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Abstract: A quite unexpected sevenfold coordination of the hydrated Hg(ll) complex in aqueous solution
is revealed by an extensive study combining X-ray absorption spectroscopy (XAS) and quantum mechanics/
molecular dynamics (QM/MD) calculations. As a matter of fact, the generally accepted octahedral solvation
of Hg(Il) ion cannot be reconciled with XAS results. Next, refined QM computations point out the remarkable
stability of a heptacoordinated structure with C, symmetry, and long-time MD simulations by new interaction
potentials including many-body effects reveal that the hydrated complex has a quite flexible structure,
corresponding for most of the time to heptacoordinated species. This picture is fully consistent with X-ray
absorption near-edge structure experimental data which unambiguously show the preference for a sevenfold
instead of a sixfold coordination.

Introduction structural properties of this ion is still lackirfigVloreover, like

Mercury is a toxic and an environmentally hazardous element Zn(l) and _Cd(”)’ the d'® Hg(ll) ion has no electronic )
able to replace biological Zn(ll) in enzymes, proteins, and SPectroscopic handle, and the few attempts made to study its
nucleic acids, altering the normal activity of these spet@ace hydration structure by X-ray diffraction are in support of
released to the environment by a variety of sources (e.g., wastg'etention of the same octahedral structure as present in th_e solid-
combustors or coal-fired power plants), metallic mercury is State X-ray structure of Hg(Cl»-6H,0.° However, the radial
oxidized to Hg(Il) by water and ozone, and when it falls on the distribution function obtained from X-ray diffraction of Hg(ll)
ground of acidic soil (around pkE 4), it transforms to the  in aqueous solution showed a broad peak corresponding to an
neurotoxin methyl mercury that causes severe neurological unexpectedly large variation in the H® bond lengths.The
damages (e.g., Minamata disea®&)Despite the calamitous  Wwide bond distance distribution has been explained by a pseudo
effects on human health arising from mercury pollution of Jahr-Teller effect in the hexahydrated mercury(ll) complexes
streams, lakes, and ocedrifie solution structure of aqua Hg-  leading to four equatorial HgO bonds about 0.05 A shorter
(1) ion is still poorly defined due to the lack of experimental than the axial one%In addition, the residence time of water
techniques able to provide reliable information about the molecules in the first hydration shell of Hg(ll) is quite short
coordination structure of this iohiHg(ll) is normally described (of the order of nanoseconds)s compared with divalent first

as being hexacoordinated by watéhut due to the occurrence  row transition ions which form octahedral hydration complexes
of hydrolysis and of different coordination geometries that in aqueous solutioh.

mercury adopts in complexes, a conclusive description of the  \ye haye undertaken a combined experimental and theoretical

t CASPUR investigation to unveil the detailed structure and dynamics of
* Department of Chemistry, University of Rome “La Sapienza’. the hydrated Hg(ll) ion complex in aqueous solution. We used
§ Department of Chemistry, University of Naples Federico II. a combined extended X-ray absorption fine structure (EXAFS)
I Department of Experimental Medicine, University of L’Aquila. . .

U Frascati National Laboratories. and X-ray absorption near-edge structure (XANES) analysis to
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Materials and Methods

X-ray Absorption Measurements.A 0.1 M Hg(ll) water solution
was prepared by dissolving the appropriate amount of Hg{cl@
freshly distilled water and adding HCi@ order to prevent hydrolysis.

Hg L XAS spectra were obtained at the X-ray absorption spectrometer
BM29° of the European Synchrotron Radiation Facility (ESRF). Spectra
were recorded in transmission mode using a Si(311) double-crystal
monochromator detuned to 50%. Data points were collected for 1 s

each, and three spectra were recorded and averaged. The solution was

kept in a cell with Kapton film windows and Teflon spacers of 4 mm.
XANES Data Analysis. The raw experimental data (see Supporting
Information Figure S1) were deconvolved of the whole tabulated Hg
Ly core hole widthIT = 5.50 eV)%11This treatment largely facilitates
the detection of spectral features and the comparison with theoretical
calculations. The XANES data analysis was carried out with the MXAN
code!? The X-ray absorption cross section was calculated in the
framework of the full multiple-scattering scheme within the muffin-
tin approximation for the shape of the potential. The real part of the
exchange term was calculated using the Hedinndqvist energy-
dependent potential, while the inelastic losses did not include the core-
hole lifetime broadening as it was previously eliminated from the
experimental spectrum. A least-square fit of the experimental data in
the space of the structural parameters was achieved using the MINUIT
routine of the CERN library? which minimizes théRs, function defined
as

— n - heor __  expmth —172
RSQ_EZ.Z[M Y ™e ] (1)

wheren is the number of the independent structural parameteis,

the number of experimental points (88 for all the reported analyses),
yi"eor and y&**™ are the theoretical and experimental values of the
absorption cross section, agdvas constant and equal to 0.5% of the
experimental jump. The MIGRAD subroutine of the MINUIT package

