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Abstract: A recently developed extended Lagrangian model employing localized basis functions and
nonperiodic boundary conditions (GLOB/ADMP) was applied to the radicals issuing from the homolytic
breaking of the CR-HR bond of glycine in aqueous solution at different pH values. Although the modifications
of the structure and the magnetic properties of these species induced by the solvent are qualitatively
reproduced by a static discrete-continuum model, magnetic parameters are further tuned by short-time
dynamical effects (solute vibrations and solvent librations). The results delivered by GLOB/ADMP simulations
for both hyperfine tensors and g-tensors are in remarkable agreement with their experimental counterparts,
allowing a reliable disentanglement of the overall observables into well-defined contributions. The dominant
role of out-of-plane vibrations in determining hyperfine splittings is confirmed and quantified, together with
the remarkable sensitivity of the gyromagnetic tensor to bond lengths and valence angles defining the
NCRC′ moiety. Together with their specific interest for the title radical, our results suggest some interesting
trends for other biologically significant radicals and point out the need of extending magneto-structural
relationships to dynamical aspects.

1. Introduction

The role of photoreactions in solution in a number of
processes of biological and/or technological relevance is widely
acknowledged,1-6 but several aspects are still not fully char-
acterized, and a deeper understanding of these would strongly
benefit from interplay between fast experimental methods and
reliable quantum mechanical computations. Here, we will be
concerned with aliphatic radicals issuing from elimination
reactions involving amino acids and their derivatives, which
are usuallyR-carbon-centered radicals. Already the simplest
amino acid, glycine, and its derivatives show a number of
unexpected features (e.g., preference for neutral or zwitterionic
structure in different condensed phases, anomalously low
hydrogen hyperfine coupling in aqueous solution), which have
stimulated a large number of experimental7-12 and theoretical13-22

studies. Although a number of features have been analyzed, a

better understanding of general trends requires, in our opinion,
integrated strategies in which well-defined models are investi-
gated by both experimental and theoretical approaches.23,24 As
mentioned above, interpretation of experimental results is not
without ambiguities, either because of the role of different
environmental effects or because the relationship between
spectroscopic and structural/dynamics characteristics is only
indirect.25 Here, theoretical approaches come into play, provided
that they are able to couple reliability and feasibility for large
systems.26 In this connection, models rooted into the density
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functional theory (DFT) are today the methods of choice for
the description of structural and spectroscopic characteristics
of large, flexible radicals.27,28 At the same time, approaches in
which the solvent degrees of freedom are accounted for in an
average way in terms of a reaction field29,30 have proven
particularly effective, leading in a number of cases to substantial
improvement in energies, geometries, and spectroscopic pa-
rameters computed in a variety of solvent media.31,32However,
in some instances implicit solvent models may also display
limitations, e.g., in situations where highly specific interactions,
like hydrogen bonds, come into play.33 Supermolecule ap-
proaches can then provide a straightforward route to describe
the influence of solvent molecules on localized phenomena,
including spectroscopic parameters: again, implicit models can
be brought into play to account for the “bulk” solvent, and thus
to reduce the number of solvent molecules that need to be
described explicitly.34 The same explicit/implicit model is also
attractive for the computation of averaging effects brought about
by dynamics when a spectroscopic transition is fast with respect
to the time scale of a dynamical phenomenon. Since in these
cases the measured parameters represent weighted averages over
the configurations with significant populations, if a representa-
tive molecular dynamics simulation has been generated, the
statistical distribution of the parameter values in the system can
be reproduced by extracting from the trajectory a sufficient
number of representative frames and repeating a computation
on each one of them: thus, averaging of the computed values
provides an estimate of the experimental measurement.35,36

Simulations employing energies and gradients computed by
quantum mechanical (QM) methods are starting to provide
classical trajectories which are long enough to allow reliable
averaging of spectroscopic parameters.37,38 In this framework,
we have recently developed a general model, hereafter referred
to as GLOB (general liquid optimized boundary), enforcing

nonperiodic boundary conditions, which are more suitable for
ab initio dynamic simulations employing localized basis func-
tions.39,40 Thus, we are able to take into account at the same
time solvent librations and solute vibrations, both of which can
lead to non-negligible averaging effects of spectroscopic
parameters.41 In the absence of significant solute-solvent
electron or spin transfer, an integrated approach in which a full
QM description of the solute is coupled to a molecular
mechanics (MM) modeling of a few water shells embedded in
the GLOB boundary represents the most effective and reliable
solution due to the existence of very reliable force fields for
water that can reproduce satisfactory bulk behavior, providing
results in good agreement with more demanding full QM
simulations.42 Thus, all short-time dynamical effects in solution
should be well accounted for by reliable QM/MM/implicit
solvent approaches based on extended Lagrangian dynamics.

From a complementary point of view, dynamical processes
that occur on a time scale comparable to that of the spectroscopic
transition have a direct influence on signal line shape, and their
description in terms of the stochastic Liouville equation (SLE)
is providing remarkably faithful reproductions of complex high-
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Figure 1. Gas-phase structures, atom labels, and SOMOs of (a) GlyRcis,
(b) GlyRtrans, (c) GlyR-, and (d) GlyRzw. A threshold value of 0.05 has
been adopted in the plots of the molecular orbitals.
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field electron paramagnetic resonance (EPR) spectra.43 However,
the computation of reliable magnetic tensors averaged over
short-time motions (solute vibrations and solvent librations),
which is the specific topic of the present contribution, represents
a mandatory and nontrivial starting point for the replacement
of spectra fitting bya priori spectra forecasting by integrated
QM/SLE approaches.23-25 In the following we will show, for
the specific case of glycine radical at different pH values, that
the route is being paved toward this goal even for flexible
molecules in aqueous solution.

