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Abstract

Although metal ion—water clusters™(H,O), have been widely studied for many singly charged metal ions, thermodynamic and structural
studies of di- or trivalent metal ion—water clusters remain relatively rare. We have investigated the structural and thermodynamic properties
of Ln3*(H,0), clusters (LA* = Nd**, EL**, EF* and YIB*) by means of Monte Carlo simulations using newly-developed, polarizable model
potentials parameterized on the basis of ab initio calculations for small clusters. We report total cluster enthalpies and stepwise cluster binding
enthalpies predicted by our simulations. Our results also indicate tRatiams exhibit a well-defined interior solvation shell structure. At
small cluster sizesn(=6-12), the first-shell coordination numbers are close to 6 or 7, whereas convergence towards bulk-like coordination
numbers seems to be achieved at cluster s8iz&4. In contrast, convergence of the thermodynamic properties towards bulk values only
occurs at much larger cluster sizes; 64.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction solutions [19,20] One of the most pertinent solvents is
obviously water, which is ubiquitous in chemistry and
The microsolvation of metal ions in the gas phase has biology.
been the focus of intensive research over the last 20 years In an effort to probe the interactions between triva-
[1-4]. Particular attention has been paid to the energetic, lent metal ions and water, we have opted to investigate
structural and spectroscopic properties of ionic clusters Ln3*(H,0), clusters, paying particular attention to their
containing monovalent metal ions. However, despite ad- structural and thermodynamic properties. The lanthanides
vanced techniques that allow for the generation of multiply are particularly interesting due to their rather unique bind-
charged, solvated metal ion clustefs-18] they have ing properties, which contrast with their transition metal
not been studied extensively, especially those clusterscounterpartd21]. Despite large, ion-ligand binding ener-
containing trivalent metal ionf9—15]. Understanding the  gies [5,22—-27] the lanthanide ions are believed to form
fundamental interactions involved in the formation of predominantly ionic complexes with their ligands. This is
these clusters, such as the metal-to-ligand bond, can yieldowed to the shielding of the 4f-orbitals by the outermost
insight into the properties of larger clusters or even bulk 5p and 5s electrons, which prevents them from participat-
ing in metal to ligand covalent bindinf21]. In addition,
mspondmg author. Tel.: +1 514 848 2424x3335; these ions exhibit a erxik_)Ie coordination chemistry, binding
fax: +1 514 848 2868. anywhere from 6 to 10 ligands. Even though the preferen-
E-mail addressghp@alcor.concordia.ca (G.H. Peslherbe). tial coordination numbers of lanthanide ions in solution had
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been the subject of a heated debate in the past, it is nownation structures as opposed to purely 8 or 9 coordinated
widely accepted that the coordination numbers are closer tospecies.

nine for the lighter lanthanide ions and eight for the heav-  We have constructed a new, rigorous model potential, pa-
ier ions. This phenomenon is attributed to ‘lanthanide con- rameterized to reproduce properties of small ion—water clus-
traction’, or the reduction in ionic size across the lanthanide ters derived from quantum chemistry calculations. This is in
series[28-34] Because of these features, lanthanide ions contrast with the models presented earlier, which, with the
provide the foundation for many electro-luminescent devices exception of the work of Derepas et #], were geared
[21]. towards bulk, agueous solvation. We have made use of

Despite sustained efforts, there has been limited succes®ur model potential to carry out room-temperature simula-
in detecting trivalent lanthanide—solvent clusters with protic tions of Lre*(H.0), clusters, specifically those involving
solvents, in particular with water as a solvg@#11]. Triva- Nd®*, EL?*, Er**, and YB*, in order to evaluate the struc-
lent lanthanide metals have been shown to be prone to dis-tural and thermodynamic features of these clusters. These
sociative electron or proton transfer, resulting in the produc- ions were chosen since they are characteristic of the trends
tion of either MM*X(HOR), or M2*OR(HORY), specieg11], in coordination across the series, in addition to their rele-
an observation that has yet to be explained, given that thevance as it relates to luminescence actijit§]. The out-
third ionization potential of some lanthanide metals, such line of this article is as follows: we first discuss the re-
as La and Ce, is lower than the second ionization potential sults of quantum chemistry calculations for smalftH,0)
of Cu, which is known to form stable Gt(H,0), clusters clusters. The latter serve as the basis for parameteriza-
[11]. To date, only Shvartsburg has reported the successfultion of our model potentials, which are presented in the
retention of the 3+ state of lanthanide metals in clusters of a following section along with the computational details of
protic solvent, namely L¥f—diacetone alcohol clustefsi], our simulations. The cluster structural features and ther-
and only for cluster sizes in the range of 5-8. On the modynamics resulting from our simulations are then pre-
other hand, it has been shown that the 3+ state can be readsented and discussed. Concluding remarks follow immedi-
ily conserved in clusters containing aprotic solvents such ately.
as acetonitrile, acetone, dimethyl formamide and dimethyl
sulfoxide [8,9,12—15] Shvartsburg has reported minimum
lanthanide—solvent cluster sizes f 1-3 for acetonitrile 2. Quantum chemistry calculations for small
[12] andn=2-5 for dimethyl sulfoxidg13], while Walker Ln3*(H,0), clusters
et al. were able to detect stable Heacetonitrile clusters,
with the most stable cluster size determined torbe6 2.1. Computational details
[8].

