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A hybrid ab initio quantum mechanical/molecular mechanical (QM/MM) molecular dynamics simulation has
been performed to evaluate hydration structure and dynamics of the @ in aqueous solution. Two
hydration shells were identified at the mean distances of 2.3 and 4.8 A, with coordination numbers of 6 and
~12, respectively, which is in good agreement with X-ray data. Librational and vibrational spectra of the
hydrated Cé&" ion have been evaluated, showing a fairly complex spectrum fer@dibrations, whose
stretching force constant of 68 NThis slightly higher than that for HgO vibrations. The mean residence

time for the 2nd shell ligands was determined as 10 ps, and the calculated hydration enedp8dical/

mol is close to the experimental value 6#38 kcal/mol.

1. Introduction 2. Details of the Calculations

The hydration of the C& ion is an interesting subject for 2.1. Pair and Three-Body PotentialsThe Cd*—H,0 pair
understanding its chemistry, biochemistry, and toxicolbgy. potentials have been constructed from the ab initio HF-SCF
The hydration structure of Gt has, therefore, been the subject energy surface, using the Los Alamos effective core potential
of numerous X-ray diffraction studi&® and an octahedral Cd-  (ECP) plus DZ basis s€tfor Cc?* and Dunning’s DZP basis
(H20)62" hydrate was identified in dilute Cd(CK solution5 set”?8 for oxygen and hydrogen atoms. A total of 3061 pair
Hydration numbers of 3 to 6 were observed in cadmium interaction energy points covering distances up to 12 Aand all
bromide® chloride® phosphaté sulfate>8 and nitraté solutions angular orientations of the ligand were fitted with the Leven-
of varying concentrations, where anions can occupy sites in theberg—Marquardt algorithm to the following analytical formula:
first coordination shell. These results indicate that the composi-
tion of the first hydration shell of Cd is strongly influenced . A By G Dy ag
by counterions thus leading to interpretation probléfda. ABcp o= Z T a + e + T Al ’ @

Computer simulations such as molecular dynamics (MD) and T\ T Ty T !

Monte Carlo (MC) are a powerful tool for evaluating structural

and dynamics data for ions in agueous solution. Classical between theth atom of HO and Cd*, andg andg; are the

_simulations based on pair interaction potentials have bee_n Shownatomic net charges. All SCF calculations were performed at the
in many cases not to be accurate enough for these studies, eVeRLE level with use of the TURBOMOLAS-31 program. The

i _ i i 15
if 3 bOdY correct.lo.r?s are applied: ) _final optimized parameters are listed in Table 1.

Combined ab initio quantum mechanics/molecular mechanics The three-body energies for8—Cd?*—H,0 were generated
(QM/MM) methods can solve this problem and have thus been by varying both C8—0O distances (1.& reg—o < 6.0 A)
successfully used for evaluating structural and dynamical {he o-Cc+—0 angle (60 < 6 < 18(°), and the torsional anéle

properties of numerous ions in solutiéh?® In QM/MM (r = 0°, 45, and 90) between planes of water molecules. The

simulations, the system is divided into two regions. The a6 hody corrections for 9085 energy surface points were fitted
chemically most relevant region, e.g. the interactions between g the function

all particles in the first hydration shell, is treated by ab initio
guantum mechanics at the Hartfé'eock Ievel, Whgrggs for the AEg = A exp@,rc d—ol) exp@A,rc d—oz) expAgr 01702) X
rest of the system molecular mechanics with ab initio generated ) )
two plus three body potentials are employed. [(CL = reg0)(CL = Teq0)7T (2)

In the present work, a classical and a QM/MM molecular
dynamics simulation at the Hartre€ock level have been  With Ay, Ay, andAs being fitting parameter<); referring to the
performed for a system consisting of one2Cdon plus 499 center of mass of the water molecules, and CL representing the
water molecules. Properties of the hydrated ion have beencutoff limit set to 6.0 A where the three-body contributions
evaluated in terms of radial distribution functions, coordination become negligible. The fitting parameters of the three-body
numbers, angular distributions, librational and vibrational ligand correction function are also listed in Table 1.

motions, mean ligand residence time, and hydration energy. The molecular dynamics simulation was carried out for the
system consisting of one €dplus 499 water molecules in a

* To whom correspondence should be addressed. E-mail: bernd.m.rode@CUbic periodic box with a box length of 24.7 A at 298.16 Kin
uibk.ac.at. Phone=+43(0)512/507-5161. Fax#+43(0)512/507-2714. a canonical NVT ensemble, which was realized by coupling to
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Aj, By, Cj, and Dy are fitting parameters;; is the distance
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TABLE 1: Final Optimized Parameters of the Analytical Pair Potential Functions and Three-Body Correction Function

pair A B C D
Ck*—0 —17829.090 557 5 A 43 822.466 291 8 & —40 464.540 928 7 A 31124.2647107 B
Ct—H 1356.945 676 0 A —6277.733351 7 A 8685.523224 5 A
As, Az, As,
3-body kcal molt A4 A At
H,O—C®+—H,0 0.118992 8 —0.163 556 8 0.549 809 7

aCharges on O and H, taken from the BJBF2 water-water interaction potential, are0.6598 and 0.3299, respectively.