Table 1. Optimized Valence Basis Set Used for Mercury with the
LANL2 Effective Core Potential

shell exponent coefficent ( s) coefficent ( p)
S 3.669 645 6x 10" —1.000x 104

5.550 243 6x 1(° —4.500x 104

2.964 286 7x 1(° —3.047x 1072

1.583 829 5x 10° 1.717x 101

8.464 231 7x 1071 —4.839x 101
SP 8.464 231 7x 1071 1.000x 10° 1.000x 10°
SP 4523856 7x 107t 1.000x 10° 1.000x 10°
SP 2.417 952 1x 101 1.000x 10° 1.000x 10°
SP 1.292 387 9x 101 1.000x 10° 1.000x 10°
SP 6.907 803 Ox 1072 1.000x 10° 1.000x 10°
D 3.669 645 6x 10" —9.700x 104

5.550 243 6x 10° —4.590x 1073

2.964 286 7x 10° 2.690x 1073

2.417 952 1x 1071 9.832x 1072

1.292 387 9x 101 2.794x 1072
D 1.583 829 5« 10° 1.000x 10°
D 8.464 231 7x 1071 1.000x 10°
D 4.523 856 7x 1071 1.000x 10°
F 1.583 829 5« 10° 1.000x 10°
F 4523856 7x 1071 1.000x 10°
G 1.583 829 5x 10° 1.000x 10°

differences are obtained from HartreBock (HF) calculations (see
Table 2). All following computations have thus been performed at the
MP2 level.

The potential energy surface (PES) of the Hg{H,O system has
been characterized by means of 1833 grid points with a tilt apgle
equal to 0 (ion—oxygen distances ranging from 1@4 A and steps
of 0.02 A; ion—oxygen-hydrogen# angles ranging from 7.74%0
127.7438 and steps of 17, and 572 grid points with a tilt angle different
from O° (¢ equal to 30, 45°, 60°, 9C°, and 1358; ion—oxygen distances
ranging from 1.7 to 2.7 A and steps of 0.1 A; ieaxygen—hydrogen
6 angles ranging from 7.7450 127.748 and step of 1£). The initial
2405 grid points were reduced to 2163 by imposing a threshold of

calculates the reported statistical errors. The resolution broadening was?000 kJ mot* for the interaction energy, thus not including the most

taken into account using a Gaussian function.

Quantum Mechanical Details.All the quantum mechanical com-
putations have been carried out with the Gaussian 03 paékage.
view of previous experiencé€;}we have selected the pseudo-relativistic
LANL21' effective potential for mercury and optimized a corresponding
valence basis set (describing 5d, 6s, and, possibly, 6p orbitals) including
multiple f andg polarization functions (see Table 1), wherea®©Hhas

been described by the cc-pVTZ basis set, augmented by diffuse s and

p functions on the oxygen atoms taken from the aug-cc-pVTZ28set.
Test computations performed on the Hg{lH.O system have shown
that at this level the basis set superposition error (BSSE) is very low
(see Table 2). Furthermore, the very reliable CCSD(T) (Coupled Cluster
Singles and Doubles with noniterative account of Triple excitations)

approact and the less CPU demanding second order Moeféesset
(MP2) method provide essentially equivalent results, while sizable

(9) Filipponi, A.; Borowski, M.; Bowron, D. T.; Ansell, S.; Di Cicco, A.; De

Panfilis, S.; Itie J.-P.Rev. Sci. Instrum200Q 71, 2422-2432.

(10) Krause, M. O.; Oliver, J. Hl. Phys. Chem. Ref, Dat979 8, 329-338.

(11) Filipponi, A.J. Phys. B: At. Mol. Opt. Phy200Q 33, 2835-2846.

(12) Benfatto, M.; Della Longa, S.; Natoli, C. B. Synchrotron Radia2003
10, 51-57.

(13) www.cern.ch/minuit.

(14) Frisch, M. J., et. alGaussian 03revision C.02; Gaussian, Inc.: Wallingford,
Connecticut, 2004.

(15) Chillemi, G.; D’Angelo, P.; Pavel, N. V.; Sanna, N.; Barone,V Am.
Chem. Soc2002 124, 1968-1976.

(16) Chillemi, G.; Barone, V.; D’Angelo, P.; Mancini, G.; Persson, |.; Sanna,
N. J. Phys. Chem. R005 109, 9186-9193.

(17) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(18) Wilson, A.; van Mourik, T.; Dunning, T. H., JTHEOCHEM1996 388
339-349.

(19) Pople, J. A.; Head-Gordon, M.; Raghavachari,JKChem. Phys1987,
87, 5968-5975.

(20) Saebo, S.; Almlof, IChem. Phys. Lett1989 154, 83—89.

repulsive conformations in the PES.

