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Abstract In this work, the GLOB model, an effective and
reliable computational approach well suited for ab initio and
QM/MM molecular dynamics simulations of complex mole-
cular systems in solution, has been applied to study two
representative open-shell systems, the cobalt(IT) ion and the
glycine radical in aqueous solution, with special reference to
their structural and magnetic properties. The main structural
features of the solvent cage around the cobalt ion and the
hydrogen bonding patterns around the neutral and zwitterio-
nic forms of the glycine radical have been investigated in
some detail. The general good agreement with experiments
supports the use of the present model to investigate more
challenging and biological/technological relevant open-shell
systems.

Keywords Open-shell - Molecular dynamics -
Continuum models - Cobalt - Glycine radical

1 Introduction

The accurate theoretical modeling of open-shell systems in
solution, such as radicals or high-spin transition metal com-
plexes, still represents a challenge due to the delicate balance
among intramolecular and intermolecular interactions, as
well as electronic rearrangements [ 1-3]. Moreover, the treat-
ment of both dynamical and environmental effects usually
requires the use of molecular dynamics (MD) techniques.
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In order to illustrate recent progresses in this field we have
selected two representative cases connected with different
spectroscopic techniques, namely aqueous solutions of the
cobalt ion (related to EXAFS spectroscopy), and of the
carbon-centered aliphatic radical issuing from elimination
reactions involving the simplest amino acid, glycine (rela-
ted to EPR spectroscopy). Although a number of features
have been analyzed for both systems, interpretation of expe-
rimental results is not without ambiguities both because of
the role of different environmental effects and because the
relationship between spectroscopic and structural/dynamics
characteristics is only indirect. Explicit/implicit models
[4-6] rooted into density functional theory are attractive for
the computation of averaging effects brought about by dyna-
mics when a spectroscopic transition is fast with respect to
the time scale of a dynamical phenomenon. In such circum-
stances MD simulations 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 spec-
troscopic parameters. In the absence of significant solute—
solvent electron or spin transfer, an integrated approach in
which a full quantum mechanical (QM) description of the
solute is coupled to a molecular mechanics (MM) modeling
of a few water shells embedded in proper boundaries repre-
sents the most effective and reliable solution due to the exis-
tence of very reliable force fields for water that can repro-
duce satisfactory bulk behavior, providing results in good
agreement with more demanding full QM simulations [7,
8]. Thus all short-time dynamical effects in solution should
be well accounted for by reliable QM/MM/implicit solvent
approaches [9-13]. Here, we have used the general liquid
optimized boundary (GLOB) model [14-16], an effective
discrete/continuum theoretical model particularly well sui-
ted for treating molecular liquids and/or solute—solvent sys-
tems of variable size and at different levels of theory, such
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as MM, QM/MM, and full QM methodologies. According
to this model, an explicit molecular system is embedded
into the cavity of a dielectric continuum, which represents
implicitly the surrounding bulk liquid, and simulated in a
canonical ensemble using molecular dynamics techniques.
Remarkably, the GLOB model accounts for the interactions
with bulk solvent (continuum) considering both short-range
dispersion—repulsion and long-range electrostatic contribu-
tions, allowing a consistent thermodynamic behavior of the
explicit system even in proximity of the cavity boundaries.

Similar discrete/continuum approaches have been propo-
sed also by other authors [10,12,13], starting from the pio-
neering work of Warshel [9], where the differences about all
such methods concern mainly the electrostatic (long-range)
and the boundary (short-range) treatments. In particular, the
latter should be designed to moderate the possible appearance
of spurious boundary effects at the interface between the
explicit system and the continuum, which could perturb the
explicit solvent dynamics with respect to bulk behaviour. To
this end, a number of different approaches have been propo-
sed in previous studies [10,17-20]. The GLOB model adopts
an effective representation of the short-range (dispersion and
repulsion) interactions derived so as to minimize edge effects
on the solvent density, angular orientation and average energy
[16,21,22]. On the other hand, the electrostatic interactions
with the environment are effectively evaluated according to
the conductor-like polarizable continuum model (C-PCM)
[23,24], which is one of the most robust and sophisticated
models devised to include the reaction potential in the elec-
tronic Hamiltonian [25,26] allowing the definition of mole-
cular energy in solution through a variational problem and
the implementation of very effective algorithms for the eva-
luation of analytical energy derivatives in solution.