2. Computational Details

2.1. Molecular Dynamics Simulations.Different pH conditions and
isomerism of the glycine radical in aqueous solution were investigated
by considering, together with the anionic form (NH2CHCOO-, hereafter
GlyR-), three neutral species, either zwitterionic (NH3

+CHCOO-,
hereafter GlyRzw) or not (NH2CHCOOH, hereafter GlyRcis and GlyRtrans)
(see Figure 1). Four GLOB/ADMP (atom-centered density matrix
propagation) simulations of such species in aqueous solution at room
temperature (300 K) have been carried out for about 50 ps, including
4 ps of equilibration. This model (see Figure 2)39,40is particularly well-
suited for treating solute-solvent systems of variable size and at
different levels of theory, from purely classical force field based
methods (usually referred to as MM approaches) to more sophisticated
hybrid QM/MM and full QM methodologies. In particular, the solute,
representing the quantum “core” in the QM/MM partitioning scheme,
has been treated at the DFT level with the well-trusted B3LYP
functional,44 whereas the remaining solvent (water) molecules are
modeled at lower MM level, according to the TIP3P model.45 In all
simulations we have used the recently developed N06 basis set,46 which
provides comparable results in terms of molecular geometries and
electric dipole moments to more extended basis sets (Vide infra) and
reduces significantly the basis set superposition error (BSSE).

Preliminary full QM calculations on various glycine radical/water
clusters have shown a negligible charge and spin transfer between the
radical and water molecules, supporting the use of the present effective
approach. Interactions between the QM and MM regions consist, as
usual, of both electrostatic and van der Waals interactions and are
modeled according to the B3LYP/AMBER potential parametrized by
Freindorf et al.47 Note that, in the case of the anionic and zwitterionic
form of the glycine radical, the Lennard-Jones parameters of the
nitrogen and oxygen atoms were slightly modified to better match
geometrical configurations of glycine radical/water clusters (see Table
1).

Moreover, both QM and MM interactions with bulk solvent
(continuum) were taken into account by a mean field approach including
an exact treatment of the electrostatic “reaction field” and an effective
representation of short-range dispersion-repulsion interactions derived
so as to minimize edge effects on the solvent density and average
energy.39,40 During the dynamics, the electron density matrix has been
propagated “on the fly”, along with the nuclei, according to the ADMP
method.48 The core and valence orbitals were weighted differently
during the dynamics, withµvalence) 0.1 amu bohr2 ≈ 180 au for the
valence electrons andµcoreobtained according to the tensorial fictitious
mass scheme described in ref 48. In all cases considered (GlyRcis,
GlyRtrans, GlyR-, and GlyRzw), the solute was embedded with 134 TIP3P
water molecules into a spherical cavity with a radius of 10.0 Å, whereas
the electrostatic reaction field was evaluated with respect to a dielectric
continuum on a sphere with radius 11.8 Å, according to the conductor-
like version of the PCM (CPCM).49 The center of mass of the glycine
radical was constrained at the center of the cavity, and the mean-field
nonelectrostatic contribution employed was parametrized for a TIP3P
water system of size corresponding to the system considered in this
work.39,40 A constant thermal energy (300 K) has been enforced by
scaling nuclear velocities every 2500 steps, with a time step of 0.2 fs.

2.2. Quantum Mechanical Calculations of EPR Parameters.The
EPR parameters of glycine radical at different pH values in aqueous
solution have been computed from the MD trajectories and compared
with available experimental data recorded in solution7-10 and in the
solid state.11,12Statistical averages have been performed ona posteriori
quantum mechanical calculations of a large number (about 500) of
molecular configurations sampled during the MD simulations. Such
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M. L. J. Chem. Phys.1983, 79, 926.
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diffuse d (on O atoms) gaussian functions.
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E.; Frisch, M. J.J. Chem. Phys.2001, 115, 10291. (c) Schlegel, H. B.;
Iyengar, S. S.; Li, X.; Millam, J. M.; Voth, G. A.; Scuseria, G. E.; Frisch,
M. J. J. Chem. Phys.2002, 117, 8694. (d) Rega, N.; Iyengar, S. S.; Voth,
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108, 4210.
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Figure 2. Sketch of the molecular system (glycine radical+ water)
simulated using the GLOB/ADMP model.

Table 1. Intermolecular Lennard-Jones Parameters of the Glycine
Radical

GlyRcis/trans GlyRzw GlyR-

σ ε σ ε σ ε

N 3.86 0.13 3.47 0.13 3.86 0.13
H1 1.06 0.03 1.06 0.03 1.06 0.03
H2 1.06 0.03 1.06 0.03 1.06 0.03
CR 4.02 0.06 4.02 0.06 4.02 0.06
HR 2.22 0.03 2.22 0.03 2.22 0.03
C 4.02 0.06 4.02 0.06 4.02 0.06
O1 3.33 0.19 3.12 0.19 3.12 0.19
O2 3.33 0.19 3.12 0.19 3.12 0.19
H3 1.06 0.03 1.06 0.03
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spectroscopic calculations were carried out on the basis of the same
explicit molecular system and QM/MM partition (glycine radical,
B3LYP; 134 water molecules, TIP3P) used in the ADMP simulations,
the only difference being the use of the purposely tailored EPR-III basis
set.50

The hyperfine coupling tensor (AX), which describes the interaction
between the electronic spin density and the nuclear magnetic momentum
of nucleus X, can be split into three terms:AX ) aX13 + TX + ΛX,
where13 is the 3× 3 unit matrix. The first term (aX), usually referred
to as Fermi contact interaction, is an isotropic contribution and is related
to the spin density at the corresponding nucleus X. The second
contribution (TX) is anisotropic and can be derived from the classical
expression of interacting dipoles. The last term,ΛX, is due to second-
order spin-orbit coupling and can be determined by methods similar
to those described in the following for theg-tensor. In the present case,
because of the strong localization of spin density on first-row atoms
and of their small spin-orbit coupling constants, its contribution can
be safely neglected and will not be discussed in the following. Because
bothaX andTX are ruled by one-electron operators, their evaluation is,
in principle, quite straightforward. However, hyperfine coupling
constants have been among the most challenging quantities for
conventional QM approaches for two main reasons.26,27 On one hand,
conventional Gaussian basis sets are ill adapted to describe nuclear
cusps; on the other hand, the overall result derives from the difference
between large quantities of opposite sign. However, the past few years
have shown that coupling of some hybrid functionals (here B3LYP) to
purposely tailored basis sets (here EPR-III) performs a remarkable job
for both isotropic and dipolar terms.

