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Abstract
Classical and ab initio quantum mechanical/molecular mechanical (QM/MM) molecular
dynamics simulations have been performed to investigate structural and dynamical properties of
the hydrated Ru’" and Ru”". The QM/MM simulations predict the average first-shell distances of
2.42 A and 2.10 A for the Ru’" and Ru3+, respectively. Several structural parameters such as
angular distribution functions, and tilt- and #-angle distributions were determined to characterize
the hydration structures of Ru” and Ru’". Ligand exchange processes between the second
hydration shell and the bulk occur with the mean residence times of 7.1 and 6.5 ps for Ru’" and

Ruh, respectively.
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Abstract

The structural and dynamical properties of high-spin Ru?* in aqueous solution have been theoretically studied using molecular
dynamics (MD) simulations. The conventional MD simulation based on pair potentials gives the overestimated average first shell coor-
dination number of 9, whereas the value of 5.9 was observed when the three-body corrected function was included. A combined ab initio
quantum mechanical/molecular mechanical (QM/MM) molecular dynamics simulation has been performed to take into account the
many-body effects on the hydration shell structure of Ru?*. The most important region, the first hydration shell, was treated by ab initio
quantum mechanics at UHF level using the SBKJC VDZ ECP basis set for Ru?* and the 6-31G" basis sets for water. An exact coor-
dination number of 6 for the first hydration shell was obtained from the QM/MM simulation. The QM/MM simulation predicts the
average Ru?*-0 distance of 2.42 A for the first hydration shell, whereas the values of 2.34 and 2.46 A are resulted from the pair poten-
tials without and with the three-body corrected simulations, respectively. Several other structural properties representing position and

orientation of the solvate molecules were evaluated for describing the hydration shell structure of the Ru®*

ion in dilute aqueous solu-

tion. A mean residence time of 7.1 ps was obtained for water ligands residing in the second hydration shell.

© 2006 Elsevier B.V. All rights reserved.

2+,

Keywords: Hydrated Ru™" ion: High-spin Ru
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1. Introduction

Among the transition metal ions, ruthenium is one of
the rich aqueous chemistry examples of the cationic aqua
species, due to the oxidation states of +2, +3, and +4 all
being observed [1.2). [Ru(H,0)¢f" is an active «catalyst
for a number of alkene isomerisations. A highly oxidizing
and toxic tetraoxide of ruthenium was found in gas phase
while the para-toluene sulphomc (pts) salt [Ru(HZO)(,](pt-
s)2 * H,O and its X-ray structure were evaluated in crystal
form [3). The aqua [Ru(H;0)¢['" complexes in T}, (high-
spin} and Dy (low-spin) symmetries were theoretically
studied using CASSCEF level of theory [4]. These data indi-
cated that the low-spin [Ru(H;O0)sF" is more stable than

" Corresponding author. ‘
E-mail address: chinapong kri@kmutt.ac.th (C. Kntdyakomupong)

0301-0104/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemphys.2006.11.035

the high-spin states. The aqueous Ru®*/Ru*" redox reac-
tion was investigated using the Car-Parrinello molecular
dynamics simulation at 300 K. It was found that aqueous
Ru?* can be reversibly transformed to Ru** [S]. The reac-
tion of water with transition metal cations in both high-
and low-states has been investigated using DFT theory
{6-8]. The results show that the spin state plays a significant
role to the reactivity of cations with water. Therefore,
understanding of the structural, kinetic, and thermody-
namic properties of transition metal ion in aqueous solu-
tion in general and in particular in the high-spin Ru?*
form is a very important for their chemistry, biochemistry,
and the most importantly catalytic processes [9].
Computer simulations such as Monte Carlo (MC) and
molecular dynamics (MD) simulations are of increasing
importance to reveal details of structural and dynamical
properties of hydrated metal ions in solution, which are
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difficult to determine experimentally. Classical simulations
based on pair interaction potentials have been demon-
strated in several cases that they are not adequate for these
investigations. For highly charged cations, the inclusion of

three-body interactions has generally been recognized as a

significant improvement of the results [10-12). To reliably
correct the effects of many-body contributions, ab initio
quantum .- mechanical/molecular mechanical (QM/MM)

‘molecular dynamics simulation has been introduced and .
;successfully performed for evaluating structural and

dynamical properties of various ions in solutions [13-18].
In the QM/MM simulations, the system is divided into

two regions, which are QM and MM regions. The QM

region included all particles within the first hydration shell
of Ru** was treated by ab initio quantum mechanics at the
Hartree-Fock level, whereas the MM region was repre-
sented by the ab initio fitted potential including the three
body correction function. In the present work, a classical
and a QM/MM molecular dynamics simulation at the Har-
tree-Fock level have been performed for a system consist-
ing of one Ru®* ion in high-spin state plus 499 water
molecules. Properties of the hydrated ion have been evalu-
ated in terms of radial distribution functions, coordination
numbers, angular distributions, 6-angle distributions, tilt
angle distributions, and mean ligand residence time.

- 2. Methodology

2.1. Construction of potential functions

The pair potential for the Ru**~H,O interaction was
newly constructed, applying the SBKIJC VDZ ECP basis
set for Ru*™ [19] and the 6-31G" basis set for hydrogen
and oxygen atoms {20]. A total of 3310 pair interaction
energy points covering distances up to 12 A and all angular
orientations of the ligand were fitted with the Levenberg—
Marqurdt algorithm to the following analytical formula:

A B C D 24
 AEjg = 2 2t o o + T09Re
4 re rio ri2 PRyl
RuY-0 "Ru’’-0 ‘R0 "Ru*-0 Ru™*-0
Ay B Cu 2
+Z(r“ +r5 H +r5 H +quRu
=1 \"rRu*n; TRaw, TReton, TROT-H
B (N

All UHF-SCF calculations which represent the high-spin
state of Ru®* were performed by Gaussian 03 program
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[21]. The final optimized parameters are listed in Table 1.
The three-body corrections for 16,848 energy surface
points were calculated and fitted to the function

AEyy = A le"‘l(’mﬂ- 0, tru2+.0, )e(—hfo,-oz)
(2)

where rp,2. o, and rg 2« o, are the ruthenium-oxygen dis-
tances for water molecules one and two, respectively.
ro,-o, is the distance between the two oxygens of the two
water molecules. The cutoff limit r¢ is set to 6.0 A. The fit-
ting parameters 4|, A,, and 43 are summarized in Table 1.

