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Abstract

Several evidences supporting the role of metal ions in amyloid aggregation, one of the
hallmarks of Alzheimer’s disease (AD), have turned metal ion chelation into a
promising therapeutic treatment. The design of efficient chelating ligands requires
proper knowledge of the electronic and molecular structure of the complexes formed,
including their hydration properties. Among various potential chelators, clioquinol (5-
chloro-7-iodo-8-hydroxyquinoline, CQH), has been evaluated with relative success in in
vitro experiments and even in phase 2 clinical trials. Clioquinol interacts with Zn(II) to
lead to a binary metal/ligand 1:2 stoichiometric complex in which the phenolic group of
CQH is deprotonated, resulting in Zn(CQ), neutral complexes, to which additional
water molecules may coordinate. In the present work, the coordinative properties of
clioquinol in aqueous solution have been analyzed by means of static, minimal cluster
based DFT calculations and explicit solvent ab initio molecular dynamics simulations.
Results from static calculations accounting for solvent effects by means of polarized
continuum models suggest that the preferred metal coordination environment is
tetrahedral Zn(CQ),, whereas ab initio molecular dynamics simulations point to quasi
degenerate penta Zn(CQ),(H,0) and hexa Zn(CQ),(H,0), coordinated complexes. The

possible reasons for these discrepant results are discussed.
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Introduction

One of the neuropathological hallmarks of Alzheimer disease (AD) is the
presence of extra-cellular neurotoxic deposits (senile plaques) formed by the
aggregation of the AP peptide, a 39- to 43-residue degradation fragment of the much
larger precursor protein (APP).! Although the origin of these deposits is still not clear,
and multiple factors such as pH, metal ions and oxidative stress have been reported to
trigger their formation, several evidences highlight the importance of metal cations.
Post-mortem studies of AD patients show high concentration (~mM) of metal cations
such as Fe’ ’ Cu*" and Zn*'? Moreover, in vitro experiments have shown that Zn*" and
Cu”" promote AP aggregation®* and that the aggregates can be solubilized by using
metal chelators,” thereby suggesting that the metal cation is critical for stabilizing the
aggregates. These evidences have rendered metal-ion chelation therapy a promising
therapeutic treatment.>’ Among the various potential ligands reported to date,
clioquinol (5-chloro-7-iodo-8-hydroxyquinoline, CQH, see Scheme 1), has been
evaluated with relative success in in vitro experiments with brain tissues, in transgenic

mice® and even in a completed small-scale phase 2 clinical trial.’

The development of the new generation of metal chelators has recently focused
on the design of multifunctional ligands; i.e., ligands that are not only capable of
efficiently coordinate the metal cations (as CQH does) but also have functional groups
that help reaching the target improving their performance.'” Towards this end,
knowledge of the physico-chemical properties of a lead compound such as CQH is
essential to develop new drug molecules with improved activity. In the case of metal
chelators, the determination of stability constants requires knowledge of the
coordination environment of the metal cation and of its hydration properties. To date,
the coordination chemistry of CQH toward transition metal cations in aqueous solution
has been little investigated. It is known that the coordination of CQH to both Zn*" and
Cu”" ions involves deprotonation of the phenolic group, which results in neutral ML,
species. Furthermore, the X-ray crystal structure of the Zn®" complex'' shows that the
metal cation is penta-coordinated by the oxygen and nitrogen atoms of the two anionic
ligands and by a water molecule, in an approximately trigonal bipyramidal environment.
However, this coordination environment may change in aqueous solution. Indeed, zinc
is known to have a very flexible coordination behavior, forming complexes with

coordination numbers of 4, 5 and 6.'> X-ray absorption spectroscopies (EXAFS or

Page 2 of 20



Page 3 of 20

Physical Chemistry Chemical Physics

XANES) are capable of provide valuable information on metal coordination
environment in solution. Unfortunately, no such data is available for Zn/cliquinol

complexes.

The main goal of the present work is to study the coordination properties of Zn*"
interacting with CQH in aqueous solution by means of first principles molecular
modeling techniques. Specifically, static DFT calculations, based on reduced model
systems and accounting for solvent effects within a continuum approach, and ab initio
molecular dynamics simulations using explicit solvent molecules have been carried out.
Moreover, and for comparison, the intrinsic coordination properties in gas phase have
also been analyzed. Results show that the preferences for a given coordination highly
depends on the computational strategy used to model the system. Namely, gas phase
results show that the penta-coordinated [Zn(CQ),(H,O)] complex is the preferred one,
whereas implicit solvent calculations seem to indicate that tetrahedral [Zn(CQ),] is the
most favorable structure. In contrast, ab initio molecular dynamics simulations
considering explicit solvent molecules show that the complex prefers penta or hexa-

coordination, more in line with the observed X-ray structure.

