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Abstract

Many properties of aqueous cations depend on their coordination state. However,
the lack of long-range order and the dynamic character of aqueous solutions make it
difficult to obtain information beyond average coordination parameters. A thorough
understanding of the molecular scale environment of aqueous cations usually requires
a combination of experimental and theoretical approaches. In the case of Zn?*t, sig-
nificant discrepancies occur among theoretical investigations based on first-principles
molecular-dynamics (FPMD) or free-energy calculations, although experimental data
consistently point to a dominant hexaaquo-zinc complex (Zn[H20])?" in pure water.
In the present study, the aqueous speciation of zinc is theoretically investigated by
combining FPMD simulations and free-energy calculations, based on metadynamics
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and umbrella-sampling strategies. The simulations are carried out within the density
functional theory (DFT) framework using for the exchange-correlation functional ei-
ther a standard generalised gradient approximation (GGA) or a non-local functional
(vdw-DF2) which includes van der Waals interactions. The theoretical environment of
Zn is confronted to experiment by comparing calculated and measured X-ray absorp-
tion spectra. It is shown that the inclusion of van der Waals interactions is crucial
for the correct modeling of zinc aqueous speciation: whereas GGA incorrectly favours
tetraaquo- (Zn[H20]4)?* and pentaaquo-zinc (Zn[H20]5)?* complexes, results obtained
with the vdW-DF2 functional show that the hexaaquo-zinc complex is more stable than
the tetraaquo and pentaaquo-zinc complexes, by 13kJ mol~! and by 4kJ mol~! respec-
tively. These results highlight the critical importance of even subtle interactions for
the correct balance of different coordination states in aqueous solutions. However, for
a given coordination state, the GGA leads to a reasonable description of the geometry

of the aqueous complex.

1 Introduction

The reactivity of zinc in aqueous solutions has important consequences in many scientific
fields, including biology, geochemistry, or material sciences. Zinc most often occurs in its
ionic form Zn** with [Ar] 3d'%4s? electron configuration. This filled d shell configuration
does not exert a strong control on the coordination state and Zn has been shown to occur
in 4-, 5- or 6-fold coordination states in various organic (e.g. proteins) or inorganic phases.

In water, experimental studies point to an average coordination number of 6 at room
temperature, with a first solvation shell made of H,O molecules only.' ™! In comparison,
early theoretical studies of the aqueous environment of Zn based on molecular clusters, 3216
lead to contrasted results, depending on their theoretical level (e.g. MP2 vs. hybrid-DFT)

and numerical parameters (e.g. basis quality).!®!%16 With increasing computational re-

sources, larger systems were simulated using classical, '1*%!® hybrid (QM/MM) 2! and DFT
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based 22:23

molecular dynamics (MD) and pointed to a Zn coordination number of 6, consis-
tent with experimental observations. However, a recent theoretical investigation of aqueous
Zn coordination,?* using the GGA-BLYP functional and based on a thermodynamic integra-
tion of forces, suggests that at room temperature, tetraaquo and pentaaquo-zinc complexes
have lower free-energies than hexaaquo-zinc complexes. These results thus significantly differ
from the other investigations performed at a similar theoretical level.

In the present study, we address this question by combining long-time FPMD simulations
with free-energy calculations and by using either a standard GGA or a van der Waals (vdW)
included functional. The comparison of the GGA and vdW structural results with X-ray
absorption experiments allows to highlight serious structural flaws in the GGA case as a result
of an overestimation of 4-fold coordination states. In addition, we show that the energetics
is crucially dependent upon the choice of the functional: the energetics’ order of the various
complexes is actually reversed from GGA to vdW and it is consistent with experiments only
in the latter case. Thus, we attribute the inconsistencies in the previous controversial results

using standard GGA simulations of Zn?* coordination in aqueous solutions,?* to the neglect

of van der Waals interactions.

