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We report the combined quantum mechanical and molecular dynamical simulations on thorium(lV) hydrates
in aqueous solution. Hydration of the “4thion in agueous system was first investigated using the B3LYP
hybrid density functional theoretical calculations. The results show that the first shell hydration number of
Th*" ion in liquid phase is 9 at the bond distance of-T® 2.54(1) A and Th-H, 3.22(1) A. Second, the
second shell hydration properties of the*Thon in aqueous solution were studied by the molecular dynamical
simulation using AMBER force field. The concept of the hydrated ion was used, pOh{4" being the
cationic entity interacting in solution. The [Th{8)q]*"—water interaction potential was developed by ab
intio B3LYP calculations. The partial atomic charge of [Th()]*" is derived from the ESP method. The

MD calculated results show a well-defined second coordination shell and an ill-defined third shell around the
[Th(H,0)e]** ion. The strong hydrogen bonding due to the polarization of the first coordination sphere water
molecules leads to a mean coordination number of 18.9 water molecules in the second shell at the bond
distance of TR-Oy 4.75 A and Th-H, 5.35 A. The residence time of a water molecule in the second hydration
shell is 423.4 ps. Our simulated results indicate that the hydrated ion concept for simulatind 'thierTin
agueous solution is appropriate.

1. Introduction the density functional theory. But to our knowledge, there are

R . . no theoretical simulation results on the hydrated properties of
Characterization of the hydrated properties of the thorium(IV) the TH* ion in aqueous solution. The experimental data from

ion represents not only an important theme in aqueous chemistry, o .
but also a reference for further studies on tetravalent actinide(IV) EXAFS or NMR k'.net'c measurements for j[he second coordina-
aqua ions. Recently, several papers reported the experimentaﬁIon sphere are still lacking for the Th(IV)_ lon. The kngwledge
studies on the hydration of thorium(IV) in aqueous solufich. on the water exchange rates an(_JI the kinetic behaviors of the
Johansson et dl.have studied the coordination around the second spherg watgr mo[eculeg IS EVen scarce. .
thorium(lV) ion in aqueous perchlorate, chloride, and nitrate Computer simulations, in particular the quantum mechanical

solutions using large angle X-ray scattering measurements. The QM) and the molecular dynamical (MD) simulations, have
reported that the coordination number of thé Tion in aqueous provided theorencal approaches to elucidate the structure and
solution depends on the counterions. In the presence of thethe dynamics of molecules during the last two decades.

noncomplex-forming perchlorate ions, the coordination number I-![owe\;era the C'lsuccetsrf .Oft thet.molectulatr. ?ynan:jl(ial dresu!’[t)s
is eight and independent of concentration. The coordination strongly depends on the interaction potentials used o describe

number increases in the presence of the weakly complex-tge for(;ets;]actlng ?monglthe comp;_)nentf ofdthe mtc))detlhsyi’st%r?.l
forming chloride ions. In the nitrate solutions, the coordination ne of the most usual assumptions 10 describé he parlicie

number increases to about ten. They have found that about zointeractiops is that of the pairw?se additivﬁ;However, in the
water molecules are present in the second coordination sphereCase of highly charged_catlons 'm”_‘efsed in polar solvents such
in dilute perchlorate solutions. Moll et aland Sandstmm et as water, such a premise fails ma_unly due to the n(_aglect of the
al® have studied the structure and the hydration of aqueousmn"’wld't've behavior of the classical electnc.polgr!zaﬁ‘bﬁ.\.
thorium(lV) ion using EXAFS (Extended X-ray Absorption Fine strategy that overcomes to a grea}rt&extent this difficulty IS the
Structure) measurements. They reported that the first shell YS€ Of the hydra_ted ion, [M@D)-] , 88 th_e representative
coordination number is in the range-21 at the bond distance entity in so_lutlon, mstead of .thg bare i8in this case, the bgre

of 2.45 A. Farkas and co-workdrhiave studied the water On—water interaction potential is replaced by the hydrated-ion

exchange of the thorium(IV) aqua ion usiH® NMR measure- water one. The Pappalardo et'hhave successfully used this

ments. They suggested a dissociatively activated interchangememOd to develop ab initio hydrated iewater potentials for

i i i ina2 2+ 3+
mechanism for the Th(IV) ion, and determined a minimum value Sn;i” and h'gfly charge.d.catlons.lncludlng BeMg=", AIZ,
for the rate constant at room temperatiasgt > 5 x 107 5L Cr3*, and Zrt*. The validity of this approach has also been