In the past, a variety of electrostatic potential models ~ Small, ground state [3i(H,O), clusters were charac-
have been proposed to describe lanthanide ions in solutionterized by quantum chemistry calculations using the Gaus-
Meier et al. proposed one of the earliest mod2%, which sian 98 progranf40]. Minimum energy structures were op-
was able to reproduce the experimental coordination num-timized without symmetry constraint using either the un-
ber of L&* in water, as reported by Habenschuss and Sped-restricted Hartree-Fock (HF) methddl], Becke’s three-
ding [28]. However, this study failed to address other lan- parameter Lee-Yang-Parr (B3LYP) hybrid density functional
thanide ions and, thus, did not deal with the well known theory[42,43]and second-order Mgller-Plessett (MP2) per-
‘lanthanide shift’ in coordination numbd@5,26] Subse- turbation theory[41]. Energies were also calculated with
quent work by Helm and Merbach’s group35-39] not the Quadratic Configuration Interaction meth@d] with
only reproduced the observed trends in coordination acrosssingle, double and linearized triple excitations [QCISD(T)]
the series, but also determined the solvent exchange rate$or MP2 optimized geometries. All minimum energy struc-
and coordination equilibria for Nd, Sn?* and YB** in tures were characterized by a vibrational frequency anal-
solution[38,39] Furthermore, they were the first group to ysis and the energies were corrected for both zero-point
stress the importance of polarization for these systems, andenergy and basis-set superposition error via the Counter-
they accounted for it by scaling the dipole moments of the poise approaci45]. The 6-31G+(2d,p) basis set was em-
solvent molecules in the first coordination shell. However, ployed for water[46], as this basis set generates a rather
these models predicted bulk hydration enthalpies in poor accurate structure and a reasonable dipole moment for gas
agreement with experimental valug7,34] More recent phase water at the MP2 level of theory. Approximate atomic
potentials for LA* solutions proposed by Floris and Tani charges and the resulting solvent dipole moments were evalu-
[25] yield structural results in good agreement with exper- ated with the electrostatic potential (ESP) metfd. Lan-
iment, but fail to account for the appropriate coordination thanide ions were represented by Stuttgart-Dresden-Bonn
numbers of the late ions of the lanthanide series, namely (SDD) large-core pseudopotentials and valence basis sets
Yb®*. Finally, Derepas et a[5] recently reported a model  [48,49] which allow for an extensive description of the va-
for La®*(H,0)y clusters up to siza=9. Their findings in- lence space and yields relatively accurate interaction energies
dicated the preferential formation of 7+ 1 and 7 + 2 coordi- [48,49]
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Table 1 Table 2
Structural, energetic and electronic properties of smalf (t,0) clusterd Changes in charge distributions and water structural propertiesigtzO)
lon  Property B3LYP MP2  QCISD(T) Model  clusters
NP o’ 229 230 230 236 lon  Adn®  AGo®  Aaw?  AW® At Alnor

Do® 980 873 887 887 Nd3* -0.15 -0.35 +0.25 1.16 0.03 -1.8

UH,0° 3.27 603 Eut -0.15 -0.39 +0.27 1.26 0.03 -1.7

+
Do 1037 923 943 927 e i : : . T
quod 3.37 617 @ Change in the atomic charge) ipon complexation, based on calculated
3+ b ESP chargeBt7].

E r"”go 215 217 217 227 b Change in the water dipole moment (D) upon complexation, based on

Do d 1132 1012 1034 1033 calculated ESP charggsl]. The sum of the water atomic charges is not ex-

M0 3.43 654 actly zero, and the origin was chosen as the midpoint between the hydrogens
Yb3*  rin-o® 213 215 215 222 in the calculation of the dipole morpents.

Do° 1167 1047 1062 1064 ¢ Change in water O—H distancA)(upon complexation.

MHzod 352 6.96 d Change in water angléupon complexation.

a8 Quantum chemistry calculations are performed with the 6-
31+G(2d,p)/SDD basis set as discussed in the text.

b Lanthanide to oxygen distanc:é)(

¢ Binding energy (kcal/mol) corrected for zero-point energy and basis set
superposition error.

d Dipole moment (D) of water based on calculated, ESP chd#jds

€ Prediction of model potentials.

