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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 C*—H® 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
NC*C' 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 better understanding of general trends requires, in our opinion,

The role of photoreactions in solution in a number of integrated strategies in which well-defined models are investi-

processes of biological and/or technological relevance is widely 92ted by both experimental and theoretical approagtss
acknowledged;® but several aspects are still not fully char- mentioned above, interpretation of experimental results is not
acterized, and a deeper understanding of these would stronglyVithout ambiguities, either because of the role of different
benefit from interplay between fast experimental methods and €nvironmental effects or because the relationship between
reliable quantum mechanical computations. Here, we will be spectroscopic and structural/dynamics characteristics is only
concerned with aliphatic radicals issuing from elimination Indirect?>Here, theoretical approaches come into play, provided
reactions involving amino acids and their derivatives, which that they are able to couple reliability and feasibility for large
: '. 6 1n thi i i i
are usuallyo-carbon-centered radicals. Already the simplest SYStems? In this connection, models rooted into the density
amino acid, glycine, and its derivatives show a number of (13) (a) Yu, D.; Rauk, A.; Armstrong, D. Al. Am. Chem. Sod995 117,
unexpected features (e.g., preference for neutral or zwitterionic ﬂggéég? Yu, D.; Rauk, A.; Armstrong, D. Al. Am. Chem. S0d997
structure in different condensed phases, anomalously low (14) Barone, X.;Adamo, C.; Grand, A.; Brunel, Y.; Fontecave, M.; Subra, R.
) L : - J. Am. Chem. Sod.995 117, 1083.

hydrogen hyperfine coupling in aqueous solution), WhICh have (15) Barone, V.. Adamo, C.: Grand, A.- Subra,Ghem. Phys. Let1995 242
stimulated a large number of experimeht&d and theoreticaf-22 16 %5)'3 v Ad . Grand. A- Jolibois. F-- Brunel Y- Subra. R

. a) barone, V., amo, C.; Grana, A.; Jolibols, F.; Brunel, Y.; Subra, R.
studies. Although a number of features have been analyzed, @ j"Am. Chem. $0a995 117, 12618. (b) Barone, \V.; Capecchi, G.. Brunel,
Y.; Dheu Andries, M. L.; Subra, Rl. Comput. Cheml997, 14, 1720.

(1) Stuble, J. AAnnu. Re. Biochem 1989 58, 257.

(2) Baldwin, J. E.; Bradley, MChem. Re. 199Q 90, 1079.

(3) Von Sonntag, CThe Chemical Basis of Radiation biolggyaylor and
Francis: New York 1987.

(4) Stadman, E. RAnnu. Re. Biochem 1993 62, 797.

(5) Easton, C. JChem. Re. 1997 97, 53.

(6) Xerri, B.; Morell, C.; Grand, A.; Cadet,;JCimino, P.; Barone, VOrg.
Biomol. Chem?2006 4, 3986.

(7) Ghosh, D. H.; Wiffen, D. HJ. Chem. Soc196Q 1869.

(8) Paul, v. H.; Fischer, HHelv. Chim. Actal971, 54, 485.

(9) Neta, P.; Fessenden, R. \l/.Phys. Chem1971, 75, 738.

(10) Armstrong, D. A.; Rauk, A.; Yu, DJ. Chem. Soc., Perkin Trans1®95

553

(11) Bruétolon, M.; Chis, V.; Maniero, A. L.; Brunel, L.-Q. Phys. Chem. A
1997 101, 4887.
(12) Sanderud, A.; Sagstuen, E.Phys. Chem. B998 102, 9353.
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(17) Rega, N.; Cossi, M.; Barone \J. Am. Chem. S0d 997, 119, 12962.

(18) Rega, N.; Cossi, M.; Barone, \I. Am. Chem. S0d 998 120, 5723.

(19) Pawels, E.; Van Speybroeck, V.; Waroquier, MPhys. Chem. 2004
108 11321.

(20) Ciofini, I.; Adamo, C.; Barone, VJ. Chem. Phys2004 121, 6710.

(21) Kaprzac, S.; Reviakine, R.; Kaupp, Nl.Phys. Chem. B007, 111, 811.

(22) Kaprzac, S.; Reviakine, R.; Kaupp, Nl.Phys. Chem. B007, 111, 820.

(23) Barone, V.; Brustolon, M.; Cimino, P.; Polimeno, A.; Zerbetto, M.; Zoleo,
A. J. Am. Chem. SoQ006 128 15865.

(24) (a) Zerbetto, M.; Carlotto, S.; Polimeno, A.; Corvaja, C.; Franco, L.;
Toniolo, C.; Formaggio, F.; Barone, V.; Cimino, P Phys. Chem. B007,
111, 2868. (b) S. Carlotto, S.; Cimino, P.; Zerbetto, M.; Franco, L.; Corvaja,
C.; Crisma, M.; Formaggio, F.; Toniolo, C.; Polimeno, A.; Barone JV.
Am. Chem. SoQ007, 129, 11248.

(25) Polimeno, A.; Barone, Whys. Chem. Chem. Phy2006 8, 4609.

(26) Improta, R.; Barone, V\Chem. Re. 2004 104, 1231.

10.1021/ja074910t CCC: $37.00 © 2007 American Chemical Society
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functional theory (DFT) are today the methods of choice for
the description of structural and spectroscopic characteristics
of large, flexible radicald’?8 At the same time, approaches in
which the solvent degrees of freedom are accounted for in an
average way in terms of a reaction figld® 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 medig#However,

in some instances implicit solvent models may also display
limitations, e.g., in situations where highly specific interactions,
like hydrogen bonds, come into pl&y.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?* 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

He
02

o
= H3

(b)

cases the measured parameters represent weighted averages over (© He

the configurations with significant populations, if a representa-

tive molecular dynamics simulation has been generated, the Ly c 02
statistical distribution of the parameter values in the system can H2 )

be reproduced by extracting from the trajectory a sufficient

number of representative frames and repeating a computation @ H i

on each one of them: thus, averaging of the computed values

provides an estimate of the experimental measurefiéfit.