After MP2 computations in vacuum, bulk solvent effects have been
taken into account by means of the latest implementation of the so-
called conductor-like polarizable continuum model (CPCM32 The
effective potential governing Hg(HH-O interactions including non-
additive effects by other solvent molecules can be expresgéd as

Ungw = @1 pGigw — 179w, — @170 v, (2)

where the wave functiop is perturbed by the solvent effect according
to the CPCM, and the Hamiltonian operatcf® refer to the Hg(l)-

H-0, bare Hg(ll) ion, and bare water molecule in a vacuum. At variance
with previous studie’26 the energy has been computed at the MP2
level using the HF wave function polarized by the solvent reaction
field. The optimization of the CPCM Hg(ll) cavity radius has been
performed along the line of the previously described procethgiging

rise to a cavity radius of 1.14 A, while radii of 1.68 and 1.44 A have
been used with aa scaling factor of 0.965 for the oxygen and hydrogen
atoms, respectively. Each sphere forming the solute cavity has been
subdivided into finite elementsgsseragwith a constant average area
of 0.05 A2, without any charge compensati®h.

(21) Tomasi, J.; Mennucci, B.; Cammi, Rhem. Re. 2005 105, 2999-3093.

(22) Cossi, M.; Rega, N.; Scalmani, G.; Barone,JVChem. Phys2002 117,

43-54.

(23) Cossi, M.; Rega, N.; Scalmani, G.; Barone,V.Comput. Chem2003
24, 669-681.

(24) Floris, F.; Persico, M.; Tani, A.; Tomasi, Ghem. Phys. Lettl992 199,

518-524.

(25) Rega, N.; Cossi, M.; Barone, I. Am. Chem. Sod997, 119 12962

12967.

(26) Barone, V.; Adamo, CChem. Phys. Lettl994 224, 432-438.
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Table 2. Hg(Il)—-Water Interaction Energy Values for Different ab Initio Methods and Hg(ll)—O Distances (Rug-o0)

Rig-o HF? HFzb MP22 MPp22b CCSD(T) cesp(T)e Unge
) (kafmol) (kdfmol) (kdfmol) (kafmol) (kdfmol) (kdfmol) (kdfmol)
1.8 -1835 —-183.1 —250.9 —242.4 —235.3 —2275 —123.2
2.0 —283.1 —282.8 —335.5 —329.7 —325.2 —319.9 —222.8
2.2 —293.6 —293.3 —335.4 —-331.5 —328.9 —325.3 —227.5
25 —253.1 —252.9 —283.1 —280.9 —282.7 —278.6 —-183.8
2.6 —235.6 —235.5 —262.3 —260.5 —260.8 —259.1 —167.6
3.0 -171.6 -171.4 —186.7 -185.8 —187.9 —-187.0 -117.0
35 -116.4 —116.3 —-121.8 -121.4 —123.9 —1235 —-84.6
4.0 -83.4 -83.4 —84.0 -83.7 -85.8 —85.6 ~70.0

2|n a vacuumPCorrected for BSSE:See eq 2.

Table 3. Estimated Hg(ll)—H2O Interaction Parameters and have been utilized to equilibrate the system and discarded in all the

Relative Standard Deviations for the PCM/MP2 Effective Two analyses. In order to test the stability of the heptacoordinated first

Body Potential® hydration species, after 15 ns of unperturbed MD simulation, the final

effective two body pure pair additive coordinates have been used to carry out six additional simulations of

parameters std dev parameters std dev 2500 ps each, where the starting velocities have been randomly

A, 12712 2.50< 102 2707x 101 8.39x 102 generated. After the starting perturbation, the heptacoordinated structure

B, —1.181x 10! 531x10° —8.640x 102 1.09x 103 was restored in all of the simulations and it was the only observed

Co 8.443x 104 7.40x 105 9.190x 105 1.32x 105 first hydration shell species. A last MD simulation has been carried

D, —1178x108 3.58x10° —3.050x 108 5.63x 10°° out with the Hg(ll)-water pure pair additive potential, obtained by

E,  2130x 10" 6.86x 10" 8.085x 107  3.96x 107 MP2 in vacuum calculations (eq 3 and Table 3) for 25 ns of simulation

Fo  3952x107™  3.02x10°1  3455x 10" 3.35x 107! time. The trajectories of the last 20 ns have been saved every 25 ps for

An 4.408x 102 2.07x 10% —7.680x 102 3.29x 1073

Bn —5.700x 104 4.10x105  2150x 104 6.10x 106 analyses. _ . . o

Bn 3.372x 108 2.29% 107 —9.700% 10® 3.15x 107 The residence time of water molecules in the first coordination

B, —2.348x 10711 1.88x 10712 5.410x 1011 2.25x 1012 shell of Hg(ll) has been estimated following the method of Impey and

coauthors?® According to this method it is possible to define for each
2 For comparison, the same data are reported for the pure pair additive water molecule a binary survival probability functi®t, t,, t*) that

potential obtained by MP2 in vacuo calculations. takes the value 1 if the water molecujdlies within the referred

hydration shell at both time stepygsandt + t, and does not leave the

coordination shell for any continuous period longer ttla®therwise,

it takes the value 0. Froif; it is possible to define an average quantity

Nion(t) given by the expression

Molecular Dynamics Details. The MD simulations have been
carried out using the GROMACS package version232odified in
order to include our Hg(Ih-H.0 effective two-body potential functions,
by means of the following expression

