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Abstract

Although metal ion–water clusters Mm+(H2O)n have been widely studied for many singly charged metal ions, thermodynamic and structural
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tudies of di- or trivalent metal ion–water clusters remain relatively rare. We have investigated the structural and thermodynamic
f Ln3+(H2O)n clusters (Ln3+ = Nd3+, Eu3+, Er3+ and Yb3+) by means of Monte Carlo simulations using newly-developed, polarizable m
otentials parameterized on the basis of ab initio calculations for small clusters. We report total cluster enthalpies and stepwise clu
nthalpies predicted by our simulations. Our results also indicate that Ln3+ ions exhibit a well-defined interior solvation shell structure
mall cluster sizes (n= 6–12), the first-shell coordination numbers are close to 6 or 7, whereas convergence towards bulk-like coo
umbers seems to be achieved at cluster sizen≥ 24. In contrast, convergence of the thermodynamic properties towards bulk value
ccurs at much larger cluster sizes,n≥ 64.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The microsolvation of metal ions in the gas phase has
een the focus of intensive research over the last 20 years

1–4]. Particular attention has been paid to the energetic,
tructural and spectroscopic properties of ionic clusters
ontaining monovalent metal ions. However, despite ad-
anced techniques that allow for the generation of multiply
harged, solvated metal ion clusters[5–18], they have
ot been studied extensively, especially those clusters
ontaining trivalent metal ions[9–15]. Understanding the
undamental interactions involved in the formation of
hese clusters, such as the metal-to-ligand bond, can yield
nsight into the properties of larger clusters or even bulk
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solutions [19,20]. One of the most pertinent solvents
obviously water, which is ubiquitous in chemistry a
biology.

In an effort to probe the interactions between tr
lent metal ions and water, we have opted to investi
Ln3+(H2O)n clusters, paying particular attention to th
structural and thermodynamic properties. The lanthan
are particularly interesting due to their rather unique b
ing properties, which contrast with their transition m
counterparts[21]. Despite large, ion-ligand binding en
gies [5,22–27], the lanthanide ions are believed to fo
predominantly ionic complexes with their ligands. This
owed to the shielding of the 4f-orbitals by the outerm
5p and 5s electrons, which prevents them from partic
ing in metal to ligand covalent binding[21]. In addition,
these ions exhibit a flexible coordination chemistry, bind
anywhere from 6 to 10 ligands. Even though the prefe
tial coordination numbers of lanthanide ions in solution
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been the subject of a heated debate in the past, it is now
widely accepted that the coordination numbers are closer to
nine for the lighter lanthanide ions and eight for the heav-
ier ions. This phenomenon is attributed to ‘lanthanide con-
traction’, or the reduction in ionic size across the lanthanide
series[28–34]. Because of these features, lanthanide ions
provide the foundation for many electro-luminescent devices
[21].

Despite sustained efforts, there has been limited success
in detecting trivalent lanthanide–solvent clusters with protic
solvents, in particular with water as a solvent[8–11]. Triva-
lent lanthanide metals have been shown to be prone to dis-
sociative electron or proton transfer, resulting in the produc-
tion of either M2+X(HOR)n or M2+OR(HOR)n species[11],
an observation that has yet to be explained, given that the
third ionization potential of some lanthanide metals, such
as La and Ce, is lower than the second ionization potential
of Cu, which is known to form stable Cu2+(H2O)n clusters
[11]. To date, only Shvartsburg has reported the successful
retention of the 3+ state of lanthanide metals in clusters of a
protic solvent, namely Ln3+–diacetone alcohol clusters[11],
and only for cluster sizes in the range ofn= 5–8. On the
other hand, it has been shown that the 3+ state can be read-
ily conserved in clusters containing aprotic solvents such
as acetonitrile, acetone, dimethyl formamide and dimethyl
s um
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nation structures as opposed to purely 8 or 9 coordinated
species.

We have constructed a new, rigorous model potential, pa-
rameterized to reproduce properties of small ion–water clus-
ters derived from quantum chemistry calculations. This is in
contrast with the models presented earlier, which, with the
exception of the work of Derepas et al.[5], were geared
towards bulk, aqueous solvation. We have made use of
our model potential to carry out room-temperature simula-
tions of Ln3+(H2O)n clusters, specifically those involving
Nd3+, Eu3+, Er3+, and Yb3+, in order to evaluate the struc-
tural and thermodynamic features of these clusters. These
ions were chosen since they are characteristic of the trends
in coordination across the series, in addition to their rele-
vance as it relates to luminescence activity[21]. The out-
line of this article is as follows: we first discuss the re-
sults of quantum chemistry calculations for small Ln3+(H2O)
clusters. The latter serve as the basis for parameteriza-
tion of our model potentials, which are presented in the
following section along with the computational details of
our simulations. The cluster structural features and ther-
modynamics resulting from our simulations are then pre-
sented and discussed. Concluding remarks follow immedi-
ately.
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ulfoxide [8,9,12–15]. Shvartsburg has reported minim
anthanide–solvent cluster sizes ofn= 1–3 for acetonitrile
12] andn= 2–5 for dimethyl sulfoxide[13], while Walker
t al. were able to detect stable Ho3+–acetonitrile cluster
ith the most stable cluster size determined to ben= 6