All simulations were performed for a system that con-
sisted of one Ru* plus 499 water molecules in a cubic peri-
odic box, with a box length of 24.7 A at 298.16K in a
canonical NVT-ensemble. The density was assumed to be
the same as that of pure water (0.997 gcm™>). The time
step was set to 0.2 fs with respect to the hydrogen motion.
The BJH-CF2 water model [22,23] was employed for
describing interactions between water molecules in the
MM region. The reaction field [24] was applied to take into
account long-range interactions. For Coulombic interac-
tions, a radial cutoff limit was set to half the box length,
and it was set to SA and 3 A for non-Coulombic O-H
and H-H interactions, respectively. This criteria was suc-
cessfully applied in the previous studies [10,14-18].

A classical molecular dynamics simulation using pair
potentials was performed starting from a random configu-
ration followed by the three-body corrected simulation
with 20 ps for re-equilibration and a further 180 ps for
evaluations. Finally, the QM/MM molecular dynamics
simulation was performed at the unrestricted Hartree—
Fock (UHF) level using the same basis sets previously
applied in the developments of the pair potentials and the
three-body correction functions. The QM region was cho-
sen at the diameter of 8.0 ;\, which still includes a small
part of the second hydration shell of the Ru?* (estimated
from the radial distribution function yielded from the clas-
sical simulations). An interval of 0.2 A was applied for the
smoothing function [25]. The simulation time of 4 ps was
needed for re-equilibration, and further 16 ps were utilized
for data sampling.

The rates of water exchange processes in the hydration
shell of Ru?" were evaluated by means of mean residence
times (MRT). In this work, all MRT values were calculated
using the ‘direct method’ [26], accounting for all actually

2 2
X (rCL - rRuz‘—O|) (rc,_ — rRu:'—Oz)

Table |
Final optimized parameters of the analytical pair potential functions and three-body correction function®
Pair A (kcal mol™") B (kcal mol™!) C (keal mol™") D (kcal mol™")
Ru’*-0 -3936.8322452 A* 165459356601 A°® ~54557.7136891 A' 58819.2946853 A"
Ru’*-H 2309.5171157 A? —8132.6504612 A’ 8664.5447204 A®
A, (kcal mol™' A% Az (A7Y) A3 (A"
3-Body
O-Ru?*-0 * 0.1856832 -0.0822975 0.5259835

*Charges on O and H, taken from the CF2 water-water interaction potential, are —0.6598 and 0.3299, respectively.
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incoming and outgoing ligands. The mean residence time
according to the direct method is defined as

tsimCNav
— sim—” Tav 3
No. (3)

where 1, is the simulation time, CN,, is the average coor-
dination number and N, is the registered number of ex-
change events. Further dynamical data, such as the
‘lability’ of the hydration shell was measured by the num-
ber and ‘sustainability’ of water exchange processes. This
allows to determine the number of exchange events which
lead to longer-lasting changes in the hydration structure,
i.e., by comparing the number of all transitions through a
shell boundary (N?)), to the number of changes persisting
after 0.5 ps (N2?), resulting in a sustainability coefficient,

NO.S
= (4)

(29

Sex =

where N, is the number of exchange events registered for
t*=0 and 0.5 ps, respectively [26]. The average number
of attempts leading to a successful exchange event is then
given by the inverse value 1/S,,.

3. Results and discussion
3.1. Structural properties

The structural properties of the hydrated Ru®* were elu-
cidated in terms of radial distribution functions (RDFs),
coordination numbers and angular distributions. The
resulting Ru?*-0 and Ru?*-H RDFs extracted from the
three-body corrected and QM/MM molecular dynamics
simulations are illustrated in Fig. 1 together with their inte-
gration numbers. The characteristics of the Ru?*-0O RDF
are summarized in Table 2. The Ru?**—O RDFs for all sim-
ulations further exhibit-a well-defined second hydration
shell, i.e., the first hydration shell is clearly separated from
the second one where its minimum approach zero at ~4 A.
The Ru?**-O distances obtained from different spin states
and method used were also given for comparison [3-5].

A classical simulation based on pair potential functions
gives the Ru?"-Q RDF peaks at 2.34 and 4.39 A represent-
ing its first and second hydration shells, respectively. The

corresponding first shell coordination number, integrated:

up to the first minimum, is 9 water molecules. With the
three-body correction terms, the average Ru *-0 distances
for the first two shells are 2:46 A and 499 A, respectively.
Here, the first hydration shell of Ru®" prefers the coordina-
tion number of 5.9. It can be clearly seen that the pair
approximation overestimates density of the first hydration
shell, the radius of the coordination shell is smaller while
the coordination number is higher in comparison to those
of the simulation including three-body correction terms.
For the QM/MM molecular dynamics simulation, the
first peak of the Ru>*—O RDF appears at 2.42 A, slightly
shorter than that obtained from the classical simulation
including the three-body correction function. This leads
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Fig. 1. (a) Ru**-0 and (b) Ru?* -H radial distribution functions and their
corresponding integration numbers.

to a coordination number of 6 water molecules. This value
is almost the same as that detected by the three-body cor-
rected simulation. The Ru?*-O distance in a high-spin con-
figuration of the Ru®* obtained from QM/MM simulation
is slightly larger than that of 2.38 A observed using the
CASSCF method (Table 2) [4].