2 Methods

k,2526 yusing plane-

The calculations presented here are carried out within the DFT framewor
waves, periodic boundary conditions and pseudopotentials. Even though DFT is intended to
solve exactly the Schrodinger equation in its theoretical conception, its practical implemen-
tation requires some approximations. In particular, an exact analytical expression for the
electronic exchange-correlation energy is unknown and several approximate formulations ex-
ist. The widely used one in condensed matter physics is the Perdew-Burke-Ernzerhof (PBE)

parameterisation of generalised gradient approximation (GGA) functional.?” By construc-

tion, GGA functionals essentially miss van der Waals effects and recent studies emphasised
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on their importance.?*3% DFT calculations with non-local functionals are intended to pro-
vide a better description of van der Waals interactions through the addition of a non-local

correlation term EJ to the exchange-correlation energy Exc:

EXC — E)CgG’A + Eé«DA + Egl (1)

LDA

where E{%4 is the GGA exchange energy, ELP4 is the LDA correlation energy. Energetic

and structural improvements are observed using non-local functionals especially in water. 3! 34
Here we use the vdW-DF2 non-local functional®! to evidence improvements over standard
GGA calculations in this particular system.

The simulated system contains 1 Zn atom and 64 water molecules in a cubic box of
length 12.65 A so as to reproduce the experimental density of water (1.0 x 10%kg/m?). In
the initial configuration, the Zn coordination number is 6. The oxidation state of Zn being
+2, a negative compensating uniform background charge is applied. All calculations are
performed using the PWscf code included in the DFT package Quantum ESPRESSO,? in
which Born-Oppenheimer type FPMD is implemented. The time step used, 0.97 fs, is chosen
to be smaller than the smallest vibrational period in the system (here the O-H stretching
period of 9-10fs). The simulations are performed in the NVT ensemble, the temperature
being maintained at 300 K using a Berendsen thermostat?3® with a coupling time constant of
0.3 ps. Ultrasoft pseudopotentials for Zn, O and H from the GBRV library are used for the
description of the ionic cores.?” The cut-off energies for wave-functions and charge-density
expansions in finite basis-sets are fixed at 50 Ry and 450 Ry respectively. Given the large
system size, the Brillouin zone sampling for electronic integration is restricted to the I'-point.
The instantaneous evolution of Zn?** coordination is investigated with FPMD trajectories
of 30ps length, amongst which the equilibration and production lengths are 6and 24 ps
respectively.

The thermodynamic properties of the system are then investigated by computing the
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free-energy profiles associated to the changes in Zn coordination with oxygen atoms. These
calculations use metadynamics®® and umbrella-sampling®® strategies which are based on
a exploration of the configuration space restricted to the vicinity of a path defined by a

collective variable (CV). Here, the CV is the coordination number (CN) s,

64
5= Z SZn—0; (2)
i=1

where the individual contributions sz,_o, are calculated using a switching function of the

interatomic distances (7z,-0,):

1 o <TZn—Oi)n
SZn—-0; = ) (r2n70i>m' (3)

To

The parameters o, n and m and were set to 2.8 A, 10 and 20 respectively in order to have
a smooth function decaying from 1 to zero between the first and second peak of the Zn-O
radial distribution function (see Fig. S1 in the Supporting Information). This choice leads to
non-integer numbers for the 3 characteristic coordination numbers (Fig. 1). Nevertheless, in
the following, we will describe the coordination states of Zn using CN=4, CN=5 and CN=6
notations, which correspond to the presence of 4, 5 and 6 water molecules within a radius of
2.8 A from Zn?* respectively. Metadynamics and umbrella-sampling simulation lengths are
180 ps and 100 ps respectively and are performed using the plugin PLUMED,*° which is an
open source library for free-energy calculations.

Metadynamics explore the free-energy landscape by depositing a bias potential Vg (s, t) in
the CV space that facilitates the crossing of free-energy barriers. By doing so, configurations
having a low probability of being accessed in FPMD, can be explored in metadynamics in a
reasonable time (few ps). The bias potential is obtained by depositing every 60 MD steps,
Gaussian hills of height 2.6kJmol™ and width of 0.07 CV unit. The profile of the free-

energy F'(s) is estimated from the opposite of the final bias potential. The latter is obtained
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by adding the Gaussians deposited during the trajectory at each value of the coordination
number, as the time-average of Vpg(s,t) between the time after which the system has explored
all the relevant CV space (t; = 86 ps) and the time before which important distortions occur

due to the exploration of irrelevant high-energy configurations (t, = 138 ps)*! :

F(s) ~ —— /2VB(s,t)dt. (@)

to — 11 Jy,

By comparing the estimates in the two halves of the interval [t1, 5], we expect a statistical
error bar of +5kJmol™! (Fig. S2 in the Supporting Information).