Theg-tensor can be written as follows:g ) ge13 + ∆gRM + ∆gG +
∆gOZ/SOC, where ge is the free-electron value (ge ) 2.0023193).
Computation of the relativistic mass (RM) and gauge (G) corrections
is quite straightforward because they are first-order contributions.20 The
last term arises from the coupling of the orbital Zeeman (OZ) and the
spin-orbit coupling (SOC) operator. The OZ contribution is computed
using the gauge-including atomic orbital (GIAO) approach,20,51whereas
the two-electron SOC operator is approximated by a one-electron
operator involving adjusted effective nuclear charges.52 Once again,
the B3LYP functional and the EPR-III basis set provide reliable
results.20-22 Upon complete averaging by rotational motions, only the
isotropic parts of theAN andg-tensors survive, which are given byaN

) 1/3 Tr(AN) andgiso ) 1/3 Tr(g). The isotropic part of the hyperfine

tensor is usually referred to as the hyperfine coupling constant (hcc)
and will be given in the following in Gauss (1 G) 0.1 mT). The
isotropic part of theg-tensor is given in the following in terms of shift
from the free electron value,∆giso ) giso - ge, and is expressed in
parts per million (ppm).

For comparison, we have also carried out spectroscopic calculations
on the isolated glycine radical at geometric configurations previously
obtained from QM geometry optimizations, possibly including solvent
effects in an effective way by means of the CPCM. It is worth noting
that test calculations on different glycine radical/water clusters have
shown no significant deviations of the EPR parameters considered in
the present work between the full QM and mixed QM/MM approaches.
All the simulations and quantum mechanical calculations have been
performed with a locally modified version of the Gaussian package.53

3. Results and Discussion

Several studies on the structures and stabilities of C-centered
glycine radicals9,10,13,17,18have shown that cationic species never
predominate in aqueous solution and that, contrary to the parent
molecule, at not too basic pH the neutral form (NH2CHCOOH)
is more stable than its zwitterionic counterpart (NH3

+CHCOO-).
Above pH ) 10, the anionic form (NH2CHCOO-) starts to
prevail. We have thus analyzed both anionic and neutral forms,
taking into account that, in the latter case, cis (GlyRcis) and trans
(GlyRtrans) placements of the oxidryl moiety with respect to the
CR-HR bond are not equivalent and are nearly isoenergetic.
Although we have performed a GLOB/ADMP simulation also
for the zwitterionic form, it will be not discussed in detail due
to the negligible amount of this species in aqueous solution (Vide
infra).

3.1. Optimized Structures. The gas-phase structures of
GlyRcis, GlyRtrans, and GlyR- have been studied at DFT and
post-Hartree-Fock (second-order perturbation theory, MP2, and
coupled clusters including single, double, and perturbative
treatment of triple excitations, CCSD(T)) levels of theory in
order to validate the quantum mechanical model employed in
the molecular dynamics simulations (B3LYP/N06). Also, we
have compared the intramolecular changes due to solvent effects
by carrying out QM calculations on small glycine radical/water
clusters and using the CPCM. In all cases, the most stable
structure is nearly planar due to the delocalization effect of the
unpaired electron, with the only exception being the aminic
hydrogens. In Figure 1, the gas-phase optimized structures and
atom labels of GlyRcis, GlyRtrans, GlyR-, and GlyRzw are
depicted, along with the corresponding singly occupied molec-
ular orbitals (SOMOs), as obtained at the B3LYP/EPR-III level.
A similar delocalized character is shown by the SOMOs, which
are centered on the CR atom but extend to both terminal groups
of glycine. Only in the case of GlyRzw, the electronic delocal-
ization of the SOMO is hindered due to the different hybridiza-
tion of the nitrogen atom. In Table 2, the gas-phase geometrical
parameters and dipole moment of the optimized structure of
GlyRcis are reported. Some selected parameters of GlyRcis

involving heavy atoms (NsCR, CRsC, CdO1, and CsO2 bond
lengths and the NsCRsC angle) have been optimized at the
CCSD(T) level, freezing the other structural parameters at their
values optimized at the MP2/aug-cc-pVTZ level. In particular,
we have made the following basis set extrapolation for each of
the previous parameters,λ: λ(CCSD(T)/aug-cc-pVTZ)) λ-(50) (a) Barone, V.J. Phys. Chem.1995, 91, 113. (b) Rega, N.; Cossi, M.;

Barone, V.J. Chem. Phys. 1996, 105, 11060.
(51) (a) Ditchfield, R.Mol. Phys. 1974, 27, 789. (b) Cheesman, J. R.; Trucks,

G. W.; Keith, T. A.; Frisch, M. J.J. Chem. Phys. 1998, 104, 5497.
(52) Koseki, S.; Schmidt, M. W.; Gordon, M. S.J. Phys. Chem.1992, 96, 10768.

(53) Frisch, M. J.; et al.Gaussian03, Revision C.02; Gaussian, Inc.: Wallingford
CT, 2004.