The Ru?*-O distance for high-spin state is significant
larger than that of the low-spin configuration. The distance
for the low-spin Ru** of 2.12 A was reported from X-ray
crystal structure of the para-toluene sulphonic salt,
[Ru(HZO)G](pts)z H,O [3]. With an EXAFS technique
[27], the Ru?*-O distance of 2.1 A was yielded. An aver-
age Ru?"-O distance of 2.18 A was predicted from the Car-
Parrinello molecular dynamics snmulauon (5] The low-spin
ground state of the hydrated Ru®*" was also calculated
using the CASSCF method resulting the Ru2+—0 distance
of 2.20 A [4). These results indicate that Ru>*-O distance
for high-spin state is significant larger than that of low-spin
configuration.

Significant difference was observed on the QM/MM and
the three-body corrected Ru?*-H RDFs (Fig. 1b) showing
sharp first peaks. centered at_3.09 A and 3.22A, respec-
tively. The difference of 0.07 Ais significantly longer than
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Table 2

Characteristic values of the radial distribution functions, g.(r), for Ru’* in water, determined by different molecular dynamics simulation methods* where

the corresponding data taken from literatures was also given

Phase Spin state ray Fml n rve [ ny Method Reference
Aqueous High 2.34 3.07 9.0 439 5.49 22.1 2-Body MD This work
Aqueous High 2.46 3.43 59 458 . 5.56 16.7 3-Body MD This work
Aqueous High 2.42 3.11 6.0 491 5.46 14.6 QM/MM This work
Gas High 2.38 - 6 - - - CASSCF [4]

Gas Low 2.20 - 6 - - - CASSCF (4]
Crystal Low 2.12 - 6 - - - X-ray [3]
Aqueous Low 2.11 - 6 - - - EXAFS [27)
Aqueous Low 2.18 - 6 - - - CP-MD (5]

 rais vz and 7y, To are the distances in A, where gx4(r) has the first and second maxima and the first and second minima, respectively. n, and i are’

coordination numbers of the first and second shells, respectively.

that of 0.04 A for the Ru?"-O RDFs, the distances to the
first maxima of the Ru’*-O RDFs obtained from the
QM/MM and the three-body corrected ones are 242 A
and 2.46 A, respectively (see Fig. 1a). This indicates differ-
ent orientation of the ligands present in the first solvation
shell, in comparison between the two simulations. Such
behavior can be clearly understood in terms of tilt angle
which was given and discussed later. In addition, the small
and pronounced intermediate peak located in the range
42-4.8 A of both Ru?*~H RDFs indicates a preferential
orientation of some of the second shell ligands. This is sim-
ilar to those observed for Cr'™ [16], Fe’* [28), and Co*"
[29].

Distributions of the first and second shells coordination
numbers integrated up to their minima (see Table 2) for the
classical simulation including the three-body correction
terms and the QM/MM simulations have also been evalu-
ated and depicted in Fig. 2a and b, respectively. Distribu-
tion of the first shell coordination numbers obtained
from the two simulations is slightly different in which an
exact value of 6 was yielded for the QM/MM while the
coordination number of 5 is also detected for the three-
body corrected simulation. For the second hydration shell,
the QM/MM leads to a more rigid solvation, narrower dis-
tribution, in comparison to the three-body corrected simu-
lation, with the average values of 14.6 .and 16.7 water
molecules, respectively. These results indicate that even
beyond the QM region the many-body effects in the first
hydration shell still play role due to first-shell ligand reori-
entations and charge transfer induced by such effects.

To understand more details of the orientation of the
ligand in the first solvation shell, distribution of the O-
Ru®"-0 angle was calculated and plotted in Fig. 3. The
QM/MM MD predicts two peaks with the maxima at 89°
and 167°, corresponding to the octahedral structure of
the Ru(HZO)§+ complex. These two angles are about 5° lar-
ger than that obtained from the three-body corrected
simulation.

The hydration structure can be further discussed on the
basis of orientation of the ligands around the Ru®*. There-
fore, two different angles were considered. Angle 0 is
defined by the vector pointing along the Ru®*-O axis

and the dipole vector of the ligand. The tilt angle (z) is pro-
jection of the Ru**-O axis onto the plane spanned by the
two O-H vectors, molecular plane ol water molecule.
Fig. 4 shows distribution of cosine of angle 0 for the first
and second hydration shells obtained from the three-body
corrected and the QM/MM molecular dynamics simula-
tions. For the second hydration shell, the three-body cor-
rected and the QM/MM molecular dynamics simulations
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Fig. 2. Distribution of first and second shell coordination numbers of the
Ru’*, obtained from (a) the three-body corrected MD and (b) QM/M 4
MD.
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Fig. 4. Distribution of the cosine of the angle 0 between the Ru’*-O
vector and the dipole vector of water molecules for the first and second
hydration shelis obtained from the three-body corrected (dashed line) and
the QM/MM (full line) MD.

give similar distribution curves ranging from —~1.0 to —0.2
(80-180°). Changes were detected for the first hydration
shell in which ligand orientation for the three-body cor-
rected simulation is less flexible, the peak is narrower cov-
ered from —1.0 to —0.8. For QM/MM simulation, the peak
appears at —1.0 with long tail towards —0.7 indicating flex-
ibility of the solvated water in terms of molecular orienta-
tion. These characters are similar to those reported for the
Cd?* [14] and Fe?* [28].