1,
Hovey made a thermodynamic study of the hydration of the demonstrated by Bleuzen_et dl. .
Th** ‘aqua ion. Recently, other grodigshave studied the In the present work, we introduced the hydrated ion concept

structures and the properties of the thorium tetrahalides usingfor the highly gharged TH ion to simulate its properties in
solution. We first calculated the hydrated properties of the

* Corresponding author. Fax+81-3-3818-3455. E-mail: txyang@  Primary hydration sphere of the Th(IV) ion using ab initio
lyman.q.t.u-tokyo.ac.jp. B3LYP hydrid density functional theoretical calculations. With
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respect to the quantum mechanical calculation, Th(IV) is easier TABLE 1: Calculated Binding Energy (in kcal/mol) of the
for theoretical treatment among the actinide ions because of its Th(H20)n(H20)n*" Clusters
dof® electronic configuration and its closed-shell ground state. total water

We determined its first hydration shell coordination numberto  numbers gas agueous

be 9. For the following molecular dynamical calculations, (n+h) clusters phase phase
[Th(H20)g]*" is considered as an entity present in aqueous 6 Th-6H,O(Th) —724.12  —121.09
solution. It is particularly appropriate since its first-shell water 8 Th+-6H,0-2H,0 —742.38 —160.32
exchange rate constant is small enough to consider the hydrate Th*"-8H,0(D2) —747.26  -163.11
as a stable polynuclear tetravalent cation. ° m+3:§8§g§3 :;3?:82 :iﬁ:gg
ThGoAOt)  7op4s 19451

i i 4+ 10 Tl M AN 2 h - . - .

2. Quantum M(_echanlcal Calculation of [Th(H20),]4" in Tht*-8H.0-2H.0(Doy) 82009 —143.44
Aqueous Solution Th*++9H,0+H;0(Ca.) 81533  —157.92
. Th*+10H,0(Dad) —804.71 —157.22
2.1. Computational Method. To perform the molecular Th**+10H,0(Dsq) —756.07 —119.27
dynamical (MD) simulations on the second coordination sphere, 12 TH*-8H,0-4H,0 —894.31 —165.88
we first performed the quantum mechanical calculations on the mﬁ.ig‘f—%&z_‘ﬁoom ) —g?g-gg —ggg;
Th4+ ion to obtain its geometry and the first coordination sphere The - 12H0 (DZdZ) 4d _G0153  —123.36
information. Th*+12H,0(D2) ~820.09 —122.94

The calculations were run with Gaussian 98 package of

programs'® The B3LYP hybrid density functional method . cosentino et 6 Their studies have shown that though the
(Becke's three parameter hybrid functional using the LYP gyounding effects should be included in the geometry opti-
correlation functionaf*9) was used, since this method is known - ization to obtain molecular structures in better agreement with
to reproduce accurate geometries and thermochemistries for theqjig state and solution experimental structures, the energetics

transition metals and uranium complex€s.” Spin—orbit of these systems can be appropriately calculated in vacuo
effects were not considered he_re, since they are less 'mporta”bptimized structures because the term due to the geometry
for the closed shell system being considered here. relaxation in solution is not significant. The calculated binding

The calculations employed the relativistic large core effective energies of the clusters of [Th§B),(H-0)i]*+ are summarized
core potential (RECP) developed by ¢tie et al'® and the iy Table 1. The gas-phase binding energy is derived from the
corresponding basis set for thorium. The 6-31G* all electron Gijbbs free energy difference between the product and the sum
basis sets were used for oxygen and hydrogen. of its molecular components. The aqueous phase binding energy