Methods

Static calculations. Full geometry optimizations and harmonic frequency
calculations of the different systems in gas phase were carried out by means of density
functional theory (DFT) using the B3LYP"*™"* and BLYP'*'® functionals. DFT methods
have been widely used for the study of transition-metal containing systems and, in
particular, the hybrid B3LYP functional has been shown to be a cost-effective method
for studying this kind of systems.'” The pure GGA BLYP functional was also
considered and compared to B3LYP since molecular dynamic simulations were carried
out at this level of theory. Gas phase results show that both methods provide similar
results, differences on relative energies being always smaller than 2 kcal mol™. Thus,
and for consistency with the molecular dynamics simulations, results discussed along
the manuscript will always refer to the BLYP functional. Results obtained with B3LYP
are given in the Supplementary Information. Solution phase geometry optimizations and
harmonic frequency calculations were carried out using the same BLYP and B3LYP
density functional methods combined with two different continuum models to account

11 8-20

for solvent effects. In particular, we used the CPCM mode combined with a cavity
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generated using the united atom topological model on radii optimized at the HF/6-
31G(d) level of theory,” and the SMD method of Marenich et al.** in which the “D”
stands for “density” to denote that the full solute electron density is used without
defining partial atomic charges. Although larger differences, up to 5 kcal mol™”, on the
relative stabilities of the different complexes are observed with the two continuum
models, the observed trends are the same and thus, only the results obtained with SMD
will be discussed in the main manuscript. Results obtained with CPCM are given in the
Supplementary Information. The nature of the stationary points was characterized by

vibrational analysis.

The standard 6-31++G(d,p) basis set has been employed for H, C, N, O and CI
atoms. For I, the LANL2DZ core pseudo-potentials and the associated basis sets was
used.” For Zn we considered the (15s11p6d1f)/[10s7p4d1f] basis, based on the
(14s9p5d) primitive set of Wachters,”* supplemented with one s, two p and one d
diffuse and one f polarization function.”* % Thermodynamic corrections were obtained
assuming an ideal gas behaviour, unscaled harmonic vibrational frequencies, and the
rigid rotor approximation by standard statistical methods. Gibbs free energies in
solution were computed using as the reference state 1 mol L' ata temperature of

298.15 K. All calculations were performed through the Gaussian 09 package.”’

Dynamic calculations. Ab initio molecular dynamics simulations (AIMD) were
performed according to the Born-Oppenheimer approach using the CP2K program.28
Simulations were carried out at the BLYP-D3 level, i.e. by using the BLYP'*'®
529
s

functional supplemented with the Grimme D3 correction for dispersion. This

functional has been widely used for simulations on liquid water (see e.g. references 30
and ') and is the functional that better performs when the dispersion correction is

included.”

The BLYP gas phase optimized structures of the [Zn(CQ),] and [Zn(CQ),H,0]
complexes were used as starting points for the simulations. Complexes were solvated
with 254 and 253 water molecules, respectively, in a cubic box of size L = 19.960 A,
which reproduces the density of water at ambient conditions, and treated under periodic
boundary conditions. Subsequently, a 250 ps classical MD simulation, keeping fixed the
coordinates of the complex, was undertaken to equilibrate water molecules around the
metal complex. The force field was based on the flexible simple point-charge water

model of Wu et al. *2, and on non bonded OPLS parameters.®> Point charges for the
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organometallic frame were obtained through RESP calculations® at the gas-phase
BLYP minima. The final conformation was used as starting point for the AIMD
simulation. For each system, a 23 ps AIMD simulation was performed at constant
volume and constant temperature. A time step of 0.5 fs for the integration of the

equations of motion and a Nose-Hoover thermostat®-°

with coupling constant 16.68 fs
were used. The reference temperature was set to 350 K in order to guarantee the liquid
state of the solvent.’’** The Quickstep algorithm®® was used to solve the electronic
structure problem using a double-zeta plus polarization (DZVP) basis set* to represent
the orbitals and plane waves (up to 300 Ry) for the electron density. Core electrons

were described by pseudopotentials*'**

and wave function optimization was achieved
through the orbital transformation method (the convergence criterion for the electronic

gradient was set to 5-107).*

Free energy calculations. Umbrella sampling simulations were performed to
reconstruct the free energy profile (FEP) associated to water coordination to [Zn(CQ),].
The collective variable used is the coordination number between zinc and all water
oxygen atoms (CNzy.ow), and is defined as:*