Significant changes were detected for the tilt angle
shown in Fig. 5, especially on the characteristics of its first
peak. A pronounced peak yielded from the three-body
corrected MD indicates strong ion—dipole interaction,
i.e., molecular plane of water was induced to lie sharply
on the Ru**-O axis. Situation is rather different for the
orientation of water molecules in the first solvation shell
obtained from the QM/MM MD in which the peak is
much broader and starts to be detected earlier, compared
to that of the three-body corrected one. The difference

4
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— QM/MM

19 shell

Probability
N

Cost

Fig. 5. Distribution of the cosine of the tilt angle defined by the angle

"~ between the Ru>*-O axis projected on the plane spanned by the two O-H

vectors for the first hydration shell obtained from the three-body corrected
(dashed line) and the QM/MM (full line) MD where the difference
between the areas under the two curves is labeled as grey.

between the areas under the two curves (labeled as grey
in Fig. 5) is ~50% of the area under the three-body cor-
rected first-peak. This indicates amount of water mole-
cules, lying in the first hydration shell, that their
molecular planes are tilted from the Ru’*-O axis. This
is a clear understanding why the position of the first peak
of the QM/MM Ru?'-H RDF appears at significantly
shorter distance, relative to that of the three-body cor-
rected MD (see Fig. 1b).

3.2. Ligand exchange processes

As it was found that the QM/MM MD approach has
been successfully employed for describing ultrafast ligand
exchange processes as occurring in the hydration shells of
ions in solution [13,30-33]. Distribution of the Ru**-O
distances for the water molecules in the first and second
hydration shells obtained from the QM/MM MD were
plotted as a function of simulation time (Fig. 6). Table
3 lists some of the most important dynamical parameters
of QM/MM MD simulation, in particular the number of
ligand exchange processes, the mean ligand residence
times and the sustainability of migration processes. The
plots in Fig. 6 show- that no water exchange between
the first and second shells was observed. Therefore, only
the second shell mean residence time (MRT) could be
evaluated. The MRT for the second hydration shell of
Ru?* of 7.1'ps is much larger than that of 1.7 ps in pure
water (Table 3), i.e., water mobility in the second hydra-
tion shell of Ru?* molecules is much lower than that in
pure water. In addition, the second shell MRT is consid-
erably higher than those of the other divalent transition
metal ions such as Cu’?*, Zn?", and Fe’* where the
MRT values of 3.0 ps [26], 3.3 ps [34], and 5.4 ps [28]
were, respectively, reported. However,  the value of
7.1 ps for Ru?" is smaller than that of 10 ps observed
for the Cd®* [14]. The sustainability coefficient S, of
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Fig. 6. The distribution of the Ru**-O distances as a function of
simulation time for the water molecules in the first and second hydration
shells obtained from the QM/MM MD.

Table 3
Mean ligand residence times and sustainability of migration processes to
and from the second hydration shell of Ru**

Solute fsien " =0ps " =0.5ps Sex 1/8.x
N Tho T e

Ru** 16.0 576 0.4 33 7.1 0.06 167

Bulk® 10.0 269 0.2 24 1.7 009 11.2

* Values obtained from a QM/MM MD simulation of pure water [26].

Ru’* has a value of 0.06, the corresponding 1/Sey is 16.7,

which means that about seventeen attempts to leave or

enter the second hydration shell are needed to achieve
one lasting exchange process.

4. Conclusion

During the past decade, the QM/MM MD technique
was driven and became practically possible due to a rapid
development of computer technology. By taking into
account the many-body effects in an interesting domain,
this method was, then, accepted to improve reliability of
the simulation results, as referred to the experimental
measurement. In this study, the QM/MM MD was used
to examine solvation of the high-spin Ru®*" in aqueous
solution. In comparison to the MD simulation including
three-body correction functton, it was found that the

average first shell coordination number changes slightly -

from 5.9 to 6, the distribution of the coordination number
takes place in the narrower range and their orientation
was more flexible. The plots of angular distributions, rep-
resenting molecular orientation indicate higher degree of
flexibility for water molecules obtained from the QM/
MM MD than that of the three-body corrected MD.
The analysis of the numerous ligand exchange processes
provided Mean residence time of 7.1 ps for the second
hydration shell.

Acknowledgment

Financial support by the Thailand Research Fund
(Grant No. MRG4880148) is gratefully acknowledged.

References

(17 K.R. Seddon, Coord. Chem. Rev. 41 (1982) 79.

[2] J.A. Rard, Chem. Rev. 83 (1985) I.

{3) P. Bernhard, H.B. Burgi, J. Hauser, H. Lehmann, A. Ludi, Inorg.
Chem. 21 (1982) 3936.

[4) R. Akesson, L.G.M. Pettersson. M. Sandstrém, U. Wahlgren, J. Am.
Chem. Soc. 116 (1994) 8691.

{5] J. Blumberger, M. Sprik, Theor. Chem. Acc. 115 (2006} 1 13.

{6] S. Chiodo. O. Kondakova, M.D.C. Michelini. N. Russo, E. Sicilia, J.
Phys. Chem. A 108 (2004) 1069.

{7] A. Irigoras, O. Elizalde, 1. Sifanes, J.E. Fowler, .M. Ugalde, J. Am.
Chem. Soc. 122 (2000) 114.

[8] A. Irigoras, J.E. Fowler, J.M. Ugalde, J. Am. Chem. Soc. 121 (1999)
8549.

[9] H. Ohtaki, T. Radnai, Chem. Rev. 93 (1993) 1157.

[10] C. Kritayakornupong, J.I. Yagie, B.M. Rode. J. Phys. Chem. A 106
(2002) 10584.

(11] N.R. Texler, B.M. Rode, J. Phys. Chem. 99 (1995) 15714.

[12] G.W. Marini. N.R. Texler. B.M. Rode, J. Phys. Chem. 100 (1996)
6808.

(13] T.S. Hofer, A.B. Pribil, B.R. Randolf, B.M. Rode, J. Am. Chem. Soc.
127 (2005) 14231.

[14] C. Kritayakornupong, K. Plankensteiner, B.M. Rode, J. Phys. Chem.
A 107 (2003) 10330.