We calculated the Gibbs free energy of the molecules in the includes the PCM (Polarized Continuum Model) solvation
aqueous phase, where the solvation energy and the entropy werenergy and the entropic correctidf’into the Gibbs free energy.
included. Solvation energies were calculated using polarized The correlation effects in the gas-phase complexation reaction
continuum model (PCM) method of Tomasi and co-workers  are relevant in determining correct hydration free energies, while
(SCRF=PCM in Gaussian 98). Scaling factor 1.2 was used for they do not play any significant role in the aqueous ion solvation.
the definition of the solvent accessible surface of all elements Our results are in good accordance with that of Cosentino et
except hydrogen. So the radius of each atomic sphere wasal., though the method of calculating the correlation effects is
determined by multiplying the van der Waals radius by the different.

scaling factor. In our previous woft, we have a specific Based on the binding energies of the different hydration
explanation of the calculations of the solvation energy, the numbers and symmetries, it is possible to acknowledge the most
entropy and the binding energy in aqueous phase. stable structure. From Table 1, it is very clear that for the

2.2. Calculated Results and Discussiorgeveral papers have  [Th(H0),*"] cluster, when the total number of hydration water
studied the hydration numbers of actinide elements theoretically. molecules is 9, Th(bkD)s*" with C4, symmetry has the lowest
Tsushima et &2 and Spencer et &.have reported the hydration  binding energy. When the total hydration water molecules is
numbers of pentavalent and hexavalent uranyl, neptunyl, and10, TH*-9H,0-H,O(C4,) has the lowest binding energy, while
plutonyl ions through “gas phase” calculations. Blaudeau#t al. when the total hydration water molecules is 12 *TBH,O-
have published a paper on the structures of ROJK¥" clusters. 3H;0 has the lowest binding energy. However, the binding
Recently, Antonio et &% have studied the neptunium redox energy differences between 4R9H,0-H,O(C4,) and TH*-
speciation. All these works have discussed the stability of the 10H,0(D4g), Th*+9H,0-3H,0(C4,) and TH+10H,0-2H,0(D.4g)
hydrated complexes from the electronic energy in gas phaseare not significant. We are led to conclude that Ti@j*+ with
under Borr-Oppenheimer approximation, which is the energy C,, symmetry can form the most stable complex, the coordina-
at 0 K and 0 atm. We have recently reported the hydration tion number of water molecules around the Th(lV) ion in the
properties of UQH0),2" in aqueous solutiodt We have first shell is 9.
discussed that the inclusion of the solvation energy and the For Th(HO0)s**, three possible structures were investigated,
concentration correction into the gas-phase Gibbs free energya Dg, tricapped-trigonal-prismatic arrangement of the oxygen
is very crucial in studying the hydration properties. atoms (Figure 1a), a4gcapped-square-antiprism arrangement

In the present work, sixteen different thorium(lV) hydrated of the oxygen atoms (Figure 1b), andCg, “8+1" structure in
clusters [Th(HO),*"](n = 6,8,9,10,12) were investigated (Table which one water molecule was moved outside of its first
1). The initial geometric structures of [Th§B)n(H20)]*" (n solvation shell of eight water molecules (Figure 1c). g
= first shell, h = second shell) clusters are created using the structure is more stable than the, structure for the Th(kD)y*"
same approach as the previous w&rkThe coordination complex. Zhang et &€ studied the coordination polyhedron of
geometries were optimized in vacuo. The inclusion of the bulk the thorium(lV) malonato compounds. They have found that,
solvent effects by PCM on aquo-ions of heavy metals and a in the (GH1oN2)2[Th(CsH204)4(H>0)] compound, there are nine
thorough discussion of computational aspects have been givenoxygens which are directly coordinated to the central Th atom,
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la. D3y 1b. Cyy lc. Cy, 8+1”
Figure 1. The optimized structures of the [Th{8)j]** with different geometriesDa, (upper left),Cs, (upper right), andC,,“8 + 1”(below).