No 1— (dZéL—O)B
0

CNzn_ow = Zﬁ
11 _( Zn—O)

where dz,.o is the Zn-O distance; dy = 2.6 A and Ny = 254. CNyz,.ow varies between ~ 0
for Zn(CQ), to = 2 for Zn(CQ)2(H20),. The sampling along the coordinate was split into
14 overlapping windows by applying a harmonic restraint centered at distinct values of
the reaction coordinate and with force constant 480 kcal mol™. For each window 10 ps
simulation were accumulated. The free energy profile was reconstructed using the
Umbrella Integration method.® System configurations to initialize each window were

. 46,47
extracted from a metadynamics™”

simulation, performed using the same collective
variable on which a history dependent repulsive potential was acting to promote

sampling of configurational space.
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Results
Gas phase calculations

We have pursued two strategies with respect to the model systems used for the
calculation of relative stabilities of hexa-, penta- and tetra-coordinated complexes. In
one, we have considered the sequential dissociation of water molecules from the hexa-
coordinated [Zn(CQ),(H,0),] complex, keeping the dissociated water molecule within
the cluster. In the other, we have considered [Zn(CQ),(H,0)] and [Zn(CQ),], without
water molecules in the second shell. The most stable optimized gas phase BLYP
structures for the different coordination geometries are shown in Figure 1 along with
their relative Gibbs energies (AGOgaS). The full set of optimized structures at the BLYP
and B3LYP levels of theory is given in the Supplementary Information (Figures S1 and
S2) along with the reaction energies corresponding to the interconversion between the

different structures (Figure S3).

The [Zn(CQ);]-2H,O complex shows tetrahedral coordination at the metal
center with both clioquinol ligands in an almost perpendicular arrangement. Second
shell water molecules interact with the CQ™ ligands through hydrogen bonds with the
clioquinol oxygen atoms and more weakly with the —CH groups, the O---H,O and -
CH:--OH, distances being 1.913 and 2.334 A, respectively. In [Zn(CQ),(H,0)]-H,O the
coordination environment of zinc is approximately trigonal bipyramid with the phenolic
oxygens occupying the axial positions and the two nitrogens and the water oxygen in
the equatorial plane. In this configuration, which is found to be the most stable one, the
second shell water molecule is interacting with the metal coordinating water and the
oxygen atom of one of the ligands. Another less stable configuration with the water
molecule interacting with the oxygen atom of one of the CQ™ moieties and one -CH
group of the second CQ™ was also localized 5 kcal mol™ higher in energy (Figure S2).
Finally, the [Zn(CQ),(H,0);] complex exhibits a distorted octahedral geometry with the
water molecules in trans position and the CQ™ molecules in the equatorial plane. All
attempts to optimize an alternative structure with the coordinating water molecules in
cis arrangement collapsed to [Zn(CQ),(H,0)]-H,O with one water molecule directly
coordinated to the metal center and the other one in the second coordination sphere.
Noteworthy, minor changes are observed in the Zn coordination when complexes are