[15] C. Kritayakornupong, K. Plankensteiner, B.M. Rode. J. Chem. Phys.
119 (2003) 6068.

[16] C. Kritayakornupong, K. Plankensteiner. B.M. Rode, J. Comput.
Chem. 25 (2004) 1576.

{17} C. Kritayakornupong, K. Plankensteiner, B.M. Rode, Chem. Phys.
Chem. 5 (2004) 1499,

{18] C. Kritayakomupong, B.M. Rode, J. Chem. Phys. 118 (2003) 5065.

[19] W.]. Stevens, M. Krauss, H. Basch, P.G. Jasien, Can. J. Phys. 70
(1992) 612.

[20] P.C. Hariharan, J.A. Pople, Theor. Chim. Acta 87 (1973) 213.

(21]) M.J. Frisch, G.W. Trucks. H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, J.A. Montgomery, T. Vreven. K.N. Kudin, J.C.
Burant, JM. Millam, S.S. Iyengar, J. Tomasi. V. Barone. B.
Mennucci, M. Cossi. G. Scalmani, N. Rega. G.A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida. T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X.
Li. J.E. Knox, H.P. Hratchian. J.B. Cross, V. Bakken, C. Adamo. J.
Jaramillo. R. Gomperts, R.E. Stratmann, O. Yazyev. A.J. Austin, R.
Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala. K. Morokuma, G.A.
Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich,
A.D. Daniels, M.C. Strain, O. Farkas. D.K. Malick. A.D. Rabuck,
K. Raghavachari, J.B. Foresman, J.V. Ortiz. Q. Cui, A.G. Baboul. S.
Clifford, J. Cioslowski, B.B. Stefanov., G. Liu. A. Liashenko. P.
Piskorz. 1. Komaromi, R.L. Martin, D.J. Fox. T. Keith, M.A. Al-
Laham. C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W. Gill,
B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople,
Gaussian, Inc., Wallingford CT, 2004.

[22] F.H. Stillinger, A. Rahman, J. Chem. Phys. 68 (1978) 666.

[23] P. Bopp. G. Janscé, K. Heinzinger, Chem. Phys. Lett. 98 (1983) 129.

[24] D.J. Adams, E.H. Adams, G. Hills, J. Mol. Phys. 38 (1979) 387.

[25] B.R. Brooks, R.E. Bruccoleri. B.D. Olafson, D.J. States, S: Swami-
nathan, M. Karplus, J. Comput. Chem. 4 (1983} 187.

[26] T.S. Hofer. H.T. Tran, C.F. Schwenk, B.M. Rode. J. Comput. Chem.
25 (2004) 211.

[27] B.S. Brunschwig, C. Creutz, D.H. Macartney, T.-K. Sham, N. Sutin,
Faraday Discuss. Chem. Soc. 74 (1982) 113.

[28] T. Remsungnen, B.M. Rode, J. Phys. Chem. A 107 (2003) 2324.



C. Kritayakornupong, S. Hannongbua | Chemical Physics 332 (2007} 95-101 101

[29] R. Amunanto, C.F. Schwenk, A.H. Bambang Setiaji, B.M. Rode, [32} T.S. Hofer, B.M. Rode, B.R. Randolf, Chem. Phys. 312 (2005) 81.

Chem. Phys. 295 (2003) 63. : [33] T.S. Hofer, B.R. Randolf, B.M. Rode, Chem. Phys. 323 (2006)
[30] A. D’Incal, T.S. Hofer, B.R. Randolf, B.M. Rode, Phys. Chem. 473,
Chem. Phys. 8 (2006) 2841. [34] M.Q. Fatmi, T.S. Hofer, B.M. Rod_e, B.R. Randolf, J. Chem. Phys.

[31] A. Tongraar, B.M. Rode, Chem. Phys. Lett. 409 (2005) 304. 123 {(2005) 4514.



*"‘l’

Available online at www.sciencedirect.com

“e.* ScienceDirect

Chemical Physics Letters 441 (2007) 226-231

CHEMICAL
PHYSICS
LETTERS

' www elsevier.com/locate/cplett

Ab initio QM/MM molecular dynamics simulations of Ru**
aqueous solution

Chinapong Kritayakornupong *

Department of Chemistry, Faculty of Science, King Mongkut's University of Technology Thonburi. Bangkok 10140. Thailand

Received 11 April 2007; in final form 2 May 2007
Available online 10 May 2007

Abstract

Classical and ab initio quantum mechanical/molecular mechanical (QM/MM) molecular dynamics simulations have been performed
to investigate structural and dynamical properties of the hydrated Ru**. The average Ru**-O distance evaluating in the QM/MM sim-
ulation is 2.10 A for the first hydration shell, and the coordination numbers are 6/10 for first/second hydration shell. Several structural
parameters such as angular distribution functions, and tilt- and 8-angle distributions were determined to characterize the hydration struc-
ture of Ru**. Ligand exchange processes between the second hydration sheli and the bulk occur with a mean remdenoe time of 6.5 ps.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Structure and dynamics of hydrated Ru** have been an
interesting subject for experimental [1-4] and theoretical
[5-7] investigations. The yellow trivalent hexaaqua ion
[Ru(H,0)e}* is prepared by air oxidation of purified solu-
tions of [Ru(H,O)¢P*. The crystal structure of the
[Ru(H,0)6XC7H;S03); - 3H,O was determined, with the
average Ru-O distance of 2.029 A (1]. Raman and infrared
spectroscopic studies of the solid hexaaquaruthenium salt
were performed in evaluating the force constant of the
Ru*"-H,0 bond (3]. The all-horizontal D34 geometry of
the [Ru(H,0)¢'* complex was studied by EPR and UV-
vis techniques [4]. Using the CASSCF level of theoty, the
Ru*"-0 dlstancc of 2.090 A was elucidated for the
[Ru(H,0)* complex in T, symmetry [5]. The Ru*"-O
distance of 2.044 A was calculated by the DFT method
[6]. The Car-Parrinello molecular dynamics simulation of
the hydrated Ru** was performed at 300 K [7]. An average
Ru’**-0 distance of 2.10 A was obtained from this simula-
tion. The understanding of structural and dynamical prop-.