and they show a capped square antiprismatic geometry havinglABLE 2: Atomic Charges Calculated for the [Th(H ;0)e]**

System Using Different Technique3
the C4, symmetry. Kowall et at? reported that th®3, symmetry Y ng =\ qu

is the most stable structure for the [Ln®)s]>* complexes. ~ Thradius’A  method g o O+
The difference in the symmetry between ThQ¥%** and Mulliken 1.572 —0.801t0—0.803 0.534-0.538
Ln(H20)s*" may be attributed to the characters of trieahd 12 ESP 3.028 —1.025t0—1.045  0.567-0.576
5f orbitals. The Mulliken population of thedéand 5 orbitals CHELPG  3.549 —1.120t0-1.171  0.5880.611
; Lo T 15 ESP 3.028 —1.025t0—1.046  0.5670.575
of Th is quite similar in theC,, and D3 structures. Both CHELPG 3.247 —1.0561t0—1.085 05720586
structures have 1.0 and Oefor the & and 5 population, 1.8 ESP 3.028 —1.025t0—1.046 0.567-0.576
respectively. The major difference is the transfer of @@®m CHELPG 3.126 —1.027to—1.054 0.565-0.577
the H¢ to 5fc and 5z orbitals, and the transfer of 0.@from 2.0 ESP 2.905 —1.003t0—1.020  0.564-0.571
the &0 to 6do orbitals. The Th 6 and 5 orbitals are much - %‘;E'—PG 32-%%15 :é-ggg :gj-g‘llg 8-22?8-223
more degenerate in tHz, structure than in th&,, structure CHELPG 3.027 —1.006t0-1032 0.5606-0.571
because the former has the higher symmetry. In essence, the 54 ESP 2.801 —0.9897 to—1.007 0.56+0.568
C4, structure leads to greater overlapping between thedh 6 CHELPG 2.972 —0.996t0—1.022 0.55%0.570
5f orbitals and the O 2 orbitals. Additionally, a vibrational 2.5 ESP 2.769 —0.98510—0.999  0.563-0.566
frequency calculation of th&,, structure resulted in all positive CHELPG 2.933 —0.9911t0-1.012  0.5570.566
frequencies, indicating that this structure truly is @ minimum.  2The partial atomic charge of Thg®)*" has an asymmetric
The geometry and the partial atomic charge of TA@)** with distribution because of its asymmetric distribution of the-Th bond

the C4, symmetry are used for the following molecular dynami- distance, i.e., 9 water oxygen atoms and 18 hydrogen atoms have
cal simulations. Th(kD)s** shows an asymmetric distribution ~ different charge distribution.

of the thorium-oxygen bond distances in the range of 2:54

2.55 A, and the thoriumhydrogen distances in the range of
3.22-3.23 A. Sandstim et al3 also reported the asymmetric

3. Molecular Dynamical Calculation of [Th(H20)¢*'] in
Aqueous Solution

distribution of the Th-O bond distance in the order &f0.01 3.1. Computational Method. The calculations were per-
A on the basis of EXAFS measurements. formed with the program package AMBERGD.As was
The atomic charges of the Thgfl)s** ion deriving from discussed in the Introduction section, the use of the hydrated

different techniques are tabulated in Table 2. It is clear that the ion concept can overcome to some extent the difficulties such
Mulliken population analysis gives too underestimated positive as the electric polarization due to the exchange contributions
Charge on the metal. It was a|ready discussed by other and the Charge transf%ﬂ—herefore, the hydrated ion Concept
groupd239-31 that the Mulliken charges do not seem to model Was used for Th(IV), [Th(kO)s**] being the cationic entity
properly the charge distribution. The charge distributions of the interacting in solution. All interaction potentials in our simula-
Th(H,0)s*" ion were calculated using the ESP (electrostatic tions were of pair potential type and consisted of a Coulomb
potential) metho#f and the CHELPG proceduf& The fitting part and a Lennard-Jones part (LJ) (eq 1)