N

. B, C, D 1
L e e N =15 3 Pt )
o o rd 13 k2 =1 ]
% A, B, G Dy where N, represents the total number of steps. At long tinres(t)
Z r_ + m + s + "8 + 5 ®) decays in an exponential fashion, with a characteristic correlation time
ih=nLin2 Tih  Fp o fin o Tino T 7 which defines the residence time of the water molecule in the shell.
) ) We have chosen #& value equal to the time interval between saved
whererio, rini, andrin; are the ior-water distancesg;, do, anda are configurations (25 fs). A water molecule has been considered in the
the electrostatic charges of mercury, oxygen, and hydrogen atoms,irt hydration shell if the Hg(ll-oxygen distance was shorter than
respectively (2,-0.8476 and 0.4238 au); and ths....., Fo, An,....Dn 3.8 A.

parameters are reported in Table 3, for both the effective two body
potential that accounts for many-body terms by means of PCM Results and Discussion
calculations and, for comparison, a pure pair additive potential, obtained

by the in vacuum MP2 calculations. The EXAFS data analysis of the Hg,kedge spectrum has

A system including one Hg(Il) ion and 819 SPC/E water moleéiles been performed, with the. GNXAS cod@,us!ng pl’eVIOUS.|y
has been simulated enforcing periodic boundary conditions in the NvT developed and widely applied meth(ﬁﬁﬂ'.h_ree fits were carried
ensemble. A cutoff£9 A has been used for the nonbonded interactions, OUt Using a single coordination shell with fixed coordination
using the particle-mesh Ewald method to treat the long-range electro- numbers of 6, 7, and 8. Very similar agreement between the
static interactiond®3°A homogeneous background charge was applied experimental and theoretical signals has been obtained in the
to compensate for the ionic char§feThe temperature was kept fixed  three cases; the HegD distance was always 2.32(2) A witf?
at 300 K by weak coupling to an external temperature bath using values of 0.025, 0.027, and 0.03% And third cumulantCs
Berendsen’s methétwith a coupling constant of 0.1 ps. The simulation  yalyes of 0.0065, 0.0074, and 0.0098, for the hexa-, hepta-
has been carried out for 65 ns, with a time step of 1 fs. The first 5 ns 5,4 octacoordinated models, respectively. The results of the
fitting procedure carried out using an octahedral model are

(27) Berendsen, H. J. C.; van der Spoel, D.; van DrunenCémput. Phys.
Commun.1995 95, 43-56.

(28) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T.Phyks. Chem1987, (32) Berendsen, H. J. C.; Postma, J. P. M.; van Gusteren, W. F.; Di Nola, A.;
91, 6269-6271. Haak, J. RJ. Comput. Phys1984 81, 3684-3690.

(29) Darden, T.; York, D.; Pedersen, L.J.Chem. Phys1993 98, 10089~ (33) Impey, R. W.; Madden, P. A.; McDonald, I. B. Phys. Chem1983 87,
10092. 5071-5083.

(30) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen, (34) Filipponi, A.; Di Cicco, A.; Natoli, C. RPhys. Re. B 1995 52, 15122~
L. G. J.J. Chem. Phys1995 103 8577-8592. 15134.

(31) Hummer, G.; Pratt, L. R.; Garcia, A. E.Phys. Chem. A998 102 7885— (35) D’Angelo, P.; Di Nola, A.; Filipponi, A.; Pavel, N. V.; Roccatano, D.
7895. Chem. Phys1994 100, 985-994.
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Figure 1. Experimentak? weighted EXAFS data of Hg(ll) in water (dotted g
line) are compared with a the best fit signal corresponding to an octahedral a L B
model (solid line). The EXAFS data of the assumed octahedral Hg(ll) ;
complexes show an obvious damping of the amplitude at kigalues. ~
g 10
o .
shown in Figure 1. The coordination number of the Hg(ll) b
hydration complex cannot be accurately determined from the E B 1of
EXAFS data analysis due to its large correlation with the 3 50_5- -
Debye-Waller factor. However, the structural oscillations o a 1 .

. . = ] 12290 1 10
decrease very rapidly (Figure 1), giving somehow larger o Ener, evﬂaa
Debye-Waller factors than expected for an octahedral coordi- = R —
nation comple»® The presence of a HgHg interaction has E 12300 12350 12400 12450
been discarded as the Hglg two body signal presents a high z° Energy(eV)

amplitude in thek-range between 6 and 10-Ain contrast to
the experimental data behavior.