* Fax: +66 24708843,
E-mail address: chinapong kri@kmutt.ac.th

0009-2614/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2007.05.022

erties of hydrated Ru** is very important for the chemistry
and toxicology of the ion [8].

Molecular dynamics (MD) simulations have become a
common technique to study structural and dynamical
properties of hydrated metal ions in solution. However, it
has been shown in several cases that the results obtained
from such simulations are highly sensitive to the accuracy
of the potential functions [9,10]. The overestimated results
obtained from classical simulations based on pair interac-
tion potentials have been demonstrated by numerous
works [9,10]. The inclusion of three-body corrections has
been performed to adjust the overestimated interaction

. energies of pair potentials when dealing with highly

charged transition metal ions [9-11]. In such cases, hydra-
tion numbers and reliable equilibrium distances of the first
hydration shell can be obtained from the three-body cor-
rected simulations. To include higher many-body contribu-
tions in .the potential functions is a hardly feasible
procedure. Therefore, the QM/MM formalism has been
introduced for calculations including many-body interac-
tions in simulations. In this formalism, the system is sepa-
rated into two regions, namely QM and MM regions. The
QM region including all particles within the first hydration
shell of Ru®* was treated by ab initio quantum mechanics
at the Hartree-Fock level, whereas the MM region was
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described by the ab initio generated 2 + 3 body potentials.
Combined ab initio quantum mechanical/molecular
mechanical molecular dynamics (QM/MM MD) simula-
tion has been successfully employed for determining struc-
tural and dynamical properties of various ions in solutions
[12-17}]. In the present work, a QM/MM molecular dynam-
ics simulation at the Hartree—-Fock level has been per-
formed for a system consisting of one Ru** ion plus 499
water molecules. Structural and dynamical properties such
as radial distribution functions, coordination numbers,
angular distributions, 8-angle distributions, tilt angle distri-
butions, and mean ligand residence time of the hydrated
Ru’* have been evaluated to investigate the influence of
many-body effects by comparison to a classical simulation.

2. Methodology
2.1. Construction of potential functions

To describe MM interactions between species in the
. system, two- and three-body ' potential functions for
Ru**-H,0 and H,0-Ru*"-H,O were newly constructed
from ab initio quantum mechanical calculations at unre-
stricted Hartree-Fock (UHF) level. The SBKIJC VDZ
ECP basis set [18], omitting functions with exponent below
0.5, which are not appropriate for the ion, was used for
Ru**, and the 6-31G" basis set [19] was employed for hydro-
gen and oxygen atoms. More than 2000 pair interaction
energy points covering distances up to 12 A and all angular
orientations of the ligand were fitted with the Levenberg-
Marquardt algorithm to the following analytical formula:

B, Cy Dy 44
AE Rt —”+'j,
(e

(1)

where 4;;, By, C;;, and Dj; are fitting parameters ry is the
distance between ith alom of H,O and Ru**, ¢; and q;
are the atomic net charges. The final optimized parameters
are summarized in Table 1.

The three-body corrections for 20402 energy surface
points were calculated and fitted to the function

-

~A2rgyiv o, M rut+ 0] @~ 4370, 0,)

AE;bd =Ae
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with 4,, 45, and A3 being fitting parameters, rg 3+ o, and
rpy.o, Teferring to the ruthenium-oxygen distances for
water molecules one and two, respectively, and rg,_o, rep-
resenting the distance between the two oxygens of the
two water molecules. The cutoff limit rop is set to 6.0 A,
The fitting parameters of three-body correction function
are also listed in Table 1. All UHF-SCF calculations were
performed by the TURBOMOLE program {20-22].

The molecular dynamics simulation was carried out for
the system consisting of one Ru** plus 499 water molecules
in a cubic periodic box with a box length of 24.7 A at
298.16 K in a canonical NVT-ensemble, which was realized
by coupling to an external temperature bath. The density
was assumed to be the same as that of pure water
(0.997 g cm™?). For Coulombic interactions, a radial cutoff
limit was set 1o half the box length, and it was set to 5 A
and 3 A for non-Coulombic O-H and H-H interactions,
respectively. A reaction field [23] was applied to take into
account long-range interactions. Interactions between
water molecules in the MM region were described by flex-
ible - Bopp-Janscé—Heinzinger central-force water model
(BJH-CF2) [24,25]. This model allows explicit hydrogen
movements and thus gives access to the intramolecular
vibrations of water also outside the QM region. The time
step was set to 0.2 fs with respect to the hydrogen motion.

A classical molecular dynamics simulation using pair
potentials was performed first, starting from a random con-
figuration. Subsequently, the three-body corrected simula-
tion was carried out, starting from the equilibrium
configuration of the pair potential simulation. The system
was re-equilibration for 20 ps and a further 180 ps pro-
vided the data for samplirig. Finally, the QM/MM molec-
ular dynamics simulation was performed at the unrestricted
Hartree-Fock (UHF) level, using the identical basis sets as
in the potential construction. The diameter of the QM
region was chosen as 8.0 A, which still includes a small part
of the second hydration shell according to the classical sim-
ulation. An interval of 0.2 A was applied for the smoothing
function [26), providing a continuous transition forces for
the exchange of particles at the boundary between the
QM and the MM region. The simulation time of 4 ps
was needed for re-equilibration, and an additional 16 ps
was completed for the sampling procedure.