2.3. Lr#*(H,0) 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 listetaible 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.

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
d the lanthanide ion is of the order of 0dfor all ions studied.

The electronic changes are accompanied by slight structural
changes in the water molecule: the O—H bonds are elongated
by 0.03A and the water bond angle shrinks by an average
~1.6°. These results are in agreement with the trends previ-

2.2. Lr#*(H,0) model—structural and energetic
properties

Table loutlines the features of the minimum energy struc-
tures obtained from our quantum chemistry calculations for
the Lre*(H,0) cluster model.

All ion—water dimers possessa symmetry. Most of
the model chemistries yield similar binding energies an
ion—water distances, and the latter agree well with those re-
portedinthe literature for bulk solutiofs,22—26] Typically,
the lanthanide ion will bind to oxygen at a distance of 230
in the case of N3 and 2.15A for Yb3* according to our .
MP2 calculations. As expected, the cluster binding energy ously .repor'ted_ F’y He.ngrasme'e EI[%_]' Induction effects
is seen to increase across the series, from 88.7 kcal/mol fOrresultm a significant increase in the dipole moment of water,
the N*—water dimer to 106.2 kcal/mol for the ¥h-water of the order of~1.2-1.4 D, which is substantially larger than

dimer according to our QCISD(T) calculations. The shifts in tg; |Q§r(?rahse observled '? C“fSter of smaller Eharge(:jsmg ratios
equilibrium ion—water distance are not surprising given that [52,53] These results clearly demonstrate the need to incor-

the heavier atoms possess an increased charge to size ratigorate polarization into any model that accurately describes

3+ i i
and, thus, are more prone to inductive effects. Furthermore,"n water interactions.

the repulsive character of the interaction is reduced across

the seFr)ies due to the decrease in ionic size, leading to more2'4' Larger Li¥" (H20)n clusters (n=6, 8, and 9)
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

is consistent with our previous findings for anionic clusters

[50,51]

In addition to our benchmark with cluster dimers, we will
compare the predictions of our model against quantum chem-
istry calculations for a select number of larger clusters. Based

2 We note that the ESP method of Rg7] provides charge distributions
that properly describe the electrostatic potential experienced by a spectator
species such as another solvent molecule. ESP charges are thus adequate
[ as the basis for parameterization of model potentials for ionic clusters, but

1 We note that the deprotonated species [Ln(BH}$ predicted to be may be questionable for discussing intermolecular charge transfer. We note
more stable than the BA(H,0) species by 40 kcal/mol, which may explain ~ however that other methods such as Mulliken charge angB4jsNatural
why small trivalent lanthanide—water clusters have not been observed ex- Bond Orbital theory65] and the quantum theory of Atoms in Moleculé8]
perimentally, but these quantum chemistry calculations provide a basis for yield very similar results (S.R. Hughes, J.A. Capobianco, G.H. Peslherbe,
characterizing the interactions between water molecules and the trivalentOn the Nature of Bonding Interactions in Small Metal lon-Water Clusters,
ions in larger clusters. to be submitted).
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Fig. 1. Minimum energy E¥(H,0), cluster structures for (&)= 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 aré\in

on the fact that B3LYP seemed to systematically overesti-  \We have also optimized the structures oPt{H,0)g and
mate binding energies for the dimers by as much as 10% (cf. Ln3*(H,0)y, since these clusters correspond to the prefer-
Table 1), we opted to perform HF calculations for the larger ential coordination numbers of lanthanide ions in solution
clusters. Eventhough HF lacks electron correlation, ityielded [28-32] We assumed a square anti-prism (SQA) and a tri-
dimgr structural and energetic properties comparable to thosecapped trigonal prism (TCTP) for the 8- and 9-coordinated
predicted by the high-level QCISD(T) and, as such, HF cal- clusters, respectively (sdféig. 1B and C), as they appear
culations may provide respectable estimates of the propertieso be the preferred coordination structures of water to the
of large Lr?_+(H20)n clusters. . lanthanides in solutiof28—32]3 The features of these clus-