optimized removing second shell waters from the models.
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Relative free energies given in Figure 1 for [Zn(CQ),(H20),.,]-H20O, species
show that the penta-coordinated [Zn(CQ),(H,0)]-H,O complex is the most stable
structure. The hexa-coordinated complex lies 9.6 kcal mol™ higher in energy whereas
the tetracoordinated one [Zn(CQ),]-2H,O is found to be 5.5 kcal mol” less stable.
However, when water dissociation is considered, i.e., the processes [Zn(CQ)>(H20),] 2
[Zn(CQ)2(H20)5.1] + H2O, n = 2 and 1, the tetra-coordinated complex is the preferred
one, since both reactions, from the hexa- to the penta- and from the penta- to the tetra-
coordinated complex are exergonic (for [Zn(CQ),(H,0),] = [Zn(CQ),(H,0)] + H,O
the reaction energy is —7.7 kcal mol™, and for [Zn(CQ)»(H20)] 2 [Zn(CQ),] + H,O it is
—2.7 keal mol™). Note that the difference between the complete dissociation of the first
water molecule to yield [Zn(CQ),(H,0)] (7.7 kcal mol™) and the transfer of the water
molecule from the first to the second coordination shell ([Zn(CQ).(H,O)]-H,0) (-9.6
kcal mol™) is only 1.9 kcal mol™, due to enthalpy-entropy compensation effects. On the
contrary, the reaction energy is 5.5 kcal mol”! for [Zn(CQ),(H,0)]'H,0 ->
[Zn(CQ);]-2H,0O and —2.7 kcal mol™ for [Zn(CQ)2(H,0)] = [Zn(CQ),] + H,0,
resulting in different minimum free energy structures depending on whether the

coordinating water molecules are considered fully dissociated or not.

Implicit solvent calculations

The same model systems as for the gas phase calculations were used for implicit solvent
calculations. The optimized structures of the complexes with different metal
coordination, with and without additional water molecules in the second shell, are
shown in Figure 2. It can be observed that these structures exhibit the same metal
coordination environment as those found in the gas phase calculations. Nevertheless, for
certain complexes solvent effects cause the appearance of additional conformers close
in energy to the most stable ones. These structures are shown in Figures S4 to S9 of the

Supplementary Information.

The [Zn(CQ),]-2H,0 and [Zn(CQ),] complexes show tetrahedral coordination at
the metal center as for systems in gas phase. Noticeably, however, for [Zn(CQ):] an
additional minimum with a square planar coordination was found 4 kcal mol™ above the
tetrahedral geometry (see Figure S4). For the penta-coordinated [Zn(CQ).(H,0)]-nH,O

species (n=0 and 1), in addition to the trigonal bipyramid structure with the oxygens in
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the axial positions observed in gas phase, other structures were found when including
solvent effects. In particular, for [Zn(CQ),(H,0)]-H,0, three different structures were
located, one with a square based pyramid structure, with the second shell water
molecule interacting with the complex through the phenolic oxygen, and two trigonal
bipyramid structures which show similar geometrical features than the gas phase
corresponding structures. For [Zn(CQ),(H,0O)] additional trigonal bipyramid minima
were located with one oxygen and one nitrogen or two nitrogens in the axial positions
(see Figure S6). All these structures, however, lie very close in energy, the largest
difference being 0.9 kcal mol™. Finally for the hexacoordinated metal complex, we
located an octahedral minimum with the water molecules in trans similar to that found

in gas phase.

Relative free energies (AG*Sol) shown in Figure 2 indicate that the tetracoordinated
complex is the preferred metal coordination, both when considering second shell waters
in the model or not. Reaction energies associated to moving the metal coordinated water
molecules to the second shell [Zn(CQ),(H20),] 2 [Zn(CQ)2(H20),.4]'nH,0O (n=1 and
2) are exergonic. This is in contrast to that found in gas phase, for which the
pentacoordinated [Zn(CQ)(H20)]-H,O structure was found to be the most stable and is
due to the changes induced on metal-water, ligand-water and water-water interactions
upon considering the polarized continuum model. Indeed, comparison between
optimized [Zn(CQ)2(H20)2.4]'nH20 (n=1 and 2) structures in gas phase and in solution
indicates that inclusion of solvent effects with the polarized continuum model SMD
increases the Zn-O distance, whereas it decreases ligand-water hydrogen bond

distances.

Explicit solvent simulations.

Two simulations were carried out starting from the gas phase BLYP optimized

structures of [Zn(CQ),(H,0)] (simulation A) and [Zn(CQ),] (simulation B).

[Zn(CQ)2(H,0)] (simulation A) remains penta-coordinated throughout the
simulation. The structure of the complex oscillates between square based pyramid and
trigonal bipyramid with either the oxygens or the nitrogens in the axial positions. These
structures were found to be almost degenerate in implicit solvent calculations (see

Supplementary Information). The radial distribution function of water O atoms (Oy)
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with respect to Zn g(Zn-Oy), shown in Figure 3a, presents a narrow peak at 2.10 A,
which integrates to 1.0, in agreement with the maintenance of the coordination by one

water molecule.