The rates of water exchange processes in the hydration
shell of Ru* were determined by the mean residence times
(MRT). The ‘direct method’ [27] was employed for all

Final optimized parameters of the analytical pair potential functions and three-body correction function*

Pair A (kcal mol™! A% B (keal mol ™! As) C (kcal mol™* A% D (kcal mol ™! AR
Ru*"-0 -31747.7530511 307202.9676100 -391161.1811364 143874.3684729
Ru**-H -8905.7265278 105334.7996261 —147479.4684988 67282.0752547
Three-body A; (kcal mol~' AY) A2 (A™D A3 (A™h

O-Ru**-0" 0.0225439 —0.1256314 0.0469823

* Charges on O and H, taken from the CF2 water-water interaction potential, are —0.6598 and 0.3299, respectively.
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MRT values, accounting for all actually incoming and out-
going ligands. The mean residence time according to .the
direct method is defined as

lsimCNav
e el (3)

where ¢4, is the simulation time, CN,, is the average coor-
dination number, and N, is the registered number of ex-
change events. Further dynamical data, such as the
‘lability” of the hydration shell was measured by the num-
‘ber and ‘sustainability’ of water exchange processes. This
allows to evaluate the number of exchange events which
lead to longer-lasting changes in the hydration structure,
i.e., by comparing the number of all transitions through a
shell boundary (N?,), to the number of changes persisting
after 0.5 ps (NY?), resulting in a sustainability coefficient
o Mo

Stx Lo Ngx = (4)

where N0 and N7 are the number of exchange events reg-
istered for t'n = 0 and 0.5 ps, respectively [27]. The average
number of attempts leading to a successful exchange event
is then given by the inverse value 1/S,,.

3. Results and discussion
3.1. Structural properties

The structural properties of the hydrated Ru'* were
determined in terms of radial distribution functions
(RDFs), coordination numbers and angular distributions.
The characteristic values for the Ru>*—O RDF, obtained
by all types of molecular dynamics simulations, are shown
in Table 2. The overestimated average coordination num-
ber of 8.9 is a typical value of classical simulations based
on pair potential functions.

The radial distribution functions of Ru**-O and
Ru*"-H together with their integration numbers obtained
from the three-body corrected and the QM/MM simula-
tions are displayed in Fig. 1. In both simulations, two
well-defined peaks are observed indicating the first and sec-
ond hydration shells. The three-body corrected simulation
gives average Ru*"-O distances of 2.16 and 4.83 A for the
first and second hydration shells, respectively. The first
sharp peak obtained from QM/MM simulation, corre-
sponding to the first hydration shell 1s shifted closer to
the Ru’* ion in comparison with the three-body corrected
peak. The first QM/MM peak in the Ru**-O RDF is situ-
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Fig. L. (a) Ru**-0 and (b) Ru*"-H radial distribution functions and their
integrations obtained [rom the three-body corrected and the QM/MM
MD simulations.

-~ ated at 2.10 A and the second shell peak is centered at

4.59 A. These results indicate a remarkable influence of
higher n-body effects and a rather rigid first hydration shell.
The Ru**-Q distance for the first hydration shell obtained
from the QM/MM simulation is in gcod agreement with
those calculated by the CASSCF method (2.09 A) [5] and
the Car—Parrinello simulation (2.10 A) (7] However, such
value is considerably larger than the value of 2.029 A
reported by X-ray technique [1]. The discrepancy between
experimental and theoretical Ru*"-Q distances could be
explained by the neglect of electron correlation and or rel-
ativistic effects. A methodical test was performed using the
identical basis sets as in the potential construction for a
comparison of the geometric parameters obtained from

Table 2

- Characteristic values of the radial distribution functious: g,r). for Ru*" in water, determined by different molecular dynamics simulation methods®
Solute lon/water ™l Fml m Ma Fo2 ny M3 Food " Method
Ru** 1/499 2.17 2.83 8.9 4.15 5.30 22.5 - - -~ Two-body MD
Ru** 1/499 2.16 2.63 7.0 4.83 5.25 11.3 5.8 7.1 ~27 Three-body MD
Ru*t 1/499 2.10 2.25 6.0 4.59 517 10.3 5.9 6.4 ~20 QM/MM MD

*rmie Ivae Tava and roy. re. 7oz are the distances in A. where &xpdr) has the first, second and third maxima and the first, second and third minima,
respectively. ny, ny and ny are coordination numbers of the first, second and third shells, respectively.
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Hartree-Fock (HF) and coupled-cluster singles doubles
(CCSD) optimization of [Ru(H,0),I'* (n = 1-4) clusters.
The average Ru**-O distances evaluated by the CCSD
method are shorter than those obtained from the HF
method by ~0.03 A. Thus both correlation and relativistic
effects could be the reason for the observed discrepancy,
but it might be as well the different system (liquid in our
case and solid in the experiment). The third peaks corre-
sponding to the third hydration shell are located at 5.8
and 5.9 A obtained from the three-body corrected and
the QM/MM simulations, respectively. These results are
similar to those observed in other trivalent transition metal
ions such as Fe*™, Ti**, and AP [11,16,28.29]. In the
QM/MM simulation, the Ru**~H RDF peaks for the first
and second hydration shells are pronounced at 2.82 and
5.42 é., respectively, whereas the values of 2.91 and
5.67 A obtained from the three-body corrected simulation.
The Ru’*-H RDF peaks are situated at larger distances
with respect to the corresponding oxygen peaks, which
indicate that especially the first shell water molecules are
fairly well dipole-oriented.