In umbrella-sampling, instead, the CV space is cut into 20 windows and a harmonic re-
straining potential of type k(s — s.)? with a spring constant value (k) of 0.594 Ry is added
at the centre (s.) of each window. k was chosen to give an ideal overlap of 0.9 between
consecutive probability distributions. For each window, a trajectory of 5 ps (with the first ps
discarded as equilibration) is performed using a configuration extracted from metadynamics
as initial structure. The free-energy profile is reconstructed by the weighted histogram anal-
ysis method (WHAM).*? Free-energy profiles calculated with our in-house WHAM code are
similar to those calculated with Grossfield** and GROMACS** codes. By comparing the pro-
files estimated using only either half of the production trajectory in each window, we expect
a statistical error bar of +£2.5kJmol™" (Fig. S3 and S4 in the Supporting Information).

Theoretical EXAFS spectra have been computed from the MD configurations using the
Feff8 code* and the methodology detailed in Ref.® Snapshots were extracted every 10
MD steps (after equilibration) from each FPMD trajectory (GGA and vdW-DF2), resulting
in two series of about 2,400 configurations. For each configuration, an individual EXAFS
spectrum was calculated with SCF potentials within a radius of 3.0 A around the absorbing
atom (Zn), a half-path distance of 7.0 A and considering all multiple-scattering paths up to
7 legs. The amplitude reduction factor S was set to 1, the value used for the experimental

extraction.?” An average calculated spectrum (Xcq.), directly comparable to the experimental
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one (Xewp), is then obtained from the average over the individual spectra. The agreement
between the calculated and experimental spectra is estimated by d, defined as a sum of

squared differences between the k3-weighted spectra:

)= Z (k3Xcalc(k) - kgxexp(k))z

k

(5)

In the following comparisons, two different experimental spectra taken from two recent stud-

ies,22’47

are used in order to illustrate the error bar associated to the EXAFS signal extraction.
These were acquired in diluted solutions of zinc-containing salts (0.1 M Zn(NOj), in Ref.*”
and 0.4 M Zn(ClO,), in Ref.??) so that the contribution from counter-ions in the Zn first

neighbours shell can be safely neglected.

3 Results and discussion

3.1 FPMD simulations

The instantaneous Zn coordination number, calculated using Eq 2 and 3, is shown along
both the GGA-PBE and vdW-DF2 trajectories in Fig. 1 (after the 6 ps equilibration time).
Representative snapshots of the different Zn complexes observed along the FPMD trajectories
are also shown (Fig. 1).

In the GGA-PBE case, after a relatively long duration (12ps) over which the Zn co-
ordination is close to 6 (hexaaquo complex), it suddenly falls to 5 and then to ~ 4 a few
picoseconds later. The tetraaquo complex then formed remains stable until the end of the
GGA-PBE trajectory, without any return to the CN=6 state (Fig. 1). This suggests that,
within the GGA scheme, tetraaquo complexes are more stable than hexaaquo ones and/or
the presence of an energy-barrier between CN=4 and CN=6. This is well in line with pre-
vious GGA-BLYP simulations (using both long FPMD simulations of 60 ps and free-energy

calculations),?! which suggested that all 3 complexes co-exist at 300 K, with tetraaquo com-
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Figure 1 Evolution of the Zn coordination number in FPMD trajectories performed with
GGA-PBE and vdW-DF2 functionals. Representative snapshots of the observed zinc complexes

(tetraaquo, pentaaquo and hexaaquo) are shown along the associated trajectories.

plexes more stable than hexaaquo ones by about 11kJmol ! (see Fig. 4 later). Although
this seemingly contradicts other FPMD simulations (using GGA-PBE) reporting hexaaquo

2223 one should however note the smaller duration (15 ps) used in these stud-

complexes only,
ies: as a matter of fact, this duration is typically comparable to the life-time (12ps) of
the (metastable) hexaaquo complex observed in our GGA-PBE trajectory. Thus, the re-

2223 s likely the consequence of a too short (and

port of CN=6 in these previous studies
incomplete) sampling rather than being the intrinsic (i.e. ergodically sampled) result of the
functional used (PBE). This shows the importance of using either long simulation times or
enhanced-sampling techniques.