Figure 1. Gas-phase structures, atom labels, and SOMOs of (a) GlyR
(b) GlyR"@"s (c) GlyR™, and (d) GlyR". A threshold value of 0.05 has

Simulations employing energies and gradients computed by peen adopted in the plots of the molecular orbitals.

quantum mechanical (QM) methods are starting to provide
classical trajectories which are long enough to allow reliable
averaging of spectroscopic paramefér® In this framework,

we have recently developed a general model, hereafter referre
to as GLOB (general liquid optimized boundary), enforcing

(27) (a) Barone, V.; Adamo, C.; Russo, 8@hem. Phys. Letfl993 212 5. (b)
Barone, V.J. Chem. Physl994 101, 6834. (c) Barone, VJ. Chem. Phys.
1994 101, 10666. (d) Barone, V.; Adamo, Chem. Phys. Letl994 224,
432. (e) Barone, VTheor. Chem. Accl995 91, 113. (f) Barone, V. In
Advances in Density Functional Thegi@hong, D. P., Ed.; World Scientific
Publ. Co.: Singapore, 1995; Part |, p 287. (g) Engels, B.; Eriksson, L. A.;
Lunell, S.Advances in Quantum Chemisticademic Press: San Diego,
CA, 1996; Vol. 27, p 297.

(28) (e) Mattar, S. MChem. Phys. Lett1998 287, 608. (b) Mattar, S. M.;
Stephens, A. DChem. Phys. Let200Q 319 601. (c) Arbuznikov, A. V.;
Kaupp, M.; Malkin, V. G.; Reviakine, R.; Malkina, O. [Phys. Chem.
Chem. Phys2002 4, 5467. (d) Mattar, S. MJ. Phys. Chem. B004 108
9449, (e) Sinnecker, S.; Reijerse, E.; Neese, F.; LubitzJVWAm. Chem.
S0c.2004 126, 3280. (f) Neugerbauer, J.; Louwerse, M. J.; Belanzoni, P.;
Wesolowski, T. A.; Baerends, E. J. Chem. Phys2005 109, 445. (g)
Schoneborn, J. C.; Neese, F.; Thiel, WAm. Chem. So2005 127, 5840.
(h) Astashkin, A. V.; Neese, F.; Raitsimiring, A. M.; Cooney, J. J. A.;
Bultman, E.; Enemark, J. H.; Neese, FJJAm. Chem. So2005 127,
16713. (i) Mattar, S. MJ. Phys. Chem. 2007, 111, 251.

(29) Cramer, C. J.; Truhlar, D. GChem. Re. 1999 99, 2161.

(30) Tomasi, J.; Mennucci, B.; Cammi, Rhem. Re. 2005 105, 2999.

(31) (a) Mennucci, B.; Toniolo, A.; Tomasi, J. Am. Chem. SoQ00Q 122,
10621. (b) Barone, V.; Cimino, P.; Crescenzi, O.; PavoneTheochem
2007, 811, 323.

(32) (a) Barone, VChem. Phys. Letl996 262 201. (b) Rega, N.; Cossi, M.;
Barone, V.J. Chem. Phys1996 105 11060. (c) di Matteo, A.; Adamo,
C.; Cossi, M.; Rey, P.; Barone, \Chem. Phys. Lett1999 310, 159.

(33) Langella, E.; Improta, R.; Barone, ¥. Am. Chem. So2002 124, 11531.

(34) (a) Adamo, C.; di Matteo, A.; Rey, P.; Barone,J Phys. Chem. A999
103 3481. (b) Tedeschi, A. M.; D’Errico, G.; Busi, E.; Basosi, R.; Barone,
V. Phys. Chem. Chem. Phy002 4, 2180. (c) Cimino, P.; Pavone, M.;
Barone, V.Chem. Phys. LetR005 409, 106.

(35) Georg, H. C.; Coutinho, K.; Canuto, & Chem. Phy2005 123 124307.

(36) Pavone, M.; Brancato, G.; Morelli, G.; Barone,Ghem. Phys. Che2006
7, 148.

(37) (a) Nillson, J. A.; Eriksson, L. A.; Laaksonen, Mol. Phys 2001, 99,
247. (b) Nonella, M.; Mathias, G.; Tavan, ®.Phys. Chem. 2003 107,
8638. (c) Asher, J. R.; Doltsinis, N. L.; Kaupp, M.Magn. Reson. Chem
2005 43, S237.

nonperiodic boundary conditions, which are more suitable for
ab initio dynamic simulations employing localized basis func-
Otions?‘-’v40 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
parameteré! In the absence of significant soluteolvent
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®? 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-

(38) (a) Pavone, M.; Benzi, C.; De Angelis, F.; Barone,Ghem. Phys. Lett
2004 395, 120. (b) Pavone, M.; Cimino, P.; De Angelis, F.; BaroneJV.
Am. Chem. So006 128 4338. (c) Pavone, M.; Sillampa, A.; Cimino,
P.; Crescenzi, O.; Barone, \J. Phys. Chem. R006 110, 16189.

(39) (a) Rega, N.; Brancato, G.; Barone,@hem. Phys. LetR006 422 367.
(b) Brancato, G.; Rega, N.; Barone, ¥.Chem. Phys2006 124, 214505.
(c) Brancato, G.; Rega, N.; Barone, ¥..Chem. Phy2006 125 164515.

(40) Brancato, G.; Barone, V.; Rega, Wheor. Chem. Acc2007, 117, 1001.

(41) (a) Barone, V.; Subra, R. Chem. Physl996 104, 2630. (b) Jolibois, F.;
Cadet, J.; Grand, A.; Subra, R.; Rega, NAm. Chem. Sod 998 120
1864. (c) Barone, VJ. Chem. Phys2005 122 014108. (d) Barone, V.;
Carbonniere, P.; Pouchan, &.Chem. Phys2005 122 224308.

(42) Todorova, T.; Seitsonen, A.; Hutter, J.; Kuo, |.-F.; Mundy,JCPhys.
Chem. B2006 110, 3685.
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Figure 2. Sketch of the molecular system (glycine radictl water)
simulated using the GLOB/ADMP model.

field electron paramagnetic resonance (EPR) spé&tktawever,
the computation of reliable magnetic tensors averaged over

Table 1. Intermolecular Lennard-Jones Parameters of the Glycine
Radical
G|yRczslrrans G|szw G|ny
o € o € o €
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
c* 4.02 0.06 4.02 0.06 4.02 0.06
He 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
02 3.33 0.19 3.12 0.19 3.12 0.19
H3 1.06 0.03 1.06 0.03