Figure 3. Optimized glycine radical-water clusters: GlyRcis with (a) four
and (b) six water molecules, (c) GlyRtrans with six water molecules, and
(d) GlyR- with six water molecules. See text for further details.
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(CCSD(T)/cc-pVTZ) + λ(MP2/aug-cc-pVTZ)- λ(MP2/cc-
pVTZ). Overall, results obtained at the B3LYP level are in good
agreement with computationally expensive post-Hartree Fock
methods, with maximum deviations for bond lengths and valence
angles of the order of 10-3 angstroms and a few degrees,
respectively. Further, extrapolation of CCSD(T) results at the
aug-cc-pVTZ level seems to improve the agreement with
B3LYP. B3LYP/N06 results are very similar to their B3LYP/
aug-cc-pVTZ counterparts at a significantly lower computational
cost (the numbers of basis functions are N06, 125; aug-cc-pVTZ,
322). Only the dihedral angles of the NH2 moiety are slightly
larger, but it is worth noting that, in terms of the potential
energy, such a discrepancy is lower than 0.1 kcal/mol. The
computed electric dipole moment, which rules intermolecular
interactions in polar solvents, does not change when going from
B3LYP to MP2 models or from N06 to aug-cc-pVTZ basis sets.
In Table 3, the structure and dipole moment of GlyRcis in
solution are reported. Again, we observe a fairly good agreement
between the structural parameters obtained at B3LYP/N06,
B3LYP/aug-cc-pVTZ, and MP2/aug-cc-pVTZ levels using the
CPCM. The MP2 model provides similar dipole moment and
solvent shifts with respect to B3LYP. Specifically, inclusion
of environmental effects induces a shortening of the NsCR and
CRsC bonds, a lengthening of the carbonyl CdO1 bond, and
an approximately planar configuration of the NH2 group. To
better model the specific hydrogen-bonding interactions occur-
ring in aqueous solution, we have also considered two different
GlyRcis/water clusters with four and six water molecules,
respectively (see Figure 3), including solvent bulk effects by
means of the CPCM. For consistency with our simulation
protocol, the water molecules are treated as classical particles
according to the QM/MM scheme described in the Computa-
tional Details section. Results show a quite similar trend of the
GlyRcis intramolecular rearrangements, with small differences
in the bond angles due to the different water solvation cages.

We have next computed the minimum energy structures for
GlyRtrans and GlyR- in the gas-phase and in aqueous solution,
in the latter case using the CPCM or including a few explicit
water molecules plus the CPCM, as shown in Tables 4 and 5.
The results confirm the general agreement between B3LYP and
MP2 approaches and a qualitatively similar rearrangement of
the molecule as a result of the interactions with the solvent.

Additionally, the introduction of explicit water molecules
hydrogen-bonded directly with glycine radical (see Figure 3)
has the general result of enhancing the solvent effects on the
radical geometry. Binding energies between 5 and 9 kcal/mol
are computed for the interactions between water molecules and
the neutral radical, which are comparable to the water-water
interaction (5 kcal/mol). Of course, much larger binding energies
(up to 16 kcal/mol) are obtained for the water molecules
interacting with the carboxylate moiety of GlyR-.

3.2. Simulations in Aqueous Solution.Three extended QM/
MM simulations of GlyRcis, GlyRtrans, and GlyR- in aqueous
solution have been performed at room temperature (300 K),
according to the GLOB/ADMP scheme described in the
Computational Details section. The average structures of the
solutes are reported in the last columns of Tables 2-4. The
main structural changes around the formal radical center (CR)
in going from gas phase to aqueous solution involve the N-CR,
CR-C, and CR-HR bonds, where the latter is lengthened [∆-
(CR-HR) ) +0.004 Å] in GlyR (both cis and trans conformers)
but not in GlyR-, whereas the former are shortened in all cases
[GlyRcis, ∆(CR-C) ) -0.003 Å, ∆(Ν-CR) ) -0.005 Å;
GlyRtrans, ∆(CR-C) ) -0.002 Å, ∆(Ν-CR) ) -0.007 Å;
GlyR-, ∆(CR-C) ) -0.038 Å,∆(Ν-CR) ) -0.030 Å]. Also,
as a result of hydrogen-bonding interactions with water, we
observe an elongation of the NsH, CdO, and OsH bonds in
GlyRcis and GlyRtrans and the breaking of the weak intramo-
lecular hydrogen bond (NsH1---O1dC) formed in the gas
phase by GlyR-.

The average molecular geometries of GlyRcis, GlyRtrans, and
GlyR- in aqueous solution are characterized by a nearly planar
conformation, including the NH2 group which has lost its
pyramidal conformation observedin Vacuo. Indeed, we have
not observed any significant rotation of the NH2 and CO2(H)
groups of the glycine radical within the simulated time intervals
(50 ps), but only small oscillations about the plane of the
molecule. In particular, we have analyzed the probability
distributions of the three dihedral angles (H1NCRC, H2NCRC,
and NHRCCR) that affect the most the EPR hyperfine coupling
constants. In Figure 4, such distributions are plotted for all forms
of the glycine radical investigated in the present work. In all
cases, an approximately symmetric Gaussian shape has been
observed, with very similar distributions of the aminic hydrogen
out-of-plane angles (root-mean-square amplitude,σ = 15°) and
a sharper distribution of the NHRCCR dihedral angle (σ = 6°).
With the exception of H1NCRC and H2NCRC dihedral angles
of GlyR- (see Table 4), all distributions are roughly centered
at 0°, corresponding to the planar geometries. Moreover, we
have analyzed the correlation among the previous dihedral
angles, and we have found that, overall, between 62% and 69%
of the total time, H1 and H2 are on the same side of the
molecular plane, whereas H1 and HR are on opposite sides
(where 50% represents an uncorrelated distribution). In other
words, we have observed, to some degree, a correlation of the
H1NCRC and H2NCRC dihedral angles distributions and an anti-
correlation between H1NCRC and NHRCCR.