TABLE 2: Characteristic Values of the Radial Distribution Functions gqg(r) for Cd?* in Water, Determined by Different
Molecular Simulation Methods and Experiments

ion/water ratio

solute or molarity (M) rmi rmi ny r'mz me ny method ref
Ct 1M 2.29 6 XD 4
Cd(CIOy), 21M 231 6 XD 5
Cd(CIOy) 24M 2.29 6 XD 5
CdCh 1.26 M 2.37 4 XD 6
Cd(H.POy)2 1M 2.30 5.1 4.33 XD 7
CdsQ 2M 2.32 5.2 4.36 11.9 XD 8
Cd(NQy), 4.54M 2.27 5.7 XD 9
CcP* 1/499 2.27 3.01 8.9 4.50 5.70 23.3 two-body MD this work
Cc?* 1/499 2.35 3.02 6.0 4.93 5.29 12.2 three-body MD this work
CcP* 1/499 2.33 2.78 6.0 4.84 5.27 11.7 QM/MM MD this work

a1y, vz @ndrag, fre are the distances of the first and second maximum and the first and second mininggprpin A. n; andn, are the
average coordination numbers of the first and second hydration shell, respectively.

an external temperature bath. The density was assumed to b&),, Qs;, R, Ry, and R were defined to describe the symmetric
the same as that of pure water (0.997 g-&mnFor Coulombic stretching vibration, bending vibration, asymmetric stretching
interactions, a radial cutoff limit was set to half the box length, vibration, and rotations around thgy, andz axes of the water
and it was set to 5 A and 3 A for non-Coulombic-® and molecules, respectively. All frequencies of water molecules in
H—H interactions, respectively. A reaction fiétdvas applied the first hydration shell, obtained from the QM/MM molecular
to account for long-range interactions. Interactions between dynamics simulation, were multiplied by the standard scaling
water molecules in the MM region were described by the factor of 0.89 to compensate the rather constant systematic error
flexible Bopp—Jans¢e-Heinzinger central-force water model  of quantum mechanical frequency calculations at the Hartree
(BJH-CF2)33:34which allows explicit hydrogen movements and Fock level3®
thus gives access to the intramolecular vibrations g tlso
outside the QM region. Our QM/MM simulation protocol 3. Results and Discussion
ensures a smooth transition of water molecules between the QM
region, where all water molecules are fully flexible, and the 3.1. Structural Properties. The comparison of structural data
MM region, where the flexibility is maintained through the BJH- obtained by the different molecular dynamics simulation
CF2 model. The time step was set to 0.2 fs with respect to the methods and experiments is shown in Table 2. The overesti-
hydrogen motion. mated average coordination number of 8.9 is a typical result of
A classical molecular dynamics simulation using pair poten- classical simulations based on pair potential functions. The
tials was performed starting from a random configuration inclusion of three-body corrections produced?CdO peaks
followed by the classical three-body corrected simulation with located at 2.35 and 4.93 A for the first and second hydration
100 000 time steps for reequilibration and a further 900 000 shell, respectively, and the corresponding coordination numbers
time steps (180 ps) for sampling. Finally, the QM/MM molecular of 6 and 12.2 for first and second hydration shell.
dynamics simulation was performed at the HartrEeck level, The Cd"—0 and Cd"—H radial distribution functions (RDF)
using the same basis sets as in the potential construction. Aand their corresponding integration numbers, obtained from the
diameter of 8.0 A was chosen for the QM region, which still  QM/MM molecular dynamics simulation, are depicted in Figure
includes a small part of the second hydration shell according 1. The first sharp peak in the €d-O RDF, corresponding to
to the classical simulation, i.e., at least 6, sometime2 fnore the first hydration shell, is centered at 2.33 A, and the second
ligands. To allow a continuous transition of forces for the shell peaks at 4.84 A. The hydration shells are well separated
exchange of water molecules at the boundary between the QMfrom each other. In experimerfts? the mean C# —O distance
and the MM region, a smoothing functi¥rwas applied within for the first hydration shell was reported in the range of 2:18
an interval of 0.2 A. A total of 20 000 time steps were needed 2.37 A, depending on the concentration and the type of salt in
for reequilibration, and a further 80 000 time steps (16 ps) were the solution. The C&—O distance for the first hydration shell,
collected for data sampling. obtained from our QM/MM molecular dynamics simulation, is
The frequencies of vibrational and librational motions of water in good agreement with the octahedral structure of GA(kF"
molecules were calculated from the velocity autocorrelation evaluated by X-ray diffraction for perchlorate solutidisyhere
functions (VACFs) by using normal-coordinate analysis as the counterion effect should be small. The distance for the
reported previousl§®3” The velocities of hydrogen atoms were  second hydration shell is about 10% larger than the experimental
projected onto the unit vector parallel to the correspondinrgdO data for hydrogen phosphateand sulfatd solutions. The
bond, perpendicular to the-H bond in the water plane, and Cd®"™—H RDF peaks for the first and second hydration shell
perpendicular to the water plane. The six scalar quantities Q are centered at 3.03 and 4.85 A, respectively, indicating
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Figure 1. C?"*—0 and Cd"—H radial distribution functions and their