requires the atomic radii for the construction of the surface

where the electrostatic potential is calculated. But as there is E(r) = gg/r — 2¢(R*/n)° + (R /)™ 1)

no default radius for thorium in the Gaussian program, we tried

different radius values from 1.2 to 2.5 A (Table 2). For the ESP whereR* and ¢ are the Lennard-Jones parametdts.is the
method, the partial atomic charges keep constant as the thoriumvan der Waals radiuss is the potential well depth of the
radius changes from 1.2 to 1.8 A, and a small variation of 0.16 minimum energy point. The simulated model is one [Ti@h4**]

e for thorium as its radius increases up to 2.2 A. For the same complex immersed in a periodic box of 569 water molecules
atomic radius, the CHELPG method generally gives larger metal together with 4 Ct counterions. The bulk and the second sphere
atomic charge than the ESP. We finally assigned 8.@2rived water molecules were described using the rigid TIP3P ni&dél.
from the ESP method) charge to thoriuml.02 to —1.04eto We abstained from using a flexible water model, which would
oxygen atoms, and 0.56.57eto hydrogen atoms, respectively. demand a considerably shorter integration step, but would not
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TABLE 3: MD Simulation Conditions and Parameters for 6 — — 50
[Th(H 20)g]** :
number of [Th(HO)o]** complexes 1
number of TIP3P water molecules 569 5 0,4.75A) 1 40
box size(Ax A x A) 30 x 30 x 30
cutoff distance (A) 15 4
thorium concentration (M) 0.0615 B
time step (fs) 0.2 -1 30
simulation time (ps) 1000 o3l ; 9
number of stored configurations 20000 @
temperature (K) 298 H(5.35A) 190
pressure (atm) 1 9 L it
Orh (e) 3.02 ,’ ‘n
Jo, (€) —1.02to—1.04 A
) 0.56-0.57 1k N -1 10
o . L . - 0(2544) [:/1
substantially improve long-time equilibrium properties of liquid " ;
water36-37 For the geometry and the atomic charges of 0 I L 0
[Th(H20)s**], we used the results of the previous quantum 0 2 4 6 8 10 12 14
mechanical calculations (Figure 1 and Table 2). The oxygen T/ A

and hydrogen atoms were kept fixed (using AMBERG.0 ibelly Figure 2. Radial pair distribution functiom(r) and running coordina-
method® during the MD simulations. Due to the strong tion number CN.

interaction of the TH" ion with the nine first shell oxygen atoms, s fthe S | and ) |

we could not use the Lennard-Jones parameters of the TIPSP;QSLlEOgb p:TArBa§¥rr?uI;t%n g?‘f}‘f@z&] B%ﬂag“geﬁggi‘é ts
model to describe the interaction between the water moleculesggy

of the first shell and the water molecules of the fédtVe put

LJ parameters of TH and the hydrogensRgr*, Ru*, €T, €n,) Z)S(tiirge A) %2(200);];+0+ 569H0 +4Cl
to zero. We changed the first shell oxygen Lennard-Jones Frhoy (A) 4.75
parametersRo* in the range of 1.6-3.0 A andeg, in the range Pty (A) 5.35
of 0.05-1.20 kcal/mol) to carry out the MD simulations for ro—-oy (A) 2.75
200 ps. Finally we found that the first shell oxygen with LJ Th—oy (A) 1.75
parametersRo* = 2.0 A andeo, = 0.08 kcal/mol can best water CN 18.9
) ; 9(Nmin (A) 5.35
reproduce the experimental bond distance of-Th, O—0Oy Tres(PS) 423.4
and the second shell coordination number. Theref@gg, = T (K) 298
2.0 A andeo, = 0.08 kcal/mol were used to continue the density (g/crf) 1.02