The distributions of coordination numbers of the
hydrated Ru*t ion in the first and second hydration shells,
obtained from the three-body corrected and the QM/MM
simulations, have been evaluated and are depicted in
Fig. 2a and b, respectively. The exact coordination number
of six for the first hydration shell is observed in the QM/
MM simulation, whereas the overestimated value of seven
is obtained from the three-body corrected simulation. For
the second hydration shell, a coordination number varia-
tion between 8§ and 12 with 10 being the most frequent
(38%) one is observed in the QM/MM simulation. This
result is similar to that delivered by the three-body cor-
rected simulation in which a coordination number distribu-
tion is in the range of 8-14 with 11 being the most frequent
(33%). The coordination number distribution within the
third hydration shell 1s quite different between the three-
body corrected and the QM/MM simulations. The coordi-
nation number of the third hydration shell obtained from
the QM/MM simulation varies even more, namely between
14 and 25 with 20 being the most populated value occur-
ring with a probability of -16%, while the coordination
number ranging from 19 to 33 with 27 being the most pop-
ulated value in the three-body corrected simulation. These
data show a rapid exchange of water molecules between the
second and the third hydration shell.

Fig. 3 presents the angular distribution functions (ADF)
for O-Ru**-0, calculated up to the first minimum of the
Ru*™-O RDF obtained from the three-body corrected
and the QM/MM simulations. The octahedral arrange-
ment is clearly reflected by two peaks with maximum val-
ues at 89° and 175°. These values are similar to those
reported in the cases of Co®* [14], Cr** [1S5), Ti** [16],

* [28], and AI** [29]. Two board peaks at ~75° and
~145° pronounced in the three-body corrected simulation
are causéd by sevenfold coordinated which have not been
observed in the QM/MM simulation.
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Fig. 2. First and second shell coordination number distributions of
hydrated Ru**, obtained from: (a) the three-body corrected and (b) the
QM/MM MD simulations.
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Fig. 3. Distributions of the O-Ru**"-O angles for the first hydration shell.
obtained from the three-body corrected and the QM/MM MD
simulations.

The orientation of water molecules relative to the Ru’**
ion can be further determined by the angle § and tilt angle.
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Fig. 4. Angular Ru**-H,O configuration for the first hydration shell: (1) 0 angle distributions and (b) tilt angle obtained from the three-body corrected

and the QM/MM MD simulations.

The angle 6 is the angle between the vector pointing along
the Ru—O axis and the dipole vector of the water molecule.
The tilt angle is the angle between the Ru-O axis and the
plane defined by the O-H vectors. The distributions of
angle § for the first hydration shell obtained from the
three-body corrected and the QM/MM simulations are
presented in Fig. 4a. The three-body corrected simulation
gives the angle # distribution ranging from 145° to 180°,

having its maximum at 168° while the QM/MM peak -

appears at 176° with short tail towards 155° indicating less

flexibility of the solvated water in terms of molecular orien- .

tation. The angle @ distribution for the first hydration shell
obtained from the QM/MM simulation is slightly larger
than those observed in the cases of Co** (173°) [14], Cr**
(172°) [15], and AIP* (172°) [29]. Fig. 4b shows the distribu-
tions of the tilt angle for the first hydration shell obtained
from the three-body corrected and the QM/MM simula-
tions. The distribution of the.tilt angle obtained from the
QM/MM simulation pronounces a slightly narrow peak
compared to that of the three-body corrected simulation.
In the QM/MM simulation, its maximum is located at
1°, and the distribution reaches zero at £20° which is nar-
rower than the value of —33°/+37° obtained from AI**
[29].

3.2. Ligand exchange processes

Water exchange between the hydration shell of ions and
the bulk is fundamental for the reactivity of the ions. The
QM/MM MD formalism has been successfully employed
to determine ultrafast ligand exchange processes as occur-
ring in the"hydration shells of ions in solution [17,30-33].
Fig. S displays water exchange processes in the hydration

shell. The MRT values based on the direct accounting
and setting various time parameter ¢* for water molecules
in the hydration shells of Ru®" are listed in Table 3. The
MRT value of 6.5 ps was predicted by the QM/MM simu-
lation, which is slightly smaller than that observed for Cr**
(7.5 ps) [15]. However, such value of Ru** is considerably
smaller than those determined in the cases of Co**
(11.0ps) and Fe** (19.8 ps) [14,28]. The second shell
MRT value obtained from QM/MM simulation is much
larger than that of pure solvent. This shows that water
mobility in the second hydration shell of Ru** molecules
is much lower than that in pure solvent. The value of
0.13 was evaluated for sustainability coefficient Se;x of
Ru**, the corresponding 1/Se is 7.7, which means that

8.0

75

Ru-O distance (A)

Simulation time (ps)

Fig. 5. Distributions of the Ru**-QO distances during the QM/MM
simulation showing numerous exchange processes between the second
hydration shell and the bulk.
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Table 3
Mean ligand residence times and sustainability of migration processes to
and from the second hydration shell of Ru**

Solute tim ' =0ps *=0.5ps Sex 1/Sex
Mo tho  NE

Ru*t 16.0 186 09 25 6.5 0.13 7.7

Bulk® 10.0 269 0.2 24 1.7 0.09 11.2

* Values obtained from a QM/MM MD simulation of pure water [27].

about eight attempts to leave or enter the second hydration
shell are needed to achieve one lasting exchange process.

4. Conclusion

The three-body corrected simulation provides an overes-
timated coordination number of seven for the first hydra-
tion shell, whereas the exact coordination number of six
is obtained from the QM/MM simulation. This result
clearly shows that even the inclusion of the three-body cor-
rections is apparently not sufficient to reproduce well
enough the hydration structure of Ru**. An octahedral
structure of [Ru(H,0)¢'* was observed by the QM/MM
simulation. However, the Ru**-O distance for the first
hydration shell obtained from the QM/MM simulation is
larger than the experimental value, which may be partly
due to the neglect of electron correlation. The ab initio
QM/MM molecular dynamics simulations seem suitable
for evaluating the hydration structure and dynamics of sol-
vated ions due to the inclusion of all polarization and
charge transfer effects.
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