that the zwitterionic form of a single
Ghosh and Whiffehfound one of these species to be a radical glycine molecule is not the energetically most favored structure
in its zwitterionic form,"NH;—CH—CO;,~, which was later  in a vacuum. Instead, it undergoes intramolecular proton transfer
confirmed in other studies’ The other major paramagnetic  from the amino group to one of the oxygen atoms to adopt the
component was subject to some controvéréput eventually  nonionic form!” Correspondingly, Barone et al. showed that
the*CH,COOH structure was proposédater on, several other  the zwitterionic form for an isolated glycine radical does not
(minor or transient) radicals were detected in the irradiated correspond to a stationary poi§tTherefore, to study glycine
lattice!®1! Glycine radicals have also been reported in the or one of its derived radicals in the solid state (or solution), it
liquid'2and gas phasé8Only recently has an extensive review s essential to account for intermolecular environmental effects.
appeared on the solid-state radiation chemistry of glyéine.  Barone et al. addressed this problem by imposing constraints
In this work, we will concentrate on theNH;—CH—CO,~ on a single glycine radical during optimization in a vacutim.
radical in solid-state glycine as it is the major paramagnetic Others have kept the radical in its zwitterionic form by using a
species formed at room temperature and because it closelycontinuum mode#? In these solvent simulation models, the
resembles the zwitterionic glycine molecule in the solid state. radical under study is basically placed in a cavity surrounded
Based on the work of Ghosh and Whiffeseveral other EPR by a continuum with a uniform dielectric constant. Within this
analyses were performed on this radical. Hedberg and Ehren-methodology, Ban et &P obtained the isotropic and anisotropic
berd® suggested some corrections for the proton hyperfine hyperfine couplings for all glycine radicals and compared these
tensors, based on a spectral resolution enhancement techniquevith experimental solid-state data. Using a conductor-like variant
More recently, Sanderud and Sagstéenade an elaborate study ~ of the polarizable continuum model (CPCM), Rega etlal.
of irradiated glycine crystals, using EPR, electron nuclear double calculated the vibrationally averaged isotropic hyperfine cou-
resonance (ENDOR), and ENDOR-induced EPR (EIE). They pling constants for comparison with solution EPR couplings.
Despite the evident usefulness of these single molecule

* Corresponding author. Fax: 32 9 264 65 60. E-mail: ewald.pauwels@ Calculations, they mainly give information on the isotropic
UGent.be. hyperfine coupling constants. The experimental data on the

10.1021/jp049251a CCC: $27.50 © 2004 American Chemical Society
Published on Web 11/23/2004



11322 J. Phys. Chem. A, Vol. 108, No. 51, 2004 Pauwels et al.

principal axes of the hyperfine interaction tensor are nearly
inaccessible for such a model space, but are still very valuable
in a final comparative study between theory and the experi-
mental signals. These three axes are experimentally determineq
by their corresponding direction cosines with respect to the
reference frame, which usually coincides with the crystal axes.
Within the single molecule approach, it is very tricky to insert
the same reference axis system as was done in the experimen
To still do this, a crude approximation can be used to fix a
priori both the orientation and part of the radical conformation.
Although this method was used quite successfully in the case i
of the radiation-induced radicals of solid-statep-glucose?*
it can be assumed that it is not commonly applicable. A more
natural way to insert the reference frame is to explicitly include
a part of the surrounding crystal lattice in the calculation. Cluster
models offer this possibility, in which some intermolecular
interactions are taken into account quite accurately, depending
on the level of theory. These models, first introduced by Saebo
et al.2® allow the optimization of a radical structure within a
part of the solid state that is built up by several intact molecules
around the defect, which have coordinates that are in accordancy
with crystal diffraction data. In a previous study by the authors,
their feasibility and adequacy to describe crystal matrix effects,
such as the formation of hydrogen bonds or displacements of
atoms, was investigated for the radiation-induced radicals in
the L-a-alanine crystat® Another possibility to simulate the  Figure 1. Four enlarged unit cells (with the original unit cell doubled
crystal lattice is by performing periodic calculations. In this inthe a and c directions), illustrating the hydrogen bonding scheme in
method, the radical is properly embedded in its crystalline solid-staten-glycine. (a) Layers ofglycine_ moIect_JIes are formed within
environment. By imposing periodic boundary conditions, bound- Ithe crystal by short hydrogen bonds (interactions a and c). (b) One
L . . ong hydrogen bond and a short van der Waals contact hold together
ary effect_s are ehmmqted,_ provided that the selected unitary adjacent layers (interactions b and d, respectively).
cell containing the radical is large enough. In refs 26 and 27
we used a CarParrinello-based approa&won the R2 radical

of alanine and on the glycine radical. In this work, the stable of the spectroscopic properties, special attention is paid to the
structures of the radical are found by a similar approach in which reproduction of the calculated principal axes of the hyperfine
the electronic and nuclear degrees of freedom are optimizedtensor. It is shown that a reliable investigation of these principal
simultaneously. axes offers an extra tool to improve the structural modeling of
As recently stressed in a review by Improta and BarSne, organic radicals in the solid state.

several effects have to be considered when calculating EPR The paper is organized as follows. After some theoretical
properties of organic radicals. In addition to the influence of considerations and the computational details (section 2), we will
the level of theory on the optimized radical geometry, environ- first evaluate the value of the cluster and periodic approaches
mental and even dynamical effects can be taken into account.to describe intermolecular interactions in solid-state glycine
The latter are important for a good reproduction of hyperfine (section 3). Subsequently, the different optimized radical
coupling constants, especially for flexible (nonrigid) para- geometries will be examined and compared with the original
magnetic systems such as radicals in solution. The environmentcrystal structure (section 4). In section 5, the calculated EPR
of the radical also has considerable influence on the spectro-parameters are analyzed and compared with experimental data.
scopic properties, and accounting for these effects is quite Finally, some general conclusions are made.

important when dealing with the dense structure of a crystal
matrix. 2. Theoretical Considerations and Computational Details

Since the impact of vibrational averaging effects was already  The a-glycine crystal reveals space group symmeRgs/n
carefully studied by Barone et &#.and Rega et afl we have and has four glycine molecules in the monoclinic unit cell. In
concentrated in the present article on the influence of environ- what follows, we refer to the atomic lattice coordinates of a
mental effects on théNH3;—CH—CO,™ radical in solid-state  recent X-ray diffraction study at 23 R where also the unit
glycine. For this purpose, the three aforementioned methodolo-cell constants were determinedas- 5.087 A,b = 11.773 A,
gies have been used. In a first attempt, the radical defect inc=5.460 A, and3 = 111.99 at the specified temperature. As
glycine is modeled using an adapted single molecule approachiis illustrated in Figure 1a, the glycine crystal structure can be
as described in ref 24. In the second approach, high-level DFT best described as consisting of layers, perpendicular td the
cluster models are employed to obtain a valid conformation of axis, which are formed by two short hydrogen bondg£8?2
the radical. In the third approach, ab initio periodic calculations = Hg—0? = 1.748 A and @—H°¢ = H,—0c = 1.821 A). The
are performed. The results of all these optimizations are thenatomic numbering is defined in Figure 2. Adjacent layers are
used to calculate the EPR parameters for the different conforma-held together by a slightly weaker hydrogen bong«@4 =
tions. To also examine the influence of the neighboring lattice Hg—09 = 2.04 A) and a short van der Waals contaci{®IP
on the electronic structure of the central radical, EPR calcula- = Hg—OP = 2.387 A), as shown in Figure 1b. Considering the
tions were performed both on the single radical and on the last interaction to be an extremely weak hydrogen bond, an
radical in its cluster environment. During the subsequent analysisactual network of bifurcated hydrogen bonds mainly keeps the
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TABLE 1: Overview of Selected Geometrical Features for Optimized Crystal Geometries, in Comparison with Experimental
Crystal Structure Data, Taken from Ref 302