8].
In the past, a variety of electrostatic potential mo

ave been proposed to describe lanthanide ions in sol
eier et al. proposed one of the earliest models[22], which
as able to reproduce the experimental coordination n
er of La3+ in water, as reported by Habenschuss and S
ing [28]. However, this study failed to address other

hanide ions and, thus, did not deal with the well kno
lanthanide shift’ in coordination number[25,26]. Subse
uent work by Helm and Merbach’s groups[35–39], not
nly reproduced the observed trends in coordination a

he series, but also determined the solvent exchange
nd coordination equilibria for Nd3+, Sm3+ and Yb3+ in
olution [38,39]. Furthermore, they were the first group
tress the importance of polarization for these systems
hey accounted for it by scaling the dipole moments of
olvent molecules in the first coordination shell. Howe
hese models predicted bulk hydration enthalpies in
greement with experimental values[27,34]. More recen
otentials for Ln3+ solutions proposed by Floris and Ta

25] yield structural results in good agreement with ex
ment, but fail to account for the appropriate coordina
umbers of the late ions of the lanthanide series, na
b3+. Finally, Derepas et al.[5] recently reported a mod

or La3+(H2O)n clusters up to sizen= 9. Their findings in
icated the preferential formation of 7 + 1 and 7 + 2 coo
. Quantum chemistry calculations for small
n3+(H2O)n clusters

.1. Computational details

Small, ground state Ln3+(H2O)n clusters were chara
erized by quantum chemistry calculations using the G
ian 98 program[40]. Minimum energy structures were o
imized without symmetry constraint using either the
estricted Hartree-Fock (HF) method[41], Becke’s three
arameter Lee-Yang-Parr (B3LYP) hybrid density functio

heory[42,43]and second-order Møller-Plessett (MP2) p
urbation theory[41]. Energies were also calculated w
he Quadratic Configuration Interaction method[44] with
ingle, double and linearized triple excitations [QCISD
or MP2 optimized geometries. All minimum energy str
ures were characterized by a vibrational frequency a
sis and the energies were corrected for both zero-
nergy and basis-set superposition error via the Cou
oise approach[45]. The 6-31G+(2d,p) basis set was e
loyed for water[46], as this basis set generates a ra
ccurate structure and a reasonable dipole moment fo
hase water at the MP2 level of theory. Approximate ato
harges and the resulting solvent dipole moments were e
ted with the electrostatic potential (ESP) method[47]. Lan-

hanide ions were represented by Stuttgart-Dresden-
SDD) large-core pseudopotentials and valence basis
48,49], which allow for an extensive description of the
ence space and yields relatively accurate interaction ene
48,49].
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Table 1
Structural, energetic and electronic properties of small Ln3+(H2O) clustersa

Ion Property HF B3LYP MP2 QCISD(T) Modele

Nd3+ rLn–O
b 2.32 2.29 2.30 2.30 2.36

Do
c 85.5 98.0 87.3 88.7 88.7

µH2O
d 3.27 6.03

Eu3+ rLn–O
b 2.27 2.24 2.26 2.26 2.34

Do
c 90.5 103.7 92.3 94.3 92.7

µH2O
d 3.37 6.17

Er3+ rLn–O
b 2.19 2.15 2.17 2.17 2.27

Do
c 99.2 113.2 101.2 103.4 103.3

µH2O
d 3.43 6.54

Yb3+ rLn–O
b 2.16 2.13 2.15 2.15 2.22

Do
c 102.4 116.7 104.7 106.2 106.4

µH2O
d 3.52 6.96

a Quantum chemistry calculations are performed with the 6-
31+G(2d,p)/SDD basis set as discussed in the text.

b Lanthanide to oxygen distance (Å).
c Binding energy (kcal/mol) corrected for zero-point energy and basis set

superposition error.
d Dipole moment (D) of water based on calculated, ESP charges[47].
e Prediction of model potentials.

2.2. Ln3+(H2O) model—structural and energetic
properties

Table 1outlines the features of the minimum energy struc-
tures obtained from our quantum chemistry calculations for
the Ln3+(H2O) cluster model.1

All ion–water dimers possess C2v symmetry. Most of
the model chemistries yield similar binding energies and
ion–water distances, and the latter agree well with those re-
ported in the literature for bulk solutions[5,22–26]. Typically,
the lanthanide ion will bind to oxygen at a distance of 2.30Å
in the case of Nd3+ and 2.15Å for Yb3+ according to our
MP2 calculations. As expected, the cluster binding energy
is seen to increase across the series, from 88.7 kcal/mol for
the Nd3+–water dimer to 106.2 kcal/mol for the Yb3+–water
dimer according to our QCISD(T) calculations. The shifts in
equilibrium ion–water distance are not surprising given that
the heavier atoms possess an increased charge to size ratio
and, thus, are more prone to inductive effects. Furthermore,
the repulsive character of the interaction is reduced across
the series due to the decrease in ionic size, leading to more
favorable association between the ligand and ions. We note
that the popular B3LYP method yields binding energies sys-
tematically overestimated by as much as 10 kcal/mol, com-
pared to the more rigorous MP2 or QCISD(T) values. This
i ters
[
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Table 2
Changes in charge distributions and water structural properties in Ln3+(H2O)
clusters