In previous work by Walker et al[8], Ho>"(H20)n ters are also collected ifable 3 The ion—water distances
were reportedly not found in mass spectrometry experimentsare seen to decrease across the lanthanide series, very much
employing the pick-up technique, but it was shown that |ike what was observed earlier for the dimer model, reflect-
metal-solvent clusters of various sizes containing acetonitrile ing the ‘lanthanide contraction’. Our structural results com-
or acetoPe could be generated. In particulaﬁ#@Hg,CN)e pare well with those of Cosentino et al., who reported the
and HO™*(C3HgO)s appeared to be preferentially formed. features of several global minimum energy structures for
Accordingly, we have attempted to probe the characteristics Nd®*(H,0)g, Yb3*(H,0)g and Gd*(H.0)g clusterd23,24]
of hexa-coordinated 13t complexes via quantum chemistry  |n addition our energetic results are in the range of those
calculations. An octahedral symmetry was assumed to be thereported by Hengrasmee et al., though their calculations
initial structure, given that it is the preferential coordination
of the lanthanide ions with 6 ligand81]. An example of a 3 No systematic quantum chemistry investigation of the larger clusters
minimized structure can be seenkig. 1 A and properties was performed. The SQA and TCTP structures were only considered here
of these clusters are collectedTable 3 Similar trends are  as typical 8- and 9-coordinated cluster structures. They appear, however,
observed as for the dimer. For instance, the bond distanced® be the lowest-energy structures for such cluster sizes. For instance, the

o 3+ Q. total cluster binding energy of the 7+ 1 coordinate’H#H,0)g cluster is
shorten from an average 2.80n Nd (H20)6 t0 2.33A1n approximately 5 kcal/mol higher in energy than the SQA structure, and that

3 . . .
_Yb *(H20)e. Furthermore, the total cluster binding energies o the 6 +3 coordinate structure for E1GH,0)o is 2 kcal/mol higher than
increase, from 371.0 to 431.2 kcal/mol for the same clusters. the TCTP structure.
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Table 3

Structural, energetic and electronic properties of'i(H,0), (n=6, 8 or 9)

lon Property 6-coordinated 8-coordinated 9-coordinated

HF? ModeP HF? ModeP HF? ModeP

Nd3* rLn-o° 250 263 254 274 2.59/2.61 2.78/2.84
ud 3710 3515 4312 4039 451.0 424.8
UH,0° 3.24 410 308 360 3.10/2.99 3.50/3.35
Ong® +2.8 +3.0 +29 +3.0 +3.0 +3.0

Ew* rLn-o° 2.45 263 253 272 2.55/2.58 2.75/2.82
ud 3894 3640 4491 4169 467.7 438.4
UH,0° 3.34 410 314 360 3.11/3.07 3.563/3.37
Oes® +2.8 +30 +31 +30 +3.2 +3.0

Er* rLn-o° 2.36 263 244 267 2.47/2.54 2.69/2.78
ud 4194 3922 4774 4519 493.7 471.3
HUH,0° 3.27 410 309 370 3.16/3.11 3.56/3.37
Oer® +2.8 +30 +29 +30 +2.8 +3.0

Yh3* rLn-o° 2.33 250 242 266 2.44/2.53 2.68/2.80
ud 4312 4060 4875 4419 502.9 459.5
HUH,0° 3.26 420 310 371 3.14/3.10 3.59/3.33
Qvb® +2.8 +3.0 +29 +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.

¢ Lanthanide to oxygen distancé)( 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.

€ Dipole moment (D) of water and atomic charges oft (e) based on calculated ESP charfg. For 9-coordinate species, the values listed correspond
to the axial and equatorial ligand properties, respectively.

assumed a cubic structure for ¥i(H,O)s as opposed to ~ WhereEj is the electric field at sitearising from the perma-
the SQA structur¢26]. HF calculations for the L#(H,0) nent charges:

dimer seemed to underestimate the cluster binding energies_

by a consistent-4 kcal/mol (approximately 4%), compared E) = Z
to the QCISD(T) predictions. Thus, the HF energies listed in j
Table 3may also be underestimated by a similar 4%.

qj 7 @)
7 =713
andthe induced dipoleg;j, are evaluated as a linear response
to the total electric field:

3. Model potential and simulations/procedure . > > -
ni=qi-Ei=q; E?‘*‘ZTU'“J‘ . ®)
3.1. Functional form of the model potentials i#
wherey; is the polarizability of sité andTj; is the dipole ten-
The model chosen to represent ion—water and water—watersor[54]. The polarizable sites in the induced dipole problem
interactions is a sum of Coulombic, induction and repulsion- of Egs.(3) to (5) account for the mutual polarization of the

dispersion termfl—3]: solvent molecules and the lanthanide ion. In cluster simula-
tions, the low dimensionality of the problem yields a straight-
U = Ucoulomb+ Ulnduction+ URepulsion-dispersion 1) forward solution of the set of linear equations in E) in
The Coulombic energy simply reflects the interactions be- Matrixform[55], whichis obtained by LU decomposition and
tween permanent charges: pack su.bstltut|01f56] in this work. The rengS|on-dlsperS|on
interactions are represented by a generalized 12-8-6 Lennard-
44 o
Ucoulomb= Z ;/ @) Jones potential:
. e 12 _ _ _
" URepulsion-dispersior= Z[Aijr,-jlz + Bij”,‘js - Cijr,-jﬁ], (6)
wherei andj represent different sites in the system separated ij