As mentioned above, in the present work we will analyze
aqueous solutions of the divalent cobalt ion and the zwitte-
rionic form of the glycine radical (NH;r —CH-COQO™). The
Co(II) ion was considered in a quartet state, corresponding
to the experimental spin state [27] and in agreement with
previous calculations [28]. In both cases, the solute was trea-
ted at DFT B3LYP level [29,30], whereas the solvent was
modeled as TIP3P [31] water. However, for the Co(II) ion
simulation also the first solvation shell, i.e., six water mole-
cules, was treated at full QM level, in order to accurately
model the delicate charged ion-solvent interactions without
any a priori assumption. Therefore, we focus here on the
structural features of the Co(II)—(H>O)g complex on the basis
of previous experimental [32,33] and theoretical works [28]
that have shown how such a complex is very stable in solu-
tion and water exchange does occur on a relatively long time
scale (107°=10~7 s) with respect to the time interval consi-
dered in the present work (10~!2s). Reported results show
that both environmental and dynamical effects can be reliably
studied using the present integrated approach and, in addi-
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tion, important spectroscopic parameters could be obtained
in remarkable agreement with the corresponding experimen-
tal counterparts.

This paper is organized as follows: In Sect. 2, a brief
overview of the GLOB model is presented and all requi-
red computational details are provided. In Sect. 3, we report
a detailed structural analysis of the cobalt ion and glycine
radical in aqueous solutions issuing from the corresponding
QM/MM GLOB simulations at room temperature. Therein, a
comparison with available spectroscopic experimental data
is also provided. Finally, concluding remarks are given in
Sect. 4.

2 Methods
2.1 GLOB model

The GLOB model is based on the combination of quan-
tum mechanical methods, molecular dynamics techniques
and continuum models. The general features of the GLOB
model have been described in full detail in Refs. [14—16].
Here, we will briefly sketch the basic idea and the most
significant aspects of the model. According to the present
model, an explicit molecular system is embedded into the
cavity of a dielectric continuum, which accounts for the inter-
actions with the environment. Such non-periodic boundary
conditions are particularly well suited for treating solute—
solvent systems, which are intrinsically non-periodic, avoi-
ding possible correlation effects that may occur with standard
PBC methodologies [5,34-39]. The molecular system can
be treated by standard force field based models, high-level
quantum mechanical methods or mixed quantum mecha-
nics/molecular mechanics models. In the most general case,
the system is described by an effective Hamiltonian com-
posed by an “high level” region, treated at full quantum
mechanical level (e.g., representing the solute and, possibly,
a few solvent molecules) and a “low level” region treated
by a molecular mechanics force field, providing an elec-
trostatic embedding (generated by their charge distribution)
of the quantum core region (see Fig. 1). Moreover, interac-
tions with bulk solvent (continuum) take into account both an
exact treatment of the electrostatic reaction field [24] and an
effective representation of short-range (dispersion and repul-
sion) interactions via an optimized mean force potential [16,
21,22]. The latter also includes terms of electrostatic origin
(reaction field) not fully accounted for by intrisically approxi-
mated continuum models [16], due to the lack of specific
solvent (explicit)—solvent (implicit) hydrogen-bond interac-
tions that could induce anisotropic distributions of the mole-
cular orientation in proximity of the cavity surface [10,21].
As aresult, such a potential does remove effectively unwan-
ted physical anisotropies of the solvent, such as the non-
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Fig. 1 Graphical representation of a molecular system (glycine
radical + water) simulated using the GLOB model

uniform distribution of the density and the artificial solvent
polarization due to the partial alignment of the
molecular dipoles at the boundary [16].

Hence, introducing formally the one-electron density
matrix, P, to describe the explicit system, we can express
the free energy A(x) at a specific nuclear configuration, X,
as:

A(x) = E(P, x) + Welec (P, x) + Wdis—rep(x) ()

where E (P, x) is the potential energy of the explicit system in
the nuclear configuration x, Weiec and Wais—rep are, respecti-
vely, the long and short-range parts of the mean field, as men-
tioned above; the one-electron density matrix, P, mutually
polarized by the bulk (continuum), can be obtained via the
self-consistent field (SCF) solution of an electronic Hamil-
tonian which includes the mean field operator as an effective
term [25,26], whereas Wiisrep is an average potential obtai-
ned empirically and not depending on P. In particular, in
the GLOB model, W is provided by the effective CPCM
[40,24], corresponding to the PCM [41] limit for infinite
dielectric constant, but used with satisfactory results also
for solvent of rather low polarity. As a result, a consistent
mean force potential governing the dynamics of the expli-
cit system can be used to carry out NVT molecular dyna-
mics simulations within the Born—Oppenheimer [42,43] or
the extended-Lagrangian [44—47] frameworks. In the present
work, we consider the atom centered density matrix propa-
gation (ADMP) [45—-47] method, in which the density matrix
of the atomic basis set evolves “on-the-fly” together with the
nuclei as a dynamic variable. Accordingly, the polarization

of the dielectric continuum is updated at each MD step based
on the total charge distribution of the explicit system (QM
electron density and MM point charges).

2.2 Computational details

All the room temperature QM/MM molecular dynamics
simulations reported in the present work were performed
according to the GLOB/ADMP model, as described in the
preceding section. Core and valence orbitals were weigh-
ted differently, through the corresponding electron density
matrix, with a fictitious mass of fLyalence = 0.1 amu bohr? ~
180 a.u. for the valence electrons and picore Obtained accor-
ding to the tensorial fictitious mass scheme described in Ref.
[46]. A constant thermal energy has been enforced by sca-
ling nuclear velocities every 2,500 steps, with a time step
of 0.2fs.

In the simulation of the Co(II) ion in aqueous solution,
the metal ion along with its first solvent shell (six water
molecules) was treated at B3LYP [29,30] level (QM region)
and solvated with 139 TIP3P water molecules (MM region).
Also, based on previous calculations [28] the ground state
of the cobalt ion in solution has been considered to be the
quartet state. A standard Lennard—Jones potential has been
used to model the non-electrostatic interactions, where the
Co(II)-H,OMM parameters were taken from Ref. [48] and
the HOZM_H,0MM parameters were optimized to repro-
duce the TIP3P water dimer structure and energetics [49].
Similarly, in the glycine radical simulation, the solute was
treated full quantum mechanically (B3LYP) and the solvent
modeled as TIP3P water (134 molecules). Interactions bet-
ween QM and MM parts, as usual, consist of both electro-
static and van der Waals interactions, where the latter are
approximated according to the B3LYP/TIP3P potential para-
metrized by Freindorf et al. [5S0] In both cases, the explicit
molecular system was embedded into a spherical cavity of
a dielectric medium with a radius of 11.8 A. The center of
mass of the solute was constrained at the center of the cavity.

We have paid special attention to the development of a
general purpose basis set, hereafter referred as NO7D (acro-
nym of “Naples 2007”), particularly well suited for ab initio
molecular dynamics, which provides comparable results in
terms of molecular geometries and electric dipole moments
to more extended basis sets. In particular, such basis set has
been obtained from a re-optimization of the 6-31G* basis
set with the addition of an s function to the core-valence
region and p, d diffuse functions to the heavy atoms. Details
of the NO7D basis set, along with various comparative tests,
can be found in Ref. [51] In the present work, the glycine
radical and the water molecules around the cobalt ion were
treated with the NO7D basis set, while for the Co(II) ion
we have decided to employ the LANL2DZ effective core
potentials and valence basis sets, in agreement with previous
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studies [28,52]. All the quantum mechanical calculations
and the QM/MM molecular dynamics simulations have
been performed with a modified version of the Gaussian
package [53].