Ion �qLn
a �qO

a �qH
a �µb �rO–H

c �∠H–O–H
d

Nd3+ −0.15 −0.35 +0.25 1.16 0.03 −1.8
Eu3+ −0.15 −0.39 +0.27 1.26 0.03 −1.7
Er3+ −0.15 −0.44 +0.30 1.32 0.03 −1.5
Yb3+ −0.16 −0.44 +0.30 1.41 0.03 −1.5

a Change in the atomic charge (e) upon complexation, based on calculated
ESP charges[47].

b Change in the water dipole moment (D) upon complexation, based on
calculated ESP charges[41]. The sum of the water atomic charges is not ex-
actly zero, and the origin was chosen as the midpoint between the hydrogens
in the calculation of the dipole moments.

c Change in water O–H distance (Å) upon complexation.
d Change in water angle (◦) upon complexation.

2.3. Ln3+(H2O) model—electronic properties

In order to evaluate induction effects, we calculated the
partial, atomic charges of each atom in the dimer clusters and
the resulting dipole moments. The changes in atomic charges
and dipole moments upon complexation are listed inTable 2.
The first, notable feature is that the positive partial charges
of the lanthanide ions decrease in the dimer, indicating some
(slight) electron transfer from the solvent.2

A significant distortion of the electronic distribution of
the water molecule occurs due to the polarizing nature of the
lanthanide ion, which pulls some negative charge from the
oxygen atom. The extent of charge transfer from oxygen to
the lanthanide ion is of the order of 0.15e for all ions studied.
The electronic changes are accompanied by slight structural
changes in the water molecule: the O–H bonds are elongated
by 0.03Å and the water bond angle shrinks by an average
∼1.6◦. These results are in agreement with the trends previ-
ously reported by Hengrasmee et al.[26]. Induction effects
result in a significant increase in the dipole moment of water,
of the order of∼1.2–1.4 D, which is substantially larger than
the increase observed in clusters of smaller charge:size ratios
[52,53]. These results clearly demonstrate the need to incor-
porate polarization into any model that accurately describes
Ln3+–water interactions.
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s consistent with our previous findings for anionic clus
50,51].

1 We note that the deprotonated species [Ln(OH)]2+ is predicted to b
ore stable than the Ln3+(H2O) species by 40 kcal/mol, which may expl
hy small trivalent lanthanide–water clusters have not been observ
erimentally, but these quantum chemistry calculations provide a ba
haracterizing the interactions between water molecules and the tri
ons in larger clusters.
.4. Larger Ln3+(H2O)n clusters (n = 6, 8, and 9)

In addition to our benchmark with cluster dimers, we
ompare the predictions of our model against quantum c
stry calculations for a select number of larger clusters. B

2 We note that the ESP method of Ref.[47] provides charge distribution
hat properly describe the electrostatic potential experienced by a spe
pecies such as another solvent molecule. ESP charges are thus a
s the basis for parameterization of model potentials for ionic cluster
ay be questionable for discussing intermolecular charge transfer. W
owever that other methods such as Mulliken charge analysis[64], Natura
ond Orbital theory[65] and the quantum theory of Atoms in Molecules[66]
ield very similar results (S.R. Hughes, J.A. Capobianco, G.H. Peslh
n the Nature of Bonding Interactions in Small Metal Ion-Water Clus

o be submitted).
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Fig. 1. Minimum energy Er3+(H2O)n cluster structures for (A)n= 6, (B)n= 8 and (C)n= 9 obtained from quantum chemistry calculations with the HF/SDD/6-
31+G(2d,p) model chemistry. Distances are inÅ.

on the fact that B3LYP seemed to systematically overesti-
mate binding energies for the dimers by as much as 10% (cf.
Table 1), we opted to perform HF calculations for the larger
clusters. Even though HF lacks electron correlation, it yielded
dimer structural and energetic properties comparable to those
predicted by the high-level QCISD(T) and, as such, HF cal-
culations may provide respectable estimates of the properties
of large Ln3+(H2O)n clusters.

In previous work by Walker et al.[8], Ho3+(H2O)n
were reportedly not found in mass spectrometry experiments
employing the pick-up technique, but it was shown that
metal–solvent clusters of various sizes containing acetonitrile
or acetone could be generated. In particular, Ho3+(CH3CN)6
and Ho3+(C3H6O)6 appeared to be preferentially formed.
Accordingly, we have attempted to probe the characteristics
of hexa-coordinated Ln3+ complexes via quantum chemistry
calculations. An octahedral symmetry was assumed to be the
initial structure, given that it is the preferential coordination
of the lanthanide ions with 6 ligands[31]. An example of a
minimized structure can be seen inFig. 1 A and properties
of these clusters are collected inTable 3. Similar trends are
observed as for the dimer. For instance, the bond distances
shorten from an average 2.50Å in Nd3+(H2O)6 to 2.33Å in
Yb3+(H2O)6. Furthermore, the total cluster binding energies
increase, from 371.0 to 431.2 kcal/mol for the same clusters.