To proceed further, the microsolvation of GlyRcis, GlyRtrans,
and GlyR- has been analyzed in some detail. In Figure 5, the
solvation cages of the three forms of the glycine radical are
sketched by means of the spatial distribution functions (SDFs)
of the surrounding water molecules, where the white and gray

Table 2. Gas-Phase Geometrical Parameters and Dipole Moment
of GlyRcis Issuing from Quantum Mechanical Optimizations at
Different Levels of Theory

B3LYPa B3LYPb MP2b CCSD(T)b

NsH1 1.013 1.008 1.009
NsH2 1.008 1.002 1.002
N-CR 1.358 1.354 1.350 1.359
CRsHR 1.082 1.077 1.075
CRsC 1.429 1.426 1.430 1.433
CdO1 1.228 1.226 1.227 1.227
CsO2 1.367 1.367 1.359 1.364
O2-H3 0.970 0.967 0.969
H1sNsH2 117.75 118.84 119.37
N-CRsC 118.21 118.09 116.37 116.82
O1sCsO2 122.30 122.27 122.76
H1NCRC -9.51 -6.26 -6.70
H2NCRC -165.03 -170.03 -170.07
NHRCCR 1.57 0.96 1.17
CRCO2H3 -179.57 -179.74 -179.72
µ 2.79 2.85 2.82

a N06. b aug-cc-pVTZ.
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clouds represent the water hydrogen and oxygen atoms,
respectively. As expected, water molecules interact preferentially
with the polar NH2 and CO2(H) groups, whereas the aliphatic
HR is mainly hydrophobic. To better characterize the hydrogen-
bonding pattern between the glycine radical and water, we have
evaluated the average number of hydrogen bonds formed
considering all the radical hydrogen atoms (H1, H2, H3, and
HR) as potential donors and the nitrogen and oxygen atoms (N,
O1, O2) as acceptors. Results are schematically reported in Table
6. As expected, we observe in all cases a similar hydrogen-
bonding pattern around the NH2 group, whereas the number of
interactions with the C-terminal group is roughly doubled on
going from the neutral to the anionic form, as a result of much
stronger hydrogen bonds in the latter case. The differences
between Figures 3 and 5 point out that a dynamic analysis of
solute vibrations and solvent librations provides an overall
picture of the glycine radical in aqueous solution that is only

roughly represented by a static approach based on the optimiza-
tion of solute-solvent clusters embedded in a polarizable
continuum.

3.3. Magnetic Properties.Before discussing our results, let
us summarize the available experimental data.7-10 The HR hcc
is always anomalously low (11.8 G below pH) 10 and 13.8 G
above this value), the nitrogen hcc is nearly pH independent
(6.4 and 6.1 G for pH values lower or larger than 10,
respectively), whereas the hcc’s of aminic hydrogens are strictly
equivalent in acidic or neutral aqueous solutions (5.6 G), but
they become slightly different at basic pH (3.4 and 2.9 G). Only
isotropic values are available for theg-tensor, which are identical
(2.00340) for neutral and anionic forms.

In order to assess our computational protocol designed to
extract magnetic parameters from MD simulations (see Com-
putational Details), the convergence of hcc’s and the isotropic
value of the g-tensor (giso) with the number of molecular

Table 3. Geometrical Parameters and Dipole Moment of GlyRcis in Aqueous Solution Issuing from Quantum Mechanical Optimizations
Using the CPCM and GLOB/ADMP Simulations

optimized geometry (CPCM)

GlyRcis

B3LYPa B3LYPb MP2b

GlyRcis+4W
QM/MMc

GlyRcis+6W
QM/MMc

GLOB/ADMP
QM/MMc

NsH1 1.019 1.014 1.014 1.017 1.017 1.017
NsH2 1.017 1.012 1.012 1.020 1.020 1.016
NsCR 1.349 1.346 1.343 1.347 1.345 1.353
CRsHR 1.087 1.081 1.080 1.087 1.087 1.086
CRsC 1.424 1.420 1.421 1.421 1.419 1.426
CdO1 1.241 1.239 1.241 1.242 1.244 1.242
CsO2 1.364 1.363 1.358 1.367 1.366 1.366
O2-H3 0.990 0.986 0.990 0.983 0.980 0.984
H1sNsH2 118.32 118.47 118.98 118.11 117.78 116.7
NsCRsC 120.52 120.50 119.04 121.27 121.27 120.3
O1sCsO2 121.81 121.79 122.14 120.79 121.34 121.6
H1NCRC -0.51 -0.07 -0.04 1.89 2.82 1.3
H2NCRC -179.36 -179.81 -179.87 178.68 179.21 -179.8
NHRCCa 0.06 0.01 0.00 -0.40 -0.39 0.0
CRCO2H3 -179.96 -179.98 -179.97 179.46 -178.61 178.2
µ 4.07 4.09 4.11 4.32 4.49 4.20

a N06. b aug-cc-pVTZ.c B3LYP/N06:AMBER.

Table 4. Geometrical Parameters and Dipole Moment of GlyRtrans in the Gas Phase and in Aqueous Solution Issuing from Quantum
Mechanical Optimizations and GLOB/ADMP Simulation

gas phase solution

optimized geometry optimized geometry (CPCM)

GlyRtrans GlyRtrans

B3LYPa MP2b B3LYPa MP2b

GlyRtrans+6W
QM/MMc

GLOB/ADMP
QM/MMc

NsH1 1.011 1.006 1.017 1.013 1.016 1.017
NsH2 1.009 1.003 1.017 1.013 1.020 1.017
NsCR 1.362 1.354 1.351 1.344 1.347 1.355
CRsHR 1.082 1.075 1.087 1.080 1.086 1.086
CRsC 1.426 1.432 1.422 1.420 1.417 1.424
CdO2 1.224 1.216 1.242 1.241 1.247 1.244
CsO1 1.379 1.372 1.365 1.359 1.365 1.366
O1sH3 0.969 0.969 0.990 0.990 0.982 0.979
H1sNsH2 116.83 118.04 117.74 118.31 117.47 116.5
NsCRsC 122.46 121.30 123.42 122.33 123.92 123.0
O1sCsO2 121.67 122.07 121.50 121.79 121.24 121.4
H1NCRC -11.38 -9.25 0.12 0.16 0.72 -0.1
H2NCRC -166.35 -169.79 -179.95 -179.97 -179.75 -179.1
NHRCCR 1.76 1.523 -0.01 -0.02 0.08 0.1
CRCO1H3 179.65 179.75 179.97 179.99 -176.33 -179.1
µ 3.97 4.01 5.86 5.91 6.61 6.12

a N06. b aug-cc-pVTZ.c B3LYP/N06:AMBER.
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configurations has been checked considering the case of Glycis

in aqueous solution (see Figure 6). Similarly to what we have
observed for other spectroscopic properties,36 about 100 con-
figurations are sufficient to reach a stable statistical average.
Thus, the 500 configurations selected for computing average
magnetic parameters guarantee converged results.