XANES is extremely sensitive to the geometric environment
of the absorbing atom as multiple-scattering effects make large
contributions to this region of the X-ray absorption spectra. A L
guantitative analysis of the XANES which includes the rising | @ iof
edge and about 200 eV above it can address some of the 5 E
aforementioned shortcomings of EXAFS. T —— '10

To examine the compatibility of the XANES spectrum with I m”%gev?a
the existence of an octahedral geometry of the solvated Hg(ll) T e
ion, we performed a minimization of the experimental data 12300 12350 12400 12450
imposingT, symmetry (see Figure 2A). In this fit, only the Hg- Energy(eV)

(1) —water ligand distance was allowed to vary, resulting in @ Figure 2. (A) Comparison of the Hg # deconvolved experimental XANES

Hg—O best-fit distance of 2.29(3) A ariRly= 15.7 (see Table spectrum of the Hg(ll) aqueous solution (dotted line), with the best fit

4). A second minimization has been carried out using an theoretical spectrum (solid line) associated with an octahedral )"
toriall trained Jahireller distorted octahed cluster. (B) Comparison of the experimental XANES spectrum (dotted line),
equatorially constrained JahiTeller distorted octahedron (see with the best fit theoretical spectrum (solid line) associated with a-Jahn

Figure 2B). In this case the equatorial H@ distances obtained  Teller distorted octahedral cluster. (C) Comparison of the experimental
from the fit were equal to 2.24(3) A, while the two axial XANES spectrum (dotted line), with the best it theoretical spectrum (solid
distances were found at 2.41(3) A with By, = 15.2 (see Table line) obtained from a disordered six-coordinated model.

4). Note that even if the agreement between the experimentalysition edge that could not be reproduced (insets of Figure
and theoretical spectra is not satisfactory, the results of the fitting 2), and a poor agreement between the experiment and the
procedure point toward a structure with a very large difference a0 jated model is found also in the high-energy range of the
(0'1,7 A) between the equatorlgl'gnd axial d|stance§. spectrum (1235012600 eV) for the regular and Jahifeller
_Finally, to assess the compatibility of the XANES with a more istorted octahedra. In the case of the unconstrained hexaco-
disordered hexacoordinated hydration complex, we performed , yinated model, the Hg(HO distances are quite spread and

an additional minimization of the experimental data using an he stryctural disorder reduces the amplitude of the signal at
unconstrained hexacoordinated cluster, where all of the six high energy, resulting in a better agreement with the experi-

Hg—0O bond dis.tances were refined (see Figure 2C). In this case jantal data (Figure 2C). Nevertheless, the frequency is not
the Hg(I)-O distances are spr/;ad between 2.19 and 2.44 A, .o mjetely correct and the shoulder at the main edge is not
with an average value of 2.31 A, ailyis 9.9 (see Table 4).  yopr0duced (see inset of Figure 2C). All together these findings
Thus all the hexahy_drated models lead to a quite poor agreementgqest that, at variance with all the previously reported
between the experiment and the calculated spectra, especiallyeg 5.7 the Hg(ll) agua ion does not adopt an octahedral
in the low-energy region of the spectrum. In particular, the ¢qqgination, and it forms a quite flexible hydration complex.
measured XANES spectrum exhibits a shoulder at the main  \y/a have thus performed a comprehensive quantum mechan-

i i 2+ — f—
(36) D’Angelo, P.; Barone, V.; Chillemi, G.; Sanna, N.; Meyer-Klaucke, W.; !Cal study of dlffere_nt [Hg(HO)”] (n = 6-8) clusters both
Pavel, N. V.J. Am. Chem. So@002 124, 1958-1967. in a vacuum and simulating bulk solvent effects by the PCM
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Table 4. Structural and Background Parameters Obtained from the XANES Minimizations?

models R, Rs Rs Rs Rs R, Res E, Ry n
octahedron 2.29 2.29 2.29 2.29 2.29 - 0.74 12 286.5 15.7 1
JT distorted 2.24 2.24 2.24 2.41 2.41 - 0.71 12 286.5 15.2 2
octahedron
flexible 2.22 2.26 2.29 2.44 2.44 - 0.71 12 286.6 9.9 6
six-coordinated
C, 2.19 2.23 2.23 2.40 2.40 2.57 0.72 12 286.5 1.6 4
seven-coordinated
flexible 2.17 2.30 2.30 2.39 2.45 2.45 0.72 12 286.6 1.1 7

seven-coordinated

aR (A) are the Hg(Il)-O distances, Res (eV) is resolution broadenEg(eV) is the theoretical absorption edge positiBg is the fit index parameter
(eq 1), andh is the number of independent structural parameters used in the fitting procedure.