optimized crystal geometry

cluster approach periodic approach
expt B3LYP/PM3/7 B3LYP/7 BP86/PW/4  BP86/PW/16ab BP86/PW/16ac BP86/PW/16bc BP86/PW/32
Bond Lengths
C1-C2 1.527 1.515 1.533 1.532 1.521 1512 1.522 1.513
C1-04 1.257 1.267 1.257 1.271 1.273 1.279 1.282 1.279
C1-05 1.259 1.261 1.259 1.279 1.284 1.283 1.278 1.283
C2—-N3 1.482 1.537 1.480 1.459 1.461 1.480 1.486 1.481
C2—-H9 1.080/1.090 1.091/1.091 1.092/1.087 1.098/1.104 1.098/1.096 1.098/1.094 1.098/1.099 1.098/1.094
N3—H6 1.036 1.048 1.045 1.094 1.096 1.070 1.073 1.070
N3—H7 1.024 1.058 1.043 1.058 1.057 1.059 1.063 1.059
N3—H8 1.024 1.052 1.034 1.044 1.042 1.043 1.044 1.044
Dihedral Angles
04-C1-C2-N3 195 29.1 22.2 24.3 37.6 22.9 15.0 22.8
O5-C1-C2—-N3 —161.3 —1495 —157.1 —157.0 —145.1 —158.1 —166.4 —158.3
H6—N3—-C2-C1 177.3 177.9 176.0 168.7 177.2 175.8 175.5 175.9
H7—N3-C2-C1 —60.6 —57.5 —61.6 —71.4 —64.7 —62.0 —64.4 —62.0
H8—-N3—-C2-C1 57.9 55.9 59.0 49.3 55.6 56.9 55.7 56.8
Improper Torsion Angles
C2-04-05-C1 0.6 -1.0 -0.5 0.9 1.8 0.7 0.9 0.7
C1-N3—-H9-C2 —-37.5/36.0 —36.5/36.1 —36.7/35.9 —34.0/34.9 —35.2/34.2 —36.6/35.2 —35.7/35.3 —36.7/35.3
Hydrogen Bonding Distances
0O4—Ha 1.748 1.730 1.738 1.498 1.527 1.718 1.714 1.718
04—Hb 2.387 2.327 2.368 2.514 2.578 2.429 2.413 2.429
O5—Hc 1.821 1.760 1.733 1.733 1.729 1.742 1.790 1.746
O5—Hd 2.040 1.833 1.925 2.129 1.973 2.033 2.170 2.031
H6—0a 1.748 1.747 1.706 1.498 1.527 1.703 1.669 1.706
H7—0Oc 1.821 1.813 1.792 1.733 1.766 1.748 1.790 1.751
H8—-0Od 2.040 1.833 1.962 1.966 1.946 2.013 2.024 2.015
H8—0b 2.387 2.439 2.283 2.401 2.421 2.352 2.336 2.355

aUnits of bond lengths are angstroms. The atomic numbering scheme refers to that presented in Figure 2.

performed on this radical structure within a “partial optimiza-
tion” computational regime, outlined in detail in ref 24. Applied
to glycine, this scheme essentially implies that only theacd

Hg atoms were allowed to relax, while all other atoms were
kept fixed at their original position in the crystal structure during
optimization. Evidently, this is an artificial choice and other
constraints could be imposed, provided the radical geometry is
restricted to maintain the zwitterionic structure. To allow for
the determination of the hyperfine tensor principal directions
later on, the partial geometry optimizations were performed
using the NOSYMM keyword in the Gaussian03 software
package! This keyword constrains the software package not
to shift or rotate the Cartesian coordinates of the radical model
with respect to the reference frame and so a direct link with the
original crystal axes is preserved.

The calculations were performed within a DFT framewtk,
employing the B3LYP functiona® since several studi&s3*35
have indicated that this functional gives a reliable description
of the geometry of a radical. Molecular orbitals were expanded
in a triple< 6-311G** basis augmented with single d and p
polarization function$® In what follows, we will refer to the
results of these calculations with the B3LYP/1 shorthand.

_ - _ : 2.2. Cluster Model. A cluster model of glycine molecules
Figure 2. B3LYP/PM3/7 optimized geometry for the glycine radical, \yas constructed in accordance with the structure ofityycine
illustrating the model space in the cluster approach. Yellow dashed crystal as determined from X-ray diffractihn this lattice
lines give an enhanced view of the hydrogen bonds presented in Figure” 7~ """ . N '
1. an initial cluster was obtained by considering all molecules that

are engaged in hydrogen bonds with a central glycine molecule.

glycine crystal structure together. These and other representatives & result, a model space of seven molecules was obtained. A
geometrical features are listed in the left column of Table 1. starting geometry for the radicatNHs—CH—CO;~ was

2.1. Single-Molecule ApproachAn initial geometry forthe ~ obtained by abstracting oneCH,— hydrogen atom from the
radical was obtained by removing-aCH,— hydrogen from central glycine molecule. This model is shown in Figure 2.
the original glycine crystal structure to obtain"BIH;—CH— The radical structure was then fully optimized within the
CO, structure. Geometry optimization calculations were then constrained cluster in search for conformations with minimal
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energy. During these calculations, all “lattice” molecules use of an energy cutoff of 25 Ry (1Ry 1314 kJ/mol) for the
surrounding the central defect were held fixed at their crystal plane wave expansidt.

positions. Initially, a layered ONIOR approach of the system, In a second set of calculations, the procedures presented above
as implemented in Gaussian®3yas adopted, since it proved were applied to optimize the structure of a central radical within
quite successful and cost-effective in an earlier, analogous studythe various supercells.

on the radiation products af-a-alanine® In this ONIOM 2.4, EPR-DFT Calculations. We refer to standard
scheme, the central radical or “inner” layer is treated at a high works?4243for a detailed description of the theoretical EPR
level of theory (DFT-B3LYP with the 6-311G** basis set) while ~ principles but summarize the most essential theoretical equa-
the surrounding glycine molecules, the “outer’ layer, are tions. The hyperfine coupling interaction, which is the most

described using a semiempirical PM3 Hamiltont&nThe structure dependent EPR parameter for the discussed types of
optimized glycine radical conformation thus obtained will be organic radicals, embodies the interaction between the electronic
referred to with the abbreviation B3LYP/PM3/7. spin and nuclear spin magnetic moments. This interaction is

Subsequently, a second, larger cluster was also consideredncluded in the spin Hamiltonian, which holds all interactions

within this methodology, obtained by extending the original taking tpla:c(.:eldinFthe molecular stystemt in thhe pretsgncz g)f a
cluster of six with four additional lattice molecules, all having magnetic field. For a paramagnetic system characterized by an

at least one atom closer than 4.0 A from the center of mass Ofelectronlc SpInS = 1/_2 and nu_clear a_ngul_ar momelnt= .1/2’. .
the central glycine radical. The resulting model space, thus the general expression for this Hamiltonian can be simplified

consisting of one radical and nine surrounding molecules, was

also subjected to the ONIOM optimization mentioned above, _ P . AL
and the resulting conformation is referred to as B3LYP/PM3/ H=f89'S— gl B + SAl
10.