In simulation B the initially tetra-coordinated complex evolves to increased
coordination of the metal center. As shown in Figure 4, after 3 ps of simulation a water
molecule, initially at about 4 A from the metal, binds to the Zn atom and remains at a
coordinating distance during the rest of the simulation. A second water molecule,
initially at about 5 A, also coordinates to the metal after 13 ps of simulation, resulting in
a distorted octahedral geometry with the water molecules in cis position as shown in
Figure 5. Accordingly, the g(Zn-Oy) graph shows a wider peak centered at 2.21 A,

which integrates to 1.3 oxygen atoms.

Of interest is also the interaction of solvent molecules with the CQ™ ligands, in
particular with their phenol O atoms. The RDF of H atoms of water (H,,) with respect to
the O atoms of the Zn-clioquinol (Figure 3b) shows a well-defined peak at 1.83 A in
simulation A and 1.81 A in simulation B, indicating the formation of hydrogen bonds
between the complex and the solvent molecules. The peak of simulation A integrates to
1.7, that is, each oxygen atom of the complex is solvated by almost 2 solvent molecules.
In simulation B the peak integrates to a slightly lower value, 1.4, because for certain
arrangements of the CQ ligands solvent molecules are excluded from the region around
O ligand atoms (fluctuations bring the C-H group of the pyridine ring of one CQ ligand
closer to the O of the other CQ ligand).

The free energy profile for water coordination to Zn was computed by means of
an umbrella sampling simulation (see Methods section for details) and is shown in
Figure 6. Interestingly, and in agreement with the result from the plain ab initio
simulations, no minimum is found for values of CNz,.ow around 0, that is, the tetra-
coordinated structure does not correspond to a minimum of this free energy surface.
This finding disagrees with the outcome of gas phase and implicit solvent calculations
where tetra-coordinated structures were located and found to be the most stable in most
setups. The minimum of the profile corresponds to a flat, wide area with values of
CNznow from 1.2 to 1.8; that is, penta- and hexa-coordinated complexes seem to be
degenerate. Again, this is in contrast to what is observed in the previous static

calculations. Gas phase and implicit solvent calculations predicted the hexa-coordinated
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structure to be less stable than the penta-coordinated one by 3.5-12.7 kcal mol™

depending on the method and model used.

Discussion

Coordination of clioquinol to zinc leads to Zn(CQ), neutral complexes. Given
the variability observed in Zn coordination, further coordination by solvent molecules
may take place in aqueous solution. Knowledge of the coordination environment of
Zn(CQ); adducts in solution is of central relevance for modeling studies addressing the
chelating properties of CQ or the interactions between Zn, CQ and peptides. In this
context, the X-ray crystallographic structure of the Zn complex shows an additional
water ligand coordinated to the metal cation, thus giving rise to a [Zn(CQ),H,0]
complex.'' However, the extent to which crystallographic studies are representative of
solution conditions is questionable. Here, we have used state of the art molecular
modeling techniques to get a deeper insight into the coordinative state of Zn(CQ); in
aqueous solution. Calculations were based on Density Functional Theory (DFT) and
considered models of increasing complexity. Quite disappointingly, it turned out that
the size of the model considered has a considerable impact on the energetics of the
[Zn(CQ)2(H20),] complexes, and no consistent picture emerged on which should be

considered the most stable one.

For minimal models, the potential energy of binding does not compensate the
reduction in translational entropy upon fragment binding (about 10 kcal mol” for a
water molecule at 300 K), resulting in free energy estimates that favor lower
coordination numbers (Figure 1b). Including bulk solvent effects as a continuum does

not change this picture (Figure 2b).

In order to reduce the entropic penalty for binding, the dissociating fragment
may be kept in the model. In the present case, this means that water molecule(s) relocate
in the second coordination shell. The Zn-O,, bond is converted in ligand — H,,O
hydrogen bond(s) and the preference of the water molecule for a first or second
coordination environment depends on the relative strength of these interactions. In the

present case, this approach also leads to low coordination numbers (four, see Figure 2)

When enough explicit solvent molecules are included in the model to mimic

bulk conditions, the H-bonding properties of ligand atoms are saturated, and thus these