by a distance;jj and theq's are the static point charges of whereA;, Bj andC; are adjustable parameters.
the metal ion and the water atoms. The induction energy is

expressed as 3.2. Parameterization of the model potentials

1 > 0a
Ulnduction = 5 ZE?M, 3) The parameters for the polarizable model include the
i point chargesd), the polarizabilitiesd;) and the repulsion-
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Table 4 predicted by the model potentials. We note that the binding
Potential parameters energies of the dimers are reproduced very well by our
A;? B;j? Cj® model potentials, with little or no deviation with respect to
Nd*-0 0 92665 7099 the QCISD(T) values. The ion—water bond distances differ
Ew¥*-0 0 93199 7871 from the MP2 value by at most 0.@8 which constitutes
E’33++‘O 0 92488 9327 an overall error of only 3% with respect to the quantum
étid;o 5,152,921 7769?) %gj chemistry reference. The water dipole moments predicted
H—Hb 108¢ 5 5¢ by our model potentials follow the trend predicted by our
quantum chemistry calculations, i.e., they are significantly
o o larger than that of gas-phase water in the presence of
Nd3* 2.8 300 lanthanide ions, and lighter lanthanide ions have a smaller
Euw* 2.8 300 effect on the induced dipole than heavier ions. However,
E'33++ 2.8 300 the water dipole moments in BA(H,0) clusters are grossly
éf,’ i:is _Sggg overestimated by our model potential when compared to
Hb _ 0569 the quantum chemistry results. Improving the water dipole
moments predicted by the model potentials could only be
ro-m' Ohz0-m9 done at the expense of the cluster structure and binding
Water 0.342 43.4 energy. This overestimate of solvent polarization in the
2 Repulsion-dispersion _ parameters:A;  (kcalmolA-12), B dimer may be attributed to the r_1eg|ect of charge transfer in
(kcal molA-8), C; (kcal molA~5). the functional form of the potential, but as will be discussed
b From referencefd,2]. shortly, it will be less of an issue for larger clusters.
¢ Repulsion parameters between hydrogen atoms: the functional form  The predictions of our model potentials for a select num-
of this interaction is a Born-Mayer termi;;e=5i", with parametersy; ber of larger Lﬁ+(H20)n clusters (=6, 8, and 9) are sum-

(kcal/mol) andB;j (A~1) [1].

4 polarizability %) marized inTable 3 where they are compared to the results

¢ Permanent point charges)( of qu_antum chemistry calcula_tions. The ion—water d_istancgs

f Distance between oxygen and its charge sioq1]. predicted by the model potentials across the lanthanide series

9 Angle defining each oxygen charge site with respect to the molecular parallel the quantum chemistry results, and again reflect the
plane of water{). ‘lanthanide contraction’ phenomenon. It can also be seen that

the water dipole moments decrease significantly compared to

dispersion parameteréyf, Bj, andC;). The lanthanide ions  their value in the cluster dimer, and in general decrease with
are assigned a +3 charge and a polarizability ofi38The cluster size increase. We also note that the overestimation
latter is larger than the experimental polarizability ofta  of the water dipole moments by the model potentials, com-
(1.6,&3) [57] and should be more representative of that for pared to the quantum chemistry results, is greatly reduced in
the late ions in the lanthanide series. The point charges andarger clusters, for which the predictions of the model poten-
polarizability of water are those of our OPCS mofigP]. tial lie within ~20% of the quantum chemistry results. This
The parameters are listed ifable 4 Briefly, the OPCS is due to the ion making multiple associations with solvent
model is a rigid, 5-site model, with 4 permanent charge sites, molecules and an increased number of solvent—solvent re-
one induced dipole site on the oxygen atom and repulsion pulsions, which result in structures with the ion located at a
sites on the hydrogen atoms. Of the 4 permanent charges]arger distance from the water molecules. For instance, the
2 positive charges are positioned on the hydrogen atoms,average ion—oxygen distance4§.2/°-\Iongerforclustersize
while 2 negative charges are located in the vicinity of the 6 when compared to those for cluster size 1, and the larger
oxygen atom towards the hydrogen atoms, out of plane from distances between the ion and the solvent molecules naturally
the water symmetry axis. It should be noted that this model lead to a decrease of mutual polarization. In addition, it can
employs a water molecule with a rigid gas-phase geometry be seen fronTable 3that the atomic charge of the lanthanide
(ron= 0.9572, /hon=104.52 [58]) and reproduces ionincreases with cluster size, regaining the full +3 charge by
the gas-phase water dipole mom¢ghi®]. The repulsion- cluster size 9. This clearly indicates that charge transfer is not
dispersion parameters for the solvent—solvent interactionsan issue for larger clusters and that, even though polarization
were fit to reproduce the water dimer geometry and binding effects may be overestimated for smaller clusters, they will be
energy[1]. The ion—solvent interactions were fit to reproduce quantitatively described by our model potential for medium-
the equilibrium ion—water distance, the binding energy and size to large clusters. At=6, 8 and 9, the water molecules
the dipole moment of water molecules as predicted by are located at much larger distances from the ion with respect
quantum chemistry calculations for the ion—water dimer. to those seen in the dim%O.ZA further). For this reason,
This fitting was performed using a non-linear least-squaresthe charge transfer mechanism becomes less probable and
algorithm based on the Marquardt-Levenberg mef564 thus, is minimized in our calculations of larger clusters.