. . where e is the Bohr magnetorg, is the nuclear magneton,
Additional calculations were performed on the small cluster, andgn is the nuclear magnetogyric ratio. The first two terms in
treating both glycine radical and lattice molecules at a full ab e gpin Hamiltonian reflect the electronic and nuclear Zeeman
initio B3LYP level, with a 6-311G** basis. The results of these  ontributions and arise from the interaction of the external
quite exhaustive calculations will be labeled B3LYP/7. magnetic fieldB and the magnetic moments of the electrons
To assess the accuracy of the various models to describe theand nuclei, specified bg andl, respectively. In the first Zeeman
geometry of the glycine crystal, complementary calculations term, g represents the so-called g-tensor. The hyperfine inter-

were performed on a small cluster of seven undamaged glycineaction matrixA in the last term of the spin Hamiltonian is often

molecules. Analogous to a similar study pm-alanine®* the divided into an isotropic and anisotropic part
optimization procedure presented above for the B3LYP/PM3/7
and B3LYP/7 approaches was reapplied on an intact central A=A L1+T

glycine molecule. The resulting geometrical parameters (which
are given in Table 1) allow for a direct comparison with the wherel is the 3x 3 unit matrix. The isotropic pais, of the
experimentally determined conformation in the crystal lattice. hyperfine matrix (the hyperfine coupling constant or hfcc) arises

2.3. Periodic Calculations.To properly simulate the radical ~ from the coupling between the magnetic moments of the
in the crystal lattice within a periodic approach, it is necessary €lectronsi and the nucleus through a contact interaction. It
to ensure that radical defects in adjacent unit cells are well depends solely on the unpaired spin denﬁ;yvpl‘j;ﬁ at the
separated from each other. This can be established by enlargingosition of the nucleus. This is shown in the following equation,
the unit cell and treating the resulting supercell in a periodic assuming the g-tensor is isotropic
scheme. In a previous study aro-alaniné* the crystal unit 8ot
cell was doubled in the a and c directions. To verify whether n _ 2 o—f
such a model space is also valid for glycine, calculations were Aso ™ 3 gﬁeg,ﬂn; Py [, (rap0(r)le, (r) U
performed using different supercell sizes. In the BP86/PW/4

method, the supercell simply equals the unit cell. The BP86/ whereq, ande, are atomic orbitals centered on nucleudhe
PW/16ab, BP86/PW/16ac, and BP86/PW/16bc abbreviations anisotropic part of the hyperfine matrix is due to the interaction

refer to calculations in which the model space consists of sixteen of magnetic dipoles, and is described by the following equation
glycine molecules, obtained by doubling the unit cell in the a

and b, the a and c, and the b and c directions, respectively.tn — p—p rVr 525, —

Finally, periodic calculations were performed with an enlarged gﬂeg'ﬂn/; o )i O

supercell containing 32 molecules, obtained by doubling the 3 i) @, (r) 0
unit cell in the a, b, and ¢ directions (BP86/PW/32abc). e

The validity of these model space approaches was tested byfor the kith component of the 3< 3 anisotropic hyperfine
performing geometry optimizations on the undamaged glycine interaction matrixT. Diagonalization of this matrix yields the
crystal. A simulated annealing technique as proposed by Carthree eigenvalues (or principal components) and corresponding
and Parrinellé® was applied in which the central molecule was  eigenvectors (or principal axes) relative to the reference axis
allowed to relax, while the coordinates of all other atoms were system.
kept fixed at their experimental geometries. The global minima  In this study, the Gaussian03 software package was used to
atT = 0 K were localized with the aid of the CPMD molecular calculate isotropic and anisotropic hyperfine couplings, as well
dynamics prograr®? by simultaneously optimizing the elec- as the associated principal axes. This was done again using a
tronic and nuclear degrees of freedom. The electronic structureB3LYP functional within the DFT framework. Even though
was described within the DFT formalism with use of the BP86 specialized basis sets exist for EPR calculations (such as the
gradient corrected function&l.Very soft pseudopotentials of EPR-III basis set of Baror@), we chose to perform all
the Vanderbilt type were used to account for the core, with the calculations in 6-311G**. Earlier studies by the auti6isave



Evaluation of Model Space Approaches Based on DFT J. Phys. Chem. A, Vol. 108, No. 51, 20041325

Ha .za7A. 04 _@_ Hg —23A. 02 displays a particularly longer £ N3 bond and its C@group
is rotated away from its original crystal structure orientation,
BRI as revealed by the dihedrals-6C;—C,—N3 and G—C;—Co—

B3LYPIT

N3. The semiempirical B3LYP/PM3/7 approach also fails in
predicting correct hydrogen bond interactions of type d: the
Os—Hd and H—0¢ bond lengths are more than 0.2 A under-
estimated. This is illustrated in Figure 3, where the relative
differences between calculated and crystallographic hydrogen
_ | | || bond distances are presented for hydrogen bond interactions a
8382288822335 BRIE28882¥8KY and d.
When comparing the results of all periodic calculations, the
HY .zo4A, o5 _@_ Hg —20RA. od BP86/PW/4 and BP86/PW/16ab geometries fail in accuracy. In
both structures, the \-Hg bond length is overestimated by 0.06
A and the dihedral angles show considerable discrepancies with
the crystal structure. The former approach results in an overall
rotation of —9° for the amino group and the G@roup in the
latter approach is 20away from its original orientation in the
crystal (see Table 1). These rotations reflect the incorrect
prediction of hydrogen bond lengths in both methods. As is
apparent from Figure 3, serious inaccuracies are obtained with
8585582252800 S80S =008 respect to hydrogen bond interaction a: the-82 and H— A
) . ) . . O? distances are seriously underestimated by at least 0.20 A in
Figure 3. Schematic representation of relative differences between .
ca?culated and crystallogpraphic hydrogen bond distances (in A). only BP86/PW/16ab and even 0.25 A in BP86/PW/4. Due to the
the hydrogen bond interactions a and d are presented. occurrence of such large errors, it must be concluded that the
BP86/PW/4 and BP86/PW/16ab periodic approximations offer
shown this level of theory to be sufficient for the calculation of an inadequate reproduction of the glycine crystal structure. The
EPR parameters in organic radicals. origin of these effects must be traced back to the dimensions
For cluster or periodic lattice models, the EPR parameters Of the periodic supercell that are in both cases too small to
were initially determined solely on the optimized structure of Prevent undesirable interactions between optimized molecules
the central radical, without taking into account the neighbors. Of neighboring cells. The BP86/PW/16bc approach gives a fairly
Hence, these are effectively single-molecule EPR calculations.900d description of hydrogen bond interaction a. With a
To evaluate the influence of neighboring lattice molecules on Maximum deviation of 0.08 A for k-O? this method is even
the EPR parameters of the central radical and thus on itsduite comparable with the BP86/PW/16ac and BP86/PW/32
electronic structure, the paramagnetic properties were alsomodels. However, for the elongateds-@H? hydrogen bond
calculated for the full cluster. The results of these calculations length, the comparison no longer applies and the BP86/PW/
will be referred to with the additional label “(full)’, as the ~16bc method must also be rejected.
complete model space was accounted for in the EPR calculation. Among all periodic models, it turns out that the BP86/PW/
Similar calculations within a periodic approach were, however, 16ac and BP86/PW/32 approaches give the best description of
impossible as these are not yet implemented in the CPMD code.all hydrogen bond interactions in the glycine crystal. Further-
more, in view of the large similarities between the latter two
3. Model Assessment for Cluster and Periodic Approach geometries, it can be safely assumed that the geometry of the
optimized glycine molecule is already converged for the BP86/