3 Results and discussion
3.1 Cobalt ion

We present preliminary results of a 5 ps QM/MM molecular
dynamics simulation of the cobalt ion in aqueous solution at
room temperature. In Fig. 2, we report the Co—O and Co-H
radial distribution functions (RDFs). The first two narrow
peaks of the RDFs are located at about 2.11 and 2.73 A,
for oxygen and hydrogen, respectively. It is worth noting
that from quantum mechanical calculations of the optimi-
zed structure of the Co(II)—-(H,O)g cluster with or without
the inclusion of solvent effects via the C-PCM, we have
obtained a Co—O distance of 2.10 and 2.12 A, respectively.
Therefore, molecular dynamics and cluster calculations do
provide consistent results and, as observed in previous stu-
dies of metal ions, solvent effects induce a shortening of
the metal ion—water distance. Remarkably, the present Co—O
distance is also in close agreement with recent EXAFS expe-
riments (2.09 A) [32]. The running integration function
(see Fig. 2a) shows that the number of water molecules in the
first solvation shell is six up to a distance of about 3.5 A. In the
first solvent shell, no water exchange does occur during the
simulation, while a more dynamical picture is observed in the
second shell, as indicated by the broader second Co—O and
Co-H RDF’s peaks. Also, we have analyzed the coordina-
tion number distributions around the cobalt ion (see Fig. 3).
In order to define the coordination number for each mole-
cular configuration, we have considered the distance ranges
of 0.0-3.0A and 3.1-4.8 A for the first and second solvent
shell, respectively. As shown in Fig. 3, for the first shell the
distribution provides only a coordination number of 6 water
molecules, whereas for the second shell we observe a popu-
lation ranging between 12 and 16 water molecules.
Furthermore, we have evaluated the root mean square
deviations (RMSD) of the Co(II)~(H20O)¢ complex (inclu-
ding only the heavy atoms: Co, O) in aqueous solution from
an ideal octahedral conformation, as issuing from the GLOB
molecular dynamics simulation. The RMSD computed along
the last 4 ps reported in Fig. 4, shows that a quasi-symmetric
structure of the 6-coordinated cluster is retained during the
whole simulation time interval, i.e., deviations are, overall,
less than 0.3 A. Finally, we have considered the angular dis-
tribution of the water molecules in the first and second solvent
shell relative to the metal ion. The angle (6) formed between
the water dipole moments and the vector pointing along the
Co-O direction has been used in the present analysis. As
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Fig. 2 a Co-O RDF (solid line), along with its running integration
number (dashed line), and b Co—H RDF issuing from the GLOB MD
simulation
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Fig. 3 Coordination number distributions of the first and second
solvent shells of the Co(Il) ion in aqueous solution issuing from the
GLOB MD simulation

observed also in other studies [54,55], the water molecules
in direct contact with the metal ion are slightly tilted with
respect to the linear angle (¢ = 180°), showing an angu-
lar distribution centered at about 155°, as shown in Fig. 5.
Such a local solvent structure is still present in the second
shell, even if the angular distribution gets broader, indicating
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Fig. 4 Root mean square deviations (RMSD) of the Co(II)-(H20)¢
cluster (including only the heavy atoms: Co, O) from the ideal symme-
tric (octahedral) conformation issuing from the GLOB MD simulation
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Fig. 5 Angular distributions of the first (solid line) and second (dashed
line) solvent shell of the Co(II) ion in aqueous solution issuing from the
GLOB MD simulation

that, in terms of molecular orientation, the bulk behavior is
reached at a longer distance, presumably beyond the third
shell.

3.2 Glycine radical

As an example of biologically relevant open shell systems,
we have selected the radical issuing from the homolytic brea-
king of the C*~H® bond of the simplest amino acid, gly-
cine, that has shown a number of unexpected features (e.g.,
preference for zwitterionic or non-zwitterionic form in dif-
ferent environments, anomalously low hydrogen hyperfine
coupling in aqueous solution). This has stimulated a large
number of experimental [56—60] and theoretical [3,61-63]
studies. In a previous work [8], we have shown how a com-
bined theoretical approach, based on the GLOB model and

post-MD quantum mechanical calculations, is able to pro-
vide important insights of the dynamical and environmental
effects of the glycine radical in aqueous solution in connec-
tion with its magnetic properties. In particular, it has been
shown that static cluster models could not provide a reliable
picture of the solute-solvent conformation in solution. Here,
we want to focus on the most important structural aspects of
the zwitterionic form (NH3 *—CH-COO™, hereafter GlyR*Y)
of the glycine radical, which were not discussed in Ref. [8]
being GlyR*" a less stable isomer in aqueous solution at not
too basic pH with respect to the neutral form (NH,—CH-
COOH, hereafter GlyR). This is in contrast to the parent
molecule that shows a clear preference for the zwitterionic
form in solution [64—66].

In the following, the differences between GlyR*V and
GlyR, as obtained from QM/MM GLOB simulations of the
two species in aqueous solution, will be considered, as well
as a comparison of computed and experimental EPR hyper-
fine coupling constants (hfc).

It is well known that the zwitterionic form of the glycine
radical is unstable in the gas-phase (molecular optimization
leads to the neutral form) but it can exist in a more favorable
polar environment, e.g., it has been detected experimentally
in the solid state [67], and might be present also in aqueous
solution, even if at much lower concentration with respect to
the preferred neutral form.