10
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are no more competing interactions for a water molecule, which may conveniently
prefer to coordinate Zn or reside in the bulk solution. From this perspective, the use of
explicit solvent models would appear more appropriate to investigate metal — solvent
interactions.*”® Unfortunately, this comes with an increased computational cost. Because
of the large number of atoms in the model, a sampling method such as molecular
dynamics is required, and special techniques have to be used for free energy estimates.
An intermediate situation would be to use an extended cluster model that includes
enough water molecules to saturate the H-bonds of the first shell ligand atoms. This
approach has been pursued for instance in a study of Cu hydroxide hydration, in which
the geometry at Cu in [Cu(OH)(H,0),]" clusters turned to be square-planar four-
coordinated for n < 8,49 whereas for n=18, i.e. in the presence of two hydration shells,
the five-coordinate square-pyramidal geometry was determined to be the most favorable
one. While computation of properties e.g. spectroscopic parameters, usually benefit
form extended clusters® it should be noted that this approach does not eliminate surface
effects, which may be particularly severe when the interest is focused on the energetics

of processes taking place at the metal center.

Conclusions

Clioquinol is a metal chelating ligand that has proven efficient to inhibit the aggregation
of beta-amyloid induced by Zn(II) ions. Experimental studies show that CQH interacts
with Zn(II) to lead to a binary metal/ligand 1:2 stoichiometric complex in which the
phenolic group of CQH is deprotonated, resulting in Zn(CQ), neutral complexes. X-yay
diffraction studies on the crystal structure of Zn complexes formed with CQH indicate
that the metal cation is coordinated by the oxygen and nitrogen atoms of the two anionic
ligands and by a water molecule, in an approximately trigonal bipyramidal environment.
However, considering the flexible coordination behavior of Zn, which is known to form
complexes with coordination numbers of 4, 5 and 6, this coordination environment may
change in aqueous solution. In the present work, the coordinative properties of
clioquinol in aqueous solution have been analyzed by means of static DFT calculations
and ab initio molecular dynamics simulations. Results from static calculations including
solvent effects with the SMD polarized continuum model suggest that the preferred
metal coordination environment is tetrahedral, whereas the more realistic ab initio

molecular dynamics simulations suggest that the penta Zn(CQ),(H,O) and hexa

11
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Zn(CQ)2(H,0), coordinated complexes are major quasi degenerate structures and thus
they are expected to coexist in aqueous solution. Present results show the computational
difficulties in studying the coordination properties of metal complexes from static
calculations and highlight the importance of explicitly including a sufficient number of
water molecules that allow representing the hydrogen bond network around the complex

as well as the metal-water interactions.
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[Zn(CQ).]-2H,0 [Zn(CQ)2(H,0)]-H,0 [Zn(CQ)2(H20);]

0.0 9.6

[Zn(CQ).]+2H,0 [Zn(CQ)2(H,0)]+H0 [Zn(CQ)2(H20);]

, sty 5;*

Lo

2.7 10.4

Figure 1. BLYP gas phase optimized geometries of the most stable isomers of [Zn(CQ)2(H20),.,] nH,0 (a) and [Zn(CQ)2(H20),] (b) complexes
with n =0, 1 and 2. Distances are in A and relative free energies (AGOgas) in keal mol™.
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[Zn(CQ).]-2H,O0 [Zn(CQ)2(H,0)]-H;0 [Zn(CQ)2(H20);]

1.747

1 751
2.193 2.%
° J
5.0 11.1
[Zn(CQ):(H,0)]+H0 [Zn(CQ)2(H,0);]

2121 _.2.118

AEXS

2156 2.189

11.1 20.8

Figure 2. BLYP solution phase (SMD method) optimized geometries of the isomers of [Zn(CQ),(H20),.,]'nH,O (a) and [Zn(CQ)2(H20),]
complexes (b) with n = 0, 1 and 2. Distances are in A and relative free energies (AG*,) in kcal mol™. *In the case [Zn(CQ),]-2H,0 an alternative
structure 2.1 kcal mol™ more stable has been found (see Supplementary Information), however we show the structure equivalent to that found in
gas phase.
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Figure 3. Radial distribution of water with respect to the Zn (a) and O (b) atoms of the
complex for [Zn(CQ),H,0] (simulation A) and [Zn(CQ),] (simulation B).
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Figure 4. Fluctuations of the distance Zn---O,, of two solvent molecules from simulation B
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Figure 5. Snapshot of the complex at the end of simulation B ([ZnCQ;]).
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Figure 6. Free energy profile as a function of the Zn-Ow coordination number.
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