The various models for describing the environmental forces pyy1gac supercell approximation. In other words, the latter
on the geometry were tested by performing a comparative study ., resnondence demonstrates that it is not necessary to enlarge

between caIcuIaFed and experimental_ geometrical data of theyhe it cell along its longest cell dimension (the b direction).
undamgggd glycine crystal. Thg resgltlng structural features of ;g presents a confirmation for the periodic approach that was
the optimized geometries are given in Table 1. followed in an earlier study on-o-alanine?®

The B3LYP/7, BP86/PW/16ac, and BP86/PW/32 levels of From this initial model assessment it is clear that among the

theory offer the b.ESt deiscfip“O” of the glycine crystal. Bond cluster methods a full ab initio (B3LYP/7) model emerges as
Iené;th's are descrlbeql within |0'04 'Z.\:.O[,n the dcrystal sbtru%ture the best to describe the intermolecular forces within the glycine
an (improper) torsion angles within > Hydrogen on solid state; the BP86/PW/16ac and BP86/PW/32 periodic
distances are perhaps the most sensitive and powerful |nd|cators‘ipproaches offer comparable accuracy. Hybrid cluster calcula-
of the model approach performance to describe intermoleculartions (B3LYP/PM3/7) and periodic methods in which the
interactions. Figure 3 schematically shows the relative differ- periodic supercell is not adequately chosen (BP86/PW/4, BPS6/

ences _between the calculated and_ crysta_llographic hydrOgt'z‘nPW/16ab-bc) present an incomplete and inadequate reproduction
bond distances for hydrogen bond interactions a and d. In theof the glycine crystal structure.

B3LYP/7 optimized geometry, all hydrogen bond lengths are
slightly underestimated, with an acceptable maximum deviation
of 0.1 A. Hydrogen bond lengths are nearly identical for the
BP86/PW/16ac and BP86/PW/32 geometries and are in slightly
better agreement since the maximum deviation with the crystal Because the"NH;—CH—CO,~ radical is a fairly simple
structure is only 0.8 A. hydrogen abstraction product of glycine, it most likely will still
When part of the cluster is treated at the semiempirical level, bear some resemblance to the undamaged crystal structure. The
substantially larger deviations are noticed for all geometrical major alteration is expected for the planarity of thedarbon
features. The B3LYP/PM3/7 optimized central glycine molecule radical center, expressed by the-@3;—Hy¢—C, improper

BPBG/IPW/4
BPB6/PW/16ab
BPB6/PW/16ac
BP86/PW/16bc

BPBG/PW/32

B3LYP/PM3/T
B3LYP/T
BPBGE/PW/4
BP86/PW/16ab
BP86/PW/H16ac
BPB6/PW/16bc

BPB6/PW/32

4. Impact of Model Space Approach on Radical
Geometry
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TABLE 2: Overview of Selected Geometrical Features for Optimized Radical Geometriés
Optimized radical geometry

Single molecule Cluster approach Periodic approach
B3LYP/ B3LYP/ B3LYP/ BP86/ BP86/PW/ BP86/PW/ BP86/PW/
exptl B3LYP/1 Onsager/1 PM3/7 PM3/10 B3LYP/7 PW/4 16ab 16ac 16bc  BP86/PWI/32
Bond Lengths
Cl1-C2 1.527 1.468 1.501 1.448 1.440 1.469 1.459 1.458 1.450 1.448 1.450
Cl1-04 1.257 1.257 1.266 1.267 1.264 1.268 1.278 1.283 1.290 1.288 1.290
C1-05 1.259 1.259 1.270 1.280 1.276 1.265 1.297 1.292 1.291 1.298 1.292
C2—N3 1.482 1.505 1.471 1.490 1.484 1.438 1.416 1.415 1.437 1.434 1.437
C2—H9 1.080/1.090 1.078 1.083 1.081 1.101 1.080 1.084 1.085 1.083 1.082 1.084
N3—H6 1.036 1.036 1.034 1.047 1.044 1.049 1.109 1.113 1.076 1.082 1.076
N3—H7 1.024 1.024 1.036 1.061 1.065 1.055 1.078 1.073 1.078 1.095 1.077
N3—H8 1.024 1.024 1.034 1.064 1.059 1.044 1.049 1.051 1.051 1.045 1.051
Dihedral Angles
04—-C1-C2—N3 19.5 19.0 0.0 29.7 24.8 15.2 13.2 20.8 15.2 14.6 14.4
05-C1-C2—-N3 -161.3 —-161.6 —180.0 —1450 -150.9 -—161.6 -166.0 —1585 —163.6 —166.4 —164.2
H6—N3—C2-C1 177.3 177.6 183.7 173.7 171.0 179.2 174.0-175.7 178.0 170.9 178.5
H7—-N3-C2-C1 —60.6 —59.5 —54.8 —63.0 —63.6 —56.6 —64.3 —53.7 -57.1 —68.6 —56.5
H8—N3—-C2-C1 57.9 57.8 64.8 51.6 49.8 62.3 54.5 64.9 59.3 50.3 59.9
Improper Torsion Angles
C2-04-05-C1 0.6 0.4 0.0 -3.0 -2.8 -2.2 -0.5 -0.5 -0.8 0.7 -0.9
C1-N3—H9-C2 —37.5/36.0 2.7 0.0 113 7.7 7.0 23 4.6 15 2.7 2.3
Hydrogen Bonding Distances

0O4—Ha 1.748 1.713 1.758 1.728 1.457 1.470 1.707 1.708 1.709
0O4—Hb 2.387 2.320 2.253 2.364 2.520 2.591 2.417 2.438 2.412
O5—Hc 1.821 1.759 1.748 1.727 1.662 1.747 1.739 1.592 1.740
O5—Hd 2.040 1.834 1.763 1.969 2.222 2.010 2.088 2.315 2.082
H6—0a 1.748 1.741 1.738 1.699 1.457 1.470 1.686 1.605 1.684
H7—0c 1.821 1.812 1.748 1.764 1.662 1.697 1.685 1.592 1.686
H8—0Od 2.040 1.819 1.858 1.994 2.068 2.006 2.091 2.155 2.095
H8—0b 2.387 2.402 2.297 2177 2.222 2.277 2.226 2.169 2.214

a2 The B3LYP/Onsager/1 geometry is taken from Ban et al. in ref 19.

torsional angle, due to the hydrogen loss. As a result of this the total cluster energy. In Figure 4 the total ONIOM extrapo-
perturbation, the C@and NH; groups will be subject to minor  lated energies of both smallkj and large #) clusters are
adjustments. plotted as a function of the ;&N3;—Hy—C; dihedral (relative
4.1. Radical Geometry in Single-Molecule Approachin to a base level 0f-284.83 au). In the upper and lower parts of
Table 2, the main features of the optimized geometries havethe graph, distinct energetic minima are visible, roughly
been characterized for all outlined methodologies. For complete-corresponding to the representative planarity values for the
ness, we have also included information on the conformation optimized B3LYP/PM3/7 and B3LYP/PM3/10 geometries,
proposed by Ban et al® labeled B3LYP/Onsager/1. This respectively. However, for the latter cluster, inconsistent energies
structure was also obtained at the DFT level of theory, using a are obtained for some specific;€N3—Hg—C, values. This
B3LYP functional and a doublé-6-31+G** basis, within the discontinuity in the ground-state energy behavior is obviously
Onsager solvent simulation appro&éhThe structure is quite  unphysical and needs special attention. We observe that in these
similar to our single-molecule geometry, although a substantial specific unphysical cases, something wrong happens with the

deviation from the crystal structure is noticed for the G@up. electronic PM3 wave function. An investigation of the spin