Table 1 lists the structural, energetic and electronic Finally, inspection ofTable 3reveals that the model po-
properties of the ion—water dimer minimum energy structure tentials seem to properly account for many-body interactions,
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yielding cluster binding energies underestimated by only 6% 4. Results and discussion

compared to the quantum chemistry values for intermediate

cluster sizes 6, 8 and 9. Together with the fact the HF quan-4.1. Structural data

tum chemistry results underestimated the binding energies

predicted by high-level QCISD(T) calculations by 4%, this Fig. 2 shows some representative structures of
suggests an error bar 6f10% for energetic properties pre- EW*(H20), clusters obtained from room-temperature

dicted by our model potentials for medium-size clusters. Monte Carlo simulations. The ion is clearly coordinated to
the water oxygen atoms and the clusters exhibit an interior
3.3. Monte Carlo simulations solvation shell structure. The latter finding is further ascer-

tained from the probability distribution functions shown in
Monte Carlo simulations were used to investigate the ther- Fig. 3, where clear peaks are indicative of a well-defined ion
modynamic and structural properties off'tH,O), clusters solvation shell structure. The interior solvation structure is
at 300K. The detailed procedure has been reported previ-due to the fact that the loss in free energy associated with
ously [3] and only the key features are summarized here. the disruption of the solvent network is compensated by the
A random-walk approach is used to generate new config- formation of much stronger ion—solvent bonds. This is not
urations, which involves the random translation of a water surprising given the very large lanthanide ion—water binding
molecule in Cartesian space and its rotation around the Eulerenergies discussed earlier, of the order of 100 kcal/mol, com-
angles. The maximum allowed translations were settoA.15 pared to a water—water interaction energy~eb kcal/mol
and the range of angular movements was set to The re- [1]. Evidence of a second, loose, coordination shell can
sulting configurations were accepted or rejected accordingbe seen for large clusters such as’i(i,0)e4 from the
to the Metropolis algorithnj60]. Because we are simulat- second peak at+5A. This is a reflection of the long-range
ing clusters and not the bulk liquid, no periodic boundary influence of the ion on the solvent and indicates that
conditions were imposed. As a consequence, evaporation ofthe ion—solvent interactions ultimately govern the cluster
the solvent molecules from the cluster is possible and it was structure.
closely monitored. Any water molecule that is found beyond ~ The probability distribution functions shown for
20A from the ion for cluster sizes< 64 and 35A for clusters Ln3*(H,0)e4 are representative of those observed for all
sizes 64< n< 128 are considered evaporated from the clus- clustersn>24 for each ion studied. In the case of¥u
ter. Markov chains containing configurations with evaporated where the average first-shell coordination number lies
solvent molecules were discarded from the overall sampling between 8 and 9, simulation results point to a purely 8- or
so as to define a representative, equilibrium ensemble for a9-coordinated first hydration shell structure. Furthermore,
given cluster size. A periodic heating and cooling of the sys- the fact that the probability distribution functioR(r), goes
tem was used to avoid trapping in local minima. In general, to zero in between the two peaks representing the first and
each run entailed at least21 (P configurations for equilibra- ~ second coordination shells indicates that solvent molecules
tion, followed by an equal amount of steps for data collection. are not found in between the coordination shells, in agree-
The acceptance ratios obtained ranged between 35 and 45%ment with the low residence times for water previously
Cluster enthalpies were calculated from the average en-reported by Kowall et al[38,39]
ergy (U) of the canonical ensembles of configurations as The average first-shell coordination numbers of the lan-
thanide ions are listed iffable 5for a number of cluster
AHy = AU + A(PV) = (U) +nRT, (8) sizes. When approaching cluster size 64, the coordination

and the stepwise binding enthalpies, which represent thenNumbers derived from our simulations agree well with those
enthalpy gain associated with the addition of one solvent obtained from X-ray and neutron diffraction experiments of

molecule to the cluster, were calculated as LnCl3 solutions[28—32] and changes in coordination num-
bers along the series are consistent with solution experimen-
AHy -1 =AH, — AHy_1. 9) tal data. The relatively slow convergence of the coordination