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 BSLYP/AMBER potential parametrized by
Freindorf et al” 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 dispersioepulsion interactions derived

short-time motions (solute vibrations and solvent librations), s as to minimize edge effects on the solvent density and average

which is the specific tOpi.C IOf the p_resent.contribution, represents energy3®4° During the dynamics, the electron density matrix has been
a mandatory and nontrivial starting point for the replacement propagated “on the fly”, along with the nuclei, according to the ADMP

of spectra fitting bya priori spectra forecasting by integrated
QM/SLE approache® 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 SimulationsDifferent pH conditions and
isomerism of the glycine radical in aqueous solution were investigated
by considering, together with the anionic form (BMEHCOO", hereafter
GlyR™), three neutral species, either zwitterionic (NBHCOO,
hereafter GlyRY) or not (NHLCHCOOH, hereafter GlyR and GlyRa"

(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 Figuré®2Yis particularly well-
suited for treating solutesolvent 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,

method®® The core and valence orbitals were weighted differently
during the dynamics, withyaence= 0.1 amu bohr~ 180 au for the
valence electrons ande0btained according to the tensorial fictitious
mass scheme described in ref 48. In all cases considered {GlyR
GlyR""s GlyR~, and GlyRY), the solute was embedded with 134 TIP3P
water molecules into a spherical cavity with a radius of 10.0 A, whereas
the electrostatic reaction field was evaluated with respect to a dielectric
continuum on a sphere with radius 11.8 A, according to the conductor-
like version of the PCM (CPCMY 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 3940 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 ParametersThe
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 solutidhand in the
solid statet!12 Statistical averages have been performed posteriori
quantum mechanical calculations of a large number (about 500) of
molecular configurations sampled during the MD simulations. Such

has been treated at the DFT level with the well-trusted B3LYP
functional?* whereas the remaining solvent (water) molecules are
modeled at lower MM level, according to the TIP3P motidh all
simulations we have used the recently developed NO6 basiswgkich
provides comparable results in terms of molecular geometries an
electric dipole moments to more extended basis sede (nfra) and
reduces significantly the basis set superposition error (BSSE).

d

(43) (a) Schneider, D. J.; Freed, J. Adv. Chem. Phys1989 73, 487. (b)
Polimeno, A.; Freed, J. HAdv. Chem. Phys1992 83, 89.

(44) (a) Becke, AJ. Chem. Phys1993 98, 5648. (b) Stephens, P. J.; Devlin,
F. J.; Chabalowski, C. F.; Frisch, M. J. Phys. Chem1994 98, 11623.

(45) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926.

15382 J. AM. CHEM. SOC. = VOL. 129, NO. 49, 2007

(46) The NO6 basis set was obtained by adding to the Pople 6-31G basis set
single sets of optimized core-valence s (on all atoms except H), diffuse s
(on H), diffuse p (on all atoms except H), polarization (on all atoms), and
diffuse d (on O atoms) gaussian functions.

Freindof, M.; Shao, Y.; Furlani, T. R.; Kong, J. Comput. Chem2005

26, 1270.

(48) (a) Schlegel, H. B.; Millam, J. M.; lyengar, S. S.; Voth, G. A.; Daniels, A.
D.; Scuseria, G. E.; Frisch, M. J. Chem. Phys2001, 114, 9758. (b)
lyengar, S. S.; Schlegel, H. B.; Millam, J. M.; Voth, G. A.; Scuseria, G.
E.; Frisch, M. J.J. Chem. Phys2001, 115 10291. (c) Schlegel, H. B.;
lyengar, S. S.; Li, X.; Millam, J. M.; Voth, G. A.; Scuseria, G. E.; Frisch,
M. J.J. Chem. Phys2002 117, 8694. (d) Rega, N.; lyengar, S. S.; Voth,
G. A,; Schlegel, H. B.; Vreven, T.; Frisch, M. J. Phys. Chem. B004
108 4210.

(49) (a) Barone, V.; Cossi, Ml. Phys. Chem. A998 102 1995. (b) Cossi,

M.; Scalmani, G.; Rega, N.; Barone, Y. Comput. Chemr2003 24, 669.

(47)
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tensor is usually referred to as the hyperfine coupling constant (hcc)
and will be given in the following in Gauss (1 & 0.1 mT). The
isotropic part of theg-tensor is given in the following in terms of shift
from the free electron value\giso = Jiso — e, 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.

" 4
(c) % (d) . -
Figure 3. Optimized glycine radicatwater clusters: GlyRs with (a) four S(_everal ?’tUdles on the structures and Sta‘_blh_tles of _C'(:entered
and (b) six water molecules, (c) GIJRS with six water molecules, and  glycine radical31%1317.1haye shown that cationic species never
(d) GlyR™ with six water molecules. See text for further details. predominate in aqueous solution and that, contrary to the parent
molecule, at not too basic pH the neutral form HHCOOH)
spectroscopic calculations were carried out on the basis of the samejs more stable than its zwitterionic counterpart (NEHCOO").
explicit molecular system and QM/MM partition (glycine radical, aApgye pH = 10, the anionic form (NWCHCOO") starts to
ti?é"gni’/ éi?f‘rtr";ig &?ézctﬂgi'sgEft?eﬁgégége@g mz égg.lﬁl:ﬁ;;s prevail. We have thus analyzed both anionic and neutral forms,
taking into account that, in the latter case, cis (GlI§jRind trans

set0
f . . h
The hyperfine coupling tensoAk), which describes the interaction (GlyR"™") placements of the oxidryl moiety with respect to the

between the electronic spin density and the nuclear magnetic momentumC"—H® bond are not equivalent and are nearl'y isognergetic.
of nucleus X’ can be Sp“t into three termA:x = aX13 + TX —+ AX: Although we haVe performed a GLOB/ADMP S|mu|at|0n aISO

wherels is the 3x 3 unit matrix. The first termdx), usually referred for the zwitterionic form, it will be not discussed in detail due

to as Fermi contact interaction, is an isotropic contribution and is related to the negligible amount of this species in aqueous solutiiote (

to the spin density at the corresponding nucleus X. The second infra).