Both the Q—C;—C,—N3 and G—C;—C,—Ngs torsional angles density shows that a redistribution of the spin has taken place
give indication of an additional rotation of the @@roup of over different molecules in the cluster. Summing up all atomic
about 20. In addition, a slight rotation of some for the NH; spin densities per molecule, two molecules contribute to the

group was suggested in order to get the closest fit betweentotal unpaired spin density{ — pg) with about+1/2 and—1/
calculated and experimental EPR parameters. These geometrica2, respectively, in addition to the1/2 of the central radical.
features cannot be reproduced in our crude single-moleculeAlthough the net unpaired spin density of the complete cluster
approach because only, @nd H, were allowed to relax. (1/2 in total) is still maintained in this scheme, a completely
4.2. Radical Geometry in Cluster Approach. Nearly unphysical electronic configuration is thus obtained. Similar
identical bond lengths and dihedral angles can be observed forunphysical solutions with the PM3 method, in addition to
both ONIOM optimized structures. The hydrogen bond lengths convergence difficulties, were encountered in a preliminary
in both the B3LYP/PM3/7 and B3LYP/PM3/10 geometries are study (taken up in ref 27) on even larger glycine clusters
also comparable to those of the crystal, the-89 and H—0¢ (including up to 18 molecules) and have also been recognized
distances notwithstanding. Apparently, the effects observed inin a study of the cationic radicals ino-alanine?> Based on
the initial assessment on the optimized crystal geometry alsothese indications of numerical instability with increasing cluster
apply here. size and of the geometrical discrepancies with the B3LYP/
Only one feature is clearly differing in both ONIOM PM3/7 structure, we decided to reject the B3LYP/PM3/10
approaches: the;,&N3—Hy—C, dihedral angle, describing the  optimized geometry altogether.
planarity of the radical backbone, switches fref1.3 in the Comparing the full-B3LYP optimized geometry B3LYP/7
B3LYP/PM3/7 structure to—7.7° for BALYP/PM3/10. This with the B3LYP/PM3/7 structure, several subtle, but striking
apparent incoherency as a result of cluster size expansiondifferences can be noticed. Apart from an enhanced radical
prompted us to investigate the effect of the radical planarity on planarity (7.0 instead of 11.3for C;—N3—Hg—Cy), the overall
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E (103 a.u.) now underestimated by some 0.28 A while the-®I° and H—
+305.0 Oc distances are shortened with 0.16 A in BP86/PW/4 and 0.23
A in BP86/PW/16bc. This seems to corroborate the short-
comings of these models as already concluded in section 3.
+302.5 1 In view of the striking similarity between the remaining BP86/
PW/16ac and BP86/PW/32 optimized radical geometries (Table
+300.0 - 2), it can be concluded that a treatment using the former, smaller
supercell size is already sufficient. This implies that radical
+207.5 BILYP/PM37 defects are adequately separated when doubling the unit cell in
’ the a and c directions, entirely validating the procedure adopted
in an earlier study on-a-alanine?® A closer inspection of the
+295.0 - optimized radical geometry of either approach reveals that the
= = structure is essentially planar (abodtf@r the G—Nz—Hg—C,
+90.0 | , dihedral) and that the orientation of the €@roup is close to
::::z: its original direction in the crystal. In the amino group, the-H
+60.0 - N3—C,—C; and H—N3—C,—C; torsion angles display only
+50.0 | minor changes. On the other hand, a small but noticeable
+40.0 + deviation (4) is visible for the H—N3;—C,—C; dihedral, which
+30.03 = is probably linked to the larger++O¢ hydrogen bond distance.
+15.0 | Apart from this latter torsional angle and the radical planarity,
the BP86/PW/16ac and BP86/PW/32 structures closely resemble
*+12.57 the B3LYP/7 optimized radical geometry.
+10.0 4 Taking into account the inadequacy of the BP86/PW/4 and
BP86/PW/16ab-bc models and the virtual equivalence of the
*7.51 BP86/PW/16ac and BP86/PW/32 structures, in the next section
5.0 only the calculated EPR parameters have been reported for the
model involving the most extended model space, i.e., BP86/
+2.5 - B3LYP/PM3/10 PW/32. For reference, the calculated resonance parameters for
. the other models are taken up as Supporting Information [S1].

-30 25 -20 15 10 -5 (1] 5 10 15 20 25 30
5. EPR Parameters

C1-N3-Hg-C2
Figure 4. ONIOM extrapolated energies (in 10au) of B3LYP/PM3/7 In this section, we will compare the different experimental
(x) and B3LYP/PM3/10 #) clusters, as a function of the;€Ns— EPR results with calculated EPR parameters for all optimized

Hy—C, dihedral angle. Energies are reported relative to a base level of yeometries, as summarized in Table 3. Here, all hyperfine
—284.83 au. couplings are presented in MHz and the principal axes of the
rotation of the amino group is altered as well. Whereas in the tensors are always given by means of direction cosines with

B3LYP/PM3/7 structure, this group is rotatetlabout the N— respect to the orthogonal reference fraﬁm*bdbf the crystal.
Cz bond in a clockwise direction with respect to the original For reference, we have also summarized the calculated EPR
crystal structure, in the B3LYP/7 structure it is rotateciata parameters, obtained in earlier theoretical (single molecule)

counterclockwise direction, now in close agreement with the studies. The UQCISD/1, B3LYP/CPCM/1, and B3LYP/
B3LYP/Onsager/1 geometry. A similar observation can be made Onsager/1 labels thus refer to the results of Barone &t Rega
for the CQ group rotation, which is now virtually parallel with et al® and Ban et al*} respectively.
its original orientation in the crystal for BSLYP/7. These effects ~ The collected experimental data identify six hyperfine
are most likely correlated with a more correct description within coupling tensors for théNH;—CH—CO, ™ glycine radical: one
DFT of the G—H® and H—0d weak hydrogen bonds between carbon tensor, one nitrogen tensor and four proton tensors. To
radical and lattice, as observed earlier in section 3. In fact, all facilitate a further analysis, specific experimental results were
geometrical features of the glycine radical and the optimized selected from the vast amount of data, to which theoretical
crystal are comparable, apart from thg-Elg distance and the ~ results were compared. Preference was given to the results of
C1—N3—Hg—C; improper torsion angle, evidently. more recent studies, and also some experimental errors, identi-
4.3. Radical Geometry in Periodic Approach.The initial fied in several publications, were taken under consideration. In
objective of performing the periodic calculations with different the Supporting Information [S2], we supply a detailed account
supercell sizes was to evaluate at what size radicals in adjacenof these issues. In what follows, all calculated EPR results for
cells are sufficiently separated. From this viewpoint, the BP86/ Ca, N3, Hg, and H in the model radical will be compared with
PW/4, BP86/PW/16ab, and BP86/PW/16bc methods were athe G, tensor of Mortorf, Nex, of Hedberg and Ehrenbet$,
priori considered deficient, since these models contain one orthe Hu(1) signal of Collins and Whiffer,and the Hy(a)
more direct intermolecular contacts between radicals in adjacenttensor measured by Sanderud and Sagstussspectively.
cells: the hydrogen bonds of interaction a in BP86/PW/16ab, Two studies report on thg2- and 33- coupling protons
interaction ¢ in BP86/PW/16bc, and both interactions in BP86/ in the glycine radical species. An initial discrepancy for the
PW/4. The effect of these direct contacts is apparent in Table Hex(52) and Hyy(33) principal axes between the Collins and
2, where large differences with the original crystal structure are Whiffen papef and that of Sanderud and Sagsttfemas in part
noticeable for the involved hydrogen bond lengths. These errorsresolved by correcting for a typographical error in the latter
were already present in the optimized crystal geometries (Tablestudy#® However, in view of the residual difference between
1) but are further enhanced in the radical geometries. The O these tensors in both articles and in order to present the analysis
Haand H—0?distances in BP86/PW/4 and BP86/PW/16ab are of the theoretical EPR parameters without any bias, we have