We have also optimized the structures of Ln3+(H2O)8 and
Ln3+(H2O)9, since these clusters correspond to the prefer-
ential coordination numbers of lanthanide ions in solution
[28–32]. We assumed a square anti-prism (SQA) and a tri-
capped trigonal prism (TCTP) for the 8- and 9-coordinated
clusters, respectively (seeFig. 1B and C), as they appear
to be the preferred coordination structures of water to the
lanthanides in solution[28–32].3 The features of these clus-
ters are also collected inTable 3. The ion–water distances
are seen to decrease across the lanthanide series, very much
like what was observed earlier for the dimer model, reflect-
ing the ‘lanthanide contraction’. Our structural results com-
pare well with those of Cosentino et al., who reported the
features of several global minimum energy structures for
Nd3+(H2O)8, Yb3+(H2O)8 and Gd3+(H2O)9 clusters[23,24].
In addition our energetic results are in the range of those
reported by Hengrasmee et al., though their calculations

3 No systematic quantum chemistry investigation of the larger clusters
was performed. The SQA and TCTP structures were only considered here
as typical 8- and 9-coordinated cluster structures. They appear, however,
to be the lowest-energy structures for such cluster sizes. For instance, the
total cluster binding energy of the 7 + 1 coordinate Eu3+(H2O)8 cluster is
approximately 5 kcal/mol higher in energy than the SQA structure, and that
of the 6 + 3 coordinate structure for Eu3+(H2O)9 is 2 kcal/mol higher than
the TCTP structure.
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Table 3
Structural, energetic and electronic properties of Ln3+(H2O)n (n= 6, 8 or 9)

Ion Property 6-coordinated 8-coordinated 9-coordinated

HFa Modelb HFa Modelb HFa Modelb

Nd3+ rLn–O
c 2.50 2.63 2.54 2.74 2.59/2.61 2.78/2.84

Ud 371.0 351.5 431.2 403.9 451.0 424.8
µH2O

e 3.24 4.10 3.08 3.60 3.10/2.99 3.50/3.35
qNd

e +2.8 +3.0 +2.9 +3.0 +3.0 +3.0

Eu3+ rLn–O
c 2.45 2.63 2.53 2.72 2.55/2.58 2.75/2.82

Ud 389.4 364.0 449.1 416.9 467.7 438.4
µH2O

e 3.34 4.10 3.14 3.60 3.11/3.07 3.53/3.37
qEu

e +2.8 +3.0 +3.1 +3.0 +3.2 +3.0

Er3+ rLn–O
c 2.36 2.63 2.44 2.67 2.47/2.54 2.69/2.78

Ud 419.4 392.2 477.4 451.9 493.7 471.3
µH2O

e 3.27 4.10 3.09 3.70 3.16/3.11 3.56/3.37
qEr

e +2.8 +3.0 +2.9 +3.0 +2.8 +3.0

Yb3+ rLn–O
c 2.33 2.50 2.42 2.66 2.44/2.53 2.68/2.80

Ud 431.2 406.0 487.5 441.9 502.9 459.5
µH2O

e 3.26 4.20 3.10 3.71 3.14/3.10 3.59/3.33
qYb

e +2.8 +3.0 +2.9 +3.0 +3.0 +3.0
a Quantum chemistry calculations are performed with the 6-31+G(2d,p)/SDD basis set as discussed in the text.
b Predictions of model potentials.
c Lanthanide to oxygen distance (Å). For 9-coordinated species, the values listed correspond to the axial and equatorial ligand properties, respectively.
d Binding energy (kcal/mol) corrected for zero-point energy and basis-set superposition error.
e Dipole moment (D) of water and atomic charges of Ln3+ (e) based on calculated ESP charges[47]. For 9-coordinate species, the values listed correspond

to the axial and equatorial ligand properties, respectively.

assumed a cubic structure for Ln3+(H2O)8 as opposed to
the SQA structure[26]. HF calculations for the Ln3+(H2O)
dimer seemed to underestimate the cluster binding energies
by a consistent∼4 kcal/mol (approximately 4%), compared
to the QCISD(T) predictions. Thus, the HF energies listed in
Table 3may also be underestimated by a similar 4%.

3. Model potential and simulations/procedure

3.1. Functional form of the model potentials

The model chosen to represent ion–water and water–water
interactions is a sum of Coulombic, induction and repulsion-
dispersion terms[1–3]:

U = UCoulomb+ UInduction+ URepulsion-dispersion. (1)

The Coulombic energy simply reflects the interactions be-
tween permanent charges:

UCoulomb=
∑
i,j

qiqj

rij
, (2)

wherei andj represent different sites in the system separated
by a distancerij and theq’s are the static point charges of
t gy is
e

U

whereEij is the electric field at sitei arising from the perma-
nent charges:

�Eo
i =

∑
j

qj · �rj
|�ri − �rj|3 , (4)

and the induced dipoles,µij , are evaluated as a linear response
to the total electric field:

�µi = αi · �Ei = αi


 �Eo

i +
∑
i�=j

Tij · �µj


 , (5)

whereαi is the polarizability of sitei andTij is the dipole ten-
sor[54]. The polarizable sites in the induced dipole problem
of Eqs.(3) to (5) account for the mutual polarization of the
solvent molecules and the lanthanide ion. In cluster simula-
tions, the low dimensionality of the problem yields a straight-
forward solution of the set of linear equations in Eq.(5) in
matrix form[55], which is obtained by LU decomposition and
back substitution[56] in this work. The repulsion-dispersion
interactions are represented by a generalized 12-8-6 Lennard-
Jones potential:

URepulsion-dispersion=
∑
i,j

[Aijr
−12
ij + Bijr

−8
ij − Cijr

−6
ij ], (6)

whereAij , Bij andCij are adjustable parameters.