) . numbers to the bulk values contrasts with what was observed
The structural properties of the clusters were analyzed in

terms of a distance-dependent coordination nuriNbgyrr),
and its derivativeP(r), which is the normalized radial prob- e 5

ability distribution function: Average first-shell coordination numbers of¥*(H,O),
dNcoord(r) n4m’2g(r) " =
P(r) = = (10) 6 7 8 9 12 24 36 64 128

dr B S/ 8047'[7'2 g(r)dr

) S N** 60 66 65 65 64 80 80 82 86 89
It should be noted th&(r) differs from the radial distribu- E@* 60 70 70 69 70 80 80 82 84 83

tion functiong(r) used in liquid structure theory by afactorof Ef* 60 69 71 70 67 78 80 80 80 82
4712 and it is normalized to the number of solvent molecules Yb** 60 63 73 66 71 79 79 79 84 79
in the cluster. 2 Bulk solution datg28-32]
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Fig. 2. Representative structures obtained fot'Bd,0), clusters from Monte Carlo simulations with model potentials.

in our previous work on cesium and sodium-water clusters ately. The former failed to reproduce the experimental co-
[1-3], for which the coordination numbers are comparable to ordination number and the latter, the ion—water distance in
those observed in the bulk at very small cluster sinesi(2). the bulk. Our model not only manages to reproduce the ap-
This difference is due to the low charge:size ratio of the propriate coordination number of ¥4 but the trend in the
monovalent ions, which results in weaker ion—-water inter- Yb3*—O distance predicted for large clusters by our model
action energies. For instance, the binding energy of sodiumalso is consistent with the experimental bulk val[&3-32]
to water is~24 kcal/mol, whereas that of ytterbium to water Our model is thus capable of consistently describing the
is ~106 kcal/mol. As a result, first-coordination shell water qualitative differences in lanthanide coordination across the
molecules can be found at a larger distance from the ion andseries.
from each other, and solvent—solvent repulsions in the first ~ Solvation in smaller clusters differs somewhat from that
coordination shell are minimized in monovalent ion—water for larger clusters. Inspection dable 5indicates that the
clusters. model predicts either 6+2 or 7+ 1, and either 6+3 or 7+2

The distances between the ions and the oxygen atoms ofcoordination for cluster sizes 8 and 9, respectively. The +1,
the water molecules in the first coordination shell are listed
in Table 6for a number of cluster sizes. Experimental, bulk

. . . . Table 6

values from diffraction studies of Lnglsalt solutions are Average ion-water distance,Z\X in the first coordination shell of
also provided inrable 6for comparisorj28—-32] The cluster Ln3*(H,0)n2
ion—water distances, even for very large clusters, are larger

0 =l N Exp?
than those for bulk solutions by 0.25 These deviations
could be attributed to the absence of counter-ions in our clus- 24 36 64 128
ters, which may drive the solvent to coordinate more tightly Nd** 2.74 2.73 2.75 2.77 2.51
: : L EU 272 271 271 2.74 2.45

to the cations due to repulsions. Compared to the previous 3+

del of Floris and Tanj25], our model reproduces the 265 266 266 265 237
mode ) p Yb3* 2.64 2.64 2.63 2.67 2.32

decrease of the coordination number across the series, but— , . , .

| h fthe i di Average lanthanide to oxygen distance from Monte Carlo simulations.
apparently at the e_xpense of the jon-water distances. BOthThe cut-off radius for the first coordination shell was determined from the
the models of Floris and Tarfi25] and Kowall et al.[38] probability distribution functions.
failed to describe the solvation of ¥bin solution appropri- b Bulk solution datd28-32}
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Fig. 3. Radial probability distribution functions and cumulative radial probability distribution functions ¥5-Ordistance for LA*(H20)12 and Li?*(H20)s4
(Ln®*=Nd®*, EL**, EFR* and YB). First-shell coordination numbers derived from the cumulative functions are listeabie 5and average ion-oxygen
distances imable 6