following MD calculations. The systems were first energy
minimized for 1000 steps and equilibrated to the final temper- of the third hydration shell. The summarized MD calculated
ature 298 K at constant volume for 200 ps. The final MD results are shown in Table 4.
simulation time is 1000 ps. The simulation conditions are listed  3.2.2. Water Exchange between the Second Hydration Shell
in Table 3. Half of the box size 15 A was used as the cutoff and the BulkThe coordination number is defined solely in terms
distance for nonbonded interactions. of static quantitie$® A microscopic structure of the solvation
3.2. Calculated Results and DiscussiorB.2.1. Structural phenomenon and the dynamics of the hydration shell water
Results of the Second Hydration Shéltcording to previous molecules can be obtained through the observation of the water
experimental datd,in dilute perchlorate solutions a distinct exchange process. Farkas et akcently have reported the
second coordination sphere is present containing about 20 wateexperimental results on the kinetic parameters for the water
molecules at the bond distance-T®, 4.6 A. Gusev estimated  exchange of M ion. They suggested a dissociatively activated
the hydration number of the Th(IV) ion from the dependence interchange mechanism for Th(IV) between the first hydration
of conductance on concentration in NaG¥MHCIO, solutions, shell and the second hydration shell. They determined a
and found the second hydration number to be?2Actually minimum value for the rate constant at room temperature and
these are the only experimental reports on the second hydratiorfound that the rate constant of the water exchange in the aqueous
properties of TH™ in aqueous solution because it is very difficult Th*" ion is at least 1 order of magnitude larger than that for
for EXAFS and X-ray scattering measurements to resolve the the aqueous Y ion. Currently no experimental or theoretical
second hydration shell. data on the water exchange between the second hydration shell
The calculated thoriumoxygen and thoriumhydrogen and the bulk are reported.
radial distribution functiong(r) are shown in Figure 2. The The residence time of a water molecule in the hydration shell
peak at 4.75 A for the oxygen and the peak at 5.35 A for the gives deeper specific insight into the ionic hydration and the
hydrogen correspond to the second coordination sphere, whichionic mobility.*° We calculated the mean lifetime of a water
are well-defined. The broad peak at 7.05 A for oxygen (7.55 A molecule in the second coordination sphergs, using the
for hydrogen) corresponds to the third sphere, which is method described in ref 29 and ref 36. The residence time is
ill-defined. Integration of the oxygeg(r) between 3.50 A and  based on the definition dfion(t), which measures the number
the first minimum 5.35 A shows that the mean number of water of molecules that are in a given region around the ion after a
molecules in the second coordination sphere ofTik 18.9. period of timet. From this definition nion(0) is the number of
During the MD simulation period of 1000 ps, one of the four water molecules in a given region. If this region is the first
CI~ anions sometimes enters the second coordination shell, buthydration shell,n,n(0) represents the dynamical hydration
it does not affect the water molecules situating in the second number of the first shell. Excluding an initial period for which
coordination shell. The mean HCI distance of the other three  the function decay rapidlyion(t) adopts an exponential form,
CI~ anions is 7.5 A. It shows that these anions locate outside i.e., Nion(t) ~ €77, wherer represents a correlation or relaxation
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Figure 3. Residence probabilitg(t) that a water molecule still belongs
to the second hydration shell after a correlation tinealculated from
MD simulation. Exponential fits are shown as solid line.
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Figure 4. Thorium—oxygen distance for a 10 ps interval showing the
water exchange between the second hydration shell and the bulk.

whereAr2(t) is the mean-square displacement, we calculated a
time of 2.9 ps for a water molecule to travel the mean distance
2.3 A between the second and the third hydration coordination

time characteristic of the persistence of water molecules in a shell. This is in fair agreement with what we can see from Figure

given region around the ion. This quantity ofis defined as
the residence time of water molecules in that region. The
mathematical definition is proposed by Impey etl.

12
|qion(t) = N Z‘szj(tn't't )

tn=

()

Pi(ts,t;t*) is a function that can take only a value of 1 if water
moleculej lies within the region considered at both time steps
t, andt + t, not leaving the region for a period longer thén
otherwisePj(t,t;t*) takes a value of 0. In our calculation, we
taket* the value 2 ps. We calculated the residence probability
p(t) of a water molecule at a distanceraf-o, < 5.35 A. 5.35

A corresponds to the minimum gfr) after the peak attributed
to the second shell oxygens (Figure 2). The residence tjgae
obtained by fitting an exponential {g(t) by the least-squares

4.