By contrast, in the vdW-DF2 case, Zn is essentially 6-fold coordinated along the whole 30
ps trajectory, except for a few short-lived configurations in which pentaaquo-zinc complexes
occur (e.g. between 23 and 24 ps) (Fig. 1). This is indicative of a significant change in the
energetics of the system (to be confirmed later, Fig. 5).
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Figure 2 (a) Zinc-oxygen radial distribution function gz, o(r) and running coordination number
nzn—o(r) obtained from the whole GGA-PBE and vdW-DF2 trajectories. (b) Zoom on the first
peak region (1.7-3.0 A) Also added are the results obtained from the portion of the GGA-PBE
trajectory where the coordination number is 6 (CN=6) and the FPMD (GGA) results from Liu et
al.?* and Cauét et al.??

The contrasted average Zn speciation between the two trajectories is reflected in the
zinc-oxygen radial distribution functions (RDF) gz,.0(r) and in the corresponding running
coordination numbers nz,.o(r) (Fig. 2a). The RDF first peak is located at 17, o = 2.02 and
2.14 A for GGA-PBE and vdW-DF?2, respectively. The latter value is within the experimental
range of observed Zn-O bond lengths, from 2.06° to 2.15 A, 7 while the GGA-PBE value is too
short. In addition, for the GGA-PBE case, RDF specific to each coordination type g5~ (r)
(CN= 4, 5, 6) have been calculated by using the corresponding portions of trajectory (e.g.
from 16 to 30 ps for CN=4, see Fig. 1): the first peak location is 1.97, 2.05 and 2.11 A for
CN=4, 5 and 6, respectively. This shows that the origin of the too short RDF first peak
location obtained with GGA-PBE is the overestimation of contributions from the CN=4 and
CN=5 complexes. Further, the g5%(r) obtained with GGA-PBE is quite comparable to
the vdW-DF2 ¢z,.0 (Fig. 2b): this indicates that although modifying the energetics of the
system, the inclusion of van der Waals interactions has only a minor effect on the geometry
of the hexaaquo complex. Table 1 summarises structural data extracted from GGA-PBE

and vdW-DF2 molecular dynamics trajectories.
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Table 1 Structural information extracted from GGA-PBE and vdW-DF2 FPMD trajectories.
The GGA-PBE trajectory is decomposed in three portions as shown in Figure 1 depending on the
observed Zn coordination number (CN) and refered below as CN=6, CN=5 and CN=4. Information

on Zn-O radial distribution functions gzn.0(r) as well as the number of water molecules n,0,

average Zn-O distances 17,0 in the first and second solvation shells are reported. Average OZnO

angle <ozno, Zn-H distance rz,.y, O-H bond length ro.g and HOH angle <gog within the first

solvation shell are also given. Root mean square o of these quantities are also reported. Some of

these quantities reported by Cauét et al.?? are given for comparison.

GGA-PBE GGA-PBE GGA-PBE

22
GGA-PBE vdW-DF2 (" ON=5 ON—4 Ref
gzn-o(r) 1% max  2.02 2.14 2.11 2.05 1.97 2.12
gzno(r) 1 min 2.8 2.8 3.0 2.6 2.35 2.8
NH,0 4.70 5.98 5.97 5 4 6
Tryo 0.84 0.14 0.16
7700 2.13 2.19 2.17 2.10 1.99 2.18
15t Orypo 0.20 0.13 0.15 0.12 0.07 0.11
colvation <00 98 90.1 89.9 96 101
sphere  9<ozo 12 7.7 7.9 11 13
T70H 2.67 2.78 2.77 2.67 2.58 2.76
- 0.16 0.15 0.17 0.14 0.12 0.17
To-H 1.010 0.996 1.000 1.008 1.019 0.97
Oron 0.033 0.027 0.030 0.033 0.033 0.03
<HOH 107.2 105.9 106.0 106.9 108.3 106.6
O <von 5.4 5.0 5.0 5.3 5.5 5.5
gzn-o(r) 24 max 3.9 4.3 4.2 4.0 3.9 4.2
ond gzn-o(r) 28 min 4.9 5.1 4.9 4.7 4.5 4.7
colvation  ™H20 12.2 14.7 12.0 11.84 9.82 14
sphere o 1.2 1.5 1.1 0.93 0.92
7700 4.12 4.37 4.33 4.10 3.95 4.22
Oy 0.33 0.33 0.30 0.25 0.27 0.27
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We also add in the comparison (Fig. 2b) the results from previous GGA studies. The
data from Cauét et al.?? (who observed only hexaaquo complexes) are quite similar to our
GGA-PBE results restricted to the CN=6 trajectory and to the vdW-DF2 full trajectory
(Table 1) while the data from Liu et al.?* (who pinpoint the existence of pentaaquo and
tetraaquo complexes in however unreported proportions) show a shorter RDF first peak at
2.05 A (and a running coordination number of 5.2 at 2.8 A). This shows that the position of
the RDF first peak is a reasonably good marker of the average coordination number, mostly
irrespectively of the functional used.