In Fig. 6, the gas-phase optimized structures and atom
labels of GlyR and GlyR*¥ are depicted, along with the cor-
responding singly occupied molecular orbitals (SOMOs), as
computed at the BALYP/EPR-II level. Note that in the optimi-
zation of GlyR*Y, the N-C“—C angle has been constrained to
117.6°. In both cases, the delocalization effects of the unpai-
red electron induce an almost planar structure of the radical,
with the exception of the aminic hydrogens. GlyR shows a
slightly pyramidal aminic group, with ¢ (HINC*C) = —9.5°
and ¢ (H2NC“C) = —165.0°, whereas H% is on the same
plane of the N-C*~C group [¢ (NH*CC*) = 1.6°]. Moreo-
ver, while GlyR shows a delocalized character of the SOMO
centered on the C¥ atom, in GlyR*V the electron delocali-
zation is hindered by a different hybridization of the nitro-
gen atom. On the other hand, in aqueous solution GlyR is,
on average, planar: the fluctuations of the aminic hydrogens
are symmetrically distributed about the molecular plane, as
shown in Table 1, and no rotation of the NH; group has been
observed. The N-C* and C*—C bonds are slightly contrac-
ted in going from the gas-phase to the condensed phase,
whereas the N-H, C¥—H, C=0 and O-H bonds are elon-
gated. Concerning GlyR*", the main intramolecular changes
involve the shortening of the C*—C bond and the symmetriza-
tion of the NH3 and CO; groups: the three N-H bonds and the
two C=01 and C=02 bonds become basically equivalent due
to the interactions with water and the breaking of the weak
N-H1-O1=C hydrogen bond.
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Fig. 6 Optimized gas-phase structures, labels and SOMOs of a GlyR
and b GlyR*V. A threshold of 0.05 has been used to plot the orbitals

Table 1 Geometrical parameters of the glycine radical (GlyR and
GlyR*%) issuing from gas-phase (GP) optimizations and aqueous solu-
tion (Sol) simulations

GlyR GP Sol GlyR*Y GP Sol
N-H1 1.013 1.017 N-H1 1.040 1.041
N-H2 1.008 1.016 N-H2 1.040 1.041
N-C* 1.358 1.353 N-H3 1.040 1.041
C*—H* 1.082 1.086 N-C* 1.455 1.457
c*-C 1.429 1.426 C*—H* 1.087 1.086
C=01 1.228 1.242 c*-C 1.485 1.479
Cc-02 1.367 1.366 C=01 1.281 1.266
02-H3 0.970 0.984 C=02 1.231 1.262
HI1-N-H2 117.7 116.7 HI-N-H2 110.8 107.0
N-C*-C 118.2 120.3 H2-N-H3 108.6 107.0
NH*CC* 1.6 0.0 HI1-N-H3 110.8 107.0
HINC*C -9.5 1.3 N-C*-C 117.6 117.7
H2NC*C -165.0 -179.8 NH*CC* 0.0 0.4

7 2.79 4.20 I 10.5 14.1

Bond distances are in A, angles in degrees

Furthermore, the solute—solvent structural arrangement
has been analyzed in detail. In Fig. 7, the spatial distribu-
tion function (SDF) of the solvent molecules surrounding the
glycine radical is depicted. Both isomers do form hydrogen
bonds with their terminal groups, the C*~H* moiety being
rather hydrophobic. Also, we note that the ammonium group
of GlyR*¥ can freely rotate and, therefore, the water mole-
cules are spherically distributed with respect to the N-C“
axis. On the other hand, within the simulation time inter-
val we have not observed any significant rotation of the car-
boxyl group in both glycine radical forms. From an hydrogen
bond analysis, we have obtained that each hydrogen atom of
the NH3™ or NH, group does form, on average, about one
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Fig. 7 Spatial distribution functions of water molecules around the
a NH,—CH-COOH and b NH3; T—-CH-COO™ radicals issuing from
GLOB simulations. Light grey, water hydrogen atoms; dark grey, water
oxygen atoms

Table 2 Average number of hydrogen bonds between glycine radical
(GlyR and GlyR*Y) and water issuing from GLOB simulations

GlyR GlyR*™
H-bond donor
H1 0.6 H1 1.1
H2 0.7 H2 1.2
H3 1.0 H3 1.0
H-bond acceptor
01 2.1 Ol 2.7
02 0.8 02 3.0

hydrogen bond with a water molecule (see Table 2). Moreo-
ver, hydrogen bonds of COO™ with water are more directio-
nal and each oxygen forms up to three hydrogen bonds.