3

the
p -
he metal ion and the water atoms. The induction ener
xpressed as

Induction = −1

2

∑
i

�Eo
i �µi, (3)
.2. Parameterization of the model potentials

The parameters for the polarizable model include
oint charges (qi), the polarizabilities (αi) and the repulsion
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Table 4
Potential parameters

Aij a Bij a Cij
a

Nd3+–O 0 92665 7099
Eu3+–O 0 93199 7871
Er3+–O 0 92488 9327
Yb3+–O 0 77694 6794
O–Ob 1,152,921 0 1074
H–Hb 105c 5.5c

αd qe

Nd3+ 2.8 3.00
Eu3+ 2.8 3.00
Er3+ 2.8 3.00
Yb3+ 2.8 3.00
Ob 1.45 −0.569
Hb – 0.569

rO–M
f θH2O−M

g

Water 0.342 43.4

a Repulsion-dispersion parameters:Aij (kcal molÅ−12), Bij
(kcal molÅ−8), Cij (kcal molÅ−6).

b From references[1,2].
c Repulsion parameters between hydrogen atoms: the functional form

of this interaction is a Born-Mayer term,Aije−Bijr , with parametersAij
(kcal/mol) andBij (Å−1) [1].

d Polarizability (Å3).
e Permanent point charges (e).
f Distance between oxygen and its charge sites (Å) [1].
g Angle defining each oxygen charge site with respect to the molecular

plane of water (◦).

dispersion parameters (Aij , Bij , andCij ). The lanthanide ions
are assigned a +3 charge and a polarizability of 2.8Å3. The
latter is larger than the experimental polarizability of La3+

(1.6Å3) [57] and should be more representative of that for
the late ions in the lanthanide series. The point charges and
polarizability of water are those of our OPCS model[1,2].
The parameters are listed inTable 4. Briefly, the OPCS
model is a rigid, 5-site model, with 4 permanent charge sites,
one induced dipole site on the oxygen atom and repulsion
sites on the hydrogen atoms. Of the 4 permanent charges,
2 positive charges are positioned on the hydrogen atoms,
while 2 negative charges are located in the vicinity of the
oxygen atom towards the hydrogen atoms, out of plane from
the water symmetry axis. It should be noted that this model
employs a water molecule with a rigid gas-phase geometry
(rOH = 0.9572Å, ∠HOH = 104.52◦ [58]) and reproduces
the gas-phase water dipole moment[59]. The repulsion-
dispersion parameters for the solvent–solvent interactions
were fit to reproduce the water dimer geometry and binding
energy[1]. The ion–solvent interactions were fit to reproduce
the equilibrium ion–water distance, the binding energy and
the dipole moment of water molecules as predicted by
quantum chemistry calculations for the ion–water dimer.
This fitting was performed using a non-linear least-squares
algorithm based on the Marquardt-Levenberg method[56].

nic
p ture

predicted by the model potentials. We note that the binding
energies of the dimers are reproduced very well by our
model potentials, with little or no deviation with respect to
the QCISD(T) values. The ion–water bond distances differ
from the MP2 value by at most 0.08̊A, which constitutes
an overall error of only 3% with respect to the quantum
chemistry reference. The water dipole moments predicted
by our model potentials follow the trend predicted by our
quantum chemistry calculations, i.e., they are significantly
larger than that of gas-phase water in the presence of
lanthanide ions, and lighter lanthanide ions have a smaller
effect on the induced dipole than heavier ions. However,
the water dipole moments in Ln3+(H2O) clusters are grossly
overestimated by our model potential when compared to
the quantum chemistry results. Improving the water dipole
moments predicted by the model potentials could only be
done at the expense of the cluster structure and binding
energy. This overestimate of solvent polarization in the
dimer may be attributed to the neglect of charge transfer in
the functional form of the potential, but as will be discussed
shortly, it will be less of an issue for larger clusters.