contribution [Tx) is anisotropic and can be derived from the classical 3.1. Optimized Structures. The gas-phase structures of

expression of interacting dipoles. The last teri, is due to second- GlyRes, GlyRta"s, and GlyR have been studied at DFT and

order spir-orbit coupling and can be determined by methods similar ) 11 ree Fock (second-order perturbation theory, MP2, and

to those described in the following for tigetensor. In the present case, ) . . .
coupled clusters including single, double, and perturbative

because of the strong localization of spin density on first-row atoms A L .
and of their small spirorbit coupling constants, its contribution can ~ réatment of triple excitations, CCSD(T)) levels of theory in

be safely neglected and will not be discussed in the following. Because ©rder to validate the quantum mechanical model employed in
bothax and T are ruled by one-electron operators, their evaluation is, the molecular dynamics simulations (B3LYP/NO6). Also, we

in principle, quite straightforward. However, hyperfine coupling have compared the intramolecular changes due to solvent effects
constants have been among the most challenging quantities forby carrying out QM calculations on small glycine radical/water
conventional QM approaches for two main reaséOn one hand, clusters and using the CPCM. In all cases, the most stable
conventional Gaussian basis sets are ill adapted to describe nucleastrycture is nearly planar due to the delocalization effect of the
cusps; on the other hand, the overall result derives from the differenceunpaired electron, with the only exception being the aminic
between large quantities of opposite sign. However, the past few yearsp, 4-,5ans | Figure 1, the gas-phase optimized structures and
have shown that coupling of some hybrid functionals (here B3LYP) to atom labels of GlyRs, GlyR'™"s GIyR-, and GIyR™ are

purposely tailored basis sets (here EPR-III) performs a remarkable job . . . . .
for both isotropic and dipolar terms. depicted, along with the corresponding singly occupied molec-

3. Results and Discussion

Theg-tensor can be written as follows = gels + Agrw + Ags + ular orbitals (SOMOs), as obtained at the B3LYP/EPR-III level.
Adozisoc Where ge is the free-electron valueg{ = 2.0023193). A similar delocalized character is shown by the SOMOs, which
Computation of the relativistic mass (RM) and gauge (G) corrections are centered on the*@Gtom but extend to both terminal groups
is quite straightforward because they are first-order contribuffbfise of glycine. Only in the case of GIyR, the electronic delocal-

last term arises from the coupling of the orbital Zeeman (OZ) and the ization of the SOMO is hindered due to the different hybridiza-
spin—orbit coupling (SOC) operator. The OZ contribution is computed  tjon of the nitrogen atom. In Table 2, the gas-phase geometrical
using the gauge-including atomic orbital (GIAQ) approdftwhereas  narameters and dipole moment of the optimized structure of
the two-electron SOC operator is approximated by a one-electron GlyRs are reported. Some selected parameters of €lyR
operator involving adjusted effective nuclear chafe®nce again, involving heavy atoms (N-Ce, C-—C, C=01, and G-O2 bond
the B3LYP functional and the EPR-IIl basis set provide reliable ’ ' ’ -

lengths and the NC*—C angle) have been optimized at the

results?®-22 Upon complete averaging by rotational motions, only the i i
isotropic parts of the\y andg-tensors survive, which are given by CCSD(T) level, freezing the other structural parameters at their

= Y, Tr(An) andgso = s Tr(g). The isotropic part of the hyperfine  values optimized at the MP2/aug-cc-pVTZ level. In particular,
we have made the following basis set extrapolation for each of

(50) (a) Barone, VJ. Phys. Chem1995 91, 113. (b) Rega, N.; Cossi, M.; the previous parameter$; A(CCSD(T)/aug-cc-pVTZ)y= A-
Barone, V.J. Chem. Phys1996 105 11060.

(51) (a) Ditchfield, R.Mol. Phys 1974 27, 789. (b) Cheesman, J. R.; Trucks,
G. W.,; Keith, T. A.; Frisch, M. JJ. Chem. Phys1998 104, 5497. (53) Frisch, M. J.; et alGaussianO3Revision C.02; Gaussian, Inc.: Wallingford

(52) Koseki, S.; Schmidt, M. W.; Gordon, M. $.Phys. Cherml992 96, 10768. CT, 2004.
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Tfafélle é-ds?asjphé}se Ggometrica:wpafham?telrso and Dipole Moment Additionally, the introduction of explicit water molecules

0 y ssuing from Quantum Mechanical Optimizations at _ . . . . .

Different Levels of Theory hydrogen-bonded directly with gI_ycme radical (see Figure 3)
has the general result of enhancing the solvent effects on the

a b b b . . . .

BaLYP BILYP MP2 cesem radical geometry. Binding energies between 5 and 9 kcal/mol
N—H1 1.013 1.008 1.009 are computed for the interactions between water molecules and
N—H2 1.008 1.002 1.002 h | radical which bl h
N—C¢ 1.358 1.354 1350 1.359 the neutral radical, which are comparable to the wateater
Co—He 1.082 1.077 1.075 interaction (5 kcal/mol). Of course, much larger binding energies
gﬂ—_ocl ﬁgg iégg igg igg? (up to 16 kcal/mol) are obtained for the water molecules
C—02 1367 1367 1359 1364 mteractlr]g wnh thg carboxylate m0|.ety of GlyR
02-H3 0.970 0.967 0.969 3.2. Simulations in Aqueous SolutionThree extended QM/
HI-N-H2 11775 118.84 119.37 MM simulations of GlyR's, GlyR"s, and GlyR™ in aqueous
N—C*—C 118.21 118.09 116.37 116.82 lution h b ‘ q at ) ¢ 300 K
01-C—02 12230 122 27 12276 solution have been performed at room temperature (. )
H1INC*C —9.51 —6.26 —6.70 according to the GLOB/ADMP scheme described in the
H2NC*C —165.03  —170.03  —170.07 Computational Details section. The average structures of the

[e¥ .
N(t{ ce 157 0.96 L7 solutes are reported in the last columns of Tablet.2The
C*CO2H3 —179.57  —179.74  —179.72 X ,
u 2.79 285 282 main structural changes around the formal r'ad|cal centey (C
in going from gas phase to aqueous solution involve theCN

#NO6. ° aug-cc-pVTZ. C*—C, and @—H¢® bonds, where the latter is lengthene\ |

(C*—H*) = +0.004 A] in GlyR (both cis and trans conformers)
but not in GlyR", whereas the former are shortened in all cases
[GlyR®s, A(C*—C) = —0.003 A, AIN—C%) = —0.005 A,
GlyRtrans A(C*—C) = —0.002 A, AN—C% = —0.007 A;
GlyR~, A(C*—C) = —0.038 A,A(N—C») = —0.030 A]. Also,

as a result of hydrogen-bonding interactions with water, we
observe an elongation of the-NH, C=0, and G-H bonds in
GlyR®s and GlyRa"s and the breaking of the weak intramo-