integrations, obtained from the QM/MM molecular dynamics simula-
tion.

w————————g—— 1T T T

r W first shell 4
B second shell

80— —

%
T
L

40 .

20—

Coordination Number

Figure 2. First and second shell coordination number distributions of
hydrated Cé&f, obtained from the QM/MM molecular dynamics
simulation.

domination of ior-dipole interactions for the orientation of
water in both hydration shells.
The distribution of coordination numbers of the hydrate&'Cd
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Figure 3. Distribution of the bond angles ©Cd?*—0 for the first

hydration shell, obtained by QM/MM molecular dynamics simulation.
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Figure 4. First and second hydration shell distributions of the angle

0, defined by the Cf—O axis and the dipole vector of water molecules,
obtained by QM/MM molecular dynamics simulation.
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MM molecular dynamics simulation. The frequencies corre-
sponding to the librational motions are compared with frequen-
cies obtained from the inclusion of three-body corrections in

ion in the first and second hydration shell, obtained from the Taple 3. The frequencies of all rotational modes for the bulk
QM/MM molecular dynamics simulation, has been evaluated are consistent with those obtained in previous simulafio#s*

and is illustrated in Figure 2. Only coordination number 6 is
found for the first hydration shell, while in the second hydration

A red-shift of the R mode is observed for the second hydration
shell, whereas the frequencies of thedRd R modes are all

shell the coordination numbers are distributed over a wide rangeplue-shifted, and the amounts of these shifts for the second
from 8 to 16. The average value of 11.7 is very similar to that hydration shell are distinctly higher than those for the hydrated
of 12.2 (at 4.93 A) delivered by the classical 3-body corrected Hg?* ion#° The frequency of the Rmode is shifted to a lower

molecular dynamics simulation.

The O-Cd?"—0 angular distribution for the first hydration
shell is presented in Figure 3. It displays two peaks with
maximum values at 86and 169, corresponding to the
octahedral structure of Cd¢B)e?". The angle) defined by the

value (44 cm?) for the first hydration shell: for Hgy™ this
shift amounts to 28 cnt. The frequencies of the and R
modes in the first hydration shell are blue-shifted by 135 and
80 cntl, respectively. These shifts are smaller than those
observed for Hg" (184 cnt? for R and 142 cm! for R,

Cd—0 bond axis and the dipole vector of water molecules has mode)*°

been evaluated for observing the ligand orientation arourtd Cd

3.2.2. Vibrational Ligand MotionsThe vibrational frequen-

in the first and second hydration shell. The classical 3-body cies from the power spectra of the VACFs for the bending mode
corrected molecular dynamics simulation gives the distribution (Q,), and the symmetric Qand asymmetric gstretching modes

of the anglef with peaks at 171 and 137 for the first and

are shown in Figure 5, and the frequencies are summarized in

second hydration shell, which are almost the same as the valuesTable 3. In the classical simulation,®equencies of bulk and

of 17¢° and 137, obtained from the QM/MM molecular
dynamics simulation, shown in Figure 4.

3.2. Dynamical Properties.3.2.1. Librational Ligand Mo-
tions. Figure 5 displays the power spectra of the VACFs for
the librational motions R Ry, and R, obtained from the QM/

both hydration shells are not distinguished within methodical
accuracy, while @and @Q are slightly red-shifted. In contrast
to that, first-shell Q is red-shifted in the QM/MM molecular
dynamics simulation, but first-shell;@nd @ are blue-shifted
by ~100 and~70 cnT!. The same effects have been found for
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Figure 6. Power spectra of Cd—O vibrational modes #, Eg, Tzg
and Ty, obtained from the QM/MM molecular dynamics simulation.