Table 5. Main Geometrical Parameters and Energy Values at the
MP2 Level of Computations, for the Hexa-, Hepta-, and

Octacoordinated Clusters?

g ) MP2
vacuo PCM
v [Hg(H.0)5l2" E (au) ~499.5130 —499.8173
) Rig-o (A) 2.34 2.37
(¥
254 c__ : {[Hg(Hz0)] [H.01}%*  E (au) —575.8738 —576.1666
' [Hg(H20)712* E (au) ~575.8653 —576.1669
g Rug-o1 (A) 2.43 2.42
723 i = Rug-o2 (A) 2.41 2.40
a it 105 Rug-o3 (A) 2.34 2.33
Eop) i Is Rug-o4 (A) 2.44 2.39
é ) ;* P et Aoi-Hg-02 141.3 140.2
< 385 30.0 273 4 5.6 7 8 Ao1-Hg-03 80.9 80.3
Time (ns) Distance (A) Ao1-Hg-04 76.3 77.6
Figure 3. Perspective views of the MP2 minimum energy structures for ~ [Hg(H20)e]?* E (au) —652.2161  —652.5119
[Hg(H20)]?* complexes witm = 6 (A) andn = 7 (B). (C) Average Hg-O Rug-o (A) 244 243
distance for the first shell water molecules as a function of simulation time. Ao-Hg-0 118.r 112.0
A simulation window has been chosen around the longest lifetime of the 1, 5 E (au) —76.3256 —76.3382

hexacoordinated species. The lowest mean distance region corresponds ta
the hexacoordinated species. (D)-Hg (full line) and Hg-H (dashed line)
radial distribution functions as derived from MD simulations and corre-
sponding hydration numbers (right scale).

aEnergy values of the isolated water molecule and of the most stable
isomer of the hexacoordinated cluster with one water molecule in the second
shell are also reported.

(polarizable continuum modet}:?2Full geometry optimizations  transfer is negligible for all the studied systems (maximum
lead to true energy minima (all positive Hessian eigenvalues) charge of 0.02 on a single water molecule from a Mulliken

for hexa-, hepta-, and octacoordinated species Willtz, and  popylation analysis), so that effective two-body potentials can
S symmetry, respectively (see Figure 3 and Table 5). Further- pe confidently derived.

more, displacement of one water molecule from the first
solvation sphere of [Hg(bD);]2" leads, as already found for
other metal iong’ to a structure retaininG, symmetry in which

the seventh water molecule forms two hydrogen bonds with
two water molecules of the first coordination sphere. The
structure with one water molecule in the second shell is
significantly more stable for the isolated clusters, but the hexa-
and heptacoordinated species become nearly isoenergétic (

In order to proceed further, we decided to perform a 60 ns
long MD simulation of the Hg(ll) ion in aqueous solution (at
least 1 order of magnitude longer than the estimated residence
time of water molecules in the first Hg(ll) shefl).This
simulation length allows one to predict the water exchange rate
with the bulk of the liquid and to evidence transitions between
different possible coordination geometries of the Hg(ll) hydra-
= 0.0003 au= 0.8 kJ/mol) when bulk solvent effects are taken tion_ comple_x. The long simula_tion t_ime ne_eded to evaluate_wa}t_er
into account through the PCM (see Table 5). residence time a_nd the ongoing pllscussmn apoqt the reliability

. . of current density functionals in the description of water

It is remarkable that such a strong solvent induced energy exchange mechanisiiglo not allow the use of first principle
yariation occurs with only negligible geometry modifications, extended Lagrangian dynamics. Thus, we resorted to fitting
€., a shortening _by about 0'(.)5 Aofa 0_0uple vyate_r molecules reliable two-body empirical Hg(Ih-H2O potentials from MP2
in the heptacoordinated species (H4 distance in Figure 3B computations in a vacuum and to adding effective many-body

and TabltehS). Influsmn |Of. nonpgtenilal energy tt?tr,nl'sag ero-point o tributions by the procedure validated in our previous studies,
energy, thermal enthalpic, and entropic contributishepes which relies on the proper use of PCM computati&n.

not modify the results in an appreciable way. Thus, our QM ] ) . .
As previously mentioned, the simulated system consists of

computations suggest that in aqueous solution the Hg(ll) ion ) Y
could have a quite flexible coordination. Furthermore, charge one Hg(ll) ion and 819 SPC/E watler molgc snd the.
simulation started from a hexacoordinated first shell configu-

ration. After a quite long induction time (about 630 ps) the
system goes to heptacoordination, which remains stable for most

(37) Rotzinger, F. PJ. Phys. Chem. B005 109 1510-1527.
(38) Barone, V.J. Chem. Phys2004 120, 3059-3065.
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of the remaining simulation time except for a few transitions
to hexa- (Figure 3C) and octacoordinated clusters (8 and 13
transitions from hepta- to hexa- and octacoordinated clusters,
respectively). It is noteworthy that during the induction time
we observe a number of attempts of a seventh water molecule
to enter the first solvation shell of Hg(ll) resembling the results
of previous short QM/MM simulations, which were interpreted
in terms of a heptacoordinated transition state between two
different hexacoordinated energy miniffal he obtained radial
distribution functiongugo(r) (Figure 3D) shows a well-defined Ly Taeray(eV)
flr_st solvatlon_ shell with a peak Q|stan¢?e_.go of 2.28 A and 12300 12350 12400 12450
with a hydration number of 7 by integration up to 3.8 A. The
structural results, therefore, evidence the dominance during the Energy(eV)
simulation of the heptahydrated complex since the hexa- and Figure 4. Comparison of the Hg (. deconvolved experimental XANES
octacoordinated species are present only for about 2.6 and 0.69gPectrum of the Hg(ll) aqueous solution (dotted line), with the best fit
. . . . . theoretical spectrum (solid line) as obtained from a heptacoordinated
of the analyzed time (i.e., from 5 to 65 ns of simulation time), compjex having c, symmetry.
respectively. The longest lifetimes for the hexa-, hepta- and
octacoordinated hydration shell are 0.37, 8.02 and 0.14 ns,shell, while its computational efficiency allows one to carry out
respectively. The mean residence time of the water moleculesextremely long MD simulations which are necessary to repro-

in the first hydration shell is 7.4 ns, of the same order of quce the dynamic properties of ionic solutions with flexible
magnitude of the experimental estimated value (about 1 ns), hydration shells.