(CCSD(T)/cc-pVTZ) + A(MP2/aug-cc-pVTZ)— A(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 1§ 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/NO6 results are very similar to their B3LYP/ :
aug-cc-pVTZ counterparts at a significantly lower computational lecular hydrogen bond (NH1---O1=C) formed in the gas
cost (the numbers of basis functions are NO6, 125; aug-cc-pVTZ, phase by GlyR. ) )
322). Only the dihedral angles of the Misoiety are slightly The average molecular geometries of GIJFGIyR™", and
larger, but it is worth noting that, in terms of the potential GlyR~ in aqueous solution are characterized by a nearly planar
energy, such a discrepancy is lower than 0.1 kcal/mol. The conformation, including the Nigroup which has lost its
computed electric dipole moment, which rules intermolecular Pyramidal conformation observed vacua Indeed, we have
interactions in polar solvents, does not change when going from Not observed any significant rotation of the Nend CQ(H)
B3LYP to MP2 models or from NO6 to aug-cc-pVTZ basis sets. 9roups of the glycine radical within the simulated time intervals
In Table 3, the structure and dipole moment of Gf§Rn (50 ps), but only small oscillations about the plane of the
solution are reported. Again, we observe a fairly good agreementmolecule. In particular, we have analyzed the probability
between the structural parameters obtained at B3LYP/N06, distributions of the three dihedral angles (HING H2NC'C,
B3LYP/aug-cc-pVTZ, and MP2/aug-cc-pVTZ levels using the and NH*CC*) that affect the most the EPR hyperfine coupling
CPCM. The MP2 model provides similar dipole moment and constants. In Figure 4, such distributions are plotted for all forms
solvent shifts with respect to B3LYP. Specifically, inclusion of the glycine radical investigated in the present work. In all
of environmental effects induces a shortening of theG¢ and cases, an approximately symmetric Gaussian shape has been
Ce—C bonds, a lengthening of the carbony=01 bond, and observed, with very similar distributions of the aminic hydrogen
an approximately planar configuration of the Ngroup. To out-of-plane angles (root-mean-square amplitude, 15°) and
better model the specific hydrogen-bonding interactions occur- @ sharper distribution of the N#€C* dihedral angleq = 6°).
ring in agueous solution, we have also considered two different With the exception of HINEGC and HZNCC dihedral angles
GlyRes\water clusters with four and six water molecules, Of GlyR™ (see Table 4), all distributions are roughly centered
respectively (see Figure 3), including solvent bulk effects by at @, corresponding to the planar geometries. Moreover, we
means of the CPCM. For consistency with our simulation have analyzed the correlation among the previous dihedral
protocol, the water molecules are treated as classical particlesangles, and we have found that, overall, between 62% and 69%
according to the QM/MM scheme described in the Computa- Of the total time, H1 and H2 are on the same side of the
tional Details section. Results show a quite similar trend of the Molecular plane, whereas H1 and: ldre on opposite sides
GlyR®’s intramolecular rearrangements, with small differences (Where 50% represents an uncorrelated distribution). In other
in the bond angles due to the different water solvation cages. Words, we have observed, to some degree, a correlation of the
We have next Computed the minimum energy structures for HINC*C and H2NCC dihedral angles distributions and an anti-
GlyRtans and GlyR in the gas-phase and in aqueous solution, correlation between HIN® and NHCC*.
in the latter case using the CPCM or including a few explicit ~ To proceed further, the microsolvation of GERGIyRrans
water molecules plus the CPCM, as shown in Tables 4 and 5.and GlyR™ has been analyzed in some detail. In Figure 5, the
The results confirm the general agreement between B3LYP andsolvation cages of the three forms of the glycine radical are
MP2 approaches and a qualitatively similar rearrangement of sketched by means of the spatial distribution functions (SDFs)
the molecule as a result of the interactions with the solvent. of the surrounding water molecules, where the white and gray
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Table 3. Geometrical Parameters and Dipole Moment of GlyR®s in Aqueous Solution Issuing from Quantum Mechanical Optimizations
Using the CPCM and GLOB/ADMP Simulations

optimized geometry (CPCM)

GlyRes
GlyRes+4W GlyRs+6W GLOB/ADMP

B3LYP? B3LYP? MPp2° QMI/MME QM/MME QM/MME
N—H1 1.019 1.014 1.014 1.017 1.017 1.017
N—H2 1.017 1.012 1.012 1.020 1.020 1.016
N—C« 1.349 1.346 1.343 1.347 1.345 1.353
Co—H« 1.087 1.081 1.080 1.087 1.087 1.086
c—C 1.424 1.420 1.421 1.421 1.419 1.426
C=01 1.241 1.239 1.241 1.242 1.244 1.242
C—-02 1.364 1.363 1.358 1.367 1.366 1.366
02-H3 0.990 0.986 0.990 0.983 0.980 0.984
H1—N—H2 118.32 118.47 118.98 118.11 117.78 116.7
N—C«—C 120.52 120.50 119.04 121.27 121.27 120.3
01—C—-02 121.81 121.79 122.14 120.79 121.34 121.6
HINC*C —0.51 —0.07 —0.04 1.89 2.82 13
H2NC*C —179.36 —179.81 —179.87 178.68 179.21 —179.8
NHeCC? 0.06 0.01 0.00 —0.40 —0.39 0.0
C*CO2H3 —179.96 —179.98 —179.97 179.46 —178.61 178.2
u 4.07 4.09 411 4.32 4.49 4.20

aN06. b aug-cc-pVTZ.c B3LYP/NO6:AMBER.

Table 4. Geometrical Parameters and Dipole Moment of GlyR¥27S in the Gas Phase and in Aqueous Solution Issuing from Quantum
Mechanical Optimizations and GLOB/ADMP Simulation

gas phase

optimized geometry

solution

optimized geometry (CPCM)