Figure 5. Power spectra of rotational modes, R, and R, and
vibrational modes @ Q,, and Q of water molecules in the first (solid
line), the second (dashed line) hydration shell, and the bulk (dotted
line), obtained from the QM/MM molecular dynamics simulation.

at 89 and 230 cmt. The force constant evaluated for the

TABLE 3: Librational and Vibrational Frequencies of stretching mode is 68 N m, which is slightly stronger than
Water Molecules in the First and Second Hydration Shell of the one obtained for Hg (64 N nT1).4° The classical simulation
the Cd?* lon and in the Bulk :
leads to a value of 75 N m, which appears clearly overrated.
frequency (cm™) 3.2.4. Water Exchange in the Second Hydration SHéle
location method R R R @ Q& reactivity of hydrated ions depends on the dynamics of the water

firstshell  classical MD 606 729 360 1690 3121 3258 exchangelprocess.es between the_hydratlon ;hells. The expected

QM/MM-MD 545 632 348 1629 3550 3629 mean residence timer{y for the first hydration shell of the
second shell classical MD 468 549 434 1696 3466 3547 CdP' ionis in the range of 1—10-° s ** which explains that

bulk QIM/MMI'\&% b 4230 5;1921 45534 1{3?075 3;258 33?57;1 no first-shell ligand exchange processes could be observed in
u classica ; ; : ;
OMMM-MD b 410 552 404 1698 3450 3562 our QM/MM simulation. The.mean residence time 4§ of 10
classical M3 1715 3475 3580 ps for the water molecules in the second hydration shell was

classical MO* 410 595 405 1705 3475 3595 determined following the formula introduced by Impey efl.

liquid-phase ex{y 1645 3345 3455  with 7j,,= 2 ps. The mean residence time of 10 ps fo? Cid
gas-phase exp 1595 3657 3756  nearly the same as that found for Hg13 ps¥° and is almost
aR,, R, and R denote the librational frequencies of rotation around twO times shorter than that for €o(26 psj> and Mrf* (24
the three principal axes of the water molecules. @, and Q denote ps)2° The classical simulation producesravalue of 11 ps,
the frequencies of symmetric stretching, bending, and asymmetric showing that in the case of €dthe QM-determined structure
stretching vibrations of the water molecules, respectivelyM region of the first hydration shell does not have a significant influence

of this work. on the MM-treated second hydration shell.

3.2.5. Hydration EnergyCalculated hydration energies from
simulations allow a good comparison with experiments. Ex-
perimental hydration enthalpies are usually calculated by using
the tetraphenylarsonium and tetraphenylborate (TATB) extra-
thermodynamic assumptidé.The thus determined value was
—438 kcal/mol, which is in good agreement with our QM/MM
simulation value for the hydration energy 6458 kcal/mol.
The corresponding value from the classical simulatiesX1
kcal/mol) certainly overestimates the ion’s stabilization in water.

Hg?" %0 but to a smaller extent. While similar red-shifts are
obtained for Q in the classical simulations of €din water,
the blue-shifts for @and Q are not reproduced by the classical
simulations, which predict shifts in the opposite direction. It is
believed, therefore, that the neutral polarization and charge-
transfer effects included in the quantum mechanical treatment
play a significant role for the Qand @ vibrations.

3.2.3. Cd*—0 Vibrations. Figure 6 presents the power
spectra of the VACFs of the Gt—0 vibrational modes #,
Eg, Tog and Ty, obtained from the QM/MM molecular dynamics
simulation. The peak with the highest intensity of thg sode
is centered at 282 cm. Split peaks for the g mode are Our results show once more that classical molecular dynamics
observed at 123, 193, and 267 ¢inThe maximum value of  simulations with three-body corrections are adequate for evalu-
the T,y mode is located at 89 cm with an additional smaller  ating structural data but not accurate enough for describing all
peak at 234 cmt. The Ty, spectrum is separated into two peaks properties. While the 2nd shell ligand mean residence time is

4., Conclusion
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well reproduced, iortligand vibrations and hydration energy

Kritayakornupong et al.

(21) Yagie, J. I.; Mohammed, A. M.; Loeffler, H. H.; Rode, B. M.

are overestimated and require quantum mechanical correctionsP"ys: Chem. 2001, 105 7646.

Compared to other divalent ions, including #gthese correc-

tions are somewhat smaller for € but still appear necessary.
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