obtained by Eigen in 1963 with ultrasound absorption, where

the rate constants are estimated from,SOcomplexation  pyqrated Hg(ll) ion is characterized by a quite flexible hepta-
reactions’ coordinated structure whose energy minimum ha®, aym-
Inclusion of explicit many-body effects is crucial for the metry. Therefore, we reinterpreted the XANES spectrum in
description of ions in aqueous solutithand we have already  terms of a heptahydrated Hg(ll) ion. We performed a minimiza-
shown for Cd(ll) in water that the approach summarized by eq tion of the experimental data starting from thle initio energy
2 accounts for averaged many-body terms in an effective two- minimum structure of the [Hg(b0);]2* complex shown in
body classical potentidf.We have estimated the effect of many-  Figure 3B, refining four structural parameters while retaining
body contributions in the Hg(ll) hydrated system by comparing a C, symmetry (Figure 4). The Hg(H)O distances obtained
the results issuing from use of the complete effective potential from the minimization procedure are reported in Table 4. The
with those delivered by a conventional pair additive potential, Hg(ll)—O average distance is 2.31 A in agreement with the
obtained by the in vacuurb initio calculations of the Hg(ll)  EXAFS determination, and thes, value obtained was 1.6 (see
ion and one water molecule at the MP2 level. The pure pair Table 4).
additive potential is more attractive and gives rise to a longer A second fit was performed using an unconstrained hepta-
Hg—O coordination distance as compared to the effective two- coordinated model where all seven+@ distances were refined
body one, in the Hg(Ifywater minimum configuration (Sup-  separately. Also in this case a similar geometry was obtained
porting Information Figure S2A). An additional MD simulation  from the minimization procedure with a Hg(HO average
has been performed using the pure pair additive potentials (Seegistance of 2.32 A anBs, = 1.1. The availability of new degrees
forcefield parameters in Table 3), and the obtained radial of freedom in the minimization procedure does not significantly
distribution functiongngo(r) and hydration numbeN(r) have  change the quality of the fit, and it produces a slightly different
been compared with the corresponding curves for the effective set of structural parameters, still corresponding 16,asym-
two-body potential (Supporting Information Figure S2B). The metry. An additional fit of the experimental data was performed
most evident effect of the use of a pure pair additive potential starting from a cluster having seven equal-Hg distances
concerns the increase in the number of water molecules grranged in &, symmetry and keeping such a symmetry during
coordinated around the Hg(ll) ion (9.5 by integration up to 3.8 the minimization by refining a single distance. The optimized
A), as compared to the hydration number obtained with the Hg(i1)—O distance is 2.30 A, and the agreement between the
effective tWO'body pOtentiaI (7 by the same integration). This experimenta| and theoretical data was not gdagl (: 150)’
finding closely parallels the reduction in coordination number thys showing that the water molecules in the-+@y heptaco-
(from 7.35 to 6 for the Mg(ll) aqueous solution) found by ordinated cluster are arranged in a less symmetrical fashion.
Spangberg and Hermansson when adding three-body tffhs.  Attempts to fit the XANES spectrum with a mixture of hexa-
Moreover, in the case of the pure pair additive potential, the and heptahydrated clusters showed that the experimental data

oxygen and hydrogeg(r)'s are not well separated between first can be reproduced only for a strong dominance (higher than
and second hydration shells, indicating a more disordered 90) of the heptacoordinated species.

coordination structure around the ion. Therefore, the inclusion ¢ picture emerging from these tests is both enlightening
of the many-body terms with our method has a clear effect on g intriguing. If a single first shell model cluster is used to fit
the structural and dynamic properties of the Hg(ll) hydration he XANES data, the best agreement is obtained when a

sevenfold coordination within @, symmetry and a quite large
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The combined QM and MD results strongly suggest that the

(39 Kiykomupong . Rode B3 e, Phy2eca LR S065°5070.  distance dispersion (defined as the difference between the
(41) Curtiss, L. A.; Halley, J. W.; Hautman, Ghem. Phys1989 133 89-94. maximum and minimum HgO bond length) is considered (0.38

J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007 5435



ARTICLES Chillemi et al.