The predictions of our model potentials for a select num-
ber of larger Ln3+(H2O)n clusters (n= 6, 8, and 9) are sum-
marized inTable 3, where they are compared to the results
of quantum chemistry calculations. The ion–water distances
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Table 1 lists the structural, energetic and electro
roperties of the ion–water dimer minimum energy struc
redicted by the model potentials across the lanthanide
arallel the quantum chemistry results, and again reflec

lanthanide contraction’ phenomenon. It can also be see
he water dipole moments decrease significantly compar
heir value in the cluster dimer, and in general decrease
luster size increase. We also note that the overestim
f the water dipole moments by the model potentials, c
ared to the quantum chemistry results, is greatly reduc

arger clusters, for which the predictions of the model po
ial lie within ∼20% of the quantum chemistry results. T
s due to the ion making multiple associations with solv

olecules and an increased number of solvent–solve
ulsions, which result in structures with the ion located

arger distance from the water molecules. For instance
verage ion–oxygen distance is∼0.2Å longer for cluster siz
when compared to those for cluster size 1, and the l

istances between the ion and the solvent molecules nat
ead to a decrease of mutual polarization. In addition, it
e seen fromTable 3that the atomic charge of the lanthan

on increases with cluster size, regaining the full +3 charg
luster size 9. This clearly indicates that charge transfer
n issue for larger clusters and that, even though polariz
ffects may be overestimated for smaller clusters, they w
uantitatively described by our model potential for medi
ize to large clusters. Atn= 6, 8 and 9, the water molecu
re located at much larger distances from the ion with re

o those seen in the dimer (∼0.2Å further). For this reason
he charge transfer mechanism becomes less probab
hus, is minimized in our calculations of larger clusters.

Finally, inspection ofTable 3reveals that the model p
entials seem to properly account for many-body interact
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yielding cluster binding energies underestimated by only 6%
compared to the quantum chemistry values for intermediate
cluster sizes 6, 8 and 9. Together with the fact the HF quan-
tum chemistry results underestimated the binding energies
predicted by high-level QCISD(T) calculations by 4%, this
suggests an error bar of∼10% for energetic properties pre-
dicted by our model potentials for medium-size clusters.

3.3. Monte Carlo simulations

Monte Carlo simulations were used to investigate the ther-
modynamic and structural properties of Ln3+(H2O)n clusters
at 300 K. The detailed procedure has been reported previ-
ously [3] and only the key features are summarized here.
A random-walk approach is used to generate new config-
urations, which involves the random translation of a water
molecule in Cartesian space and its rotation around the Euler
angles. The maximum allowed translations were set to 0.15Å
and the range of angular movements was set to 15◦. The re-
sulting configurations were accepted or rejected according
to the Metropolis algorithm[60]. Because we are simulat-
ing clusters and not the bulk liquid, no periodic boundary
conditions were imposed. As a consequence, evaporation of
the solvent molecules from the cluster is possible and it was
closely monitored. Any water molecule that is found beyond
2
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4. Results and discussion

4.1. Structural data

Fig. 2 shows some representative structures of
Eu3+(H2O)n clusters obtained from room-temperature
Monte Carlo simulations. The ion is clearly coordinated to
the water oxygen atoms and the clusters exhibit an interior
solvation shell structure. The latter finding is further ascer-
tained from the probability distribution functions shown in
Fig. 3, where clear peaks are indicative of a well-defined ion
solvation shell structure. The interior solvation structure is
due to the fact that the loss in free energy associated with
the disruption of the solvent network is compensated by the
formation of much stronger ion–solvent bonds. This is not
surprising given the very large lanthanide ion–water binding
energies discussed earlier, of the order of 100 kcal/mol, com-
pared to a water–water interaction energy of∼5 kcal/mol
[1]. Evidence of a second, loose, coordination shell can
be seen for large clusters such as Ln3+(H2O)64 from the
second peak at∼5Å. This is a reflection of the long-range
influence of the ion on the solvent and indicates that
the ion–solvent interactions ultimately govern the cluster
structure.

The probability distribution functions shown for
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0Å from the ion for cluster sizesn< 64 and 35̊A for clusters
izes 64≤n< 128 are considered evaporated from the c
er. Markov chains containing configurations with evapor
olvent molecules were discarded from the overall sam
o as to define a representative, equilibrium ensemble
iven cluster size. A periodic heating and cooling of the

em was used to avoid trapping in local minima. In gene
ach run entailed at least 2× 106 configurations for equilibra

ion, followed by an equal amount of steps for data collec
he acceptance ratios obtained ranged between 35 and

Cluster enthalpies were calculated from the average
rgy〈U〉 of the canonical ensembles of configurations a

Hn = �U + �(PV ) = 〈U〉 + nRT, (8)

nd the stepwise binding enthalpies, which represen
nthalpy gain associated with the addition of one sol
olecule to the cluster, were calculated as

Hn,n−1 = �Hn − �Hn−1. (9)

The structural properties of the clusters were analyz
erms of a distance-dependent coordination numberNcoord(r),
nd its derivative,P(r), which is the normalized radial pro
bility distribution function:

(r) = dNcoord(r)

dr
= n4πr2g(r)∫ ∞

0 4πr2g(r) dr
(10)

It should be noted thatP(r) differs from the radial distribu
ion functiong(r) used in liquid structure theory by a factor
πr2 and it is normalized to the number of solvent molec

n the cluster.
.