GlyR[fa/'lS GlyR[IaﬂS
GlyRrans+6\W GLOB/ADMP

B3LYP? MP2b B3LYP? MP2° QM/MM¢ QM/MMe
N—H1 1.011 1.006 1.017 1.013 1.016 1.017
N—H2 1.009 1.003 1.017 1.013 1.020 1.017
N—C* 1.362 1.354 1.351 1.344 1.347 1.355
Co—H« 1.082 1.075 1.087 1.080 1.086 1.086
C—C 1.426 1.432 1.422 1.420 1.417 1.424
C=02 1.224 1.216 1.242 1.241 1.247 1.244
Cc-01 1.379 1.372 1.365 1.359 1.365 1.366
0O1—H3 0.969 0.969 0.990 0.990 0.982 0.979
H1—N—H2 116.83 118.04 117.74 118.31 117.47 116.5
N—C*—C 122.46 121.30 123.42 122.33 123.92 123.0
01—-C—-02 121.67 122.07 121.50 121.79 121.24 121.4
HINC*C —11.38 —9.25 0.12 0.16 0.72 —0.1
H2NC*C —166.35 —169.79 —179.95 —179.97 —179.75 —179.1
NH*CC* 1.76 1.523 —0.01 —0.02 0.08 0.1
C*CO1H3 179.65 179.75 179.97 179.99 —176.33 —179.1
u 3.97 4.01 5.86 591 6.61 6.12

aN06. P aug-cc-pVTZ.c B3LYP/NO6:AMBER.

clouds represent the water hydrogen and oxygen atoms,roughly represented by a static approach based on the optimiza-
respectively. As expected, water molecules interact preferentially tion of solute-solvent clusters embedded in a polarizable
with the polar NH and CQ(H) groups, whereas the aliphatic  continuum.

H< is mainly hydrophobic. To better characterize the hydrogen-  3.3. Magnetic Properties.Before discussing our results, let
bonding pattern between the glycine radical and water, we haveus summarize the available experimental datd.The H* hcc
evaluated the average number of hydrogen bonds formedis always anomalously low (11.8 G below pH10 and 13.8 G
considering all the radical hydrogen atoms (H1, H2, H3, and above this value), the nitrogen hcc is nearly pH independent
H%) as potential donors and the nitrogen and oxygen atoms (N, (6.4 and 6.1 G for pH values lower or larger than 10,
01, 02) as acceptors. Results are schematically reported in Tablgespectively), whereas the hcc’s of aminic hydrogens are strictly
6. As expected, we observe in all cases a similar hydrogen- equivalent in acidic or neutral aqueous solutions (5.6 G), but
bonding pattern around the Nidroup, whereas the number of they become slightly different at basic pH (3.4 and 2.9 G). Only
interactions with the C-terminal group is roughly doubled on isotropic values are available for theensor, which are identical
going from the neutral to the anionic form, as a result of much (2.00340) for neutral and anionic forms.

stronger hydrogen bonds in the latter case. The differences In order to assess our computational protocol designed to
between Figures 3 and 5 point out that a dynamic analysis of extract magnetic parameters from MD simulations (see Com-
solute vibrations and solvent librations provides an overall putational Details), the convergence of hcc’s and the isotropic
picture of the glycine radical in aqueous solution that is only value of theg-tensor (i) with the number of molecular
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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™
GlyR=+6W GLOB/ADMP

B3LYP? MP2° B3LYP? MP2° QM/MMe QM/MMe
N—H1 1.024 1.020 1.019 1.013 1.015 1.016
N—H2 1.016 1.010 1.018 1.013 1.019 1.015
N—C* 1.396 1.391 1.372 1.365 1.365 1.366
Co—H« 1.087 1.079 1.087 1.080 1.086 1.086
c—C 1.486 1.485 1.457 1.454 1.448 1.448
C=01 1.273 1.274 1.279 1.279 1.282 1.286
C=02 1.262 1.263 1.280 1.280 1.283 1.287
H1—N—H2 112.65 113.52 115.35 116.45 116.11 115.7
N—-C*—C 118.37 117.44 121.18 120.09 122.23 121.8
01-C—02 128.06 128.51 124.38 124.90 123.54 123.1
HINC*C —12.11 —13.44 —16.50 —15.71 15.82 2.6
H2NC*C —138.54 —140.80 —160.56 —162.19 166.91 177.5
NH*CC* 3.14 4.26 2.66 2.70 —2.00 —-0.2

2NO06. P aug-cc-pVTZ.c B3LYP/NO6:AMBER.
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Figure 4. Probability distributions of dihedral angles (a) GHR (b) ) e )
GlyR™s and (c) GlyR. Note that, for convenience, the(H2NC C) Figure 5. Spatial distribution functions of water molecules around (a)

Ccis rans H f
dihedral angle values have been transformed according to the fothsla G_IyRI p (b) GlyR™™, and (c) GlyR issuing from the GLOB/ADMP
sin()(180C - |6)). simulations.

configurations has been checked considering the case & Gly and the importance of their relative contributions, we have
in agueous solution (see Figure 6). Similarly to what we have evaluated the hcc’s of GH both in the gas phase and in
observed for other spectroscopic propertfeabout 100 con- solution. In Figure 7, we report the absolute values of isotropic
figurations are sufficient to reach a stable statistical average. hcc’s for N, ¢, H1, H2, and K atoms, as obtained from the
Thus, the 500 configurations selected for computing average optimized structure of GRF in vacuoand including effectively
magnetic parameters guarantee converged results. the solvent using the CPCM, and from the MD simulation by
3.3.1. Hyperfine Couplings.In aqueous solution, both the excluding or including the surrounding water molecules in the
direct solvent effect and the solvent-mediated intramolecular a posterioricalculations. On comparison of the first and second
motions give non-negligible contributions to magnetic tensors. columns (or the third and fourth columns) of the histograms
In an attempt to understand the interplay of such subtle effectsplotted in Figure 7, we observe that the solvent has an opposite
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Figure 6. Convergence of the (a) hcc's of H1 ané Bihd (b)Agiso (Where
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Figure 7. Hcc's of N, H1, H2, &, and H* for GlyR®s in the gas phase
and in aqueous solutions. See text for further details. Values are in Gauss.radical in aqueous solution at low and high §fHvith those

Table 6. Average Numbers of Solute—Solvent Hydrogen Bonds
Formed by Different Atoms of GlyR®s, GlyR"2"s, and GlyR™~ in
Aqueous Solution Issuing from the GLOB/ADMP Simulations

GlyR®s GlyRans GlyR~
HB Donor
H1 0.55 0.53 0.60
H2 0.71 0.77 0.65
H* 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
02 0.84 2.44 3.80

effect on the hcc’s of the aminic group with respect toadd
H<. In the former case, the isotropic hcc’s are enhangexN)
= +0.33 G,Aa(H1) = +0.55 G,Aa(H2) = +0.75 G), whereas
in the latter they are lowered by more thd G Aa(C*) =

hcq

-30 -20 -10 I 0 10 I 0 30
o (HINC®C) (degree)

Figure 8. Hcc of H1 for GlyR¥s in an optimized planar structune vacuo
as a function of the HLN@C dihedral angle, keeping fixed the rest of the
molecule (solid line) and including the average effect of the H2GIC
dihedral angle fluctuations (dashed line). Values are in Gauss.