Let us now consider the hfc’s issuing from a posteriori
quantum mechanical calculations on selected molecular
configurations of the GlyR*V simulation. To this end, the
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Table 3 Isotropic hyperfine coupling constants (Gauss) issuing from
GLOB simulation, DFT-PBC crystal calculations and experiments

Atom Solution Crystal Exp
c* 38.0 39.1 45.2%
H* -22.8 —24.0 —-22.7°
N -3.0 -3.0 —3.1¢
H(N) 18.7 17.9 17.5b
4 Ref. [57]

b Ref. [60]

¢ Ref. [56]

purposely tailored EPR-II basis set has been employed in
combination with the B3YLP method and the hfcs have been
obtained from statistical averages of the corresponding para-
meters. Results are reported in Table 3 and compared with
the only available experimental data, which are recorded in
the solid state, and with recent calculations of the GlyR*Y
radical embedded in a-glycine crystal [68]. The latter spe-
cifically consist of DFT-PBC calculations performed on a
unit cell, previously optimized, containing the GlyR*V radi-
cal and other 11 glycine molecules. Overall, we observe a
remarkable agreement between computed and experimental
data, the only exception being the C* radical center that is
known to be underestimated by DFT computations. Note that,
due to the free rotation of the NH;‘ group at room tempera-
ture in both liquid and solid phases, only one average value
has been provided for the hfc of the three hydrogen atoms
directly linked to N.

4 Conclusions

In this work, a recently developed computational model,
referred to as GLOB, well suited for first-principle simu-
lations of molecular liquids has been applied to study two
prototype open-shell systems, the cobalt ion and the gly-
cine radical in aqueous solution, which already present some
of the most important features of more complex molecu-
lar systems. In both cases, the need of an accurate quantum
mechanical treatment of the solute is apparent, being stan-
dard molecular mechanics methods not appropriate to model
such systems. Here, the GLOB model has allowed to use
an effective and reliable hybrid QM/MM scheme, where the
relevant part of the system, i.e., the solute with at most a
few solvent molecules, has been treated with the well-trusted
B3LYP method, while the rest of the system has been conve-
niently modeled with the TIP3P water model. Interactions
between the explicit system and the environment (implicit
solvent) are taken into account via a continuum model, which
properly includes both short-range dispersion—repulsion and
long-range electrostatics contributions. Remarkably, first-
principle molecular dynamics can be performed efficiently by

following an extended-Lagrangian scheme using localized
basis functions, allowing the GLOB model to be considered
a promising alternative, especially for non-periodic systems,
such as liquids and solutions, to other standard molecular
dynamics methods, like the Car-Parrinello approach.

In the illustrative applications, the main structural features
governing the solute—solvent conformational arrangements
have been investigated in full detail. In particular, the charac-
teristic cobalt ion-water interaction distance has been found
in close agreement with recent EXAFS experiments. In this
case, due to the high stability of the Co(II)-(H,0O)g complex
and the need for an accurate treatment of the solute—solvent
interactions, the first solvent shell was treated at full ab ini-
tio level. Moreover, the environmental and dynamical effects
modulating the structure of the zwitterionic form of the gly-
cine radical in solution have been analyzed from the GLOB
simulation. In addition, a posteriori quantum mechanical cal-
culations of relevant EPR parameters, i.e. hyperfine coupling
constants, have been also carried out. Remarkably, computa-
tional results have nicely matched the available experimental
counterparts.

Itis worth noting that one of the main goal of sophisticated
MD techniques concerns the evaluation of accurate solvation
free energies of complex solutes [69,70]. However, the sensi-
tivity of the free energy with the potential energy surface and
the slow convergence with the number of sampled molecu-
lar configurations make this calculation a challenging task, as
far as expensive quantum mechanical methods are employed,
without the use of “ad hoc” computational approaches. Cur-
rently, we are working to develop an efficient strategy based
on the GLOB model in order to address such an important
and difficult issue.

In conclusion, we think that the flexibility and effective-
ness of the GLOB model allow to study more challenging
chemical systems in solution, such as magnetically active
biological macromolecules, providing that the time scale of
the processes involved are compatible with the time interval
now accessible with standard computational facilities.
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