3.3.1. Hyperfine Couplings.In aqueous solution, both the
direct solvent effect and the solvent-mediated intramolecular
motions give non-negligible contributions to magnetic tensors.
In an attempt to understand the interplay of such subtle effects

and the importance of their relative contributions, we have
evaluated the hcc’s of Glycis both in the gas phase and in
solution. In Figure 7, we report the absolute values of isotropic
hcc’s for N, CR, H1, H2, and HR atoms, as obtained from the
optimized structure of Glycis in Vacuoand including effectively
the solvent using the CPCM, and from the MD simulation by
excluding or including the surrounding water molecules in the
a posterioricalculations. On comparison of the first and second
columns (or the third and fourth columns) of the histograms
plotted in Figure 7, we observe that the solvent has an opposite

Table 5. Geometrical Parameters of GlyR- in the Gas Phase and in Aqueous Solution Issuing from Quantum Mechanical Optimizations
and GLOB/ADMP Simulation

gas phase solution

optimized geometry optimized geometry (CPCM)

GlyR- GlyR-

B3LYPa MP2b B3LYPa MP2b

GlyR-+6W
QM/MMc

GLOB/ADMP
QM/MMc

NsH1 1.024 1.020 1.019 1.013 1.015 1.016
NsH2 1.016 1.010 1.018 1.013 1.019 1.015
NsCR 1.396 1.391 1.372 1.365 1.365 1.366
CRsHR 1.087 1.079 1.087 1.080 1.086 1.086
CRsC 1.486 1.485 1.457 1.454 1.448 1.448
CdO1 1.273 1.274 1.279 1.279 1.282 1.286
CdO2 1.262 1.263 1.280 1.280 1.283 1.287
H1sNsH2 112.65 113.52 115.35 116.45 116.11 115.7
N-CRsC 118.37 117.44 121.18 120.09 122.23 121.8
O1sCsO2 128.06 128.51 124.38 124.90 123.54 123.1
H1NCRC -12.11 -13.44 -16.50 -15.71 15.82 2.6
H2NCRC -138.54 -140.80 -160.56 -162.19 166.91 177.5
NHRCCR 3.14 4.26 2.66 2.70 -2.00 -0.2

a N06. b aug-cc-pVTZ.c B3LYP/N06:AMBER.

Figure 4. Probability distributions of dihedral angles (a) GlyRcis, (b)
GlyRtrans, and (c) GlyR-. Note that, for convenience, theθ(H2NCRC)
dihedral angle values have been transformed according to the formulaθ )
sin(θ)(180° - |θ|).

Figure 5. Spatial distribution functions of water molecules around (a)
GlyRcis, (b) GlyRtrans, and (c) GlyR- issuing from the GLOB/ADMP
simulations.
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effect on the hcc’s of the aminic group with respect to CR and
HR. In the former case, the isotropic hcc’s are enhanced (∆a(N)
) +0.33 G,∆a(H1) ) +0.55 G,∆a(H2) ) +0.75 G), whereas
in the latter they are lowered by more than 1 G (∆a(CR) )

-2.78 G,∆a(HR) ) -1.32 G). Moreover, dynamical effects
reduce the differences betweena(H1) anda(H2) on the one
hand, anda(CR) anda(HR) on the other. It should be noted that
all the QM calculations provide, as expected, positive values
of the hcc’s of CR and N and negative values for the hydrogen
atoms. As pointed out in previous studies,17,18the vibrations of
the glycine radical that influence the most the spin density
distribution and, consequently, the observed hcc’s are the H1,
H2, and HR out-of-plane motions. As an example, we report in
Figure 8 the value ofa(H1) for Glycis as a function of the
H1NCRC dihedral angle, freezing all the other atoms in a planar
conformation previously optimized in the gas phase: in the
range from 0° to 30°, a(H1) varies by more than 11 G, from
a(H1) ) -8.13 to 3.42 G, and the dynamical average value,
corresponding to the weighted average ofa(H1) on the φ-
(H1NCRC) distribution reported in Figure 4, is-5.47 G
(horizontal dotted line). Also, we have observed thata(H1) is
affected, to a smaller but non-negligible extent, by theφ-
(H2NCRC) andφ(NHRCCR) dihedrals. Indeed, by evaluating the
weighted average effect ona(H1) of such out-of-plane modes,
we have obtained an absolute shift of up to 0.3 G.

Furthermore, the level of agreement between theory and
experiment has been checked by directly comparing the two
sets of observed EPR hyperfine coupling constants of the glycine
radical in aqueous solution at low and high pH8,9 with those
evaluated from the molecular dynamics simulations of the
different forms of the radical considered in the present work
(GlyRcis, GlyRtrans, GlyRzw, and GlyR-). From Figure 9a and
Table 7, we observe that the isotropic hcc’s of the two neutral
and non-zwitterionic forms of the glycine radical, namely
GlyRcis and GlyRtrans, are basically indistinguishable within the
statistical errors (about 0.2 G) and nicely match the experimental
values at low pH. On the other hand, results obtained from the
GlyRzw simulation deviate considerably from experiment, as
expected. In the latter case, we have reported asa(H1) anda(H2)
the same value, corresponding to the mean hcc of the three
hydrogen bonds belonging to the amino group (NH3

+). At basic
pH, the observed hcc’s are compatible with those evaluated for
the anionic form of the glycine radical (see Figure 9b and Table
7). Again, we observe a very good agreement between theory
and experiment. To further validate our integrated computational
approach on the evaluation of EPR hcc’s, at least on a qualitative

Figure 6. Convergence of the (a) hcc’s of H1 and HR and (b)∆giso (where
∆giso) giso - ge andge is theg-value of the free electron,ge ) 2.0023193)
for GlyRcis in aqueous solution.