—2.78 G,Aa(H*) = —1.32 G). Moreover, dynamical effects
reduce the differences betweafH1) anda(H2) on the one
hand, anda(C*) anda(H*) on the other. It should be noted that
all the QM calculations provide, as expected, positive values
of the hcc’s of G and N and negative values for the hydrogen
atoms. As pointed out in previous studi@d®the vibrations of
the glycine radical that influence the most the spin density
distribution and, consequently, the observed hcc'’s are the H1,
H2, and H out-of-plane motions. As an example, we report in
Figure 8 the value of(H1) for Gly°s as a function of the
HAINC*C dihedral angle, freezing all the other atoms in a planar
conformation previously optimized in the gas phase: in the
range from 0 to 3C°, 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 averageafHl) on the ¢-
(HINC*C) distribution reported in Figure 4, is-5.47 G
(horizontal dotted line). Also, we have observed ta@il) is
affected, to a smaller but non-negligible extent, by the
(H2NC*C) andgp(NH*CC?) dihedrals. Indeed, by evaluating the
weighted average effect a{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

evaluated from the molecular dynamics simulations of the
different forms of the radical considered in the present work
(GlyRes, GlyRrans, GlyR2, 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
GlyRes and GlyRrans 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
GlyR?"W simulation deviate considerably from experiment, as
expected. In the latter case, we have reportea{ld$) anda(H2)

the same value, corresponding to the mean hcc of the three
hydrogen bonds belonging to the amino group §NHAt 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

J. AM. CHEM. SOC. = VOL. 129, NO. 49, 2007 15387



ARTICLES Brancato et al.

40 : 30 :
W GlyR' B (a) M GIyR™
35 o - frans
W GiyR™ s @ GyR™
30 O GlyR™ O Exp
e [ Exp(pH=1-10) 20
<@ 20— <15
15~
ol 10—
5 5
0 - m
s N Hl H2 Ca Ho 0 - o .
o
B GlyR- (b 30 :
[0 Exp (pH>10) MW GIyrR™
15| 25 O Bxe
- 20—
210 -
_}:J 15+
5+ 10+
: Il i
N Hl H2 Cat Hao
Figure 9. Comparison of the computed hcc'’s of (a) GHRGIyRIans, 0 HI H2 H3 Ho

and GlyRY, and (b) GlyR in agueous solution with experimental data

recorded at different pH values in ref 9. Values are in Gauss. Figure 10. Comparison of the computed hce's of (a) GifRnd GlyRrn®

and (b) GlyR™ in agueous solution with experimental data recorded in the

Table 7. Hcc's of GlyR®s, GlyR"@"s, and GlyR~ in Aqueous solid state in ref 12.
Solution Issuing from GLOB/ADMP Simulations and Experiments
(Ref 9) responsible for the large negative hcc df, lis proportional to
GLOB/ADMP experimental the spin density at € and it is, therefore, reduced by
— - — delocalization of the SOMO. Then, the significant SOMO
OIR OIR i p= 1710 P> 10 delocalization in GlyRstans agnd GlyR™ explains the anoma-
:Eu)l) 72:2 755"5 735"17 5%4 36"41 lously small value of the Mhcc, which increases significantly
a(H2) -53 —54 —22 5.6 29 in GlyR#¥, due to the reduced delocalization of the SOMO (see
a(C%) 10.2 9.9 14.9 Figure 1). Solvent effects do enhance the delocalization along
aH)  -119  -117 -138 118 13.8 the backbone, due to an increased weight of ionic resonance

structures involving double NC* or C*—C' bonds with the

ground, we have considered the EPR experimental data ofconsequent reduction of the*ticc and of the pyramidality of
Sanderud and Sagstd@robtained from an X-ray irradiated the aminic moiety. Spin polarization effects are nearly constant

crystal of NH*CH,COO". From their analysis of the observed [0f H1 and H2, so that their hce’s are modified essentially by
EPR signals, two forms of the glycine radical, i.e., IHCOOH the direct effect (i.e., direct contribution to the SOMO), which

and NH;*CHCOO', have been assigned, and the corresponding is, of course, enhanced by Qisplacement above or below the
results are reported in Figure 10, along with the hcc's for 2verage molecular plane. Since solvent effects lead from a

GlyR®s, GlyRas and GlyR™ obtained from the MD simula- strongly pyramidal to a nearly planar species, they involve a
tions in aqueous solutions. Remarkably, even in this case wedramatic reduction of the H2 hcc and an increased delocalization

observe a favorable agreement between theory and experiment©! e SOMO with the consequent reduction of thespin
where the main deviations concern the hcc’s of the aminic density on € and of the  hcc. o .
hydrogens of the zwitterionic form. However, the asymmetric ~ 5-3-2- 9-TensorsLet us now consider in some detail the
arrangement of the Ngt group observed in the crystals is g-tensor of glycine radical. The radical center being located on
smeared in solution, where such a group can very easily rotate!® C' atom, which scarcely interacts with the environment,

as a result of the frequent breaking and forming of H-bonds. €XPeriments detect a quite small anisotropy of $ealues
All the above trends can be rationalized when recalling that compared to other amino acid radicals. Moreover, in aqueous

hcc’s can be decomposed in two contributions: a direct term, ;olution, only the isotropig-value has beerll measured, ,WhiCh
which is always positive, and a spin polarization contribution, 1S €qual to 2.0034@ 0.00005 for both acidic and basic pH
which is positive at the radical center (her&)@nd shows a ~ Values? In Figure 11, theg-values and the corresponding
characteristic sign alternation along bonding patterns moving Principal axis system for GIyR, GlyR™ and GlyR" are
away from it>* In the planar structure, the direct effect vanishes repo.rted, as cpmputed in the gas phase. As P_O'”‘ed out in
since the orbital formally containing the unpaired electron Previous studies; g-tensors are more sensitive to the

(SOMO) is ax orbital, whose nodal plane coincides with the Cconformation of the radical than hyperfine tensors; e.g., the
molecular plane (see Figure 1). Spin polarization, which is 9-tensors of GlyR®and GlyR="are significantly different. In
particular, we have analyzed the influence of individual geo-