TABLE 3: Calculated EPR Parameters for All Optimized Radical Geometries

Experimental data

Earlier theoretical studies

a A summary is also presented of relevant EPR parameters reported in earlier experimental (refs 5, 6, 7, 14, and 15) and theoretical studies #refs18y., 19,

Ghosh & Whiffen (1959) Morton (1964) Collins & Whiffen (1966) Hedberg & Ehrenberg (1968) Sanderud & Sagstuen (1998-) UQCISDA B3LYP/CPCM/1 E3LYP/Onsagerl1
Aiso | Taniso Principal axes Aiso | Taniso Principal axes Aiso | Taniso Principal axes Aiso | Taniso Principal axes Aiso | Taniso Principal axes Aiso Aiso Aiso Taniso
-90.0 | 0.902]-0.080] -0.424 -76.3
Coxp 126.7 | -36.7 | 0.360]-0.404] 0.841 127.8 120.5 98.7 -74.6
126.8 | 0.239] 0.911] 0.335 150.9
34 1-0650] 0.760] 0.000 19 1-0394] 0916]-0.076 17 1-0217] 0951 | 0.219 -04
Nexp -86 | -15 |0.000] 0.000] 1.000 -9.0 |_-09 -8.7 |_-08 10885 ]0.097 | 0.456 123 -9.0 -7.0 02
-2.0 |-0.760]-0.650] 0.000 -1.1 -1.0 ]-0.412]-0.293] 0.863 0.2
-7.3 ] 0.620 ] -0.680] 0.391 -54
Hexp(B1) 33 -1.8 1 0614 | 0.731] 0.206 - - 23 -4.7
9.2 ]-0.488] 0.057 | 0.871 10.1
-6.0 | 0.005 | -0.810] 0.587 -6.4 1-0077|-0.976] 0.206 -55
Hexp(B2) 62.0 -3.2 10146 | 0.581] 0.801 62.0 -3.8 1 0.031] 0.204 | 0.978 - - 771 -45
9.3 0.989 | -0.082] -0.121 10.2 | 0.997 | -0.081] -0.015 10.0
-6.1 ] 0.751 ] 0.361] 0.551 -7.1 ] 0.725] 0.387 | 0.570 -55
Hexp(B3) 82.0 | -4.0 ]-0.371]-0.460| 0.807 831 | -35 ]-0.386[-0.457| 0.801 - - 771 -45
10.1 ] 0.545 |-0.811]-0.212 10.6 | 0.570 | -0.801] -0.182 10.0
34.3 | 0.680]-0.630] 0.370 273 ] 0.780 | -0.316] 0.527 30.4 ] 0.778 | -0.378] 0.502 31.9 ]0.797 | -0.301| 0.524 -36.1
Hexp(@) | 660 | -44 | 0.430] 0.750] 0.500 -66.3 | 49 ]0.358]0.933]0.023]| -63.5| 22 10412 ]0910]0.047 [ -63.7 | 1.9 ]0.330] 0.943 | 0.040 <723 -62.2 -59.0 -1.5
-29.9 [-0.600] 0.180] 0.780 -32.3 |-0.499] 0.171 0.850 -32.6 | -0.475] 0.170 | 0.864 -33.8 |-0.507 | 0.141 | 0.851 375
Calculated data
B3LYP/1 B3LYP/PM3/7 B3LYP/PM3/7 (full) B3LYP/7T B3LYP/7 (full) BP86/PW/32
Aiso | Taniso Principal axes Aiso | Taniso Principal axes Aiso_| Taniso Principal axes Aiso | Taniso Principal axes Aiso | Taniso Principal axes Aiso | Taniso Principal axes
-709 | 0.868)-0.368 ] -0.335 -63.5 | 0.677]-0.490] -0.549 -74.2 | 0.592 |-0.392]-0.705 -70.3 1 0.713 ] -0.357] -0.603 -748 } 0.737 |-0.352| -0.577 -67.6 | 0.719] -0.341 | -0.606
C2 773 | 699 | 0.191]-0376] 0907} 64.6 | -62.7 | 0.434]-0.336] 0.836 ) 89.7 | -73.7 | 0539 |-0.457] 0.707 | 724 | -68.8 1 0551 |-0.246] 0797 | 778 | -734 1 0512|-0.266] 0817 | 68.7 [ -66.2 | 0520] -0314] 0.794
140.8 [ 0.459] 0.851] 0.256 126.2 | 0.594| 0.804] 0.015 147.9] 0.599 | 0.798 ] 0.059 139.1 ] 0.433 | 0.901 | -0.022 148.2 ] 0.441] 0.897 | 0.015 133.9| 0.461] 0.886 | 0.049
-05 | 0266]-0276] 0924 -04 | 0.657]-0.366] 0.659 -1.6 1-0767] 0.637] 0.076 -06 ] 0599 |-0.154] 0.786 -1.4 105921-0322] 0739 -06 | 07241 0.115] 0.680
N3 -71 0.1 | 0.580]-0.719]-0.382} -8.3 01 | 0.535] 0.843|-0065]) -6.2 | -1.2 ] 0.059 |-0.048) 0.997 | -10.2| -01 J0.386 | 0.915 |-0.115| -74 | -1.0 ] 0.640|-0.370/-0.673] -89 [ -0.1 | 0.190] 0.915] -0.356
04 | 0.770] 0.638 -0.031 0.3 |-0.532] 0.395| 0.749 2.9 ]0.639 | 0.769]-0.001 0.6 |]-0.701] 0.372 | 0.608 2.4 ]0.490] 0.872 | -0.013 0.7 |-0.664] 0.387 ] 0.640
-5.3 | 0.370]-0.540] 0.756 -4.7 | 0.583]-0.588] 0.561 -5.1 ] 0.532 |-0.710] 0.462 -5.2 | 0.691 | -0.440] 0.574 -5.1 ] 0.615[-0.639] 0.462 -4.8 | 0.662] -0.496 | 0.562
Hs 2.2 -3.8 | 0.489] 0.805] 0.336] 35 -3.4 | 0.674] 0.735] 0.071] 09 -4.1 | 0.766 | 0.636] 0.096 | 6.6 -3.8 ] 0.499 | 0.864 | 0.062 | 24 -43 10.667 (0734 | 0.128 | 34 -3.6 | 0.520] 0.844] 0.132
90 [-0.790] 0.245] 0.562 8.1 -0.454] 0.337| 0.825 9.2 ]1-0.362] 0.303 ] 0.881 9.0 |-0.523] 0.244 | 0.817 9.4 1-0.421] 0.229 | 0.878 84 |-0.540] 0.205] 0.816
-49 |-0.274]-0.936] 0.223 -4.7 |-0.462] -0.764] -0.452 7.2 | -0.234] -0.858| 0.457 -48 |-0.138]-0.936] 0.323 -7.1_]-0.0921-0.901] 0.423 -4.4 1-0.247] -0.945] -0.215
Hy 57.3 -44 [-0057] 0.247] 0.967 ] 531 -4.2 | 0.026]-0.520] 0.854 ] 54.3 -3.6 ] 0.216 | 0.413] 0.885| 650 -45 ] 0269 ]0.278 | 0922 | 567 -3.8 10.097]0415] 0905 80.6 -4.0 | 0.188] -0.265] 0.946
93 ]0.960]-0.252] 0.121 89 | 0.887]-0.382]-0.260 10.8_J 0.948 |-0.306]-0.088 9.3 10.9531-0.214]-0.213 10.8 ] 0.991 | -0.124) -0.049 84 | 0.951]-0.193]-0.243
-6.1 |0218] 0.159] 0.963 -5.0 | 0.667] 0.119] 0.735 -7.0 1 0.772 | 0.194] 0.605 -59 ]0.539 | 0105 | 0.835 -7.3 10678 0.237 | 0.696 -5.8 | 0522] 0.147] 0.840
Hs 59.6 42 1-0729]1-0630] 0.269] 66.3 -3.7 1-0.573]-0.549] 0.609 | 70.7 -3.7 1-0.528]-0.333] 0.781| 927 -39 1-0.580]-0.673] 0.459 | 936 40 1-0545]-0.473] 0692 | 81.7 -3.8 ]-0.567] -0.676] 0.471
10.3 | 0.649]-0.760 | -0.021 8.7 | 0.476]-0.827]-0.299 10.7 ] 0.353 | -0.923|-0.154 9.8 ]0.610 |-0.732]-0.302 11.3 | 0.493 | -0.848( -0.191 96 | 0.637] -0.723] -0.270
-339 [-0.777] 0.217] 0.592 -29.7 [-0.456] 0.290] 0.842 -35.8 1-0.481] 0.287] 0.828 -33.1 1-0.492] 0.226 | 0.841 -36.0 }-0517) 0.232 | 0.824 -31.4 |1-0.505] 0.189] 0.842
Hg -564 | _-22 [0471)] 0824) 0316] 420 | _-29 | 0603}] 0.796] 0.053) -50.2 |_-3.4 ] 0568 | 0.822] 0.045| -53.7 [ _-25 ] 0442 ) 0897 | 0.017 | -57.2 | -3.0 }0.426) 0905 ) 0013 ] -540 | -2.6 | 0.496] 0.862] 0.104
36.1 | 0.419]-0.524| 0.742 32.6 | 0.655]-0.532| 0.537 39.2 | 0.668 | -0.493| 0.558 35.6 | 0.750 | -0.380| 0.541 39.1 | 0.743 | -0.358] 0.566 34.0 | 0.706 | -0.470 ] 0.530
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and tensor axes, we introduced two criteria that accepted
methods must fulfill. For the isotropic couplings, a maximum
= deviation of 10 MHz is accepted (criterion 1), to account for
the only limited basis set used in the EPR calculation. In a
previous study on fructos#,an improvement of 10 MHz was
observed when switching from-811G** to a more extended