3.2.3 DiscussionFrom ref 4, it can be estimated that the
residence time of a water molecule in the first hydration shell
iS Tres= 1/kex < 2 x 10* ps. Unfortunately, on the experimental
side, the kinetic exchange data for the second hydration shell
of Th(IV) ion is not available. But a comparison with the
trivalent lanthanide complex [Ln@#®),]3" is instructive. For
Nd, Sm, and Yb, the residence time of a water molecule in the
first shell is 1577, 170, and 410 ps, respectively, the residence
time of a water molecule in the second hydration shell is 13,
12, and 18 ps, respectivel§).The residence time.{second
shell) for the TH™ ion is more than 1 order of magnitude higher
than that of the L™ ions. For the Th(IV) aqua ion, because of
its higher positive charge value, it is favorable to form stronger
interaction between the Th(lV) ion and water molecules and
then form the tight-bonded first hydration shell. Accordingly,
the residence time of a water molecule in the first hydration

method is 423.4 ps (Figure 3). This residence time correspondsshell is more than 1 order of magnitude higher than that of the
to 45 water exchanges observed in 1000 ps if we account for _n3* jons. The fact that the [Th@#D)s**] unit is interacting

about 18.9 water molecules in the second sphere.

with a second hydration shell of about 18.9 water molecules

Basically, all water exchange events should be resolvable into suggests that each water molecule of the first shell binds two

pairs of mutually exchanging water molecules. According to

water molecules in the second shell, which demonstrates stronger

the time difference between a water molecule entering into the hydrogen bonding between the first hydration water molecules
second hydration shell and a water molecule leaving from the and the second hydration water molecules than th¥ lions
second hydration shell, the water exchange process is classifiedjo. It is not surprising that for the Thion, the residence time

as associative, dissociative, or interchange mechanism. Figureof a water molecule in the second shell is over one order higher

4 characterizes the thoriuroxygen distance for a 10 ps interval.

than that of the trivalent lanthanide complexes. The fact that

The water exchanges between the second hydration shell andhe lifetime of a water molecule in the second shell of thé*Th
the bulk are observed. It is shown that the crossing point of the jon is 423.4 ps confirms the existence of a well-defined second

trajectories of the incoming and of the leaving water lies in the
distance of the third hydration shell water, a dissociative (D)

coordination shell.
The mean distance between the first hydration shell water

interchange activation mode for the water exchange reactionhydrogen H and the second hydration shell water oxygan O
between the second hydration shell and the third hydration shellis 1.75 A (Table 4), which is shorter than the mean hydrogen

is suggested.
By analyzing the trajectories of all the TIP3P water molecules

bond distance found in pure water +.8.9 A124:42 This
hydrogen bond distance suggests a strong hydrogen-bonding

and calculating their mean square displacement, we yielded thebetween the first hydration shell and the second shell. This also

diffusion coefficient of water molecules as 28109 m2 s71,
Using eq 3

Ar(t) = 6Dt ©)

provides good explanations to the well-defined second hydration
shell. The third shell water molecules result in a broad peak in
the thorium-oxygen radial distribution function at about 7.05

A. The hydrogen bond length between the second and the third
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coordination shell —Oy 1.90 A is within the range of (r71) Ga%Iiardi, IH Skylﬁris, C. K.; Willetts, A.; Dyke, J. M.; Barone,
; V. Phys. Chem. Chem. Phy200Q 2, 3111.

hydrogen_ bond In. pure Water'. Unfo_rtunately, currently no (8) Stone, A. J.The Theory of Intermolecular Forcelarndon:

comparative experimental data is available. Oxford. 1996.

On the whole, our simulation results suggest that our initial (9) Martinez, J. M.; Herfiadez-Cobos, J.; Saint-Martin, H.; Pappalardo,
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