(54) Adamo, C.; Barone, V.; Subra, Rheor. Chem. Ac200Q 104, 207. metrical changes, such as bond stretching and bending. The
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* Table 8. g-Tensor Values (Shifts with Respect to ge) and giso for
GlyRe, GlyR"a"s, and GlyR™ in Aqueous Solution Issuing from
e Quantum Mechanical Optimizations Using the CPCM and GLOB/
ag"‘_ 2374 ADMP Simulations and Experiments (Ref 9)
Syy= 1431
+ Agry=-177 optimized geometry
o= 2.00359
(a) Y. = B3LYP MP2 GLOB/ADMP expt
GlyReis
Agux= 2691 Agxx 2657.0 2607.5
> Baw=2043 Adyy 1458.4 1433.3
pdud i Agzz -191.4 —190.9
L Giso 2.00363 2.00360 2.00359 2.00340
G|thrans
Agxx 2636.3 2612.4
Agio= 1949 Agyy 1976.3 1925.3
Agyy= 1450 Agzz —190.4 —189.9
Agy;=-140 Giso 2.00379 2.00377 2.00375 2.00340
= 200341 R
Figure 11. g-tensor principal axes and values (shifts with respeckio ﬁgxx igég i%g%g
ppm) andgis, for (a) GlyRes, (b) GlyRra™s and (c) GlyR' in the gas phase. Agw 1852 1821
The Z-axis is perpendicular to the molecular plane. gAgZZ 200356 2.00355 200356 200340
ISO . . . .
B =
= Agyy Hartree-Fock (MP2 and CCSD(T)) methods, with deviations
E 20l ' that tend to decrease by including solvent effects (see, e.g., the
& ol _:D JZU comparison between B3LYP and MP2 using the CPCM, as
201 shown in Table 8).
401 ) In analogy with the previous analysis on the hcc’s, we have
601 considered separately the direct and indirect effects of the
'$ solvent on the magnetic response of the glycine radical. From
m_g i‘fﬁ ® Tables 2-4 (geometrical parameters) and Figure 12, it is
0|5 2 apparent that, considering only the geometrical changes of the
E 20l glycine radical induced by the solvent, thgetensors are
& of 0 | ;L generally enhanced, especially thegyxx and Agyy terms.
o201 Specifically, we have evaluated the increaseggf from the
401 gas phase (optimized structures, Figure 11) to the aqueous
i solution simulations, excluding the direct solvent effects
$ lution (MD lat luding the direct solvent effect
-so of the water molecules and retaining only the geometrical and
colm ;:fY © dynamical effects). As expected, we have obtained a larger
__awl” A _ increase for GlyR (Agiso = +340 ppm) with respect to GIyR
E 200 i _ﬂ (Agiso = +90 ppm) and GlyRe"S (Agiso = +110 ppm). On the
& o contrary, the solvent polarization effects, especially via the
507 formation of hydrogen bonds with the oxygen atoms of the
e | glycine radical, do induce a reduction of tdactors. Therefore,
'g' the overall change of thg-values is quite small in all cases

NC® ¢ €Ol CO02 N considered (see results reported in Figure 11 (gas phase) and
Figure 12. g-tensor values for (a) GIyR, (b) GlyR™"s, and (c) GlyR in Table 8 (aqueous solution)).
the gas phase as a function of individual geometrical parameters. Bond  Finally, we have compared the results obtained from the MD
lengths are incremented by 0.01 A and the G¢—C bond angle by 2 simulations of GlyRs, GlyRtas and GlyR with the only
results reported in Figure 12 show that thgxx and Agyy available experimental data, i.@jso. As reported in Table 8,
components (WherAgq, stays forg,, — ge andge is theg-value our results are somewhat higher than their experimental
of the free electrong. = 2.0023193) experience significant counterparts, even considering the statistical noise (about 50
changes upon modification of the*€C and G=0O (double) 60 ppm). Interestingly, Gly® and GlyR show very similar
bonds and, to a lower extent, upon modification of the Gt Oiso Values (2.00359 and 2.00356, respectively), whereagdhe
and C-O (single) bonds and the-NC*>—C angle. On the other  of GlyR"@"S s appreciably larger (2.00375). Such results could
hand, out-of-plane motions do not alter appreciablygtensor, suggest, assuming a systematic error of the computational
except for a slight effect on the component normal to the average methodology employe#2? that the favored conformation of
molecular plane&gzz). It is worth noting that such results are  the glycine radical in agqueous solution is the cis form atpH
consistent with the fact that the largest contribution to the 10. Indeed, quantum mechanical calculations on Gydhd
g-tensor of the glycine radical is provided by the sparbit GlyR"a"s ysing the CPCM or with small water clusters have
coupling term, which involves mainly the lone pairs on the shown that the cis form is more stable by about 0.5 kcal/mol
oxygen atoms. Moreover, we have observed an overall good (0.49 kcal/mol for clusters with six water moleculésCPCM
agreement betweeg-tensors computed on optimized geo- and considering the solute at CCSD(T) level; 0.36 kcal/mol for
metrical structures obtained at DFT B3LYP level and post- clusters with six water molecules CPCM at the B3LYP level).
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4. Conclusions computed data can take into the proper account both environ-

In the present paper, we have reported the essential resulténental effects and short-time dynamical contributions like, e.g.,

of a comprehensive analysis of the structure, dynamics, and EPRvibrational averaging from intramolecular vibrations and/or

parameters of the radicals derived from homolytic breaking of solvent librations, therefore providing a set of tailored parameters

the C*—He bond of glycine in aqueous solution at different pH that can be co_nfiden.tly used for further calculations. The
values. We have unraveled the role of intrinsic structural ©N90ing integratiof? of improved QM methods for the calcula-

preferences, solvation patterns, and short-time dynamical effects!" of magnetic tensors, and effec_uve_|mp_lementat|c_)ns of
in determining the experimental EPR spectrum. In particular, _approa(_:hes based on the stochastic Liouville equ_atlon for
solvent effects play a significant role for the neutral form and Increasing nqmbgrs of degrees _Of freedom, further.W|dens the
completely modify the EPR spectrum for the anionic form. At range of appllcatloq Of c.omput'atlonal approacrigsaving the

the same time, out-of-plane motions of the Nehd C:Hc route toward fulla priori simulations of EPR spectra in different

moieties, although they are only weakly coupled, have a synergicIOhases and over large temperature intervals.

effect in averaging proton hyperfine couplings. Thus, our study  Acknowledgment. The authors thank the Italian Research
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