A). However, the dispersion of distances obtained for the experimental data, accurate QM calculations, and MD simula-
heptahydrated cluster from MP2 calculations is much smaller tions allowed us to determine, in contrast to all the previously
(0.09 A, see Table 5), and this is also the case for the MD reported results, a quite unexpected sevenfold coordination of
simulations (0.12 A). Note that the distance dispersion along the hydrated Hg(ll) complex in aqueous solution. The generally
the MD simulation has been estimated selecting a window accepted octahedral solvation structure of the Hg(ll) ion could
(Supporting Information Figure S3) around the longest lifetime not be reconciled with XAS results, and refined QM computa-
of the heptacoordinated species. One might therefore concludetions pointed out the remarkable stability of a heptacoordinated
that a proper fit of the XANES data needs a wider distance structure withC, symmetry. Moreover, long-time MD simula-
dispersion than that obtained from the theoretical heptahydratetions by new two-body interaction potentials, taking into account
models. This discrepancy can be due to two main reasons: thenonadditive solvent effects in an effective way, revealed that
need to account for the structural disorder within the first the hydrated complex undergoes frequent transformations among
hydration shell in the analysis of the XANES data, and the several flexible heptacoordinated complexes.

influence of the second hydration shell on the low-energy range  The pest-fit model cluster, obtained from the XANES data
of the absorption spectrum. analysis, shows a larger distance dispersion as compared to the
Unfortunately, the effect of the high mobility of the second  Mp2 and MD theoretical models. This discrepancy is most
hydration shell does not allow construction of reliable static propably due to the necessity of including the second hydration
models including its effect. One must, therefore, resort to ghell in the calculation of the XANES spectra, and additional

analysis of the XANES spectra by the microscopic description investigations are underway to shed light on this point.
of the system derived from MD simulations, as done, for

instance, with remarkable success for the case of Ni(ll) and Cr- to study metal ions in solution would be sufficient to give an

(I ions in aqueous solutiof? unequivocal structural result, the coherent picture provided

Ongoing ap_pllcanon of the same pr_ocedure to a Hg(ll) by accurate QM calculations, MD simulations, and XAS
aqueous solution faces the need for major computer resources

. . experimental results provides convincing evidence for a dy-
connicteﬂd tq t_T_e hlg?hhatorr]nlc number of the photﬁabsorber_ a'[Omnamical picture of the Hg(ll) first hydration shell involving a
3\,20' :hsugfw)t(lti)': '%tgretsﬁngy(:gat:g;;rzlécn;rﬁi'rgﬁé denrﬂriirg'rm;’ flexible heptacoordinated cluster. This_ is at vari:_;mce with the
N . : . . octahedral structure usually present in the solid &taed
snapshots issuing from MD simulations, including all the water

molecules providing nonnegligible contributions to the spec- suggested by previous short time MD simulatfnThese
trum: this defines a cutoff radius of 5.2 A from the cation and findings are exemplary in pointing out the limits of transferring

17 water molecules. In particular. we have considered two se,[Ssolid-state results to assess the structural properties of metal
- np ’ . ions in aqueous solutions, as already observed, for example, in
of 10 snapshots each for the heptacoordinated complex (char-

acterized by distance dispersions in the first shell of 0.12 and El'hr?ecc?risﬁnoa:clre ﬁ:cl;(tlignh())/?lr)%tt?] zxtheii;ciﬁaﬁtzaz ilz)%siltli?ignnél
0.28 A, respectively) and a third set of 10 snapshots for the g PP P P

. . : - ..~ techniques used in the present research paves the route for the
hexahydrated complex (with a distance dispersion of the ion in : . o
) . systematic use of an integrated approach, with increased
the first shell of 0.11 A). The agreement between the experi- >~ ..~ . o S
. ; reliability, in the structural investigation of liquid samples and
mental and theoretical spectra is much better for the heptaco-, . . :
. . : . . biological media.
ordinated set with a small distance dispersion (aveRagealues

= 5.2, 10.2, and 16.3, respectively). This suggests that the  acknowledgment. We gratefully acknowledge the CASPUR
second hydration shell provides a detectable contribution to the compytational center for providing the computational resources
XANES spectrum and that the wide distance dispersion obtained s in this work.

from the XANES minimization using a single representative

configuration tries to mimic the contribution of the neglected  Supporting Information Available: Figure S1, Hg k-edge
second hydration shell. Moreover the compatibility of the X-ray absorption spectrum of Hg(ll) aqueous solution before
XANES data with a heptahydrated Hg(ll) first shell cluster is and after deconvolution. Figure S2, two-body and simple pair
confirmed. additive potentials of the Hg(lywater minimum configuration
and corresponding HgO radial distribution functions. Figure
S3, distance dispersion of the Hg(ll) heptahydrate cluster along
We have reported the main results of the first quantitative the MD simulation. Complete ref 14. This material is available

analysis of the XANES spectrum of a Hg(ll) aqueous solution free of charge via the Internet at http://pubs.acs.org.
using the recently developed MXAN method, starting from QM

ab initio and MD theoretical results. The combined use of XAS

In conclusion, while none of the separate technigues available

Conclusions
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