n (H2O)64 are representative of those observed for
lustersn≥ 24 for each ion studied. In the case of Eu3+,
here the average first-shell coordination number
etween 8 and 9, simulation results point to a purely 8
-coordinated first hydration shell structure. Furtherm

he fact that the probability distribution function,P(r), goes
o zero in between the two peaks representing the firs
econd coordination shells indicates that solvent mole
re not found in between the coordination shells, in ag
ent with the low residence times for water previou

eported by Kowall et al.[38,39].
The average first-shell coordination numbers of the

hanide ions are listed inTable 5for a number of cluste
izes. When approaching cluster size 64, the coordin
umbers derived from our simulations agree well with th
btained from X-ray and neutron diffraction experiment
nCl3 solutions[28–32], and changes in coordination nu
ers along the series are consistent with solution experi

al data. The relatively slow convergence of the coordina
umbers to the bulk values contrasts with what was obse

able 5
verage first-shell coordination numbers of Ln3+(H2O)n

n Expa

6 7 8 9 12 24 36 64 128

d3+ 6.0 6.6 6.5 6.5 6.4 8.0 8.0 8.2 8.6 8.
u3+ 6.0 7.0 7.0 6.9 7.0 8.0 8.0 8.2 8.4 8.
r3+ 6.0 6.9 7.1 7.0 6.7 7.8 8.0 8.0 8.0 8.
b3+ 6.0 6.3 7.3 6.6 7.1 7.9 7.9 7.9 8.4 7.

a Bulk solution data[28–32].
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Fig. 2. Representative structures obtained for Eu3+(H2O)n clusters from Monte Carlo simulations with model potentials.

in our previous work on cesium and sodium–water clusters
[1–3], for which the coordination numbers are comparable to
those observed in the bulk at very small cluster sizes (n< 12).
This difference is due to the low charge:size ratio of the
monovalent ions, which results in weaker ion–water inter-
action energies. For instance, the binding energy of sodium
to water is∼24 kcal/mol, whereas that of ytterbium to water
is ∼106 kcal/mol. As a result, first-coordination shell water
molecules can be found at a larger distance from the ion and
from each other, and solvent–solvent repulsions in the first
coordination shell are minimized in monovalent ion–water
clusters.

The distances between the ions and the oxygen atoms of
the water molecules in the first coordination shell are listed
in Table 6for a number of cluster sizes. Experimental, bulk
values from diffraction studies of LnCl3 salt solutions are
also provided inTable 6for comparison[28–32]. The cluster
ion–water distances, even for very large clusters, are larger
than those for bulk solutions by 0.25Å. These deviations
could be attributed to the absence of counter-ions in our clus-
ters, which may drive the solvent to coordinate more tightly
to the cations due to repulsions. Compared to the previous
model of Floris and Tani[25], our model reproduces the
decrease of the coordination number across the series, but
apparently at the expense of the ion–water distances. Both
t
f -

ately. The former failed to reproduce the experimental co-
ordination number and the latter, the ion–water distance in
the bulk. Our model not only manages to reproduce the ap-
propriate coordination number of Yb3+, but the trend in the
Yb3+–O distance predicted for large clusters by our model
also is consistent with the experimental bulk values[28–32].
Our model is thus capable of consistently describing the
qualitative differences in lanthanide coordination across the
series.

Solvation in smaller clusters differs somewhat from that
for larger clusters. Inspection ofTable 5indicates that the
model predicts either 6 + 2 or 7 + 1, and either 6 + 3 or 7 + 2
coordination for cluster sizes 8 and 9, respectively. The +1,

Table 6
Average ion–water distance (Å) in the first coordination shell of
Ln3+(H2O)na

N Expb

24 36 64 128

Nd3+ 2.74 2.73 2.75 2.77 2.51
Eu3+ 2.72 2.71 2.71 2.74 2.45
Er3+ 2.65 2.66 2.66 2.65 2.37
Yb3+ 2.64 2.64 2.63 2.67 2.32

a Average lanthanide to oxygen distance from Monte Carlo simulations.
The cut-off radius for the first coordination shell was determined from the
p
he models of Floris and Tani[25] and Kowall et al.[38]

ailed to describe the solvation of Yb3+ in solution appropri

robability distribution functions.

b Bulk solution data[28–32].
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Fig. 3. Radial probability distribution functions and cumulative radial probability distribution functions vs. Ln3+–O distance for Ln3+(H2O)12 and Ln3+(H2O)64

(Ln3+ = Nd3+, Eu3+, Er3+ and Yb3+). First-shell coordination numbers derived from the cumulative functions are listed inTable 5and average ion–oxygen
distances inTable 6.

+2 and +3 refer to solvent molecules that reside outside the
first coordination shell, indicating the beginning of a second
hydration shell formation. This trend is observed for all clus-
ters in the range ofn= 8–12. This is not a surprising result
since no solvent network is present to confine the additional
solvent molecules in the first solvation shell. At larger cluster
sizes, additional solvent molecules may drive the ion coor-
dination numbers towards bulk values. Similar behavior has
been reported by Derepas et al.[5] for small La3+(H2O)n
clusters.