+2 and +3 refer to solvent molecules that reside outside the4.2. Thermodynamic data

first coordination shell, indicating the beginning of a second

hydration shell formation. This trend is observed for all clus- Cluster enthalpies for L3 (H,0), clusters are shown as a
ters in the range ofi=8-12. This is not a surprising result  function of clusters size iRig. 4. We note that since our model
since no solvent network is present to confine the additional potentials are likely to underestimate the cluster binding en-
solvent molecules in the first solvation shell. At larger cluster ergies by~10% for medium-sized clusters (cf. Secti®.2),
sizes, additional solvent molecules may drive the ion coor- the total cluster enthalpies are likely to be underestimated by
dination numbers towards bulk values. Similar behavior has a similar 10%. Stepwise binding enthalpies for cluster sizes
been reported by Derepas et H] for small L&*(H20), n=6-15 are shown ifrig. 4a. A remarkable feature of the
clusters. stepwise binding enthalpies is the more pronounced decrease
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-15 . . . . — % Total cluster enthalpies and reduced cluster enthalpies
v o are shown inFig. 4b and c, respectively, as a function of
20 ‘3 4 ] cluster size. The thermodynamic properties follow the ener-
y 9 e getic trends observed earlier, with the lighter lanthanide ions
§n having smaller cluster enthalpies than the heavier ions. For
é example, the N&f(H,0)12g Cluster has a total enthalpy of
~1492 kcal/mol, whereas the \’?’EIHZO)lzg cluster has a to-
Yb tal enthalpy of~1556 kcal/mol. At a cluster size> 36, the
Er 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-
(a) n ily from additional HO—H,O interactions. Thisis reflected in
the plateau observed in the reduced cluster enthalpy shown in
1800 T e Fig. 4c. The latter converges to the heat of vaporization of wa-
ter, whose experimental value is around 9.7 kcal[52),* as
the reduced cluster enthalpy naturally approaches the average
amount of energy necessary to vaporize one solvent molecule
1200 | ] from the cluster in the large cluster regirf3. The reduced
T 1000 ] cluster enthalpies for 13 (H,0), are ~17.0 kcal/mol for
' n=64 and~13.0 kcal/mol fon=128. Interestingly, the con-
800 ¢ C Ndf o vergence of the reduced cluster enthalpy towards the heat of
600 [ E:‘ ] vaporization of water occurs at a far faster rate in clusters
400 j " 1 containing smaller monovalent metal ions than in those con-
taining trivalent lanthanides. For instance, the'{#%0)sg
200 10 B0 80 100 120 140 reduced cluster enthalpy lies only withir2 kcal/mol of the
(b) n heat of vaporization of wat¢B]. This is once again a reflec-
70 —— —— tion of the long-range influence of the trivalent lanthanide
Nd ion interaction with the surrounding solvent molecules be-
Eul 1 yond the first coordination shell.
Er
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-AH /n

of g b In this work, we have investigated the structural and ther-
modynamic properties of [¥i(H,0), clusters by means of
2 ¢ ] room-temperature Monte Carlo simulations. These calcula-
¥ tions made use of a rigorous model potential containing an
10 T, explicit polarization term that was fitted to quantum chem-
0 20 40 60 80 100 120 140 . .. . .
©) n istry predictions of the energetic, structural and electronic
properties of small L#f—water clusters.
Fig. 4. (a) Stepwise binding enthalpy vs. cluster size fot"(H,0), clus- An interior solvation shell structure is observed for all
ters (1=6-15); (b) reduced cluster enthalpy vs. cluster size fd¥ (i#,0), Ln3*(H,0), clusters, and peaks in the probability distribu-
clusters (=6-128). The experimental heat of vaporization of bulk water, tinn fynctions indicate a well-defined solvation shell struc-
shown as a dashed line, has a value of 9.7 kcal/mol; (c) total cluster enthalpy . .
vs. cluster size for L¥(H20), clusters (1=6-128). All enthalpies are in tur_e' For all clusters, the_ fOllOWI_ﬂg t_rends are o_bs_erved n
keal/mol. going across the lanthanide series: ion—water binding ener-
gies increase, while ion—water distances decrease. Smaller
clusters i=8-12) tend to adopt 6- or 7-coordinated struc-
occurring betweem\Hg 5 and AH7 6, which coincides with tures due to the absence of a solvent network, which influ-
the completion of the first hydration shell in small clusters as ences the coordination number via induction effects. Atlarge
shown inFig. 3 (top panels) and as discussed earlier. Since cluster sizes, the lighter lanthanide ions (e.g.3Ndhow
the solvation of LA* ions in both water and acetonitrile inthe  a preference for forming 9-coordinated structures with their
bulk follow similar trendg61], a similar behavior may be ex-  ligands, whereas the heavier lanthanides (e.g3Yyield
pected for small clusters, and these findings may be consistent
with the experimental observations of only H#(CsHsO)s 4 Liquid simulations are being performed in order to assess how well our
and Ho*(CH3CN)g clusterg8]. model potential can reproduce the heat of vaporization of water.




S.R. Hughes et al. / International Journal of Mass Spectrometry 241 (2005) 283-294 293

8-coordinated structures, in agreement with what is observedThe authors would like to thank anonymous reviewers for
experimentally for bulk solutiof28-32] very helpful and insightful comments.
Since there has been little experimental work on multiply
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