i basis set (EPR-III) on the same carbohydrate geometry. Similar
corrections are also found in other studiga deviation of 20

at most is assumed to be acceptable for the tensor axes (criterion
). This limit is based on the maximum deviation between the
Sanderud Sagstuen and CollirsWhiffen experiments for the
= i Hex(52) tensor axes corresponding to the minor and intermedi-
ate anisotropic coupling. The thresholds of both criteria are
e , indicated in Figure 5 by horizontal lines. A model approach
that violates either of these criteria must be considered as unable
to reproduce the experimental data in a satisfactory way. As

a result, they have been assessed in function of criteria | and
- Il

(Collins & Whiffen)

:

SEHESUBHE B

C2

{Collins & Whiffen)

Hy

{Sanderud & Sagstuen)

cEBABEEE

N3

Bpessdvdocvutye '-§*HHH

25

Ho
9 5.1. Single-Molecule CalculationsBased solely on isotropic

hyperfine coupling constants, the B3LYP/1 conformer offers a
moderate agreement with experimental data. For thend H
couplings, substantial deviations (about 50 and 20 MHz,
respectively) are observed, violating criterion I. The calculated
couplings are furthermore quite similar to those predicted in
earlier single-molecule calculations (see Table 3), apart from
H— - the G carbon coupling which is seriously underestimated in
our B3LYP/1 calculation but nicely reproduced by the UQ-
CISD/1 and B3LYP/CPCM/1. This disagreement looks some-
what surprising but is due to vibrational averaging effects, which
are taken into account in the latter two studies. The B3LYP/
Onsager/1 model of Ban et ¥l.and our B3LYP/1 approach
both predict almost identical couplings. The reproduction of the
hfccs for the H and H amino protons (77 versus 60 MHz)
sounds a little bit better in the B3LYP/Onsager/1 model, which
Figure 5. Experimental versus calculated hyperfine tensors for the Can be traced back to the additional rotation of the amino group
geometries obtained at various levels of theory. Absolute differences about the =Nz bond. This internal rotation was not the direct
(in MHz) between calculated and experimental isotropic hyperfine result of a geometry optimization but rather was artificially

couplings are represented as red bars at the top of each graph. Thgmposed to give an indication of how the rotation of the amino

deviations of the measured and predicted hyperfine tensor principal ;, mav improve th reement with experimen
directions (in degrees) are given as black bars, with (from left to right) group may improve the agreement with experiment.

Hg

(Sanderud & Sagstuen}

Hg .

EHE - EBEZBEEEECEoEHESETABS

5?*%»?% .SI“HH”E

B3LYP/1
B3LYP/PM3/7
B3LYP/PM3/7 (full)
B3LYP/7
B3LYP/7 (full)
BP86/PW/32
B3LYP/1
BILYP/PM3T |
B3LYP/PM3/7 (full) 1
mum‘
B3LYP/7 (full) |
BPSGIPWI? |

minor, intermediate and major anisotropic eigenvalues. Moreover, the B3LYP/1 geometry does not succeed in
] predicting overall satisfactory principal hyperfine directions.

preferred to compare the theoretical EPR parametersahdl | arge discrepancies are noticeable and criterion 11 is violated

Hg with the results of both experimental studies. in all but two cases. A quite good agreement is found with the

All relevant calculated EPR data are also displayed in Figure Cexp directions and for K The calculated principal axes differ
5. The red bars at the top of each plot represent the absoluteomy 10° from those of the k{2) tensor measured by
difference (in MHz) between the experimental hyperfine gsangerud and SagstutniThe largest deviations from experi-

coupling constants and the calculated values for the optimized ment, on the other hand, are obtained for theht H; principal
geometries, obtained at various levels of theory. The deviation 5, o They can rise up to 7@nd more.

(in degrees) of the three calculated hyperfine principal directions
with the three corresponding experimental directions is sche-
matically presented as black bars at the bottom of each plot. . . . o
Although several studiéshave focused on the correct repro- result is achieved since both criteria | and 1l are not met f_or the
duction of the hyperfine coupling constants, we also emphasizeHB proton. Therefore, the B3LYP/1 geometry must be rejected

the importance of reproducing the hyperfine tensor principal 28 it does notyield a good prediction of the EPR data for the
axes. The presence of a Fermi contact term in the expressionconsidered glycine radical.
of the hfc@2 makes this parameter very sensitive to the level of ~ 5.2. Cluster Calculations— B3LYP/PM3/7 and B3LYP/
theory. The principal axes on the other hand do not depend on7. In comparison with the very simplified single-molecule
this term, and the requirement of complicated, high-level approach, animportantimprovement is obtained for thertl
calculations with extended basis sets (e.g., ERRY) may be ~ Hs isotropic hyperfine coupling constants in both the B3LYP/
less important. As will become apparent, however, the accuracyPM3/7 and B3LYP/7 cluster calculations. The latter geometry
of the axes depends largely on the completeness of the modebImost perfectly reproduces the experimentally observed dif-
space. ference in coupling constants (20 MHz). On the other hand,
To systematically retain or reject a theoretical procedure for the B3LYP/PM3/7 geometry fails for the-hydrogen (H) and
the reproduction of EPR data, that is, both hyperfine couplings the G coupling. Apart from the particular Chyperfine