4.2. Thermodynamic data

Cluster enthalpies for Ln3+(H2O)n clusters are shown as a
function of clusters size inFig. 4. We note that since our model
potentials are likely to underestimate the cluster binding en-
ergies by∼10% for medium-sized clusters (cf. Section3.2),
the total cluster enthalpies are likely to be underestimated by
a similar 10%. Stepwise binding enthalpies for cluster sizes
n= 6–15 are shown inFig. 4a. A remarkable feature of the
stepwise binding enthalpies is the more pronounced decrease
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Fig. 4. (a) Stepwise binding enthalpy vs. cluster size for Ln3+(H2O)n clus-
ters (n= 6–15); (b) reduced cluster enthalpy vs. cluster size for Ln3+(H2O)n
clusters (n= 6–128). The experimental heat of vaporization of bulk water,
shown as a dashed line, has a value of 9.7 kcal/mol; (c) total cluster enthalpy
vs. cluster size for Ln3+(H2O)n clusters (n= 6–128). All enthalpies are in
kcal/mol.

occurring between�H6,5 and�H7,6, which coincides with
the completion of the first hydration shell in small clusters as
shown inFig. 3 (top panels) and as discussed earlier. Since
the solvation of Ln3+ ions in both water and acetonitrile in the
bulk follow similar trends[61], a similar behavior may be ex-
pected for small clusters, and these findings may be consistent
with the experimental observations of only Ho3+(C3H6O)6
and Ho3+(CH3CN)6 clusters[8].

Total cluster enthalpies and reduced cluster enthalpies
are shown inFig. 4b and c, respectively, as a function of
cluster size. The thermodynamic properties follow the ener-
getic trends observed earlier, with the lighter lanthanide ions
having smaller cluster enthalpies than the heavier ions. For
example, the Nd3+(H2O)128 cluster has a total enthalpy of
∼1492 kcal/mol, whereas the Yb3+(H2O)128 cluster has a to-
tal enthalpy of∼1556 kcal/mol. At a cluster sizen≥ 36, the
total cluster enthalpies start to increase almost linearly. This
may reflect the decreasing influence of the ion interaction
with the outermost solvent molecules and indicate that the
change in stabilization enthalpy of the cluster arises primar-
ily from additional H2O–H2O interactions. This is reflected in
the plateau observed in the reduced cluster enthalpy shown in
Fig. 4c. The latter converges to the heat of vaporization of wa-
ter, whose experimental value is around 9.7 kcal/mol[62],4 as
the reduced cluster enthalpy naturally approaches the average
amount of energy necessary to vaporize one solvent molecule
from the cluster in the large cluster regime[3]. The reduced
cluster enthalpies for Ln3+(H2O)n are ∼17.0 kcal/mol for
n= 64 and∼13.0 kcal/mol forn= 128. Interestingly, the con-
vergence of the reduced cluster enthalpy towards the heat of
vaporization of water occurs at a far faster rate in clusters
containing smaller monovalent metal ions than in those con-
taining trivalent lanthanides. For instance, the Na+(H2O)36
r
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educed cluster enthalpy lies only within∼2 kcal/mol of the
eat of vaporization of water[3]. This is once again a refle

ion of the long-range influence of the trivalent lanthan
on interaction with the surrounding solvent molecules
ond the first coordination shell.

. Conclusions

In this work, we have investigated the structural and t
odynamic properties of Ln3+(H2O)n clusters by means

oom-temperature Monte Carlo simulations. These cal
ions made use of a rigorous model potential containin
xplicit polarization term that was fitted to quantum ch

stry predictions of the energetic, structural and electr
roperties of small Ln3+–water clusters.

An interior solvation shell structure is observed for
n3+(H2O)n clusters, and peaks in the probability distri

ion functions indicate a well-defined solvation shell st
ure. For all clusters, the following trends are observe
oing across the lanthanide series: ion–water binding
ies increase, while ion–water distances decrease. Sm
lusters (n= 8–12) tend to adopt 6- or 7-coordinated str
ures due to the absence of a solvent network, which i
nces the coordination number via induction effects. At l
luster sizes, the lighter lanthanide ions (e.g., Nd3+) show
preference for forming 9-coordinated structures with

igands, whereas the heavier lanthanides (e.g., Yb3+) yield

4 Liquid simulations are being performed in order to assess how we
odel potential can reproduce the heat of vaporization of water.
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8-coordinated structures, in agreement with what is observed
experimentally for bulk solution[28–32].

Since there has been little experimental work on multiply
charged ion aqueous clusters, we have calculated thermody-
namic quantities related to the binding of water molecules
to Ln3+ ions to guide possible, future experiments. The pre-
dicted stepwise binding enthalpies are quite large, even for
small cluster sizes. A more pronounced decrease of the step-
wise binding enthalpies occurs betweenn= 6 and 7, reflecting
the completion of the first coordination shell in small clus-
ters and indicating the higher stability of hexa- and hepta-
coordinated clusters, a feature consistent with experimental
observations with other solvents[8]. The total cluster en-
thalpies show that the lighter lanthanides bind less tightly to
the solvent than do the heavier ions. At larger cluster sizes,
the increase in the cluster enthalpies is attributed to inter-
actions of the additional (outermost) water molecules with
other solvent molecules that solvate the ion. As a result,
the reduced cluster enthalpies converge to the heat of va-
porization of liquid water but the rate of convergence for
Ln3+(H2O)n is much slower than what was observed for
monovalent ion aqueous clusters[1–4], a feature consistent
with the strong, long-range interaction of Ln3+ ions with sol-
vent molecules.

Previous simulations of monovalent metal ion aqueous
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