The GGA-PBE and vdw-DF2 scenario are now tested by comparing EXAFS calculated
spectra to experimental ones?*%7 (Fig. 3). The spectrum obtained from the GGA-PBE tra-
jectory shows significant discrepancies with the experimental ones (Fig. 3a): in particular the
too large period (in k space) essentially reflects a too short mean Zn-O distance (typically
2.02 A versus 2.078 A experimentally*”). A significant improvement is provided with the
vdW-DF2 scheme, the residual between the spectra (§) being reduced by a factor of about
3-4 (Fig. 3b). A slight frequency misfit is still visible, reflecting in this case a slightly too
long mean Zn-O distance. As described previously for the RDF, the GGA-PBE trajectories
can be decomposed according to the Zn coordination number (6, 5 and 4), allowing to pro-
duce representative spectra for each type of complex (panels ¢, d and e of Fig. 3). Clearly,
the spectrum obtained for hexaaquo complexes (Fig. 3c) shows a pretty good match of the
experimental spectra; typically comparable (or slightly better) than that obtained with the
vdW-DF2 full trajectory (which corresponds mostly to hexaaquo complexes as well). By
contrast, the 0 residual significantly increases for lower coordination types, with a severe
frequency misfit most pronounced in the tetraaquo case (Fig. 3e). This decomposition thus
allows confirming the main origin of the GGA-PBE deficiency, namely a significant overesti-
mation of contributions from 4-fold and 5-fold complexes. While a quantitative assessment
of the relative proportion of each complex from the EXAFS spectra is beyond the scope of

the present paper, it seems reasonable to discard the presence of tetraaquo complexes in
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Figure 3 Calculated average EXAFS spectra of molecular configurations extracted from (a) the
whole GGA-PBE, (b) the whole vdW-DF2 FPMD trajectories, (c) the portion of GGA-PBE tra-
jectory where CN=6, (d) the portion of GGA-PBE trajectory where CN=5 and (e) the portion of
GGA-PBE trajectory where CN=4. These calculated spectra are compared with the experimental

spectra from d’Angelo et al.*” and Cauét et al.??
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any but marginal proportions. On the other hand, small but possibly sizeable amounts of
pentaaquo complexes cannot be ruled out, given that the corresponding EXAFS signal is
not very different from the hexaaquo one. In any case, these results highlight serious flaws
in the GGA picture obtained both in the present work and in the previous study of Liu et
al.,?* which are largely cured within the vdW scheme.

35

= Umbrella-sampling
- Metadynamics
Liu et al.

30
25
20
15

10 |;

Free-energy (kJ/mol)

42 44 46 48 50 52 54 56 58
Coordination number

Figure 4 Free-energy profiles of Zn coordination calculated from metadynamics or umbrella-

sampling techniques using the GGA-PBE functional. Estimated error bars for each technique

are added as shaded areas around the free-energy curves. Results are compared with the free-

energy profile calculated by thermodynamic integration of forces using GGA-BLYP by Liu et al.?%.

Since a slightly different definition of the coordination numbers was used, the values of Ref.?* are

rescaled to match the values obtained here using Eq 2 and 3.