Figure 7. Hcc’s of N, H1, H2, CR, and HR for GlyRcis in the gas phase
and in aqueous solutions. See text for further details. Values are in Gauss.

Table 6. Average Numbers of Solute-Solvent Hydrogen Bonds
Formed by Different Atoms of GlyRcis, GlyRtrans, and GlyR- in
Aqueous Solution Issuing from the GLOB/ADMP Simulations

GlyRcis GlyRtrans GlyR-

HB Donor
H1 0.55 0.53 0.60
H2 0.71 0.77 0.65
HR 0.24 0.25 0.21
H3 1.00 1.00

HB Acceptor
N 0.06 0.05 0.16
O1 2.08 0.50 3.63
O2 0.84 2.44 3.80

Figure 8. Hcc of H1 for GlyRcis in an optimized planar structurein Vacuo
as a function of the H1NCRC dihedral angle, keeping fixed the rest of the
molecule (solid line) and including the average effect of the H2NCRC
dihedral angle fluctuations (dashed line). Values are in Gauss.
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ground, we have considered the EPR experimental data of
Sanderud and Sagstuen12 obtained from an X-ray irradiated
crystal of NH3

+CH2COO-. From their analysis of the observed
EPR signals, two forms of the glycine radical, i.e., NH2ĊHCOOH
and NH3

+ĊHCOO-, have been assigned, and the corresponding
results are reported in Figure 10, along with the hcc’s for
GlyRcis, GlyRtrans, and GlyRzw obtained from the MD simula-
tions in aqueous solutions. Remarkably, even in this case, we
observe a favorable agreement between theory and experiment,
where the main deviations concern the hcc’s of the aminic
hydrogens of the zwitterionic form. However, the asymmetric
arrangement of the NH3+ group observed in the crystals is
smeared in solution, where such a group can very easily rotate
as a result of the frequent breaking and forming of H-bonds.

All the above trends can be rationalized when recalling that
hcc’s can be decomposed in two contributions: a direct term,
which is always positive, and a spin polarization contribution,
which is positive at the radical center (here CR) and shows a
characteristic sign alternation along bonding patterns moving
away from it.54 In the planar structure, the direct effect vanishes
since the orbital formally containing the unpaired electron
(SOMO) is aπ orbital, whose nodal plane coincides with the
molecular plane (see Figure 1). Spin polarization, which is

responsible for the large negative hcc of HR, is proportional to
the spin density at CR, and it is, therefore, reduced by
delocalization of the SOMO. Then, the significant SOMO
delocalization in GlyRcis/trans and GlyR- explains the anoma-
lously small value of the HR hcc, which increases significantly
in GlyRzw, due to the reduced delocalization of the SOMO (see
Figure 1). Solvent effects do enhance the delocalization along
the backbone, due to an increased weight of ionic resonance
structures involving double N-CR or CR-C′ bonds with the
consequent reduction of the HR hcc and of the pyramidality of
the aminic moiety. Spin polarization effects are nearly constant
for H1 and H2, so that their hcc’s are modified essentially by
the direct effect (i.e., direct contribution to the SOMO), which
is, of course, enhanced by displacement above or below the
average molecular plane. Since solvent effects lead from a
strongly pyramidal to a nearly planar species, they involve a
dramatic reduction of the H2 hcc and an increased delocalization
of the SOMO with the consequent reduction of theπ spin
density on CR and of the HR hcc.

3.3.2. g-Tensors.Let us now consider in some detail the
g-tensor of glycine radical. The radical center being located on
the CR atom, which scarcely interacts with the environment,
experiments detect a quite small anisotropy of theg-values
compared to other amino acid radicals. Moreover, in aqueous
solution, only the isotropicg-value has been measured, which
is equal to 2.00340( 0.00005 for both acidic and basic pH
values.9 In Figure 11, theg-values and the corresponding
principal axis system for GlyRcis, GlyRtrans, and GlyR- are
reported, as computed in the gas phase. As pointed out in
previous studies,21,22 g-tensors are more sensitive to the
conformation of the radical than hyperfine tensors; e.g., the
g-tensors of GlyRcis and GlyRtrans are significantly different. In
particular, we have analyzed the influence of individual geo-
metrical changes, such as bond stretching and bending. The(54) Adamo, C.; Barone, V.; Subra, R.Theor. Chem. Acc.2000, 104, 207.

Figure 9. Comparison of the computed hcc’s of (a) GlyRcis, GlyRtrans,
and GlyRzw, and (b) GlyR- in aqueous solution with experimental data
recorded at different pH values in ref 9. Values are in Gauss.

Table 7. Hcc’s of GlyRcis, GlyRtrans, and GlyR- in Aqueous
Solution Issuing from GLOB/ADMP Simulations and Experiments
(Ref 9)

GLOB/ADMP experimental

GlyRcis GlyRtrans GlyR- pH ) 1−10 pH > 10

a(N) 5.5 5.5 5.7 6.4 6.1
a(H1) -5.4 -5.6 -3.1 5.6 3.4
a(H2) -5.3 -5.4 -2.2 5.6 2.9
a(CR) 10.2 9.9 14.9
a(HR) -11.9 -11.7 -13.8 11.8 13.8

Figure 10. Comparison of the computed hcc’s of (a) GlyRcis and GlyRtrans

and (b) GlyRzw in aqueous solution with experimental data recorded in the
solid state in ref 12.
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results reported in Figure 12 show that the∆gXX and ∆gYY

components (where∆gRR stays forgRR - ge andge is theg-value
of the free electron,ge ) 2.0023193) experience significant
changes upon modification of the CRsC and CdO (double)
bonds and, to a lower extent, upon modification of the NsCR

and CsO (single) bonds and the NsCRsC angle. On the other
hand, out-of-plane motions do not alter appreciably theg-tensor,
except for a slight effect on the component normal to the average
molecular plane (∆gZZ). It is worth noting that such results are
consistent with the fact that the largest contribution to the
g-tensor of the glycine radical is provided by the spin-orbit
coupling term, which involves mainly the lone pairs on the
oxygen atoms. Moreover, we have observed an overall good
agreement betweeng-tensors computed on optimized geo-
metrical structures obtained at DFT B3LYP level and post-

Hartree-Fock (MP2 and CCSD(T)) methods, with deviations
that tend to decrease by including solvent effects (see, e.g., the
comparison between B3LYP and MP2 using the CPCM, as
shown in Table 8).