If we consider the proton EPR parameters in particular as
key probes for the accuracy of the proposed structure, a poor
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interaction, B3LYP/7 is the only level of theory able to predict are reported throughout all other calculations, this can be
isotropic coupling values that meet criterion |. attributed to the only moderate basis size, as opposed to the
A similar discussion can be held on the reproduction of the more specialized basis sets (EPR-II) used in, for instance, the
hyperfine principal directions. The deviations from experiment B3LYP/CPCM/1 approack Another contributing factor to the
are given by the black bars in Figure 5. The cluster calculations underestimation of this coupling is the absence of any temper-
are completely missing the hyperfine principal axes for the ature consideration in our model approaches. Since calculations
nitrogen atom N, but on the other hand nicely succeed in are performedt0 K in avacuum, temperature effects, such as
predicting the axes for the four hydrogen atoms. One large vibrational averaging motions treated in the B3LYP/CPCM/1
discrepancy attracts attention: the two axes belonging to theand UQCISD/1 models, are not taken into account. As reported
two minor anisotropic coupling components predicted for the in refs 18 and 27, these effects will also significantly improve
H- proton in the B3LYP/PM3/7 approach. The orientations of the isotropic hyperfine coupling constants of, @s well as of
these axes differ by more than %4fom experiment (either ~ Ho. All other reported couplings remain quite comparable. The
Collins and Whifferf or Sanderud and Sagstdén However, best agreement for all protons is obtained within the B3LYP/
we notice that the minor and intermediate anisotropic coupling 7(full) cluster approach, which makes sense considering the
eigenvalues are close to degeneraey.Q versus—4.7 MHz). superior size of the model space.
Eigenvectors of degenerate eigenvalues are not uniquely deter- The improvement of the calculated hyperfine directions
mined. Only the plane of the axes perpendicular to the principal restricts to some extent the validity of the observation formulated
axis corresponding to the major (nondegenerate) eigenvaluein ref 20 that “the magnetic properties of a glycine radical in
(+8.9 MHz) is completely defined, and this plane seems to be its zwitterionic form are scarcely affected by the crystalline
reproduced within the 20threshold of criterion 1. environment”. As corroborated by the differences between the
This is a striking phenomenon, which also arises at other B3LYP/7 and B3LYP/7(full) calculations, only the (proton)
levels of theory: one component (corresponding to the largest hyperfine couplings are largely unaffected by the presence of a
Tanis9, Which is in excellent agreement with experiment, and crystal lattice, but this may not be extended to the hyperfine
the two minor components exhibiting large, but equal discrep- principal directions, where a more elaborate description of the
ancies with experiment. In all these cases, the two miRggeT surrounding may lift the possible degeneracy, leading to a more
values are close to each other, generating large inaccuracies irccurate determination of the axes.
the determination of the eigenvectors. A simple rotation of the 5.4, Periodic Calculations Criterion | is not fulfilled for the
last two principal axes about the former well determined axis structure resulting from the BP86/PW/32 calculations. Apart
would be sufficient to get an excellent reproduction of all from the difference with the Gp coupling, common to all
hyperfine principal directions. calculations, an error of up to 20 MHz also appears for the H
5.3. Cluster Calculations— B3LYP/PM3/7(full) and B3LYP/ proton. This is most likely connected with the peculiar asym-
7(full). In an attempt to break this quasi-degeneracy, the size metric modification of the amino group, as expressed by the
of the model space in the EPR calculation was increased. ThisH;—N3z;—C,—C; dihedral angle (see section 4.3). The errone-
is achieved by taking explicitly into account the nearest ously predicted H hfcc also distorts the qualitative coupling
molecular environment of the radical for the evaluation of the scheme as the Nfgroup of the BP86/PW/32 glycine radical
EPR parameters. The results are labeled B3LYP/PM3/7(full) is now characterized by two large couplings of about 80 MHz
and B3LYP/7(full) and were obtained by performing additional in addition to one small coupling. Furthermore, the predicted
EPR calculations on the entire B3LYP/PM3/7 and B3LYP/7 hyperfine tensor principal directions for this amino proton also
optimized cluster geometries (not just the radical). What could largely deviate from the experimental principal axes, although
be expected indeed happens: the degeneracy of the two lowesthe deviation for the component corresponding to the largest
eigenvalues of the ghisotensor is completely removed, and the  Tyns0is well below 20, thus meeting criterion Il. Essentially,
agreement with experiment becomes excellent. This spectaculathe deviations of the hyperfine tensor axes for the protons of
change is observed for;Hn B3LYP/PM3/7(full), for Hs in the BP86/PW/32 structure are quite comparable with those of

B3LYP/7(full), and to a lesser degree fog kh B3LYP/7(full). the B3LYP/7 calculation. The degeneracy of the two minor
As is visible in Figure 5, criterion Il is well met for these Taniso values reappears forgknd H, and the predicted
protons. direction cosines for fland H are in close agreement with

All discussed cluster approaches utterly fail to correctly experiment. At this point, we want to stress that the EPR
predict the N nitrogen hyperfine tensor principal directions. In  parameters in the periodic approach are obtained by performing
addition, any sign of improvement is indiscernible when calculations on the single radical of which the geometry was
increasing the size of the model space in the EPR calculationobtained by the periodic calculations. Up to now, no program
(e.g., comparing the B3LYP/PM3/7 and B3LYP/7(full) results). packages are available that allow the calculation of EPR data
This suggests either that DFT is inadequate to calculate nitrogenusing the full model space, that is, using the wave functions
hyperfine tensor axes, or that an ambiguity persists in the that are expressed as an expansion in plane waves. Such
description of the experimental tensor principal directions. calculations would likely cause an improvement, similar to the
Taking into account the satisfactory reproduction of the nitrogen amelioration of the B3LYP/7 results in the B3LYP/7(full)
hyperfine coupling constant using DFT methods on one hand calculation. Further model development is therefore needed for
and the contradictions between the different experimental studiesthis type of plane wave calculations and is currently in progress
concerning the nitrogen tensor axes on the other, we tend toin our research group.
assume the latter suggestion to be correct. Most notably, a comparison between the BP86/PW/32 and

The enlargement of the model space has also a beneficialB3LYP/7 spectroscopic properties reveals that the EPR param-
influence on the reproduction of the, @sotropic coupling eters for then-proton H in both approximations are in equally
constant: the value of 64.6 MHz is raised to 87.7 MHz in good correspondence with experiment. Therefore, it cannot be
B3LYP/PM3/7(full). This isotropic carbon coupling is still too  established from our theoretical calculations whether the radical
small however to achieve criterion I, but as similar low values backbone is actually planar (as indicated by the periodic
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approach) or not (as suggested by the cluster calculation). Thiscoupling constants are in fair accordance with experiment
would be consistent with the suggestion in several single- (except for the 6, coupling) and the hyperfine tensor principal
molecule studié$-20 that the H proton is subject to thermal directions deviate not much from the experimental ones, in
vibrations. particular for the protons where the agreement is very good
. (always below 13 deviation) and also for £ where the
6. Conclusions agreement is moderate (never more that).Zthe Ny, principal
In this work, we have computed the geometries and EPR axes are by far not reproduced by any of the proposed models.
parameters of theNH;—"CH—CO,™ radiation-induced radical A possible explanation for this failure lies in the inconsistencies
of a-glycine in the solid state. Several model spaces were in the experimental data. Large discrepancies are noticed
considered, including a single-molecule approach, cluster between the various experiments, which make the validity of
models, and periodic calculations, all based on density functional the nitrogen tensor data questionable.
theory. The structural characteristics of the obtained geometries
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