3.2 Free-energy profiles

Free-energy profiles related to changes of Zn coordination have been determined with the
GGA-PBE functional using metadynamics and umbrella-sampling techniques (Fig. 4). Both
techniques find hexaaquo complexes to correspond to the highest free-energy minimum of
the system followed by pentaaquo and finally tetraaquo.

A summary of the free-energy

differences and barrier heights between the three complexes are summarized in Table 2.
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These results are consistent with those of Liu et al.?* (also reported in Fig. 4 and Table 2),
obtained by thermodynamic integration of forces using the GGA-BLYP functional. Beyond
the overall good agreement between the techniques, our results show a more pronounced
barrier height between CN=4 and CN=5 (17-18 kJmol~!) as compared to those of Liu et
al.** (9kJmol™1), which is likely a result of the different GGA functionals used (PBE versus
BLYP). In any case, three distinct techniques used to calculate the free-energy profiles,
provide the same overall picture (which is in contradiction with experiments). It shows that
within the GGA scheme, unbiased MD simulations starting from equilibrated tetraaquo or
pentaaquo complexes have a small probability to sample the hexaaquo state since it requires
to overcome a barrier of at least 12kJmol™'. The reverse situation (sampling CN=4 or 5
starting from CN=6) is more likely to happen since the corresponding barriers are lowered
to 2-6kJmol™!. As a matter of fact, GGA FPMD studies with relatively short trajectory
lengths (~ 15ps),?*?3 found only hexaaquo complexes while longer trajectories (> 30 ps)
display the 3 complexes (this work and Liu et al.?%).

Table 2 Summary of the free-energy differences (AF) between hexa, penta and tetraaquo-zinc
complexes and associated barrier heights calculated from metadynamics using the GGA-PBE func-
tional, and from umbrella-sampling using either the GGA-PBE or the vdW-DF2 functional. The

L 24

results are compared with those of Liu et a obtained from free-energy calculations using the

GGA-BLYP functional and thermodynamic integration of forces. Values are given in kJ mol .

Metadynamics Umbrella sampling Umbrella sampling Thermodynamic Integration
using GGA-PBE using GGA-PBE using vdW-DF2 using GGA-BLYP, from Ref?*

AFs_s 12 6 -4 12

AFg_4 24 12 -13 15

AF5_4 12 6 -9 3

barrierg_~5 2 6 11 6

barriers_-g 14 12 7 18

barriers_ <4 5 12 14 6

barriery_~5 17 18 5 9

Back to our results in closer details, the free-energy profiles obtained from metadynamics
and umbrella sampling agree within 10kJmol™! (Fig. 4), as expected from other similar
simulations of chemical reactions in solution.*® However, two differences regarding the lo-

cation of the extrema are noticed: first, the coordination number minimum is shifted from

14
ACS Paragon Plus Environment

Page 14 of 24



Page 15 of 24

©CoO~NOUTA,WNPE

Journal of Chemical Theory and Computation

4.28 using metadynamics to 4.20 with umbrella sampling and, second, the maximum of the
barrier between CN=4 and CN=5 is shifted from 4.80 (metadynamics) to 4.60 (umbrella-
sampling) (Fig. 4). These can be ascribed to variations on the protonation state of the first
coordination sphere of Zn in tetraaquo species: using metadynamics the fraction of deproto-
nated tetraaquo complexes represent only 0.5% of the total tetraaquo complexes while this
fraction amounts to 1% with umbrella-sampling. For s > 5.0, there is no shift between the

free-energy profiles and no deprotonated species are observed at those coordination numbers.

35 e

| —— GGA-PBE ]
30 F vdW-DF2 ]

o5 F ]
20 |
15 |

10 |

Free-energy (kd/mol)

M B R PRI T B PR L PR L
46 48 50 52 54 56 538
Coordination number

42 4.

Figure 5 Free-energy profiles of Zn coordination calculated from umbrella-sampling using either
the GGA-PBE or the vdW-DF2 functional. Shaded areas correspond to estimated error bars.