In analogy with the previous analysis on the hcc’s, we have
considered separately the direct and indirect effects of the
solvent on the magnetic response of the glycine radical. From
Tables 2-4 (geometrical parameters) and Figure 12, it is
apparent that, considering only the geometrical changes of the
glycine radical induced by the solvent, theg-tensors are
generally enhanced, especially the∆gXX and ∆gYY terms.
Specifically, we have evaluated the increase ofgiso from the
gas phase (optimized structures, Figure 11) to the aqueous
solution (MD simulations, excluding the direct solvent effects
of the water molecules and retaining only the geometrical and
dynamical effects). As expected, we have obtained a larger
increase for GlyR- (∆giso = +340 ppm) with respect to GlyRcis

(∆giso = +90 ppm) and GlyRtrans (∆giso = +110 ppm). On the
contrary, the solvent polarization effects, especially via the
formation of hydrogen bonds with the oxygen atoms of the
glycine radical, do induce a reduction of theg-factors. Therefore,
the overall change of theg-values is quite small in all cases
considered (see results reported in Figure 11 (gas phase) and
Table 8 (aqueous solution)).

Finally, we have compared the results obtained from the MD
simulations of GlyRcis, GlyRtrans, and GlyR- with the only
available experimental data, i.e.,giso. As reported in Table 8,
our results are somewhat higher than their experimental
counterparts, even considering the statistical noise (about 50-
60 ppm). Interestingly, GlyRcis and GlyR- show very similar
giso values (2.00359 and 2.00356, respectively), whereas thegiso

of GlyRtrans is appreciably larger (2.00375). Such results could
suggest, assuming a systematic error of the computational
methodology employed,21,22 that the favored conformation of
the glycine radical in aqueous solution is the cis form at pH<
10. Indeed, quantum mechanical calculations on GlyRcis and
GlyRtrans using the CPCM or with small water clusters have
shown that the cis form is more stable by about 0.5 kcal/mol
(0.49 kcal/mol for clusters with six water molecules+ CPCM
and considering the solute at CCSD(T) level; 0.36 kcal/mol for
clusters with six water molecules+ CPCM at the B3LYP level).

Figure 11. g-tensor principal axes and values (shifts with respect toge in
ppm) andgiso for (a) GlyRcis, (b) GlyRtrans, and (c) GlyR- in the gas phase.
The Z-axis is perpendicular to the molecular plane.

Figure 12. g-tensor values for (a) GlyRcis, (b) GlyRtrans, and (c) GlyR- in
the gas phase as a function of individual geometrical parameters. Bond
lengths are incremented by 0.01 Å and the N-CR-C bond angle by 2°.

Table 8. g-Tensor Values (Shifts with Respect to ge) and giso for
GlyRcis, GlyRtrans, and GlyR- in Aqueous Solution Issuing from
Quantum Mechanical Optimizations Using the CPCM and GLOB/
ADMP Simulations and Experiments (Ref 9)

optimized geometry

B3LYP MP2 GLOB/ADMP expt

GlyRcis

∆gXX 2657.0 2607.5
∆gYY 1458.4 1433.3
∆gZZ -191.4 -190.9
giso 2.00363 2.00360 2.00359 2.00340

GlyRtrans

∆gXX 2636.3 2612.4
∆gYY 1976.3 1925.3
∆gZZ -190.4 -189.9
giso 2.00379 2.00377 2.00375 2.00340

GlyR-

∆gXX 2172.8 2161.4
∆gYY 1728.2 1712.2
∆gZZ -182.2 -182.1
giso 2.00356 2.00355 2.00356 2.00340
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4. Conclusions

In the present paper, we have reported the essential results
of a comprehensive analysis of the structure, dynamics, and EPR
parameters of the radicals derived from homolytic breaking of
the CR-HR bond of glycine in aqueous solution at different pH
values. We have unraveled the role of intrinsic structural
preferences, solvation patterns, and short-time dynamical effects
in determining the experimental EPR spectrum. In particular,
solvent effects play a significant role for the neutral form and
completely modify the EPR spectrum for the anionic form. At
the same time, out-of-plane motions of the NH2 and CRHR

moieties, although they are only weakly coupled, have a synergic
effect in averaging proton hyperfine couplings. Thus, our study
offers a rich and internally consistent picture of magneto-
structural relationships and of dynamical features for a proto-
typical amino acid in aqueous solution, bridging in a consistent
and direct way macroscopic observables and detailed micro-
scopic dynamics of a quite complex system.

From a more general point of view, the results of the present
study confirm that hybrid functionals coupled to purposely
tailored basis sets allow researchers to compute magnetic tensors
in remarkable agreement with their experimental counterparts:

computed data can take into the proper account both environ-
mental effects and short-time dynamical contributions like, e.g.,
vibrational averaging from intramolecular vibrations and/or
solvent librations, therefore providing a set of tailored parameters
that can be confidently used for further calculations. The
ongoing integration25 of improved QM methods for the calcula-
tion of magnetic tensors, and effective implementations of
approaches based on the stochastic Liouville equation for
increasing numbers of degrees of freedom, further widens the
range of application of computational approaches,26 paving the
route toward fulla priori simulations of EPR spectra in different
phases and over large temperature intervals.
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