We now explore the energetic picture provided by the vdw-DF2 scheme. As the umbrella-
sampling calculations carried out previously provided a better convergence than metady-

49 we restricted the study to the former technique only. Remarkably, the free-energy

namics,
profile calculated with the vdw-DF2 functional gives the very opposite trend relative to that
of GGA-PBE (Fig. 5): hexaaquo complexes now correspond to the lowest free-energy of the
system followed by pentaaquo and finally by tetraaquo complexes. From the GGA-PBE
to the vdW-DF2 description, the energy difference AFg_4 between hexaaquo and tetraaquo

complexes is reversed from 12 to —13kJmol !. Similarly, AF;_5 (the energy difference be-
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tween hexaaquo and pentaaquo complexes) is reversed from 6 to —4kJmol™!. The value of
the barrier height between CN=6 and CN=5 is 11kJmol™!, explaining why in vdW-DF2
FPMD trajectory, hexaaquo complexes are mostly observed. Thus the inclusion of vdW
forces induces an inversion of the energetic stability of the Zn-aqua complexes which is at
the origin of the stabilisation of hexaaquo complexes in FPMD trajectory as evidenced in
the previous section (3.1). However, the absolute value of |[AFy_5| is relatively small (as
compared to |AFs_4|), thus the presence of a fraction of pentaaquo complexes in aqueous Zn
solutions cannot be ruled out neither from the energetic calculations nor from the EXAFS
spectroscopic measurements.

According to the present free-energy calculations, van der Waals interactions are key
ingredients to stabilise hexaaquo zinc state with respect to tetraaquo and pentaaquo states
at the GGA level. However, in a previous study of aqueous Zn molecular clusters, Diaz
et al.'® have pointed out that a stabilisation of hexaaquo zinc complex with respect to the
tetraaquo one could also be obtained by improving the description of the electronic structure
(using calculations at the MP2 level). To further document the respective contribution of
electronic exchange and non-local correlation, we have performed additional calculations on
the same Zn clusters using hybrid functionals (PBEO and B3LYP) as well as GGA and vdW
functionals (Table S1 in the Supporting Information). On these complexes GGA functionals
predict the tetraaquo complex to be the most stable. A better description of the electronic
exchange as treated by hybrid functionals leads to the same picture with however a relative
stabilising effect on the hexaaquo complex. Only the inclusion of non-local correlation leads
to the expected energetic order between the two complexes. Although using a simplified
cluster model of Zn environment in water, these additional results point once again towards
a dominant role of van der Waals contribution in the relative stability of aqueous Zn%*"

coordination states.
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4 Conclusion

Using FPMD simulations, free-energy calculations and simulated EXAFS spectra, we have
shown that the description of aqueous Zn solutions as obtained from standard GGA func-
tionals suffers from a severe overestimation of the stability of tetraaquo complexes (at the
expense of the hexaaquo complexes). Further, the origin of the contrasted results obtained
from different FPMD GGA studies?? 24 has been unveiled. Indeed, because of the presence
of large energy barriers, the simulated system can remain kinetically trapped for relatively
long times in the (metastable) hexaaquo state: such a situation will fortuitously give a good
account, of the experimental situation although being numerically unconverged, leaving the
problem unnoticed.??3 The incorrect GGA behaviour is revealed by long trajectories and/or
enhanced-sampling techniques (here metadynamics and umbrella-sampling) and by a direct
confrontation with experiments. The MD-EXAFS combination used here provides a clear
enough test of the GGA insufficiencies.

Strikingly, the use of a recent functional including van der Waals contributions, vdw-DF2,
changes drastically the relative energetic stability of the aqua complexes, providing a picture
fully consistent with experiments in which Zn appears mostly as a hexaaquo complex. This
shows that even weak interactions such as the van der Waals forces must be accounted for a
reliable description of the chemical and thermodynamical properties of Zn-bearing aqueous
solutions. Although the importance of these contributions has been progressively recognised
in the recent years in other systems, we are not aware of any other cases in which these forces
induce such a marked and qualitative change. From the structural point of view however, it
should be noticed that the local geometry of the 6-fold coordination complex is only weakly
affected by the use of vdW-DF2 as compared to standard GGA.

The present results may have implications for other hydrated cations, in particular re-
garding the relative stability of various coordination states. It can be anticipated that the
use of non-local functionals incorporating van der Waals contributions could improve the

description of main group ions,*%5! such as Ca, Na and K, which play important biological
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roles or, Cd and Hg.%? 57
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